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Abstract: Quantifying the influences of factors on Normalized Difference Vegetation Index (NDVI) changes is critical to understanding the functions of terrestrial ecosystems. However, identification of the causes responsible for vegetation changes is still limited. We applied the Geographic Detector to quantify the individual and interactive influences of human and natural factors on the change in the vegetation NDVI,and determined the optimal characteristics of factors that are beneficial to vegetation growth. Our results show that vegetation cover for 2000 and 2015 is in good condition, and regions with NDVI > 0.6 showed a significant transformation, whereas areas with mid-high vegetation or lower and areas with high vegetation increased and decreased, respectively. Vegetation cover changes were mainly in the upper reaches of the Minjiang River and its tributaries. We illustrated that the elevation, annual average temperature, and soil type can satisfactorily account for the vegetation changes with explanatory powers of 60%, 52% and 39% or larger, respectively. Land use types and distance from the road had enhanced influences in the NDVI changes with explanatory powers of less than 16% and 12%, respectively. We proposed that there are interactive effects between the impact factors on vegetation NDVI, and the synergistic effects of the impact factors showed mutual enhancement and nonlinear enhancement. The interaction between the two factors strengthens the influence of each individual factor on the vegetation changes. This study provides important references that policymakers can use to intervene and promote vegetation change for ecological protection and vegetation restoration, while alleviating environmental degradation. 

Key words: NDVI, human activities and natural factors, Geographical Detector, Geographic information system (GIS), Minjiang River
1.Introduction

Vegetation is not only the main body of the terrestrial ecological environment, but also plays a leading role in maintaining the functions of terrestrial ecosystems (Liu et al.,2019). Vegetation regulates water, energy, and carbon cycles through the transfer of vapour from the land to atmosphere, effects on the surface radiation budget, and exchange of carbon dioxide with the atmosphere (Papagiannopoulou et al.,2017; Bonan,2008; Teuling et al.,2017). This fundamental role highlights the importance of understanding the regional drivers of vegetation changes (Papagiannopoulou et al.,2017) and the response of vegetation to human and natural factors at the global scale. Normalised difference vegetation index (NDVI) images, obtained by remote sensing, have been available globally since 2000 (Zhang et al.,2019). Remote sensing can provide frequent and consistent data to facilitate vegetation monitoring from the regional to national scales and support their conservation and adaptive management (Sophie et al., 2019).

Research on the dynamical change mechanism of vegetation has received much attention at home and abroad. In recent years, studies have been conducted on vegetation change and its driving factors, based on remote sensing images and different models and methods. Rasmus Fensholt et al. (2012) provided an analysis of trends in vegetation greenness in semi-arid areas the Advanced Very High Resolution Radiometer Global Inventory Modelling and Mapping Studies dataset from 1981 to 2007, and found increases in greenness both in semi-arid areas, where precipitation is the dominating limiting factor for plant production, and in semi-arid areas, where air temperature is the primary growth constraint. Lucht et al. (2002) found that the earlier spring bud burst and increased maximum leaf area are produced by the model as a consequence of biogeochemical vegetation responses, mainly to changes in temperature. Based on a biogeochemical model of vegetation using observed climate data, a high northern latitude greening trend over the past two decades was predicted and observed by satellites, with the Mount Pinatubo volcano eruption in 1991 inducing a setback in this trend. Stöckli et al. (2004) revealed strong seasonal and interannual variability in the European land surface vegetation state based on the time-series analysis of this dataset for the years 1982–2001 and found that the variations are in close agreement with findings from phenological measurements at the surface. Spring phenology is also shown to correlate particularly well with the anomalies in winter temperature and winter North Atlantic Oscillation index. Myneni et al. (1997) presented evidence from satellite data that the photosynthetic activity of terrestrial vegetation increased from 1981 to 1991 in a manner that is suggestive of an increase in plant growth, associated with the lengthening of the active growing season. Nemani et al. (2003) presented a global investigation of vegetation responses to climatic changes by analysing 18 years of both climatic data and satellite observations of vegetation activity and concluded that global changes in climate have eased several critical climatic constraints on plant growth, such that the net primary production increased 6% globally. The largest increase was in tropical ecosystems. Amazon rain forests accounted for 42% of the global increase in net primary production, owing mainly to decreased cloud cover and the resulting increase in solar radiation and the resulting increase in solar radiation.  Papagiannopoulou et al. (2017) exploited the current wealth of multi-decadal satellite data records to uncover the main drivers of monthly vegetation variability at the global scale, following a non-linear Granger causality framework based on a random forest predictive model. Water availability was found to be the most dominant factor driving vegetation globally, with approximately 61% of the vegetated surface being primarily water-limited during 1981–2010.  Piedallu et al. (2019) calculated spring greenness and annual relative greenness to improve the understanding of the different environmental drivers of NDVI spatial variations for different stand-type characteristics of mountain and Mediterranean biomes and concluded that the NDVI dynamics were not only driven by climatic variability; the different environmental factors act complementarily, and soil parameters characterising water stress and soil nutrition should be considered. Mo et al. (2019) used remote sensing data of precipitation and NDVI to investigate the correlation at different temporal and spatial scales in a typical arid mountain–oasis river system located in northwest China. They found strong effects of precipitation on NDVI in the study area. The correlation coefficient between precipitation and NDVI varied spatially with the precipitation pattern in space. Chen et al. (2019) analysed vegetation cover and its correlation with climate factors in the Qinba Mountains using linear trend analysis and related analysis. They found that vegetation cover and temperature are mainly positively correlated and coexists with precipitation positively and negatively. The correlation with temperature is higher than that with precipitation.  Ma et al. (2018) combined correlation analysis, residual trend analysis, and other methods. The change in grassland vegetation cover during the growing season in Qinghai province and the influence of climate factors and humans were analysed, showing that the enhanced vegetation index in the growing season meadows is significantly correlated with temperature and precipitation, more closely correlated with temperature. Yao et al. (2019) studied the spatial heterogeneity of vegetation greenness and its relationship with vegetation greening in China from 2000 to 2017, using the MODIS enhanced vegetation index. They suggested that vegetation greening may increase the heterogeneity of vegetation greenness space and have a series of effects on the environment and humans. Liu et al. (2013) studied the fractional vegetation cover (FVC) change trend and its relationship with climate change on the Tibetan Plateau from 1981 to 2005 and concluded that vegetation coverage increases as a whole and degenerates as precipitation increases. The change in FVC is positively correlated with the precipitation change and temperature change in the same period, varying regionally. Zhu et al. (2019) analysed the spatiotemporal change and its driving forces of vegetation coverage in the upper reaches of Minjiang River from 2006 to 2016, using unitary linear regression analysis, stability analysis, and Geographic Detector models. It is considered that vegetation coverage is mainly affected by elevation, temperature, soil type, precipitation, and other factors. Anvar et al. (2019) found that vegetation quantity and quality were jointly explained by topography, grazing disturbances, and soil textural properties, based on abiotic and biotic datasets from 735 quadrats of natural range lands located in the southern Alborz Province of Iran. The correlation between the vegetation coverage and topographic factors in the upper reaches of the Minjiang River was analysed quantitatively by means of spatial superposition analysis and construction of statistical samples, using Landsat 8 OLI remote sensing image and DEM data to extract the vegetation coverage and topography factors (Zhang et al., 2018). Liu et al.(2019) investigated the relationships among precipitation, temperature, and soil moisture conditions and found that vegetation cover in the Wei River Basin is more influenced by temperature and soil moisture than by precipitation. A new method was introduced using the net primary productivity (NPP) model and the relationship between NPP and NDVI to quantitatively and spatially distinguish the NDVI affected by climate change and humans. It was found that humans and climate change contributed 42.35% and 57.65%, respectively, to the NDVI in the Loess Plateau (Zheng et al., 2019). Gu et al. (2018) suggested that humans, especially through the implementation of the Grain for Green Project, has affected the spatial and temporal patterns of vegetation coverage in the Red River Basin, China.

Although related studies have analysed the dynamic correlation between vegetation changes and driving factors, most studies on the factors influencing the spatiotemporal variation in NDVI are conducted by linear, trend, and correlation analyses (Peng et al., 2019). However, the crucial deficiency of these studies is that they assume a significant linear relationship between driving forces and vegetation productivity over the entire time series. In fact, with respect to vegetation growth in the complex response process of climate, there is no strict statistical linear relationship (Hein et al., 2011). At the same time, with the development and popularisation of positioning and observation technologies, in either the more elaborate or larger research efforts or spatial big data, the problem of spatial heterogeneity is highlighted, and the statistical methods aimed at spatial heterogeneity are still very limited (Wang et al., 2017). Although there are hundreds of classification algorithms (e.g., k-means and Self-Organization Map), which can be used for classification or partitioning, statistical methods for spatial differentiation are still very limited (Wang et al., 2010; Wang et al., 2016). 

Therefore, the study of vegetation changes and their driving factors is of great significance for monitoring the evolution of terrestrial ecosystems and changes in the ecological environment and developing strategies to adapt to environmental changes, construction of ecological barriers in the upper reaches of the Yangtze River basin, and supporting and serving regional and national survival and development (Zhang et al., 2008). It is, nevertheless, difficult to quantitatively analyse factors influencing differences in vegetation dynamics (Wang et al., 2016). At present, the main methods include the spatial differentiation measure and factor analysis of the Geographic Detector q statistics (Wang＆Xu, 2017). Geographic detectors are new spatial statistics methods that use spatial variance to quantify the relative importance of single factors and their implicit interactions with response variables (Wang et al., 2017). Traditional approaches (e.g., principal component analysis, classical regression models) are usually based on some assumptions or constraints (e.g., the normal distribution and linear hypothesis) to analyse the relationship between vegetation NDVI and its driving factors (Wang et al., 2010). Compared with previous methods, the geographic detector method has no linear hypothesis, elegant form, or clear physical meaning. It is better in detecting the explanatory factors and analysing the interactive relationships between variables than conventional statistics.

