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Abstract

Based on Landsat MSS/TM/OLI (1975-2018), MODIS NDVI
(2000-2015), and DMSP/OLS (1992-2013) multitemporal
remote sensing data, as well as annual average precipitation
and temperature data from meteorological stations (1980-
2018) and SRTM DEM data, this study extracted information
on climate change, human activity, and eco-environmental
factors in the Zijin Mountain (ZJM) area of Shanxi Province,
and then analyzed the spatiotemporal changes in ecological
structure, landscape structure, and climate response. The
results revealed that in the ZJM area some sustainable devel-
opment indicators associated with human activity, ecology,
climate, and landscape geography have changed. Specifically,
over the 44-year period from 1975 to 2018, the urban and
rural construction land area increased by 4.29 times; in the
22-year period from 1992 to 2013, the regional light index
has increased by 26.9 times; in the past 32 years, that is, from
1987 to 2018, the average vegetation index of the entire
basin increased by about 54.7%, the vegetation cover
exhibited a gradual positive trend, and the land use types in
the ZJM area were mainly converted from bare land to grass-
land or forest. Compared with 1987, the area of bare land
decreased 32.5% by 2018, whereas the forest and grassland

areas increased by 85.7% and 40.7%, respectively. In addition,
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Royal Society of UK, Grant/Award Number:
42011530174 over the 44-year period from 1975 to 2018, the road density

increased by 8.57 times. The area affected by human activi-
ties, comprised roads, urban and rural construction land, and
their buffer areas, accounted for 64.87% of the total study
area. As a result, the fragmentation index of landscape pat-
ches has increased by 6.81 times since 1987. We conclude
that in the ZJM area, the ecosystem type has transformed
from an indigenous mountainous grassland to mountainous
arid agriculture, and from an isolated habitat to a fragmented
habitat.

KEYWORDS

climate change, deep poverty mountain area, human-land
relationship, landscape fragmentation, Lvliang Mountains,
sustainable development goals

1 | INTRODUCTION

The United Nations 2030 Agenda for Sustainable Development (hereafter referred to as the “2030 Agenda”) put
ending poverty (sustainable development goal [SDG-1]); protecting and restoring water-related ecosystems, includ-
ing mountains, forests, wetlands, rivers, aquifers, and lakes (SDG-6); making cities and human settlements sustainable
(SDG-11); combating climate change and its impacts (SDG-13); and protecting terrestrial ecosystems (SDG-15) into
17 SDGs (United Nations, 2015). Economic poverty and ecological vulnerability are twins (Dong et al., 2003). Due to
the economic pressure associated with the elimination of poverty, people tend to rely more on natural resources.
Therefore, changes in the human-land relationship are in the same vein as global and regional environmental changes
and economic sustainability (Lambin et al., 1999; Turner et al., 1993).

In the scientific community serving the 2030 Agenda, the Group on Earth Observations (GEO), composed of 104 coun-
tries and 106 organizations, provides timely, high-quality, long-term, and global information for the monitoring, measure-
ment, and progress assessment of important targets and indicators that are intrinsically linked to sustainable development
(Anderson et al., 2017). The preliminary research results of the GEO and the Committee on Earth Observation Satellites
have demonstrated that the 40 specific targets and 30 indicators of the 2030 Agenda can be supported by satellite obser-
vation technology (Ehrensperger et al., 2019; Q. Zhou et al., 2018). This research involved SDG-2: end hunger, achieve
food security, and promote sustainable agriculture (Qi et al., 2018; Qi & Dang, 2018; X. B. Xu et al., 2019); SDG-6: sustain-
able management of water and sanitation (Madadi et al., 2017; Schmeller et al., 2018; Vorésmarty et al., 2018); SDG-11:
sustainable cities and human settlements (Fernandes et al., 2019; Parsa et al., 2019; X. Xu et al.,, 2018; Zhao et al., 2019);
SDG-13: combat climate change and its impacts (Campbell et al., 2018); SDG-14: conserve and sustainably use the oceans,
seas, and marine resources (Lu et al., 2018; Mallick & Chakraborty, 2018; Virto, 2018; Visbeck et al., 2014); and SDG-15:
protect, restore, and promote the sustainable use of terrestrial ecosystems, sustainably manage forests, combat desertifica-
tion, halt and reverse land degradation, and halt biodiversity loss (L. B. Liu et al., 2019; Muradyan et al., 2019; Schirpke
et al., 2017; Y. Zhou, Huang, et al., 2017; X. Y. Zhou, Lei, & Meng, 2017). It can be seen from this research that the moni-
toring and evaluation of long-term changes in the regional processes, patterns, and driving forces based on 3S technology
has become an effective method for revealing the temporal and spatial changes in land use/cover at the global and regional
scales (Acheampong et al., 2018; Holloway & Mengersen, 2018; Kussul et al., 2020).
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The hilly and gully region of the Loess Plateau is the area with the most serious soil and water loss in China, and
even the world, and its rural residents live in poverty (Dong et al., 2003). Among them, the Lvliang Mountains is one
of 14 units of concentrated destitute areas in China (H. Wang et al., 2018). Linxian lies far inland in the Lvliang
Mountains and is one of the 585 national-level poor counties in China, and most of its villages are extremely poor.
Ecological fragility, a lack of resources and human activities, and natural closure are common characteristics of con-
centrated destitute areas (H. Wang et al., 2018). The Zijin Mountain (ZJM) area to the northwest of Linxian is an
independent geographical unit, surrounded by the Yellow River-Qiushui River-Lvliang Mountains and thus forming
an inland island-type closed habitat, which is a natural laboratory and microcosm for studying the global change and
ecological evolution of closed inland habitats. The study used 44 years (1975-2018) of remote sensing data and
36 years (1980-2015) of meteorological data and, through a series of preprocessing, obtained information on resi-
dential construction land and transportation infrastructure construction land in the region, as well as the time series
of the normalized difference vegetation index (NDVI) and normalized difference building index (NDBI). By esta-
blishing a sustainable development research framework and comprehensive evaluation index system for fragile eco-
logical environments based on the 2030 Agenda, analyses of the spatiotemporal changes of residential construction
land, transportation infrastructure construction land, forest land, NDVI and NDBI in the study area, climate change in
the area, and the correlation between the climate-land use-ecological index were made, to obtain objective indica-
tors that can reflect the SDGs of the 2030 Agenda, and to supply scientific references for ecological environment
changes and sustainable development in inland poverty-stricken areas, as well as provide suggestions for the revitali-

