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Abstract

The Yellow River Basin (YRB) as a source of the oldest world cultures, flows through

vast arid and semi-arid regions of China. Its fragile vegetation is suffering the obvious

effect from regional climate change, and easily turns from a critical state into qualita-

tively different modes of change, which implies significant impacts on humans and

ecosystems. Our results show that in the period of 1982–2015, the normalized dif-

ference vegetation index (NDVI) appeared significantly discontinuous changes by

stagnant warming and strengthening wetting, especially in the central YRB (104.5�–

111� E, 35.5�–38� N). The NDVI in this region shifted from slowly increasing

(5.42 � 10�4 a�1) to rapidly increasing (5.13 � 10�3 a�1) around 2003, called the

turning point (TP). Such shift change is mainly a result of increased moderate rain,

with frequency trend changed from 0.083 times�a�1 to 0.324 times�a�1. Meanwhile,

these changes on vegetation led to a reversal of the gross primary productivity (GPP)

from decreasing to increasing. Such results indicated the vulnerable ecosystem of the

central YRB has played a positive contribution to the carbon balance, and more sus-

tainable management of vegetation is required for the ecological development and

engaging adaptive strategy.
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1 | INTRODUCTION

Vegetation is an important component of the land-atmosphere system

(Fu et al., 2014; Liu et al., 2019; Piao et al., 2015; Zhao et al., 2020).

On the one hand, the growth of vegetation is strongly affected by cli-

mate change (Fu et al., 2021; Jiang et al., 2014; Xu et al., 2013); on

the other hand, the growth of vegetation also affects climate through

various complex physical and biological processes (Li, Zhang,

et al., 2020; Li, Li, et al., 2020; Liu et al., 2005; Peng et al., 2014).

“Vegetation greening” is defined as statistically significant increase in

annual or seasonal vegetation greenness at a location (Piao

et al., 2020). A growing number of studies have shown that the Earth

has experienced an unprecedented trend of vegetation greening since

the 1980s (Fensholt et al., 2009; Kumar et al., 2020), especially in the

northern temperate regions (Chen et al., 2019; Piao et al., 2020; Tian

et al., 2021). The Yellow River Basin (YRB) is located in the northern

temperate region of China, most of which are arid and semi-arid

regions (Huang et al., 2020). The YRB as an important ecological bar-

rier in northern China, its vegetation cover is subject to complex

changes under the effects of both climatic factors and human activi-

ties, resulting in a very fragile ecological environment (Chen

et al., 2022; Guan et al., 2019; Liu & Randerson, 2008). Therefore,

conducting a quantitative analysis of how climate and ecology chan-

ged in the YRB in recent decades when vegetation changed holds sig-

nificant importance for formulating regional climate regulation policies

and ecological conservation efforts (Yang et al., 2016; Zhao

et al., 2019).

The normalized difference vegetation index (NDVI) is a remotely

sensed vegetation index widely used to indicate vegetation greenness.

Because the NDVI has strong correlations with vegetation coverage,

it is widely used to detect and attribute vegetation greening trend (Liu

et al., 2019; Piao et al., 2011). As an important tool to study
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vegetation change, remote sensing monitoring of vegetation can accu-

rately reflect the dynamic change of vegetation in vast areas, and has

become one of the important tools in global climate change research

(Ukkola et al., 2021; Xin et al., 2008; Xu & Yang, 2014). Recent studies

have indicated the emergence of critical turning point (TP) in the trend

of terrestrial vegetation change, which is a crucial threshold at which

small quantitative changes lead to significant qualitative changes, once

the magnitude of climate change exceeds the critical value, irrevers-

ible effects will occur and the regional ecology will be out of balance

(Lenton et al., 2008; Li et al., 2023; Liu et al., 2023). For instance, in

Central Asia, vegetation has exhibited browning since 1997 due to

declining soil moisture (Yao, Gao, et al., 2021; Yao, Mao, et al., 2021).

Similarly, in the early 1990s, vegetation in the northwestern region of

North America underwent a browning trend attributed to cooling dur-

ing spring and summer (Wang et al., 2011). These phenomena have

contributed to unfavourable ecological impacts such as exacerbated

droughts and heightened ecosystem instability. However, the pres-

ence of a critical TP in the YRB's vegetation and the trends on either

side of this threshold remain uncertain.

In recent decades, the YRB has shown a warm and dry trend (Ma

et al., 2020), and the NDVI is also experiencing a greening trend (Kong

et al., 2016; Piao et al., 2020). But previous studies often focused on

the last four decades; and these studies concluded that the increase in

temperature dominated the increase in the NDVI in the YRB (Toms &

Lesperance, 2003; Wang et al., 2011). Some studies showed that

while changes in vegetation cover are also affected by urbanization,

the areas controlled by precipitation increased significantly in the

recent past (Sun et al., 2021; Yuan et al., 2020). However, in the con-

text of global climate change, vegetation cover has been changing in a

complex way in recent decades, and the trend even reverses in some

regions (Feng et al., 2021; Jiang et al., 2021; Wang et al., 2011).

