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Abstract: This study aimed to assess the impact of land consolidation projects and climate change 

on changes in vegetation in the Loess Plateau during 2012–2021. The study also explored the 

impacts of human activities and climate change on the ecological quality of the Loess Plateau during 

this period. The spatial and temporal normalized difference combined meteorological monitoring 

data, project data, and normalized difference vegetation index (NDVI) data that was used to create 

the vegetation index  dataset spanning from 2012–2021. The study discussed and assessed the 

effectiveness of the project, revealing the following results: 1) A significant increase was observed in 

the vegetation index of the Loess Plateau region from 2012 to 2021, with an upward trend of 0.0024 

per year (P ＜ 0.05). 2) Contributions to changes in vegetation attributed to climatic factors and the 

anthropogenic factors of the ditch construction project were 82.74 and 17.62%, respectively, with 

climatic factors dominating and the degree of response of the ditch construction project increasing 

annually. 3) In the Loess Plateau, climatic variables dominated changes in vegetation. However, land 

consolidation projects in vegetation factors played a key role in changes in vegetation, and the degree 

of influence was gradually increasing.  

Keywords: ditch reclamation; climate change; vegetation recovery Loess Plateau; NDVI; partial 

correlation 
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1. Introduction 

Vegetation is considered a crucial component of terrestrial ecosystems. It is susceptible to 

environmental changes and serves as an indicator of changes in the regional ecological environment. 

Vegetation cover helps prevent erosion and reduces the flow of water and sediment [1]. Tracking the 

dynamic changes of vegetation on a broad scale in real time is challenging when using the existing 

measurement methods because of the geographical and temporal variations in regional changes in 

vegetation [2]. Remote sensing technology has gradually been applied in monitoring large-scale 

changes in the ecological environment. The normalized difference vegetation index (NDVI), first 

introduced by Rouse in 1973, is the most traditional and efficient indicator for vegetation coverage and 

growth. It is frequently employed to monitor large-scale dynamic changes in vegetation [3]. Climate 

change and land reclamation are the main factors affecting regional changes in vegetation [4]. The 

impact of ditch management on the ecological environment has deepened with the rapid growth of 

society and the economy, steadily developing into a determining factor that cannot be disregarded in 

regional changes in vegetation [5]. For instance, Cao’s finding showing that incorrect afforestation in 

regions with little precipitation and high potential evapotranspiration may actually worsen ecosystem 

deterioration [6], wind erosion, and environmental degradation, has also received much attention [7]. 

Quantitative evaluation methods for ditch reclamation mainly include the regression model method 

and residual method. The regression model method is subjective in selecting the influencing factors 

and only assumes different relationships between vegetation and various driving factors. It is difficult 

to avoid the difference between factors [8]. Collinearity and spatial autocorrelation are incompatible. 

However, it is impossible to distinguish between how land reclamation and climate change affect 

vegetation [9]. The residual method involves calculating the difference between the simulated 

changes in vegetation in areas without human disturbance and the observed changes, providing an 

indirect estimate of the impact of ditch reclamation. Currently, the residual method model is most 

frequently used to distinguish between ditch reclamation and climate change [10]. The conclusions 

vary across studies due to differences in research periods and focal points. Sun et al. demonstrated 

that the Loess Plateau’s vegetation coverage showed an increasing trend from 1982 to 1999. Yuan et 

al. examined the temporal and spatial variations in the vegetation coverage of the Loess Plateau from 

2000 to 2010. He et al. studied the changes in vegetation cover in the Loess Plateau for 32 years and 

found that the vegetation cover had a relatively slow growth trend during the study period. Despite 

this, they suggested that this trend will remain essentially unchanged with continuous improvement 

in the future. However, a significant growth trend has been observed after 2005. In terms of 

influencing factors, Shi et al. showed that climatic factors contributed 45.78% to NDVI changes in 

the Loess Plateau, and ditch reclamation contributed 54.22%. Long-term NDVI trends are more 

sensitive to climate change than short-term trends. Li et al. reported that vegetation improved in 

areas with annual precipitation > 400 mm in the central region, while no obvious change in 

vegetation was noted in relatively arid areas [11]. 