zation of poor villages.

2 | INDEXSYSTEM

In accordance with the general principles of the United Nations 2030 Agenda, the United Nations Statistics Division
has prepared a global indicator framework of various SDGs and targets in the “2030 Agenda for Sustainable Devel-
opment” (A/RES/71/313&E/CN.3/2018/2&E/CN.3/2019/2). Combining this framework and the characteristics of
this study, the following sustainable development research framework (Figure 1) and the multi-factor comprehensive
evaluation index system for poverty-stricken mountain resources and environments (Table 1) were designed.

The multi-factor comprehensive evaluation index system was based on the global indicator framework (*) of the

2030 Agenda for Sustainable Development. This study developed a three-level evaluation index system of “target-

Framework for SDGs of
Mountain Eco-environment

SDG-6 SDG-11 SDG-13 SDG-15
Hydrological factors Anthropical factors | Atmospheric factors || |Terrestrial ecosystem [——
6;4 6;6 Construction Temperature Land use/cover 1511
11.3— 13.b—
land area growth rate

Length Water
of water system
system density

Average vegetation

) 15.4
index

Precipitation | ., |
growth rate ' Landscape
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Lightindex  [11.3—
15.5-

FIGURE 1 Research framework for the sustainable development of mountain resources and environments.
SDGs, sustainable development goals
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specific target-index.” The formulation of the “indicator” evaluation standard, referring to the latest research results

in China and abroad, set a five-level evaluation standard of “extremely low, low, moderate, high, extremely high.”

3 | MATERIALS AND METHODS
3.1 | Studyarea

ZJM is located in the northern part of Linxian County, Lvliang City, Shanxi Province, with geographic coordinates of
37°38'-38°22' N and 110°30'-110°10’ E. The study area is 81.5 km long from north to south, 47.5 km wide from
east to west, and covers an area of 2431 km?.

The study area experiences a continental climate, with an average annual temperature of 8-9°C and average annual
rainfall of 300-600 mm. The frost-free period is 150-180 days. It is surrounded by the Yellow River-Qiushui River-
Lvliang Mountains and comprises a generally isolated and domed uplift. The main peak of ZJM is 1823 m above sea
level. The lowest point is the bed of the Yellow River in the southwest corner (Qikou Town), with an elevation of 700 m.
Thus, the difference is as much as 1100 m. The landform type belongs to the typical hilly and gully area of the Loess Pla-
teau, mainly composed of loess-yuan, loess-liang, and loess-mao, and the terrain is broken. Due to long-term carving by
running water, the gully is distributed radially around ZJM, and soil and water loss is serious (Figure 2).

The soil in the study area is mainly Quaternary loess, and the soil types are brown earth, cinnamon soil, loessial soil,
chestnut soil, and meadow soil (Hao, 2011). The study area is composed of forest, shrubland, arid grassland, sandy land,
and bare land, with various types of coverage, which constitute the typical local mountain ecological landscape. The vertical
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zonality distribution of plants according to altitude is pronounced. There are shrubland belts in low-shallow mountains, Pop-
lar-birch forest belts and Larix gmelinii (Rupr.) Kuzen. forest belts in the middle mountain areas, and Picea asperata Mast,
Picea wilsonii Mast, and Betula albo-sinensis Burk in high-altitude distribution areas. The forest is dominated by natural sec-
ondary forests of Larix gmelinii (Rupr.) Kuzen. and Pinus tabulaeformis Carriére. The shrub species mainly include Lespedeza
bicolor Turcz, Ostryopsis davidiana Decaisne, Spiraea Salicifolia L., Hippophae rhamnoides Linn., and Rosa xanthina Lindl., while

the herbaceous plants include Carex tristachya, Alkali grass, and Artemisia (Hao, 2011).

