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Abstract: Ecosystem restoration has been widely concerned with the damage and degradation of
ecosystems worldwide. Scientific and reasonable formulations of ecological restoration zoning is
the basis for the formulation of an ecological restoration plan. In this study, a restoration zoning
index system was proposed to comprehensively consider the ecological problems of ecosystems. The
linear weighted function method was used to construct the ecological restoration index (ERI) as an
important index of zoning. The research showed that: (1) the ecological restoration zones of the
Qilian Mountains can be divided into eight basins, namely the headwaters of the Datong River Basin,
the Danghe-Dahaerteng River Basin, the northern confluence area of the Qinghai Lake, the upper
Shule River to middle Heihe River, the Oasis Agricultural Area in the northern foothills of the Qilian
Mountain, the Huangshui Basin Valley, Aksay (corridor region of the western Hexi Basin), and the
northeastern Tsaidam Basin; (2) the restoration index of the eight ecological restoration zones of the
Qilian Mountains was between 0.34-0.8, with an average of 0.61 (the smaller the index, the more
prominent the comprehensive ecological problem representing the regional mountains, rivers, forests,
cultivated lands, lakes, and grasslands, and thus the greater the need to implement comprehensive
ecological protection and restoration projects); and (3) the ecological problems of different ecological
zones are frequently numerous, and often show the phenomenon of multiple overlapping ecological

problems in the same zone.

Keywords: land use zoning; ecosystem system; ecological restoration; Qilian Mountains; China

1. Introduction

Ecosystems as a whole connect biological organisms and the inorganic environment
through a variety of ecological functions, which feature comprehensive, holistic, and
systematic characteristics. The unreasonable use of natural resources has caused many
ecological problems, such as soil erosion, land desertification, and the degradation of forest
and grass vegetation. Many ecological problems have caused widespread concern for the
restoration of ecosystems. For the formulation of ecological restoration plans in a scientific
and reasonable manner, it is necessary to comprehensively analyze the problems existing in
ecosystems and identify the key restoration areas. From this point of view, the demarcation
of ecological restoration zoning is of great significance.
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The earliest studies of ecosystem zoning can be traced back to the zoning studies of
natural ecosystems. In the early 19th century, the isothermal graph of the German geogra-
pher A.V. Humboldt marked the beginning of the study of natural ecological zoning [1].
On this basis, the concept of ecological zones and their divisions, as proposed by Merriam,
became the prototype of ecological divisions [2]. Since then, ecologists have continued to
research the principles of ecological divisions. Ecological zoning during this period mainly
considered the natural factors affecting the ecosystem, and the functional factors of the
ecosystem itself were less prioritized. In the 1980s, ecosystem functional divisions were
created, which were widely used for large-scale regional natural resource management
by the Environmental Cooperation Commission [3], the World Wildlife Fund [4], and the
Food and Agriculture Organization of the United Nations. In the initial stage of ecosys-
tem functional zoning, the research areas were mainly considered on a large or medium
scale [5,6], as in the case of the construction of large-scale ecosystem zoning systems in
Europe, North America, and Africa [7,8]. Since then, researchers have focused more on the
zoning of single ecosystems, especially in water environment ecosystems [9-11].

In recent years, the deterioration of ecosystems has become an important factor
restricting socio-economic development [12,13], and the study of the restoration zoning
of ecosystems has received increasing attention. For example, Li et al. [14] took China’s
National Ocean Park, in the Haizhou Bay National Ocean Park, as their research area.
Based on the evaluation of the ecological environment of the Haizhou Bay Reserve, the
ecosystem health of the island’s terrestrial ecosystem, intertidal ecosystem, and shallow sea
ecosystem were assessed, and the ecosystem restoration zones were divided according to a
vulnerability assessment. Yang et al. [15], using the ecological compensation zoning index
of cultivated lands and the financial payment model of cultivated lands’ ecology, divided
the cultivated lands’ ecological compensation areas in Wuhan. Wang et al. [16], taking the
Tarbagatay Basin in the Xinjiang province as an example, constructed an evaluation index
system from three aspects of the suitability of ecological protection, urban development,
and agricultural production, and divided the ecological, agricultural, and urban space
regions of the Tarbagatay Basin.

For the zoning research method, the current commonly used methods mainly include
main component analysis, index partition, empirical partition, graph cascade adding, and
cluster partition. In recent years, due to the rapid development of computer and remote
sensing technologies, the means of ecological zoning research has become more and more
advanced. The quantity of regional research is increasing due to software and technologies
such as ArcGIS, SPSS, Matlab, and neural networks. For example, Wang et al. [17], using the
Sunan Yugu Autonomous County in the Qilian Mountain District as an example, discussed
ecological space demarcation and zoning methods based on the ArcGIS platform. Some
scholars [18,19] have also carried out zoning based on ArcGIS technologies based on the
analysis of regional environmental statuses and spatial variations in ecological sensitivity.
In another example, Jing et al. [20] proposed a regional-scale ecological protection zone
division method based on an improved artificial bee colony.

Overall, the zoning of the ecosystem underwent three stages: natural-element-based
zoning, functional-based zoning, and ecological-restoration-oriented zoning. Given the
urgency for ecosystem restoration, research on ecosystem restoration zoning has received
increasing attention in recent years. However, in this study, there were some problems both
in the concept of zoning and its indicators. For example, how ecosystem zoning changes
from the partitioning of a single ecosystem component into an integrated ecosystem
restoration partition is worthy of attention [21].

