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Abstract

:

In 1999, the Yellow River Basin (YRB) launched the Grain for Green Program (GGP), which has had a huge impact on the Yellow River Basin vegetation. Research regarding the causes of vegetation changes can provide beneficial information for the management and construction of the ecological environment in the Yellow River Basin. In this study, after reconstructing the relationship between vegetation and climate change under natural conditions, topographic factors were introduced to understand vegetation change in the Yellow River Basin before and after the initiation of the Grain for Green Program, and the contribution rates of the driving factors of change were analyzed. Results show that human activities have had a great impact on the vegetation cover in the Yellow River Basin. We found that after the start of the Grain for Green Program, the vegetation recovery rate was more than six times (slope = 0.0067) that before its start (slope = 0.0011); high NDVI levels moved to lower altitudes, while low NDVI levels moved to high altitudes; and most vegetation types turned to gentle slopes. Human activities and climate change are the dominant factors influencing vegetation coverage, and the contribution rate of human activities had reached 59.3% after 2000, with a tendency to gradually dominate.
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1. Introduction


Vegetation is an important part of the terrestrial ecosystem, playing an important role in responding to climate change conditions, improving the ecological environment, and promoting water circulation [1]. Therefore, to understand ecological changes and improve the ecological environment, research on spatial–temporal variation trends in and driving factors behind vegetation is of great importance [2]. Research shows that since the 1980s, the droughts caused by the temperature rise in the northern hemisphere have been an important reason for the decline in vegetation cover in some high-latitude regions, and a decline in vegetation cover will lead to a deterioration in the regional ecosystem [3]. In addition to climate changes, human activity can affect regional vegetation coverage [4]. Human behavior can impact the vegetation ecological environment in positive and negative ways. For example, afforestation is a positive impact and improves the quality of the ecological environment [5]. Some negative impacts are that deforestation and land reclamation, which aggravate ecological environment deterioration [6,7]. To restore vegetation and improve the vegetation ecological environment, the Chinese government has implemented numerous measures, among which, the largest and most well-known is the Grain for Green Program (GGP) [8], which includes two aspects: returning sloping farmland to forest and afforestation of barren hills and wasteland suitable for forestry [9]. The geographical scope of the GGP includes the alpine grassland and meadow areas at the source of the Yellow River, the loess hilly and gully areas, and the arid and semi-arid areas of northern China [10]. In such a scenario, understanding the dynamics and attribution of regional vegetation cover and land use can help one garner essential information for vegetation-related planning [11]. The relevant information is particularly critical in arid climates, where vegetation is highly susceptible to water and energy input [12].



The Yellow River Basin (YRB), the second-largest basin in China, has a fragile ecosystem and faces severe environmental challenges [2,4]. The YRB climate region is mainly divided into arid, semi-arid, and semi-humid climate regions, and the dominant land use types are cultivated land, woodland, and grassland [5,7,8,9]. Owing to severe drought and land desertification, the YRB was selected as a pilot for the GGP in 1999 [12]. Focusing on the conversion of mountainous, hilly, and steep farmland and cultivated land with a slope of more than 6° to woodland and grassland, the GGP has caused great changes in the spatial–temporal characteristics of vegetation cover and land use in the YRB [13]. The GGP, which represents human activities, has had both positive and negative impacts on the YRB. For example, the GGP enhanced watershed climate change; eliminated soil erosion to a certain extent; and increased soil organic carbon storage, which has had a positive influence on soil nutrient circulation and soil moisture storage [14]. However, excessive and unreasonable vegetation planting will aggravate the regional water evaporation and reduce the runoff, leading to drought and other problems [15]. Many past studies have focused on the changes in and impacts of vegetation cover and land use in the YRB, but some issues remain unclear. What are the impacts of climate changes and human activities on the vegetation cover change in the YRB, and how can we quantify them?



Various factors determine vegetation spatial distribution patterns [16]. The water and the material energy required by vegetation determine the large-scale spatial changes in vegetation, while altitude and slope greatly affect the small-scale spatial pattern of vegetation [16,17]. Different altitudes and slopes are suitable for different vegetation types. For example, the elevations and slopes of farmlands are lower and smaller, while those of forests and grasslands are higher and greater [16,17,18]. Furthermore, the transformation of vegetation types is different at different elevations and slopes. For example, woodlands and grasslands are mainly transformed into each other at high elevations and in great-slope areas. In contrast, construction areas and farmlands are converted to low-altitude and small-slope areas [18,19,20]. In particular, GGP implementation is closely related to topographic factors. For example, for farmlands located at high altitudes, i.e., on hills and slopes greater than 20°, the GGP requires them to be returned to grasslands and forests [21]. Therefore, when discussing vegetation cover and land use changes in the YRB, considering topographic elements may provide new ideas.



To quantitatively determine the vegetation cover and land use in the YRB, the key is to determine the relationship between vegetation and climate changes to reconstruct the vegetation sequence under natural conditions. For this study, it is critical to identify the long-term vegetation cover sequence on the basis of topographic factors. Currently, the normal difference vegetation index (NDVI) is commonly used to study vegetation coverage [22,23]. The Advanced Very High Resolution Radiometer (AVHRR) NDVI has a long time-series, whereas the SOPTVEGETATION (VGT) NDVI and the Moderate Resolution Imaging Spectroradiometer (MODIS) NDVI have a higher spatial resolution. Since this research requires long-term NDVI datasets (1982–2019), it is essential to integrate and unify NDVI series datasets and generate a long-term and consistent NDVI dataset for research based on having different NDVI data products [24].



The considerable changes in vegetation cover and land use in the YRB induced by the GGP provide the possibility for us to study the correlation and interactions between vegetation cover, climate changes, and human activities. Using the integrated NDVI long time-series, the study aims to achieve the following: (i) use assimilated long-term NDVI data series to assess the spatial–temporal changes in the vegetation cover in the YRB from 1982 to 2019, (ii) analyze the vegetation cover trend and land use changes by using terrain factors, and (iii) quantify the effects of climate changes and human activities on vegetation coverage and land use in the YRB.




2. Materials and Methods


2.1. Study Area


The YRB, located between 96–119°E and 32–42°N, with a basin area of 752,443 km2, is the second-largest basin in China (Figure 1a) [6]. The maximum altitude and slope can reach 6009 m and 70.47°, respectively (Figure 1b,c). The YRB is one of the main climate-sensitive areas in China. The mean annual precipitation varies between 166 and 888 mm, and the mean annual temperature ranges from −3.5 to 15 °C. Overall, from the northwest to the southeast, the transition is gradual from dry to wet and the temperature increases from the west to the east (Figure 1d,e) [25]. The NDVI and the vegetation coverage index decrease from the south to the north (Figure 1f). From the east to the west, the YRB spans four vegetation belts: deciduous broad-leaved forest belts, grassland belts, desert belts, and Qinghai–Tibet Plateau vegetation belts. The development of the GGP has led to various ecological construction projects, such as the Three-North Shelterbelt, the Yellow River Middle Reaches Shelter Forest, and Taihang Mountain Greening [26].