3.2 | Research data

The research data included Multispectral Scanner (MSS), Thematic Mapper (TM), and Operational Land Imager (OLI) sen-
sor data consisting of remote sensing images with a resolution of 30-60 m from US Land Resources Satellites (Landsat-2,
5, and 8, hereafter referred to as L2, L5, and L8) from 1975 to 2018 (http://www.usgs.gov); MODIS NDVI data from
2000 to 2018 (https://ladsweb.modaps.eosdis.nasa.gov/search/); and 90-m horizontal resolution Shuttle Radar Topogra-
phy Mission (SRTM) digital elevation model (DEM) data (SRTM3 DEM, v4.0: http://srtm.csi.cgiar.org/). In addition, there
was basic geographic information such as construction land and administrative divisions of 1:250,000 residents in 1999;
national meteorological data from the Resource and Environmental Science Data Center of the Chinese Academy of Sci-
ences from 1980 to 2015 (http://www.resdc.cn); and noctilucent data from the Defense Meteorological Satellite Program
(DMSP)/Operational Linescan System (OLS) from 1992 to 2013 of the US National Defense Meteorological Satellite Pho-
toelectric Training Program (https://www.ngdc.noaa.gov/eog/dmsp/downloadV4composites.html).

Combined with the cultivation season, plant growth status, climate, and cloud cover, this study selected the
remote sensing images from summer and autumn seasons with the best vegetation growth from the available data
list, and extracted cultivated land, residential construction land area, NDVI information, and other factors (Table 2).

In the above table, the NDVI was mainly used to analyze the structural changes of surface vegetation cover. The
support vector machine (SVM) supervised classification method was primarily utilized for land use/cover change
(LUCC) analysis. Among them, the built-up land area in the LUCC included the 4.2 residential land remote sensing
interpretation, while the DMSP/OLS data were generally used to examine the development trend of urbanization.

3.3 | Methods and models

By synthesizing the optimized multitemporal data (including remote sensing and terrestrial meteorological data), radi-
ation calibration, atmospheric correction, interpolation and band calculation, multi-temporal vegetation, buildings,
lighting, and meteorological information were obtained. As the ecological environment index factors, their time series
change characteristics were analyzed. The specific process is illustrated in Figure 3.

The index calculation model involved in Figure 3 is as follows.

1. The NDVI is one of the important parameters reflecting vegetation growth and nutrition information. In remote
sensing images, the difference between the reflectivity of the near-infrared band and that of the red band is
divided by the sum of the two, that is, the mathematical model of the NDVI is:

NDV/| =2nir —Pred (1)
Pnir +lared

The value range of the NDVI is [—1,1]. Negative values indicate that the ground is covered by clouds, water,

snow, and other non-vegetation, which highly reflect visible light; O indicates that there is rock or bare soil, and the
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FIGURE 3 Flow chart of extraction and analysis of ecological environment index factors. DMSP, Defense
Meteorological Satellite Program; MSS, Multispectral Scanner; NDBI, normalized difference building index; NDVI,
normalized difference vegetation index; OLI, Operational Land Imager; OLS, Operational Linescan System; SVM,
support vector machine; TM, Thematic Mapper
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reflectivity is approximately equal; positive values indicate that there is vegetation cover, and increase with increas-
ing coverage.

2. The NDBI can accurately reflect construction land information. The larger the value, the higher the proportion of residen-
tial construction land, and the higher the building density. The mathematical models of the NDBI consist of the following.

For the remote sensing images of the Landsat TM/ETM-+ sensors:

NDB| = Pmir —Pnir (2a)
Prir + Prir

where p,ir and py; are the spectral reflectance of the fifth and fourth bands of the Landsat TM/ETM, respectively.
For the remote sensing images of the Landsat 8 OLI sensor:

NDB] = Pswir —Prir. (2b)
Pswir + Prir

In this formula, pnir and pswir are the spectral reflectance of the fifth and sixth bands of the Landsat 8 OLI,
respectively.

3. DMSP/OLS nighttime light images are closely related to road traffic, urban and rural residential areas and popula-
tion centers, social and economic development, and other information. The mathematical model of DMSP/OLS
light data extraction after correction is:
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n
; Lindex - pixel

Lannual :f~ (3)

In this formula, Lingex is the digital number (DN) value of the light image, and n is the total number of pixels.

4. The spatial interpolation dataset of the annual average temperature and annual precipitation in China since 1980
is based on daily observation data from more than 2400 meteorological stations nationwide, and is generated
through collation, calculation, and spatial interpolation processing. The annual average temperature unit is 0.1°C,
and the annual precipitation unit is 0.1 mm. The mathematical model for temperature and precipitation extrac-
tion is

n n
>~ Toixel >~ Poixel
% 0.1; Pannual = 1

x 0.1, (4)

Tannual = n

where Tpixel and Ppixes are the temperature and precipitation image DN values, respectively, and n is the total number

of pixels.