In summary, research on ecosystem zoning has entered a new era in which more
attention is being given to ecosystem restoration zoning. However, due to the inadequacy
of zoning concepts and index system construction, there are still great challenges related
to ecosystem restoration zoning. In light of this, taking the Qilian Mountains of China as
an example, the ecological restoration zone of the Qilian Mountains was developed based
on the concept of the integrated protection and restoration of mountains, rivers, forests,
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cultivated lands, lakes, and grasslands. Specifically, the research goals of this paper were
to: (1) reveal the land use restoration of the Qilian Mountains in recent years; (2) put forth
a new set of ecological restoration zone index systems based on the concept of the life
communities of mountains, rivers, forests, cultivated lands, lakes, and grasslands; and
(3) to delimit the ecological restoration zones of the Qilian Mountains scientifically and
reasonably. The paper is structured as follows:

- InSection 2, we introduce the study area and data sources.

- InSection 3, we introduce the methods used for ecological restoration zoning.

- In Section 4, we document the key areas of ecological restoration and their ecological
problems.

- The limitations and future research prospects are discussed in Section 5.

- The conclusions are then presented in Section 6.

2. Study Area and Data Sources
2.1. Study Area

The Qilian Mountain area is one of the main mountainous provinces in China (Figure 1),
situated in the northeast of the Qinghai Province and the western border of the Gansu
Province (northeast of the Qinghai-Tibet Plateau) between 94°20'-103° E, 36-40° N, with
a total area of 237,000 km?. The annual average temperature in the study area is 1.4 °C
below zero to 9.6 °C, and the total amount of solar radiation is 5916-15,000 MJ/m?. The
annual average precipitation is between 0-700 mm. The Qilian Mountain area consists of
a number of northwest-southeast parallel mountains and wide valleys. The mountains
mainly include the Daxue Mountain, Tuolai Mountain, Tuolai South Mountain, Yema South
Mountain, Shule South Mountain, Danghe South Mountain, Tuergen Daban Mountain,
Chai Damu Mountain, and Zongwulong Mountain. The Qilian Mountains have an average
elevation of 4000-4500 m, and many peaks are over 5000 m.
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Figure 1. Geographic location of the Qilian Mountains in China.

2.2. Data Sources

The data used in this paper mainly include soil data, land use data, desertification
data, cultivated land quality data, and statistical data. Among them, the soil organic matter
content and soil texture data were derived from the Harmonised World Soil Database
(HWSD) [22]. Land use data come from remote sensing monitoring data of land uses in
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China in 2015 [23]. In this monitoring data, land use types include six primary types and
twenty-four secondary types. The desertification data were obtained from the 1:100,000
Chinese Desert Gobi Distribution Map for 2000 [24]. The cultivated land quality data come
from a 1:1 million land resource map [25]. The assessment of the change status of forest
grassland vegetation is based on the 16-day synthetic NDVI products (MYD13A2 and
MOD13A2) of MODIS from 2001-2015 with a spatial resolution of 1000 m [26]. The animal
husbandry statistics at the county level come from the provincial statistical yearbooks, and
the corresponding rural income per capita income come from the Gansu Development
Yearbook for 2015 [27] and the Qinghai Statistical Yearbook for 2015 [28]. The mine
distribution density was obtained from a large network crawler data search. Precipitation
data were derived from the China Ground Climate Data Daily Value Dataset (V3.0) [29],
and the spatial distribution was obtained by interpolation.

3. Research Methods
3.1. Index System Construction

The ecological development, overall protection, and comprehensive governance of all
ecological and environmental elements are required for the ecological restoration of the
“life community” of mountains, rivers, forests, cultivated lands, lakes, and grasslands. The
demarcation of the ecological restoration zones of the Qilian Mountains aims to consider
the comprehensive ecological problems related to the ecological factors of mountains,
rivers, forests, cultivated lands, lakes, and grasslands in the Qilian Mountains. These
comprehensive ecological problems include soil erosion, forest and grass quality degrada-
tion, cultivated land quality degradation, and water and soil erosion caused by mining,
etc. We constructed the regional evaluation index system of ecological restoration in the
Qilian Mountains according to the principles of scientific nature, systems, correlations,
and operability; eight evaluation indicators were considered, including the amount of soil
conservation, mine distribution densities, rainstorm days, annual precipitation, interannual
change rates of forestry area vegetation, agricultural production potential, interannual
change rates of grassland vegetation, and rural income per capita (Table 1).

Table 1. Diagnosis index system of mountains, forestry, fields, lakes, and grassland ecology systems in the Qilian Mountains.

