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Abstract

Ecological security is the comprehensive characterization of the noosystem’s overall collaborative
capacity in relation to human welfare within a whole society. Recent years, however, have witnessed the
excessive exploitation of natural resources via anthropogenic activities that have consistently triggered
or accelerated ecological deterioration. In addition, an adequate ecological security assessment has yet to
be conducted in a steppe ecoregion, especially when considering that the steppe is the major ecoregion
category in China. In this study, we selected a typical steppe ecoregion in Inner Mongolia, northern China,
as a representative region to conduct a spatiotemporal assessment of ecological security from both global
and local perspectives. Along with an evaluation indicator system constituting 25 separate indicators
covering three different systems (society, economy, and nature), we applied an improved grey target
decision-making method in the initial indicator conversion process. As it pertains to weight determination,
we employed a weight calculation method that weighed all indicators synthetically. Research findings
indicated that a progressive deterioration of ecological security has been observed in the typical steppe
ecoregion of China from 1990 to 2014, with a decline in the security situation and even more severe
deterioration observed from a local perspective than a global perspective. Social and economic systems,
specifically an excessive rural population and unreasonable development (mainly grazing and mining),
were the major factors that promoted ecological security deterioration, while the natural system has
contributed only slightly to this deterioration.

Keywords: ecological security, typical steppe ecoregion, global perspective, local perspective, major
factors
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Introduction

Ecological security refers to the total state of
individual natural conditions and their surroundings
in conjunction with conditions created by unsuitable
anthropogenic activities [1], for which the sustainability
of the collaboration capacity between humans and
nature is emphasized, thereby providing supplementary
elaboration on the sustainable development concept [2].
Ideally, ecological security requires the structural and
functional dynamic stability of social-economic-natural
complex ecosystems (namely noosystem) [3-5], where
each individual subsystem maintains self-regulatory
and self-repairing mechanisms and where synergistic
evolution and the joint development of society, economy,
and nature can be realized. However, it is inevitable that
progressive anthropogenic activities (social and economic
development) burden ecological environments and even
cause degradation [6-8], which further degrades the
collaborative capacity of the noosystem and eventually
impairs current and future human welfare [9-11]. As
a result, ecological security over the past couple of
decades has aroused widespread attention and discussion
in the academic community [12] for reasons regarding
maintenance and realization of a virtuous cycles between
humans and nature.

As the method that directly presents and describes
ecological security situations, ecological security
assessments have developed into the core and focus of
ecological security research schemes and serve as a bridge
between theoretical guidance and practice in this field
[13]. In practice, interactions between various subsystems
(as well as within a single subsystem) of the noosystem
are too complex to be easily detected [14-16], but there are
universal connections between processes and structures,
and, to some extent, the detection and attainment of the
latter is easier than the former, which is why structures can
act as effective ways in which to speculate on the process
itself [17-18]. As a result, regional ecological security
assessments mostly conform to assessment processes
associated with the building of indicator systems [19,
20], that is, the analysis of an indicator system as a way
in which to ascertain how the structure infers the process
[21-25]. In addition, a small part of the work is rooted
in theories of ecological carrying capacities [26-27].
However, the existing assessment score didn’t have good
spatial expression, and the spatial heterogeneity of the
noosystem has not been entirely favorably depicted [26,
28-30].Literature reviews over the past two decades have
suggested that regional ecological security assessments
have mostly been concentrated in urban areas where
populations are centered [31-33], as well as grain-
producing regions [34] or arid regions where ecological
systems are fragile [35-36]. However, assessments and
studies in other regions, such as steppe ecoregions, have
been inadequate to date. As a result, assessment processes
must be considerably improved in such regions. The
steppe ecoregion constitutes roughly 40% of China’s
total territory and, subsequently, it is the nation’s main

terrestrial landscape [37]. In contrast, studies on regional
security assessments of steppe ecoregions are still in the
initial stage of development. Some studies have reported
on various factors associated with the steppe ecoregion
noosystem, such as climate change, grassland reclamation,
overgrazing, and mining [38-41], which further affect
part or all of the collaborative capacity of the system.
However, the actual contribution of these factors on steppe
ecoregions is subject to change through time and space.
Furthermore, the ecological security indicator system of
the steppe ecoregion that is currently available has not
taken all these factors into account nor has it clarified their
different contributions [26, 42].

Accordingly, this study conducted an investigation
on the typical steppe ecoregion of Inner Mongolia,
which is located in the core region of the steppe zone in
northern China, where the local noosystem, anthropogenic
activities, and eco-environmental issues are representative
and typical of the ecoregion. Ever since the end of the 20th
century, various typical steppe ecoregions have to some
extent shown signs of degradation [43]. This has resulted
from overgrazing, natural disasters, and an increasingly
expanding mining industry, which has degraded the
collaborative capacity of the local noosystem [44-45].
This study conducted a quantitative ecological security
assessment on the noosystem of a typical steppe ecoregion
to reveal changing characteristics of local ecological
security situations and the contribution of various factors,
which is intended to offer some support for ecological
security monitoring and the evaluation of local steppe
ecoregions or perhaps the whole steppe zone in northern
China.

Study Area

The typical steppe ecoregion in the Inner Mongolian
temperate zone is located in the true north of Beijing, the
capital of China (see Fig. 1), over a longitudinal range
from 113°27° to 119°12” E and a latitudinal range from
43°3” to 46°45° N. The region borders Mongolia to the
north and includes Xilinhot City, Abag Banner, and most
of the West Ujimgqin Banner and the East Ujimqin Banner.
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Fig. 1. Location of the study area.
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Table 1. Ecological security assessment indicator system (excluding water area).