National policies such as The Grain for Green Program also played a

key role in this process (Chen et al., 2016; Hou et al., 2022; Yu

et al., 2022). Hence, it is imperative to explore how vegetation green-

ing has transformed in the YRB and to comprehend the causes behind

the occurrence of this transformation.

Vegetation effectively controls the carbon exchange between the

land and atmosphere, so changes in vegetation have a great effect on

the ecosystem carbon balance (Jamali et al., 2015; Yao et al., 2019;

Yuan et al., 2022). Since 2020, the “Double Carbon” target has been

known as a national strategy in China (Xi et al., 2019). Vegetation

growth in China plays an extremely important role in the global carbon

cycle (Yao et al., 2020). Over the past decades, vegetation in China

absorbed approximately 28%–37% of China's fossil fuel emissions,

contributing to a net accumulation of 0.18–0.26 Pg/a of carbon (Piao

et al., 2009; Piao et al., 2014). Gross primary productivity (GPP) is the

carbon flux fixed in terrestrial ecosystems by organisms (mainly green

plants) from the atmosphere through photosynthesis, which can accu-

rately reflect changes in biomass; so it is widely used to assess the

carbon storage capacity of ecosystems (Gui et al., 2021; Hou

et al., 2022; Zhou et al., 2019). In recent years, a number of studies

have investigated carbon exchange between terrestrial ecosystems

and atmosphere on hemispheric scale by using GPP, but little

attention has been given to the specificity of regional carbon

exchange (Tang et al., 2022; Zhang, Gentine, et al., 2022; Zhang, Li,

et al., 2022; Zhang, Piao, et al., 2022). As an important ecological

reserve in northern China, the YRB is now a key area for the develop-

ment of green economy; thus, gaining an understanding of how

regional carbon storage capacity changes amidst the shift in vegeta-

tion greening trends is of utmost importance (Feng et al., 2016; Kong

et al., 2016).

The objective of this study is to detect the TP of the regional-

scale vegetation changes and investigate the changes in both NDVI

and carbon on either side of the TP across the YRB. The rest of the

paper is organized as follows. In Section 2, we introduce the study

area, datasets, and methods used in this study. In Section 3, we pre-

sent the main results on the discontinuous change in the NDVI, its cli-

matic causes, and the corresponding change in GPP from 1982 to

2015. In Sections 4 and 5, conclusion and discussion are given,

respectively. The analysis conducted in this study focuses on addres-

sing the following questions:

1. Whether there was a TP of NDVI trend in the YRB, and how the

trend changed on both sides of the TP.

2. What were the climate drivers underlying the occurrence of the

TP of NDVI trend in the YRB?

3. How did the carbon sequestration capacity of the YRB change

under the background of the occurrence of the TP?

2 | MATERIALS AND METHODS

2.1 | Study area

The YRB covers the regions in 30�–45� N and 95�–120� E, with about

7.95 � 105 km2; and the main river length is about 5464 km. The

topography gradually descends from west to east, passing through

the Tibetan Plateau, Inner Mongolia Plateau and Loess Plateau, even-

tually reaching the lower alluvial plains in a stepwise style. Further-

more, a majority of the YRB falls under the arid and semi-arid regions.

To provide a more accurate description of the regional NDVI charac-

teristics in the YRB, we partitioned the YRB into three sections based

Ⅰ

Ⅱ
Ⅲ

F IGURE 1 Locations and terrestrial ecosystem types of the upper
(I), middle (II), and lower (III) reaches of the YRB in 2015.
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on the scheme proposed by the Yellow River Conservancy Commis-

sion of the Ministry of Water Resources (Figure 1): upper, middle and

lower reaches. The section from the source to Hekou Town in the

Inner Mongolia Autonomous Region is the upper reaches of the YRB,

with the length of about 3472 km and an area of about

4.28 � 105 km2. The section from Hekou Town to Taohuayu Village

in Zhengzhou, Henan Province is the middle reaches of the YRB, with

the length of about 1206 km and an area of 3.44 � 105 km2. The

section from Taohuayu Village to the Bohai Sea is the lower reaches

of the YRB, with the length of 786 km and an area of only

2.3 � 104 km2 (Zhang & Liu, 2020).