5. The landscape patch fragmentation index refers to the fragmentation degree of landscape segmentation,
reflecting the complexity of landscape spatial structure. As the interference of human factors inten-
sifies, the landscape patch fragmentation index increases, and the increase in the number of landscape
patches has a great impact on the landscape patch fragmentation index. The calculation formula is the

following:

(No—1)
Ne

FNi= (5)

In this formula, FN; is the landscape fragmentation index of the entire study area, N, is the landscape patch
index, and N, is the ratio of the total study area to the smallest patch area; FN, < [0,1], where O means that the land-
scape is not destroyed and 1 means that the landscape is completely destroyed.

4 | RESULTS ANALYSIS
41 | Time series NDVI mapping

Affected by the orbital period of the archived data and the amount of cloud, it is difficult to obtain data with the
same imaging time (simultaneous phase). In this study, multispectral data with approximately equal time intervals (3-
5 years) and the best period of vegetation growth (August-September) were selected. Through multi-spectroscopic
image synthesis, radiation calibration, atmospheric correction, and band math (Equation (1)), 14 NDVI images of the
region with a time span of 44a (1975-2018) were obtained (Figure 4).

The study area consists of forest, shrubland, arid grassland, sandy land, bare land, and other land cover types,
which constitute the typical ecological landscape (Hao, 2011). Based on this, six-level density segmentation was
performed on the NDVI results, in which the six levels comprised the extremely high vegetation coverage interval



10 WI LEY—“B_ HUANG ET AL.

(0.8, 1.0], the high vegetation coverage interval (0.6, 0.8], the medium vegetation coverage interval (0.4, 0.6], the
low NDVI vegetation coverage interval (0.2, 0.4], the very low vegetation coverage interval (0.0, 0.2], and the
non-vegetation coverage interval [-1.0, 0.0], to obtain a macro-level understanding of the proportion of each
interval (Figure 4).

4.2 | Time series NDBI mapping

This research performed color synthesis, false color synthesis, enhancement, and image fusion on Landsat MSS/TM/
OLI multispectral data from 1975 to 2018, obtaining 14 moderate-resolution (30 m and 60 m) images. Under the GIS
platform, these images were superimposed with the basin scope, combined with the NDBI calculation results
(Equations (2) and (2)), and through research, judgment, and human-computer interactive interpretation, the residen-
tial construction land boundaries in proportions that are highly relevant to human activities were extracted
(Figure 5).

From this figure, it can be seen that from 1975 to 2004 the number of settlements and the amount of construc-
tion land exhibited slow increasing trends, while from 2007 to 2013 these factors displayed rapid increasing trends,
and from 2017 to 2018 the growth rate slowed but tended to aggregate. In the southern part of the ZJM area,
Linxian on the banks of Qiushui River, Kehu Town on the east bank of the Yellow River, and Qikou Town at the con-

fluence of the Qiushui River and Yellow River each contain large-scale residential areas.

4.3 | Residential area remote sensing interpretation time series mapping

DMSP/OLS images acquire information about the intensity of light at night, and this light intensity is closely related
to the development of towns. Nighttime light images can be used as a representation of human activity and have
become a good data source for human activity monitoring research (D. R. Li & Li, 2015). With the support of
ArcGIS©, the DMSP/OLS remote sensing light data from 1992 to 2013 were radiation corrected and reprojected
(WGS 1984 UTM Zone 49 N), and band math was then performed (Equation (3)), thereby obtaining 22 years of
nighttime light images with a resolution of 500 m (Figure 6).

The DMPS/OLS nighttime light images took towns as the target areas, which could better reflect the character-
istics of human activities, and then expressed the shape and contour information of towns, thus providing accurate,
direct, and efficient technical means for town expansion monitoring (D. R. Li & Li, 2015). There was no saturation
phenomenon in the entire study area, and this investigation conducted a six-level density division of the brightness
of the nighttime light images (Figure 6). In the early nighttime light images, only four town areas were distributed in
blocks, namely Linxian, Sanjiao, Qikou, and Kehu. Linxian, Sanjiao, and Qikou then gradually merged into a line, pre-
senting a distribution state of one point (Kehu Town) and one line. After 2009, with the construction of the S50
expressway, Linxian and Kehu were connected by the expressway, and a light belt appeared in the center of the
research area. Currently, a residential gathering belt intersected by a vertical line (consisting of Linxian, Sanjiao, and
Qikou) and a horizontal (E-W) line (S50) has formed.

