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Introduction


Understanding spatiotemporal variations in vegetation and their climatic and anthropogenic factors can provide a crucial theoretical basis for environmental conservation and ecological restoration in the loess hilly area of western Henan Province. However, the spatiotemporal variation and driving forces of vegetation cover in this area under climate change and human activities are still unclear.







Methods


Therefore, in this study, based on the MOD13Q1 NDVI (Normalized Difference Vegetation Index) data from 2000 to 2022, combined with climatic, topographic and human activities data, trend analysis, residual analysis, partial correlation coefficient calculation, and geographical detector techniques were applied to detect the dynamic trends of vegetation changes and their intrinsic relationships with various influencing factors.







Results


The findings revealed the following: (1) From 2000 to 2022, a comprehensive analysis of satellite-derived vegetation indices revealed substantial enhancements in vegetation cover across 77.5% of the study region, with pronounced improvements documented in five key administrative units: Lushi County, Lingbao City (southern sector), Luoning County, Mianchi County, and Xinan City. In contrast, due to the rapid expansion of urbanization and the implementation of production and construction projects, the vegetation has been greatly disturbed. Severe vegetation degradation has been noted in smaller areas, such as Luoyang City, Mengjin County, Gongyi City, northern Lingbao City, Shangjie District of Rongyang City, and Yiyang County, covering 4.4% of the total area. (2) The seasonal difference of loess hilly area in western Henan is significant. The observed vegetation improvement across the study area between 2000 and 2022 can be primarily attributed to enhanced spring vegetation growth during this period. (3) Partial correlation analysis indicated that the precipitation had more significant effect on NDVI than temperature in the study area. During the study period, the area of pixels with positive NDVI residual trends accounted for 86.96% of the total area. (4) The observed increase in vegetation NDVI across the study area was predominantly attributable to the synergistic effects of climate change and human activities. Landuse, elevation, and temperature exhibited consistently high average explanatory contributions, with each factor independently accounting for over 40%. The explanatory contributions of interaction effects was further enhanced compared to that of individual factors, with the interaction between land use type and elevation reaching as high as 70.9%. The explanatory contributions of various interacting factors on NDVI showed a gradual increase trend.







Discussion


The NDVI changes in the loess hilly region of western Henan exhibit a "promotion-dominated, suppression-supplemented" anthropogenic influence pattern. Human activity intensity serves as the primary driving factor for vegetation changes in this area. For instance, the "Grain for Green Project" has significantly promoted vegetation restoration in the study region, while land use changes tend to trigger substantial vegetation disturbances.
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1 Introduction


Vegetation plays an essential role in terrestrial ecosystems, exerting a significant influence on material circulation and energy exchange with atmosphere, lithosphere, soil sphere and hydrosphere (Lunetta et al., 2006). Terrestrial vegetation also has a positive impact and feedback on the carbon cycle, nitrogen cycle and water cycle (David, 1995; Myneni et al., 2001). The normalized difference vegetation index (NDVI) is a crucial indicator in satellite remote sensing for assessing vegetation growth. It has been extensively applied for monitoring vegetation dynamics at large areas and extended temporal scales (Piao et al., 2014; Gonsamo et al., 2017). The MODIS NDVI dataset offers more accurate spectral, spatial, geometric, and radiometric attributes (Ganguly et al., 2010; Petus et al., 2013). Therefore, with a good correlation with vegetation coverage, it has been widely used to analyze vegetation changes at large scale areas.


The succession of vegetation cover is mainly influenced by the climate and human activities. Resource extraction and land use change are examples of activities that directly affect ecosystems (Glina et al., 2019). Therefore, it is imperative to systematically track vegetation dynamics and detect the nuanced impacts of driving factors on vegetation variation (Yang et al., 2024). Vegetation is frequently a biological indicator of climate change due to its sensitivity to climatic changes (Ahmad et al., 2022). Therefore, the responses of vegetation changes to climate factors have attracted more attention around the world (Baniya et al., 2018; Chen et al., 2024). Analyzing spatiotemporal vegetation dynamics and their correlation with climatic factors has emerged as a pivotal research frontier in understanding ecological environment change (Wu et al., 2020). At different geomorphic units, basins, national and provincial administrative units, spatiotemporal variation of NDVI have been studied from different spatial and temporal scales (Ma et al., 2022; Wei et al., 2022; Eisfelder et al., 2023; Dastigerdi et al., 2024; Han et al., 2022). In general, the impact of precipitation on NDVI was greater than that of temperature (Han et al., 2022; Chen et al., 2021; Zhang et al., 2023). The study in the Loess Hilly and Gully Region of China showed the annual precipitation was the most crucial factor driving the NDVI change (Jia et al., 2023). There are differences in the effects of climate and human activities on vegetation. The study in the across wet meadow areas in the Andes Centrales of Argentina showed that climate factors rather than human activities controlled NDVI trends (Sardiña et al., 2023). The study on the Loess Plateau in China also found the driving force of natural factors was significantly greater than anthropogenic factors (Zhang et al., 2022). More than half vegetation change in the desertified areas of northern China was driven by non–climatic factors (such as groundwater level and soil matrix) (Wang et al., 2021). Since the beginning of the 21st century, human activity was the driving force for vegetation improvement in Wuliangsu Lake Basin, Northern China, where ecological instability is weak (Li et al., 2023). Based on the interaction geographic detector, human activities played a dominant role in the influence of NDVI on the vegetation of Miaoling Karst Mountain Area, SW China (Wu et al., 2023). From 1982 to 2020, precipitation and solar radiation were the most important influences, however, human activities favorably affected vegetation recovery in most area of China after 2000 (Tuoku et al., 2024). In the context of global warming, extreme climate events such as drought occur frequently, which seriously affect the growth of regional vegetation. Long–term NDVI data is the basis for in–depth understanding of the spatio–temporal evolution of vegetation and its response to climate factors.