2.2 | Data

2.2.1 | NDVI data

The NDVI is defined as the ratio of the difference between near-

infrared reflectance and red visible reflectance to the sum of the two,

namely, (NIR-R)/(NIR + R), where NIR and R are near-infrared and red

surface reflectance values, respectively (Jiang et al., 2021; Myneni

et al., 1997; Sun et al., 2021). The NDVI data is from the Global Inven-

tory Monitoring and Modelling Study (GIMMS) group, covering the

period of 1982 to 2015, at 8-km resolution biweekly (Tucker

et al., 2005). With relatively wide spatial coverage and long time span,

this dataset has been widely used to detect changes in vegetation

growth due to its reliability (Jiang et al., 2022; Nemani et al., 2003;

Wei et al., 2022; Zhang, Gentine, et al., 2022; Zhang, Li, et al., 2022;

Zhang, Piao, et al., 2022). The larger 15-day NDVI for a month was

used to produce monthly NDVI data; and the data with NDVI<0.1

were treated as bare soil and removed (Wang et al., 2011; Yuan

et al., 2020). In the following, the NDVI is synthesized as annual aver-

age for trend analysis and TP detection, etc.

2.2.2 | Climate data

The monthly precipitation, 2 m air temperature, soil moisture (0–

7 cm) data used in this study are from the European Centre for

Medium-Range Weather Forecasts (ECMWF) fifth generation atmo-

spheric reanalysis (ERA5), which covers our study period of 1982–

2015 (Lei et al., 2021; Pang et al., 2021). The ERA5 data has a resolu-

tion of 0.25� � 0.25�. We also used daily precipitation data from

National Oceanic and Atmospheric Administration (NOAA) Climate

Prediction Center (CPC) for calculating the frequency of rain, with a

spatial resolution of 0.5� � 0.5�; the time period is 1982–2015

(Chen et al., 2002; Fan & Van den Dool, 2008). To verify the robust-

ness of precipitation trend, we used the Global Precipitation Clima-

tology Center (GPCC) data from 1982 to 2015 (Figure S1 in

Supporting Information S1). With a temporal resolution of monthly

and a spatial resolution of 0.25� � 0.25�, the GPCC data is widely

used to estimate precipitation in the Northern Hemisphere (Huang

et al., 2022; Zhu, Guan, et al., 2021; Zhu, Xiao, et al., 2021). In the

following, climate data is synthesized as annual average for trend

analysis, etc.

2.2.3 | GPP data

The GPP data is from the National Qinghai-Tibetan Plateau Data Cen-

ter. The GPP data from 1982 to 2018 is based on remotely sensed

NOAA Advanced Very High Resolution Radiometer (AVHRR) data and

hundreds of flux stations in the world. The temporal resolution is

monthly, and the spatial resolution is 0.05� � 0.05�. The GPP data

units are gC�m�2 (Wang et al., 2021).

2.2.4 | Terrestrial ecosystems data

The Resource and Environment Science and Data Center (RESDC) is a

terrestrial ecosystem types status database in China, with a spatial

resolution of 1 km � 1 km and a time span of 7 years including 1980,

1990, 1995, 2000, 2005, 2010, and 2015 (Liu et al., 2022; Song

et al., 2020; Zhu, Guan, et al., 2021; Zhu, Xiao, et al., 2021). Terrestrial

ecosystems include seven primary types: cropland ecosystem, forest

ecosystem, grassland ecosystem, wetland ecosystem, desert ecosys-

tem, settlement ecosystem, and the other ecosystem.

2.3 | Trend analysis with piecewise linear
regression method

To investigate whether the NDVI has a TP and what its effects are

throughout the study period from 1982 to 2015, we applied a piece-

wise linear regression method to examine the time series of the NDVI

at each grid point in the YRB. Specifically, the piecewise linear regres-

sion method attempts to find one or more TPs and performs a linear

fit before and after each TP, so that the TP and its slope with the

smallest sum of squares of the fitted residuals are the optimal solution

of the piecewise linear regression (Toms & Lesperance, 2003). In par-

ticular, the model with only one TP is given by Equation (1) below.

y¼ β0þβ1tþε,t≤ α

β0þβ1tþβ2 t�αð Þþε,t> α,

�
ð1Þ

where y is the NDVI;β0, β1 and β2 are the regression coefficients; t is

the year; α is the TP of the NDVI trend; and ε is the residual. The lin-

ear trend of the NDVI is β1 before the TP, and is β1þβ2 after the

TP. α is determined by the least squares method. We also restricted α

to the period between 1986 and 2011 to avoid performing linear

regressions in a period with too few data points (Tomé &

Miranda, 2004; Wang et al., 2011).

To test the significance of the TP, we focus on three aspects as

follows: (1) whether the residual plot is random; (2) comparing the dif-

ference between simple and piecewise regressions; and (3) comparing

the slopes of the two sides of the TP to see whether there is a
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significant difference (Shea & Vecchione, 2002). Therefore, we test

the significance of the TP at each grid point in two ways (Wang

et al., 2010) as follows.

1. Constructing an F-statistic for hypothesis testing, and calculating

the F-statistic using Equation (2).