44 | Time series LUCC mapping
The years 1975, 1978, and 1981, were negatively impacted by data quality, and the resolution was low, making it dif-

ficult to distinguish various types of features. Therefore, except for the three phases of the Landsat MSS data, the
other original images were preprocessed, and this study utilized the SVM method to supervise classification of the
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FIGURE 4 Time series normalized difference vegetation index (NDVI) density segmentation mapping

Landsat remote sensing images from 1987 to 2018. After accuracy verification, each land use type was converted
into a vector, and 11 phases of LUCC images with a time span of 32a (1987-2018) were obtained for the study area
(Figure 7).
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This investigation used the IGBP GLCC Version 2.0 global land cover classification system to divide the study
area into six land use types: water, grassland, cropland, forest, built-up land, and bare land. It can be seen that the
forest in the study area is mainly distributed on top of ZJM. The grassland mainly forms a mosaic spatial pattern with
the forest and cropland, and has exhibited an expansion trend. From 1987 to 2009, the built-up land was mainly con-
centrated along the banks of the Qiushui River and the Yellow River Basin. After 2009, with the development of
urbanization, the built-up land was mainly distributed in the southern part of the ZJM area and displayed a tendency
to aggregate.

The post-processing utilized principal component analysis and cluster analysis to remove small spots, ultimately
obtaining the classification results, and then employed the confusion matrix method to evaluate accuracy. The evalu-
ation results are listed in Table 3.

Table 3 shows that the kappa coefficients of the 11-stage image classification results obtained in this study were
all >0.9, and the overall accuracy was also >99%. Therefore, the accuracy of the image classification results meets

the requirements.

5 | DISCUSSION
5.1 | Analysis of the change in vegetation cover structure

The remote sensing vegetation index is one of the most important indicators of ecological environment change and
is positively correlated with the fraction of photosynthetically active radiation by the vegetation canopy, net primary
production, vegetation cover, and other biophysical characteristics of vegetation (Myneni et al., 2001). This study
classified and counted the number of pixels in each level of the time series NDVI, and then multiplied the result by
the resolution to obtain the areas of the various levels of surface vegetation cover (Table 4).

The percentage of the average NDVI area in the ZJM basin over the 44a study period (1975-2018) revealed
that the area with an NDVI value <0.2 gradually decreased and averaged 24.8%; for the NDVI interval (0.2, 0.4], the
area increased initially and then decreased and its 44a-average was the highest reaching 40.7%,; for the intervals
(0.4, 0.6] and (0.6, 0.8], the NDVI areas displayed gradual increasing trends with average values of 25.3% and 9.0%,
respectively; while the proportion of average area with an NDVI value >0.8 was extremely low, < 1%.

It should be noted that from 1975 to 1981, due to the influence of data quality, bare land occupied a large area.
Therefore, apart from this period of Landsat MSS NDVI data, only vegetation cover changes from 1987 to 2018
were analyzed, and the MODIS NDVI data from 2000 to August 2018 were used for verification (Figure 8).

The classification percentage histogram was used to qualitatively express the macro-ecological structural
changes of vegetation in the ZJM basin. The 32a (1987-2018) vegetation NDVI of the ZJM basin gradually changed
from low coverage to high coverage. The IBM SPSS© comparison tool was used to analyze the August results of the
MODIS NDVI (2001, 2004, 2007, 2009, 2013, 2017, and 2018) in the same year. The SPSS© Pearson correlation
coefficient was r = .9386 (significance test p < .001, sample size n = 7), and the change trends of the MODIS NDVI
and Landsat NDVI were highly consistent.

5.2 | Analysis of anthropogenic factors

5.2.1 | Urban-rural residential construction land change

The change in the area of residential construction land is an indicator closely related to human activities, and one of
the human dimensions that can be expressed through remote sensing images. To collect objective evidence of
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enhanced human activities over the 44a study period, information on the number and area of patches of real-type
(in proportion) residential construction land in the ZJM basin from 1975 to 2018 was extracted (Table 5).

The number of building patches and area change line charts express the spatiotemporal changes of human activ-
ities. The number of building patches is a direct manifestation of the increase in residential settlements (Figure 9).
The area of construction land for actual residents in the ZJM basin increased from 17.88 km? in 1975 to 76.67 km?
in 2018. The number of patches of construction land for residents increased by 6.04 times over the 44a period, and
the area of construction land expanded by 4.29 times.

The increase in the number of building patches from the early stage demonstrates that the range of human
development of natural resources has expanded. In addition, the increase in the number of patches slowed in the
later period while the area continued to increase, indicating that the degree of urbanization had increased. The evalu-
ation results of the development level of new-type urbanization revealed that the spatial distribution of new-type
urbanization in different cities in Shanxi Province vary quite a bit, displaying a high level of urbanization in the central
region and gradually decreasing in the surrounding areas. The urbanization of Lvliang City is currently at a moderate
level (Z. G. Du, 2018).

5.2.2 | Remote sensing light brightness index change

Nighttime light intensity information and changes in light area can be used as indicators of the degree of urbanization
and human activities (Q. L. Zhang et al., 2016), thus providing objective evidence for the evolution of urbanization
and the footprint of human activities. This study extracted night light index and area information from 1992 to 2013
in the ZJM area (Table 6).