Normalized Difference Vegetation
Index (NDVI) (C,))

product data set application
popularization program,
Key Technical Project
(No.: CMAGJ2011M64) of
the China Meteorological
Administration

Target layer Criterion Indicator layer Data sources Calcullan.on of spatial
layer indicators
Population pressure on the .
environment (C,) [48] Appendix A-(¢)
Number of health workers per .
millenary (C,) [48] Appendix A-(a)
Social Business volume of post and telecoms
system " vor © §’ [48] Appendix A-(a)
(B) :
Per capita disposable income of
permanent residents of rural and [48] Appendix A-(b)
pastoral areas (C,)
Average wage of staff and workers (C) [48] Appendix A-(a)
Environmental pressure of primary .
industry (C,) [48] Appendix A-(b)
Environmental pressure of secondary .
industry (C,) [48] Appendix A-(a)
Environmental pressure of tertiary .
industry (C,) [48] Appendix A-(b)
Grazing pressure (C,) [48]; NPP Appendix A-(d)
Economic Total power of agricultural machine
system P £ Yy [48] Appendix A-(b)
(8) €
Public budgetary financial revenue 48] Appendix A-(a)
(&)
Public budgetary financial expenditure [48] Appendix A-(a)
(€
Ecological Total investment of fixed assets (C,,) [48] Appendix A-(a)
security Total retail sales of consumer goods .
spatiotemporal (. g [48] Appendix A-(a)
evaluation b
) Annual amount of solar radiation (C ;) data.cma.cn [49]
Average annual temperature (C ) data.cma.cn [49]
Annual >10°C accumulated
temperature (C,) data.cma.cn [49]
Annual precipitation (C,,) data.cma.cn [49]
SPEI based on a 12-month
Annual arid index (C,) data.cma.cn time span as the annual arid
index [50]
Winter precipitation (from
Annual snow index (C, ) data.cma.cn Noveml?er to February ofthe
20 following year) abnormity
Natural percentage [51]
system The Long sequence
(8, NOAA/AVHRR satellite

NDVI and meteorological

Net Primary Productivity (NPP) (C,,)) data [52]
Vegetation cover (C,,) NDVI [53]
Fixed carbon content (C,,) NPP V.= NPP x1.62 [54]
Amount of oxygen released (C,,) NPP V,=NPPx12 [54]
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It has a total land area of 96.6x10* km?, which is mainly
highland, with an altitude of 740-1,720 m. The annual
average temperature is 0-4°C, and the temperature during
the coldest month (January) ranges from approximately
-22°C to -18°C, while the temperature during the warmest
month (July) is approximately 20°C. Annual average
precipitation fluctuates from 200 to 350 mm, and more
than 95% of the area belongs to the semiarid climate
zone. It is abundant in grassland, biological, mineral, and
tourism resources.

Material and Methods
Ecological Security Indicator System

By using the noosystem as an indicator framework
and taking the state of practical local conditions into
account, this study developed a holistic ecological security
assessment indicator system designed for a typical steppe
ecoregion, which is the most complete indicator system
based on access data while also highlighting local primary
demands.

As shown in Table 1, the indicator system omitted
water bodies due to their small combined area. In view
of the fact that social and economic development on
the typical steppe ecoregion depends on and consumes
the services and functions of the local ecosystem, the
assessment indicators that were able to describe the society
and economic status and scale were selected to build
an indicator system. Those indicators present the density
and intensity of natural resources that are consumed,
such as population (C,) [44], educational level (C,) [46],
income (the income of local people largely derived from
the steppe: C, and C.), regional GDP (all kinds of business
activities are centered on the steppe: C, C., and C,) [40],
animal husbandry (C,), fiscal revenue and expenditure
(they are in close connection with economic develop-
ment: C and C ), and investment and consumption
of the whole society (C,, and C,,). Moreover, natural
indicators that show the state of the natural system from
multiple aspects are not only the basic conditions for
people to develop and utilize the typical steppe ecoregion
but also are impacted by human actions. Drought (C,,)
and snowstorm (C,)) are common local natural disasters
[47]. Therefore, indicators reflecting the society,
economy, and nature jointly constitute an indicator
system that characterizes the ecological security of the
local noosystem.

Finally, we processed all 25 indicators within the
indicator system to make spatial data attributes uniform:
the map projection was UTM (zone 50N), datum was
WGS-84, spatial resolution was 1,000 m, temporal
resolution was annual, and the complete time series was
from 1990 to 2014, where each year corresponded to 25,
indicating layers, and where each layer corresponded to 25
continuous years.

Ecological Security Assessment Methods

In this study we used the weighted aggregate indicator
to calculate the ecological security situation index (ESSI)
using the following formula:

25
ES=Y 1w,
@l 0)

..where ES represents ESSI, and / and w, are the
indicator assessment score and corresponding weight,
respectively. According to spatial data characteristics,
this study stipulated that a single assessment object was
the spatial range that an individual grid covered, which
has an area of 1,000x1,000 m? (=1 km?). Accordingly,
the typical steppe ecoregion was comprised of 96,553
assessment objects, where each object corresponded to
25 indicator attribute values for each of the 25 successive
years.

Indicator Assessment Score

This study made grey target decisions [55] in the
indicator assessment to evaluate the differences between
the actual state and the optimal state.

The first step was to establish the indicator attribute
sequences for the various assessment objects

ol ={o! ()}={0/ (). (2)..0/ (25))
i=1,2,--,96553;¢=1990,1991,---,2014:k =1,2,---,25.
)

...where ¢! represents the indicator attribute set of the i
assessment object for year ¢, and ¢! (k) represents the ki
indicator of the total 25 indicators of the i assessment
object for year .

The second step was to establish the target sequences
for each indicator:

o =10, (k)} =19, (1).0,(2).-. 0, (25)} 3,

...where ¢ represents the target sequence, and ¢ (k)
represents the numerical value (target) of the ™ indicator
for the optimal state of ecological security. Target-setting
principles are available as Appendix B.

The third step provided the grey target transformation:

k) = min{(of(k),q)o(k)}
max{([)it (k)’(oo (k)}

@

Herein, x! (k) represents results of initial indicator
values and targets using grey target transformation.

The fourth step provides the target coefficient
calculation:
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(k) = 6. +0.56

Ay, (k) +0.56,,, )

Ao, (k) = [ (k) =/ ()] = 1= x{ (k)

sUBETUNEEAC R EECy

emin = min AO[ (k) 9

2 ¥'max

=max A, (k) ™

Herein, 7 (k) represents the target coefficient of each
indicator of the i assessment object for year ¢, that is the
indicator assessment score that corresponds to / in Eq.
(1. A k), 0 . ,and 6 are intermediate variables.

min’

Indicator Weight

As it pertains to indicator weight, we used a method
that Wang [56] developed. The advantage of this method
was that it measured indicators of all assessment objects
dynamically to determine their respective weights.