We selected 14 sub-basins of the YRB and collected relevant basic data, covering the ages of various climatic, topographic, and NDVI conditions. The upstream and downstream hydrological stations were used as control points in the reaches of a part of the river basin, and these were named and numbered as follows: Upper Yellow River Basin (UYRB): 1–4; Middle Yellow River Basin (MYRB): 5–12; and Lower Yellow River Basin (LYRB): 13–14 (Table 1 and Figure 1a). Due to their distinctive characteristics, the various sub-basins are suitable for vegetation coverage analysis.




2.2. Data Source and Processing


Commonly, there are two NDVI datasets: GIMMS NDVI3g datasets from NASA (http://ecocast.arc.nasa.gov/data/pub/gimms/ (accessed on 22 June 2022)) and the MODIS NDVI from the Resource and Environmental Science and Data Center of the Chinese Academy of Sciences (https://www.resdc.cn/data (accessed on 24 June 2022)). The former has a long monitoring period (1982 to 2015), with a temporal resolution of 15 days and a spatial resolution of 8 km. Although the latter has a higher resolution, the time span is insufficient to support this study. Therefore, first, we preprocessed the two dataset series using monthly maximum value synthesis (MVC), projection grid conversion, clipping, and resampling in ArcGIS 10.5. Then, we performed a correlation analysis on them and the results showed a good linear relationship between 1998 and 2015 (Figure 2a). Comparing the two datasets, it can be observed that the GIMMS NDVI value is greater than the MODIS NDVI value (Figure 2b). Owing to a good linear relationship, we adjusted the MODIS NDVI from 2016–2019 and fused it with the GIMMS NDVI from 1982–2015. Thus, we generated a new NDVI dataset for the period 1982–2019. We then assimilated each raster using ArcGIS 10.5. We used the new NDVI dataset for the study after observing that they have higher values than the MODIS NDVI (Figure 2c).



The preprocessing of meteorological data mainly includes interpolation of missing datasets and null datasets. Meteorological data were obtained from the China Meteorological Science Data Sharing Service Network (http://data.cma.cn/ (accessed on 1 July 2022)), and temperature and precipitation data from 157 weather stations in and around the YRB were selected for the same period (1982–2019) (Figure 1a). The missing data were then interpolated according to the linear interpolation method and the data of adjacent years [27]. The number of missing data only accounts for 0.5% of all data observed from meteorological station with missing conditions, and its impact on the analysis results is negligible [27,28]. Finally, the Kriging interpolation method of the ArcGIS 10.2 spatial analysis module was used to spatially interpolate the annual temperature and precipitation data of the YRB and resample them to a resolution of 8 km. To assess the vegetation spatial pattern variations, elevation and slope were used as topographical factors and their digital elevation model was obtained by using images from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) with a resolution of 30 m [29,30].




2.3. Methods


2.3.1. Spatial–Temporal Variations in NDVI


On the basis of different vegetation levels represented by different NDVIs, the NDVI was divided into five types: L1 (0.0–0.2), L2 (0.2–0.4), L3 (0.4–0.6), L4 (0.6–0.8), and L5 (0.8–1.0) [29]. NDVI spatial–temporal analysis was undertaken using variation magnitude, speed, and type. The variation magnitude is the difference between the beginning and the end of the NDVI, the variation speed represents the slope of a linear fit over a period, and the variation type is the conversion of an NDVI level.



Furthermore, to analyze the NDVI spatial variation, we introduced the topographic elements of elevation and slope. The five levels of NDVI at different altitudes and slopes were calculated using histograms, and the overall NDVI spatial characteristics in the YRB were determined. The YRB elevations are divided into six categories: <800, 800–1200, 1200–1600, 1600–2000, 2000–2500, and >2500 m. Their area ratios are, respectively, 12%, 18.5%, 28%, 10.7%, 5.2%, and 25.6%. Slopes were divided into three types, i.e., <10°, 10–20°, >20°, according to the critical gradient determined by the GGP, and the areas account for 40%, 53.2%, and 6.8% of the total area, respectively.




2.3.2. Vegetation Attribution Analysis


As mentioned in the introduction, in order to quantitatively analyze the changes in the vegetation cover of the YRB, we conducted research from two aspects: climate change (CC) and human activities (HA). The key to analyzing these two aspects is to calculate their contribution rates separately.



First, in a given area, we select a period of time scale t for research. The annual average NDVI has a specific value in this time scale,       N D V I  ¯   t   , which can be decomposed into climate change (      N D V I  ¯    C C , t    ) and human activities (      N D V I  ¯    H A , t    ):


      N D V I  ¯   t  =     N D V I  ¯    C C , t   +     N D V I  ¯    H A , t    



(1)







Then, if there are great variations in HAs in different periods, the study period t can be divided into two sub-periods: t1 (before change) and t2 (after change). Generally, there is little human activity (HA) during t1 (before change). Therefore, the NDVI has a good correlation with climate factors, such as precipitation and temperature, in t1. Therefore, over t1, Equation (1) can be expressed as:


      N D V I  ¯     t 1    = f  (  C  C   t 1     )  +     N D V I  ¯    H A ,  t 1     



(2)




where   f  (  C  C   t 1     )    is the NDVI value estimated by linear fitting of climate and the NDVI and       N D V I  ¯    H A ,  t 1      is the average NDVI induced by human activities during t1, which is the residual between the observed mean value and the fitted mean value of linear fitting, that is,       N D V I  ¯    H A ,  t 1      and   f  (  C  C   t 1     )   .



With considerable human activities (HA) over period t2 (after change), the relationship   f  (  C  C   t 1     )    between the NDVI and climate obtained by Equation (2) can be used in t2 to calculate the NDVI sequence only under the influence of climate conditions, i.e.,       N D V I  ¯    c a l ,  t 2     . Then, combined with the annual mean observation value of the NDVI in t2 (      N D V I  ¯    o b s ,  t 2     ), those induced by HA in t2, that is,       N D V I  ¯    H A ,  t 2     , are calculated:


      N D V I  ¯    H A ,  t 2    =     N D V I  ¯    o b s ,  t 2    −     N D V I  ¯    c a l ,  t 2     



(3)




where       N D V I  ¯    o b s ,  t 2      and       N D V I  ¯    c a l ,  t 2      are, respectively, observed and calculated average NDVI sequences.