The loess hilly area of western Henan Province is one of the most serious areas of soil erosion, and the local ecological environment deteriorates, which affects the living environment of local people. Therefore, the study of temporal and spatial changes of vegetation coverage and its influencing factors in this region is conducive to the further conservation of soil and water resources, the preservation and improvement of ecological environment, and the ecological, economic and social benefits are significant. There are few studies on NDVI of vegetation in the western Henan Province. Based on NDVI data, Zhang et al. (2017) analyzed the recovery rate of NDVI in the western Henan mountains at different altitudes, slopes and slope directions, as well as the changes in response to climate. Yu et al. (2022) conducted research on NDVI in Henan Province and found that the terrain in the hilly area of western Henan was fragmented, farmland was damaged, and soil erosion was severe, which contributed to the low NDVI values in the region. It has been found that NDVI was positively correlated with temperature and precipitation in most regions of Henan Province (Guo and Wang, 2018). From 2000 to 2015, the influence of human factors on vegetation in Henan Province was more obvious than that of natural factors, and the areas of vegetation degradation were mainly concentrated in Jiaozuo City, Zhengzhou City and the north of Luoyang City in the loess hilly region of western Henan Province (Nie et al., 2024). Human activities have a dual effect on changes in vegetation coverage. With the advancement of urbanization, surface vegetation is directly or indirectly destroyed, resulting in a decrease in vegetation coverage. On the other hand, a series of ecological restoration measures such as returning farmland to forests, afforestation, and natural forest protection have also improved vegetation coverage in the region (Wang et al., 2010; Li et al., 2024). Previous research has partially determined the driving factors and their respective contributions to the spatial distribution patterns of NDVI in Henan Province. Some researchers have pointed out that the areas where vegetation has significantly degraded in recent years are mainly concentrated in the loess hilly region of western Henan. This is because the area is located in the loess hilly region, with fragmented terrain and numerous gullies. The cultivated land has been severely damaged. At the same time, due to the development of urbanization, the construction land has increased, reducing the vegetation coverage. Therefore, vegetation cover dynamics and their influencing factors in this region require further in-depth analysis. Understanding the vegetation dynamics respond to climate change and human activities is a key research focus due to its crucial role and ever–changing nature (Chen et al., 2015). Besides, it is of great important for regional ecological protection, vegetation restoration and ecosystem management (Chen et al., 2022; Xu et al., 2022). In recent years, climatic factors such as precipitation and temperature in this region have undergone noticeable changes compared to historical patterns. Additionally, the impact of human activities on land use has been intensifying. Due to the rapid expansion of urbanization and the implementation of production and construction projects, the vegetation has been greatly disturbed. However, a thorough understanding of the spatiotemporal dynamics of vegetation and its interactions with climate factors and human activities in the research area still needs to be improved.


Based on the MOD13Q1 NDVI data from 2000 to 2022, this study through trend analysis, residual analysis, partial correlation analysis and Geodetector, analyzed the vegetation dynamics in the loess hilly area of western Henan Province. And the driving factors of vegetation change were determined. In this study, we pursued the following objectives: (1) to detect the temporal and spatial vegetation dynamics in the loess hilly region of western Henan Province; (2) to identify the responses of vegetation change to climate and human activities from 2000 to 2022; (3) to determine the dominant factors affecting spatial distribution of vegetation in loess hilly region of western Henan Province.






2 Materials and methods





2.1 Study area


The loess hilly area of western Henan Province is located in the west of Henan Province, adjacent to the Yellow River to the north, the mountainous terrain of western Henan to the south, and the plains of eastern Henan to the east (
Figure 1
). The loess hills account for approximately 80% of the area, with elevations ranging from 110 m in the Yiluo river valley to 500 m across low-relief mountainous zones, while isolated peaks reach elevations exceeding 1000 m. The study area belongs to the temperate semi-humid to semi-arid monsoon climate, featuring sufficient solar radiation and thermal accumulation. The mean annual average temperature ranges from 14 to 15°C, coupled with 600–700 mm of precipitation. The precipitation began to increase from April, but the increase was not significant from April to June. It surged to its peak in July and gradually decreased thereafter. The terrain in this area is rugged, with crisscrossing valleys and fragile ecological environment (Gu et al., 2024). The vegetation types within the study area are predominantly cold-tolerant woody plants. The existing vegetation mainly comprises natural secondary forests and plantations. The current vegetation includes tree species such as Cercidiphyllum japonicum, Pistacia chinensis, Populus L., Robinia pseudoacacia L., and Cupressus funebeis Endl. The main soil types in the study area are cinnamon soil, skeletal soil, and brown soil. Soil erosion in the study area was generally moderate erosion and below, accounting for 76.09%.


[image: Map showing the study area in Henan, China. The main map illustrates elevation levels using colors: green for under 200 meters, dark green for 200-400 meters, light brown for 400-600 meters, dark brown for 600-800 meters, orange for 800-1000 meters, and red for over 1000 meters. The Yellow, Weihe, Yiluo, Qinhe, and Tang-Bai rivers are highlighted, along with key cities. Insets show the study area within Henan and China.]
Figure 1 | 
Location of the study area.