Type

Ecological Issues

Indicators Meaning of the Index

Mountain

Application of land use and management
methods to prevent soil erosion by human or
natural factors to maintain the total amount

of natural soil functions

Soil erosion Amount of soil conservation

Reference to the number of mines within a

Mining Mine distribution density . .
certain geographical space range

Water

Extreme precipitation

Number of days with daily precipitation

Rainstorm days exceeding 50 mm

Uneven precipitation

The sum of the average monthly
precipitation in the year represents the
annual precipitation

distribution Annual precipitation

Forestry areas

Forest is degraded

Poor forest score quality

Interannual change rate of
forest vegetation

Changes of forest vegetation within one year

Agricultural production

Agricultural production potential is the

Cultivated land Low farm quality otential maximum possible output to be achieved
P annually on lands per unit of land
Grassland Meadows are degraded Interannual change r.ate of Changes of grassland vegetation within
grassland vegetation one year
People Poverty situation Rural per capita income Average income of rural individuals within

one year
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Among them, soil erosion and mining are the main ecological problems related to
mountain elements. The diagnostic index of the ecological problems of soil erosion is
soil conservation [30], and the diagnostic index of ecological problems in mining is the
mine distribution density [31]. The imbalance of extreme precipitation and precipitation
distribution is an ecological problem related to water [32]. The diagnostic index of extreme
precipitation is represented by rainstorm days, and the diagnostic index of unbalanced pre-
cipitation distribution is the spatialized annual precipitation. The degradation of forested
areas is an ecological problem related to forests, and its diagnostic index is the interannual
change rate of forest land vegetation [33]. The quality of cultivated lands is an ecological
problem related to cultivated lands, and its diagnostic index is its agricultural production
potential [34]. Grassland degradation is an ecological problem related to grasslands, and
its diagnosis index is the interannual change rate of grassland vegetation [33]. Poverty
status is a human-related problem. Although poverty may not be an ecological problem,
poverty is closely related to the emergence of ecological problems. The diagnostic index of
poverty status selection is the rural per capita income [35]. The specific calculation process
of indicators is shown in Appendix A.

3.2. Ecological Restoration Index (ERI) of the Qilian Mountains

We used the linear weighted function method to construct the regional ecological
restoration index (ERI) and analyze the spatial differences by using the spatial clustering
and grouping method. The specific steps are as follows:

First, with different units, meanings, and contents, there are differences in data dimen-
sions and trend directions. Therefore, each index must be standardized. The formula was
as follows [36]:

. xjj — X
Positive index : x}; = ——————
] ymax _ ymin
Amax _ .
o i ij
Negative index : x|, = ————
] ymax _ ,min

Second, according to the number of ecological factors of mountains, rivers, forests,
cultivated lands, lakes, grasslands, and people involved in various ecological indicators,
the weight of various ecological indicators was determined. In other words, if this index
involved only one ecological problem related to mountains, rivers, forests, cultivated lands,
lakes, and grasslands, the value was 1; if two ecological problems are involved, the value
was 2; and so on. Then, the score of each indicator was expressed as a percentage (Table 2)
representing the indicator weight.

Table 2. Weight of the ecological restoration evaluation index in the Qilian Mountains.

Evaluation Indicators Ecological Restoration Object Indicator Weight
Amount of soil conservation Mountains; rivers; and forests 0.3
Mine distribution density Mountains 0.1
Extreme precipitation Rivers 0.1
Annual precipitation Rivers 0.1
Interannual Chang§ rate of Forests 01

forest vegetation
Interannual change r'ate of Grasslands 01
grassland vegetation

Cultivated land grade Cultivated lands 0.1
Rural income per capita People 0.1

Finally, based on the constructed ERI system and weight, the linear weighted function
method was used to measure the ERI. The comprehensive situation of the ecological
problems of regional mountains, rivers, forests, cultivated lands, lakes, and grasslands
can be reflected through this indicator. The overall rule is that the smaller the ERI, the



Int. J. Environ. Res. Public Health 2021, 18, 12417 6 of 18

more prominent the comprehensive ecological problems representing mountains, rivers,
forests, cultivated lands, lakes, and grasslands, and the more necessary it is to carry out
comprehensive ecological restoration projects. The calculation formula was as follows [37]:

ERI = w; X E; (2)

n
i=1

where “E;” is the value of the i-th ecological indicator and “w;” is the weight of the i-th
ecological indicator.

3.3. Division of Basic Evaluation Units Based on River Basin Division

From the perspective of systematic restoration, we extracted small basins in the
study area as the basic units for the evaluation of ecological restoration zoning. Basin
extraction, or catchment extraction, is the joint determination of its spatial scope based on
the river’s flow direction and outlet. From a hydrology and geography perspective, its
region must correspond to that of the river. Therefore, rivers must be designated before the
watershed extraction. River data can be extracted from digital elevation model (DEM) data
or converted from existing vector rivers. We used a slope runoff simulation algorithm to
realize automatic water system extraction and river basin segmentation. The main steps
were as follows:

First, we determined the direction of the water flow of the grid unit. After preprocess-
ing the DEM data, the flow direction was calculated. We then extracted the depression,
analyzed the threshold of the depression, and set the threshold to fill the DEM data. This
step was repeated until all existing depressions in the DEM were eliminated to lay the basis
for the hydrological analysis.

Second, the drainage basin was calculated, and the flow accumulation matrix was
determined by the flow direction. Next, the upstream catchment area of each grid unit was
obtained. Then, the appropriate confluence threshold was determined. The confluence
threshold value needed to be measured repeatedly, and the threshold value was inversely
proportional to the number of river basins. The water exchange area extraction was
conducted based on the flow direction. After determining the basin outlet grid, all grids
to the outlet could be searched according to the flow direction matrix to obtain the basin
boundary and that of the sub-basin in order for basin segmentation to be realized.

Finally, the Qilian Mountain area was divided into 108 small river basins (Figure 2).