From 1992 to 2014, the sum of the lighting area and light index time series exhibited fluctuations followed by a
rising trend (Figure 10). The light brightness area was the smallest in 1992; there were brief decreases in 2001 and
2009; and the overall increase trend of light area was significant from 2010 to 2013. The sums of the lighting area
and light index in 2013 were 14.4 times and 26.9 times their respective 1992 values.

The literature shows that in 2000 in Linxian County and other areas northwest of Lvliang, the county urbaniza-
tion level was at its lowest. In 2010 the urbanization strategy was being vigorously promoted in Shanxi Province, and
by 2012, the overall urbanization level had been improved, especially in Lvliang City, with multiple county-level

urbanization core areas appearing, although Linxian County was still developing slowly (Yang & Zhao, 2015).

5.3 | LUCC analysis

LUCC is an intuitive manifestation of the joint action of human activities and natural factors. As the core content of
the International Geosphere-Biosphere Programme and the International Human Dimension Programme on Global
Environmental Change, LUCC is an important driving force behind the study of changes in the global ecological envi-
ronment (J. Y. Liu et al., 2018). Understanding the characteristics of LUCC to regulate human activities and achieve
rational land use is the only way to achieve regional sustainable development. This study performed change detec-
tion on the image classification results, obtained the transformation relationships between various land use types,
and converted the transformation area between each type into a Sankey diagram (Figure 11).

It can be seen from this figure that the conversion of land types mainly occurred between bare land, grassland,
forest, and built-up land. The areas of grassland and forest fluctuated dramatically. These areas reached their peaks
in 2018, accounting for 14.45% and 22.78% of the study area, respectively, with the transfer mainly from bare land.
From 1987 to 2007, bare land exhibited a slight growth trend, mainly from grassland. From 2009 to 2018, bare land
displayed a large decrease in area. During three stages, that is, 2009-2013, 2013-2017, and 2013-2018, 125.77,
141.24, and 142.2 km? were converted into grassland, respectively; at the same time, 134.85, 263.43, and
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FIGURE 8 Time series of vegetation cover change mapping in the study area. MODIS, Moderate-resolution
Imaging Spectroradiometer; NDVI, normalized difference vegetation index

197.66 km? were converted into forest, while the bare land area experienced a significant decrease of 33.89% during
the three-stage period. The transfer-in rate of built-up land within the 32a period 1987-2018 was greater than the
transfer-out rate, with the area increasing from 24.85 km? in 1987 to 77.06 km? in 2018, representing a net increase
of 52.26 km? and an annual growth rate of 2.55 km?/a. The water in the study area was mainly the Yellow River,
which exhibited a slight overall downward trend. With the exception of the frost periods in 1993, 2007, and 2009,
the cropland area displayed no significant changes during the study period.

5.4 | Climate change analysis

With the support of ArcGIS© software, the spatial interpolation datasets of the national average annual temperature
and annual precipitation from 1980 to 2015 were reprojected (WGS 1984 UTM Zone 49 N) and quantitatively calcu-
lated (Equation (4)) as the annual average temperature and precipitation in the study area (Figure 12).

The following can be discerned from this figure:
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FIGURE 9 Change trend of urban-rural residential construction land

From 1980 to 2015, the average annual temperature in the study area displayed a gradual upward trend, as seen
in Figure 12a.

The 36a average temperature was 9.9°C. The phased statistical results revealed that the average of the stages
from 1980 to 1989, 1990 to 1999, 2000 to 2009, and 2010 to 2015 were 9.2, 9.9, 10.3, and 10.2°C, respectively,
and the temperature increased significantly. It can be seen from the temperature histogram that 1996 was the inflec-
tion point of temperature changes. The temperatures in most of the previous 17 years were lower than the average,
and the temperatures continued to increase in the 19 years from 1997 to 2015, 15 years of which were above aver-
age. The minimum temperature of the 36a period occurred in 1984 (8.4°C). The year 1999 was the warmest during
the observation period, with an average annual temperature of 11.1°C. The tendency rate of temperature increase
during the 36a period was 0.42°C/10a.

From 1980 to 2015, the annual precipitation in the study area showed a fluctuating upward trend, as seen in
Figure 12b.

According to the fluctuating precipitation graph, the amplitude of fluctuations in the early period was small,
while the fluctuations in the middle and late periods increased significantly. The annual average precipitation during
the 36a period was 461.4 mm. There were 4 years with relatively obvious low values: 1997 (357.1 mm), 1986
(353.0 mm), 2005 (325.2 mm), and 1999 (303.2 mm). Meanwhile, there were 6 years with relatively high values:
2011 (577.2 mm), 2012 (577.9 mm), 1985 (579.9 mm), 1988 (595.1 mm), 2007 (595.2 mm), and 2009 (626.7 mm),
and there were more years of continuous flooding and drought. These findings are consistent with previous analysis
results (F. Li et al., 2015). Based on the segmented average plot of precipitation, the annual precipitation can be
divided into four stages. The phased statistical results revealed that the mean values of the phases from 1980 to
1987, 1988 to 1996, 1997 to 2006, and 2007 to 2015 were 439.6, 480.3, 399.3, and 530.9 mm, respectively, with
annual precipitation exhibiting an 8-10-year cycle. The tendency rate of precipitation increase during the 36a period
was 18.7 mm/10a.