The objectives of this study were as follows: (1) to identify the main impact factors and their role in vegetation NDVI changes; (2) discern whether the impact factors for the upper reaches of the Minjiang River are independent or interdependent influences on vegetation dynamics; and (3) determine the optimal characteristics and ranges of each factor beneficial to vegetation growth, as indicated by the maximum NDVI values. This paper consists of five parts: the first section is the introduction; the second section introduces the research area, data sources, and research methods; the third section reports the main results and findings of the change in vegetation cover and the influences of the factors on NDVI change. The fourth section discusses the impact factors within the optimum characteristics or value range serving to promote vegetation change; and the fifth section summarises the main results of the quantifying influences of impact factors.

2.Materials and methods

2.1 Study area 

The upper reaches of the Minjiang River located on the eastern edge of the Qinghai-Tibet Plateau, China, within the region of 102°34'~104°14'E, 30°45'~33°12' N, which includes Songpan, Heishui, Mao County, Li County and Wenchuan, covering an area of 24,753.42 km2. It is a green-reservoir and eco-fence of the Chengdu Plain, and one of the water-resource areas of the Yangtze River (Zhang et al.,2008). The topography of the area is characterized by complex distribution of mountains and valleys,the elevation rises from 762 m in the southeast to 5870 m in the northwest,with relative height difference exceeds 5000 m. The topography is undulating, being high in the northwest and low in the southeast, with an average elevation of about 3400 m. The geological structure is complex, and the new tectonic activities are intense, bringing many natural disasters such as earthquakes, landslides and debris flows. The climatic division of the upper reaches of the Minjiang River includes the mid-subtropical, northern subtropical and plateau climate zones. The climate varies from subtropical to temperate, frigid temperate and frigid, with obvious vertical differences. It has the characteristics of distinct dry and rainy seasons and uneven distribution of precipitation. The annual average precipitation is about 637.7 mm, and more than 80% of the rainfall is concentrated in May to October. The rainfall is mostly strong and short-lived heavy rain. The temperature is relatively low, with small annual difference but large daily difference. The annual average temperature is 11℃. The sunshine is sufficient, and the annual average land surface evaporation is 793.4 mm. The foehn effect in the valleys is significant thereby the annual rainfall there is less than 500 mm while the evaporation is 1340 mm. With the changes in elevation and hydrothermal conditions, vegetation and soil types show remarkable vertical zonality. Vegetation types include forests, subalpine coniferous forests, subalpine meadows, alpine shrubs, arid valley shrubs and other ecological types. Soil types include cinnamon soil, brown soil, dark brown soil, subalpine meadow soil, etc., all of which have typical vertical structures. In 2015, the population of the upper reaches of the Minjiang River was 39.17×104 people, and the total GDP was 148.73×108 yuan, in which the proportions of the first, second and third industries were 10.11%, 64.77% and 25.12%, respectively.

Fig.1. Location of study area

2.2 Data sources
The data in this study included vegetation NDVI, Digital Elevation Model (DEM), human factors (i.e.,GDP, population, land use, distance), and natural factors (i.e., climate, geomorphology, topography, vegetation, and soil) (Tab.1).Vegetation NDVI data are derived from the United States Geological Survey (ladsweb.modaps.eosdis.nasa.gov) , and the rest of the data are from the Resources and Environmental Science Data Center of the Chinese Academy of Aciences (http://www.resdc.cn). Vegetation NDVI data (250 m) for 2000-2015 were calculated using MODIS MOD13Q1 products, and the sinusoidal projection of the MODIS MOD13Q1 product was converted into a Universal Transverse Mercator projection and the coordinate system of the projection was set to WGS_84 based on the MODIS re-projection tool. The grid data set of the spatial distribution in kilometres of China's GDP or population is based on the GDP or population statistics of the different counties in China. Many factors, such as land-use type, night-light brightness, and density of settlements, which are closely related to human economic activity, are comprehensively considered. The multi-factor weight distribution method is used to distribute GDP or population data, with the administrative region as the basic statistical unit to the grid unit, in order to realise the spatialization of GDP or population. The distances from the county, township, road, and river were obtained by GIS. The land use data were derived from the interpretation of the remote sensing image. Landsat 7 Enhanced Thematic Mapper images for 2000, 2005, and 2010, and Landsat 8 for 2015 images are from the geospatial data cloud sites（http://www.gscloud.cn/). Climate data from 2000 to 2015 were extracted by the interpolation of the inverse distance weighted average method and DEM correction, based on 1915 meteorological stations in China. The soil map was compiled and published by the Chinese Soil Census Office in 1995. The spatial distribution of the 1:100 000 geomorphology data in China were derived from the Geomorphological Atlas of the People's Republic of China. The vegetation map was digitised by the 1:10 000 vegetation map topography data, in which elevation, aspect, and slope were derived from the DEM. The research data were uniformly set to the WGS_1984 projection coordinates and GCS_WGS_1984 geographic coordinates. 

Tab.1 The factors indicators 

2.3 Methods

2.3.1 Synthesis method of NDVI and its levels
(1) To describe the characteristics of the interannual NDVI more comprehensively, the Savitzky–Golay filter in this study is used to reconstruct the MODIS NDVI data to eliminate the influence of noise; the annual maximum NDVI is synthesised by the maximum value composite method, which effectively reduces the influence of factors, such as cloud, atmosphere, and solar elevation angle, and the vegetation NDVI data for 2000, 2005, 2010, and 2015 were synthesised.
(2) Levels: in order to better analyse the dynamic change of vegetation cover, based on the calculation of vegetation NDVI from 2000 to 2015, according to the NDVI and combined with the actual situation of the upper reaches of the Minjiang River (Peng et al., 2016), the vegetation NDVI is divided into 5 vegetation cover levels using the equal spacing method: low vegetation cover (0~0.2], mid-low vegetation cover (0.2~0.4], middle vegetation cover (0.4~0.6], mid-high vegetation cover (0.6~0.8] and high vegetation cover (0.8~1.0] (Peng et al.,2019). Microsoft Excel was used for data analysis.
2.3.2. Image density segmentation and difference image algorithm

The setting of the vegetation coverage threshold will affect the calculation of vegetation coverage area. Considering the actual vegetation coverage for the upper reaches of the Minjiang River, field survey data, if the thresholds of vegetation coverage are set to 10%, the regions with a decrease in vegetation coverage of 0%–10% may be omitted (Peng et al., 2016), whereas dynamic changes in vegetation coverage were extracted using image density segmentation and image differencing algorithms. Vegetation coverage is considered to remain unchanged, decrease, or increase if the difference values of vegetation coverage are zero, negative, or positive, respectively (Peng et al., 2019).

2.3.3. Index selection and information extraction

(1) Index selection: The mountain system of the upper Minjiang is an extension on the Tibetan Plateau, whereby the formation of geomorphic types is complex and the diversity of the climate, vegetation, and soil, the significant vertical gradient, and the strong human disturbance led to the complexity and fragility of the ecological environment. According to the index system of selection of systematic, typicality, dynamic, scientific, quantifiable, and can obtain the principle, only 6 categories and 19 factors, including humanity factor, climate, geomorphic type, topography, vegetation, and soil data, were selected to explore the influence of factors on vegetation changes in the upper Minjiang River (Tab.1).

(2) Information extraction: Some 24,709 randomly sampled point files were generated, invalid samples were deleted, and 23,161 valid samples were obtained based on 1 km × 1 km grids using GIS (as shown in Fig. 1). Then, according to the spatial position, the NDVI of sampling points was correlated with all factor data, generating an attribute table, which was used to calculate the quantitative relationship between the corresponding NDVI and the selection of each index (Peng et al., 2019).

2.3.4. Grading of impact factors

Land use, geomorphic type, soil, and vegetation were each classified into 6, 7, 18, and 8 classes according to their types, respectively. According to the natural break point method (Liu et al., 2017), the GDP density, population density, distance from county, distance from town, distance from road, distance from river, annual average temperature, cumulative temperature (≥ 10 °C), annual average precipitation, wetness index, global radiation, elevation, and slope were each categorized into 12 classes, the slope aspect was divided into 9 classes, and the dryness index was categorized into 6 classes.

2.3.5. Geographical Detector model
By calculating and comparing the q value of each single factor and the q value after the superposition of two factors, the Geographic Detector can judge whether there is interaction between the two factors and whether the interaction is strong or weak, square, linear or nonlinear(Wang et al., 2017; Wang et al.,2010).
(1) Detection of spatial heterogeneity and factors. The calculation method comprises the following steps: Firstly, spatial overlay analysis was performed for the NDVI layer and factor layer; secondly, factors were divided into different spatial types or subzones; and thirdly, a significance test for the differences of mean values of factors was conducted, to detect relative importance of factors. The calculation model of the explanatory power of each factor is as follows: 
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Where q is the explanatory power of factors on vegetation NDVI, h is strata,i.e h= 1, …, L is the strata of y or factor x, that is, classification or partition; Nh and N are the number of units in h and the whole region,respectively. N and σ2 are the total number of samples and the variance of y value in the whole region. Nh is the variance of units h.

The range of q value is [0, 1], and the larger the q value is, the more obvious the spatial differentiation of y is. In the extreme case, the q value of 1 indicates that factor x completely controls the spatial distribution of Y, the q value of 0 indicates that the factor x has nothing to do with Y.

The variance calculation formula of the y value in the whole region is as follows:
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Where Yj and 
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are the of the jth sample and the mean value of region Y in study area, respectively.
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where Yh,i and 
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is the value of ith sample and the mean of Y in zone h, respectively.

(2) Detection of factor interaction. Interaction detection is used to identify the interaction between factors, that is, to evaluate the accountability of the combined effect (enhancing or weakening) and respective effect on the NDVI. First, the q values of two factors with respect to NDVI were calculated (q(xi) and q(xj). Then, q values regarding the interaction between factors was calculated (q(xi∩xj)) and compared with q(xi) and q(xj).

(3) Detection of risk zones. Risk detection is used to judge whether there is a significant difference in mean attribute values between the subzones of two factors, and can be used to find regions with high vegetation coverage. The risk detection is examined by using t statistic value:
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(4) Ecological detection. Ecological detection is used to determine whether there is a significant difference between two natural factors (x1 and x2) in terms of influence on the spatial distribution of NDVI, i.e., whether xi will influence the spatial distribution of NDVI more significantly than xj.
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where Nxi, Nxj  represent the sample number of two factors, respectively. SSWxi, SSWxj represent the sum of intra-layer variance formed by two natural factors,respectively. Li, Lj  represent the number of stratification of variables xi and xj, respectively.