The annual mean NDVI has a specific amount of change from t1 (before change) to t2 (after change), i.e.,   Δ     N D V I  ¯    t o t    .   Δ     N D V I  ¯    t o t     can be calculated as:


  Δ     N D V I  ¯    t o t   =     N D V I  ¯     t 2    −     N D V I  ¯     t 1     



(4)







After calculating   Δ     N D V I  ¯    t o t     according to Equation (4), based on Equation (1),   Δ     N D V I  ¯    t o t     can be decomposed into changes in climate change (  Δ     N D V I  ¯    C C    ) and human activities (  Δ     N D V I  ¯    H A    ):


  Δ     N D V I  ¯    t o t   = Δ     N D V I  ¯    C C   + Δ     N D V I  ¯    H A    



(5)







On the basis of Equations (1)–(3),   Δ     N D V I  ¯    C C     and   Δ     N D V I  ¯    H A     can be written with the corresponding values estimated over t1 and t2 as follows:


  Δ     N D V I  ¯    C C   = Δ     N D V I  ¯    C C ,  t 2    − Δ     N D V I  ¯    C C ,  t 1     



(6)






  Δ     N D V I  ¯    H A   = Δ     N D V I  ¯    H A ,  t 2    − Δ     N D V I  ¯    H A ,  t 1     



(7)







Therefore, the contribution rate can be calculated as the proportion of   Δ     N D V I  ¯    C C     and   Δ     N D V I  ¯    H A     in   Δ     N D V I  ¯    t o t    , i.e.,     Δ     N D V I  ¯    C C     Δ     N D V I  ¯    t o t       and     Δ     N D V I  ¯    H A     Δ     N D V I  ¯    t o t      . They, respectively, represent the impacts of climate changes and human activities on vegetation coverage.



The above is the entire quantitative vegetation analysis process, in which Equations (2) and (5) are the more important formulas. The former is the key to reconstructing the NDVI sequence under natural conditions, while the latter is a necessary step to calculate the contribution rate of climate change (CC) and human activities (HA). Since the GGP began in 1999, we divided the 1982–2019 study period into two sub-periods: t1 (1982–1999) and t2 (2000–2019). The discussion of the vegetation coverage conditions in the YRB is based on these sub-periods.






3. Results


3.1. Overall Characteristics of the Vegetation Cover in the YRB


The YRB multi-year annual mean NDVIs were 0.51 and 0.58, respectively, representing the GGP before (1982–1999) and after startup (2000–2019), and the sub-basin multi-year annual mean NDVIs ranged from 0.28 to 0.75 and 0.35 to 0.78, respectively (Table 2). More than 78% of the sub-watersheds had a significant (p < 0.01) NDVI variation rate after the GGP started, indicating a visibly positive impact of the GGP on vegetation cover change in the YRB. Vegetation coverage for most areas of the YRB was within L2 (0.2–0.4), L3 (0.4–0.6), and L4 (0.6–0.8), with area percentages of 27.7%, 22.6%, and 24.7%, respectively (Figure 3a and Table 3). This implies that main land use and vegetation cover types in the YRB are farmlands, grasslands, and forests.



Combining Figure 1b,f and Figure 3a, the NDVI gradually decreases with an increase in altitude (from southeast to northwest). Figure 3a shows that higher NDVI levels (L4–L5) are distributed in the UYRB at high altitudes (>2500 m). The areas with 200–400 mm of precipitation all year round have low NDVI levels (L1–L2). Conversely, mid/high NDVI levels (L3–L5) tend to be distributed in areas with higher rainfall intensities (400–800 mm) (Figure 3b). Areas with moderate temperatures (3–11 °C) have mainly low NDVI levels, with an area ratio of 29%, i.e., more than 10 times that at other temperatures (area ratio of 2%) (Table 3). In contrast, mid/high NDVI levels seem to be less sensitive to temperature and are distributed more evenly across different temperature gradients. Vegetation coverage is also closely related to slope, with more than 65% of the NDVI located in areas with a slope < 10°, 25.6% located in areas with a slope of 10–20°, and 8.8% located in areas with a slope > 20° (Figure 3d).




3.2. Temporal Features of the Vegetation in the YRB


Significant NDVI variations (p < 0.05 and p < 0.01) were observed in the YRB before and after GGP initiation (Figure 4a). The latter changed six times quicker than the former, and in general, the NDVI of the YRB showed an upward trend during the entire study period. The NDVI variation trends in the UYRB and MYRB sub-basins were similar to that in the YRB but fluctuated remarkably in the LYRB (Figure 4b–d). The speed of change was not remarkable in the sub-basins of the LYRB as compared that in sub-basins of the UYRB and the MYRB. Most of the UYRB and MYRB sub-basins had a clear change speed rate after the start of the GGP, and in some cases, it was 10 times more than before the start of the GGP (Table 2). The YRB and sub-basin NDVI change speed in the three periods can be spatially displayed. The change in the vegetation coverage in the northeast of the YRB was clear over 1982–1999 but was not clear or showed a negative growth in most other areas (Figure 5a). However, many areas in the MYRB showed a remarkable NDVI growth trend (Figure 5b) in the same period due to GGP initiation during that period (2000–2019) (Figure 5c).



From the observations, in the YRB, low NDVI levels (L1–L2) were converted to high NDVI levels (L4–L5), quantitatively, and the low-level NDVI area decreased by 25.2% and the high-level NDVI area increased by 25.14% (Figure 6). However, the temporal variation in all NDVI levels in each sub-basin varied. In the UYRB, the areas shown in Figure 7a,b changed from high-level NDVIs to high-level NDVIs (L4–L5), while for the areas shown in Figure 7c,d, low-level NDVIs converted to medium-level and high-level NDVIs (L1 to L3 and L4) (Figure 7a–d). The MYRB NDVIs were all at medium–high levels: In the eight sub-basins, there were almost 0 L1 areas, and L2 areas changed to high levels. Except for the areas displayed in Figure 7g,k, the L5 areas in the other sub-basins increased, and after the year 2000 (after the initiation of the GGP), L3 transformed to L4 and L5, accounting for the majority of the areas (Figure 7e–l). In the LYRB, the variation in the area shown in Figure 7m in the NDVI was relatively stable and the L4 area was the largest, while the NDVI levels of the area shown in Figure 7n were basically L4 and L5, and its change rule was not considerable and fluctuated greatly (Figure 7m,n). Most of the sub-basins in the MYRB had the same NDVI variation trend as that in the YRB, and the variation in the 2000–2019 sub-period was greater than that in 1982–1999.




3.3. Spatial Variation in Vegetation in the YRB


Spatial patterns of the two sub-periods (1982–1999 and 2000–2019) in the YRB were similar to that of the entire period (1982–2019), and NDVI levels increased from the northwest to the east and the south (Figure 8a–c). From the observations, it can be seen that during 2000–2019, when human activities were prevalent, NDVI levels in the southeast of the YRB considerably increased and the low-level NDVI area in the northwest remarkably decreased when compared with that in 1982–1999.