Climate change is affected by many factors and is not simply a linear change process. The IPCC5 attributed the
most important influencing factors of climate change to human activities (Qin et al., 2014). Under the current general
trend of global warming, the ZJM area is extremely sensitive to climate change, and its tendency rate of temperature
increase is exceeding the rate of temperature rise calculated on a large spatial scale. For example, the global (land
and ocean) temperature increase rate was 0.117°C/10a (1951-2012) (IPCC, 2013), the average annual temperature
increase rate for China was 0.274°C/10a (1960-2016) (Q. Q. Du et al., 2018), and the average temperature increase
trend in Shanxi Province was 0.295°C/10a (1959-2008) (M. B. Wang & Fan, 2009).
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5.5 | Analysis of landscape fragmentation caused by roads

Landscape fragmentation is one of the main reasons for the decline of biodiversity and is mainly manifested as
affecting the genetic exchange between populations or communities, changing the geographical environment
required for species survival, reducing the living space required by species, and altering the structure of the ecosys-
tem (Hu et al., 2005; Van der Ree et al., 2011). Fragmentation is a typical landscape feature of the Loess Plateau

(Z. G. Li et al., 2005). The ZJM area not only is a ravine that has been carved by natural forces but has also been
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FIGURE 12 Trends of temperature and precipitation in the Zijin Mountain area from 1980 to 2015

fragmented by roads. According to the interpretation of 2018 remote sensing images, the roads in the ZJM area
mainly consist of expressways, trunk highways, railways, county roads, and township roads, as seen in Figure 13a. In
1975, the total road length was 156.2 km, and the road density was 0.07 km/km?; by 2018, the total road length
was 1470.5 km, and the road density reached 0.60 km/km?. Thus, during this 44a period road density increased by
8.57 times.

The direct effects of roads on the landscape are as follows: the number of patches increases and their area
decreases, their shapes tend to be irregular, the area of inland habitat shrinks, the corridor is cut off, and the patches
are isolated from each other. In addition, the impact of roads on the landscape is much greater than the roads them-
selves. With reference to the sensitivity ranges of wild animals and plants to different roads in road ecology, this
study used 1.5-km extrapolations of railways and expressways in the ZJM area as their biological impact zones
(M.Y. Lietal,2012; S. Li et al., 2018), and analogously used 1.5-km extrapolations of trunk highways (Benitez-Lopez
et al., 2010), 0.5-km extrapolations of county roads and residents outside (Boarman & Sazaki, 2006), and 0.25-km
extrapolations of rural roads as their biological impact zones (Feng et al., 2019). The different road impact zones
were then combined to form a human activity impact area. The roads sliced up the landscape matrix. The total buffer
area was 1243 km?, accounting for 51.13% of the total study area, with landscape occupying more than half of this
area, as seen in Figure 13b. Under the effect of the settlement buffer area, as seen in Figure 13c, the landscape
matrix was perforated. The road buffers were further superimposed and merged into a human activity impact area,
covering 1577 km? and accounting for 64.87% of the total study area, as seen in Figure 13d.

Under the action of human activities and natural factors, the landscape structure manifested as three spatial
types—perforated, dissected, and fragmented—with landscape patches exhibiting shrinkage or even attrition. Among
the matrix types of vegetation cover in the ZJM area, arid grassland is a major species. Calculated as a single ecologi-
cal type, the FN, of the current landscape patch is 0.84, and its fragmentation index is close to 1. Hence, the frag-
mentation degree of the ZJM landscape is extremely high (You et al., 2006).

5.6 | The socioeconomic value and innovation

The paper mainly made improvements and breakthroughs in the following aspects: The innovation of this paper can
be summarized as follow,

e Time resolution of the dataset was improved (the shortest time interval is 3 years) and the time scope of ecologi-

cal monitoring was increased from 1975 to 2018, up to 44 years. It not only enhance the reliability of the results,
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but also develop the expressiveness of the monitoring results on the long-term evolution feature in the ecological

environment.

e Based on landscape cutting caused by soil erosion on the Loess Plateau, the landscape fragmentation caused by

natural and human factors in ZJM area was evaluated from the perspectives of road ecology and landscape ecol-

ogy. And it was found that the superposition of roads aggravated the landscape fragmentation, which in turn lead

to the loss of wildlife habitat.

