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Global temperatures will continue to increase in the future. The ~640,000-km2 Loess Plateau (LP) is a
typical arid and semi-arid region in China. Similar regions cover ~41% of the Earth, and its soils are some
of the most severely eroded anywhere in the world. It is very important to understand the vegetation
change and its ecological threshold under climate change on the LP for the sustainable development in
the Yellow River Basin. However, little is known about how vegetation on the LP will respond to climate
change and what is the sustainable threshold level of vegetation cover on the LP. Here we show that the
temperature on the LP has risen 0.27 �C per decade over the past 50 years, a rate that is 30% higher than
the average warming rate across China. During historical times, vegetation change was regulated by
environmental factors and anthropogenic activities. Vegetation coverage was about 53% on the LP from
the Xia Dynasty to the Spring and Autumn and Warring States period. Over the past 70 years, however,
the environment has gradually improved and the vegetation cover had increased to ~65% by 2021. We
forecast future changes of vegetation cover on the LP in 2030s, in 2050s and in 2070s using SDM (Species
Distribution Model) under Low-emission scenarios, Medium-emission scenarios and High-emission
scenarios. An average value of vegetation cover under the three emission scenarios will be 64.67%,
62.70% and 61.47%, respectively. According to the historical record and SDM forecasts, the threshold level
of vegetation cover on the LP is estimated to be 53e65%. Currently, vegetation cover on the LP has
increased to the upper limit of the threshold value (~65%). We conclude that the risk of ecosystem
collapse on the LP will increase with further temperature increases once the vegetated area and density
exceed the threshold value. It is urgent to adopt sustainable strategies such as stopping expanding
vegetation area and scientifically optimizing the vegetation structure on the LP to improve the ecological
sustainability of the Yellow River Basin.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Launched in 1999 by the Chinese government, the Grain for
Green (GFG) project has become the largest ecological restoration
initiative [1,2]. The central government of China has invested over
RMB 500 billion (~USD 73 billion) in this project, and 33 million
hectares of farmland have been converted into forests and grass
(http://www.forestry.gov.cn/). Forest coverage countrywide
increased from 16.6% in 1998 to 24.02% in 2021 (http://www.
forestry.gov.cn/). The greatest increase in vegetation coverage
ier B.V. on behalf of Chinese Soci
access article under the CC BY-NC-
occurred on the Loess Plateau, from 31.6% in 1999 to 59.6% in 2013
[3]. With the continuous progress of the GFG project, China has
become the largest contributor to global ecological restoration,
contributing ~25% of total global “greening” [4].

Covering approximately 640,000 km2, the Loess Plateau in
China is characterized by semi-humid and semi-arid conditions.
Regions with similar conditions comprise about 41% of Earth's total
land area and feature some of the most severely eroded soils
globally. Climatic warming, ongoing during the GFG project, is ex-
pected to continue in the foreseeable future [5,6]. An increase in
temperature-induced drought episodes over half of the global land
surface between 2071 and 2100 [7]. Increasing temperature-
induced intensification of dry seasons has been observed over the
last century [8], leading to hotter droughts. In this regard, rising
ety for Environmental Sciences, Harbin Institute of Technology, Chinese Research
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temperatures have also led to a substantial increase in the occur-
rence of warm-season droughts in Asia during recent years [9].
Between 1909 and 2011, the average land temperature increase rate
has been higher than the global average, reaching 0.9e1.5 �C.
However, significant regional variations exist in domestic climate
change [5,6]. Limited research has been published on climate
change and its impact on vegetation dynamics on the Loess Plateau,
considering expected future warming.

The global climate models (GCMs) may accurately predict global
climate change and variability ratio, integrating multiple earth
systems such as the atmosphere, ocean, land surface, and sea ice.
They can provide information on the impact of climate change on
the global and regional levels and assist in analyzing adaptation
strategies and vulnerability assessments [10]. The Phase 6 coupled
model intercomparison project (CMIP6) of the climate model has
comprehensively considered the socio-economic path and repre-
sentative concentration path (RCP) scenarios, which have been
widely used to quantitatively describe the challenges humans will
face under different future climate scenarios [11]. Assessing and
predicting the impact of climate warming on vegetation growth is a
critical task in ecology. Species distribution models (SDMs) are
classical models [12] widely used to assess and predict the impact
of climatic changes on species number and distribution [13e16].