F¼ RSSsl�RSSpl
� �
RSSpl= n�3ð Þ , ð2Þ

where RSSsl is the residual sum of squares of simple linear regression,

RSSpl is the residual sum of squares of piecewise linear regression, and

n is the sequence length. The null hypothesis (H0) is that there is no

piecewise trend. The p-value of the TP is obtained by using the

F-statistic; the H0 hypothesis is rejected at p<0.05, and the TP is con-

sidered significant.

2. Detect the abrupt change of trend. If there is any transformation

between the three states of significant increase, significant

decrease, and insignificant change before and after the TP, we also

consider that the TP is significant. Here, the t-test is used to test

the significance of the change at each side. A p-value<0.05 is con-

sidered significant (Weisberg, 2005). The Mann-Kendall test serves

as an additional validation of the piecewise linear regression

method, reinforcing the credibility of our results (Figure S2 in Sup-

porting Information S1).

3 | RESULTS

3.1 | NDVI changes with respect to the TP

Figure 2 shows the spatial distribution of average NDVI from 1982 to

2015. Overall, the vegetation cover of the YRB was distributed in

strips, rising from northwest to southeast. The source region was

located in high-altitude cold area with widespread grassland ecosys-

tem, while the vegetation cover in the northwestern part of the YRB

was low, and mainly distributed in settlement ecosystem. The vegeta-

tion cover in the middle reaches was more vigorous, with a mixture of

grassland ecosystem, forest ecosystem, and cropland ecosystem. The

vegetation cover in the lower reaches was high with cropland ecosys-

tem (Figures 1 and 2).

Figure 3 shows the time series of annual average NDVI in the

YRB from 1982 to 2015, which had an abrupt change in 1998, called

the TP. The trend of the NDVI during 1982–1998 was 1.11 � 10�3

a�1, showing the vegetation in YRB increased before the TP. The rate

of vegetation growth was more than doubled after 1998 (2.28 � 10�3

a�1). The difference between the trends before and after the TP is sig-

nificant, indicating that the TP is important to understand the change

of the NDVI.

Figure 4a shows the spatial distribution of NDVI trend during

1982–2015 in the YRB. The NDVI displayed an increase in 92.5% of

the YRB, with 76.8% exhibiting a significant increase, with an average

value of 1.13 � 10�3 a�1; and the trend was large than 4.00 � 10�3

a�1 in the middle and lower reaches of the YRB. Conversely, the NDVI

displayed a decrease in only 7.5% of the YRB, with 4.0% exhibiting a

significant decrease and a fragmented distribution across the YRB. As

shown in Figure 4b, each grid point in the YRB has a TP for the NDVI

trend, which spread over the 20-year period from 1990 to 2010, and

most of them passed the significance test (94.8%). A noteworthy

observation was that the TP of NDVI trend in the junction of the

upper and middle reaches was after 2001, and dominated by settle-

ment ecosystem with low vegetation cover (Figures 1 and 2). Whereas

the source region, the lower reaches and southeastern of the middle

reaches, which TP before 2001 have high vegetation cover. Further-

more, the NDVI in these three regions experienced an increasing

trend before the TP, and a decreasing trend more recently. In contrast,

the NDVI in the junction of the upper and middle reaches of the YRB

increased slowly before the TP and quickly afterward (Figures 4c,d).

Overall, the NDVI in about 88.7% of the YRB (46.2% with a significant

increase) increased before the TP, and the average trend was

1.91 � 10�3 a�1. After the TP, the NDVI displayed an increase in

0.00 0.08 0.16 0.24 0.32 0.40 0.48 0.56 0.64 0.72 0.80

95E 100E 105E 110E 115E 120E
30N

35N

40N

45N

F IGURE 2 Spatial distribution of annual average NDVI in the YRB
during 1982–2015.

1980 1985 1990 1995 2000 2005 2010 2015
Year

0.28

0.30

0.32

0.34

0.36

N
D

VI

NDVI (TP = 1998)
Before the TP (β1= 1.11×10-3)
After the TP (β1+β2= 2.28×10-3)
NDVI (Regress)

F IGURE 3 Trends in annual average NDVI in the YRB during the
period of 1982–2015. The blue line is the regression before the
TP. The yellow line is the regression after the TP. And the dashed line
is the regression during the whole study time period.
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78.1% of the YRB, with 57.2% exhibiting a significant increase.

Remarkably, a frequency as high as 33.5% was observed for NDVI

trend surpassing 8.00 � 10�3 a�1, and the trend of the whole YRB

remained at 2.64 � 10�3 a�1. These results indicate that the increase

in the high-value area of the growth trend was located in the central

YRB (104.5�–111� E, 35.5�–38� N), with an average of 5.13 � 10�3

a�1 (only 5.42 � 10�4 a�1 before the TP; Figure 7c), which increased

the NDVI of the whole YRB by cancelling out the decrease in the rest

of the basin. It is worth noting that the regional average TP of the

central YRB is 2003, and this TP will be used for subsequent regional

average NDVI trend analysis.