The first step was to standardize the indicator
assessment score. Given that the closer the score was to
one, the closer the state of ecological security would be,
and we applied benefit-oriented standardized formulas
bearing in mind that they were all benefit-oriented
indicators:

7/ (k) = ' (k)—miny
T max y—miny @®)

y={r70 (), (K)o i (h) 5™ (K)o rgess (K}
£=1990,1991,:+,20145i = 1,2, mk =1,2,-+:25. )

...where Z! (k) represents the standardized value of the
k™ indicator of the /" assessment object for year ¢, and y
represents the assessment score set of the & indicator for
all assessment objects.

The second step was to construct decision matrix G, of
the i™ assessment object, for which the standardized value
for each year was an individual row vector:

Zi1990 (l) Zi]990 (2) Zi1990 (25)
GA _ Z[l991 (1) Zi1991 (2) Z[l991 (25)
Z[2014 (1) ZiZOI4 (2) Z[2014 (25)

(10)

When decision matrices of 1-96,553 assessment
objects were constructed, O was obtained using the
calculation:

i=I (1)

The third step was to determine the maximum
eigenvalue of matrix O and the corresponding unitized
eigenvector -

W ={W, Wy, Wys} (12)

...where W is the weight coefficient of the indicator
assessment score that corresponds to w_ in Eq. (1).

Ecological Security Assessment Perspectives

Equation (3) is the target sequence of the grey target
decision process, which specifically represents the absolute
indicator values of the state of ecological security. Derived
from assessment objects, target values in this study were
indicator values taken from historical data of assessment
objects near states of optimal ecological security.

Global Perspective

Distinguishing features of the global perspective are
two-tiered. First, targets from the global perspective were

Table 2. Target sequence and indicator weight from a global perspective.

Code Target Weight Code Target Weight Code Target Weight
C, 0.0039 0.0950 Cp 0.0603 0.0579 Cp [-1,1] 0.0664
C, 0.0384 0.1288 C, 0.2623 0.0266 C,, [-50,50] 0.0908
C, 0.2805 0.0035 C, 0.2060 0.0250 C, 0.8300 0.0016
C, 0.1172 0.0442 C, 0.4054 0.0133 C, 597.9745 0.0003
C, 0.1593 0.0183 C, 0.1466 0.0191 C,, 100 0.0027
C, 0.1749 0.0063 C,; [5462.1660, 5987.1484] 0.1145 C, 2051.9966 0.0003
C, 0.3157 0.0199 Ci [-0.9370, 1.3212] 0.0465 C,, 1510.6724 0.0003
G, 0.3600 0.0370 C, [1943.2593, 2337.2349] 0.0886
C, 10261.9530 0.0001 Cy [229.8817, 359.7970] 0.0930
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Fig. 2. Spatial diagram of assessment objects from the local perspective.

derived from assessment objects that included all spatial
and temporal dimensions that were then employed in the
target sequence to calculate indicator assessment scores
comparable between assessment objects, including all
spatial and temporal dimensions. Second, indicator
weights obtained based on assessment objects that include
all spatial and temporal dimensions in conjunction with
indicator assessment scores could be used to determine the
ESSI (using Eq. (1)), which is also comparable between
assessment objects, including all spatial and temporal
dimensions. Owing to the uniform targets and weights,
results of global assessments reflected the differences in
the ecological security situation between the assessment
objects.

As shown in Table 2, basic characteristics of the
global perspective showed that there was only one target
sequence group and one indicator weight group from a
global perspective.

Local Perspective

Unlike the global perspective, assessment objects from
the local perspective were confined to the same spatial
locations and stressed the role that spatial heterogeneity
played in targets and weights. As shown in Fig. 2, the
i™ assessment object existed throughout 1990 and 2014,
from which its annual state was described by indicators C,
through C,,. The origin of target sequences was when the
i assessment object was set to the time series that in turn

b)

East Ujimgin

East Ujimgin

Xilinhot Xilinhot

.00 0075 015 0225 .03 0375 045 .05 10 15

made use of that target sequence for indicator assessment
score estimations, which were then used to calculate the
indicator weight during the local assessment process.
The ESSI was finally calculated using the indicator
assessment score and weight, and, as such, the calculation
of assessment objects in other spatial locations could
then be conducted. Predictably, each assessment target
had a self-originated target sequence as well as a group
of proprietary indicator weights, for which the final ESSI
of each assessment object was only comparable within its
own unique time series. Conversely, those from different
spatial locations appeared incomparable, and this was due
to incompatible target sequences and indicator weights.

Furthermore, weight calculations from the local
perspective were partially adjusted due to changes in
assessment objects, for the second step in particular, which,
as shown below, was the most important adjustment.

The second step was the construction of decision matrix
G, of the i™ assessment object, and the standardization of
the indicator value for each year into an individual row
vector in a chronological sequence (the same as Eq. (10)).

If O =(G)" G, the subsequent calculation is the same
as above.

Given that there were 96,553 assessment objects
(grids) in the typical steppe ecoregion, there were 96,553
corresponding groups of targets and weights from the
local perspective, and their spatial distributions were the
same as the various assessment objects. Fig. 3 provides the
targets and weights of part of the indicators.

East Ujimqin East Ujimain East Ujimgin

Xilinhot

East Ujimgin

Xilinhot

20 .25 .30 40 .50 60 70 .80 90  1.00

Fig. 3. Spatial distribution diagram of targets and weights of part of the indicators: (a-¢) targets from C, through C;, (f-j) weights from

C, through C..
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Ecological Security Assessment Levels

The ESSI, with a value range of [0,1], was a
quantitative description of the gap between ecological
security situations and optimal states, and the closer the
values to its upper limit (1), the closer ecological security
approached an optimal state. In this study, five levels of the
ESSI were rated based on a quantitative investigation (see
Appendix C), which was not only conducive to providing
general information implied by the values, but also served
as an important basis on which adjustment and recovery
tasks could be conducted in the future.

Results

For the typical steppe ecoregion, Figs 4 and 5 provide
the ESSI and situation level, respectively. In general,
situation indexes from both assessment perspectives
showed similar variations in the sharpness and pattern
of decline; consequently, situation levels were also
susceptible to movement between “excellent” and “bad.”
By contrast, results from the local perspective worsened
even more dramatically than results from the global
perspective, both globally and regionally.

