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Abstract

Ecological security is the state achieved once an ecosystem maintains its stability under external stress. The Yellow River
Basin (YRB) is the largest river basin in northwest and north China and an important area for grain and energy production.
The assessment and attribution of ecological security in the YRB are important for protecting the natural environment and
ensuring sustainable development. Here, the ecological security of the YRB was assessed by the ecological security index
(ESI), a comprehensive index based on the oxygen cycle, and its drivers were attributed to climate change, human activities,
vegetation, and soil factors. The spatial pattern of ecological security in the YRB showed high heterogeneity. Ecological
insecurity occurred mainly in the middle reaches and regions where the major stream of the Yellow River passes through. The
ESI decreased at a rate of — 0.82/year since 2000, which indicated the natural environment continued to be improved in the
YRB. Climate change dominated the evolution of ecological security in the upper reaches. The level of ecological security
has been improved in the middle reaches after a series of ecological restoration projects conducted. With higher intensity of
industrial activity, human activities played a more critical role in ecological security in the lower reaches. Our results sug-
gested that government and local people need to adopt different strategies and actions based on the dominant drivers in the
upper, middle, and lower reaches to ensure protection of the natural environment and achieve sustainable development targets.
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Introduction

Ecological security refers to a state in which natural and
semi-natural ecosystems can maintain their stability and pro-
vides a guarantee of the sustainability of the eco-economic
system (Rapport 1989; IUCN 2012; Liu and Chang 2015).
With economic development, rapid industrialization, and
urbanization, human activities have generated increasing
pressure on the natural environment, which has disturbed the
aquatic environment and habitats, decreased terrestrial diver-
sity, and destroyed ecosystem functions (Chu et al. 2017;
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Yang et al. 2018). As the largest developing country in the
world, China has experienced rapid economic development
and accelerated urbanization since the reform and opening
up, and ecological security has been threatened.

The YRB is an important base of grain and energy pro-
duction in China and plays a vitally important role in the
maintenance of China’s ecological security (Wang et al.
2017). Climate change has significantly influenced ecologi-
cal security in the YRB in recent decades. The increasing
temperature has led to permafrost thawing and grassland
degradation in the headstream region. Severe soil erosion
due to the dry climate and complex topography threatened
the conservation of water and soil in the middle reaches
(Xiao et al. 2021). The decreasing precipitation and increas-
ing population have increased the risk of water insecurity in
the middle and lower reaches (Jia et al. 2015; Ringler et al.
2010). Due to the dense cities, large population, and fragile
ecological environment, the ecological environment impact
resulting from human activities is particularly significant in
the YRB. During the past 100 years, the basin’s population
has more than increased from 50 to 190 million, whereas
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urbanization rates doubled from 18 to 40% between 1980
and 2006 (Wohlfart et al. 2016). To increase agricultural
production, the irrigated area expanded from increased from
800,000 ha in 1950 to 7,500,000 ha today, which resulted in
the decreasing runoff of the Yellow River since the 1950s
(Chen et al. 2020a). There is an urgent need to realize the
coordinated development of social development and eco-
logical security, and then promote the high-quality develop-
ment of the YRB. A series of ecological restoration projects
in China, especially the large-scale policy-driven Grain to
Green Program, which has the aim of returning cultivated
land to forest, was implemented in 2000 in the middle
reaches of the YRB (Li 2004; Fu et al. 2017; Wu et al. 2019;
Yin et al. 2021). Although ecological restoration programs
have promoted the restoration of forest and grassland, the
fragility of the ecosystems has still constrained the supply
of ecosystem services and the social economic development
in the YRB (Jia et al. 2022). Since 2019, ecological protec-
tion and high-quality development in the YRB have been
promoted as a national strategy, marking a new historical
period for local ecological environment and social develop-
ment (Chen et al. 2020b). Therefore, to protect the natural
environment and achieve sustainable development targets,
there is an urgent need to assess the ecological security evo-
lution of the YRB under the background of increased human
activities and climate changes and clarify the main drivers
of ecological security in the YRB.