3.2 | Temperature and precipitation changes with
respect to the TP

Temperature and precipitation are climate factors closely related to

the growth of vegetation, and therefore indispensable for analysing

vegetation response to climate change (He et al., 2015; Kong

et al., 2017; Sun et al., 2021; Wang et al., 2011). In the context of

global warming, temperature increased over the entire YRB (99.2%

with a significant increase) from 1982 to 2015, by 0.045�C�a�1 on

average. The source region and the middle reaches warmed up the

most, which reached 0.050�C�a�1 or more (Figure 5a). Before the TP,

95.3% of the YRB warmed up (69.5% with significant warming); and

the warming was more dramatic compared to that of the entire study

period (with an overall trend of 0.074�C�a�1; Figure 5b). Similarly, the

most significant warming trend can be seen in the source region and

the middle reaches, more than 0.100�C�a�1. Although some grid

points showed a decreasing trend in temperature, none of them

passed the significance test. After the TP, the YRB showed a stagnant

warming trend or even a cooling trend, but the temperature still

increased with a trend of 0.039�C�a�1 on average (Figure 5c). The fre-

quency of warming trend greater than 0.025�C�a�1 before the TP was

95.2%, but only 44.2% after the TP. Especially, the central YRB

showed a widespread cooling (48.3%) relative to before, decreasing

from 0.081 to �0.006�C�a�1, which is �0.073 times lower than the

trend before the TP (Figure 6a,b). The cooling was not conducive to

the growth of vegetation, contrary to the NDVI increasing in the cen-

tral YRB (Angert et al., 2005; Fu et al., 2015).

From 1982 to 2015, precipitation displayed a decrease in

83.6% of the YRB, with 19.6% exhibiting a significant decrease and
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F IGURE 4 Spatial distribution of NDVI changes in the YRB. (a) NDVI trend during 1982–2015, (b) the year corresponding to the TP of NDVI
trend, (c) NDVI trend before the TP, and (d) NDVI trend after the TP. The units of the NDVI trend is 10�3 a�1. The small graphs in the upper left
corner of (a), (c) and (d) show the frequency distributions of corresponding trends. Stippling indicates passing the significance test (p < 0.05).
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an average value of �2.12 mm�a�1; it showed a warm and dry trend

(Ma et al., 2020), mainly in the eastern part of the YRB

(Figures 5a,d). The northeastern and southern parts of the middle

reaches, and the western part of the lower reaches showed the

largest decreasing trend, which reached more than �4.00 mm�a�1.

There was a slight increasing trend of precipitation in the source

region, which may indicate the warming and wetting in the north-

west in recent decades (Shi et al., 2003). However, there were dis-

tinct changes in precipitation before and after the TP of the NDVI.

Before the TP, precipitation increased in the upper and lower

reaches of the YRB, while it decreased in the middle reach

(Figure 5e). After the TP, some regions showed opposite trends; for

example, the lower reach and the source region showed a decreas-

ing trend in the recent past, while the northeastern part of the mid-

dle reaches showed an increasing trend. Figures 5f and 6 clearly

show that precipitation increased rapidly in the central YRB, with

the trend increasing from 0.905 mm�a�1 before 2003 to

5.203 mm�a�1 afterwards (5.747 times), which is of great interest as

it corresponded to the recent increase in the NDVI. Note that the

precipitation showed a decreasing trend during 1982–2015

(Figure 5d) but increasing trends both before and after the TP

(Figure 5e,f) for the central YRB. This inconsistency was caused by

the high precipitation in 2003 and the sharp decline in 2004

(Figure S3 in Supporting Information S1). The results of the GPCC

data is consistent with ERA5 before and after the TP (the correla-

tion coefficients are 0.93 and 0.89, respectively), and showed a sig-

nificant increase in precipitation trend after the TP, indicating that

this result is reliable and adds our confidence to further explore the

effect of precipitation on the NDVI (Figure S1c in Supporting

Information S1).

3.3 | Moderate rain and soil moisture (0–7 cm)
changes after the TP

According to the China Meteorological Administration (http://www.

cma.gov.cn/), the intensity of rain can usually be classified into three

levels, light rain (0.1–10 mm�d�1), moderate rain (10–25 mm�d�1), and

heavy rain (25–50 mm�d�1). Moderate rain was found to be the most

favourable type for vegetation growth (Figures 4d and 7a, and

Figure S4 in Supporting Information S1). About 28.9% of the YRB

showed a decreasing trend in the frequency of moderate rain (6.3%

with a significant decrease), mainly in the source region, lower

reaches, and northwestern part of the YRB, corresponding to the spa-

tial distribution of the NDVI (Figure 4d). Similarly, about 71.1% of the

YRB showed an increasing trend in moderate rain frequency (11.7%

with a significant increase), especially in the central YRB where the

average value reached 0.324 times�a�1 (0.083 times�a�1 before

the TP; Figures 7c and S5 in Supporting Information S1), much higher

than the basin average (0.087 times�a�1).