This study used GIMMS NDVI 3g v1.0 and MODIS NDVI datasets to construct a long-term 

NDVI dataset spanning from 2012 to 2021 through pixel-by-pixel univariate linear regression. The 

goal was to analyze the temporal and spatial variations in vegetation cover over 11 years in the Loess 

Plateau [12]. Regional mapping of NDVI influencing factors was conducted to separate the effects of 

climate change and ditch reclamation on changes in vegetation cover by using the residual technique 

and employing correlation and regression analyses [13]. The vegetation cover in the Loess Plateau 
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has significantly increased recently, with ongoing ditch reclamation initiatives in the central, eastern, 

and western regions of the watershed. However, it is unclear whether these changes in the watershed 

are directly related to the ditch reclamation project. The implementation effect of the ditch 

reclamation project area is beneficial. This study addressed the dynamic changes in vegetation in the 

area of the ditch control land reclamation project based on the analysis results of the dynamic 

changes in vegetation in the Loess Plateau and its influencing factors. The aim was to provide a 

reference for the subsequent formulation of relevant policies [14]. 

2. Materials and Methods 

2.1. Study area and datasets 

Most areas in the Loess Plateau (96°–119°E, 32°–42°N) were semi-arid and arid areas, with 

congenitally insufficient water resources. The average temperature was 2.68°C, with substantial 

regional temperature fluctuations and less than 450 mm of average annual precipitation. In contrast, 

high and low temperatures were recorded in the southeast and northwest areas, respectively. Most of 

the areas of ditch control and land reclamation projects were located in the central, eastern, and 

western regions. Forest vegetation types in the Loess Plateau included pine, cypress, and birch 

forests. Pine forests were widely distributed and were the most common type of forest vegetation in 

the region. The pine forests played a significant role in soil and water conservation (Figure 1). 

 

Figure 1. Loess Plateau region. 

The NDVI datasets used in this study were obtained from the MODIS MOD13Q1 

(https://ladsweb.modaps.eosdis.nasa.gov/search/) and GIMMS NDVI3gv1.0 databases 
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(https://www.nasa.gov/). The GIMMS NDVI collection offered NDVI data with an 8-km spatial 

resolution and a 15-day temporal range from 2012 to 2021. This study used the data from 2012 to 

2021. The MOD1S dataset offered NDVI data with a spatial resolution of 250 m and a temporal 

resolution of 16 days from 2012 to the present. 

The “Monthly Value Dataset of China’s Surface Climate Data” from the China Meteorological 

Data Network provided information on precipitation and temperature. In this study, 218 sites in and 

around the Loess Plateau were selected (Figure 1), and their latitude and longitude details were 

obtained. Monthly precipitation and monthly average temperature data of these sites from 2012 to 

2021 were also obtained. 

The geographical distribution dataset of China’s forestry engineering was selected to represent 

the data for the areas of ditch control and land reclamation projects on the resource and 

environmental data cloud platform of the Chinese Academy of Sciences. 

2.2. Analysis method 

The NDVI dataset from 2012 to 2021 was constructed for the Loess Plateau using a 

pixel-by-pixel univariate linear regression model based on the GIMMS NDVI3g and MODIS NDVI 

data. The changes in the temporal and spatial distribution of NDVI were then assessed using the least 

squares method in residual and partial correlation analyses. The impact of climatic variables and land 

reclamation on NDVI variations were assessed using the trend analysis technique. 

2.2.1. Data preprocessing 

The GIMMS NDVI3g V1.0 dataset was converted into a .tif format using the R language. Both 

NDVI datasets underwent preprocessing steps, including coordinate transformation, data cropping, 

and maximum value extraction. The monthly and annual NDVI datasets were combined using the 

maximum value composite method. The MODIS NDVI was resampled to 8 km, with specific 

resampling methods described in ENVI 5.3. The inverse distance weighting method was used to 

interpolate the station data for the monthly average temperature and monthly precipitation data 

obtained by the meteorological station. The spatial resolution of the grid after interpolation 

processing was 8 km. Preprocessing, such as geographic coordinate conversion and cropping, was 

performed on the acquired data of the areas of the ditch control and land reclamation project to 

delineate the project scope in the central, eastern, and western regions. 