However, the assessment of ecological security is dif-
ficult due to the complex interactions between social and
ecological systems. Among many previous studies, several
methods have been proposed to assess ecological security,
such as the pressure—state—response model (Zhao et al. 2006;
Wang et al. 2019), mathematical methods such as the gray
model (Chen and Wang 2020) and fuzzy comprehensive
evaluation method (Onkal-Engin et al. 2004), ecological
methods such as the ecological service model (Huang et al.
2017) and ecological footprint model (Huang et al. 2007; Li
et al. 2019; Yang et al. 2018), landscape ecological model
(Yu et al. 2018; Xu et al. 2016), and geographic informa-
tion system (Feng et al. 2018; Xie et al. 2020). The pres-
sure—state—response model is the most widely used method;
however, it usually provides a static assessment and cannot
reflect the interactions of different factors and the evolution
of ecological security.

Oxygen is a critically important gas for life on earth,
and changes in its concentration are directly and closely
related to human health, biological extinction, and eco-
logical security (Huang et al. 2021; Jane et al. 2021). As
the long-term declines in oxygen concentrations in lakes,
oceans, and atmospheric linked to climate warming and
enhanced human activity, the ecosystem function has been
destroyed (Li et al. 2020; Jane et al. 2021), and ecological
security has been severely threatened (Palmer et al. 2004;
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Huang et al. 2012, 2016, 2020a; Feng et al. 2018). The oxy-
gen cycle is closely associated with the biological, carbon,
hydrological, and thermal cycles. Since the oxygen budget
was assessed by Huang et al. (2018), the oxygen cycle has
been widely used to assess the ecological status of global
cities, land, and oceans (Li et al. 2020, 2021; Han et al.
2021), and those indicators have proven to be a powerful
tool to assess the ecological status of land and cities at the
global scale (Huang et al. 2020a; Wei et al. 2021). Huang
et al. (2020a) evaluated the global land ecological security
covering the past 60 years and projected the oxygen bal-
ance with climate change for the future 100 years. Wei
et al. (2021) investigated the oxygen balance and its related
risks in 391 global large cities using the oxygen index and
found that the oxygen index can be used to help assess and
promote urban sustainability at broad scales. However, the
effectiveness of an ecological security assessment based on
the oxygen cycle over a local region, such as a river basin,
has not yet been determined.

In this study, we addressed the following questions: (1)
How did ecological security evolve based on the oxygen
cycle in the YRB? (2) What are the main drivers that have
influenced ecological security in the YRB during the last
3 decades? The rest of this paper is organized as follows:
the “Datasets and methods” section briefly describes the
general situation of the study area as well as data collection
and processing, and then the methods used in this paper are
introduced. The “Results” section gives the main results
of this study. We discussed the ability of the ESI and the
drivers of ecological security in YRB in the “Discussion”
section. The main conclusions were drawn in the “Conclu-
sion” section.

Datasets and methods

In this study, the ecological security is identified by the
ecological security index (ESI), which was constructed by
oxygen consumption (O,), oxygen production (O,), tempera-
ture warming magnification (7,,), and aridity index (AI), the
drivers of which including climate change, human activities,
vegetation, land use, and soil properties. The data compila-
tion and method are described below.

Study region

The YRB covers four geomorphic units from west to east,
namely, the Qinghai-Tibet Plateau, the Inner Mongolia
Plateau, the Loess Plateau, and the Huang—Huaihai Plain
(32-42°N, 96-119°E). The altitude of the YRB decreases
from the west to the east, with a topographic difference
of 3000 m (Xiao et al. 2021). Following previous studies
(Lin et al. 2020; Zhang et al. 2022), we divided the YRB
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into three sub-regions: upper reaches (Qinghai, Inner
Mongolia, Ningxia, Gansu, and Sichuan), middle reaches
(Shaanxi and Shanxi), and lower reaches (Shandong and
Henan) in this study (Fig. 1a). The annual total precipita-
tion of the entire basin is 466 mm, showing a decreasing
pattern from southeast to west. The mean annual tempera-
ture ranges from — 4 to 14 °C (Ma et al. 2018). The grass-
land covers the most region of the upper reaches, most
tree of YRB is located in the middle reaches, and crop-
land was found in the middle and lower reaches (Fig. 1b).