N

A

[_1 Small watershed boundary
Elevation (m)

5800 1200 [ —

Figure 2. Small watershed division of the Qilian Mountains.
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4. Results
4.1. Land Use Change in the Qilian Mountains from 1990-2015

The cultivated lands in the Qilian Mountains are mainly distributed between Ganzhou,
Minle, Yongchang, Shandan, and Gulang in the northeast and Huzhu, Ledu, and Minle
in the southeast, and most of them are dry lands (Figure 3). The forestry areas are mainly
distributed in Qilian and Menyuan in the central region. Grasslands and unused lands
collectively account for approximately 80% of the study area, mainly at high elevations.
Among them, the grasslands are mainly distributed in the center of the study area, while
the unused lands are distributed in the center and the northeast. The water areas comprise
the smallest type in the research area, featuring blocks distributed in the middle and south
of the study area. The built-up areas are scattered in the eastern and southeastern regions,
which also correspond to the distribution areas of cultivated lands.

[ Cultivated lands
I Forests
I Shrub forests
™ Open forests
[ Other forests
I High cover degree grasslands
I Middle cover degree grasslands
[ ILow cover degree grasslands
Il Other waters
0 s it S0 Km Il Permanent glacier snowfield
I TN N T T S B | :

Il Built-up areas
[ ] Unused lands

Figure 3. Types of land use in the Qilian Mountains in 1990 (a), 2000 (b), 2005 (c), 2010 (d), and
2015 (e).

From 1990-2015, the cultivated lands, grasslands, and built-up areas of the Qilian
Mountains generally increased (Figure 4), while forestry areas, water bodies, and unused
lands generally declined. The cultivated lands in the Qilian Mountains increased by 0.31%
from 1990 (5.8%) to 2015 (6.11%). Of these cultivated lands, 0.79% were converted into
other land use types, and the proportion of converted to cultivated lands was 1.11%.
In terms of spatial change, the area of cultivated lands is mainly part of Ganzhou and
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Sunan; meanwhile, in the southeast of Sunan, Menyuan, Tianzhu, and Yongdeng, a large
proportion of the cultivated lands has been transformed into grasslands and built-up areas.
As with cultivated lands, the area of grasslands has also shown an increasing trend over
the years, increasing by 1.28% from 1990 (36.85%) to 2015 (38.13%). The Qilian Mountain
area is mainly dominated by medium- and low-cover grasslands. From 1990-2015, the
conversion of high-, medium-, and low-complexity grasslands to other land use types was
0.71%, 2.12%, and 2.72%, respectively. The proportions of conversion to high-, medium-,
and low-complexity grasslands were 0.015%, 1.05%, and 1.84%, respectively. Spatially,
the grasslands increased in the northeast and southeast of the Qilian Mountains, and the
main reason for the decrease in grasslands was that the grasslands were transformed into
unused lands; however, because the proportion was small, the spatial performance was

not obvious.
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Figure 4. Land use transfer matrix in the Qilian Mountains from 1990 to 2015.

The built-up areas increased from 0.36% in 1990 to 0.54% in 2015, with an increase of
0.18%. In terms of spatial change, in the southeast region of the research area, the built-up
areas showed a large increasing trend. In contrast, the forestry areas decreased from 6.12%
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in 1990 to 6.10% in 2015, with a decrease of 0.02%. Of this latest percentage, the forestry
areas, scrubs, sparse, and other land use types made up 0.18%, 0.48%, 0.22%, and 0.01% of
the total, respectively. The proportion of lands converted from other lands into forested,
shrub lands, open woodlands, and other wooded lands accounted for 0.19%, 0.46%, 0.21%,
and 0.00% of the total, respectively. Spatially, the areas with forests were basically converted
into grasslands, so the areas where grasslands increased just happened to be the areas of
forest reduction. The water area increased by 0.20%, from 1.75% in 1990 to 1.95% in 2015.
Within these areas, the conversion from water to other land types was 0.17%, and 3.94%
from other land types into water bodies. Due to the impact of global warming, the Qilian
Mountain glaciers have experienced a large-scale retreat. The glaciers are in a state of
material loss, generally receding and thinning. Coupled with the reduction in wetlands, the
waters generally show a downward trend. Spatially, the areas with water decreased mainly
in Tianjun, Gangcha, and Qilian. The proportion of unused lands decreased from 48.6%
in 1990 to 46.38% in 2015, with a total decrease of 2.22%. The proportion of unused lands
converted to other land use types was 4.43%, and that of other land use types converted to
unused lands was 2.21%. The unused reductions were concentrated in large areas in the
northeastern part of the study area, including in places such as Aksai, Tianjun, Delingha,
and Sunan.

4.2. Key Areas of Ecological Restoration in the Qilian Mountains

Considering the eight factors of soil conservation, mine distribution density, extreme
precipitation, annual precipitation, the annual change rates of areas with forestry vegeta-
tion and poverty level, quality of cultivated lands, and annual change rates of grassland
vegetation and poverty level, and using the comprehensive evaluation system of ecological
restoration, we calculated the comprehensive ERI of mountains, forests, cultivated land,
lakes, and grasslands in the planning area (Figure 5). The index reflects the degree neces-
sary to implement the comprehensive ecological restoration of mountains, rivers, forests,
cultivated lands, lakes, and grasslands. The average of the ecological restoration indicator
in the Qilian Mountains was 0.57, and the average in each basin ranged between 0.34 and
0.80. It can be seen that the ERI of the Qilian Mountain area showed a law of decreasing
from the edges to inland.