3 Results and analysis

3.1 Dynamic change in NDVI
The regions with middle and high vegetation cover areas accounted for 17% and 68% in 2000 and 20% and 65% or higher in 2015 of the upper reaches of the Minjiang River, respectively. The region with low, mid-low, or middle vegetation cover area only accounted for less than 14% in 2000 and 2015 of the upper reaches of the Minjiang River (Tab.2). This shows that the vegetation cover in the study area is extensive. However, the regions with high vegetation cover were reduced. From 2000 to 2015, the regions with low, mid-low, middle, and mid-high vegetation cover showed a rising trend, and the increases in their proportions in the study area were 0.03%, 0.13%, 0.49%, and 2.94%, respectively. The regions with high vegetation cover showed a relatively large decreasing trend, with a reduction rate of 3.60%.

Tab.2  Dynamic changes in NDVI for the upper reaches of Minjiang River during 2000~2015

Fig.2 Spatial patterns of NDVI in the upper reaches of Minjiang River (2000-2015)

From 2000 to 2015, the spatial distribution of vegetation cover showed significant variation. The vegetation cover changes were dominated by an increase in vegetation cover (0 < NDVI < 0.8) in the Minjiang River and its tributaries, showing a strip-like distribution pattern. The vegetation cover in other regions increased and decreased in a canine-toothed pattern, and the vegetation cover areas with NDVI > 0.8 had a decreasing trend (Fig.2, Fig.3). The region with NDVI greater than 0.8 accounted for more than 65% and was mainly distributed in shrubs, meadows, broad-leaved forests, and mixed coniferous broad-leaved forests, with elevations below 3600 m in the upper reaches of the Minjiang River. The areas of 0.6 < NDVI < 0.8 accounted for about 17%, mainly distributed on the slopes on both sides of the Minjiang River and its tributaries, in the middle or low mountains of south-eastern Wenchuan County, in the middle or high mountains of north-western Wenchuan County, and in the mountainous areas of north-western Songpan County. The areas of 0.2 < NDVI < 0.6 accounted for less than 9%, mainly distributed on the banks of the Heishui River, the main stream of the upper Minjiang River and the Zagunao River, and at the edges of alpine vegetation zones in the western and north-eastern parts of the upper reaches of the Minjiang River. Areas with NDVI less than 0.2 only accounted for 4.5% or lower, mainly distributed in the extremely high-elevation regions in the western and north-eastern parts of the upper reaches of the Minjiang River, with an elevation greater than 4500 m.  

Fig.3  Spatial variation pattern of NDVI in the upper reaches of Minjiang River(2000-2015)
The transfer matrix for different classes of NDVI was calculated based on the statistics of the NDVI spatial distribution from 2000 to 2015 (Tab.3). From 2000 to 2015, the NDVI showed a significant transformation in the regions of NDVI > 0.6, resulting in an increase in the areas of 0.6 < NDVI < 0.8 and a decrease in the areas of NDVI > 0.8 (Tab.3). The roll-out areas of 0.6 < NDVI < 0.8 and NDVI > 0.8 were 1680 km2 and 2080 km2, respectively, and the roll-in areas were 2415 km2 and 1185 km2, respectively, which led to an increase and decrease in the areas of 0.6 < NDVI < 0.8 and NDVI > 0.8, respectively. Vegetation cover changes were dominated by the increase in vegetation cover (0 < NDVI < 0.8) in the Minjiang River and its tributaries, showing a strip-like pattern. The vegetation cover in other areas increased and decreased in a canine-toothed pattern..

Tab.3  The transfer matrix of NDVI changes in the upper reaches of Minjiang River during 2000~2015（km2）

3.2 Influence analysis of detection factors 

3.2.1 Influence of detection factors

By calculating the q value of each factor (Tab.4), this study identified the influence exerted by each human and natural factor on NDVI. Human and natural factors from 2000 to 2015 could be ranked in descending order by the magnitude of their influence on NDVI: elevation > annual average temperature >soil type > geomorphic types > dryness index > annual precipitation > land use type > cumulative temperature (≥ 10℃) > vegetation type > distance from road > distance from township > distance from river > global radiation > humidity index > population density > distance from county > GDP density > slope gradient > slope aspect (Tab.4).
According to Tab.4, the mean q values of elevation, annual average temperature, and soil type from 2000 to 2015 were the largest, reaching 0.6006, 0.5261, and 0.3902 or larger, respectively, and the explanatory powers were 60%, 52%, and 39%, respectively. Therefore, the elevation, annual average temperature,and soil type were the main factors influencing the vegetation change. The mean q values of geomorphic type, dryness index, annual precipitation, land use type, vegetation type, Cumulative temperature (≥ 10℃) and distance from road were 0.1952, 0.1649, 0.1950, 0.1546, 0.1447, 0.1383, and 0.1156, respectively, and their explanatory powers were all above 11%. The q values of the remaining factors were all less than 0.09. Although the influence of the explanatory power of a single factor, such as the distance from the river, global radiation, humidity index, population density, distance from county, GDP density, slope gradient, or slope aspect was small, its combination with other factors can have a relatively large impact on the vegetation change.

The q value of each impact factor was relatively stable from 2000 to 2015; however, there were different variation trends (Tab.4). The q values of elevation, annual average temperature, soil type, geomorphic type, dryness index, vegetation type, cumulative temperature (≥ 10℃), and distance from the road showed a trend of increase, decrease, and then increase. The q values of annual precipitation and land use type first increased and then fell. The q values of the remaining factors showed relatively little variation.

Tab.4  The q values of factors from 2010 to 2015
3.2.2 Difference analysis of the detection factors

(1) Land use types: Humans directly impact vegetation dynamics through land-use change or agricultural management (Baccini et al.,2012; Markus et al 2013). The q values of human and natural factor natural factors of different land use types differ greatly (Tab.5). The q values of all factors in cultivated land did not exceed 0.134. The q values of elevation, annual average temperature, and soil in forest land all exceeded 0.214. The q values of elevation, annual average temperature, soil, and geomorphic type in grassland all exceeded 0.230. The q values of annual precipitation, geomorphic type, distance from county, GDP density, and cumulative temperature of construction land exceeded 0.411. The q values of elevation, annual average temperature, soil, annual precipitation, and dryness index of the water area all exceeded 0.366. The q values of the humidity index, distance from county, soil, global radiation, geomorphic types, and distance from the township of unused land exceeded 0.493. The factors in construction land, water area, and unused land have higher q values, whereas the factors in cultivated land, forest land, and grassland have lower q values, which can reflect the degree of influence of the different factors on vegetation changes in different land uses.
Tab. 5  The each factor q values of the different land use types

(2) Geomorphic types: The q values of the various factors with different geomorphic types have relatively large discrepancies (Tab.6), reflecting the influence of each factor in the geomorphic type category on vegetation change. The q values of land use type, soil, distance from the county, and cumulative temperature (≥ 10°C) in the plain are 0.7203, 0.4545, 0.4525, and 0.4377, respectively, and the explanatory power of the factors exceeds 43%, which reflects the significant influence of human economic activities and natural factors on the vegetation cover. In the platform area, the q values of elevation, distance from the county, soil, annual average temperature, and humidity index reached 0.4863, 0.4458, 0.3636, 0.3345, and 0.3228, respectively, and the explanatory powers of these factors exceeded 32%, reflecting the significant impact of human economic activity and natural factors on the vegetation coverage of the platform.In the hill area, the q values of soil, population density, moisture index, distance from the county, and distance from the county were 0.4774, 0.4483, 0.3585, 0.3112, and 0.2532, respectively. The explanatory power of these factors was greater than 25%, reflecting the significant impact of human economic activity and natural factors on the vegetation cover in the hill region. The q values of elevation, annual average temperature, total radiation, and cumulative temperature (≥ 10°C) in small hilly areas reached 0.1526, 0.1459, 0.1194, and 0.1124, respectively, and the explanatory power of the factors exceeded 11%. The q values of elevation, average annual mean temperature, and soil in the medium relief mountain reached 0.4197, 0.3624, and 0.2823, respectively, and the explanatory power of the factors exceeded 28%. In the large undulating mountain areas, the q values of factors such as elevation, average annual temperature, and soil with large fluctuation reached 0.6152, 0.5380, and 0.4145, respectively, and the explanatory power of factors exceeded 41%. The q values of elevation, average annual mean temperature, soil, and other factors in the highly undulating mountain areas reached 0.5481, 0.4063, and 0.2198, respectively, and the explanatory power of factors exceeded 2%. Therefore, relatively low elevations plain, terrace, and hilly landform types of each influence factor, the interaction of economic, social, and natural factors had a significant impact on vegetation cover in the upper reaches of the Minjiang River. Among the factors affecting the topography of the undulating mountain, the elevation, annual average temperature, and soil type of natural factors had a significant impact on the vegetation cover of the upper reaches of the Minjiang River.

