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Quantitative assessment of 
hydrological response to 
vegetation change in the upper 
reaches of Luanhe River with the 
modified Budyko framework
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For assessing the influence of vegetation variation in upper reaches of Luanhe 
River (URLR) on streamflow, we first computed the equation between underlying 
surface parameter (ω) and the Normalized Difference Vegetation Index (NDVI). 
Then we  introduced the vegetation information into the Budyko equation and 
established a modified Budyko equation. Finally, the impact of vegetation change 
on streamflow in URLR were estimated using the modified Budyko equation. 
Results showed that: (1) The NDVI in the URLR presented an increasing trend from 
1982 to 2016, which is opposite to the runoff depth. The sudden change of NDVI 
occurred in 1998, and a simple linear model between ω and NDVI was obtained 
(p < 0.01). (2) The contribution rate of precipitation, potential evapotranspiration, 
NDVI, and anthropogenic factor on streamflow change during the changing 
period (1999–2016) are 44.99, 11.26, 29.45, and 17.30%, respectively. Although 
precipitation is still the main driver of runoff impact in the ULRB, with the 
increasing vegetation in the ULRB, vegetation has become the second driver 
of runoff impact followed by human activities and potential evapotranspiration. 
The mechanism of the effect of vegetation change on the water cycle needs to 
be further investigated. The results of this study can provide a theoretical basis for 
water use and conservation in the URLR.
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1. Introduction

Since 1999, China actively implemented many ecological restoration projects (Zhang et al., 
2000), for example, the construction of key protection forest systems in the Yangtze River and 
the conversion of farmland to forests across China. Under the influence of ecological restoration 
projects, China’s vegetation coverage has increased substantially, and caused large increases in 
the total amount of forest resources (Wei et al., 2008; Lü et al., 2015). In recent years, with the 
continuous growth of vegetation, the influence of vegetation growth on streamflow change has 
attracted extensive attention of scholars (Zastrow, 2019; Wang and Hu, 2020; Ji et al., 2021a,b). 
Many scholars believe that the increase of vegetation will reduce runoff (Whitehead and Calder, 
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1993; Ji et al., 2022), while a few scholars believe that the increase of 
vegetation will increase runoff (Li and Guo, 1986). There are some 
disputes (Chen and Li, 2001). Thus, Quantitative analysis of the 
influence of vegetation variation on streamflow variation needs to 
be further studied.

Water loss, soil loss and water environment deterioration are 
serious problems in Luanhe River Basin (LRB). Due to implementation 
of the vegetation restoration project, the vegetation coverage of LRB 
has increased significantly. Vegetation restoration can affect 
hydrological process and sustainable utilization of water resources. 
LRB is one of the important headstream region of water-diversion 
engineering in Tianjin. The runoff changes in the LRB is likely to have 
a certain impact on water security and socio-economic development 
of Tianjin. Therefore, many scholars have conducted numerous 
studies to further explore the effects of vegetation changes on the 
water cycle in the LRB.

Liu et al. (2021) explored the changing trend of vegetation net 
primary productivity data of LRB from 2000 to 2015, the vegetation 
net primary productivity fluctuated and increased. Wu et al. (2020) 
used Multi-Statistical Methods to analyze the vegetation changes in 
the Luan River basin and found that temperature and precipitation 
were the main causes of NDVI growth. But they did not address the 
effect of vegetation on runoff. Dong et al. (2013) used the SWAT 
model to simulate runoff in the LRB from 1985 to 2000 and found 
that changes in forest land, cropland and grassland contributed to a 
2.91% increase in runoff. Wang et al. (2011) used Mann–Kendall 
trend test, power spectrum analysis and other mathematical and 
statistical methods to find a significant decrease in runoff in the LRB 
after 1998, mainly because of the important influence of surface 
cover changes on runoff. Liu et al. (2013) quantitatively analyzed 
LRB from 1960 to 2007 and found that the decrease in runoff from 
1960 to 1979 was due to the impact of climate change, while the 
impact of human activities on runoff from 1980 to 2007 was 
increasing. Yan et al. (2018) analyzed the runoff in the LRB and 
found that runoff was not influenced by humans from 1954 to 1970, 
but was influenced from 1971 to 2000, and that climate change and 
human activities on runoff changes decreased by about 49 and 51%, 
respectively, and the influence of human activities on runoff has 
increased to be the dominant factor. Zhou et al. (2020) used Budyko’s 
elasticity coefficient method to analyze the effects of climate change 
and subsurface on the runoff of the upper Luan River (ULRB), and 
found that the main cause of the decline in runoff from 1998 to 2015 
was the change in subsurface, with a contribution of 88.12%. Li and 
Zhou (2016) analyzed the runoff in the LRB from 1956 to 2011 in a 
decreasing trend based on Budyko’s theory and geometric methods, 
and found that the main contributor to runoff after calculating the 
changes in both methods was human activity. Through previous 
summaries, we  found that scholars have studied vegetation and 
runoff change factors from a single study of the LRB, and have 
further explored the effects of climate change and human changes 
on runoff, but have not analyzed the contribution of vegetation 
change to runoff in detail.