T T T
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93°0f0"E 96°00"E. U‘)“("ll"k l()ZQfJ'(J" E
i 1

36 ?'l)"N

Figure 5. Ecological restoration index (ERI) of the Qilian Mountains.
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The ERI is an index that measures the key areas of ecological restoration. The greater
the value, the greater the need to carry out ecological restoration work in the ecological area.
It can be seen that the ERI in the southeast and southwest of the study area is relatively
large. This means that there is an urgent need for ecological restoration in these areas.

4.3. Ecological Restoration Zoning of the Qilian Mountains

Due to the different natural resource endowments of the Qilian Mountains and the
strong spatial heterogeneity of various ecological restoration indicators, the use of ecological
restoration zones divided by the comprehensive ERI cannot further reflect the differences
in the ecological restoration directions in each district, and it is not conducive to the
appropriate measures. Therefore, this paper used an ArcGIS cluster analysis tool based on
the calculation results of eight ecological restoration indicators and ERIs in each district,
and divided them into two level divisions in accordance with the principle of natural
division order.

Finally, the Qilian Mountain area was divided into three primary districts and eight
secondary districts. The first division included the forests and grassland water conservation
areas, the ecological restoration areas of cultivated lands, and ecological control areas of
deserted grassland (Table 3). The secondary ecological restoration zone included the
headwaters of the Datong River Basin, the Danghe-Dahaerteng River Basin, the northern
confluence area of the Qinghai Lake, the upper Shule River to middle Heihe River, the
Oasis Agricultural Area at the northern foothills of the Qilian Mountains, the Huangshui
Basin Valley, Aksay (corridor region of the western Hexi Basin), and the northeastern
Tsaidam Basin (Table 3 and Figure 6).

91"6'0”]". 96"!#‘0“]". 99°+O"F IOQ"})‘D"F

|
Ecological restoration di\‘p‘siun
I I
—— | l:l Zoning 1 |
7\—RHRR ‘‘‘‘‘ (f l:| Zoning 2 "
‘“‘r-%mring%‘ur —————— =
|
|
|
|
|

| - Zoning 4

JI |:| Zoning 5

i .

j‘ | ‘} l:l Zoning 6 |
/ | I l:l Zoning 7 |
’J l:| Zoning 8

z
.
2 —+
z
[ ——dm
* |
L N T B C R
L |
o | [
93°0/0"T2 96°q0“F 99‘(2;(!"]'. 10220'0"T

Figure 6. Ecological restoration zoning of the Qilian Mountains. Zoning 1 represents the headwaters
of the Datong River Basin; Zoning 2 represents the Danghe-Dahaerteng River Basin; Zoning 3 repre-
sents Aksay (corridor region of the western Hexi Basin); Zoning 4 represents the Oasis Agricultural
Area at the northern foothills of the Qilian Mountains; Zoning 5 represents the northern confluence
area of the Qinghai Lake; Zoning 6 represents the upper Shule River to middle Heihe River; Zoning 7
represents the Huangshui Basin Valley; and Zoning 8 represents the northeastern Tsaidam Basin.
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Table 3. Ecological restoration zones of the Qilian Mountains planning area.

Regional Area: Ten
Thousand (km?)

Ecological

Area Ratio (%) Restoration Index

First-Level Division Secondary Division

1—headwaters of the Datong

River Basin 2.75 11.61 0.54
2—Danghe-Dahaerteng
I—forests’ and grasslands’ River Basin 2.80 11.83 0.65
water conservation areas 5—northern confluence area of
the Qinghai Lake 3.28 13.84 0.62
6—upper Shule River to middle
Heihe River 3.62 15.26 0.50
4—OQasis Agricultural Area at
[I—cultivated lands” and the northern foothills of the 3.43 14.45 0.68
grasslands ecological Qilian Mountains
restoration areas 7—Huangshui Basin Valley 0.66 2.77 0.73
III—deserted grasslands’ 3—~Aksay, corridor freston of the 6.11 25.78 0.56
ecological control area western Hexi Basin
8 8—northeastern Tsaidam Basin 1.06 4.46 0.57

4.4. Ecological Problems of Different Ecological Restoration Zones

Combined with the land use data, we further compared the differences of various
ecological restoration indicators in different divisions (Figure 7) and discussed the main
ecological problems of each ecological restoration division.
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Figure 7. Ecological indicators of different ecological restoration zones of the Qilian Mountains. “AEZ” represents the
agricultural production potential; “EP” represents extreme precipitation; “FS” represents the interannual change rate of the
normalized difference vegetation index (NDVI) in forestry areas’ vegetation; “Rural per capita income” represents regional
GDP; “GS” represents the NDVI interannual change rate of grassland vegetation; “MD” represents the mine distribution
density; “PRE” represents the total annual precipitation; “SE” represents the soil erosion volume; Zoning 1 represents the
headwaters of the Datong River Basin; Zoning 2 represents the Danghe-Dahaerteng River Basin; Zoning 3 represents Aksay
(corridor region of the western Hexi Basin); Zoning 4 represents the Oasis Agricultural Area at the northern foothills of
Qilian Mountain; Zoning 5 represents the northern confluence area of the Qinghai Lake; Zoning 6 represents the upper Shule
River to middle Heihe River; Zoning 7 represents the Huangshui Basin Valley; and Zoning 8 represents the northeastern
Tsaidam Basin.
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The headwaters of the Datong River Basin are located in the eastern section of the
Qilian Mountains, and they are also the source of the Heihe, Shiyang River, and other river
basins in the Qinghai and Gansu provinces. The main ecological functions of the area
are water conservation and soil conservation. The district includes four counties: Qilian,
Sunan, Menyuan, and Datong. The area covers 2.75 x 104 km?, accounting for 11.61% of
the total regional area. Compared with other zones, the area is seriously affected by extreme
precipitation, with greater extreme precipitation days and a large mine density (Figure 7).
The interannual growth of forest vegetation is weak, and the production potential of
cultivated land resources is very low.