Tab.6  The each factor q values of the different geomorphic types in the upper reaches of Minjiang River
(3) Difference in vegetation types: The q values of each factor of different vegetation types are significantly different (Tab.7), reflecting the influence of each factor in vegetation types on vegetation change. In the coniferous forest area, the q values of elevation, average annual mean temperature, and soil reached 0.5035, 0.4320, and 0.2069, respectively, and the explanatory power of the factors exceeded 20%. In the broad leaf forest area, the q values of the distance from the county, the distance from the town, the soil, the distance from the road, and the average annual mean temperature and elevation reached 0.3731, 0.3032, 0.2986, 0.2928, 0.2748, and 0.2637, respectively. The explanatory power of the factors all exceeded 26%, reflecting the significant influence of economic and social factors and natural factors on the change in vegetation cover. In the broad-leaved needle area, the q values of elevation, annual average temperature, annual average drop, and soil reached 0.2409, 0.2015, 0.1733, and 0.1450, respectively, and the explanatory power of all factors exceeded 26%. In the bush fallow area, the q values of elevation, annual average temperature, soil type, and annual average precipitation reached 0.5417, 0.4885, 0.3165, and 0.2093, respectively, and the explanatory power of each factor exceeded 20%. In the meadow area, the q values of elevation, average annual mean, and soil stability are 0.6506, 0.5342, and 0.3816, respectively, and the explanatory power of each factor exceeds 34%. In other woodland areas, the q value of each factor is higher, and the explanatory power of the factor is also higher. Therefore, even in different vegetation types, impact factors, that is, elevation, annual average temperature, and soil type have significant effects on the vegetation cover in the upper reaches of the Minjiang River.
Tab.7  The each factor q values of the different vegetation types in the upper reaches of Minjiang River

(4)Differences in soil types: The q values of different soil types are different, reflecting the role of soil formation (Tab.8). In the brown coniferous forest soils, the q values of land use, distance from the river, slope, and slope direction reached 0.2098, 0.2780, 0.2621, and 0.5113, respectively, and the explanatory power of the factors exceeded 20%. In the yellow brown soil area, the q values of factors, such as average annual temperature, precipitation, and land use, reached 0.2976, 0.2004, and 0.1584, respectively, and the explanatory power of these factors exceeded 15%. The q values of all factors in the loess soil area are small, and the explanatory power of the factors is weak, less than 8%. The q values of elevation and average annual temperature in the brown soil were 0.3294 and 0.2801, respectively. In the dark brown soil area, the q values of elevation, cumulative temperature (≥ 10°C), annual average temperature, landform, cumulative temperature, distance from road, distance from township, dryness index, and other factors reached 0.4500, 0.3964, 0.2813, 0.2766, 0.2194, 0.2077, and 0.2040, respectively, and the explanatory power of the factors exceeded 20%. In the cinnamon soil area, the q values of annual precipitation, wetting index, slope, and distance from road were 0.4250, 0.4176, 0.3293, and 0.2504, respectively, and the explanatory power of the factors was more than 25%. The q values of elevation and average annual temperature of lime (rock) soil were 0.1602 and 0.1567, respectively, and the explanatory power of these factors was greater than 15%. The q values of the average annual temperature, total radiation, and vegetation type in the stony soil were 0.3562, 0.1655, and 0.1662, respectively, and the explanatory power of the factors was greater than 16%. The q values of elevation and average annual temperature of the coarse bone soil were 0.4267 and 0.3365, respectively, and the explanatory power of each factor was over 33%. The q values of elevation and average annual temperature of the grass felt soil were 0.5007 and 0.3579, respectively, and the explanatory power of these factors was greater than 35%.
Tab.8  The each factor q values of the different soil types

(5) Differences in climate zones: The q values of natural factors in different climate zones are different (Tab.9). The Qinba zone of the north subtropical zone is in the transition zone from the north subtropical zone to the warm temperate zone, and the q values of elevation, annual average temperature, soil type, and annual average precipitation reached 0.5902, 0.4310, 0.4146, and 0.3467, respectively, with the explanatory power of the factors exceeding 34%. In the mid-subtropical Sichuan zone, the q values of elevation, average annual temperature, soil type, and average annual precipitation in the Sichuan area of the subtropical zone reached 0.6140, 0.5357, 0.3785, and 0.3652, respectively, and the explanatory power of the factors exceeded 36%. In the Bomi-western Sichuan zone of the Plateau climate zones, the q values of elevation, average annual mean temperature, and soil type reached 0.5990, 0.5146, and 0.41420.3652, respectively, and the explanatory power of the factors exceeded 41%. Therefore, even in different climate zones, the impact factors, that is, the elevation, annual average temperature, and soil type have significant effects on the vegetation cover in the upper reaches of the Minjiang River.
Tab.9  The each factor q values of the different climate zones in the upper reaches of Minjiang River
3.3 Significant difference analysis of detection factors
By ecological detection, we identified significant differences among the factors in terms of the relative importance of their influence on NDVI (Tab.10). The impact of elevation on the spatial distribution of NDVI is significantly different from the impacts of GDP density, population density, land use, distance from county, distance from township, distance from road, distance from river, annual average temperature, cumulative temperature (≥ 10°C), and annual average precipitation or geomorphic types; however, it has no significant effect on the impact of slope gradient, slope aspect, vegetation type, or soil type (Tab.10). The impact of the annual average temperature on the spatial distribution of NDVI is significantly different from the impact of elevation, GDP density, population density, land use, distance from county, distance from township, distance from road, or distance from river; however, it has no significant effect on the impact of annual average precipitation, humidity index, dryness index, total radiation, geomorphic types, slope gradient, aspect, vegetation type, or soil type. The impact of soil type on the spatial distribution of NDVI is significantly different from the other factors, except the annual average temperature and elevation.

Tab.10  Statistical significance of detection factors (95% confidence level)

3.4 Indication analysis of factors  
Using the Geographical Detector, the optimal types or value ranges of factors that are beneficial to vegetation growth were determined, and a test of statistical significance was evaluated at a confidence level of 95% (Tab.11). The higher the NDVI value is, the more beneficial to vegetation growth the characteristics of the factors are (Tab.11). With the increase in GDP density, the mean value of the NDVI fluctuates around 0.8507 and reaches a maximum of 0.8507 in the range of 77–104 yuan/km2. With the increase in population density, the mean NDVI shows a relatively large fluctuation, reaching a maximum value of 0.8693 at 28.11–33.188 people/km2, followed by a downward trend. With the different land use types, the mean NDVI reaches a maximum of 0.8655 in grassland and woodland. The increase in the distance from county causes the mean NDVI to decrease first, fluctuate, and then increase again. The maximum NDVI is 0.8490 at a distance of 0–7222.84 m. With the increase in distance from township, road, or river, the mean NDVI shows a downward trend, and the maximum NDVI of 0.8617, 0.8610, and 0.8621 reached 3600.33–6322.39 km, 1558.93–3410.16 km, and 1576.01–3327.13 km, respectively. With the increase in annual average temperature, the mean NDVI shows a rising trend, reaching a maximum NDVI of 0.8843 at 6.3–7.95°C. The increases in cumulative temperature (≥ 10°C) and total radiation value give the mean NDVI a decreasing trend, and the maximum NDVI are 0.8878 and 0.8644 at 15643–20428°C and 3888.40–4042.48 MJ/m2, respectively. With an increase in annual precipitation, the mean NDVI fluctuates, increases, and then decreases, and the maximum NDVI of 0.8570 is reached at 796.65–817.49 mm. The mean NDVI fluctuates with the increase in the humidity index, reaching the maximum NDVI of 0.8140 at levels 8–15. With an increase in the dryness index, the mean NDVI shows a fluctuation trend of increase, decrease, increase, and then decrease, and its maximum NDVI is 0.8571 at level 2. The mean NDVI fluctuates slightly and then decreases with different geomorphic types and elevations. The maximum NDVI is 0.8045 and 0.8850 for hills or small relief mountains (low or middle mountains) and 2412–2748 m, respectively. The mean NDVI increases with the slope, showing a trend of increasing first and then decreasing. The maximum NDVI is 0.8048 on a slope of 31.80°–35.27°. With the variation in the slope aspect, the mean NDVI shows a fluctuation trend of decrease first and then increase, reaching a maximum NDVI of 0.8058 in the range of 292.5–337.5 (northwest slope). The variation of mean NDVI shows different trends with different vegetation types and soil types. The maximum NDVI values of 0.8667 and 0.9390 were reached in broad-leaved forest, coniferous forest, yellow brown soil, brown soil dark brown soil, and cinnamon soil.
Tab.11  The suitable limits of the factors  (95% confidence level)

3.5 Interaction analysis of factors

The study found that factors had interactive effects on NDVI, and the interaction among the factors showed mutual enhancement and nonlinear enhancement; meanwhile, there was no factor that acted independently (Tab.12). The q values of the interactions among the largest impact factors are higher than the q values of any individual impact factor, and the interactive influence of the impact factors is manifested as mutual enhancement effects and nonlinear enhancement effects (Tab.12). 

The influence of the annual average temperature and soil type interacting with elevation are mutually enhanced and nonlinear enhancement effects, respectively, i.e, x8∩x15 (0.628) > x15∩x19 (0.623) > x8∩x19 (0.585). The interactive influence of the geomorphic types, dryness index, annual precipitation, land use type, vegetation type, and cumulative temperature with the distance from the road with elevation, show mutually enhanced and nonlinear enhancement effects, that is, x10∩x15 (0.637) >x14∩x15 (0.627) >x6∩x15 (0.620) >x15∩x18 (0.612) or x9∩x15 (0.612 )>x12∩x15 (0.609) >x3∩x15 (0.237).The interactions between factors, that is, the GDP density, annual average precipitation, total radiation, population density, distance from river, slope direction, slope, vegetation type, and elevation show mutually enhanced and nonlinear enhancement effects, that is, x1∩x15 (0.638) >x10∩x15 (0.637) >x13∩x15 (0.629) >x2∩x15 (0.624) >x7∩x15 (0.619) >x15∩x17 (0.616)
>x15∩x16 (0.614) >x15∩x18 (0.6120). The interaction between the soil type, annual average precipitation, land use, geomorphic type, humidity index, global radiation, distance from township, river, road, vegetation type, cumulative temperature, and annual average temperature showed mutual enhancement and nonlinear enhancement, that is, x8∩x19（0.585）>x8∩x10（0.573）x3 ∩ x8（0.567）>x8∩x14（0.566）>x8 ∩x11（0.562）>x8 ∩ x13（0.555）>x5∩x8（0.553>x7∩x8（0.552）or x6 ∩x8（0.552）>x8∩x18（0.548）>x8∩x9（0.547）or x8 ∩ x16（0.547）>x8 ∩ x17（0.546）>x8 ∩x12（0.543）, x14∩x19（0.489>x4∩x19（0.467>x6 ∩x19（0.429）>x3∩x19（0.444）>x12∩x19（0.428）>x11 ∩x19（0.426）>x13 ∩ x19（0.412）>x18∩x19（0.407）. Therefore, the impact factor interaction on NDVI is not a simple superposition process but rather a mutual enhancement or nonlinear enhancement effect.
Tab.12  Interaction between factors that influence changes of NDVI
4 Discussion