Datasets

Multiple datasets were collected from different sources as
follows (Table 1), and illustrations of the data and procedural
steps of the study are shown in Fig. 2.

The oxygen datasets

In these studies, we followed Huang et al. (2020a) to com-
bine the balance between oxygen consumption with produc-
tion, T,,,, and Al to indicate the ecological security statute in
the YRB, which was defined as
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Fig.1 The location (a) of the upper (I), middle (II), and lower

reaches (III) and land cover (b) in the Yellow River Basin (1-4:
cropland; 5-6: mosaic cropland/natural vegetation; 7-17: tree cover;

Table 1 The datasets and sources used in this study
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18-19: mosaic tree and shrub; 20-22: shrubland; 23: grassland; 24:
lichens and mosses; 25-28: sparse vegetation; 29-30: tree cover; 32:
urban; 33-35: bare area; 36: water body; 37: permanent snow and ice)

No Datasets Data description

Data source Use

1 Oxygen datasets

Net ecosystem productivity, heterotrophic,
and soil respiration datasets

Land datasets soil organic carbon
Cropland datasets
Terrace datasets

3 Socioeconomic datasets
development
Index datasets

Vegetation datasets Leaf area index datasets

Oxygen consumption datasets

Gross domestic product and human

Vegetation optical depth datasets

5  Climate and hydrography datasets Runoff datasets

Precipitation datasets

Potential evaporation datasets

Temperature warming magnification

datasets

GDVI datasets
datasets

Global desertification vulnerability index

Huang et al. (2018) and Liu et al. (2020)
Global fire emissions database

ESI calculation

Global soil organic carbon map ESI attribution
Yu et al. (2021)
Cao et al. (2021)

Kummu et al. (2018) ESI attribution

ESI attribution
LAI validation
ESI validation

Al calculation

http://www.glass.umd.edu/Download.html
Moesinger et al. (2020)

Abatzoglou et al. (2018)

Climatic Prediction Center

CRU TS 3.25 dataset

Huang et al. (2017) ESI calculation

Huang et al. (2020b) ESI validation
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Fig. 2 Illustration of the overall
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O, is the oxygen consumption consumed by four main
processes, including (1) fossil fuel combustion, (2) human
respiration, (3) livestock respiration, and (4) fires (Petsch
2014). The detailed methods and datasets of the processes
could be found in previous studies (Huang et al. 2018; Liu
et al. 2020).

O, is the oxygen production that is produced during
photosynthesis, during which plants and other organisms
absorb carbon dioxide (CO,) from the atmosphere and
release oxygen (O,). Photosynthesis can be expressed by
the following chemical equation:

6H,0 + 6CO, — CcH,,04 + 60, )

According to Eq. (2), we can use Eq. (3) to calculate the
net amount of O, produced during the process of photo-
synthesis if the known amount of carbon is fixed through
photosynthesis (NEP). More detail could be found in
Huang et al. (2018).

0, = NEP x 2.667 3)

Here, NEP is the net amount of gross primary produc-
tivity (NPP) remaining after excluding the cost of plant
and soil respiration (Rh), which is calculated by the fol-
lowing equation:

NEP = NPP — Rh 4)

The observed NPP, heterotrophic, and soil respiration
from 2000 to 2015 were acquired from the Global Fire
Emissions Database (van der Werf et al. 2017).

T,, is the temperature warming magnification, which is
defined as the ratio of the grid warming rate to the global
warming rate as follows:
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where T.,4(i,n) is defined as the linear trend of the surface

temperature from 1901 to year n at grid point i, and 7genq(72)

is defined as the linear trend of the global average surface

temperature from 1901 to year n for year n (Huang et al.

2017).

Climate and Hydrography Datasets

The AI was widely used to indicate the aridity state of the
atmosphere, which is defined as the ratio of precipitation to
potential evapotranspiration (PET):

p

Al = —
PET ©)

Here, the precipitation data provided by the Climatic Pre-
diction Center (CPC) cover 1948 to the present with a spatial
resolution of 30 arc-seconds. The PET data is from CRU TS
3.25 dataset (Harris et al. 2014), which covers the period
1901-2016 and all land areas at 0.5° resolution. The runoff
data with high-spatial resolution (1/24°) from 1958 to 2015
was provided by Abatzoglou et al. (2018), who produced
monthly surface water balance datasets using a water bal-
ance model that incorporates reference evapotranspiration,
precipitation, temperature, and interpolated plant extractable
soil water capacity.