The Danghe-Dahaerteng River Basin is located in the high mountains in the western
section of the Qilian Mountains, including the three sub-basins of the Danghe River, Da-
haerteng River, and Yema River. The counties comprising this area are Delingha, Subei, and
Aksay. The main ecological functions of the area are water conservation, soil conservation,
windbreaks, and sand fixation. The basin covers an area of 2.80 x 104 km?, accounting for
11.86% of the total regional area. The main ecological problem is the uneven distribution
of water resources (Figure 7), showing a decline from east to west; such a low production
potential further increases poverty.

The northern part of Aksay (corridor region of the western Hexi Basin) is the western
section of the Hexi Corridor, with the Aksay Basin to its south. The two counties in this
region Subei and Aksay. The main ecological functions of the area are windbreaks and sand
fixation, as well as water—soil conservation. The area measures 6.11 x 10* km?, accounting
for 25.78% of the total regional area. The biggest natural problem of this zone compared to
others is the sparse local precipitation and its uneven distribution (Figure 7). Droughts, less
rain, and serious wind erosion have become the leading causes for its restricted ecological
functions, and are also the source of other problems.

The Oasis Agricultural Area at the northern foothills of the Qilian Mountains is the
core area of human activity and economic development in the Gansu Province. The main
functions of the area are water and soil conservation, in addition to food production. The
region covers an area of 3.43 x 104 km?, accounting for 14.45% of the total regional area.
Compared with other subdivisions, the development of agriculture, animal husbandry, and
mineral resources is intense; ecological problems such as overgrazing, vegetation degra-
dation, soil erosion, and desertification are thus prominent, and the relationship between
humans and the natural environment has gradually become unbalanced (Figure 7).

The northern confluence area of the Qinghai Lake is located in the middle of the Qilian
Mountains, centering around the Qinghai Lake Basin, and reaching the Shule Nanshan
Mountain in the north and the Qinghai Nanshan one in the south. The main functions
of the area are water and soil conservation. The area is 3.28 x 104 km?, accounting for
13.84% of the total regional area. Compared with other divisions, the main ecological
problems in the area include serious mountain soil erosion (Figure 7), as seen in the Buha
River Basin and the southern foot of the Datong Mountain, thus often causing landslides
and debris flows. Vegetation degradations in the northeast of the Qinghai Lake have also
made the local microclimates unstable or even caused them to deteriorate. Finally, less
cultivated land resources with a low production potential and poverty have destroyed the
ecological environment.

The upper Shule River to middle Heihe River is located in the middle of the Qilian
Mountains, south of the Shule Henan Mountain and north of the Hexi Corridor, including
the upper reaches of the Shule River and the middle reaches of the Heihe River. The main
functions of the area are water and soil conservation. The area covers 3.62 x 104 km?,
accounting for 15.26% of the total regional area. Compared with other divisions, the soil
development is poor, both the quantity and quality of cultivated lands are rather low, and
the poverty index is high (Figure 7).

The Huangshui Basin Valley is located in the river valley area of the Huangshui River
Basin, and is its central area of human activity and economic development. The main
functions of the area are soil conservation and food supply. The region covers an area of
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0.66 x 104 km?, accounting for 2.77% of the total regional area. The area is adjacent to the
Oasis Agricultural Area at the northern foothills of the Qilian Mountains, but the current
agricultural productivity and production potential of the area are significantly lower than
those of the latter, and the problem of soil erosion is more prominent (Figure 7).

The northeast Tsaidam Basin is situated on the northeast edge of the Tsaidam Basin,
with the Zongwu Mountain in the north. The main functions of the area are water and
soil conservation. The area is 1.06 x 104 km?, accounting for 4.46% of the total regional
area. The subdivision has similar natural conditions to Aksay (corridor region of the
western Hexi Basin) and is spatially divided into different ecological restoration zones
due to discontinuity. The ecological problems in this zone mainly include less droughts
and sparse vegetation, which indicate a fragile natural environment, a low agricultural
production potential, and the fact that agricultural and animal husbandry production
operations are extensive (Figure 7).