The spatial patterns of all levels of NDVI were further analyzed and calculated (Figure 9a,b). The distribution characteristics of all NDVI levels in terms of elevation and slope were similar. A high-level NDVI was more inclined to high-elevation and steep-slope areas, whereas a low-level NDVI was inclined to low-elevation and shallow-slope areas. The average elevation level of a high-level NDVI (L4 and L5) fluctuated greatly, but slope inclinations were relatively stable (Figure 9a,b). Further observation showed that the average elevation of L5 reached a historical minimum in 2008, which appears to be an outlier. The reason for this may be that in 2008, GGP activity reached an all-time high, as more low-elevation farmlands were converted to forests and more forests were planted in low-elevation areas. However, in the time period that followed, L5 moved to high-altitude areas, possibly because excessive forest planting led to increased water consumption and evaporation, which made forests unsuitable for living in the new low-altitude areas. We further calculated the average elevation and slope inclinations of all NDVI levels in each sub-basin (Table 4). The NDVI levels in the YRB had different characteristics in the transition from t1 (1982–1999) to t2 (2000–2019). Low-level NDVIs, such as L2 and L3, moved to higher-altitude areas, but high-level NDVIs, such as L4 and L5, moved to lower-altitude areas. However, the slope variations across all NDVI levels were relatively consistent and all moved to shallow-slope areas.



From Table 4, in the UYRB sub-basins (1–4), most NDVI levels show a shift toward low elevations, with a few showing the opposite trend, where the NDVI shifts toward steep-slope areas. The NDVI variation characteristics in the sub-basins of the MYRB (5–12) are similar to those in the sub-basins of the YRB: a low-level NDVI (L1–L2) shifts toward higher elevations, whereas a middle- to high-level NDVI (L3–L5) shifts toward lower elevations, with the majority shifting toward shallow-slope areas. NDVI variations in the LYRB (13–14) are small, but all shift toward high-elevation and steep-slope areas.




3.4. Attribution Analysis of NDVI Variation in the YRB


3.4.1. Qualitative Analysis of the NDVI


Climate change is a major factor that determines vegetation distribution patterns. The input of water and energy to a specific area is crucial for the distribution of vegetation. Therefore, it is necessary to analyze climate and vegetation distribution patterns. Spatial distribution patterns of vegetation in the YRB were consistent with temperature and precipitation: the levels in the east and south were high, while those in the northwest were low (Figure 1d–f), and the temporal variation trend was consistent (Figure 10). In the YRB, vegetation coverage is closely related to climate change and the correlation coefficients between precipitation and temperature NDVI reached 0.84 and 0.88 (p < 0.01), respectively, over t1 (1982–1999) (Figure 11a,b). These results indicate that the spatial distribution pattern of and temporal variation in the NDVI are strongly correlated with precipitation and temperature. Furthermore, from 1982 to 1999, precipitation in the YRB did not change significantly (p = 0.3) but temperature rise was extremely significant (p < 0.01) and the change in the NDVI in the YRB still increased significantly (p < 0.05) (Figure 4a and Figure 11c,d). This shows that although drought and water shortage will have a great impact on vegetation coverage in the Yellow River Basin, temperature can also have a strong positive impact on vegetation coverage at a certain time scale and is a dominant factor.



In the hypothesis of this study, the factors affecting the vegetation cover in the YRB are climate change and human activities. Figure 4a and Figure 11c,d show that from 2000 to 2019 (t2), the changes in precipitation and temperature in the YRB were not significant (p = 0.2 and p = 0.7) but the NDVI in the YRB showed a significant upward trend (slope = 6.7 × 10−2; p < 0.01), indicating that the changes in the NDVI during this period were dominated by human activities. The reason is that after GGP initiation, the intensification of human activities, for example, projects such as returning farmland to forests and returning grazing land to grasslands, has become the dominant mechanism for NDVI changes in the YRB.




3.4.2. Quantitative Analysis of the NDVI


This study first assumed (in Section 2.3.2) that human activities were weak in the t1 (1982–1999) period, and then (in Section 3.4.1), we confirmed the relationship between the NDVI and climate change factors (precipitation and temperature) through qualitative analysis during this period close (correlation coefficients reached 0.84 and 0.88). Therefore, we further established the correlation equation between the NDVI and climate in the YRB during the t1 period, and the relevant NDVI calculation formula can be found in Section 2.3.2. As shown in Table 5, in the YRB, the correlation coefficient between the NDVI and climate was as high as 0.88, which proves that our hypothesis is reasonable, and the contribution rate of human activities (59.3%) was greater than that of climate changes (40.7%). Except for two high-elevation sub-basins in the UYRB, the contribution rate of human activities in the other sub-basins exceeded 56%, and the correlation coefficients were greater than 0.7, indicating that our results are reliable. Overall, the NDVI in most sub-basins was dominated by the human activities throughout the study period. From 1982 to 2019, the contribution rate of human activities to NDVI changes in the UYRB was only 35.6%, indicating that climate change was still the dominant factor. However, the contribution rate of human activities to vegetation coverage in the MYRB reached 79.5% during this period, possibly because MYRB is the main experimental area under the GGP, while the UYRB and the LYRB, which are on a high-altitude steep slope and a low-altitude shallow slope, respectively, are not.






4. Discussion


4.1. Variations in the Vegetation Coverage and the Factors Influencing It in the YRB


Climate change and human activities are two important factors affecting regional vegetation coverage [31,32]. In this study, we selected 1999, the year in which the GGP was launched, and divided the long-term research scale into two sub-periods, t1 (1982–1999) and t2 (2000–2019), which are crucial for us to distinguish and discuss climate change and human activities. We assumed that before 1999, the change in the vegetation cover in the YRB was dominated by climate change, and then we reconstructed the relationship between the NDVI and climatic factors (precipitation and air temperature) under natural conditions. Calculation proved that before 1999, the vegetation cover in the YRB had a high correlation with climatic factors (precipitation and temperature) (R2 = 0.84, R2 = 0.88, and p < 0.01) (Figure 11a,b). We have developed equations that relate climatic elements to the NDVI under natural conditions (R2 ≥ 0.70) (Table 5). This is important for us to calculate the contribution rate of climate change and human activities to the vegetation cover in the YRB during the t2 (2000–2019) sub-period.



The positive impact of the GGP on the vegetation cover in the YRB is considerable. Temporally, the fitting slope of the annual NDVI of the YRB from 2000 to 2019 (slope = 0.0067) is more than six times that of 1982–1999 (slope = 0.0011). So, the significance is p < 0.05 and p < 0.01. More than 80% of the sub-basins is consistent with the overall change trend of the YRB, and some even have a change rate of t2 that is dozens of times that of t1 (Figure 4b–d and Table 2). Spatially, the pattern change in the t2 period was more obvious than that in the t1 period, especially in the MYRB, because the MYRB is the key experimental area of the GGP (Figure 5 and Figure 8). The land use in the YRB is mainly divided into three types: cultivated land, woodland, and grassland. The three areas and NDVI values remained basically unchanged before the initiation of the GGP but changed after 2000 (Figure 12). This indicates that the human activities represented by the GGP have a role in vegetation coverage in the YRB: a mechanism that positively affects vegetation coverage by converting land types.