To maintain the sustainability of the GFG project and provide
scientific strategies for vegetation management under climate
change on the Loess Plateau. Based on existing distribution data
and future climate environment variables, principal component
analysis, correlation coefficient contributionmethod, and screening
methods are used to extract highly correlated environmental var-
iables. Here we analyzed the trends in temperature, precipitation,
evaporation, humidity, and wind speed, and then analyzed the
relationship and effect on vegetation cover, finally forecasted the
future vegetation change (the 2030s, 2050s, and 2070s) by using
the model/algorithm for providing some advice on sustainable
development in the Yellow River Basin.
2. Methods and materials

2.1. Data sources

Relative humidity, wind speed, precipitation, evaporation, and
temperature were obtained from the National Meteorological
Center and National Earth System Science Data Center (http://data.
cma.cn/data/weatherBk.html) (http://loess.geodata.cn). Remotely
sensed satellite data (SPOT/VGT ten-day synthetic NDVI data) were
obtained from the Western China Environmental and Ecological
Science Data Center (http://westdc.westgis.ac.cn). Select BCC_
CSM2 (Beijing Climate Center) suitable for China for the next three
climate scenarios. The medium-resolution version of the Beijing
climate center climate systemmodel, version 2, is sourced from the
National Aeronautics and Space Administration (NASA) Earth ex-
change global daily downscale projections (NEX-GDDP-CMIP6)
data. We have calculated the annual temperature and precipitation
data from the original data as mean annual temperature (MAT),
annual accumulated temperature (AAT) � 0 �C, and mean annual
precipitation (MAP) for three time periods of 2030, 2050, and
2070s. The climate data for the base year (1990e2020) is sourced
from the climatic research unit (CRU) time series (TS) version 4.05,
with a spatial resolution of 0.5�. Sediment data were obtained from
the Yellow River Water Conservancy Commission (http://www.
yrcc.gov.cn/). Vegetation data (1982e1999) were obtained from
Gao et al. [17].
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2.2. Maximum value composites

Remotely sensed satellite data (January 1998eDecember 2021)
were pre-processed to correct atmospheric and radiation effects
and corrected for geometry before generating NDVI at a temporal
resolution of ten days. Subsequently, the maximum NDVI values
from each ten-day interval were employed to document large-scale
changes in vegetation cover [18].

Maximum value composites (MVC) are the predominant
method for calculating vegetation coverage [19]. The principle is to
use the maximum monthly NDVI to eliminate partial interference
of clouds, particles, shadows, and solar height angles in the atmo-
sphere. Maximum NDVI values for April through October were
obtained by the MVC method, renowned for its efficacy in reducing
the influence of clouds, aerosols, cloud shadows, sensor observa-
tion angles, and solar altitude angles in the atmosphere. The spe-
cific formula is as follows:

NDVImax;i ¼maxðNDVI1，NDVI2，NDVI3，NDVI4Þ (1)

where NDVImax;i represents the maximum monthly NDVI value; i
represents the month, ranging from 4 to 10;
NDVI1，NDVI2，NDVI3，NDVI4 represents the NDVI values of the
preprocessed original images synthesized within eight days of the
corresponding month.
2.3. The pixel dichotomy model

Vegetation cover and NDVI are strongly linearly correlated. By
establishing the relationship between them, vegetation cover can
be estimated from NDVI; the pixel dichotomy model is used to
estimate vegetation cover [20]. Assuming that the NDVI values of
each pixel can be synthesized from both vegetation and soil, the
formula is as follows:

NDVI¼NDVIvCi þ NDVIsð1� CiÞ (2)

whereNDVIv is the NDVI value of the vegetation cover part, NDVIs is
the NDVI value of the soil part, and Ci is the vegetation cover de-
gree. Ci can be estimated as:

Ci ¼
NDVI� NDVIs
NDVIv � NDVIs

(3)