2.2.2. Construction of long-term NDVI datasets 

As the two datasets are from different sensors and show certain differences in spectral response, 

this study conducted a consistency test on the two datasets. The overlapping period data of GIMMS 

and MODIS were selected to test the pixel-by-pixel univariate linear regression model, constructing 

a model for monthly NDVI for the period 2001–2008 and a verification model for the period 2017–

2021. The new NDVI dataset was then constructed using the regression model and named the 

GIMMS–MODIS NDVI. The formula used for the pixel-by-pixel univariate linear regression model 

is as follows: 

𝐺𝑖 = 𝜆＋𝜇Ｖ
𝑖
＋𝜀𝑖                                     (1) 
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μ＝
∑ (𝐺𝑖−𝑉)𝑛

𝑖=1 (𝐺𝑖−𝐺)

∑ (𝑉𝑖−𝑉)𝑛
𝑖=1

2                                      (2) 

λ＝Ｇ－μＶ                                   (3) 

where λ; μ is the parameter; εi is the random error; n is the research period; i represents the month; 

Gi is the GIMMS NDVI value of the ith month; Vi is the MODIS NDVI value of the ith month; G is 

the average value of the monthly GIMMS NDVI data at the corresponding pixel; and V is the 

average value of the monthly GIMMS NDVI data at the corresponding pixel. 

2.2.3. Analysis of the variation trend of NDVI 

The ordinary least square (OLS) method was used to assess the spatial fluctuation of NDVI 

from 2012 to 2021. The slope of the OLS curve was calculated using the equation: 

𝜃slop =
𝑛 × ∑ 𝑖 𝑛

𝑖=1 × 𝑋𝑖−∑ 𝑖𝑛
𝑖=1 ∑ 𝑋𝑖

𝑛
𝑖=1

𝑛 × ∑ 𝑖𝑛
𝑖=1

2
 − (∑ 𝑖𝑛

𝑖=1 )2
                        (4) 

where θslop is the regression coefficient, i represents the year, Xi represents the NDVI value of the 

corresponding year in year i, and n is the research period that reflects the trend of the variable. θslop 

values between 0 and 1 indicate whether the NDVI is showsan upward or downward trend. The 

significance of the changing trend results was assessed using the F-significance test. 

2.2.4. Analysis of influencing factors 

By adjusting for additional factors, partial correlation analysis describes the correlation between 

two variables among several variables [15]. Compared with the correlation coefficient, the partial 

correlation coefficient is more accurate and reliable. The correlation between climatic variables and 

NDVI was investigated in this study using partial correlation analysis, and the calculation results 

were subjected to the T-significance test. 

A widely used method for quantitatively separating the impacts of ditch maintenance and 

climate change on changes in vegetation is the NDVI residual approach [16]: 

ψ = NDVIreal − NDVIpre                          (5) 

NDVIpre = 𝛼 × 𝑃 + 𝛽 × 𝑇 + 𝜑                        (6) 

where α is the regression coefficient of NDVI and precipitation; β is the regression coefficient of 

NDVI and air temperature; φ is the regression constant; P and T are the annual average total 

precipitation and annual average temperature, respectively; NDVIreal is the observed value in remote 

sensing images; and NDVIpre is the predicted value of NDVI obtained by regression analysis. 

ψ > 0 indicates that land reclamation has a positive impact on NDVI changes; 

ψ < 0 indicates that ditch reclamation has a negative impact on NDVI changes; and ψ = 0 

indicates that ditch reclamation has a relatively weak impact on NDVI changes. 
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Based on the residual analysis results, the overall impact of ditch management on NDVI is as 

follows [17]: 

CH = ψ/NDVIreal × 100%                      (7) 

The overall impact of climate change on NDVI is: 

CN = 1 − CH                             (8) 

The influencing factors in regions with significant changes in NDVI were categorized into six 

groups based on the results of significant changes in NDVI, the partial correlation analysis between 

climatic factors, and NDVI and their significance levels, as well as the trend and significance levels 

of multi-year residuals (Table 1). 

Table 1. Climatic factors and ditch management. 