4.1 Topography factors

(1) Elevation: Although ground vegetation growth involves other direct and indirect factors, elevation has a great influence on the growth process of surface vegetation through hydrothermal conditions (Peng et al.,2019; Li et al.,2019; Liu et al., 2019) and it has a certain complexity. With an increase in elevation, the temperature drops, the solar radiation and wind speed increase, the precipitation and relative humidity first increase and then decrease in local regions, and the soil types show significant differences, forming changes in environmental gradients (Trujillo et al.,2012; Chen et al.,2019). This affects the vertical distribution and diversity of plants and causes different plant types and growth characteristics at different elevations (Liu et al.,2019a; Hand et al., 2019). According to Tab.12, the elevation can interact with the GDP density and slope to significantly enhance in a nonlinear fashion its influence on vegetation NDVI (e.g., x1∩x15= 0.638 > x15, x15∩x17 =0.616>x15) (Tab.12). Elevation can also interact with population density, land use, distance from county, distance from township, distance from road, distance from river, annual average temperature, cumulative temperature (≥ 10°C), average annual precipitation, moisture index, aridity index, global radiation, geomorphic type, slope, vegetation type, and soil type to significantly enhance its influence on vegetation NDVI (e.g., x2∩x15 = 0.624 > x15,x3∩x15 = 0.628>x15,x4∩x15 =0.619> x15, x5∩x15 = 0.61 > x15, x6∩x15 = 0.620 > x15, x7∩x15 = 0.619 > x15,x8∩x15 = 0.628 > x15,x9∩x15 = 0.612 > x15, x10∩x15 = 0.637 > x15,x11∩x15 = 0.631 > x15、x12∩x15 = 0.609 > x15, x13∩x15 = 0.629 > x15,x14∩x15 = 0.627 > x15, x15∩x16 = 0.614 > x15, x15∩x18 = 0.612 > x15, x15∩x19 = 0.623 > x15 ) (Tab.12).
The mean NDVI fluctuates with different elevations (Tab.13). It has an increasing trend at an elevation of < 3319 m and decreases at an elevation of > 3319 m. The mean NDVI value exceeds 0.865 at elevations of 2034–3561 m, and the maximum value of 0.885 is reached at 2412–2748 m elevation, indicating that this elevation range promotes vegetation growth. Statistical tests show that there is a significant difference between the NDVI at elevations of 2412–2748 m and the NDVI at other elevation areas.  

Tab.13  Topography factors of every two sub regions and its NDVI mean statistic (confidence level 95%)
(2) Slope: Slope impacts microclimate changes, surface runoff, and drainage conditions, affecting water, soil loss, and accumulation. It directly changes the soil thickness and water content of soil, and directly or indirectly affects the growth and distribution of plants.
According to Tab.12, slope can interact with soil type (x16∩x19 = 0.398 > x16), population density (x2∩x16 = 0.265>x16), geomorphic type (x14∩x16 = 0.211 >x16), average annual precipitation (x10∩x16 = 0.191 > x16), land use (x3∩ x16 = 0.164 > x16),distance from road (x6∩x16 = 0.142 > x16), distance from town (x5∩x16 = 0.117 > x16), global radiation (x13∩x16 = 0.084 > x16), moisture index (x11∩x16 = 0.049 > x16), distance from county seat (x4∩x16 = 0.037 > x16),GDP density (x1∩x16 = 0.031 > x16), and aspect (x16∩x17 = 0.017 > x16) to significantly mutual enhance its influence on vegetation NDVI. Slope can interact with slope and annual average temperature (x8∩x16=0.547>x16), aridity index (x12∩x16 = 0.185 > x16), cumulative temperature (≥ 10℃) (x9∩x16 = 0.158 > x16), vegetation type (x15∩x16 = 0.614 > x16), and elevation (x16∩x18 = 0.151> x16) to significantly nonlinear enhance its influence on vegetation NDVI. 
With the increase in slope, the mean NDVI increases in slope zone 1 and then decreases (Tab.13). In slope zones 6, 7, 8, and 10, the mean NDVI exceeded 0.800 and reached the maximum NDVI of 0.811 in slope zone 8, indicating that this slope zone has the greatest impact on vegetation growth. Statistical tests show that there is a significant difference between the mean NDVI of slope zone 8 and the values of the other slope zones, except for the slope zones 7, 10, and 12. Therefore, the vegetation cover is best in the slope range of 35.27°–38.74°. Generally, on slopes, the soil is fertile and well-drained, which is good for plant growth. However, on steep slopes, the soil layer is thin, gravel content is high, and plant growth is poor. According to Daniel et al. (2019), slope and roughness determine the vegetation coverage of arid vegetation communities in Argentina, roughness explains the high vegetation diversity, and slope promotes an increase in vegetation coverage. However, this does not mean greater species abundance. This is similar to the results of our research. 

(3) Aspect: The climatic factors of the different slope aspects are very different (Tab.12). For example, the south slope has a strong illumination, the soil temperature and air temperature are high, and the soil is dry, whereas the north slope shows the opposite characteristics. In the natural states, the vertical distribution of the same tree species has a relatively large difference between the southern and northern slopes. Different aspects have a great impact on frost damage and drought damage.  

As shown in Tab.12, aspect can interact with elevation (x15∩x17 =0.616 >x17),average annual precipitation (x8∩x17=0.546 > x17), soil type (x17∩x19=0.398> x17), population density (x2∩x17= 0.290 > x17), geomorphic type (x14∩x17 = 0.204 > x17), aridity index (x12∩x17 =0.185> x17), average annual precipitation (x10∩x17=0.180 > x17), land use (x3∩x17 =0.166 > x17), cumulative temperature (≥10℃)(x9∩x17 = 0.159 > x17),vegetation type (x17∩x18 = 0.153 > x17),distance from road (x6∩x17 = 0.137 > x17),distance from road (x5∩x17 = 0.117 > x17), distance from the river (x7∩x17 = 0.101 > x17), global radiation (x13∩x17 = 0.081 > x17), moisture index (x11∩x17 =0.042 > x17), distance from county seat(x4∩x17 = 0.028 > x17), GDP density(x1∩x17 = 0.023 > x17) and slope (x16∩x17 = 0.017 > x17) to significantly enhance in a nonlinear manner its influence on NDVI.

 The NDVI shows a fluctuating trend with various slope aspects (Tab.13). In areas 8 and 9, the mean NDVI exceeded 0.800, and NDVI in aspect area 9 reached the highest value of 0.806, indicating that this aspect range has the greatest impact on vegetation growth. Statistical tests show that there is no significant difference between aspect area 9 and aspect areas 2, 3, and 8, and there is a significant difference between the mean vegetation NDVI of aspect zone 9 and the values of aspect zones 4, 5, 6, and 7. Therefore, the vegetation cover is the best when the slope aspect is in the ranges of 247.5°–292.5° and 292.5°–337.5°.
4.2 Climatic factors

(1) Annual average temperature: Annual mean temperature dynamics will lead to changes in other environmental factors (e.g., humidity and precipitation), producing a great superposition effect on plant growth and development (Liu et al., 2013; Vahagn et al., 2019). Analysis shows that the interaction of annual average temperature with GDP density (i.e., x1∩x8 =0.567>x8) on NDVI is significantly nonlinearly enhanced (Tab.12). Owing to the interaction of annual average temperature with soil type (x8∩x19 =0.585>x8), average annual precipitation (x8∩x10 = 0.573 > x8), land use(x3∩x8 = 0.567 > x8), geomorphic type(x8∩x14 = 0.566 > x8), moisture index(x8∩x11 = 0.562 > x8), population density(x2∩x8 =0.557>x8),global radiation(x8∩x13=0.555>x8),distance from town(x5∩x8 =0.553>x8),distance from county seat (x4∩x8 = 0.552 > x8), distance from road (x6∩x8 = 0.552 > x8), distance from river (x7∩x8 = 0.552 > x8),vegetation type(x8∩x18 = 0.548 >x8), cumulative temperature (≥10℃) (x8∩x9 = 0.547 > x8), slope (x8∩x16 = 0.547 > x8), aspect (x8∩x17 = 0.546 > x8), and aridity index (x8∩x12 = 0.543 >x8) on NDVI are significantly mutually enhanced (Tab.12). 

With the change in annual average temperature, the mean NDVI shows an increasing trend (Tab.14). In areas where the annual average temperature is greater than 2.34°C, the mean NDVI is above 0.800, and the highest value of 0.884 is reached in the average temperature range of 6.3–7.95°C, indicating that this temperature range promotes vegetation growth (Tab.15). Statistical tests show that there is a significant difference between the NDVI of the 6.3–7.95°C annual average temperature range and the remaining annual average temperature regions. This may be because temperature affects the physiological effects of photosynthesis, respiration, and transpiration of plants, affecting their growth process (Papagiannopoulou et al., 2017). 

Tab.14  Climatic factors of every two sub regions and its NDVI mean statistic (confidence level 95%)
(2) Aridity index: Studies showed that the interaction of aridity index with population density, GDP density significantly nonlinear enhanced the effect of aridity index on NDVI ,that is, x2 ∩x12 = 0.215 > x12, x1∩x12 = 0.203 > x12, x12∩x17 = 0.185>x12 (Tab.12). The dryness index has a mutually enhancement with impact factors to significantly enhance its influence on NDVI, i.e., elevation (x12∩x15 =0.609>x12), annual average temperature (x8∩x12 =0.543 >x12), soil type(x12∩x19 = 0.428 > x12), geomorphic type (x12∩x14=0.304>x12),land use (x3∩x12=0.293>x12), average annual precipitation (x10∩x12 = 0.282 > x12), vegetation type (x12∩ x18 = 0.260), distance from road (x6∩x12 = 0.244 >x12), distance from town (x5∩x12=0.237>x12), distance from river (x7∩x12 0.21>x12),global radiation (x12∩ x13 = 0.218 > x12),moisture index (x11∩x12 = 0.211>x12), cumulative temperature (≥ 10℃) (x9∩x12 = 0.185 > x12), and slope (x12∩x16 = 0.185 > x12) (Tab.12). 
With the increase of aridity index, the mean NDVI increased gradually, and reached the highest value of 0.887 in the aridity index zone 3, indicating that this index range promoted vegetation growth. Statistical test shows that there is a significant difference between the mean NDVI at the aridity index zone 3 and the other aridity index zones (Tab.14). 