The pixel dichotomy model is widely used to calculate vegeta-
tion coverage because of its insensitivity to image radiation
correction [21]. However, the model also has some defects. NDVI
not only reflects vegetation cover but also reflects land-cover type
and leaf area index (LAI). For unvegetated pixels, NDVIs should be
close to 0 and not change over time. But because of atmospheric
conditions, surface humidity, solar lighting conditions, etc., NDVIs is
not fixed but vary from �0.1 to þ0.2. For pure vegetation images,
the type of vegetation and its composition, the spatial distribution
of vegetation, and the seasonal variation of vegetation growth all
cause spatiotemporal variation in NDVIv. At present, there are many
ways to estimate NDVIv and NDVIs. Some researchers have set
NDVIv and NDVIs for each vegetation type as fixed values, calculate
Ci based on previous research experience. Using the grayscale dis-
tribution of NDVI across the whole image, the maximum and
minimum grayscale values can be taken to represented NDVIv and
NDVIs respectively, with a confidence level of 0.5% [22].

In the actual calculation process, the maximum and minimum
values of vegetation NDVI in the growing season are assumed to be
NDVIv and NDVIs, vegetation cover is estimated as:
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Ci ¼
NDVI� NDVImin

NDVImax � NDVImin
(4)

where NDVImin and NDVImax are the maximum and minimum
values of vegetation NDVI for the entire growing season,
respectively.

2.4. Classification of vegetation coverage

To characterize vegetation cover and its temporal change, point
estimates of cover are needed. However, there is no uniformway to
measure vegetation cover. Therefore, based on previous research
results [23,24] and direct observations on the Loess Plateau, we
divided our estimates of vegetation cover into eight percentiles:
0e20%, 20e30%, 30e40%, 40e50%, 50e60%, 60e70%, 70e80%, and
80e100%.

2.5. Estimation of changes in vegetation cover

We calculated changes in vegetation cover between successive
years using ArcGIS version 10.2 and its built-in spatial interpolation
(data has been described in the data source section).

2.6. Species distribution models

Species distribution models (SDMs) use principal component
analysis, correlation coefficient method, and other variable
screening methods to extract weakly correlated environmental
variables based on the existing distribution data and environmental
variables of species. Thesemodels usemodels or algorithms to infer
the niche requirements of species and evaluate or predict their
suitability for existence. Using SDMs enables the assessment of
habitat suitability and yields predictions beyond the capabilities of
alternative models. By comparing ecological conditions where
species are present, SDMs determine the suitability of various lo-
cations within the study area for species survival and predict po-
tential future distribution areas.

2.7. Climate tendency method

The change-slope method adopts ordinary linear regression
analysis to analyze each grid point's trend change. This paper uses
this method [25] to simulate the change rate of vegetation green-
ness (Greenness Rate of Change or GRC). GRC is the slope of the
linear regression equation of the minimum power of the annual
change of the seasonally integrated normalized difference vegeta-
tion index (SINDVI). This method is used here to simulate the
variation trend of maximized NDVI over the years:

qslope¼
n�Pn

i¼1
i�MNDVI;1 �

Pn
i¼1

i
Pn
i¼1

MNDVI;i

n�Pn
i¼1

i2 �
 Pn

i¼1
i

!2 (5)

where variable i is the annual number from 1 to 10; MNDVI;i rep-
resents the maximum NDVI value in year i. The change trend chart
reflects the change trend of NDVI in China over a ten-year time
series. The trend line of an image point is the overall trend of the
maximum NDVI value of the image point over ten years simulated
by unary linear regression. qslope is the slope of this trend line. The
trend line is not a simple last-year to first-year line. qslope > 0 in-
dicates that the changing trend of NDVI in seven years is increasing;
the opposite is a decrease.
3

We used a sliding t-test to assess whether the difference be-
tween two groups of sample averages is significantly different from
zero (no temporal change). For a time series x with n observations,
the time point is artificially set at a certain point, the samples of the
two sub-sequences before and after the base point x1 and x2 are
n1 and n2, the two sub-sequences are x1 and x2, and the variances
are S21 and S22, respectively. The statistic is defined using equations
(6) and (7):

s¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1s21 þ n2s22
n1 þ n2 � 2

s
(6)