2.2 Data sources and preprocessing


The Moderate–Resolution Imaging Spectroradiometer (MODIS) Terra 16–day vegetation index product (MOD13Q1, 250 m spatial resolution) was from the US Geological Survey (USGS; http://glovis.usgs.gov). Images from 2000 to 2022 were decoded, reprojected, reformatted, and stitched using the Modis Reprojection Tool (MRT). The product has minimized the effect of cloud, cloud shadows, and noise through 16 days of synthetic data. ArcGIS software was used to obtain monthly NDVI data by max value composite. The annual average NDVI was derived by averaging monthly NDVI composites (MOD13Q1, 250 m) across each hydrological year. The temperature and precipitation datasets (1 km spatial resolution) were obtained from the National Earth System Science Data Center (NESDC; https://www.geodata.cn). Land use data with 30 m resolution spatially are from Institute of Remote Sensing Information Processing http://irsip.whu.edu.cn/in_eng_v2.php. Population density data comes from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (https://www.resdc.cn/). The night light data and elevation data are derived from the Geospatial Data Cloud at https://www.gscloud.cn/. The climate data (precipitation and temperature) from 2000 to 2019 come from the National Earth System Science Data Center, National Science and Technology Infrastructure of China at http://www.geodata.cn/.






2.3 Methods





2.3.1 Trends analysis


Theil–Sen slope is the non–parametric slope estimation method (Yang et al., 2021; Gao et al., 2022). Compared to the least square linear fitting method, Theil–Sen slope is not affected by outliers and noise in the data (Sen, 1968). Therefore, it is widely applied in time series trend of climate variables (Martinez et al., 2012). This study applied this method to calculate the interannual change trend of vegetation in the study area from 2000 to 2022, and revealed the growth dynamics of vegetation in the study area (Zhu et al., 2022). Theil–Sen slope is estimated based on the median value of the observations xi
 and xj
 at all pairwise time steps i and j. The formula is as follows:
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where xi
 and xj
 are the values of NDVI at time i and j. The median is the median function. The negative values of slope indicate a negative trend of NDVI and a positive value indicates a positive trend of NDVI in the study period.


Mann–Kendall test was used to test the significance of the change trend (Mann, 1945; Kendall, 1975; Zhou and Zhang, 2023). The slope and M–K test results are combined for comprehensive analysis. The trend of NDVI changes can be divided into six categories: extremely significant increase (Slope > 0, p < 0.01), significant increase (Slope > 0, 0.01 ≤ p < 0.05), insignificant increase (Slope > 0, p ≥ 0.05), insignificant decrease (Slope < 0, p > 0.05), significant decrease (Slope < 0, 0.01 ≤ p < 0.05), and extremely significant decrease (Slope < 0, p < 0.01).






2.3.2 Partial correlation analysis


The relationship between NDVI and different climatic factors is evaluated due to the possible correlation between meteorological factors. In order to explore the influence of climate factors on NDVI, the correlation between NDVI and average temperature and annual precipitation was calculated by using partial correlation analysis (Dastigerdi et al., 2024). The partial correlation coefficients are calculated as follows:
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where r
12, r
13, and r
23 are the correlation coefficients between vegetation NDVI and temperature, precipitation, and between temperature and precipitation, respectively (Long et al., 2010). r
12·3 represents the partial correlation coefficient of vegetation NDVI and temperature. r
13·2 represents the partial correlation coefficient between vegetation NDVI and precipitation (Geng et al., 2022).






2.3.3 Residual analysis


The contribution rates of different driving factors to vegetation growth were different. The effects of human activities and climate change on NDVI were analyzed by multiple linear regression residual analysis (Evans and Geerken, 2004). Multivariate regression residual was used to construct a binary linear regression model based on vegetation NDVI data and meteorological data (temperature and precipitation), and then the difference between remote sensing NDVI value (NDVIOBS
) and forecast NDVI value (NDVICC
) was used to represent the influence of human activities on the dynamic evolution of vegetation NDVI (NDVIHA
) (Jin et al., 2020). To quantitatively separate the effects of climate change and human activities on vegetation cover change. The relevant formula is as follows:
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where NDVICC
 and NDVIOBS
 refer to the NDVI predicted value based on regression model and the NDVI based on remote sensing image, respectively. Measurement value (dimensionless); a, b and c are model parameters; T and P refer to the average temperature and cumulative precipitation of the growing season, respectively. The units were °C and mm, respectively. NDVIHA
 is the residual.






2.3.4 Geographical detector


The geographic detection can analyze the influence of different independent variables on the spatial distribution pattern of specific dependent variables. It contains the following four detectors: factor detection, interaction detection, risk detection, and ecological detection.


Factor detector


A factor detector could determine the effect of detecting the spatial heterogeneity of vegetation change. The spatial heterogeneity of X to Y could be expressed as q × 100%, and the greater the number, the greater the influence of the detection factors on vegetation change (Deng et al., 2022), which is as follows:
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where h is the vegetation change or detection factor hierarchy; N is the number of class h or total region units; and Y is the change in class h or total region Y value. 
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 and σ2
 are the variances of NDVI in h and entire area, respectively. A large q indicates a better explanation of the spatial heterogeneity of X about NDVI and vice versa (Chen et al., 2020).


Interaction detector


Interaction detector was used to assess interaction between two factors. The q values of individual factors (q(X1) and q(X2)) were first calculated separately, and the value of two–factor interaction (q(X1∩X2)) was calculated (Wang and Xu, 2017; Shao et al., 2023). The results are defined by comparing the q value of individual factor and two–factor interaction as shown in 
Table 1
.



Table 1 | 
Location of the study area.