From the global perspective, the ESSI declined at
an annual rate of 0.00633. The mean value of the ESSI
from 1990 to 2014 was 0.8303, which was rated “good,”
where max and min situation indexes were observed
in 1990 (0.9460) and 2012 (0.7203), respectively. The
situation index fell below 0.9 after 1993 and then to less
than 0.8 since 2000, during which time the ecological
security situation was mostly at a “medium” level. The
rate of decline in East Ujimqin Banner was slightly
lower than in West Ujimqin Banner, both of which were
higher than the average level. Given that long-term
mean annual values of the ESSIs in both regions were
0.8245 and 0.8403, respectively, the ecological security
situation for accumulated years in West Ujimqin Banner
was better than in East Ujimqin Banner. The annual rate
of decline in the ESSI in Abag Banner, with a long-term
mean annual value of 0.8356, was roughly equal to the
average level, which was better than East Ujimqin Banner
and worse than West Ujimqin Banner. Among all typical
steppe areas, Xilinhot City was the only area where the
annual rate of decline was less than the average level,
with a long-term mean annual value of 0.8227, which was
71.09% that of West Ujimqin Banner. Not only was the
ecological security situation of Xilinhot City worse than
the typical steppe ecoregion as a whole, but it was also

Waters .38 .40 .43 .46 .50 .53 .56 .60 .63
1.0

()Study Area (I1)East Ujimqin ‘ (IMWest Ujimgin

[

| mT

L[l | |
1990 2000 2010 1990 2000 2010

|

1990 2000 2010 1990 2000 2010

Fig. 4. Tendency in spatial distribution and variation for ESSIs of the typical steppe ecoregion; both sides of the grey solid line represent

results from global a) and local b) perspectives.
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(I)Study Area (IEast Ujimgin ::I (IWest Ujimgin

d (IV)Xilinhot

2000 2010

.90 Excellent 1.00

(I1)East Ujirai

1990

Fig. 5. Spatial distribution and area proportion of ecological security situation levels of the typical steppe ecoregion; both sides of the
grey solid line represent results from global a) and local b) perspectives.

the worst among all areas investigated. With regard to the
situation level, under conditions of a declining ecological
security trend, ecological security situation levels of the
various areas showed a general decline, for which the
assessment concluded that the majority of areas constituted
“excellent,” “good,” and “medium” levels. In the typical
steppe ecoregion, 96.10% of all areas was “excellent” in
1991; however, in 2012 areas of “medium” and “bad” rose
to 80.45% and 18.74%, respectively, when the situation
index was at its lowest level, and it was concentrated in
East Ujimqin Banner.

This study used the local perspective to study changes
in assessment objects, that is, a valuation of objects of
ecological security situations during different times and
under their own optimal states. Accordingly, indexes
simply represent the degree that objects deviated from
their optimal states. From the local perspective, the
annual declining rate of the typical steppe ecoregion was
0.01524, which was greater by a factor of 2.41 compared
to the global perspective. The mean value of the ESSI
over a 25-year period was 0.7819, which is to say, it
was at a “medium” level, where max and min indexes
were observed in 1991 (0.9223) and 2012 (0.5841),
respectively. The ESSI fell below 0.9 after 1996 and fell
below 0.7 after 2006, during which time situation levels

were observed to be mostly “poor” and “bad.” Among all
the areas that constitute the typical steppe ecoregion, West
Ujimgqin Banner was the only one where the annual rate of
decline (0.01889) was higher than the average level. The
long-term mean annual ESSI of this region was 0.7647,
which was lower than the average, indicating that local
ecological degradation in this area was worse than the
average level. The rate of decline in East Ujimqin Banner,
for which the ESSI of accumulated years was 0.7742, was
slightly lower than the average level but higher than West
Ujimgqin Banner, suggesting that ecological degradation in
East Ujimqin Banner was worse than the average level but
better than in West Ujimqin Banner. The rates of decline in
Xilinhot City (with the lowest rate) and Abag Banner (with
the lowest ecological degradation level) were 85.04%
and 87.14% compared to the average level, respectively.
Moreover, long-term mean annual values of the ESSIs
in both areas were 0.7926 and 0.7984, respectively, both
of which were higher than the average level, which is
evidence that ecological degradation levels in both areas
were lower than the average level. For situation levels, the
assessment showed that the majority of levels were “poor”
and “bad”, and this was because the rate of decline fell
faster under the local perspective, for which both levels
covered greater than half of the area after 2006. Of all the
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Fig. 6. Tendency in variation of time series of index components in the social system.

areas, the ecological security situation fell most sharply in
East Ujimqin Banner and West Ujimqin Banner.

Effects of Influencing Factors
Criterion Layer

According to the indicator system in Table 1, the ESSI
consisted of index components of three subsystems, that
is, the social system, the economic system, and the natural
system, which showed that the tendency in variation of
the comprehensive situation index could decompose on
a subsystem level in order to reveal the contribution in
changes of various subsystems to general changes. As
shown in Fig. 6, the trend in time series under the local
perspective was greater by a factor of approximately 2
to 3 compared to the global perspective. From the global
perspective, Xilinhot City was the only area where the
trend in time series for the index component of the social
system was not significant (p>0.05), while the other areas
reached significant levels. Table 3 provides the tendency
in variation of time series of index components in the
other subsystems.

Table 3 shows that the assessment did not detect
a tendency toward significant wvariation for index
components in the natural system. However, this study
found widespread significant declining tendencies in
index components for the social and economic systems,

both of which constituted the major motivating factors that
exacerbated ecological security. Tendencies in variation of
the index components in the social and economic systems
under the global perspective were -0.00125 and -0.00439,
respectively, which were 19.75% and 69.35% of variation
for all situation indexes, respectively, indicating that both
systems contributed 19.75% and 69.35% separately and
89.10% in total. In a similar fashion, the rate of contribution
ofthe social and economic systems in East Ujimqin Banner,
West Ujimqin Banner, Xilinhot City, and Abag Banner
were 94.92%, 91.06%, 90.89%, and 81.86%. Similarly,
tendencies in variation of index components in the social
and economic systems under the local perspective were
-0.00311 and -0.01103, respectively, which contributed
20.41% and 72.38% of variation in all situation indexes,
respectively, which aggregated the rate of contribution to
92.78%. For the criterion layer, East Ujimqin Banner and
West Ujimqin Banner showed higher rates of contribution
than the average level (96.05% and 93.22%, respectively).
The rates of contribution in Xilinhot City and Abag Banner
were lower than the average level (89.04% and 92.02%,
respectively). A comparison between the contribution
rates of the various areas on the criterion layer showed that
the economic system, whose rates of contribution were
often greater than a factor of 2 to 5 (compared to the social
system), played a more significant role in the worsening
ecological security.