Climate change can determine the large-area distribution pattern of vegetation through temperature regulation, precipitation input and output, and material and energy cycle conversion, while topographic elements, such as altitude and slope, can obviously affect the change of vegetation in small areas [33,34,35]. Human activities are increasingly occupying the main position among factors influencing vegetation cover change, represented by the GGP, whose contribution rate is as high as 59.3% since its inception (Table 5). In the YRB, the GGP is characterized by a wide range, sufficient power, and planning. Its aim is to transform the cultivated land with serious soil erosion, desertification, salinization, and rocky desertification into forest and grass and restore vegetation in the YRB [36,37]. Therefore, it has strong pertinence in vegetation cover restoration [38].




4.2. What Are the Contributions of the Vegetation Coverage Research?


This study has developed a new research idea. In order to quantify the changes in vegetation cover in the YRB caused by climate change and human activities, the topographic elements of altitude and slope are introduced, which can better explain the spatial pattern of regional vegetation cover. This information will help us to make better decisions in the GGP regarding vegetation cover restoration.



First, for vegetation restoration, we need to adapt to local conditions and plan rationally. From the perspective of the overall distribution pattern of the NDVI in the YRB, the NDVI value is high in the southeast and low in the northwest (Figure 1f), caused by the spatial heterogeneity of natural climatic conditions in the YRB. Therefore, it is obviously unreasonable to blindly cultivate forest land in the northwest region and priority should be given to grassland. Numerous planted forests will lead to increased evaporation and decreased runoff, intensifying the drought in the arid regions of the YRB, which is already short of water [39]. This is also the reason why Figure 5 shows outliers in 2008 and recovery later. Based on this, to have a positive impact, human activities need to adapt to different areas for vegetation cover restoration [40].



Furthermore, topographic factors have an important influence on vegetation types. In other words, vegetation has specific choices for the specific conditions of the topography, which can explain the rationality of specific vegetation-related NDVI changes in altitude and slope. For example, in Table 4, the high-level NDVIs of the sub-basins in the north of the MYRB are moving to a low slope, while the high-level NDVIs of the sub-basins in the south of the MYRB are moving to a high slope (Table 4), specifically because many hills and ravines in the northern part have farmlands while the southern part is mostly platform gully [36,38]. In addition to this, GGP’s approach in the north is to convert steeply mountainous farmland into woodland in order to curb soil erosion [41]. Completely different, in the south, farmlands are being transformed into orchards and the like [42]. Hence, this is responsible for the variance in high-level NDVIs in diverse regions. The topographic factors introduced in this research can provide new ideas for interpreting the variation in the NDVI in different regions.




4.3. Limitations


Although this study provides some usable ideas and methods, there are some limitations. At present, large-scale research based on remote sensing images and other spatial data is still limited by the low spatial–temporal resolution of the data and the small number of meteorological stations. This situation will inevitably lead to errors in the accuracy of the study [18,20,23,43,44,45,46].



In addition, although the multivariate regression residual analysis method has been widely used to separate the effects of human activities on NDVI changes of vegetation, it still has some shortcomings [25]. For example, when establishing the multiple regression equation between climate elements and the NDVI, there is no conclusion on how to reasonably select climate elements (such as temperature, precipitation, and solar radiation). The number of selected factors may also be a limiting factor of the study, just as the few climate factors selected in this study may also cause certain errors [43].



Furthermore, specific aspects of human activities, such as agricultural technology progress and urban expansion, are not considered. To implement the GGP, we prefer to consider its overall effect on the YRB but do not reflect on more detailed issues [44]. Due to the difference in the responses of vegetation growth in different regions due to various influencing factors, the above problems and deficiencies are difficult to solve in large-scale research, resulting in certain uncertainty in the research results [45,46].





5. Conclusions


This study introduces and analyzes the difference in spatial–temporal changes in two different sub-periods, t1 (1982–1999) and t2 (2000–2019), in the YRB. In the t2 period, with significant human activities (p < 0.01), the NDVI change rate is more than six times that in t1 and the contribution rate of human activities in most sub-basin areas is greater than 50%. The dominant factor influencing vegetation cover change from t1 to t2 gradually transited from climate change to human activities. After the initiation of the GGP, low-level NDVIs gradually advanced to higher altitudes, high-level NDVIs moved to lower altitudes, and more low-level NDVIs were transformed to high values. The areas of high-level NDVIs in the southeast of the YRB are gradually expanding to the northwest.



This research also innovatively introduced topographic elements to analyze the distribution pattern of vegetation change, which provided some knowledge related to vegetation coverage in the region. However, in future works, refining the driving factors of vegetation change, determining the relationship between each factor and vegetation change, and evaluating the accuracy of the results through field surveys will help reduce the above uncertainties. In terms of method, more theories conducive to detailed analysis of the driving factors of vegetation cover need to be developed. In general, further research is desired related to the impact of human activities and climate changes on vegetation cover change in the YRB and its driving mechanism.
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Figure 1. Topography of the Yellow River Basin and the spatial pattern of basic elements. (a) Geographical location, among which the UYRB, the MYRB, and the LYRB represent Upper Yellow River Basin, Middle Yellow River Basin, and Lower Yellow River Basin, respectively. Red numbers represent selected sub-basins. (b) Elevations (m), (c) slopes (°), (d) mean annual precipitation (mm), (e) mean annual temperature (°C), and (f) multi-year mean annual NDVI. 
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Figure 2. NDVI data preprocessing. (a) Correlation analysis between the GIMMS NDVI and the MODIS NDVI, (b) comparison of the GIMMS NDVI and the MODIS NDVI data sequences, and (c) comparison of assimilated NDVI and MODIS NDVI data. NDVI: normal difference vegetation index. 
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Figure 3. Distribution of different levels of the normal difference vegetation index (NDVI) under different types of topographic and climatic factors. (a) Elevations (m), (b) precipitation (mm), (c) temperature (℃), and (d) slope (°). In the legend, <0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8, and >0.8 represent NDVI levels L1, L2, L3, L4, and L5, respectively. 
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Figure 4. Temporal variation in the NDVI levels in the YRB and sub-basins. (a) Temporal variation in the NDVI levels in the YRB from 1982 to 2019 and two sub-periods, (b) four sub-basins in the UYRB, (c) eight sub-basins in the MYRB, and (d) two sub-basins in the LYRB. NDVI: normal difference vegetation index; YRB: Yellow River Basin; UYRB: Upper Yellow River Basin; MYRB: Middle Yellow River Basin; LYRB: Lower Yellow River Basin. 
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Figure 5. Spatial change speed patterns of three periods in the Yellow River Basin (YRB). Change speed: slope of linear fit over a period of time. 