Driver 
NDVI change 

trend (P < 0.05) 

Correlation between NDVI 

and climatic factors 

Variation trend of 

NDVI residuals 

Significant increase in NDVI caused 

by climate and ditch reclamation 
+ + P < 0.05 + P < 0.05 

Significant increase in NDVI due to 

climatic factors 
+ + P < 0.05  P > 0.05 

Significant increase in NDVI 

dominated by ditch reclamation 
+  P > 0.05 + P < 0.05 

Significant decline in NDVI caused 

by climate and ditch reclamation 
– – P < 0.05 – P < 0.05 

Significant decline in NDVI due to 

climatic factors 
– – P < 0.05  P > 0.05 

Significant decline in NDVI 

dominated by ditch reclamation 
–  P > 0.05 – P < 0.05 

*Note: The “+” in the table refers to a positive correlation of the two factors and the “-” refers to a negative 

correlation of the two factors. 

3. Results 

3.1. Construction of long-time NDVI datasets 

Figure 2 displays the monthly GMMS NDVI and MODIS NDVI variation trends from 2012 to 
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2021. The figure shows that the overall fluctuation trends of the two datasets were consistent, 

mirroring the regional annual vegetation growth phenology similarly. 

   

Figure 2. Fitting of the two NDVI datasets from 2012 to 2021. 

The data from April to October for the years 2012 to 2017 were chosen based on the pixel scale, 

and this dataset was used to validate the regression model with additional data from the same months 

in the period from 2017 to 2021. The study represents the results of fitting GIMMS NDVI and 

MODIS NDVI, as well as GIMMS NDVI and modified MODIS NDVI (GIMMS–MODIS NDVI), 

for the period from April to October, spanning from 2017 to 2021. The root-mean-square error 

(RMSE) between GIMMS and MODIS NDVI was 0.0321, the bias was 0.001, and the goodness of 

fit (R
2
) was 0.7754. The RMSE between GIMMS–MODIS NDVI and GIMMS NDVI was 0.0183, 

the bias was 0.0003, and the goodness of fit (R
2
) was 0.8536. MODIS NDVI and GIMMS NDVI 

data exhibited a better fitting effect after regression model modification. 

3.2. Properties of temporal and spatial fluctuations of NDVI 

The annual average NDVI in the Loess Plateau increased substantially between 2012 and 2021, 

with an overall trend of 0.0024 per year. The growth trend of NDVI was relatively slow from 2012 to 

2017, whereas it was relatively fast from 2017 to 2021. NDVI fluctuated between 0.49 and 0.64 

during the study period, with the lowest (0.49) in 2012 and the highest (0.64) in 2017. Figure 1 

illustrates the regional distribution of NDVI in the Loess Plateau, which exhibited a steadily 

diminishing spatial distribution from south to north. The distribution of the Kubuqi Desert and bare 

rock in the west and north contrasted with the distribution of the Qinghai–Tibet Plateau, Loess Plateau, 

Fenhe River basin, and Weihe River basin in the east and south, where vegetation cover was often good. 

The slope of NDVI change for the Loess Plateau from 2012 to 2021, as shown in Figure 3, indicates 

that 17.32% of the region's pixels exhibited a declining trend during the past 11 years, whereas 82.68% 

exhibited an increasing trend, with 75.99% of them experiencing significant changes. In general, the 

low-value and medium-value areas increased, while the high-value area deceased. Although the 

substantial increase in area was primarily concentrated in the middle and north of the basin, the 

significant degradation area was dispersed primarily in the west and south of the basin. 
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Figure 3. Slope of NDVI change in the Loess Plateau from 2012 to 2021. 

3.3. Analysis of driving factors of NDVI change 

3.3.1. Climate change 

The Loess Plateau experienced an increase in annual precipitation, average temperature, and 

warm, humid conditions over the last 11 years. The increasing trend in annual precipitation was 

0.608 6 mm per year, and the annual temperature was 0.042 1C/a (Figure 5). Geographically, the 

water and heat resources of the basin gradually diminished from south to north, with significant 

resources in the southeast and fewer in the northwest. 