Vegetation datasets

The LAI and VOD data were retrieved from satellite obser-
vation. The satellite-observed LAI products (GIMMS LAI)
derived from the Advanced Very High-Resolution Radiom-
eter are currently considered the best dataset for overcoming
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data inconsistencies resulting from the utilization of mul-
tiple satellite sensor systems (Zhu et al. 2013). The VOD
data derived from multiple space-borne microwave sensors
were produced by Moesinger et al. (2020) using the land
parameter retrieval model. There are the Ku-band (period
1987-2017), X-band (1997-2018), and C-band (2002-2018)
data, the spatial resolution of which is 30 arc-seconds. In
this study, the Ku-band data was used due to the long time
records.

Land datasets

The soil organic carbon was extracted from the global soil
organic carbon map, which is the first global soil organic
carbon map ever produced through a consultative and par-
ticipatory process involving member countries, which makes
this map totally new and unique (http://www.fao.org/soils-
portal/data-hub/soil-maps-and-databases/global-soil-organ
ic-carbon-map-gsocmap/en/). The terrace data was extracted
time-series spectral features and topographic features from
Landsat 8 images and the shuttle radar topography mission
digital elevation model data, classifying cropland area into
terraced and non-terraced types through a random forest
classifier (Cao et al. 2021). The cropland data was retrieved
from a continuously covered cropland distribution dataset in
China spanning from 1900 to 2016 by assimilating multiple
data sources (Yu et al. 2021).

Socioeconomic data

As the population data was used to calculate the oxygen con-
sumption, here, gross domestic product (GDP) and human
development index (HDI) were used to indicate the level of
human economic and social development. HDI is a com-
posite index of ‘average achievement in key dimensions of
human development: [i] a long and healthy life, [ii] being
knowledgeable, and [iii] having a decent standard of living
(UNDP 2017). Both the GDP and HDI were retrieved from
Kummu et al. (2018), who reproduced annual global grid-
ded datasets at 5 arc-min resolution for the 25-year period
of 1990-2014.

As different spatial resolutions of datasets, we interpo-
lated the data to a resolution of 0.1 x0.1°. Additionally,
some of the data sets had a different time length; 2000-2015
was chosen to calculate the mean of variables.

Statistical methods
Linear regression analysis

The trends of O, Op, LAI, VOD, and HDI were calculated
as the slope of linear regression using the ordinary method:

n . n . n
n* Z,’:l(l *Ai) - Zi=ll * Z,-=1Ai
. 2
nw Y 2= D)
where n was the length of time series, i was the number of

year, and A; was O, Op’ HDI, and environmental factors in
the ith year.

Slope =

@)

Multivariate adaptive regression splines method

The multivariate adaptive regression splines (Jerome 1991;
MARS) were used to attribute the spatial patterns in oxy-
gen production to vegetation, human activities, and soil/land
changes. MARS is a nonparametric regression method based
on pricewise linear regressions, which does not assume a
distribution between the response and predictor variables. In
this study, the MARS models were computed with R pack-
age earth (https://cran.r-project.org/web/packages/earth/
index.html) and were construed for upper, middle, and lower
reaches, respectively.