t¼ x1 � x2

s$
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n1
þ 1

n2

q (7)
2.8. Soil collection and analysis

Soil samples were collected at a depth of 30 cm in the center of
the Loess Plateau at different sites (110�310e107�410 E,
35�210e37�310 N) in May 2019. Three sites with similar conditions
and land-use patterns were selected: (1) slope farmland (SFL)
planted with potato (Solanum tuberosum L.) or Maize (Zea mays L.)
for 20 years; (2) forestland (RFL), returning farmland to locust
(Robinia pseudoacacia L.) for 20 years; and (3) grassland (RGL),
resulting from slope farmland that had been abandoned for 20
years. Five points were randomly selected in each site, and five 30-
cm deep soil cores were taken at each sampling point. We thor-
oughly mixed the five-point samples into one aggregated sample,
then put in plastic bags for analysis. Soil samples were dried at
105 �C to constant weight, and soil water content (SWC) was
measured. SWC (%) was calculated according to formula [(wet soil
weight � dry soil weight) ∕ dry soil weight] � 100.

All statistical analyses were done using the SPSS 20.0 software
(IBM SPSS Statistics, IBM Corp., USA); the significance level was set
at P < 0.05 level. Differences among SFL, RGL, and RFL were
compared using one-way ANOVA followed by Tukey post-hoc tests.
3. Results and discussion

3.1. Climatic change on the loess plateau

Using 1986e2005 as the current benchmark, the average global
surface temperature increase from 2016 to 2035 is forecast to be
0.3e0.7 �C and up to 4.8 �C by the end of the 21st century [26,27].
These increases exceed the 2 �C warming thresholds that govern-
ments worldwide have pledged to maintain and will lead to new
ecological issues. Such issues are likely to be especially severe in the
world's ~6.1 � 107 km2 semi-humid and semi-arid regions, about
41% of the Earth's terrestrial surface [28,29]. Measured air tem-
perature on the Loess Plateau has risen steadily over the past 50
years (Fig. 1). The average rate of warming on the Loess Plateau was
0.27 �C per decade, more than double the global average (0.12 �C
per decade) and 30% higher than the average warming rate across
China (0.19 �C per decade). Relative to the 1968e1977 decadal
average (Fig. 1), average air temperature on the Loess Plateau
increased by 0.46 �C from 1978 to 1987, 0.50 �C from 1988 to 1997,
0.30 �C from 1998 to 2007, and 0.70 �C from 2008 to 2017. Pre-
cipitation (Fig. 2a), humidity (Fig. 2b), and evaporation (Fig. 2c)
generally also have increased, albeit at different rates, over the past
40 years, whereas wind speed has slowed slightly (Fig. 2d).

The large increase in evaporation, unaccompanied by a



Fig. 1. Temperature trend from 1968 to 2017 on the Loess Plateau. The left panel il-
lustrates the annualized time series, and the right panel shows decadal average air
temperatures relative to the 1985e2005 benchmark. Boxes in the right panel with
different letters above them are significantly different from one another (P < 0.05).
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comparable increase in rainfall, will result in soil drought on the
Loess Plateau. Previous research has forecast that the warming and
drying trends on the Loess Plateau will continue through 2100
[30,31], and the trends will be accompanied on the Loess Plateau by
extreme rainfall events, longer heatwaves, and prolonged drought
[30,31]. These trends will limit the prospects for consolidating the
achievements of the GFG project and reduce the likelihood of
successful sustainable development of the Yellow River Basin.
3.2. Vegetation change on the loess plateau

Vegetation is among the most important components of
terrestrial ecosystems, undertaking important ecological functions
such as soil and water conservation, climate and water regulation,
and so on [32,33]. Vegetation dynamics are affected not only by
environmental factors but also by past and current human activ-
ities. In historical times, vegetation cover on the Loess Plateau was
dramatically reduced by human actions (Fig. 3a). From the Xia
Dynasty to the Spring and Autumn and Warring States period
Fig. 2. Changes in precipitation (a), evaporation (b), humidity (c), and wind speed (d) from
panels illustrate decadal average changes.
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(2070e221 BCE), vegetation cover was near its historical maximum
of ~53% on the Loess Plateau [34]. Vegetation cover decreased to
45% during the Qin and Han Dynasties (221 BCEe202 CE). During
the frequent dynastic changes in the 360 years from the end of the
Han Dynasty to the period of the North and South Dynasties, land-
use changes further reduced vegetation cover to ~40% [35]. This
trend continued during the Sui and Tang Dynasties (581e907 CE),
when vegetation cover decreased to ~35%. From the end of the Tang
dynasty to the founding of the People's Republic of China
(907e1949 CE), land use and conflicts on the Loess Plateau reduced
vegetation cover to its historic low of ~6% (Fig. 3a) [36].