(3) Average annual precipitation: Regional climate is an important factor affecting annual precipitation, which determines the distribution of vegetation types. For example, the seasonal distribution and annual variability of rainfall have significant effects on the different developmental stages of plants (Liu et al,2013; Chu et al.,2019). The results show that annual mean precipitation has a remarkable influence on NDVI. With the increase in precipitation, vegetation cover shows a trend from rise to decline (Tab.14). It is further confirmed that water availability is the limiting factor, and in the range of < 860 mm precipitation or precipitation zone 8, the NDVI is high. The precipitation range from 796.65–817.49 mm or precipitation zone 6 reached the highest value of 0.857, indicating that this precipitation range promoted vegetation growth. Statistical tests show that there is a significant difference between the precipitation range of 796.65–817.49 mm and the mean NDVI in other precipitation zones (Tab.14). Therefore, when the precipitation ranges from 796.65 to 817.49 mm, the vegetation coverage is the best.

Average annual precipitation can interact with global radiation,land use,distance from township, distance from county, population density, GDP density, and other impact factors to significantly nonlinearly enhancement on the NDVI (e.g., x10∩x13 = 0.326 > x10, x3∩x10 = 0.295 > x10, x5∩x10 = 0.277 > x10, x4∩x10 = 0.264 > x10, x2∩x10 = 0.260 > x10, x1∩x10 = 0.249 > x10, x10∩x16 = 0.191 > x10, x10∩x17 = 0.180 > x10) (Tab.14). Average annual precipitation can interact with elevation,annual average temperature, soil type, moisture index,distance from road,aridity index,vegetation type, geomorphic type,Cumulative temperature (≥ 10℃), distance from the river and other impact factors to significantly mutually enhance the NDVI (Tab.13) (e.g., x10∩ x15 = 0.637 > x10, x8∩ x10 = 0.573 > x10, x10∩x19 = 0.467 > x10, x10∩x11 = 0.369 > x10, x6∩x10 = 0.282 > x10, x10∩x12 = 0.282 > x10,x10∩ x18 = 0.278 > x10, x10∩x14 = 0.275 > x10, x9∩x10 = 0.267>x10, x7∩x10 = 0.247 > x10) (Tab.14). 
(4) Cumulative temperature (≥10℃): Vegetation dynamics is generally driven by climate, in particular, by precipitation, incoming radiation, air temperature, and atmospheric humidity (Nemani et al., 2003). Cumulative temperature (≥ 10℃) reflects the heat resources of plants during the growing season. The average daily temperature (≥ 10℃) is the initial temperature at which thermophilic crops grow, and the daily temperature photosynthesis of thermophilic crops decreases significantly, stopping growth. Analysis shows that cumulative temperature (≥ 10℃) can interact with the moisture index, population density, GDP density, distance from county seat, and aspect to significantly enhance its influence on NDVI (e.g. x9∩x11 0.19 >x9, x2∩x9 0.19 >x9, x1∩x9 = 0.182 >x9, x4∩x9 = 0.178 >x9, x9∩ x17 = 0.159 >x9) (Tab.12). Cumulative temperature (≥ 10℃) can interact with elevation, annual average temperature,soil type, geomorphic type,land use,annual average precipitation,vegetation type,distance from road,distance from township,distance from river, global radiation, dryness index, and slop o significantly enhance its influence on NDVI (e.g., x9∩x15 = 0.612 >x9, x8∩x9 = 0.547 >x9, x9∩x19 = 0.430 >x9, x9∩x14 = 0.297 >x9, x3∩x9 = 0.271 >x9, x9∩x10 = 0.267 >x9、x9∩x18 = 0.239 >x9, x6∩x9 = 0.228 >x9, x5∩x9 = 0.209 >x9, x7∩x9 = 0.201 >x9, x9∩x13 = 0.194 >x9, x9∩x12 = 0.185 >x9, x9∩x16= 0.158 >x9）(Tab.12).  
With the increase in the cumulative temperature, except for the cumulative temperature  (≥ 10℃) zones 1 and 10, the mean NDVI exceeds 0.800. Moreover, the accumulative temperature  (≥ 10℃) zones 3 and 6 reached the highest value of 0.880, indicating that this accumulative temperature (≥ 10℃) range promoted vegetation growth(Tab.14). Statistical tests show that there is a significant difference between the mean NDVI in the cumulative temperature zones 3 and 5 and those in the other cumulative temperature zones (Tab.14). Therefore, when the cumulative temperature (≥ 10℃) range is 1564.3–2042.8°C, vegetation coverage is the best. In the cumulative temperature (≥ 10 °C) zone 10, the mean NDVI is low. A possible explanation is that rising temperatures trigger vegetation growth. In addition, the increase in temperature may lead to a decrease in the soil moisture, which adversely affects the growth of vegetation.  

(5) Global radiation: Global radiation consists of scattered solar radiation reaching the ground and direct solar radiation. Solar radiation is the most direct and important meteorological factor, which directly affects the photosynthesis of plants and indirectly affects surface greenness by means of evapotranspiration and plant available soil moisture (Li et al., 2019).
Due to interaction of global radiation with annual precipitation, geomorphic type, population density, distance from the road, distance from town,distance from the river, GDP density, moisture index, distance from county seat, slope and aspect, the influence of global radiation on NDVI is a nonlinear enhanced (e.g., x10∩x13 = 0.326 > x1, x13∩x14 = 0.313 > x13, x2∩ x13 = 0.226 > x13, x6∩x13 = 0.210 > x13, x5∩x13 = 0.192 > x13, x7∩x13 = 0.182 > x13, x1∩x13 = 0.178 > x13, x11∩x13 = 0.175 > x13, x4∩x13 = 0.118 > x13, x13∩x16 = 0.084 > x13, x13∩x17 = 0.081 > x13) (Tab.12). The interaction of global radiation with elevation, annual average temperature, soil type, dryness index, land use,vegetation type, and cumulative temperature (≥ 10℃) significantly mutually enhanced the effect of global radiation on vegetation NDVI (e.g., x13∩x15 = 0.629 > x13, x8∩x13 = 0.555 > x13, x13∩x19 = 0.412 >x13, x12∩x13 = 0.218 > x13, x3∩x13 = 0.216 > x13, x13∩x18 = 0.203 > x13, x9∩x13 = 0.194 >x13) (Tab.12).

With the increase in global radiation, the mean value of NDVI shows a downward trend (Tab.14), indicating that the total radiation has a great influence on NDVI. The mean value of NDVI in the global radiation zones from 1 to 4 exceeded 0.800 and reached the highest value of 0.864 in global radiation zone 1, indicating that the total radiation range had the greatest impact on vegetation growth. Statistical tests show that there is a significant difference between the mean value of NDVI in global radiation zone 1 and in other global radiation areas, except the total radiation zone 2 (Tab.14). Therefore, vegetation coverage is best in the range of 3888.40 to 4042.48 MJ/m2. This global radiation has the greatest influence on vegetation cover. When the global radiation is greater than 4360.50 MJ/m2, the influence of global radiation on NDVI gradually decreases (Tab.14).  

(6) Moisture index: Climate change (e.g.,warming and drought) had an adverse impact on the vegetation, the changes of wetting and reducing drought had a positive effect on the vegetation ( Li et al., 2019). Studies showed that the interaction of moisture index with soil types, annual average precipitation, geomorphic types, land use, cumulative temperature (≥ 10℃), distance from the road,vegetation type, global radiation, distance from river,distance from township, population density, GDP density, and distance from county seat significantly nonlinear enhanced of moisture index on vegetation NDVI (e.g., x11∩ x19 = 0.426 > x11, x10∩x11 = 0.369 > x11, x11∩ x14 = 0.259 > x11, x3∩x11 = 0.198>x11, x9∩x11 = 0.193 > x11, x6∩x11 = 0.17 > x11, x11∩x18 = 0.178 > x11, x11∩x13 = 0.175 > x11, x7∩x11 = 0.171 > x11, x5∩ x11 = 0.150 > x11, x2∩x11 = 0.108 > x11, x1∩x11 = 0.099 > x11, x4∩x11 = 0.086 > x11, x11∩x16 = 0.049 > x11, x11∩x17 = 0.042 > x11) (Tab.12). Moisture index can interact with elevation, annual average temperature, dryness index to significantly mutually enhance its influence on NDVI (e.g., x11∩x15 = 0.631 > x11, x8∩x11 = 0.562 > x11, x11∩x12 = 0.211 > x11) (Tab.12). 
With the increase of moisture index, the mean NDVI fluctuates(Tab.14). The NDVI in moisture index zone 1,6,and 7 exceeded 0.800, and the NDVI in the moisture index zone 1 reached the highest value of 0.814, it indicates that this index range promotes vegetation growth. Statistical test shows that there is a significant difference between vegetation NDVI mean value and other areas except the moisture index zone 1,5, 6, 7 and 8 (Tab.14). Therefore, vegetation coverage is the best in moisture range of 0.8~0.15. 

4.3 Soil types
Related have proposed that soil types have a significant influence on vegetation growth and rainwater reuse efficiency in regions where precipitation is the main factor restricting production (Liu et al., 2015). Studies have shown that the soil types can interact with the average annual temperature, population density, moisture index, GDP density, and slope to significantly nonlinearly enhance its influence on NDVI (e.g., x8∩x19 = 0.585 > x19, x2∩x19 = 0.427 > x19, x11∩x19 = 0.426 > x19, x1∩x19 = 0.419 > x19, x16∩ x19 = 0.398 > x19, x17∩x19 = 0.398 > x19) (Tab.12). The interaction of soil type with elevation, geomorphic type, average annual precipitation,land use,distance from river,vegetation type, and distance from county seat on NDVI is significantly mutually enhanced (e.g. x15∩x19 = 0.623 > x19, x14 ∩ x19=0.489>x19, x10 ∩ x19 = 0.467 > x19, x3∩x19 = 0.444 > x19, x7∩ x19 = 0.411 > x19, x18∩x19 = 0.407 > x19, x4∩x19 = 0.406 > x19) (Tab.12).Related studies have proposed that soil type has a significant influence on vegetation growth by providing water and nutrients, and different soil properties lead to different vegetation distribution, which, in turn, protects the soil (Piedallu et al.,2019).