Result
The evolution of ecological security in the YRB

As shown in Fig. 3a, the oxygen consumption was high in
the lower reaches and low in the upper reaches. There was
a high-value center of oxygen consumption located in the
Fenhe—Weihe Basin. The more intense the human activi-
ties, the higher the oxygen consumption and the greater
the risk of natural environmental insecurity. Oxygen pro-
duction decreased from south to north in the YRB. The
region with the largest oxygen production was located in
the southeastern Gansu Province and in the south-central
region of Shanxi Province (Fig. 3b). The regions with the
lowest oxygen production were located in the upper reaches
(Fig. 3b). Due to high spatial heterogeneity in oxygen con-
sumption and production and rapid climate change, the ESI
showed high spatial heterogeneity in the YRB (Fig. 4). The
higher the ESI value, the greater the insecurity of environ-
ment. The ESI value decreased from east to west, indicating
that the level of ecological security increased from east to
west in the YRB. Ecological insecurity occurred mainly in
the regions through which the mainstream of the Yellow
River passed, such as the Yinchuan Plain and western Hetao
Plain. The regions with the highest level of ecological secu-
rity were mainly located in the southern Gansu Province
and eastern Qinghai Province. Figure 4c shows that ESI
values decreased at the speed of 0.82/year from 2000 to
2014, indicating that ecological security has significantly
improved in the YRB.
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Fig.3 The average distributions of oxygen consumption (a), oxygen production (b) during 2000-2014, and evolution (c) in the Yellow River
Basin. The forest green line and deep pink line indicate the oxygen production and oxygen consumption in (c), respectively

Most regions of the YRB are in arid, semi-arid, or semi-
humid climate zones, and the YRB also suffers from the
risk of desertification, which also is an important issue
for the local environment. We assessed the risk of deser-
tification based on the global desertification vulnerability
index (GDVI) (Huang et al. 2020b), which is used to assess
the desertification risk due to climate change and human
activities. The higher the GDVI value, the more severe the
desertification risk. The GDVI indicated high desertification
risk in the upper reaches (Fig. 4b). The regions with high
desertification risk were located along the borders of Gansu
Province, Ningxia Province, and Inner Mongolia Autono-
mous Region, which are surrounded by the Tengger Desert,
Badain Jaran Desert, and Kubugqi Desert (Fig. 4b), where the
level of the ecological security is also low. Due to the wet
climate and dense vegetation cover, the level of ecological
security was high and the desertification risk was low in the
southern middle reaches. Both the desertification risk has
decreased and the ecological security has improved during
past decades (Fig. 4c), indicating the ecological and envi-
ronmental improvements in the YRB.

@ Springer

Drivers of change in ecological security

The pattern of ecological security in the YRB was influenced
by climate change and human activities. With human activi-
ties and economic development, oxygen was consumed. The
process of oxygen production was also influenced by human
activities such as city, cropland expansion, and deforesta-
tion. Soil characters are important for plant growth and soil
respiration, and LAI is the direct factor affecting the speed
of photosynthesis and influences the NEP. Both soil and
vegetation character influence the vulnerability of the eco-
system. Climate change can change the growing conditions
for vegetation and impact the local environment. Therefore,
we attributed the land ecological security changes to climate
change, soil and vegetation change, and human activities in
this study. The evolutions of these factors are as follows.

Climate change

Under global warming, the temperature increased in all
basins during the past 3 decades (Mao et al. 2018). The
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Fig.4 The average distributions of ecological security index (ESI) (a), desertification vulnerability index (GDVI) (b) during 2000-2014, and
evolution (c) in the Yellow River Basin. The forest green line and deep pink line indicate the GDVI and ESI in (c), respectively

regions with the fastest temperature increase were located
in the headstream of the YRB and eastern Hetao Plain
(Fig. 5a). In contrast to the consistently increasing tem-
perature pattern, the distribution of precipitation change
in the YRB displayed high spatial heterogeneity. Precipi-
tation increased in the headstream and part of the region
in the Hetao Plain. The largest decreasing precipitation
was observed in the southern part of the middle reaches
(Fig. 5b), which may be the main factor responsible for the
decreasing runoff in the middle and lower reaches. Most
regions of the YRB are arid, semi-arid, and semi-humid
climate zones, with the Al increasing from west to east and
from north to south (Fig. 5c). The Al increased after 2000
in the YRB, indicating that the basin became wetter, while
it increased strongly in the upper reaches due to increasing
precipitation (Fig. 5d).