Hence, as one of the key areas for the implementation of the 
ecological restoration project in the ULRB, the ULRB were selected 
as the target of this study. The response of runoff to vegetation was 
calculated using 35 years of hydrometeorological data (1982–2016) 
and NDVI data. The main steps are as follows: (1) Analyzing 
temporal variation pattern of NDVI and hydrometeorological data 

from 1982 to 2016 in the URLR; (2) Determination of the year of 
mutation of NDVI by The M-K trend test; (3) A linear regression 
method was used to quantify its relationship with NDVI and ω in 
Budyko’s formula to construct the modified Budyko formula; (4) 
The contribution of the modified Budyko formula volume 
assessment and vegetation change to runoff was analyzed. This 
study can provide an effective reference for objective calculation of 
the effect of vegetation change on water flow, and provide a 
theoretical basis for water resource utilization and conservation 
in URLR.

2. Overview of the study region and 
data

Luanhe River Basin is located in the northeast of North China 
Plain and is ecological barrier of Beijing-Tianjin-Hebei 
metropolitan area. The upstream part of the URLR is from the 
foothills of Bayangurtu Mountain to Zhangbaiwan Town of the 
Luanping county. The drainage area of the URLR is 25,367 km2, 
accounting for 46.63% of the URLR. Its annual average 
precipitation is about 325.4 m and its annual average temperature 
is about 2.2°C (Wang et al., 2012). Summer is warm and rainy, 
precipitation is mainly occurred in summer, and the winter is cold 
and dry. The region has two national nature reserves (Luanhe River 
upstream National Nature Reserve and Saihanba National Nature 
Reserve), which have an important ecological strategic position 
(Figure 1).

Runoff data of Sandaohezi hydrological station from 1982 to 
2016 in the URLR were collected from China Hydrological Yearbook 
and Hebei Hydrological Bureau. The data of 8 meteorological 
stations in and around study region were collected from China 
Meteorological Administration, and these potential 
evapotranspiration were computed using Penman–Monteith 
formula. Next, Kriging method was utilized for interpolating 
monthly precipitation and potential evapotranspiration. Finally, the 
raster maps of the annual precipitation and potential 
evapotranspiration in the URLR from 1982–2016 are obtained. The 
NDVI data from 1982 to 2016 used in this study are extracted by the 
average combination method and obtained from the NOAA CDR 
AVHRR NDVI v51. The NDVI daily output data at a spatial 
resolution of 0.05°× 0.05° are produced based on surface reflectance 
of red and near-infrared spectral bands captured by the Advanced 
Resolution Radiometer.

3. Research methods

3.1. Non-parametric Mann–Kendall test 
algorithm

Mann–Kendall test algorithm is utilized in this study for 
identifying mutation year. The algorithm can ignore interference 

1 https://www.ncei.noaa.gov/data/land-normalized-difference-vegetation-

index/access/
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of individual outliers, does not need detection data to follow a 
specific distribution, and its calculation process is simple, 
therefore has strong practicability (Jian and Xie, 2011; Du 
et al., 2015).