Table 3. Tendency in variation of time series of index components in the criterion layer

Global perspective

Local perspective

Study | E3t | West o siinhot

Ujimqin | Ujimqin .
Area Banner Banner City

Abag | Study | 23t | West ot | Abag

Banner Area Ujimgin | Ujimgin City Banner
Banner | Banner

The noosystem | -0.00633 | -0.00650 | -0.00671 | -0.00450

-0.00634 | -0.01524 | -0.01518 | -0.01889 | -0.01296 | -0.01328

Social system |-0.00125| -0.00174 | -0.00184 | -0.00021

-0.00072 | -0.00311 | -0.00249 | -0.00465 | -0.00257 | -0.00295

Economic system |-0.00439 | -0.00443 | -0.00427 | -0.00409

-0.00447 | -0.01103 | -0.01209 | -0.01296 | -0.00897 | -0.00927

Natural system | -0.00041 | -0.00036 | -0.00034 | -0.00063

-0.00122 | -0.00067 | -0.00031 | -0.00138 | -0.00107 | -0.00044

Note: Bolded text shows that the variation rate passed significance test (p<0.05)
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Indicator Layer

In fact, the ESSI, which was composed from various
subsystems, was also fashioned from amassing each
absolute indicator, which was the reason why, in this
study, we followed this process with an analytical
appraisal on the tendency of time series to investigate the
effects of each situation index factor and to study variables
of situation indexes on indicator layers to better monitor
and identify the various factors that affect changes in
ecological security.

Fig. 7 shows the tendency in variation of time series
of index components for different indicators under both
perspectives, and that certain tendencies failed to pass
the significance test. The rate of contribution of indicator
layers in the study area of the typical steppe ecoregion
reached 93.17% from the global perspective, that is, as
much as 93.17% of the effect could be retraced to specific
indicators, whose contribution rate (top 10) could be
classified in descending order from the total power of
agricultural machinery (C,; 15.19%)>environmental
pressure of tertiary industry (Cg 14.70%)>per capita
disposable income of permanent residents on rural and
pastoral areas (C,; 14.59%)>public budgetary financial
revenue (C,; 10.20%)>public budgetary financial
expenditure (C,; 8.93%)>environmental pressure of
secondary industry (C,; 7.55%)>average wages of staff
and workers (C; 6.55%)>total retail sales of consumer
goods (C,,; 5.33%)>total investment in fixed assets
(C,;; 4.94%)>annual >10°C accumulated temperature
(C,; 4.52%). The rates of contribution for the remaining
significant indicators were almost 0. The fact that excessive
income growth of rural and urban residents (C, and C.)
would promote the intensification of steppe exploitation and
that indicators that originated from the economic system
contributed the most to ecological security degradation
indicated that societal and economic overdevelopment
had taken a toll on the noosystem’s collaborative capacity.
Of all regions, the rate of contribution of the indicator
layer in East Ujimqin Banner was slightly higher than the
average level, with contribution rates in West Ujimqin
Banner, Xilinhot City, and Abag Banner of 86.25%,

-7
104

78.76%, and 87.29%, respectively. The top 10 indicators
that impacted ecological security in the typical steppe
ecoregion were basically the indicators that played crucial
roles in the various areas, but with slightly varied effects.
Population pressure on the environment did not constitute
a significant factor in the typical steppe ecoregion;
however, it reflected the unbalanced social development
between various other areas. For example, the minority of
local herdsmen did not place a heavy burden on the eco-
environment since the urbanization rate of Xilinhot City
had already reached more than 90%, for which population
pressure on the environment acted as the major force
that contained rather than boosted deterioration in local
ecological security, with a contribution rate of -37.45%,
whose index had the maximum effect in this area as it did
in Abag Banner (-4.12%). However, rates of contribution
of population pressure on the environment in East Ujimqin
Banner and West Ujimqin Banner were 10.49% and
3.95%, respectively, since herdsmen in both regions had
long constituted nearly 50% of the population, which was
the reason why the steppe population showed no evidence
of a reduction [44], for which population pressure on the
environment in both areas became the major factors that
worsened ecological security.

Compared to the global perspective, declining rates
appeared sharper under the local perspective, which,
in some indicators, could be greater by a factor of 2 to
4 compared to the global perspective. From the local
perspective, the contribution rate of the indicator layer
in the typical steppe ecoregion was 95.10%, which
originated from a total economic system of 72.26%.
Moreover, the top 10 key indicators in descending
order were public budgetary financial revenue (C
15.58%)>public budgetary financial expenditure (C;
15.51%)>environmental pressure of secondary industry
(C; 11.90%)>total investment in fixed assets (C,;
9.65%)>environmental pressure of tertiary industry (Cy;
9.04%)>per capita disposable income of permanent
residents of rural and pastoral areas (C,; 8.78%)>average
wages of staff and workers (C,; 7.74%)>total retail
sales of consumer goods (C,,; 7.24%)>total power of
agricultural machinery (C. ; 3.67%)>vegetation coverage
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Fig. 7. Tendency in variation of time series of index components in the indicator layer (unitless), the values came from the slopes;
percentages represent the accumulated contribution rates for tendencies of significant variation in the index
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(C,;; 2.42%). The rates of contribution of the remaining
significant indicators were approximately 1%. Unlike the
global perspective, no tendency in variation of NDVI,
NPP, fixed carbon content, and the amount of oxygen
released reached a significant level. Of all areas, rates of
contribution of the indicator layer in East Ujimqin Banner
and Abag Banner were slightly higher than the average
level, whereas West Ujimqin Banner (92.63%) and Xilinhot
City (86.31%) exhibited the opposite trend. Indicators
that impacted ecological security in the typical steppe
ecoregion were basically the indicators that played key
roles in the various areas of the ecoregion, but differences
in these effects were less than those from the global
perspective. For instance, the public budgetary financial
expenditure (C ,), whose 15% rate of contribution ranked
second among all key indicators in the various areas.
Similar to the global perspective, population pressure on
the environment remained unchanged in the various areas,
but with a decreased effect. For example, population
pressure was the ninth key indicator of Xilinhot City, and
its rate of contribution fell as low as -3.65% and almost
0%, or at least significantly in the remaining areas.