Over 70 years, vegetation has returned overwhelmingly on the
Loess Plateau. Vegetation cover increased by ~5% from 1981 to 1999
(light yellow section in Fig. 3a) and then much more rapidly after
the implementation of the GFG project (Fig. 3a). In absolute terms,
the vegetation cover in 2012 (Fig. 3a) was comparable to the his-
torical maximum recorded during the Xia Dynasty. Since 2012,
vegetation cover on the loess plateau has increased further,
reaching ~64.23% in 2021, which was a 0.75% decrease compared
with 2019 (Fig. 3b). However, these changes were not spatially
uniform (Fig. 3c and d). From 1999 to 2012, vegetation cover
increased within the central trunk of the Yellow River basinwhile it
decreased to the east (in eastern Gansu Province) and west (Fenwei
Plain), the latter resulted partly from agricultural activity (Fig. 3c).
From 2012 to 2021, loss of vegetation was concentrated in two re-
gions: a rapid decline in eastern Gansu province and on the border
between Shaanxi and Gansu provinces; and slower declines in the
tributary basins of the Yellow River. In other areas, vegetation cover
increased steadily in most areas of the eastern loess Plateau
(Fig. 3d).

From southeast to northwest, the Loess Plateau has four vege-
tation zones (Fig. S1) [37]. These, in turn, are the temperate, semi-
humid, broad-leaved, deciduous forest zone (SHFZ); the temperate,
arid forest zone (TAFZ); the temperate, semi-arid steppe zone
(TSSZ); and the temperate arid steppe zone (TASZ). Vegetation
cover in all four vegetation belts increased from 1999 to 2021
1978 to 2017 on China's Loess Plateau. The left panels show the time series; the right



Fig. 3. a, Trends in vegetation coverage in the historical record. b, Total vegetation cover in 2021. ced, spatial variation in vegetation change in 1999e2012 (c) and 2012e2021 (d) on
China's Loess Plateau.
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(Fig. 4aed), with the vegetation cover increase of TAFZ (1.2%
yr�1) > TSFZ (1.1% yr�1) > TSSZ (0.9% yr�1) > TASZ (0.4% yr�1).
However, the vegetation cover has shown a tendency to decline
since 2019.

The nature and direction of future changes remain uncertain.
Predictions play an important role in alerting scientists and
decision-makers to potential future risks, providing a means to
bolster the attribution of biological changes to climate change, and
supporting the development of proactive strategies to reduce
climate change impacts on biodiversity [38,39]. The forecast results
Fig. 4. Vegetation cover from 1999 to 2021 in the four different vegetation zones
(Fig. S1) on the Loess Plateau. a, Temperate, semi-humid, broad-leaved, deciduous
forest zone (TSFZ). b, Temperate arid forest zone (TAFZ). c, Temperate semi-arid steppe
zone (TSSZ). d, Temperate arid steppe zone (TASZ).
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of vegetation cover are 66% (Fig. 5a), 65% (Figs. 5b), and 64% (Fig. 5c)
in the 2030s, 2050s, and 2070s on the Loess Plateau under the low-
emission scenarios, respectively. Forecasted vegetation cover is 68%
(Figs. 5d), 64% (Fig. 5e), and 63% (Fig. 5f) with the intermediate-
emission scenario and 60% (Figs. 5g), 59% (Fig. 5h), 58% (Fig. 5i)
with the high-emission scenario.

The overall average forecasted values of the three emission
scenarios for the three focal decades (P > 0.05) are 65%, 63%, and
62% (Fig. S2), all of which are lower than the vegetation cover
observed in 2019. These results suggest that overall vegetation
cover may have peaked on the Loess Plateau and that the future
sustainability of the region does not require more vegetation cover.
However, the different vegetation zones are forecast to respond
differently to warming and increased CO2, decreasing gradually
from the 2030s to the 2070s in the SHFZ (Fig. 6a), TAFZ (Fig. 6b), and
TSSZ (Fig. 6c), of which insignificant decreasing will be between
2030s and 2050s, between 2050s and 2070s except for TSSZ.
However, significant increases (P < 0.05) during the same time in
the TASZ from the 2030se2070s (Fig. 6d). These differences
necessitate different management policies for the different vege-
tation zones on the Loess Plateau.