Infiltration is a major component of precipitation expenditure

component; its intensity is often expressed in terms of soil moisture.

The root system usually absorbs water from the soil for vegetation

growth and development; therefore, soil moisture affects

vegetation growth condition (Fu et al., 2022; Loik et al., 2004). For

moderate rain, the depth of infiltration is low and water will be con-

fined to a shallow soil layer. Therefore, the moisture in the shallow soil

layer of the central YRB also showed an increasing trend as the mod-

erate rain increased (Figure 7b). Vegetation type in the central YRB

was mainly grassland (Figure 1) with shallow root system, and thus

can better absorb water in the shallow soil layer. In general, the spatial

distribution of soil moisture trend in the YRB after the TP is similar to
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that of moderate rain frequency. Especially in the central YRB where

soil moisture increased (1.19 � 10�3 m3�m�3�a�1) with the frequency

of moderate rain, the absorbable water increased in the grassland, the

growth condition became better and better, and the NDVI increased

(RM-N = 0.67; Figure 7d) (Loik et al., 2004; Marone & Pol, 2021; Niu

et al., 2021). Note that although moderate rain effectively suppressed

the inhibitory effect of the cooling on vegetation growth, it essentially

did not change the vegetation type (Figures 1 and S6 in Supporting

Information S1).

3.4 | GPP changes with respect to the TP

Different with the NDVI, which is used to describe vegetation cover-

age, GPP represents the total influx of carbon into the ecosystem

from the atmosphere and is typically used to describe regional carbon

balance (Cheng et al., 2017; Lu et al., 2022; Yao, Gao, et al., 2021;

Yao, Mao, et al., 2021; Yu et al., 2013). Figure 8c shows that the GPP

displayed an increase in 74.1% of the YRB, with 39.8% exhibiting a

significant increase, distributing in the source region and the western

part of the middle reaches. The frequency distribution of GPP trend

within the �2 to 2 gC�m�2�a�1 range accounts for a substantial

87.9%, with an average GPP trend of 1.6 gC�m�2�a�1. Conversely,

6

8

10

12

T
em

pe
ra

tu
re

(°
C

)
1980 1985 1990 1995 2000 2005 2010 2015

Year

400

500

600

700

800

900

P
re

ci
pi

ta
tio

n(
m

m
)

ro

Temperature
Precipitation

1982-2003 2004-2015
-0.02

0

0.02

0.04

0.06

0.08

0.10

0.12

T
em

pe
ra

tu
re

 tr
en

d(
°C

 a
-1
)

Period

-1

0

1

2

3

4

5

6

P
re

ci
pi

ta
tio

n 
tr

en
d(

m
m

 a
-1
)

* *

-0.1
0
1
2
3
4
5
6

R
at

io

(a)

(b)

F IGURE 6 Interannual variations of temperature and
precipitation in the central YRB during the periods of 1982–2003 and
2004–2015. (a) The variations of temperature (orange) and
precipitation (green). (b) Trends of temperature and precipitation
during 1982–2003 and 2004–2018. The small panel in the upper left
corner of (b) shows the ratio of trends in temperature and
precipitation in the later and earlier periods. ** indicates passing the
significance test (p < 0.01). For visual clarity, the black vertical line in
the figure is the dividing line with 2004 as the boundary.

-0.60 -0.45 -0.30 -0.15  0  0.15  0.30  0.45 0.60

95E 100E 105E 110E 115E 120E
30N

35N

40N

45N

-24 -18 -12 -6 0 4 8 12 16

95E 100E 105E 110E 115E 120E
30N

35N

40N

45N

0

0.2

0.4

0.6

00.20.40.6

Fr
eq

ue
nc

y

0

0.2

0.4

0.6

00.20.40.6

0.25

0.27

0.29

0.31

0.33

0.35

0.37

N
D

VI

1980 1985 1990 1995 2000 2005 2010 2015
Year

4

6

8

10

12

14

16

M
od

er
at

e 
ra

in
 fr

eq
ue

nc
y(

tim
es

)

0.16

0.18

0.20

0.22

0.24

0.26

0.28

So
il 

m
oi

st
ur

e(
m

3  m
-3
)

NDVI
Moderate rain frequency
Soil moisture

(c)

(b)(a)

0 5 10 15
0.2

0.3

0.4

N
D

VI

0 5 10 15
Moderate rain frequency(times)

RM-N=0.67*

(d)