Rates of contribution from both assessment
perspectives could be retraced to indicators from the social
system, economic system, and natural system, the first two
being systems where the majority of factors that worsened
ecological security originated, which, in essence, confirmed
our assumption on the criterion layer from the indicator
layer. Social-economic-natural coordinated development
was the fundamental way to maintain ecological security.
However, assessment results indicated that unreasonable
or excessive social and economic development on the
typical steppe ecoregion had gone far beyond what the
region could bear, or specifically, anthropogenic activity
was the origin of worsening ecological security in the
typical steppe ecoregion.

Discussion

In the study of the typical steppe ecoregion, having
analyzed panel data collected from four administrative
regions between 2001 and 2010, Li et al. reported that
local ecological security was at risk based on ecological
footprint data, and that local economic development
driven by food and energy production and exportation
had exceeded the carrying capacity of the land, which
was the major driving factor that worsened the ecological
security situation [26]. Research findings by Li et al. were
basically corroborated by the analytical results obtained
from this study, but a comparison between these two
studies is necessary. Our study’s assessment has several
advantages:

1) The longer 25 consecutive year assessment timeframe
(1990-2014).

2) Both assessment indicators and results were measured
using spatiotemporal data that better showed
spatiotemporal variation in changes to the ecological
security situation in the study area.

3) Compared to ecological footprint data, our assessment
indicator system offered a more complete summary
of the noosystem, which was based on the fact that
the effect of social, economic, and natural factors on
ecological security could be recognized and quantified
more comprehensively while providing guidance in
regional planning.

4) We applied dynamic targets as part of grey target
transformation, which determined the coordinated
development in the noosystem.

5) Changing characteristics were revealed both
microcosmically and macrocosmically from global
and local perspectives, which, prior to this study, had
always been overlooked.

As mentioned above, the major indicators that
resulted in ecological deterioration were mostly social
and economic ones, with natural causes taking a small
proportion (even natural changes were highly likely
attributed to long-term human disturbances [57-58]. In the
study area, the total population increased from 278.5x10°
in 1990 to 389.3x10° in 2014, during which the GDP also
grew by a factor greater than 100 from 456.3x10° RMB
to 51 312.2x10° RMB [48]. According to the assessment
methods developed in this study, the authors argued
that local rapid social and economic development have
exceeded the bearing capacity and linking capability
(particularly referred to pasture animal husbandry and
mineral exploitation [26]) compatible to the natural
system from the perspective of existing technologies and
management levels, which further damaged the overall
coordinating capability of the local noosystem. In view of
the fact that local ecological security will further worsen
as social and economic progress is made in the future, it
is suggested that the local decision-making department
take the relationship between development and protection
seriously and not to overlook ecological security for
purposes of economic growth, and that preserving
ecological security is protecting productivity and the
people’s well-being [59-60].

Indicator ~ system-based  ecological security
assessments have been widely used in a variety of
assessment studies because they fully cover and reflect
patterns and procedures of the noosystem, which was the
main reason why it was employed in this study. According
to the practical situation of the typical steppe ecoregion,
the indicator system used in this study was constructed
following a social-economic-natural complex ecosystem in
conjunction with spatially distributed social and economic
indicators to determine their comprehensive response
within the noosystem. Indicator system construction must
always make a tradeoff between integrity and indicator
availability [61], Compared with indicator screening
using a mathematical method [35], the indicator system
constructed based on expert experience oriented to the
steppe noosystem was able to reflect the principal aspects
influencing local ecological security as a whole [25, 28].
As a result, it was an indicator system that was able to
reach assessment targets. This system consisted of social,
economic, and natural systems that characterized the
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essential requirements of the noosystem and interacted
and intercommunicated with each other as both cause and
effect [24, 32]. Therefore, the indicator system involving
only the natural system was a lopsided understanding of
ecological security [62]. On the other hand, there were a
number of similar studies taking population density as one
assessment indicator [23, 34, 63-64], whereas the authors
argued that this indicator failed to present the synthetic
pressure of population to noosystem other than the spatial
distribution of population [65]. The steppe might be left
with no settled population, but it was the place for other
activities, such as grazing, which is why it was replaced
by the pressure of population on the environment in this
study. While taking the fact that it was difficult to measure
spatialized pressure of population on the environment into
account, the authors made some compromise in indicator
availability while ensuring the integrity of the indicator
system and described various indicators such as pressure
of population on the environment, pressure of primary
industry on the environment, and grazing pressure (see
Appendix A) using a small amount of auxiliary data.
Admittedly, there are great inadequacies with respect to the
describing capability of those indicators that need further
research, which is critical to improving the accuracy of
assessment results.

For computing ecological security, Equation (1) was not
applicable until original indicator values were converted
into indicator assessment scores. However, grey target
transformation provided adequate consideration to the
diversity of such indicators and specified corresponding
assessment targets for different indicator categories, even
for dynamic targets in parts of the indicators. Targets
originating from assessment objects better fit assessment
objects; thus, indicator assessment scores would better
fit actual situations. Moreover, indicator assessment
scores were all dynamically considered in conjunction
with the weight method [56] applied in this study to
the objective analysis of weights of various indicators.
Although this method favorably reflected patterns and
associations between various factors in the noosystem, it
remained inadequate. That is to say, this method was too
sensitive for indicators with major fluctuations to neglect
relatively stable indicator effects. As a result, the weight
method should not be the only one used. Instead, it is
more important to employ appropriate weight methods
based on different regions and specific indicators when
investigating ecological security assessments.