3.3. Vegetation effects on sustainable development in the Yellow
River Basin

Under the background of global warming, the increasing vege-
tation coverage and unreasonable vegetation structure have led to
the aggravation of regional water resources consumption the Loess
Plateau. As a typical semi-humid and semi-arid region. The Loess
Plateau has experienced a rapid increase in vegetation coverage
and a continuous rise in temperature in the past few decades,
which not only improves the regional environment, but also brings
soil desiccation.

Historical data illustrate that flooding of the Yellow River has



Fig. 5. Vegetation cover (VC) on China's Loess Plateau in the 2030s (aec), 2050s (def), and 2070s (gei) forecast using species distribution models (SDMs) run under low (a, d, g),
intermediate (b, e, h), and high (c, f, i) emission scenarios.

Fig. 6. Forecasted vegetation cover in the 2030s, 2050s, and 2070s within the four
different vegetation zones (Fig. S1) of China's Loess Plateau. a, Temperate, semi-humid,
broad-leaved, deciduous forest zone (TSFZ). b, Temperate arid forest zone (TAFZ). c,
Temperate semi-arid steppe zone (TSSZ). d, Temperate arid steppe zone (TASZ). Each
bar represents the forecasted cover averaged across the three emission scenarios. Bars
with different letters are significantly different (P < 0.05).
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increased rapidly in the last millennia, coincident with the steep
decline in vegetation cover on the Loess Plateau (Fig. S3a) and
accompanied by a rapid increase in sediment discharge (Fig. S3b).
Previous research has suggested that the Yellow River Basin was
relatively safe from flooding (frequency 2e14 floods per century)
for the 2000 years spanning the Shang, Zhou, Qin, and Han Dy-
nasties [35]. Since the late Tang Dynasty, flooding has increased
from >50 to >100 times per century from the Ming Dynasty
through the early days of the People's Republic of China [34]. The
frequency of conflicts increased much more slowly in the same
three millennia, from ~33 wars per century between 2070 BCE and
960 CE to ~55 wars per century in the subsequent 600 years.
Increased flooding and sedimentation across the Loess Plateau are
muchmore closely tied to vegetation change (through human land-
use changes) than the frequency of conflicts (Fig. S3).

In the recent conflict-free decades, vegetation growth on the
Loess Plateau has been closely associated with climatic factors
(Fig. 7); vegetation cover has been significantly and positively
correlated with rainfall and temperature but negatively correlated
with evaporation, wind speed (Fig. 7, top), and sediment load in the
Yellow River (Fig. S4). It is well known that ~90% of the sediment in
the Yellow River derives from soils eroded from the Loess Plateau
[40,41]; thus, the quantity of sediment in the Yellow River Basin is a
strong indicator of vegetation changes on the Loess Plateau.



Fig. 7. Pairwise correlations and sustainable development in the Yellow River Basin.
Top: Correlations among temperature, precipitation, humidity, wind speed, evapora-
tion, and vegetation cover. Bottom: Potential implications of these correlations for
sustainable development.

Fig. 8. Soil water content (mean ± S.E.) at 30 cm depth in the sloping farmland (SFL),
returning farmland to grassland (RGL), and returning farmland to forestland (RFL).
Differences among means at the three sites were compared using one-way ANOVA;
different letters denote significant differences (P < 0.05; Tukey post-hoc test, n ¼ 6).
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The GFG project has changed the landscape of the Loess Plateau
[3,42], but ongoing climatic change will make it difficult to
consolidate the achievements of the GFG project or to achieve
sustainable development in the region. Climatic change is unde-
niable, and vegetation cover on the Loess Plateau is forecast to
decrease with increases in CO2 and temperature. As vegetation
cover decreases, soil erosion and flood frequency likely will in-
crease, each with strong negative effects on sustainable social and
economic development in the Yellow River Basin (Fig. 7, bottom).
The continuous increase in evaporation without concomitant in-
creases in rainfall will exacerbate the trend to a warmer and drier
climate.