Fr
eq

ue
nc

y

F IGURE 7 Changes of NDVI, moderate rain frequency and soil moisture (0–7 cm) in the central YRB. Spatial distribution of (a) moderate rain
frequency trend (units: times�a�1), and (b) soil moisture (0–7 cm) trend (units: 10�4 m3�m�3�a�1) after the TP. The small graphs in the upper left
corner of (a) and (b) show the frequency distributions of corresponding trends. Stippling indicates passing the significance test (p < 0.05). (c) The
interannual variations of soil moisture (orange), moderate rain frequency (blue) and NDVI (green) from 1982 to 2015. (d) Correlation between
NDVI and moderate rain frequency after the TP. RM-N is the correlation coefficient (0.67). * indicates passing the significance test (p < 0.05). For
visual clarity, the black vertical line in (c) is the dividing line with 2004 as the boundary.

GU ET AL. 7 of 13

 10991085, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.15055 by L

anzhou U
niversity, W

iley O
nline L

ibrary on [18/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



there are 25.9% of the YRB showed a decreasing trend in GPP, with

5.1% exhibiting a significant decrease, distributed in the arid area of

the upper reaches, the southeastern part of the middle reaches, and

the lower reaches. Before the TP, the GPP in the source region

increased rapidly, which trend exceeding more than 12 gC�m�2�a�1

(Figure 8a). Except for the source region, 53.0% of the YRB had a

decreasing trend in GPP. The arid area of the upper reaches and the

lower reaches displayed relatively weak GPP trend (less than �4

gC�m�2�a�1), while the decline in the middle reaches was extremely

rapid, which reached �8 gC�m�2�a�1. After the TP, the ecological

enhancement was evident through the rapid growth of GPP in 79.5%

of the YRB, predominantly concentrated in the middle and lower

reaches (Figure 8b). This observation emphasizes that the TP of the

NDVI has a notable effect on GPP. In the central YRB, GPP changed

from decreasing before the TP to increasing rapidly, indicating that

the ecology was getting better with the recent increase in carbon

sequestration capacity.

4 | DISCUSSION

In this study, given that the primary objective is to detect if there is an

abrupt change in the trend of the NDVI, and the analysis focuses on a

relatively short effective time scale of 26 years (1986–2011), we

employed a piecewise linear regression approach with a single TP for

the time series of NDVI at each grid point (Equation (1)). And the

piecewise linear regression with multiple TPs is commonly applied for

the analysis of periodic time series, such as the North Atlantic Oscilla-

tion (NAO) (Tomé & Miranda, 2004; Toms & Lesperance, 2003). In

other words, if the time series of NDVI have more than one TP, then

it suggests significant fluctuations in NDVI during the period of

1982–2015. As demonstrated in Figure 3, the time series of NDVI in

the YRB generally exhibited an upward trend and the second TP was

calculated to be in 1999. Consequently, selecting one TP suffices for

the purpose of detecting the NDVI trend, while selecting multiple TPs

is of little significance. Furthermore, the results of the Mann–Kendall

test indicate that the TP occurred in the late 20th century, which was

consistent with the TP obtained by our piecewise linear regression

method (Figure S2 in Supporting Information S1). Although the TP of

the Mann–Kendall test did not pass the significance (p > 0.05), the

result can also prove the accuracy of piecewise linear regression to

some extent.

In general, the driving factors for vegetation growth include natu-

ral and anthropogenic factors. We conducted a study focusing on nat-

ural factors, represented by temperature and precipitation. The

increase in NDVI was primarily due to the increased frequency of

95E 100E 105E 110E 115E 120E
30N

35N

40N

45N

95E 100E 105E 110E 115E 120E
30N

35N

40N

45N

0

0.2

0.4

0.6

00.20.40.6

Fr
eq

ue
nc

y

0

0.2

0.4

0.6

00.20.40.6

-8 -6 -4 -2  0  3  6  9 12

95E 100E 105E 110E 115E 120E
30N

35N

40N

45N

0

0.2

0.4

0.6

00.20.40.6

(a)

(c)

(b)

Fr
eq

ue
nc

y

Fr
eq

ue
nc

y

F IGURE 8 Spatial distribution of GPP trend (a) before the TP, (b) after the TP, and (c) during 1982–2015 (units: gC�m�2�a�1). The small
graphs in the upper left corner show the frequency distributions of corresponding trends. Stippling indicates passing the significance
test (p < 0.05).

8 of 13 GU ET AL.