Vegetation

Figure 6 shows the spatial distribution of vegetation cover
in the YRB. In general, the vegetation cover was generally
high in the southern basin but low in the northern basin.
The highest LAI values were found in the southern mid-
dle reaches, followed by the southwest of Gansu Province
(Fig. 6a). The LAI showed an increasing trend in the upper,
middle, and lower reaches, with the largest rate of increase in
the middle reaches, followed by the lower and upper reaches
(Fig. 6b). The LAI suddenly increased since 2000 in the
upper and middle reaches, which may due to the implemen-
tation of the Grain to Green large-scale revegetation program
since 1999. The spatial distribution of VOD was similar to
the pattern of the LAI, with high values located in the south-
ern YRB. Compared with the LAI, the rate of increase of
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Fig.5 Climate change in the Yellow River Basin. The distribution of
trends in temperature (a) and precipitation (b) during 1982-2014; the
average distributions of annual the aridity index (Al, ¢) during 1982—

VOD was larger in each of the upper, middle, and lower
reaches (Fig. 6¢). The VOD increased rapidly from 2000 to
2008 but slowed down after 2008 in the lower and middle
reaches (Fig. 6d). The VOD increased rapidly from 2000
to 2014 in the upper reaches, with no slowing downtrend
after 2008.

Land characters

The soil organic carbon content was high in the headstream
of the YRB and the region where the Grain to Green large-
scale revegetation program was implemented (Fig. 7a). This
result indicates that the revegetation program has signifi-
cantly improved the soil quality of the Loess Plateau. The
high organic carbon content in the headstream implies that
the area has an important ecosystem function and that it is
necessary to protect ecosystems to achieve the carbon peak
target. Most of the river terraces were located in the middle
reaches of the YRB (Fig. 7b), which was mainly a conse-
quence of the specific local topography. The distribution of
river terraces was similar to that of the decreased runoff
in the YRB, which indicated a strong influence of human
activities on the ecosystem in the middle reaches.
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Cropland is an important indicator of land use change.
Figure 8 shows the distribution of cropland in the YRB.
Most cropland was located in the middle and lower
reaches. The cropland distribution was similar to the spa-
tial distribution of GDP (Fig. 8), which had high-value
centers located in the Guanzhong Plain and along the
mainstream Yellow River. The area fraction of cropland
decreased significantly from 20.5% in 2000 to 19.2% in
2014. The most significant period of decrease was in
approximately 2000, which was when the Grain to Green
program was conducted. The decrease in cropland directly
reflected the efforts to promote public awareness regard-
ing environmental protection and ecological conservation
in the YRB.

Human activities

GDP indicates the level of economic development and
reflects the direct pressure of human activities on the envi-
ronment. As Fig. 9 shows, there was a high value of GDP
in regions with urban agglomerations, such as Lanzhou and
Xi’an city, which are provincial capital cities. The low value
of GDP indicated the relatively low level of human activities
in the upper reaches. Compared with the upper reaches, the
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Fig.6 Changes in vegetation parameters in the Yellow River Basin.
The average distributions of the leaf area index (LAI, a) and veg-
etation optical depth (VOD, ¢) during 2000-2014 and the evolution

of LAI (b) and VOD (d). The deep pink line represents the upper
reaches, the forest green line the middle reaches, and the dark violet

line the lower reaches in (b) and (d)
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Fig. 7 The average distributions of soil organic carbon (SOC, a) and terraces (b) in the Yellow River Basin during 2000-2014

value of GDP was larger in the lower and middle reaches.

a high HDI were located in Shandong Province and the

Inner Mongolia Autonomous Region (Fig. 9b). The HDI
increased from 0.57 to 0.72 during 2000-2014, and the
GDP increased exponentially (Fig. 9¢c), indicating that the
economy developed and population increased in the YRB
during this period. Although the spatial resolution of the
HDI was 5 arc-min, the HDI in the provincial administra-
tive regions remained constant, which may be due to the
raw data source only providing information at the provin-
cial level.

There was a belt with a high value of GDP that ran from the
northwest to the southeast in the middle reaches. The spatial
pattern of GDP was similar to the distribution of ecological
security, which indicated a strong impact of human activities
on the local natural environment in the middle and lower
reaches.