With the variation in soil types, the mean NDVI fluctuates (Tab.15). The mean NDVI of brown coniferous soil, yellow brown soil, yellow cinnamon soil, brown soil, and grey cinnamon soil exceed 0.88, indicating that these soil types promote vegetation growth. Statistical tests showed that the NDVI of these soil type areas was significantly different from the NDVI of other soil type areas at the 95% confidence level. Compared with soil, the slope gradient and aspect have weaker effects on vegetation. A possible explanation is that the change in slope gradient and aspect leads to changes in hydrothermal conditions.

Tab.15  Soil types and its NDVI mean statistic (confidence level 95%)

4.4 Geomorphic types
Studies have shown that the interaction of geomorphic types with global radiation, GDP density,population density, distance from the county, slope, and aspect is significantly nonlinear enhanced (e.g., x13∩x14 = 0.313 > x14, x1∩x14 = 0.268 > x19, x2∩x14 = 0.257 > x14, x4∩x14 = 0.230 > x14, x14∩x16 = 0.211 > x14, x14∩ x17 = 0.204 > x14) (Tab.12). Geomorphic types can interact with elevation,annual average temperature, soil type,,land use,aridity index,,vegetation type, cumulative temperature (≥ 10℃), annual average precipitation,distance from township, distance from road, and distance from river to significantly mutual enhance its influence on NDVI (e.g., x14∩x15 = 0.627 > x14, x8∩x14 = 0.566 > x14, x14∩x19 = 0.489 > x14, x3∩x14 0.333 > x14, x12∩ x14 = 0.304 > x14, x14∩x18 = 0.299 > x14, x9∩x14 = 0.297 > x14, x10∩x14 = 0.275 > x14, x5 ∩ x14 = 0.262 > x14, x6∩x14 = 0.261 > x14, x7∩ x14 0.241 > x14) (Tab.12). 

The mean NDVI fluctuates with the variation of geomorphic types (Tab.16). In medium relief mountains, mesas and small relief mountains, the mean NDVI exceed 0.80, and the highest value of 0.848 is reached in the areas of medium relief mountains, indicating that this geomorphic type is favourable for vegetation growth. Statistical tests show that there is a significant difference between the mean NDVI values of the medium relief mountains and other geomorphic type zone. The mean NDVI of the mesa zone has no significant difference from the mean NDVI of the plain, hill and small relief mountain areas, but its difference from the medium relief mountain, large relief mountain and severe relief mountain zone is significant. The mean NDVI of small relief mountains has significant difference from the mean NDVI of other geomorphic types zones, except the plain zone (Tab.16). Therefore, the vegetation cover of the medium relief mountains, mesas and small relief mountains is the best.

Tab.16  Geomorphic types of and its NDVI mean statistic (confidence level 95%)

4.5 Human factors
(1) Land use type: The impact of human on land use leads to the area changes of land use and mutual transformations between different land use types, which makes an important effect on vegetation coverThe impact of humans on land use leads to changes in land use and mutual transformations between different land use types, which has an important effect on vegetation cover (Li et al.,2019; Wang et al.,2015; Han et al.,2019 ). The interaction of land use with population density,moisture index, GDP density, distance from the county seat, and aspect on NDVI is a significantly nonlinearly enhanced interaction (e.g., x2∩x3 = 0.208 >x3, x3∩x11 = 0.198 > x3,  x1∩x3 = 0.188 > x3, x3∩x4 = 0.182 > x3, x3∩x17 = 0.166 > x3 ) (Tab.12). Land use can interact with elevation,annual average temperature,soil type, geomorphic types, annual average precipitation,aridity index, cumulative temperature (≥ 10℃), distance from the road,vegetation type, distance from township, distance from river,global radiation, and slope to significantly mutual enhance its influence on NDVI (e.g., x3∩x15 = 0.628 > x3, x3∩x8 = 0.567 > x3, x3∩x19 = 0.444 > x3, x3∩x14 = 0.333 > x3, x3∩x10 = 0.295 > x3, x3∩x12 = 0.293 > x3, x3∩x9 = 0.271 > x3, x3∩x6 = 0.271 > x3, x3∩x18 = 0.254 > x3, x3∩x5 = 0.237 > x3, x3∩x7 = 0.234 > x3, x3∩x13 = 0.216 >x3, x3∩x16 = 0.164 > x3 ) (Tab.12). 

Therefore, the mean NDVI values of different land use fluctuates (Tab.17). In forest land, unused land, and grassland, the mean NDVI values exceeded 0.800, and the highest value of 0.866 was reached in forest land. Statistical tests showed that the NDVI between forest land and other land use types was significantly different.  

Tab.17  Human factors of every two sub regions and its NDVI mean statistic (confidence level 95%)
(2) Distance from the road: Studies have shown that the interaction effect between distance from road and global radiation, population density, GDP density, moisture index, distance from county seat, slope, and aspect significantly nonlinear enhanced the effect of distance from road on NDVI (e.g., x6∩x13 = 0.210 >x6, x2∩x6 = 0.185 > x6, x1∩x6 = 0.173 > x6, x4∩x6 = 0.173 > x6, x6∩x16 = 0.142 >x6, x6∩x17 = 0.137 > x6) (Tab.12). The interaction effect between distance from road and elevation, annual average temperature, soil type, annual average precipitation, geomorphic type, land use, aridity index, cumulative temperature (≥ 10℃) , vegetation type, distance from towns, and distance from the rivers significantly mutual enhanced the effect of distance from the road on NDVI (e.g., x6∩x15 =0.620>x6, x6∩x8 = 0.552 > x6, x6∩x19 = 0.429 > x6, x6∩x10 = 0.282 > x6, x6∩x14 = 0.261 > x6, x3∩x6 = 0.254 > x6, x6∩x12 = 0.244 > x6, x6∩x9 = 0.228 > x6, x6∩x18 = 0.226 > x6, x6∩x7 = 0.169 > x6) (Tab.13) (Tab.12).
The distance from the road reflects the convenience of external traffic. With increasing distance from road, the mean value of NDVI shows a decreasing trend, indicating that this distance has a relatively large impact on NDVI (Tab.17). Therefore, in the range of zones 1 and 3 from the road ( < 5163.96 m), the mean NDVI values exceed 0.800, and the highest value of 0.861 is reached in zone 2, showing that this range of distances from the road has the greatest impact on vegetation growth. Statistical tests showed a significant difference between the mean NDVI of the second distance zone and other distance zones (Tab.17). Therefore, in the range of 1558.93–3410.16 m, the vegetation cover is the best, and this distance range from the road has the greatest impact on vegetation cover. When the distance was greater than 3410.16 m, the impact of distance from road on NDVI gradually weakened. Therefore, the interaction effect of factors significantly enhanced the impact of distance from road on NDVI.

(3) Distance from the towns: Studies have shown that the interaction between distance from towns and annual precipitation, global radiation, dryness index,population density,moisture index, GDP density,distance from county seat,slope, and aspect, significantly nonlinear enhanced the effect of distance from towns on NDVI (e.g., x5∩x10 = 0.277 > x5,x5∩x13 = 0.192 > x5, x6∩x11 = 0.179 > x5, x2∩x5 = 0.155 > x5, x5∩x11 = 0.150 > x5, x1∩x5 = 0.148 > x5, x5∩x16 = 0.117 > x5, x4∩x5 = 0.142 > x5, x5∩x17 = 0.117 > x5 ) (Tab.12). The distance from the township can interact with elevation, annual average temperature, geomorphic type, land use, index index, vegetation type, annual average temperature, Cumulative temperature (≥ 10℃), distance from the road and distance from the river to significantly mutual enhance its influence on vegetation NDVI (e,g., x5∩x15 = 0.619 > x5, x5∩x8 = 0.553 > x5, soil type（x5∩x19 = 0.423 > x5, x5∩x14 = 0.262 > x5, x3∩x5 = 0.237 > x5, x5∩x12 = 0.237 > x5, x5∩x18 = 0.214 > x5, x5∩x9 = 0.209 > x5, x5∩x9 = 0.209 > x5, x5∩x6 = 0.176 > x5, x5∩x7 = 0.173 > x5 ) (Tab.12). 
The distance from the town reflects the possible impact of human on vegetation. With the increase of distance from towns, the mean value of NDVI shows a decreasing trend, which indicates that the distance from towns has a great influence on NDVI (Tab.17). Therefore, the mean NDVI exceeds 0.800 in range of zones1,2, and 3 of the distance from the township, and reaches the maximum value of 0.862 in the distance range from zone 2, which indicates that this distance range has the greatest influence on vegetation growth. Statistical test shows that there is a significant difference between the mean NDVI in the distance range of zone 2 and other distance range zone (Tab.17). Therefore, in the distance range of 3600.33~6322.39 m, vegetation coverage is the best, and this distance has the greatest impact on vegetation coverage. When the distance >6322.39 m, the influence of distance from the township on NDVI was gradually weakened.
(4) Distance from the river: Studies have shown that the interaction between the distance from the river and global radiation, moisture index, GDP density, distance from the county, slope, and aspect significantly nonlinear enhanced the effect of distance from the river on NDVI (e.g., x7 ∩ x13=0.182>x7, x7 ∩ x11=0.171>x7, x2 ∩ x7 =0.152>x7, x4 ∩ x7 =0.133>x7, x7 ∩ x16 =0.103>x7, x7 ∩ x17=0.101>x7 ) (Tab.12). The distance from the river can interact with elevation, annual average temperature, soil type, annual average precipitation, geomorphic type, land use, drought index, cumulative temperature (≥ 10℃), vegetation type, distance from the township, and distance from the road to significantly mutual enhance its influence on vegetation NDVI (e.g., x7∩x15=0.619>x7, x7 ∩ x8 =0.552>x7, x7 ∩ x19=0.411>x7, x7 ∩ x10 =0.247>x7, x7 ∩ x14 =0.241>x7, x3∩x7 =0.234>x7, x7 ∩ x12 =0.216>x7, x7∩x9=0.201>x7, x7 ∩ x18 =0.199>x7, x5∩x7 =0.173>x7, x6∩x7 =0.169>x7) (Tab.12). 