5. Discussion

In previous studies, many scholars have carried out ecological vulnerability [38] and
ecological security assessments [39], as well as other related studies to provide decision-
making guidelines based on ecological protection and restoration by identifying important
and key areas of ecological restoration [40]. The commonly used assessment models for
ecosystem vulnerability studies are the pressure-state-response (PSR) [41] and the exposure-
sensitive-adaptive (ESA) models [42]. Ecological security pattern studies are based on
ecological networks, especially those from Europe [43] and the United States [44]. The
framework of ecological security patterns comprises the “ecological sources-ecological resis-
tance surfaces-ecological corridors” [45]. Compared with these studies, China’s ecological
restoration projects emphasize the combination of important ecological areas (mountains,
rivers, forests, farmlands, lakes, grasslands, etc.). Ecological restoration involves paying
more attention to the systematic restoration of total regional elements to ensure the integrity
of ecosystem structures and functions. China’s 13th five-year plan puts forward the concept
that “mountains, rivers, forests, fields, lakes, and grasslands are a community of life” in
ecological restoration. Therefore, for ecological restoration zoning, the ecosystem as a
community must also be comprehensively diagnosed. Based on this, this study proposed a
comprehensive diagnosis method for identifying ecological problems, and a comprehen-
sive restoration zoning method based on different ecosystem problems, which can provide
better technical support for the implementation of ecological restoration projects.

In this study, some key indicators were selected to characterize each ecosystem ele-
ment. For example, the assessment of soil conservation was used to describe “mountains,
water, and forests” in the ecosystem elements of the Qilian Mountains. However, there
were some limitations and uncertainties. Firstly, considering the natural environmental
conditions and special ecological and environmental problems in different regions, the
different needs for ecological services and ecological restoration will affect the selection of
various ecosystem element indicators. Therefore, the scientific index selection method for
evaluating ecological restoration needs to be further explored. Secondly, the index weight
assignment involved the difficulty of constructing the ERI. The application of inappropriate
methods may thus have directly affected the distribution characteristics of the evaluation
results and significantly increased the uncertainty. Although the method of determining in-
dex weights in this study could better reflect the extent to which various indicators involve
ecological problems, the weight value will be influenced by subjective selected indicators.
Further ecological restoration zoning could be studied by combining different index weight
determination methods. For example, research has shown that spatial principal component
analysis has advantages in ecosystem vulnerability assessment [46]. It can objectively
determine the weight of the evaluation indicators and avoid subjective arbitrariness, but
there is a certain problem of information loss.

When planning ecological restoration projects, the allocation of restoration areas and
the cost of restoration measures are two major problems faced by decision makers, which
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can be further studied by considering the construction of appropriate ecological restoration
development frameworks. For example, Zhang et al. [47] planned wetland restoration
projects based on the framework of interval fuzzy linear programming, which can deal
with the trade-off between eco-environmental benefits and economic costs. Under the
background of global climate change, ecosystem restoration should not only combine the
characteristics of the ecosystem itself, but also consider the impact of climate change [48].
In addition, with the development and application of remote sensing (RS), geographic
information systems (GIS), global positioning systems (GPS), and other technologies,
ecological restoration zoning results have become more dynamic. In future research, it is
also worth paying attention to carrying out the real-time diagnosis of ecological restoration
problems and make timely policy adjustments by using remote sensing image data with
high spatial and temporal resolutions.

6. Conclusions

Based on the land use data of the resources and environmental data centers of the
Chinese Academy of Sciences, the cultivated land quality data of the 1:1 million land
resource map, the NDVI data of MODIS, and the big data search of the network crawler, the
ecological problems related to the mountains, water, forests, fields, lakes, and grasslands
of the Qilian Mountains were systematically analyzed. The study found that mining
exploration and hydropower projects have been the main reasons for the ecological damage
of the Qilian Mountains for nearly half a century. From 1990-2015, the land use of the
Qilian Mountains changed significantly: the forestry and wetland areas diminished while
the proportion of grassland areas increased. From 1990-2015, cultivated lands and built-up
areas expanded significantly. The high-coverage grasslands, low-coverage grasslands, and
other woodlands showed increasing trends. The shrub forestry areas, medium-coverage
grasslands, sparse forests, unused lands, and water areas decreased significantly.

Here, we have presented the index of the Qilian Mountains’ ERI, from which we
identified the key areas of the latter’s ecological restoration and distinguished different
restoration zones. The ERIs in the southeast and southwest of the research area were
relatively large, implying that an urgent restoration of ecological protection is needed in
these areas. Finally, we divided the study area into three primary ecological restoration
zones and eight secondary ecological restoration zones. The average restoration index of the
eight ecological restoration zones was 0.61, and the partition restoration index was between
0.34 and 0.8. Of these indices, the zone with the lowest values occurred in the upper
Shule River to middle Heihe River, which had the most serious comprehensive ecological
problems and the highest urgency of repair. In contrast, the ERI of the Huangshui River
Basin, the area with the highest ecological quality in the Qilian Mountain area, was 0.73.

Our findings can serve as a scientific basis for policy implementations for the diag-
nosis and restoration of ecological problems. However, there were some limitations and
areas of uncertainty, such as those involving the selection of indicators and the determina-
tion of indicator weights. The scientific index selection method for evaluating ecological
restoration should be further explored. Ecological restoration zoning can be studied by
combining different index weight determination methods. It is also worth paying atten-
tion to carrying out real-time diagnoses of ecological restoration problems and making
timely policy adjustments by combining remote sensing image data with high spatial and
temporal resolutions.
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Appendix A
The Specific Calculation Process of Indicators

(1) Soil Conservation

The soil conservation determination method of the Qilian Mountains adopted the
general equation of soil erosion, and its calculation was performed using MATLAB. First,
the potential soil erosion was calculated according to rainfall erosivity, “R”, soil erodibility,
“K”, and slope length slope factor, “LS”. Second, under the conditions of the vegetation
cover, management factor, “C”, and engineering measure factor, “P”, a value was assigned
according to different land use types. Finally, the actual soil erosion was calculated by
using the general soil erosion equation. The difference from the potential soil erosion was
the soil conservation value. The specific formula was as follows:

First, the potential soil erosion amount was calculated. The formula was as fol-
lows [49]:

RKLS =R x K x LS (A1)

Second, in the case of vegetation cover and engineering measures, the general soil loss
equation was used to calculate the actual soil loss [50]. The formula was as follows:

USLE=RXxKXLSxCxP (A2)

Finally, the amount of soil conservation was defined as the difference between RKLS
and USLE, expressed by the soil holding conservation (SHC), as follows:

SHC = RKLS — USLE (A3)

where “R” is the rainfall erosion force, “K” is the soil erodibility, “LS” is the long slope factor,

“C” is the vegetation cover and management factor, and “P” is a project measure factor.
Rainfall erosivity, “R”, reflects the potential capacity of soil erosion caused by rainfall,

in addition to Wischmeier’s empirical formula [51,52], which was used in the calculation:

(15xIg"L)—0.8188]

12
R=Y1735 x 10! (A4)
1

"1

where “p;” is the average monthly rainfall and “p” is the average annual rainfall.

Soil erodibility, “K”, is an important index of the soil erosion equation, and the Erosion—
Productivity Impact Calculator (EPIC) formula established by Williams et al. [53] was used
for calculations, namely:

sil sit._1%°
K= {0.2 +0.3exp {—0.02555171 (1 - 100)} } X Lla—i—sd} X

c snl

(A5)
1-07
c+exp(3.72 — 2.95c)} % [ snl+ exp(22.9sn1 — 5.51)

[1 —0.025

" 1
C

where “san”, “sil”, “cla”, and represent the contents of sand, silt, clay particles, and
organic carbon in the soil (%), respectively, and “snl” is equal to 1 — san/100.

The topographic factor “LS” reflects the relationship between slope and surface con-
ditions, and is the distance from which rain drops or sediments flow until the energy
disappears, reflecting the impact of the topographic and geomorphological characteristics
on soil erosion. For different slopes, the model can automatically calculate the value of
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the terrain factor and set the slope threshold to 25%, depending on the actual situation.
The surface cover management, factor “C”, refers to the ratio of the soil loss of a specific
crop or natural vegetation under the same soil, terrain, and rainfall, mainly affected by soil
water, early land use mode, and vegetation crops’ planting sequence to reflect the impact
of vegetation or crops and management measures on soil loss. This value is between 0-1.
The soil conservation measure, factor “P”, indicates the ratio of soil loss to soil loss after
slope planting, reflecting the difference in soil loss caused by the differences in vegetation
management measures. This is one of the most important factors to inhibit soil erosion,
whose range is between 0-1. “P” and “C” can be obtained from the relevant literature [54].

(2) Mine Distribution Acquisition

The mining strength was quantitatively analyzed according to the mine distribution
density (MD). Mine distribution data were obtained using mine information searching
technologies. Mine information searching was mainly based on the Amap application
programming interface (API), and was completed through secondary development. In
other words, relevant means such as a point of interest (POI) search, geographic position
inverse queries, and so on, were used to obtain the longitude and latitude coordinates
of the mines, and then GIS software was used to generate the spatial distribution of the
mines. This research used a Python programming crawler program to access the Amap
WEB service, search for place names related to “mines”, and determine the density of the
Qilian Mountain mines based on their geographical location.

(3) Precipitation and Extreme Precipitation

The level of precipitation in China was mainly based on daily precipitation values.
In Northern China, the standard of daily precipitation is 10 mm/d or less for light rain,
1025 mm/d for moderate rain, 25-50 mm/d for heavy rain, and 50 mm/d and up for
extreme precipitation. Therefore, this study selected days with daily precipitation values
greater than 50 mm as the extreme precipitation index (rainstorms). In this paper, the daily
precipitation and radiation data with a resolution of 250 m from 2001-2015 were obtained
from the daily dataset of China’s surface climate data (V3.0), and the spatial distribution
was obtained by interpolation.

(4) Interannual Change Rate of Forests and Grassland Vegetation

We evaluated the 16-day synthetic normalized difference vegetation index (NDVI)
products (MYD13A2 and MOD13A2) of grassland vegetation based on the 1000 MODIS
for the years 2001-2015. To obtain the vegetation NDVI time series curve of the Qilian
Mountains from 2001-2015, the noise time series curve of “cloud pollution” with quality
control documents was eliminated, and the NDVI time series curve of each pixel was
reconstructed with a Savitzky—Golay filter.

The change in vegetation in the Qilian Mountains was characterized by the interannual
change rate of vegetation’s NDVI, which was calculated using the slope of the trend line in
linear regression analyses. The calculation formula was as follows [55-57]:

n n n
nx Y, ix NDVI;— ¥, ix Y. NDVJ;
Gslope _ i=1 - 1:1n 12:1 (A6)
nx Yy i2— (z i)

i=1 i=1

where “0515p,” is the slope of the fitted trend line, “n” is the study period, and “NDVI” is
the vegetation’s NDVI for the i-th year. When 64, > 0, there was a downward trend in
“NDVI” in the time series of the pixel; otherwise, “NDVI” had an upward trend.
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