Figure 5. Spatial change speed patterns of three periods in the Yellow River Basin (YRB). Change speed: slope of linear fit over a period of time.



[image: Remotesensing 14 04607 g005]







[image: Remotesensing 14 04607 g006 550] 





Figure 6. Temporal variation in the normal difference vegetation index (NDVI) at all levels in the Yellow River Basin (YRB). L1–L5 represent NDVI levels of <0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8, and >0.8 respectively. 
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Figure 7. Temporal variation in the normal difference vegetation index (NDVI) at all levels in the sub-basins of the Yellow River Basin (YRB). L1–L5 represent the NDVI levels of <0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8, and >0.8, respectively. (a–d) represent Datong, Huangshui, Shizuishan-Toudaoguai, and Xiaheyan-Shizuishan in the Upper Yellow River Basin, respectively; (e–l) represent Fen, Jing, Kuye, Beiluo, Qin, Wei, Wuding, and Yiluo in the Middle Yellow River Basin, respectively; and (m,n) represent Gaocun-Lijin and Upper daicunba, respectively. 
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Figure 8. Spatial patterns of the normal difference vegetation index (NDVI) in different time periods in the Yellow River Basin (YRB). (a) 1982–1999, (b) 2000–2019, and (c) 1982–2019. 
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Figure 9. Spatial variation (elevation and slope) across all levels of the normal difference vegetation index (NDVI) of the Yellow River Basin (YRB). (a) Elevation (m) and (b) slope (°). L1–L5 represent the following NDVI levels, respectively: <0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8, and >0.8. DEM: digital elevation model. 
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Figure 10. Temporal trend patterns of climate and the normal difference vegetation index (NDVI) in the Yellow River Basin (YRB). (a) NDVI, (b) precipitation (mm), and (c) temperature (℃). 
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Figure 11. Qualitative analysis of the normal difference vegetation index (NDVI) and climate in the Yellow River Basin (YRB) from 1982 to 2019. (a) Analysis of the correlation between NDVI and precipitation, (b) analysis of the correlation between NDVI and temperature, (c) temporal variation in NDVI and precipitation, and (d) temporal variation in NDVI and temperature. 
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Figure 12. Temporal trend of land use types in the Yellow River Basin (YRB). (a) Proportion of land use area (%) and (b) the normal difference index (NDVI). 
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Table 1. Overview of 14 sub-basins in terms of climate, hydrology, and vegetation from 1982–2019.
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Region

	
Number

	
Name

	
Area (×104 km2)

	
Elevation (m)

	
Precipitation (mm/a)

	
Temperature (°C)

	
NDVI

	
Mean Slope (°)






	
UYRB

	
1

	
Datong

	
1.44

	
3765.25

	
345.84

	
2.54

	
0.68

	
13.34




	
2

	
HuangShui

	
1.55

	
3642.61

	
375.32

	
4.43

	
0.66

	
13.26




	
3

	
Shizuishan-Toudaoguai

	
7.08

	
1476

	
259.21

	
7.26

	
0.30

	
3.15




	
4

	
Xiaheyan-Shizuishan

	
5.45

	
1729.37

	
265.54

	
9.08

	
0.30

	
3.71




	
MYRB

	
5

	
Fen

	
3.88

	
1509.46

	
486.09

	
10.43

	
0.64

	
8.46




	
6

	
Jing

	
4.29

	
1707.21

	
491.63

	
9.36

	
0.53

	
11.44




	
7

	
Kuye

	
0.90

	
1320.78

	
401.00

	
8.05

	
0.36

	
4.79




	
8

	
Beiluo

	
2.62

	
1370.16

	
499.48

	
9.93

	
0.68

	
11.39




	
9

	
Qin

	
0.91

	
1329.76

	
535.84

	
10.51

	
0.74

	
10.31




	
10

	
Wei

	
4.54

	
1980.07

	
532.99

	
8.56

	
0.64

	
12.22




	
11

	
Wuding

	
2.41

	
1317.47

	
417.24

	
9.14

	
0.37

	
6.03




	
12

	
Yiluo

	
1.73

	
1043.85

	
648.15

	
12.93

	
0.75

	
10.42




	
LYRB

	
13

	
Gaocun-Lijin

	
2.19

	
69.52

	
631.36

	
13.87

	
0.66

	
1.23




	
14

	
Upper daicunba

	
0.84

	
300.06

	
725.79

	
10.89

	
0.69

	
3.88








UYRB: Upper Yellow River Basin; MYRB: Middle Yellow River Basin; LYRB: Lower Yellow River Basin; NDVI: normal difference vegetation index. For individual sub-basins, the upstream and downstream hydrological stations, such as Shizuishan-Toudaoguai. Areas numbered 1–14 represent the corresponding sub-basins. NDVI is the mean annual NDVI.
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Table 2. Mean value of, the magnitude of change in, and the speed of change in the YRB and sub-basins in three periods.






Table 2. Mean value of, the magnitude of change in, and the speed of change in the YRB and sub-basins in three periods.





	
Region

	
Mean

	
Variation Magnitude

	
Variation Speed (a−1)