e Combining with the “2030 Sustainable Development Goals, SDGs,” the multi-factor comprehensive evaluation

index system for poverty-stricken mountain resources and environments has been constructed. It provides
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scientific support indicators for China to implement the “2030 Agenda” and to evaluate the effect of targeted

poverty alleviation in contiguous destitute areas.
Its socioeconomic values are mainly evident in the following:

e The ZJM area is located in Lvliang a concentrated destitute mountainous area, and this imbalance between eco-
nomic construction and ecological fragility will lead to a series of problems such as environmental pollution, habi-
tat loss or fragmentation, and productivity decline etc. Considering three objective ecological indicators (NDBI,
Night light index, and Landscape Index), we suggest that developing countries should pay attention to ecological
and environmental protection while pursuing poverty alleviation and establish a sustainable human settlement
environment in rural.

o Eradicating extreme poverty, one of three main aspects such as society, economy, and ecological environment
covered by the “2030 Agenda,” is the biggest challenge in developing countries and a necessary condition for
achieving sustainable development. Over-exploitation of natural resources will destroy the original ecological
structure. NDVI and LUCC were used to exhibited human-driven changes in the inland ecological structure and
quality and was used to provide scientific references for to realize the SDG-6 (water and sanitation), SDG-11 (cit-
ies and human settlements), SDG-13 (climate change), and SDG-15 (protection and restoration of sustainable ter-

restrial ecosystems).

Research results of this article will be helpful to evaluate the effect of targeted poverty alleviation of concen-
trated destitute typical area in China, and to understand the problems existing in the sustainable management of

regional natural resources.

6 | CONCLUSIONS AND POLICY IMPLICATIONS

Referring to the SDGs (SDG-6, SDG-11, SDG-13, and SDG-15) established by the framework of the 2030 Agenda,
this study used multi-temporal remote sensing technology to examine six time series indicators, that is, the NDBI,
light brightness index, NDVI, LUCC, climate change, and landscape index, with the belief that these six representa-
tive objective indicators could be used to reflect the vulnerability of the ecological environment in the ZJM area
(Table 7).

e The NDBI, night light index, and landscape index time series reflected the trend of increasing human activities
and urbanization. Over the 44a study period, the area of residential construction land increased at a moderate
level, the road density increased by 8.57 times, and the fragmentation of the landscape was extremely high due
to human activities. The 22a night light index increased markedly, and the urbanization trend grew. IBM SPSS©
correlation analysis revealed that the NDVI was significantly correlated with the night light index of human activ-
ity elements (the SPSS© Pearson correlation coefficient was r = .835, significance test p < .02).

e The climate change time series reflected the fact that the ZJM area has had a warm-humid tendency. In 36 years,
the temperature and precipitation increased considerably, and the number of consecutive extreme weather
events such as floods and droughts also increased (Rong et al., 2018). The SPSS®© correlation analysis indicated
that the NDVI was significantly correlated with changes in temperature factors (the SPSS© Pearson correlation
coefficient was r = .721, significance test p < .02).

e The NDVI and LUCC time series reflected regional surface vegetation cover and land use/cover status. Compared
with 1987, the average vegetation index in ZJM area increased moderately. The growth of forest land in 2018
was extremely high, and sustainable forest management was better. Dry grassland was progressing well, and the
area of bare land is continuing to decrease, and the degree of green exhibited an obvious improvement trend. This
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is in contrast to the “Grain for Green Program”, the “Three-North Shelterbelt Program”, and other national key
ecological protection and restoration projects, which are inseparable (J. J. Li et al., 2017; Q. Wang et al., 2014).

e Studies have shown that the ZJM area has been transformed from an original mountain grassland ecosystem to a
mountainous arid agricultural ecosystem. Human activities have modified the original ecological structure and
accelerated the fragmentation of habitats. Due to the twin nature of economic poverty and ecological fragility,
the decline in many ecological indicators of the ZJM area indirectly reflects the fact that humans still rely heavily

on basic natural resources, and their social economy remains a low-level mountain farming economy.

At present, the “ecological environmental protection and high-quality development of the Yellow River Basin”
has become a major national strategy (Xi, 2019; F. Wang et al., 2020). Facing the dire combination of serious soil ero-
sion, a fragile ecological environment, ecosystem degradation, and a concentration of multiple poor counties, to
ensure the sustainable use of natural resources and the harmony between man and the natural landscape, this study

puts forward the following recommendations:

e Lvliang Mountain is located in a poverty-stricken mountainous area far inland on the Loess Plateau in the middle
and lower reaches of the Yellow River Basin. This region still needs to cherish natural resources, while striving to
continuously improve its urbanization level and greatly improve its accessibility, thereby making full use of tour-
ism resources such as the natural scenery along the Yellow River, the distinctive rural folklore of the Loess
Plateau, and its particular type of agriculture to embark down a unique rural revitalization road.

e The connectivity of the information structure between nature, humanities, and the economy in the basin must be
established to avoid the trend of “ecological isolation, cultural isolation, and economic isolation.”

o Comprehensive multi-perspective and multi-disciplinary integration technology should be developed, natural and
human environment evolution should be optimized and innovated, and evaluation and prediction models should
be created and utilized, all to achieve harmony between man and the natural landscape, as well as sustainable

development.
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