	Foundation

	Interaction






	C=A+B
	Independent



	C>A+B
	Non–linear enhancement



	C<D
	Non–linear weakening



	D<C<E
	Single–factor non–linear weakening



	C>E
	Dual–factor enhancement






A = q(X1), B = q(X2), C = q(X1 ∩ X2), D = Min [q(X1), q(X2)], E = Max [q(X1), q(X2)].










3 Results





3.1 Features of NDVI spatial distribution


The annual average NDVI in the loess hilly area of western Henan was calculated for the period between 2000 and 2022. The spatial distribution of average NDVI in the study area is shown in 
Figure 2
. The average annual NDVI ranged between –0.08 and 0.72 over the period 2000–2022, averaging 0.49. The NDVI in the study area presented a distinct spatial pattern: higher values in southwest and lower values in northeast, with obvious regional differences. Low NDVI values (mean <0.3) were observed in Yima, Mianchi, Shanzhou District, Xigong District of Luoyang, Jianxi District, and Shangjie District of Zhengzhou City. These densely populated areas, with a large scale and intensity of human activities, causing significant disturbance to natural vegetation, resulting in low vegetation coverage. High NDVI values were mainly distributed in the southern part of Luosi County, Luoning County and Song County, the western part of Lingbao City, and the northern part of Jiyuan City and Mianchi County. These areas, characterized by steep slopes and extensive forests and grasslands, serve as key zones for soil erosion prevention and control. There soil and water conservation capacity has been significantly enhanced, with notably high vegetation coverage.


[image: Map showing NDVI values in a region with various shades indicating vegetation density. Dark green represents NDVI over 0.7, while red indicates values under 0.2. Cities labeled include Jiyuan, Mengzhou, and Gongyi. A scale in kilometers is at the top, and a compass indicates north.]
Figure 2 | 
Spatial distribution of annual average NDVI from 2000 to 2022 in the study area.




The seasonal difference of loess hilly area in western Henan is significant. During the study period, NDVI in summer (June, July and Aug.) was the highest at 0.65, followed by NDVI in autumn (Sept., Oct., and Nov.) and spring (March, April and May) at 0.53 and 0.49, respectively, and NDVI in winter (Dec., January, Feb.) was the lowest at 0.28 (
Figure 3
). NDVI was highest in the western and southern parts of the study area due to the larger area of forest land, grass land and less human activities. The NDVI of the whole study area was generally lower in winter, while it was higher in summer.


[image: Four seasonal maps depict the Normalized Difference Vegetation Index (NDVI) for an area with marked cities. Each map represents a different season: spring, summer, autumn, and winter. Colors range from red (NDVI < 0.2) to dark green (NDVI > 0.8), indicating vegetation density. Spring and autumn feature more yellow hues, indicating moderate vegetation. Summer shows darker greens, suggesting dense vegetation, while winter is primarily red and orange, representing low vegetation. A scale and compass are included.]
Figure 3 | 
Spatial distribution of spring (a), summer (b), autumn (c), winter (d) average NDVI from 2000 to 2022 in the study area.




In spring, low NDVI values were mainly concentrated in Hubin County, Yima, Luolong District of Luoyang, Yiyang County, Gongyi City, Xingyang City, and more than half of the area had NDVI value lower than 0.3 (
Figure 3a
). In these regions, spring drought and water shortage lead to slow plant growth. Compounded by heavy water consumption from the large local population, inadequate water storage in groundwater, rivers and lakes collectively contribute to low vegetation coverage. In summer, although low NDVI values were primarily observed in Luolong District of Luoyang, Hubin County, Xingyang City, overall vegetation vigor improved with increased summer moisture, showing noticeable recovery compared to spring conditions (
Figure 3b
). High NDVI values appeared in Lingbao City, Lushi County, Ruyang County and Shanzhou District, and the value is basically above 0.7. NDVI values in these areas increased significantly due to three key factors: hilly topography, extensive woodland coverage, and adequate summer moisture-heat conditions, which collectively promoted high vegetation coverage. In autumn, low NDVI values were observed in Luolong District of Luoyang, Hubin District, Xingyang City, Yanshi and Gongyi City, mirroring their spring vegetation patterns (
Figure 3c
). In these areas, plants grow vigorously during summer while retaining partial foliage in autumn. Although vegetation coverage improves compared to spring levels, the high population density results in extensive built-up areas, consequently limiting the vegetated space. In the western and southern hilly areas, the vegetation coverage is still high due to extensive woodland, shrubs and grassland. In winter, NDVI values generally remain below 0.4, with particularly low values (<0.3) observed in Hubin County, Mianchi County, Luolong District of Luoyang, Gongyi City and Xingyang City (
Figure 3d
). The vegetation coverage in southern areas such as Ruyang County, Song County, Lushi County is relatively high.






3.2 Annual variation of NDVI in loess hilly area of western Henan Province


This study investigates the temporal variation characteristics of NDVI in the loess hilly area of western Henan Province, presenting time-series trend charts derived from monthly and annual NDVI data from 2000 to 2022 (
Figure 4
). The monthly NDVI values ranged from 0.26 to 0.72, with a mean of 0.49 and a standard deviation of 0.16. The planting of double-cropping systems in study area led to a weakly bimodal pattern of NDVI in a year, featuring the primary peak in August (about 0.72), the secondary peak in June (about 0.58), and the annual minimum in January (about 0.26) (
Figure 4a
). The rapid NDVI increase observed from February to April primarily results from spring vegetation phenology, including tree budburst and the growth of winter wheat and rapeseed crops. Affected by the harvest of winter wheat from May to June, the NDVI remained basically unchanged during this period. From June to August, NDVI increased again, peaking in August due to favorable summer hydrothermal conditions that enhanced vegetation productivity. From September to December, NDVI displayed a rapid decline due to the gradual maturing of crops in September and October, the falling of leaves of most crops, and the reduced vegetation coverage. The vegetation type in the study area is mainly deciduous broad–leaved. Therefore, vegetation coverage decreased rapidly in winter, and reached its lowest level in January of the next year.