The HDI increased from west to east in the YRB, which
was in line with economic development and education.
The upper reaches had a low HDI, while regions with
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Discussion
The reliability of the ESI

As oxygen is the most important survival factor of all ani-
mals on the earth, the oxygen cycle is closely associated
with biological, carbon, hydrological, and thermal cycles.
ESI was proposed to diagnose and project a land ecologi-
cal security-based oxygen cycle. Previous study showed
that a severe decline in ecological security has occurred in
drylands that have expanded into surrounding regions over
the past 60 years, and the response of ecological security
to global warming and human activities is projected to be
stronger based on ESI (Huang et al. 2020a). Geoscientists
can apply the newly proposed ESI to investigate and reana-
lyze the vitality of land with different ecological statuses
and optimize the gains from the constructions of ecological
civilization.

In this study, the ESI results indicated that the areas with
threatened ecosystems were located in the region where the
mainstream of the river passed through and in the lower
reaches where high levels of human activity were indicated
by GDP data. As most regions of the YRB are located in the
arid, semi-arid, or semi-humid zones, water resources are the
main constraint factor both for economic development and
the environment, which is why most cities are located in the
region where the mainstream of the river passed through.
Previous studies showed that areas with high levels of eco-
nomic development were located in the middle and lower
reaches of the basin and were associated with high levels of
urban expansion (Ji et al. 2021).

The ESI indicated improved ecological security since
2000, which is consistent with the results of previous
research (Jiang et al. 2021; Zhao et al. 2021). Zhang
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et al. (2022) showed that the ecological vulnerability
level shows a decreasing trend from 2001 to 2019 in the
YRB, indicating the ecological environmental quality had
improved in the YRB. A series of ecological restoration
projects, such as the Three-north Shelterbelt, the Grain-
for-Green, the Natural Forest Projection, and the Yellow
River Basin Comprehensive Planning (2012-2030), were
conducted in the YRB; the vegetation coverage increased
and the ecological environment was improved (Li et al.
2016; Lv et al. 2019; Zhang et al. 2021).

Overall, the ESI could diagnose the spatial pattern and
evolution of ecological security in the YRB. However, in
regions where oxygen consumption is low due to a lack
of human activities, it is difficult to reveal the potential
ecological risk using the ESI. The ESI value was low in
the upper reaches due to the limited human activity, while
there was a high desertification risk due to the foliage eco-
system and increasing temperature. Previous studies also
have shown that vegetation began to degenerate or experi-
ence more rapid degradation since 2007 due to permafrost
degradation and overgrazing (Song et al. 2018). Water is
critical to the local natural environment and to economic
development (Wang et al. 2019). As shown in Fig. 10, the
runoff distribution pattern was spatially heterogeneous,
with large runoff volumes in the headstream, southern
middle reaches, and lower reaches. In the Yinchuan Plain
and western Hetao Plain, there were smaller volumes of
runoff. The regional average runoff displayed a slightly
increasing trend from 1982 to 2014. Due to the human
activities in the major stream of the YRB, water security
will be a bottleneck that restricts the development of the
local social economy. By combining ESI and GDVI, we
presented a comprehensive picture of the ecological secu-
rity of the YRB.
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Fig. 10 Change in the volume of runoff in the Yellow River Basin during 1982-2014. The average distribution of annual total runoff during

1982-2014 (a) and a time series of the runoff (b) (unit: mm)
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The influence of drivers in the upper, middle,
and lower reaches

The ESI represents the oxygen balance between consump-
tion and ecological support under climate change. Due to
the different industrial structures and climatological envi-
ronments, the dominant factors of oxygen consumption and
production were different. It is very important to clarify the
dominant factors of oxygen consumption and production in
the upper, middle, and lower reaches.

Oxygen consumption was dominated by fossil fuel com-
bustion in the upper, middle, and lower reaches. Most of
the fossil fuel combustion occurred in the middle reaches
due to the intense industrial activity (Fig. 11a), which is an
important factor impacting local ecological security. That is
due to the rich coal, natural gas, oil, and nonferrous metal
resources in the middle reach (Liu et al. 2021). Population
and livestock were also important factors that affected the
oxygen consumption in the lower reaches, while there was
little fossil fuel compared with the upper and middle reaches.
In the lower reaches, with a high level of economic devel-
opment, there are prone to form population agglomeration
zones, implying a high demand for water and pressure on
the local environment. Following fossil fuel combustion,
livestock was the next largest consumer of oxygen in the
upper reaches. As previous studies showed that grazing is
an important factor in grassland degradation (Xu et al. 2017,
Shi et al. 2020).