The results of the correlation between NDVI and climatic variables are shown in Figure 4. The 

partial correlation coefficients, which ranged from 0.27 to 0.99 with an average of 0.83 in calculating 

precipitation and NDVI, were all positive. Of these, 99.67% of the pixels passed the significance test 

(P = 0.05). The correlation coefficients between temperature and NDVI ranged from 0.97 to 0.85, 

with an average of 0.24. Of these, 53.53% of pixels passed the significance test with a P value of 

0.05, whereas 23.41% of pixels displayed positive correlation and 76.59% displayed negative 

correlation. Precipitation and NDVI exhibited a substantial positive association, and average 

temperature and NDVI had a significant negative correlation. Precipitation had a bigger overall 

impact on NDVI than the average temperature. Spatially, precipitation was significantly correlated 

with the basin as a whole, and the correlation was mainly positive. Compared with other regions, the 

correlation was stronger in the western and central regions. In the central and eastern regions, a 

substantial negative correlation was observed between temperature and NDVI, whereas no such 

correlation existed in the other regions. 
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Figure 4. Distribution of the partial correlation coefficient for the growing season 

between NDVI and meteorological variables. 

3.3.2. Drainage and land reclamation 

The combined contribution of ditch land reclamation factors and climatic factors to NDVI 

change was 17.26%, with climatic factors accounting for 82.74%, according to the separation of the 

impacts of climate change and ditch land reclamation shown in Figure 5. Among the influencing 

factors of NDVI change, climate change played a dominant role. Spatially, the level of overall impact 

of the two influencing factors exhibited heterogeneity. The impact of ditching and land reclamation 

gradually decreased from north to south, with the highest distribution in the Northern Kubuqi Desert 

and some western areas, and the lowest distribution in the southwest Qinghai–Tibet Plateau. In 

contrast, climatic factors exhibited an opposing trend. Only in the northwest part of the basin did 

ditching and land reclamation have a higher impact on NDVI, while other regional climatic factors 

were dominant. 

 

Figure 5. Variation trends in the influencing factors of climate change and ditch land reclamation on 

NDVI. 
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The contribution rate of land reclamation was 0.127 per year (P < 0.05) and that of climatic 

factors was 0.136 per year (P < 0.05). The impact of land reclamation gradually enhanced, while 

that of climatic factors gradually weakened. In terms of spatial distribution, the overall contribution 

of drainage land reclamation declined in 31.93% of the areas, whereas the contribution of climatic 

factors increased, with the majority of the increase occurring in the northeast of the basin. Compared 

with drainage and land reclamation, primarily dispersed in the south, west, and north of the basin, 

68.10% of the total contribution from regional climatic components exhibited a decreasing trend 

(Figure 6). 

 

Figure 6. Changes in contribution rate. 

3.3.3. Zoning of influencing factors in areas of significant NDVI changes 

The climatic factors of 99.98% of the pixels in the Loess Plateau exhibited a substantial 

correlation with NDVI based on the results of the correlation analysis and significance test of 

climatic factors and NDVI, which are depicted by two results in Table 1. This study did not find a 

substantial increase or decrease in the dominant NDVI of ditch reclamation. The four categories into 

which the regional influencing factors of significant changes in NDVI are grouped as follows: the 

significant increase in NDVI caused by climate and ditching land, the significant increase in NDVI 

caused by climatic factors, the significant decrease in NDVI caused by climatic factors, and the 

significant decrease in NDVI caused by climatic factors. Figure 6 depicts the zoning of influencing 

factors in the regions of the Loess Plateau that had large NDVI changes between 2012 and 2021. 

Notably, 4.87% of the areas experienced significant vegetation degradation because of climatic 

factors, 61.16% of the areas underwent significant vegetation recovery because of climatic factors, 

and 1.11% of the areas underwent significant vegetation degradation because of both climate and 

land reclamation factors. The vegetation recovery area dominated by climate and land reclamation 

factors accounted for 32.86%.  

3.4. Analysis of changes in vegetation in a ditch-building area 

The Loess Plateau was divided into the eastern, middle, and western regions. Table 2 shows the 
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statistics of NDVI changes and the impact of influencing factors in these three regions. The 

vegetation coverage rate in these three regions all showed an increasing trend, which was higher than 

the average, indicating that vegetation recovery was obvious in the range involved in the ditch 

reclamation project. The implementation of ditch reclamation projects significantly improved 

regional vegetation coverage, a factor that could not be ignored in regional vegetation restoration. 