The planting over large areas of vegetation that consume a lot of
water leads to the formation of a dry soil layer and the gradual
decline of the soil reservoir [43,44]. The average thickness of the
dry soil layer in the Loess Plateau was 1.6 m, and the average
thickness of the forest dry soil layer was 3.0 m [45]. In the semi-
humid and semi-arid region of the Loess Plateau, the dry soil
layer thickness of Pinus tabulaeformis plantations was up to 5.0 m,
and that of Robinia pseudoacacia plantations was 4.9 m. Even in the
semi-humid region, the dry soil layer thickness of P. tabulaeformis
7

plantations was 3.9 m, and that of R. pseudoacacia plantations was
2.5 m [46]. Previous research has shown that the average vegeta-
tion carrying capacity of soil water resource on the Loess Plateau is
400 ± 5 g C m�2 yr�1. The value is forecast to decline to
383 g C m�2 yr�1 under global warming conditions [47]. This
observation suggests three directions for future management.

First, if vegetation cover indeed has peaked on the Loess Plateau,
especially in the southeast, further expansion of vegetation as part
of the GFG project could be ecologically counterproductive.
Therefore, returning the forestland to grassland would improve the
sustainability of the Yellow River Basin. The soil water content at
30-cm depth was 21.63% lower in forestland than in grassland
(Fig. 8). Second, planting herbaceous plants with shallow, dense,
and fibrous roots on hillsides could reduce erosion more effectively
than additional trees, which have deep, sparse, and straight roots.
In contrast, trees and shrubs should be planted in ditch bottoms
with abundant water. Third, enhanced water management is
crucial for sustaining agricultural productivity on the Loess Plateau,
where water scarcity limits plant growth and agricultural produc-
tivity. Although annual rainfall across the Loess Plateau is ~466mm,
it decreases from ~600 to 700 mm in the southeast to only
100e200mm in the northwest. In addition, most rain falls between
July and September in the gully region of the Loess Plateau and
usually leads to severe flooding. We recommend integrating his-
torical data with contemporary forecasts to design once-in-a-
century reservoirs to reduce flooding following heavy rainfall.
These reservoirs also could provide water for irrigation during
periods of drought on the Loess Plateau [48].

4. Conclusion

Climatic warming has occurred worldwide, and the average rate
of warming on the Loess Plateau was 0.27 �C per decade, more than
double the global average (0.12 �C per decade). Such trends pose
challenges to reinforcing the gains of the GFG project and to
achieving sustainable development in the Yellow River Basin.

Over the past 70 years, vegetation has increased gradually,
especially after implementing the GFG project. The vegetation
cover was 53% in 2012, comparable to the historical maximum
recorded during the Xia Dynasty. However, the vegetation cover
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has tended to decline since 2019 (64.98%), indicating that 53e65%
is the sustainable threshold interval of vegetation on the Loess
Plateau. The average vegetation cover on the Loess Plateau is 65%,
63%, and 62% in the 2030s, 2050s, and 2070s using species distri-
bution models (SDMs) under low, intermediate, and high emission
scenarios. From the observation data, the vegetation cover on the
Loess Plateau reached a peak threshold value in 2019.

Vegetation cover exerts a direct impact on sediment discharge
and sustainable development of the Yellow River Basin. Conse-
quently, the quantity of sediment in the Yellow River Basin serve as
a strong indicator of vegetation changes on the Loess Plateau.
Therefore, adapting vegetation management strategies to climate
change is imperative. First, the vegetation cover has a peak
threshold value on the Loess Plateau, especially in the southeast, so
further expansion under the GFG project risks ecological detriment.
Second, planting herbaceous plants with shallow, dense, and
fibrous roots on hillsides could reduce erosion more effectively
than additional trees with deep, sparse, and straight roots. Third,
improving water management is crucial for sustaining agricultural
productivity on the Loess Plateau, where water scarcity constrains
plant growth and agricultural productivity.

The study puts forward the vegetation coverage threshold for
sustainability of ecological constructure on the Loess Plateau by
analyzing vegetation changes from past, present and future, so as to
provide scientific reference for ecological civilization construction
and management in semi-humid and semi-arid region regions of
the world.
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