The multivariate adaptive regression revealed that the
LAI dominated the oxygen production pattern in the middle
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Fig. 11 Attribution of oxygen changes in the upper, middle, and
lower reaches. The contribution of different factors to oxygen con-
sumption; the areas show the proportional contribution of each
driver (a). The proportional contribution of different factors to oxy-
gen production using multivariate adaptive regression; the bars show
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and lower reaches because the vegetation is the direct source
of oxygen production. The increasing LAI in the lower
reaches was due to more effective cropland management,
leading to increased crop production (Chen et al. 2019). The
LAI and VOD significantly increased (Fig. 5b, 5d), which
was closely associated with government policy in the mid-
dle reaches. The HDI was the main factor influencing the
pattern of oxygen production in the upper reaches, followed
by the LAI, area of cropland, GDP, and soil organic carbon
content. HDI is closely related to the level of human educa-
tion and awareness of environmental protection. A higher
HDI has a positive impact on the local environment, and
a lower HDI may accompany the destructive activities to
the local environment, which influences oxygen produc-
tion. In the upper reaches, the vegetation is sparse and oxy-
gen production is small, the human activities would have a
significant influence on the local environment and oxygen
production, which is why the HDI dominated the oxygen
production in the upper reaches. The increasing HDI had an
effective influence on improving ecological security in the
YRB. With the increasing temperature in the upper reaches
(Fig. 4a), the lengthened vegetation growing season was an
important factor that increased the annual LAI and VOD in
the upper reaches; however, it was also accompanied by the
thawing of permafrost, the amount of carbon released into
the atmosphere increased (Fig. 6a), which will accelerate the
speed of warming and cancel the positive effect of increasing
temperature in the future.

In summary, with government policy, a wetter climate
(Fig. 5d), and increased vegetation coverage, oxygen
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the importance (measured as the percentage of the overall variance
explained) of individual drivers (b). The drivers are LAI (leaf area
index), GDP (gross domestic production), HDI (human development
index), cropland (area of cropland), and SOC (soil organic carbon)
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production has significantly increased, and the level of eco-
logical security has been improved in the past three decades
in the YRB (Fig. 3). It is noted that we qualitatively investi-
gated the driver of ecological security in the YRB by analyz-
ing dominated factor of oxygen consumption and production
and the effect of climate change on the local environment in
this study. The quantitative contribution was not given; that
should be fatherly investigated in future studies.

Conclusion

Achieving sustainable development goals requires a balance
to be maintained between the environment, society, and the
economy. Environmental sustainability has always been an
important part of sustainable development and is a neces-
sary condition for achieving strong overall sustainability.
To achieve environmental sustainability, a reasonable index
can guide policymakers in the right direction. We combined
oxygen consumption, oxygen production, global warming,
and the extent of land aridity to construct the ESI to assess
the ecological security of the YRB. The ESI decreased at
a rate of —0.82/year since 2000, which indicated that the
natural environment continued to be improved in the YRB.
ESI could present the spatial pattern of ecological security
in the YRB: the higher ecological insecurity is located in the
middle reaches and mainstream of the Yellow River, with
the largest oxygen imbalance. The highest desertification
risk was located in the northwestern YRB. Due to the fragile
environment, both human activities and climate change had
an important effect on the evolution of ecological security
in the upper reaches. As a series of ecological restoration
projects conducted, the government has improved the level
of ecological security in the middle reaches. With higher
levels of industrial activity, human activities played a more
critical role in ecological security in the lower reaches. In
the future, when balancing local economic development and
the goal of reaching a carbon peak, government and citizens
should consider the ecological capacity of the region with
regard to its fragile environment and high desertification risk
in the upper reaches. In the severe oxygen imbalance region,
there is a need to take actions, such as optimizing energy
consumption structure, upgrading industries, and develop-
ing a green economy, to reduce oxygen consumption and
CO, emissions.
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