In this study, we conducted an ecological security
assessment of the typical steppe ecoregion from both
global and local perspectives. The local perspective
stressed spatial heterogeneity (climatic, anthropogenics,
and so on), which is a perspective that previous studies had
never incorporated [23-24, 30]. To obtain a more complete
and comprehensive understanding of the changing
characteristics of ecological security situations or others,
it is better to consider changes in assessment objects from
both perspectives. For example, accumulated years of the
ESSI for West Ujimgqin Banner was 0.8403, which ranked
first among the various areas, suggesting that the local

ecological security situation was higher compared to other
areas. On the other hand, accumulated years of the ESSI
for this area was 0.7647 from the local perspective, which
ranked last among the various areas, indicating that the
local ecological security situation in this area was worse
compared to its optimal historical state. When the local
perspective is removed from results, some information
may be left out in assessment results that could not be
readily detected. In cases where spatial heterogeneity in
the assessment area was too complex and there were vast
differences between various sectors such as nature and
society, the global perspective should be used with caution
because target sequences and indicator weights alone may
not favorably estimate ecological security situations of all
assessment objects. The local perspective, conversely, can
be applied to any condition of spatial heterogeneity and
avoid a mismatch between target sequences and indicator
weights since it only targets individual assessment objects.

Conclusions

Nowadays, ecological security assessment is still in the
initial stage, and its application for the steppe/grassland is
rare. In view of this, a typical steppe ecoregion in Inner
Mongolia was selected as the representative zone of
grasslands of northern China. We constructed an indicator
system constituting 25 specific indicators based on the
local noosystem, introducing innovative computational
methods and configuring two evaluation perspectives. The
main points in this study are as follows:

First, from the global perspective, ESSIs continued
to decline from approximately 0.9 to 0.7 from 1990 to
2014, and more than half of the area changed to “good”
and “medium” levels during the latter stage. Similarly,
situation indexes from the local perspective also declined
continuously, by a factor of 2 to 3 compared to the
declining rate exhibited in the global perspective, and this
was because it fit assessment objects better. Therefore, the
ecological situation worsened under the local perspective,
with situation indexes even falling below 0.6 during the
middle and latter stages, during which time “medium” and
“poor” levels became the majority.

Second, according to the long-term mean annual
values under the global perspective, the order of ecological
security situation for the various areas that constitute the
research region was (in descending order) West Ujimqin
Banner>Abag Banner>East Ujimqin Banner>Xilinhot
City. According to long-term mean annual values under
the local perspective, the order of the deteriorating
degree of ecological security for the various areas that
constitute the research region was (in descending order)
West Ujimqin Banner>East Ujimqin Banner>Xilinhot
City>Abag Banner. Assessment results from both
perspectives indicated that areas with favorable ecological
security situations could also deteriorate significantly,
such as West Ujimqin Banner. Conversely, arcas where
ecological security situations were less favorable could
deteriorate only slightly, such as Xilinhot City.
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Third, the development of social and economic systems
was the principal factor that led to the deterioration in
ecological security, with an accumulated contribution
from 80% to 90%. Given that the effect of the economic
system was greater by a factor of 2 to 3 compared to the
social system, excessively rapid or vigorous economic
development poses a significant threat to local ecological
security. In particular, the excessive rural population
put a heavy burden on the steppe of West Ujimqin
Banner, East Ujimqin Banner, and Abag Banner, and the
unreasonable development (mainly grazing and mining) is
the most important factor to accelerate the deterioration of
ecological security of the whole typical steppe ecoregion.
Some individual indicators of the natural system also
resulted in the deterioration of ecological security, but
they were subsidiary and proportionally insignificant.
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Appendix A

The ecological security assessment indicator system
contains a part of the statistical indicators that are a
numerical reflection of the whole condition of a single
administrative district, while it lacks corresponding
internal distribution information. To this end, the spatial
distribution of this indicator value within an administrative
district was realized according to characteristics of
indicator attributes by relying on land-use category
distribution maps (1990, 1995, 2000, 2005, and 2010;
resdc.cn), with distribution processes emphasizing
actual interactions between statistical indicators and the
noosystem. Specifically, the four approaches used for the
spatial distribution of statistical indicators are as follows
[66]:

A) Effectual indicators must exert an overall effect on
the eco-environment, such as environmental pressure
from secondary industry (C)) that, being centered
on mineral exploitation, consumed vast amounts
of minerals and fresh water while generating waste
water, waste residue, and waste gases that were then
discharged into the atmosphere and caused widespread
pollution, affecting various natural biospheric cycles.
Therefore, environmental pressure that results from
secondary industry is a typical type of pressure, and
the indicators are numerically (or evenly) allocated
to grids covering corresponding administrative
districts.

B) Effectual indicators should exert local effects on the
eco-environment, such as environmental pressure

from the primary industry (C,) for which steppe
livestock husbandry predominates. The production of
livestock and its corresponding environmental impacts
have mainly been concentrated on land designated for
farming and grazing, while other land-use types, such
as urban land, remain free from such pressure. As a
result, environmental pressure from primary industry
can be calculated by means of the equal distribution
of production values of primary industry on specific
land-use types, such as farming and grazing land.
Eco-environmental pressure of similar indicators
were also concentrated on their respective land-use
categories.

C) Effectual indicators must specifically refer to the
spatial distribution approach of population pressure
on the environment. The population of the typical
steppe ecoregion was divided into rural and urban
populations for statistical analysis, which was
based on the distribution of spatial environmental
pressure according to their actual production and
residential characteristics. Given that it is difficult
to measure environmental pressure resulting from
a unit population, which is also subject to changes
in population size [65], grids supported simplified
population sizes to represent population pressure on
the environment. Rural population pressure on the
environment is derived from two types of stress:
untreated domestic waste that is discharged directly
into residential environments and production and
operation activities, such as grazing, that place direct
environmental pressure on farming and grazing
land, both of which occur simultaneously in
different areas under varied unit environmental
pressure. Therefore, rural population pressure on
the environment is expressed by evenly distributing
rural populations into these two different land-use
types. Urban population pressure on the environment
corresponds to environmental pressure from lifestyle
activities, whereas environmental pressure generated
from production and operation corresponds to
industrial structures, investment scales, and technical
levels rather than urban population size. Therefore,
urban population pressure on the environment that
derives from lifestyle activities can be calculated by
evenly distributing urban populations on urban land.
Table S1 provides land-use categories that correspond
to the distribution of environmental pressure from
rural and urban populations on the typical steppe
ecoregion.