[image: Two graphs showing NDVI data. Graph (a) displays monthly NDVI values with a peak around mid-year, indicating seasonal variation. Graph (b) shows yearly NDVI data from 2001 to 2022, with a trendline and equation suggesting an upward trend over time. The R-squared value is 0.6504.]
Figure 4 | 
Monthly variation of NDVI in study area from 2000 to 2022 (a) and annual variation of NDVI in study area from 2000 to 2022 (b).




The annual variation of NDVI in the loess hilly area of western Henan, varied between 0.42 and 0.54, exhibiting a mean value of 0.49 with a standard deviation of 0.03. In the past 23 years, the annual NDVI fluctuated obviously, but the overall trend was upward (
Figure 4b
). The annual maximum value NDVI peaked in 2020 while hitting their lowest recorded level in 2001. During the study period, the fluctuation amplitude of NDVI showed a decreasing trend, suggesting progressive improvement in regional vegetation growth conditions. The NDVI in the study area was highest in summer, followed by autumn and spring, and lowest in winter (
Figure 5
). NDVI showed an increasing trend in all seasons, with slightly higher growth in summer and spring than in autumn and winter.


[image: Line graph showing seasonal NDVI trends from 2001 to 2022. Spring NDVI (orange diamonds) remains around 0.45. Summer NDVI (green circles) starts at 0.6, slightly increasing. Autumn NDVI (blue triangles) fluctuates near 0.5. Winter NDVI (pink squares) stays around 0.3.]
Figure 5 | 
Seasonal variation of NDVI in study area from 2000 to 2022.








3.3 Spatial variation trend of NDVI in loess hilly area of western Henan Province


The study quantitatively analyzed the spatial variation trends of NDVI in the study area. Based on the combination of Theil–Sen Median trend analysis and Mann–Kendall test results, the pixel–scale data of NDVI change trend is obtained. NDVI changes were divided into 6 types: extremely significant increase, significant increase, insignificant increase, insignificant decrease, significant decrease and extremely significant decrease. The average slope value of annual NDVI change is greater than 0, which indicates that annual NDVI in the study area presents a positive trend from 2000 to 2022 (
Figure 6a
). The areas of extremely significant increase and significant increase accounted for 68.8% and 8.7%, respectively, mainly distributed in the west, south and north of the study area at Lu Shi County, south of Lingbao City, Luoning County, Mianchi County and Xinan City (
Figure 6b
). The non–significant increase area is distributed in the central of the study area at Yichuan County and Luolong District and the eastern sector at Xingyang City and Gongyi City, accounting for 12.3% of the total area. The proportion of vegetation decrease area in the total area is small, with extremely significant decrease and significant decrease areas accounting for 3.2% and 1.2% respectively. The vegetation degradation is more severe in Luoyang, Mengjin County, Gongyi City, northern of Lingbao City, Shangjie District, Xingyang City and Yiyang County.


[image: Ten maps showing seasonal and yearly trends in geographical regions with color-coded slopes and significance levels. Colors represent increases or decreases, ranging from extremely significant increase (green) to extremely significant decrease (red). Each map is labeled for seasons or years, displaying regional names and a scale bar.]
Figure 6 | 
Spatial distribution of NDVI change trend of year (a), spring (c), summer (e), autumn (g), winter (i) and significance of NDVI change trend of year (b), spring (d), summer (f), autumn (h), winter (j) from 2000 to 2022.




The average slope value of NDVI change in spring is greater than 0, which indicates that NDVI in spring presents a positive trend from 2000 to 2022 (
Figure 6c
). The areas of extremely significant increase 61.4%, which is mainly distributed in the western, southern and northern of the study area at Lu Shi County, south of Lingbao City, Luoning County, Mianchi County, north of Xinan City (
Figure 6d
). Significantly increased areas (9.6% coverage) are concentrated in southern of Song and Ruyang County, central of the study area, and north of Jiyuan City. The proportion of extremely significant decrease and significant decrease area are 4.0% and 1.7%, respectively. The areas of vegetation degradation are mainly distributed in the northeast of the study area Luoyang, Mengjin County, Gongyi City, northern of Lingbao City, Shangjie District, Xingyang City, Mengzhou City and Yiyang County. Besides, in the northern part of Lingbao City, the vegetation degradation in spring is also more serious. The average slope values of NDVI change in summer (
Figure 6e
), autumn (
Figure 6g
) and winter (
Figure 6i
) all less than 0, which indicate that NDVI in summer, autumn and winter present the negative trends from 2000 to 2022. In terms of spatial distribution, vegetation coverage exhibits declining trends across most the study area during both summer and autumn (
Figures 6f, h, j
). However, the overall vegetation improvement observed from 2000 to 2022 is primarily driven by significant spring vegetation recovery, which compensates for the seasonal declines.