 10991085, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.15055 by L

anzhou U
niversity, W

iley O
nline L

ibrary on [18/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



moderate rain in the central YRB, leading to an increase in shallow soil

moisture content (Figure 9). For the central YRB, the precipitation

intensity of light rain is relatively low. Apart from the moisture used

for evaporation, the other portion that infiltrates into the soil is too lit-

tle to effectively promote vegetation growth (Berry &

Kulmatiski, 2017; Kulmatiski & Beard, 2013). Although heavy rain

brings substantial precipitation, it often leads to surface runoff that

cannot be efficiently absorbed by vegetation (Kim et al., 2014). Mod-

erate rain allows more water to infiltrate into the soil without forming

surface runoff, facilitating better absorption of moisture by local vege-

tation. Distinguishing the intensity of precipitation provides an accu-

rate prediction of the relative impact on vegetation growth, offering

insights into addressing the challenges of future climate change

(Wang et al., 2011). This seems to be a common feature of dryland

ecosystems, with moderate rain improving vegetation and ecosystems

in both drylands of the western United States and Argentina (Loik

et al., 2004; Marone & Pol, 2021).

However, for the other regions in the YRB with diverse ecosys-

tems and complex climatic environments, more detailed investigation

is needed. For example, the lower reaches of the YRB are mainly crop-

land ecosystem and therefore subject to considerable anthropogenic

factors. After the TP, the region witnessed a rise in temperature along

with a decline in both precipitation and moderate rain frequency.

These climatic conditions contributed to a reduction in soil moisture

and the NDVI, but an increase of GPP due to fertilization (Hou

et al., 2022). While the central YRB comprises a smaller proportion of

cropland, it is important to acknowledge the potential impact of irriga-

tion on soil moisture dynamics (Feng et al., 2016). Soil moisture is also

affected by other factors than precipitation (Zhao & Dai, 2022). For

instance, snowmelt affects soil moisture in the central YRB by contrib-

uting 20% of the river discharge (Berg & Sheffield, 2018; Li, Zhang,

et al., 2020; Li, Li, et al., 2020; Zhang, Gentine, et al., 2022; Zhang, Li,

et al., 2022; Zhang, Piao, et al., 2022). Glacier meltwater also affects

soil moisture from July to September by contributing a proportion of

river discharge. Nevertheless, since the transition from solid water to

liquid water is mainly concentrated in the high-altitude source region

with low temperature, its contribution is negligible for the central YRB

where there is an absence of snow and glacier. In addition, the tem-

perature of the source region lightly increased but precipitation

decreased after the TP, which led to a decline in NDVI and GPP. In

summary, the unique climatic conditions in different regions of the

YRB resulted in distinct ecological situations. Other studies also indi-

cated that photosynthetically active radiation plays a strong promot-

ing role in vegetation growth by improving photosynthetic efficiency

(Yang et al., 2021; Yu et al., 2013). Corresponding to soil moisture, the

recent increase in vapour pressure deficit has been shown to inhibit

vegetation growth (He et al., 2021; Yuan et al., 2019). Meanwhile, cli-

mate change and the rise in carbon dioxide concentration introduce

increased uncertainty (Feng et al., 2016). In the lower reaches of the

YRB, the recent rapid increase of urbanization contributed substan-

tially to the decreasing trend of the NDVI (Tian et al., 2021; Yuan

et al., 2020). In the current scenario of land degradation and expand-

ing desertification, better vegetation management becomes increas-

ingly crucial to drive healthier carbon cycling dynamics (Huang

et al., 2016; Wang et al., 2023).

It is important to note that while GPP is widely employed to

assess the carbon storage capacity of ecosystems, it does not entirely

represent the carbon stored within ecosystems. This is due to the fact

that respiration is an equally important process like photosynthesis in

the ecosystem, releasing carbon back into the atmosphere. Organisms,

including vegetation, animals, and soil microorganisms, undergo

autotrophic or heterotrophic respiration, collectively known as total

ecosystem respiration (TER), which releases carbon dioxide (Bond-

Lamberty et al., 2018). Carbon storage, also known as net ecosystem

productivity, is the difference between GPP and TER (Tang

et al., 2022). The impact of observed changes in current temperature

and precipitation on the net carbon balance of YRB remains unclear.

Therefore, in order to estimate the net carbon storage in the YRB, a

detailed investigation into the relationship between carbon uptake

through photosynthesis and carbon release through respiration is

essential.

5 | CONCLUSIONS

We assessed ecological changes over the YRB around the TP in the

period of 1982–2015, which promotes our understanding of regional

ecological changes in terms of temperature, precipitation and soil

moisture. Our study, which predominantly centers on natural factors,

underscores an upward trend of the NDVI after the TP was primarily

driven by the increase of moderate rain frequency. The increase in

moderate rain frequency in the central YRB not only offset the nega-

tive impacts of cooling on vegetation growth, but also increased the

moisture in the shallow soil layer. The absorbable water of the grass-

land increased wetting vegetation condition. Although such changes

were not strong enough to alter the land type, the GPP in the YRB

takes shifted from decreasing to increasing, and resulted in an

increase of carbon sequestration capacity in the area.
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