D) Table Sl is located here.

E) This approach specifically relates to the spatial
distribution of grazing pressure (C,), that is, the
amount of pasture that livestock requires per unit
area. Given that livestock was divided into large
livestock and sheep (including a small number
of goats) in official statistics, we reallocated all
livestock into a standard sheep unit according to
the Inner Mongolia Autonomous Region Basic
Steppe Protection Regulations (2016), with one
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Table S1. Distribution design of population pressure on the environment of the typical steppe ecoregion.

Land-use . .
category Rural population Urban population
. Woodland, shrubland, open forest land, other woodland types, high coverage grassland,
Production - ;
land moderate coverage grassland, low coverage grassland, sand, saline and alkaline land,
marshland, paddy land in hilly areas, hilly farmland, flat farmland, and sloped farmland
Populated . . Urban land, and land used for
Rural residential area .
land other construction purposes

individual sheep being equal to one sheep unit and
one large livestock (mainly cattle) being equal to five
sheep units. Due to the limited spatial information
available on livestock distribution, this was simpli-
fied into even distributions of livestock on farming
and grazing land in various administrative districts
(in the same way that production land was simplified
for rural populations; Table S1) based on pasture area
that a standard sheep unit requires within a specified
space (grazing pressure), and it was calculated using
the net primary productivity (NPP, C,)) of the current
year.

Appendix B

The target is an optimal situation of ecological
security, therefore the target setting relates to the accuracy
of the indicator assessment score. Due to the diversity and
complexity of the indicator system, the targets of various
indicators were set as values that were closest to the state
of ecological security under the following three categories:

The first category is a constant value. A single value
serves as the target of an indicator.

The second category is a variable with a non-
fixed value. Take, for example, population. The key to
measuring population growth lies in the estimation of
“threshold,” which can then be used as a scale to evaluate
differences between population growth and the ideal state
of ecological security. In this study, the “threshold” was

the rate of variation between two comparable years, which
can be expressed using the following formula

C — /{u_Z/[—l(

s ,u=1991,1992,---,2014)
Z,ufl

(Sh

...where C is the rate of variation during the 1™ year,
and X and X, are indicator attribute values in the
(e — )™ year and the u™ year, respectively. In order to
avoid disturbances from extreme events, this study used
a rate of variation sequence from 5% to 95% intervals to
obtain its mean values, which served as the “threshold”
during the assessment process.

Variable values were further divided into two
categories: the upper limit and the lower limit. We obtained
yearly target values to be assessed using a base indicator
value (typically the 1990 indicator value) and the rate of
variation. For the upper limit category, the indicator value
could not be greater than the target value of the same year;
and for the lower limit category, the opposite was true. In
the event that these requirements were met, the grey target
transformation score was 1; otherwise, it was determined
using Eq. (4).

The third category is the interval value. If the indicator
value was within this interval, grey transformation output
was 1. Meanwhile, if this value was less than the lower
limit of the interval or greater than its upper limit, grey
transformation output was determined using Eq. (4) based
on this value as well as the upper/lower limits. Given

Table S2. Target configuration categories of the ecological security assessment indicators.

Code Target category Code Target category Code Target category

C, Variable value-upper limit category | C, | Variable value-upper limit category | C,g Interval value-fixed value
C, Variable value-lower limit category .1 | Variable value-upper limit category " Interval value-fixed value
C, Variable value-upper limit category | C,, | Variable value-upper limit category | C,, Constant value-max value
C, Variable value-upper limit category | C,, | Variable value-upper limit category | C,, Constant value-max value
C Variable value-upper limit category | C,, | Variable value-upper limit category | C,, Constant value-max value
C, Variable value-upper limit category | C Interval value-statistical value C, Constant value-max value
C, Variable value-upper limit category | C,, Interval value-statistical value C,s Constant value-max value
C, Variable value-upper limit category | C,, Interval value-statistical value

C, Constant value-max value Cp Interval value-statistical value
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Table S3. Ecological security situation levels.

No. N.u merical Level
interval

State description

1 0.9-1.0 Excellent

The social-economic-natural complex ecosystem coordinately developed best of all, exhibiting stable
functions and structures and elasticity in the various subsystems; the state of the natural
eco-environment was favorable when it did not experience major natural disasters or extreme
climatic events; economic and social development did not endanger natural courses or ecological
balances, and human welfare improved overall.

11 0.8-0.9 Good

A part of the social-economic-natural complex ecosystem did not coordinately develop, although it
exhibited basically stable functions and structures and certain elasticity in the various subsystems;
the natural ecosystem exhibited slight degradation, and natural disasters or major climatic events
occurred on occasion but with limited impact; economic and social development as a whole did not
interfere with natural courses or ecological balances, and human welfare improved continuously.

11 0.7-0.8 Medium

The social-economic-natural complex ecosystem encountered problems related to coordinated
development, exhibiting increasing phenomena pertaining to functional and structural disorder, but
certain elasticity remained in various subsystems; the natural eco-environment degraded slightly,
with increasingly intensifying natural disasters or major climatic events; economic and social
development endangered natural courses and ecological balances. Although human welfare may see
improvement at the present time, it decreased in conjunction with long-term progress.

v 0.6-0.7 Poor

A sharp regression in the coordination of the social-economic-natural complex ecosystem, and the
loss in integration was greater than 30%, exhibiting severe functional and structural disorder; the
degradation of the natural eco-environment worsened, and natural disasters or major climatic events
further impaired coordinated processes; economic and social development caused severe degradation
to natural courses and ecological balances, while human welfare suffered from these adverse effects
and did not improve.

A\ <0.6 Bad

The social-economic-natural complex ecosystem encountered significant obstacles in its overall
coordinated development, and integration loss was greater than 40%, where functions and structures
nearly collapsed; the natural eco-environment severely degraded with an ultimate loss in natural
regulatory capacity and suffered frequent natural disasters or extreme climatic events; economic and
social development stagnated, natural courses and ecological balances collapsed, and human welfare
declined and, in extreme cases, human existence was endangered.

that targets of meteorological indicators were mostly 3. BARRETT G.W. A problem-solving approach to resource
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