	
Year

	
1982–1999

	
2000–2019

	
1982–2019

	
1982–1999

	
2000–2019

	
1982–2019

	
1982–1999

	
2000–2019

	
1982–2019




	
YRB

	
0.5105

	
0.5795

	
0.556

	
0.0248

	
0.1161

	
0.1427

	
0.0011 *

	
0.0067 **

	
0.0027 **




	
UYRB

	
1

	
0.6633

	
0.6967

	
0.68

	
0.0197

	
0.0619

	
0.0786

	
0.0006

	
0.0041 **

	
0.0013 **




	
2

	
0.6563

	
0.6996

	
0.6779

	
0.0322

	
0.0997

	
0.121

	
0.0009

	
0.0055 **

	
0.0017 **




	
3

	
0.2764

	
0.3509

	
0.3137

	
0.0406

	
0.0954

	
0.144

	
0.0020 **

	
0.0062 **

	
0.0028 **




	
4

	
0.2757

	
0.3679

	
0.3218

	
0.0451

	
0.1628

	
0.2033

	
0.0015 *

	
0.0088 **

	
0.0036 **




	
MYRB

	
5

	
0.5984

	
0.6945

	
0.6465

	
−0.0152

	
0.1386

	
0.1451

	
0.0002

	
0.0087 **

	
0.0037 **




	
6

	
0.4976

	
0.6003

	
0.5489

	
0.0324

	
0.1957

	
0.2304

	
0.0008

	
0.0105 **

	
0.0042 **




	
7

	
0.3175

	
0.4447

	
0.3811

	
−0.0233

	
0.1837

	
0.2363

	
0.0025 **

	
0.0107 **

	
0.0051 **




	
8

	
0.6529

	
0.7208

	
0.6869

	
0.0105

	
0.1193

	
0.1259

	
0.0007

	
0.0067 **

	
0.0027 **




	
9

	
0.7033

	
0.7801

	
0.7417

	
0.0283

	
0.0952

	
0.1017

	
0.0006

	
0.0056 **

	
0.0029 **




	
10

	
0.6384

	
0.6948

	
0.6666

	
0.0404

	
0.1426

	
0.1588

	
0.0003

	
0.0070 **

	
0.0024 **




	
11

	
0.3258

	
0.4658

	
0.3958

	
0.0156

	
0.1776

	
0.2187

	
0.0016

	
0.0112 **

	
0.0057




	
12

	
0.7462

	
0.775

	
0.7606

	
0.0197

	
0.0428

	
0.0701

	
0.0006

	
0.0018

	
0.0010 **




	
LYRB

	
13

	
0.7285

	
0.7457

	
0.7371

	
0.0772

	
0.004

	
0.078

	
0.0022

	
0.0007

	
0.0008




	
14

	
0.6894

	
0.7132

	
0.7013

	
0.0534

	
0.0285

	
0.1012

	
0.0027 *

	
0.0017

	
0.0009








* represents significance (p < 0.05), ** represents extreme significance (p < 0.01), and others are not significant (p > 0.05). The sub-basins represented by numbers 1–14 are Datong, Huangshui, Shizuishan-Toudaoguai, Xiaheyan-Shizuishan, Fen, Jing, Kuye, Beiluo, Qin, Wei, Wuding, Yiluo, Gaocun-Lijin, and Upper daicunba.
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Table 3. Area ratios of all NDVI levels under different influencing factors.






Table 3. Area ratios of all NDVI levels under different influencing factors.





	
Influence Factors Area Rate (%)






	

	
L1

	
L2

	
L3

	
L4

	
L5




	
DEM (m)

	
<800

	
0.08

	
0.37

	
4.07

	
6.84

	
0.41




	
800–1200

	
2.33

	
6.29

	
6.26

	
2.96

	
1.01




	
1200–1600

	
7.06

	
11.84

	
4.69

	
2.46

	
2.58




	
1600–2000

	
3.07

	
4.17

	
1.96

	
0.88

	
0.85




	
2000–2500

	
0.82

	
2.11

	
1.04

	
0.68

	
0.43




	
>2500

	
0.40

	
2.92

	
4.56

	
10.86

	
5.98




	
Precipitation (mm)

	
<200

	
1.52

	
0.49

	
0.60

	
0.06

	
0.00




	
200–400

	
3.78

	
21.56

	
8.02

	
4.03

	
0.50




	
400–600

	
0.03

	
3.45

	
18.47

	
18.59

	
7.28




	
600–800

	
0.03

	
0.04

	
0.49

	
6.47

	
4.60




	
Temperature (°C)

	
<3

	
0.08

	
1.85

	
3.53

	
6.64

	
3.93




	
3–7

	
0.72

	
3.40

	
6.56

	
5.30

	
1.88




	
7–11

	
4.54

	
20.23

	
14.63

	
7.83

	
2.94




	
11–16

	
0.03

	
0.06

	
2.85

	
9.39

	
3.62




	
Slope (°)

	
<10

	
12.26

	
20.48

	
14.73

	
13.97

	
4.10




	
10–20

	
1.10

	
6.13

	
6.27

	
7.56

	
4.53




	
>20

	
0.38

	
1.12

	
1.58

	
3.13

	
2.66








Area ratios of all normal difference vegetation index (NDVI) levels under different influencing factors. L1–L5 represent the following NDVI levels, respectively: <0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8, and >0.8. DEM: digital elevation model.
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Table 4. Mean elevation and slope of all levels of NDVI in each sub-basin.






Table 4. Mean elevation and slope of all levels of NDVI in each sub-basin.





	

	
District

	
NDVI Rank

	
Average Elevation, m

	
Average Slope, °




	
1982–1999

	
2000–2019

	
Range

	
1982–1999

	
2000–2019

	
Range






	