3.4 Analysis of influencing factors on vegetation NDVI changes in loess hilly area of western Henan Province





3.4.1 Effects of climatic factors on vegetation NDVI


Heat and moisture are pivotal ecological factors that influence the growth processes of plants. Adequate precipitation and temperature are conducive to the rapid growth of vegetation. To explore the correlation between temperature, precipitation, and NDVI, this paper implemented a partial correlation analysis method to conduct a pixel scale analysis of NDVI in relation to these two climatic variables. The results revealed distinct spatial patterns in how temperature and precipitation influence vegetation. As shown in 
Figure 7a
, the partial correlation coefficient between temperature and vegetation NDVI ranges from –0.75 to 0.85, with the average of 0.19. Temperature-NDVI correlations showed spatial predominance of positive relationships (85.02% coverage), with negative correlations occupying only 14.97% of the study area. In terms of spatial distribution, the positive correlation between NDVI and temperature was mainly distributed in the west (south of Lingbao City and southeast of Lusi County), northeast (Jiyuan City and Mengzhou City) and south (Song County and Ruyang County) of the study area. The regions with negative correlation between NDVI and temperature were concentrated in the middle (middle of Yiyang County), the east (Shangjie District) and the southwest (southwest of Lushi County) of the study area. Partial correlation analysis revealed that areas exhibiting statistically significant positive NDVI-temperature relationships (extremely significant and significant levels combined) covered 9.66% of the study region. The areas with extremely significant negative correlation and significant negative correlation accounted for 0.32%, while the areas with insignificant positive correlation and non–significant negative correlation accounted for 75.35% and 14.67%, respectively (
Figure 7b
).


[image: Map series depicting partial correlation coefficients and significance levels across regions. Panels (a) and (c) use a color gradient from red to blue indicating correlation strength from negative to positive. Panels (b) and (d) use colors to show significance levels: green for extremely significant positive, dark green for significant positive, light green for insignificant positive, orange for insignificant negative, red for significant negative, and dark red for extremely significant negative. Regions are labeled with names like Jiyuan, Yima, and Luoning. Each map includes a north arrow for orientation.]
Figure 7 | 
Spatial distribution characteristics of partial correlation between NDVI and temperature (a), and the significant map of partial correlation (b), partial correlation between NDVI and precipitation (c), and the significant map of partial correlation (d).




The partial correlation coefficient between NDVI and precipitation in the loess hilly region of western Henan Province fluctuates between –0.70 and 0.82, with an average value of 0.23. NDVI exhibited a predominantly positive correlation with precipitation, accounting for 91.63% of the total study area (
Figure 7c
). This positive correlation was predominantly concentrated in the central regions of the study area, including Yiyang County, Shanzhou District, and Song County, as well as in the western regions such as Lushi County and Lingbao City. Vegetation growth showed a significant positive response to precipitation in these areas. Conversely, The negative correlation areas constitute 8.37% of the total area, primarily located in the northeastern part of the study region, including Luoyang City, Gongyi City, and Mengzhou City. Areas exhibiting an extremely significant positive correlation and a significant positive correlation between NDVI and precipitation account for 10.41% of the total study area. Regions displaying an extremely significant negative correlation and a significant negative correlation constituted 0.05% of the total area. The largest proportion of the study area was characterized by insignificant positive correlations and insignificant negative correlations, collectively accounting for 89.54% of the total area (
Figure 7d
).






3.4.2 Effects of human activities on vegetation NDVI


Based on the residual analysis of each pixel, a trend and significance analysis was conducted on the time series of residual values from 2000 to 2022 to characterize the impact of human activities on NDVI over the 23–year period. From 2000 to 2022, the area of pixels with positive NDVI residual trends in the loess hilly region of western Henan accounted for 86.96% of the total area (
Figure 8a
), of which the extremely significant and significant portions accounted for 73.19% and 10.08%, respectively. These areas were primarily distributed in the southwestern part of Jiyuan City, Mianchi County, Luoning County, Lushi County, Song County, and the southern parts of Ruyang County (
Figure 8b
). The area of pixels with negative NDVI residual trends accounted for 13.04% of the total area. Regions exhibiting negative residuals were predominantly located in Shangjie District, Gongyi City, Luolong District and Yichuan County. Overall, the changes in NDVI were influenced by the dual effects of human activities, with positive impacts playing a dominant role. Ecological conservation measures have demonstrated significant effectiveness across most regions, substantially enhancing vegetation coverage through targeted implementation. Meanwhile, rapid economic development has driven irrational anthropogenic exploitation, significantly suppressing vegetation growth in localized areas.


[image: Two-panel map comparison of the same region. Panel (a) illustrates residual slopes using a color gradient from red for negative slopes to dark blue for positive slopes. Panel (b) depicts the impact levels, using colors to denote significance: dark green for extremely positive to red for extremely negative impacts. Major locations such as Luonan, Yima, and Gongyi are labeled on both maps.]
Figure 8 | 
NDVI residual trend (a) and significance test (b) of spatial distribution from 2000 to 2022.








3.4.3 Relative contribution of climate change and human activities to vegetation coverage in improvement and degradation areas