3.2. Budyko framework

 R P ET= −  (1)

R, P and ET, respectively, denote runoff depth, precipitation and 
actual evaporation of basin. ET can be  obtained by equation 2 
(Choudhury, 1999; Yang et al., 2008).
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ω because it can be described as a vegetation factor as a function 
of NDVI. Anthropogenic factors influence streamflow in the URLR in 
numerous means, including water conservancy project, etc. ET0 
denotes potential evapotranspiration (mm) and is obtained using the 
Penman-Monteith formula.
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Li et al. (2013) ω, proved that ω has a significant correlation with 
NDVI in a basin.

 ω = +a NDVI b∗
 (5)

 

R P P ET

P ETNDVI b NDVI b NDVI b
= −

×

+( )+ + +( )
0

0

1
a a

a∗ ∗ ∗/

 

(6)

 

ε

ω ω ω

ω
P =

+ 



















− 







+ 











+ +
1

1

0

1 1

0

1

0

ET
P

ET
P

ET
P

/










+ 



















− 























1
0

1

0ET
P

ET
P

ω ω/

 

(7)

 

ε
ω ω ωET0

0 0

1

1

1 1 1

=

+ 



















− + 


























−ET
P

ET
P

/









  

(8)

FIGURE 1

Location of study region.
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Where, εP is elasticity coefficient of P for R, εET0 is elasticity 
coefficient of ET0 for R, εω is elasticity coefficient of ω for R, and εNDVI 
is elasticity coefficient of NDVI for R.

According to non-parametric MK test algorithm result, the study 
period was separated into the T1 and T2. Precipitation, potential 
evapotranspiration, ω and NDVI in T1 period are denoted as P1, ET01, ω1 
and NDVI1. The annual average precipitation, potential 
evapotranspiration, ω and NDVI in T2 period are denoted as P2, ET02, ω2 
and NDVI2. Thus, the change value of precipitation ( P∆ ), potential 
evapotranspiration ( 0ET∆ ), underlying surface characteristic parameter 
(∆ω ) and NDVI ( NDVI∆ ) from T1 to T2 can be calculated as follow:

 ∆P P P= −2 1  (11)

 ∆ET ET ET0 0 02 1
= −  (12)

 ∆ω ω ω= −2 1  (13)

 ∆NDVI NDVI NDVI= −2 1  (14)
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 ∆ ∆ ∆R R Rhum NDVI= −ω  (19)

In the formulas, PR∆ , 0ETR∆ , ∆Rω , and NDVIR∆  respectively 
represent streamflow change values caused by change values of 
precipitation, potential evapotranspiration, ω and NDVI from T1 to T2.

 ∆ ∆ ∆ ∆ ∆R R R R RP ET NVDI hum= + + +0  (20)

 ηR PP
R R= ×∆ ∆/ %100  (21)

 ηR ETET
R R

0 0 100= ×∆ ∆/ %  (22)

 
ηR NDVINDVI

R R= ×∆ ∆/ %100
 (23)

 ηR humH
R R= ×∆ ∆/ %100  (24)

ηR p , ηR ET 0
, ηR NDVI

, and ηR H
 respectively denote the 

contribution rate of P, potential evapotranspiration, NDVI, and 
anthropogenic factor on streamflow.

4. Results and analysis

4.1. Hydro-meteorological and NDVI trend 
analysis

Figure 2 illustrates the changing trend of annual mean runoff depth 
and NDVI in URLR from 1982 to 2016. In total, the slope of annual 
average runoff depth from 1982 to 2016 is −0.3963 mm/a, indicating a 
downward trend (p < 0.05) of annual average runoff depth. The fluctuation 
range of average annual runoff depth in the URLR is 8.23–49.91 mm, and 
the maximum and minimum values occur in 1994 and 2000, respectively. 
Figure 2B demonstrates that the NDVI in the URLR is fluctuating and 
increasing, with a fluctuation range of 0.3190–0.4104. The maximum and 
minimum values appeared in 2004 and 1989, and the slope of NDVI from 
1982 to 2016 is 0.0018/a (p < 0.01), declaring that vegetation cover of the 
URLR has been significantly restored.