	
YRB

	
L1

	
1490.82

	
1487.17

	
−3.65

	
3.58

	
3.57

	
−0.01




	
L2

	
1689.92

	
1725.03

	
35.11

	
5.54

	
4.56

	
−0.98




	
L3

	
1780.65

	
1797.97

	
17.32

	
8.34

	
7.84

	
−0.5




	
L4

	
2078.41

	
2004.45

	
−73.96

	
9.64

	
9.42

	
−0.22




	
L5

	
2351.64

	
2155.98

	
−195.66

	
12.97

	
12.73

	
−0.24




	
UYRB

	
1

	
L3

	
3753.65

	
3640.40

	
−113.25

	
13.21

	
12.97

	
−0.24




	
L4

	
3446.90

	
3472.95

	
26.05

	
12.00

	
11.98

	
−0.02




	
L5

	
3188.87

	
3168.63

	
−20.24

	
17.40

	
17.08

	
−0.32




	
2

	
L3

	
2612.12

	
2460.09

	
−152.03

	
12.39

	
13.72

	
1.33




	
L4

	
3204.76

	
3185.41

	
−19.35

	
14.47

	
14.56

	
0.09




	
L5

	
3186.87

	
3218.60

	
31.73

	
12.99

	
14.90

	
1.91




	
3

	
L1

	
1414.67

	
1387.73

	
−26.94

	
3.59

	
4.56

	
0.97




	
L2

	
1498.14

	
1476.35

	
−21.79

	
3.68

	
3.42

	
−0.26




	
L3

	
1419.33

	
1477.15

	
57.82

	
4.58

	
4.85

	
0.27




	
4

	
L1

	
1263.88

	
1279.97

	
16.09

	
4.12

	
4.82

	
0.70




	
L2

	
1288.97

	
1298.87

	
9.90

	
3.25

	
3.26

	
0.01




	
L3

	
1086.45

	
1101.58

	
15.13

	
1.48

	
1.74

	
0.26




	
MYRB

	
5

	
L3

	
1017.00

	
904.25

	
−112.75

	
7.23

	
6.37

	
−0.86




	
L4

	
1216.13

	
1153.18

	
−62.95

	
9.12

	
8.19

	
−0.93




	
L5

	
1654.77

	
1592.02

	
−62.75

	
15.71

	
14.98

	
−0.73




	
6

	
L2

	
1574.07

	
1617.19

	
43.12

	
11.48

	
9.43

	
−2.05




	
L3

	
1309.11

	
1426.34

	
117.23

	
10.63

	
11.57

	
0.94




	
L4

	
1425.30

	
1341.13

	
−84.17

	
11.99

	
11.02

	
−0.97




	
L5

	
1610.86

	
1543.71

	
−67.15

	
13.73

	
13.83

	
0.10




	
7

	
L2

	
1265.52

	
1321.28

	
55.76

	
5.11

	
4.09

	
−1.02




	
L3

	
1277.67

	
1205.84

	
−71.83

	
2.46

	
5.97

	
3.51




	
8

	
L3

	
1262.94

	
1351.50

	
88.56

	
10.69

	
11.05

	
0.36




	
L4

	
1163.61

	
1145.08

	
−18.53

	
11.06

	
10.50

	
−0.56




	
L5

	
1366.98

	
1360.90

	
−6.08

	
12.01

	
12.05

	
0.04




	
9

	
L4

	
1080.30

	
1012.52

	
−67.78

	
10.18

	
9.46

	
−0.72




	
L5

	
1413.47

	
1290.74

	
−122.73

	
15.98

	
13.43

	
−2.55




	
10

	
L3

	
1763.30

	
1819.40

	
56.10

	
10.60

	
10.74

	
0.14




	
L4

	
1330.74

	
1332.93

	
2.19

	
9.57

	
9.01

	
−0.56




	
L5

	
1736.88

	
1740.13

	
3.25

	
19.42

	
19.06

	
−0.36




	
11

	
L2

	
1234.23

	
1259.98

	
25.75

	
5.64

	
1.93

	
−3.71




	
L3

	
1147.33

	
1203.86

	
56.53

	
8.17

	
8.09

	
−0.08




	
12

	
L4

	
546.46

	
517.02

	
−29.44

	
7.07

	
6.12

	
−0.95




	
L5

	
1133.45

	
1115.26

	
−18.19

	
16.85

	
16.71

	
−0.14




	
LYRB

	
13

	
L4

	
68.39

	
71.10

	
2.71

	
1.47

	
1.66

	
0.19




	
L5

	
56.47

	
56.57

	
0.10

	
0.40

	
0.41

	
0.01




	
14

	
L4

	
201.03

	
203.22

	
2.19

	
3.81

	
3.84

	
0.03








L1–L5 represent the following NDVI levels, respectively: <0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8, and >0.8. 1–4 represent Datong, Huangshui, Shizuishan-Toudaoguai, and Xiaheyan-Shizuishan in the Upper Yellow River Basin (UYRB), respectively; 5–12 represent Fen, Jing, Kuye, Beiluo, Qin, Wei, Wuding, and Yiluo in the Middle Yellow River Basin (MYRB), respectively; and 13 and 14 represent Gaocun-Lijin and Upper daicunba in the Lower Yellow River Basin (LYRB), respectively. NDVI: normal difference vegetation index.
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Table 5. Quantitative analysis of the YRB and sub-basins.






Table 5. Quantitative analysis of the YRB and sub-basins.





	
Region

	
NDVI versus Climate over T1 Period

	
NDVI Change

	
Contribution (%)




	
        N D V I  ¯     t 1       

	
        N D V I  ¯     t 2       

	
    Δ     N D V I  ¯    t o t      

	
    Δ     N D V I  ¯    C C      

	
    Δ     N D V I  ¯    H A      






	
YRB

	
NDVI = 0.00128P + 0.0070T + 0.216 (R2 = 0.88)

	
0.5105

	
0.5795

	
0.0690

	
40.7

	
59.3




	
UYRB

	
1

	
NDVI = 0.003P + 0.0087T + 0.27 (R2 = 0.81)

	
0.6633

	
0.6967

	
0.0334

	
55.2

	
44.8




	
2

	
NDVI = 0.00294P + 0.0091T + 0.235 (R2 = 0.84)

	
0.6563

	
0.6996

	
0.0433

	
71.1

	
28.9




	
3

	
NDVI = 0.00069P + 0.0036T + 0.128 (R2 = 0.79)

	
0.2757

	
0.3679

	
0.0922

	
23.3

	
76.7




	
4

	
NDVI = 0.00089P + 0.003T + 0.129 (R2 = 0.82)

	
0.2764

	
0.3509

	
0.0745

	
33

	
67




	
MYRB

	
5

	
NDVI = 0.00063P + 0.01T + 0.244 (R2 = 0.85)

	
0.5984

	
0.6945

	
0.0961

	
34.6

	
65.4




	
6

	
NDVI = 0.00049P + 0.0086T + 0.232 (R2 = 0.83)

	
0.4976

	
0.6003

	
0.1027

	
25.1

	
74.9




	
7

	
NDVI = 0.00052P + 0.003T + 0.17 (R2 = 0.73)

	
0.3175

	
0.4447

	
0.1272

	
13

	
87




	
8

	
NDVI = 0.00061P + 0.0013T + 0.267 (R2 = 0.85)

	
0.6529

	
0.7208

	
0.0679

	
32.1

	
67.9




	
9

	
NDVI = 0.00046P + 0.013T + 0.302 (R2 = 0.85)

	
0.7033

	
0.7801

	
0.0768

	
21

	
79




	
10

	
NDVI = 0.00049P + 0.013T + 0.29 (R2 = 0.90)

	
0.6384

	
0.6948

	
0.0564

	
42.8

	
57.2




	
11

	
NDVI = 0.00052P + 0.0037T + 0.155 (R2 = 0.70)

	
0.3258

	
0.4658

	
0.1400

	
12

	
88




	
12

	
NDVI = 0.00021P + 0.0166T + 0.261 (R2 = 0.89)

	
0.7462

	
0.7750

	
0.0288

	
33.6

	
66.4




	
LYRB

	
13

	
NDVI = 0.00049P + 0.012T + 0.257 (R2 = 0.76)

	
0.7285

	
0.7457

	
0.0172

	
28.7

	
71.3




	
14

	
NDVI = 0.00038P + 0.013T + 0.247 (R2 = 0.84)

	
0.6894

	
0.7132

	
0.0238

	
43.4

	
56.6








1–4 represent Datong, Huangshui, Shizuishan-Toudaoguai, and Xiaheyan-Shizuishan in the Upper Yellow River Basin (UYRB), respectively; 5–12 represent Fen, Jing, Kuye, Beiluo, Qin, Wei, Wuding, and Yiluo in the Middle Yellow River Basin (MYRB), respectively; and 13 and 14 represent Gaocun-Lijin and Upper daicunba in the Lower Yellow River Basin (LYRB), respectively. t1 (1982–1999) and t2 (2000–2019) represent the periods before and after the Grain for Green Program (GGP) initiation, respectively. P and T represent precipitation and temperature, respectively, and CC and HA represent climate change and human activities, respectively. NDVI: normal difference vegetation index.
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