The distance from the river reflects the possible influence of the river on the water content of vegetation. As the distance from the river increases, the mean value of NDVI decreases, indicating that the distance from the river has a great influence on NDVI (Tab.17). The mean value of NDVI exceeded 0.800 in zone 1 to 3 of the distance from the river, and reached the maximum value of 0.862 in the 2 zone from the river, indicating that this distance range had the greatest impact on vegetation growth. Statistical test shows that there is a significant difference between the mean value of NDVI in zone 2 of the distance from the river and other distance areas (Tab.17). Therefore, in the range of 3327.13~4990.70 m, vegetation cover is the best, and this distance has the greatest impact on vegetation cover. When the distance from river exceeds 4990.70 m, the impact of distance from the river on NDVI gradually decreases.
(6) Population density: The increase in population density not only promotes economic development but also leads to an increase in the pressure of the source environment. The interaction between population density and soil type, GDP density, and other factors showed a non-linear enhancement, significantly enhancing the effect of population density on NDVI ( e.g., x2 ∩ x19 =0.427>x2, x2 ∩ x17 =0.290>x2, x2 ∩ x16 =0.265>x2, x2∩ x10 =0.260>x2, x2 ∩ x14 =0.257>x2, x2 ∩ x13 =0.226>x2, x2 ∩ x12 =0.215>x2, x2 ∩ x3 =0.208>x2, x2 ∩ x9 =0.191>x2, x2 ∩ x6 =0.185>x2, x2 ∩ x18 =0.181>x2, x2 ∩ x5 =0.155>x2, x2 ∩ x7 =0.152>x2, x2 ∩ x11 =0.108>x2, x2 ∩ x4 =0.086>x2, x1 ∩ x2 =0.032>x2) (Tab.12).There was a mutual enhancement relationship between population density, elevation, average annual temperature, and other factors, and the influence of population density on NDVI was significantly enhanced (e.g., x2∩x15 =0.624>x2, x2∩x8 =0.557>x2 ) (Tab.12). 

With the increase in population density, the mean value of NDVI fluctuates. The NDVI in the zone 2 of range and the zones 8, 9, 10, and 11 exceeded 0.800, among which the NDVI in zones 8 range reached the highest value of 0.869, indicating that this range of population density had the greatest impact on vegetation growth (Tab.17). Statistical tests show that there is a significant difference between the population density and the mean value of NDVI in zones other than zones 11. Therefore, when the population density ranges from 28.11 to 33.18 people/km2, vegetation coverage is the best.
(6) Distance from the county seat: Studies have shown that the interaction effect between the distance from the county seat and annual average precipitation, geomorphic types, dryness index, land use, Cumulative temperature (≥ 10℃), distance from the road, vegetation type, distance from the township, distance from the river, global radiation, population density, moisture index, GDP density, slope, and aspect significantly nonlinear enhanced the effect of distance from the county seat on NDVI (e.g., x4 ∩ x10 =0.264>x4, x4 ∩ x14 =0.230>x4, x4 ∩ x12 =0.202>x4, x3 ∩ x4 =0.182>x4, x4 ∩ x9 =0.178>x4, x4 ∩ x6 =0.173>x4, x4 ∩ x18 =0.171>x4, x4 ∩ x5 =0.142>x4, x4 ∩ x7 =0.133>x4, x4 ∩ x13 =0.118>x4, x2 ∩ x4 =0.086>x4, x4 ∩ x11 =0.086>x4, x1 ∩ x4 = 0.071>x4, x4 ∩ x16 =0.037>x4, x4 ∩ x17 =0.028>x4 ) (Tab.12). Analysis shows that due to the interaction of the distance from the county seat with elevation,annual average temperature, soil type and other factors, the influence of the distance from the county seaton NDVI is significantly mutual enhanced (e.g., x4 ∩ x15 =0.619>x4,x4 ∩ x8 =0.552>x4, x4 ∩ x19 =0.406>x4 ) (Tab.12).
The distance from the county seat reflects the accessibility of transportation. As the distance from the county seat increases, the mean value of NDVI decreases. NDVI of distance in zones 1, 2, 3, 11, 12 exceeded 0.800, and NDVI in zone 1 reached the highest value of 0.849, indicating that this distance from the county town had the greatest impact on vegetation growth (Tab.17). The statistical test shows that there is a significant difference between the mean value of NDVI of vegetation and that of other zones except zone 2 and 12. Therefore, when the distance from the county seat is 0~7222.84 m, the vegetation coverage is the best.
(7) GDP density: GDP density reflects the impact of human economic activities on the natural surface. Studies have shown that the interaction between GDP density and soil type or population density significantly nonlinear enhanced the effect of GDP density on NDVI (e.g., x1∩x19 = 0.419 > x1, x1∩x2 = 0.032 > x19 ) (Tab.12). Due to interaction of the GDP density with elevation,, annual average temperature, annual average precipitation, geomorphic type, dryness index, land use, Cumulative temperature (≥ 10℃), global radiation, distance from road, vegetation type, distance from township, distance from river, moisture index, distance from county seat, slope and aspect, the influence of the dryness index on NDVI is significantly mutual enhanced (e.g., x1∩x15 = 0.638 > x1, x1∩x8 = 0.567 > x1, x1∩x10 = 0.249 > x1, x1∩x14 = 0.268 > x1, x1∩x12 = 0.203 > x1, x1∩x3 = 0.188 > x1, x1∩x9 = 0.182 > x1, x1∩x13 = 0.178 > x1, x1∩x6 = 0.173 > x1, x1∩x18 = 0.173 > x1, x1∩x5 = 0.148 > x1, x1∩x7 = 0.137 > x1, x1∩x11 = 0.099 > x1, x1∩x4 = 0.071 > x1, x1∩x16 = 0.031 > x1, x1∩x17 = 0.023 >x1 ) (Tab.12).
 Therefore,with the increase of GDP density, the mean NDVI fluctuates. The NDVI of GDP density in zones 4, 5, 7, 8, 10 and 11 exceeds 0.800. NDVI in GDP density zone 4 reached the highest value of 0.851, indicating that this GDP density range had the greatest impact on vegetation growth. Statistical test shows that there is a significant difference between the mean values of vegetation NDVI in the 4 zone and the zones of 1~3, 5~8 in GDP density (Tab.17). Therefore, when the GDP density is within the range of 104~124 RMB yuan/km2, the vegetation coverage is the best.
5 Conclusions

We quantified the individual and interactive influences of human and natural factors on the changes in NDVI and identified the most suitable characteristics of each impact factor for stimulating vegetation growth based on the geographical detector model. This model uses a new spatial statistical method to study the interactive effects of factors on the spatial patterns of vegetation cover and vegetation changes using remotely sensed data and spatial analysis in GIS. We revealed the most favourable value range or the most suitable characteristics of the impact factors that promote vegetation growth and extracted the vegetation changes from 2000 to 2015 from RS and GIS.
We found that the temporal and spatial changes in vegetation cover were significant. In 2000 and 2015, the spatial variation of vegetation cover was significantly different. The high vegetation cover (NDVI > 0.8) areas were mainly distributed in the upper reaches of the Minjiang River at an elevation below 3600 m. The low vegetation cover (NDVI < 0.2) areas were mainly distributed in the extremely high elevation regions of the western and north-eastern upper reaches of the Minjiang River. The areas of mid-high and high vegetation cover accounted for 17%, 68%, 20%, and 65% or higher of the upper reaches of the Minjiang River, respectively. The changes in vegetation cover from 2000 to 2015 were mainly in the regions of the upper reaches of the Minjiang River, and its tributaries and were characterised by the significant transformation of the areas of mid-high vegetation cover (NDVI > 0.6) or above. The roll-out areas of 0.6 < NDVI < 0.8, and NDVI > 0.8 were 1680 km2 and 2080 km2, respectively, and their roll-in areas were 2415 km2 and 1185 km2, respectively, leading to an increase and decrease of the 0.6 < NDVI < 0.8 and NDVI > 0.8 areas, respectively. This resulted in an increase and decrease in the areas of mid-high vegetation cover (0.6 < NDVI < 0.8) and high vegetation cover (NDVI > 0.8), respectively.
We showed the individual influences of impact factors on NDVI changes. Human and natural factors can be ranked in descending order by the magnitude of their influence on NDVI: elevation > annual average temperature > soil type > geomorphic type > dryness index > annual precipitation > land use type > cumulative temperature (≥ 10°C) > vegetation type > distance from road > distance from township > distance from river > total radiation > humidity index > population density > distance from county > GDP density > slope gradient > slope aspect. The explanatory power of elevation, annual average temperature, and soil types all exceeded 39%, meaning that they are the primary natural factors affecting vegetation changes and well explained the changes in vegetation cover. The explanatory power of the geomorphic type, dryness index, annual precipitation, land use type, vegetation type, cumulative temperature (≥ 10°C), and distance from road were all above 11%. Compared with elevation, annual average temperature, and soil types, factors such as GDP density (q = 0.025), population density (q = 0.0102),aspect (q = 0.0036), slope (q = 0.0063), distance from county seat (q = 0.0183), and humidity index (q = 0.0298) fail to satisfactorily account for NDVI variation. Although such factors have no significant influence on vegetation growth, they can interact with elevation, annual average temperature and soil types to enhance influences on NDVI, e.g., x1∩x15=0.638, x2∩x15=0.624, x4∩x15=0.619, x1∩x8=0.567, x2∩x8=0.557, x4∩x8=0.552, x8∩x16=0.547,x8∩x17=0.546, x8∩x11=0.562, x2∩x19=0.427, x4∩x19=0.406, x11∩x19=0.426, x16∩x19=0.398, and so on.
We found that interactive effects of impact factors on NDVI changes, and the synergistic effect of impact factors is manifested as mutual enhancement and nonlinear enhancement. This study reveals the suitable characteristics of the main factors that promote vegetation growth, helping to better understand the effects of impact factors on NDVI. This is a critical step in discovering the driving mechanism of NDVI change. The most favourable value range or the most suitable characteristics of the impact factors revealed in this study may promote and intervene vegetation change. Our findings may provide a theoretical guidance and decision-making basis for promoting ecological protection, vegetation restoration, and alleviating environmental degradation in the upper reaches of the Minjiang River or in other regions experiencing rapid vegetation degradation.  
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