To differentiate the relative roles of climate and human activities of vegetation NDVI dynamics in the loess hilly area of western Henan, the specific contribution rates of these two driving factors in areas with improved and degraded vegetation NDVI were statistically assessed, as illustrated in 
Figure 9
. In NDVI improvement areas, climate change contributions to vegetation NDVI dynamics ranged 0%–20%,with spatial concentrations in central Yiyang County, Xinan County and Yichuan County, the eastern Gongyi City and Luolong District, and the southern of Song county and Ruyang County. The contribution rate of 20%–40% was distributed in Shanzhou District, Mianchi County and Jiyuan City in the north of the study area, and Lingbao City and Lushi County in the west of the study area (
Figure 9a
). Human activities contributed 80%–100% to vegetation NDVI dynamics, predominantly concentrated in the central and eastern parts of the loess hilly area of western Henan, including Song County, Yiyang County, Luoyang City, and Gongyi City, with sporadic distribution throughout the study area. Areas with 60%–80% contribution rates were distributed across the western, northern, and southern sectors of the study area, encompassing Lushi County, Lingbao County, and Jiyuan City. Overall, human activities exhibited greater contribution rates than climate change to vegetation NDVI increases in the study area, demonstrating anthropogenic drivers’ predominant role in vegetation restoration and conservation (
Figure 9b
). In NDVI degradation areas, climate change contributed 0%–20% to vegetation dynamics, with spatial concentrations in Mengzhou City, Gongyi City and Shangjie District in the east of the loess hilly area of western Henan Province (
Figure 9c
). Human activities contributed 80%–100% to NDVI dynamics, with these high-contribution areas predominantly concentrated in the northeast and northwest of the study area (
Figure 9d
). In general, human activities exerted greater influence than climate change on NDVI reduction in the study area, and the degradation of NDVI caused by human activities was mainly concentrated in urbanized zones, indicating that the rapid economic development of cities will also have a negative impact on vegetation change.


[image: Four maps labeled (a), (b), (c), and (d) display contribution rates in a region with various city names. Map (a) uses a color gradient from yellow to green indicating rates below 80 percent. Map (b) shows dark blue areas with higher rates over 80 percent. Maps (c) and (d) outline regions with varying contribution levels, showing detailed distributions. A scale and north arrow are present.]
Figure 9 | 
Spatial distribution of contribution rates of climate change (a), human activities (b) to NDVI in the improvement area, climate change (c) and human activities (d) to NDVI in the degradation area.








3.4.4 Analysis of influencing factors of vegetation variation


This study applied the factor detector method to quantify natural and anthropogenic factors’ explanatory power on NDVI spatial differentiation at three temporal nodes in 2000, 2011 and 2022. The eight independent variables’ classification scheme is documented in 
Table 2
.



Table 2 | 
Spatial distribution of contribution rates of climate change (a), human activities (b) to NDVI in the improvement area, climate change (c) and human activities (d) to NDVI in the degradation area.




	Type

	Index

	Detection factors






	Climate
	Temperature
	Temperature



	Climate
	Precipitation
	Precipitation



	Topography
	Elevation
	Elevation



	Topography
	Slope
	Slope



	Topography
	Aspect
	Aspect



	Human activity
	Land use
	Land use



	Human activity
	Population density
	Population density



	Human activity
	Night light
	Night light









The single factor detection results are shown in 
Figure 10
. The q values of each factor in 2000 were ranked as follows: land use (0.603) > elevation (0.537) > temperature (0.504) > slope (0.351) > precipitation (0.294) > night light (0.239) > population density (0.160) > aspect (0.047). The q values of each factor in 2011 were ranked as follows: land use (0.570) > elevation (0.458) > temperature (0.439) > precipitation (0.424) > slope (0.335) > night light (0.309) > population density (0.254) > aspect (0.054). In 2022, the q values of each factor were ranked as follows: land use (0.611) > elevation (0.486) > temperature (0.468) > slope (0.412) > precipitation (0.399) > night light (0.390) > population density (0.251) > aspect (0.061). In the three studied periods, land use demonstrated the strongest influence on vegetation NDVI spatial distribution in the loess hilly area of western Henan, with q–values of 0.603, 0.570, and 0.611 for the years 2000, 2011, and 2022, respectively. Secondary to land use, elevation and temperature emerged as dominant drivers of NDVI spatial heterogeneity, demonstrating explanatory powers exceeding 40% throughout the study period. These factors persistently exhibited significant control over NDVI spatial heterogeneity. This phenomenon primarily stems from marked topographic variations in the loess hilly region of western Henan, featuring distinct western highlands contrasting with eastern lowlands. These topographic gradients, combined with land use diversity and thermal variations, collectively shape vegetation NDVI spatial patterns. Furthermore, nighttime light and population density q–values demonstrated sustained growth across the three study periods, reflecting intensifying anthropogenic pressures on vegetation dynamics.


[image: Radar chart showing data for years 2000, 2011, and 2022 across eight variables labeled X1 to X8. The 2000 data is in red squares, 2011 in blue circles, and 2022 in green triangles, each connected by lines indicating changes in the variables.]
Figure 10 | 

q value of natural and human activity factors on NDVI.




The interaction detector assesses synergistic effects between natural and anthropogenic drivers on NDVI spatial heterogeneity. Factor interactions demonstrate stronger explanatory power than individual factors, with each driver’s influence amplified through synergistic effects. The result was shown in 
Figure 11
. Elevation and land use interactions demonstrated the highest explanatory power, which was 70.9% in 2000, 65% in 2011 and 67.4% in 2022, followed by temperature and land use interactions with a mean explanatory power of 66.63%.


[image: Three heatmaps labeled (a) 2000, (b) 2011, and (c) 2022 show color-coded matrices with values ranging approximately from 0.046 to 0.710. They illustrate correlations among variables labeled X1 to X8. Each heatmap includes a color gradient legend displaying numerical interval changes.]
Figure 11 | 
Interactive detection results of NDVI impact factors.