Meanwhile, residual values were positive in the central and southern regions of the Loess Plateau, 

and the overall impact of ditch reclamation has consistently strengthened during the study period. 

Table 2. NDVI changes and influencing factors in ditching and land reclamation project 

areas of the Loess Plateau. 

Hong ditch stretched engineering In the west In the east In the middle 

Average annual NDVI 0.672 0.541 0.37 

NDVI change slope (per a-1) 0.004 0.005 0.006 

Residual value 0.001 0.0033 0.0034 

Impact of climatic factors (%) 86.23 83.55 77.26 

Ditch-building contribution (%) 13.77 16.45 22.74 

Slope of change in level of impact of ditch reclamation (per a-1) 0.1102 0.0725 0.1231 

Climatic factors dominated NDVI significantly increased the 

regional proportion (%) 

65.7 66.5 67.2 

Climatic factors and land reclamation jointly led NDVI to 

increase the regional proportion significantly (%) 

34.5 31.9 32.8 

Table 2 presents the statistics of NDVI change and the impact of influencing factors in the 

drainage land reclamation project area. The values indicate that the vegetation recovery was evident 

in the drainage land reclamation project area; the vegetation in all three engineering areas showed an 

increasing trend, which was higher than the basin average. Meanwhile, the residual values were all 

positive in the engineering area, and the overall impact of ditch land reclamation was continuously 

strengthened in the study period. This indicates that the ditch land reclamation project significantly 

improves regional vegetation coverage, a factor that cannot be ignored for regional vegetation 

restoration. 

The western region had the best vegetation coverage, followed by the eastern and central regions. 

Although NDVI in the western region did not exhibit a significant growth trend during the research 

period, it did in the eastern and central regions (P 0.05). In terms of influencing factors, ditch land 

reclamation positively affected vegetation in the three study regions, with the central region 

contributing the most, followed by the eastern region, and the western region contributing the least. In 

all three study regions, a 60% increase was found in the amount of vegetation that had been 

significantly restored by climate change. Climatic factors significantly impacted vegetation in the ditch 

land reclamation engineering areas more than the ditch land reclamation factors, which played a 
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dominant role; however, the contribution of ditch land reclamation increased during the study period. 

4. Conclusions 

1) The NDVI of the Loess Plateau displayed a significant upward trend of 0.0024 per year from 

2012 to 2021 (P＜0.05). Spatial patterns of the NDVI values of the Loess Plateau indicate a 

declining trend in the high-value area and an increasing trend in the low- and medium-value areas, 

with 17.32% of the image elements’ NDVI exhibiting a declining trend and 82.68% exhibiting an 

increasing trend. Significantly increased trends were primarily found in areas with low NDVI values, 

such as the central and northern parts of the basin, whereas significantly degraded areas were 

primarily found in regions with high NDVI values, such as the western and southern parts of the 

basin. 

2) In the Loess Plateau, the correlation coefficients for precipitation and air temperature with 

NDVI were 0.83 (P＜0.05) and –0.24, respectively. The watershed’s heavy reliance on precipitation 

was related to the fact that it was located in a semi-arid and arid environment with few water supplies. 

Precipitation had a substantial positive correlation with vegetation in the basin. In contrast, mean 

temperature had a significantly positive correlation with vegetation mainly in the central and eastern 

parts of the basin, with no correlation in the other regions. 

3) During the 11-year period, the overall impact of climatic factors on NDVI changes in the 

Loess Plateau was 82.74%, while that of ditch reclamation to NDVI changes was 17.26%. The 

percentage of places in the Loess Plateau where climatic variables considerably dominated 

vegetation regrowth was 61.16%. The percentage of regions in the Loess Plateau where climate and 

ditch reclamation in vegetation elements considerably dominated vegetation recovery was 32.86%. 

In the Loess Plateau, climatic variables dominate changes in vegetation. However, ditch reclamation 

in vegetation factors plays a key role in changes in vegetation, and the degree of influence is 

gradually increasing. 
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