Figure 3 illustrates variation trend of precipitation and potential 
evapotranspiration in the URLR from 1982 to 2016. As shown in 
Figure 3A, precipitation of URLR from 1982–2016 slightly increased 
(p > 0.1). The maximum precipitation occurred in 1998 and was 
567.35 mm, the minimum precipitation occurred in 2000 and was 
331.40 mm, respectively. Figure 3B showed that the annual average 
potential evapotranspiration has a significantly increasing trend 
(p < 0.05), with an annual average increase of 1.0453 mm. The 
maximum and minimum values occurred in 2009 and 2003, with 
976.78 and 848.00 mm, respectively.

4.2. Mutation analysis

The M-K trend test was applied to identify mutation points of 
NDVI, and the detection results are shown in Figure 4. From the 
Figure 4, we can find that mutation year occurred in 1998. This is 
basically consistent with the notification of the State Council on 
the issuance of the national ecological environment construction 
plan in 1998 to transform the implementation of afforestation and 
ecological restoration projects in northern China, and the 
notification of the Master Plan of Major Projects for the 

https://doi.org/10.3389/fevo.2023.1178231
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Gao et al. 10.3389/fevo.2023.1178231

Frontiers in Ecology and Evolution 05 frontiersin.org

Protection and Restoration of Nationally Important Ecosystems 
(2021–2035) also corroborates the rapid recovery of NDVI in 
URLR after 1998.

4.3. The relationship between NDVI and ω

Figure  5 shows the linear regression relationship between 
annual precipitation and runoff depth in different periods (T1 and 
T2) in the URLR. The scattered points in the changing period are 
below the scattered points in the base period, indicating that runoff 
production capacity in changing period is greatly reduced compared 
with that in the base period. In addition, the determination 
coefficient of the linear regression equation between precipitation 
and runoff depth of T1 period is 0.4549 and drops down to 0.2823 in 
the T2 period. This may be  caused by vegetation growth and 
human activities.

For computing the equation of NDVI and ω, ω of URLR was 
computed through equation 9 first of all. Next, the pointwise 
distribution of the 10-year moving average of ω and NDVI was plotted 
and fitted to obtain the equation of NDVI and ω, as shown in Figure 6. 
The coefficient of determination is 0.5424 and the fitting effect is 
relatively significant (p < 0.05). The regression coefficient (a) is 5.1075 
and the intercept (b) is 0.7469.

4.4. Quantitative assessment of 
hydrological response to vegetation 
change

According to non-parametric MK test algorithm result, 1982–
2016 was separated into the T1 (1982–1998) and T2 (1999–2016) 
period, and the eigenvalues of the hydro-meteorological elements and 
NDVI of the URLR in different periods were obtained (Table  1). 
Table  1 showed that potential evapotranspiration in the URLR 
increased from 898.68 mm (T1) to 925.69 mm (T2), precipitation and 
runoff depth reduced by 33.86 and 14.12 mm. NDVI increased from 
0.350 (T1) to 0.385 (T2), with an increase of 0.035. ω increased from 
2.46 (T1) to 2.74 (T2), with an increase of 0.28.

According to formulas (7)~(10), the elastic coefficients of runoff 
on P, ET0, ω, and NDVI are obtained. Then, the variation and 
contribution rate of runoff depth affected by various driving factors 
are calculated by formulas (15)~(19). The results are shown in 
Table 2. For every 1% increase (decrease) in annual precipitation, the 
runoff depth would increase (decrease) by 3.33% in the URLR. A 1% 
increase (decrease) of annual potential evapotranspiration, ω and 
NDVI would result in a decrease (increase) of 2.33, 2.68, and 1.92% 
in runoff depth.

Compared with T1, the change of precipitation in T2 results in a 
decrease of 6.04 mm in runoff depth, with a contribution of 41.99%; The 
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Changing trend of precipitation (A) and potential evapotranspiration 
(B) of URLR.
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Changing trend of runoff depth (A) and NDVI (B) in the URLR.
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change of potential evapotranspiration in T2 period results in a decrease 
of 1.62 mm in runoff depth, with a contribution of 11.26%; The NDVI and 
human activities in the T2 period lead to the reduction of 4.24 mm and 
2.49 mm in runoff depth, with a contribution of 29.45 and 17.30%, 
respectively. Overall, the decrease in precipitation during the T2 period 
was main reason for runoff depth decline in URLR, followed by vegetation 
changes, human activities, and potential evapotranspiration.