4 Discussion


From the perspective of spatial trends, the vegetation coverage in most regions has shown significant improvement, accounting for 75% of the total area. This finding is consistent with the results of existing study (Wang et al., 2022). Annual NDVI variation revealed significantly depressed values in 2001 and 2013 compared to adjacent years. It is related to the anomalies in temperature and precipitation. The spring and summer drought occurred in northern China in 2001. The corresponding NDVI is lower in spring and summer. From February to early June 2001, the rainfall in most areas north of the Yangtze River was abnormally low, the temperature was generally high, the evaporation was large, triggering severe persistent drought particularly impacting Shanxi, Shandong, Henan, Liaoning, Hebei province. Henan experienced persistent precipitation deficits in 2013, inducing multi-seasonal drought spanning spring through autumn. In the loess hilly area of western Henan, Luanchuan County recorded 367.6 mm cumulative effective rainfall by September’s end, which is only 43% of the average annual rainfall, coupled with a 2°C temperature increase relative to baseline periods.


This study applied multivariate linear residual analysis to disentangle anthropogenic impacts on vegetation dynamics, quantifying climate change versus human activity contributions to vegetation cover enhancement and reduction processes. The results revealed dualistic anthropogenic impacts on NDVI dynamics in the loess hilly region of western Henan, with positive impacts predominating over negative influences. Anthropogenic contributions exceeded 80% in both vegetation enhancement and degradation zones, establishing human activities intensity as the primary driving factor of vegetation changes in the study region. The “Grain for Green Project” has significantly enhanced vegetation restoration in the study area. Since 2000, Luoyang has completed a total of 2.178 million mu of the first round of national project to return farmland to forest, of which 565,000 mu of farmland has been returned to forest, 1.245 million mu of barren mountains and wasteland have been afforested, and 368,000 mu of forests have been closed. From 2016 to 2022, a new round of farmland conversion to forest was carried out, mainly covering non–basic farmland slope farmland with 25 degrees or more, seriously desertified farmland and non–basic farmland slope farmland with 15 to 25 degrees in important water sources. Exemplified by Luanchuan County, since 2017, Luanchuan has invested 223 million yuan to implement six ecological construction projects, such as returning farmland to forest, barren mountain afforestation, afforestation by flying afforestation, ecological restoration, corridor greening, and village landscaping. These measures have an important contribution to vegetation improvement. The correlation between precipitation and NDVI is higher than that of air temperature. Compared with the contribution distribution of climate change and human activities to NDVI in the improvement area, the influence of climate factors on the spatial differentiation of NDVI has decreased, which is consistent with the existed research on the spatio–temporal changes of NDVI pattern and its response to climate in China from 2001 to 2021 (Sun et al., 2023). Severe vegetation degradation has been noted in Luoyang City, Mengjin County, Gongyi City, northern Lingbao City, Shangjie District of Rongyang City, and Yiyang County, covering 4.4% of the total area. The primary cause of vegetation degradation in these areas stems from the spatial expansion of urban construction land, driven by multiple pressures including land resource scarcity and rapid socio-economic development under accelerated urbanization and industrialization processes due to their proximity to urban centers (Tong and Hu, 2016). Taking Zhengzhou city as an example, the city experienced an urban expansion of 583.13 km² between 1990 and 2020, representing a 3.47-fold increase in urbanized area. This has inevitably resulted in the encroachment on ecological lands, particularly woodlands and grasslands (Cai et al., 2022).


In this study, factor detection and interactive detection in geographical detectors were employed to investigate the effects of various factors on the spatial differentiation of NDVI in 2000, 2011 and 2022, taking NDVI in the loess hilly area of western Henan as dependent variables and eight natural and human factors as independent variables. In the single factor detection, land use had the highest explanatory power to NDVI, followed by elevation. In the interaction detection, the interaction between elevation and land use has the highest explanatory power. This may be because high-altitude areas in the study area are predominantly covered by forest and grassland, where land use changes can cause significant disturbances to vegetation, thereby resulting in variations in vegetation cover. Human activity factors have a more obvious impact on vegetation than natural factors, which is consistent with the existed research on spatio–temporal changes and driving forces of vegetation NDVI in Henan Province based on geographical detectors.






5 Conclusions


Based on the NDVI data, this study detected the comprehensive insights into spatial and temporal variations of NDVI in the loess hilly area of western Henan Province between 2000 and 2022. A multi–scale discussion on the reaction and drivers of vegetation NDVI variation to climatic and human activities factors was presented. The major conclusions are as follows:


	The average annual NDVI ranged from –0.08 to 0.72 from 2000 to 2022, with an average value of 0.49. The average NDVI presented a positive trend from 2000 to 2022. NDVI in the whole study area presented a spatial distribution pattern of high in southwest and low in northeast, with obvious regional differences. The seasonal difference of loess hilly area in western Henan is significant. The areas of extremely significant increase and significant increase were 68.8% and 8.7%, respectively, mainly distributed in the west, south and north of the study area. The average slope values indicated that NDVI in summer, autumn and winter presented the negative trends from 2000 to 2022. The improvement of vegetation in the study area is mainly caused by the significant improvement of vegetation in spring from 2000 to 2022;


	In the loess hilly area of western Henan Province, vegetation was mainly positively correlated with precipitation and temperature, accounting for 91.63% and 85.02% of the total area, respectively, and precipitation factor had more significant effect on the study area.


	Based on the residual analysis, it showed that the improvement in vegetation NDVI was primarily driven by the combined effects of climate change and human activities. Human activities contributed more significantly to the dynamic evolution of vegetation NDVI compared to climate change, with contribution rates concentrated between 80% and 100%. In contrast, the contribution rate of climate change ranged from 0% to 20%;


	The results of the geographical detector analysis revealed significant differences in the explanatory power of climatic and human activities factors on the spatial heterogeneity of NDVI. Land use, elevation, and temperature demonstrated relatively high average explanatory power, each exceeding 40%. Over the study period, the explanatory power of various interacting factors on NDVI showed a gradual increase trend.
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