To sum up, vegetation growth has become a major driving factor 
ranked second on runoff reduction. With the growing of NDVI, 
interception effect of vegetation on precipitation also increases, 
resulting in runoff decrease. In addition, the expansion of vegetation 
stem and leaf area would increase the evapotranspiration of plants. 
The increase of vegetation evapotranspiration would lead to 
continuous loss of soil water, which is not conducive to the exchange, 
resulting in reduction of streamflow (Chen et al., 2015; Jia et al., 2017). 
Local governments should attach great importance to the influence of 
swift vegetation growth on runoff decrease.

5. Discussion and conclusion

For calculating the influence of vegetation growth on streamflow 
in URLR, the change trend of the hydrometeorology data and NDVI 
is analyzed and abrupt year of NDVI was identified through 
non-parametric Mann-Kendall test algorithm. Next, the relationship 
between ω and NDVI is quantitatively analyzed. Finally, the modified 
Budyko equation was built for computing the influence of vegetation 
growth on streamflow in URLR.

The NDVI mutation point in the ULRB appeared in 1998.There 
was a significant linear functional relationship between NDVI and 
underlying surface parameters (p < 0.01). Precipitation was dominant 
factor causing decrease in runoff depth over the URLR, with a 
contribution rate of 44.99%. Vegetation growth was second 
contributing factor in the decline of runoff depth, accounting for 
29.45%. The contribution of anthropogenic factor and potential 
evapotranspiration on streamflow decline were 17.30 and 11.26%.

In recent decades, the runoff in the LRB has shown a decreasing 
trend year by year (Shi et al., 2018). It is argued that the impact of 
climate change on runoff in the LRB is decreasing, while the impact 
of human activities on runoff is increasing (Liu et al., 2013; Zhou et al., 
2020). The results of this study show that there is no significant change 
in climatic factors and that the subsurface drivers are the main drivers 
of runoff changes in the ULRB, but the study only classifies human 
activities as subsurface drivers and cannot quantify the causes of each 
factor separately. It has been shown that the main factor affecting the 
annual runoff in the LRB in terms of interannual fluctuations is 
precipitation (Fu et al., 2014), while the impact of human activities on 
runoff has also been emphasized. It can be seen that the previous 
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The relationship between precipitation and runoff depth of different 
periods in the URLR.
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Equation of 10-year moving average ω and 10-year moving average 
NDVI.

TABLE 1 The eigenvalues of the hydro-meteorological elements and 
NDVI in URLR.

ET0/
mm

P/mm R/mm ω NDVI

Mean value (T1) 898.68 455.84 30.74 2.46 0.350

Mean value (T2) 925.69 421.98 16.62 2.74 0.385

Δ(differential 

value)
27.01 −33.86 −14.12 0.28 0.035

FIGURE 4

Detection result of NDVI data in URLR from 1982 and 2016.
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studies need to be further explored in terms of the drivers affecting 
runoff variability.

Since 1998, the overall vegetation cover of the ULRB has been 
increasing since the implementation of the project to return 
farmland to forest and grass. Fewer studies have been conducted to 
examine how vegetation change affects runoff evolution. In this 
paper, the Budyko framework is used to bring NDVI into the 
equation to further explore the factors affecting runoff, Response to 
precipitation, latent evapotranspiration emission, NDVI, and other 
parameters causing subsurface changes based on runoff changes. By 
quantifying the various drivers affecting runoff changes, 
precipitation was found to be the main factor contributing to the 
decrease in runoff depth in the ULRB, while the NDVI also plays a 
very important role in the depth of runoff in the ULRB.

There are several uncertainties in this study. Firstly, meteorological 
data of individual dates at some stations are missing. Next, the study 
ignores the interaction and connection between climate, vegetation 
and human activities (Yan et al., 2018; Wang et al., 2022; Liu et al., 
2023), so future studies should systematically quantify the influence 
of climatic conditions and anthropic factor interactions on 
eco-hydrological systems.
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