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Study region: The Tibetan Plateau, known as the “Water Tower of Asia”, is the source of many
rivers in Asia, and its water conservation function is the basis for the optimization of the
ecological barrier and the water security of Asian countries. Yet, the Tibetan Plateau is also an
ecologically fragile area, facing numerous ecological issues and climate change risks, so the
response of the water conservation function to the changing environment has received much
attention.
Study focus: This study systematically analyzed the variation trend of the water conservation
function during 1961–2017, using the InVEST model simulations, linear regression analysis, and
coefficients of variation.
New hydrological insights for the region: The results show that the average annual water conser
vation of the Tibetan Plateau is about 256 billion m3, showing a decreasing trend from southeast
to northwest, and the important areas scatter in the southeastern of the plateau, such as the lower
Yarlung Zangbo watershed, the Nujiang watershed, and the Yalong watershed. The water con
servation volume of the Tibetan Plateau was on the rise (P < 0.05), and there was spatial vari
ability in the trends and coefficients of variation. The increase of precipitation and NDVI leads to
the overall increase in the water conservation of the Tibetan Plateau. Our findings could be used
to fill the spatiotemporal variation gaps in the water conservation function of the Tibetan Plateau.

1. Introduction
Ecosystem services are all direct and indirect benefits that people derive from nature, which are the basic guarantee of human
production and life, and are closely related to human well-being and sustainable development (Daily et al., 1997; Wallace et al., 2007).
As water is an important link between ecosystem processes and human activities, water conservation function is an important
ecological service function that plays a central role among various ecological services. At the same time, water is one of the most
important natural resources for human survival, development, and production. However, the deterioration of the water environment
and climate change have caused increasingly serious water resources problems, and the increase in water demand from population
growth and socio-economic development has further exacerbated water scarcity (Tian et al., 2020). Water-related ecosystem services
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have gained more attention, and the study of water conservation function is becoming a common focus in the fields of ecology and
hydrology (Brauman et al., 2007; Wen et al., 2020).
Water conservation function refers to the process and ability of an ecosystem to retain water by intercepting, infiltrating, and
storing precipitation in a certain spatial and temporal scale (defined as annual scale in this paper) through the forest canopy, litter, soil,
lakes, and reservoirs, etc., which not only meets the ecosystem’s demand for water but also provides water resources to the external
and downstream regions (Hu et al., 2020; Wang et al., 2021). The main forms of the water conservation function include water supply,
runoff regulation, flood storage, water purification, soil conservation, and temperature regulation (Xu et al., 2017). It is a complex and
comprehensive concept, which is the result of the combined effect of the ecosystem and hydrological processes under certain climatic
conditions and is therefore influenced by various factors such as ecosystem type, surface characteristics, climatic conditions, and
human activities (Zhang et al., 2010; Šatalová and Kenderessy, 2017). It has been shown that climate change, land use, and vegetation
cover are the main influencing factors of water conservation function (Leh et al., 2013; Hoyer et al., 2014). Climate change, especially
precipitation and evapotranspiration, not only determines the amount of water that ecosystems can store but also affects the bio
physical processes of ecosystems and directly influences the water conservation function (Chiang et al., 2014; Bai et al., 2019; Hu et al.,
2021). Changes in land use could affect ecosystem patterns and local ecohydrological processes, resulting in indirect impacts. In some
regions, land use and vegetation cover are the dominant factors influencing the water conservation function (J. Li et al., 2021; M. Li
et al., 2021; Wen et al., 2020; Wen et al., 2019). The main influencing factors, however, are geographically diverse, and the study of the
spatiotemporal variation of the water conservation function under changing environments (e.g., climate change, vegetation cover
change, and land-use change) is also the focus of attention.
Models, which play an important role in the evaluation of water-related ecological services, can accurately simulate complex
hydrological processes and quantify water-related ecological services at different spatial and temporal scales, such as Soil and Water
Assessment Tool (SWAT) (Arnold et al., 2012; Baker et al., 2013), Terrain Lab (Chen et al., 2005), Integrated Valuation of Ecosystem
Services and Trade-offs (InVEST) (Sharp et al., 2018; Benra et al., 2021), Artificial Intelligence for Ecosystem Services (ARIES) (Villa
et al., 2014), etc. Among them, the InVEST model is a visualization tool capable of quantitatively assessing ecosystem services under
different scenarios. Compared to hydrological models, the InVEST model enables quantitative assessment of water-related ecosystem
services based on fewer input data and requires less empirical knowledge. Moreover, the InVEST model can assess multiple ecosystem
services such as water yield, water quality, soil retention, carbon storage, biodiversity, etc., and integrates and weighs multiple
ecosystem services to provide a basis for decision making (Nelson et al., 2009; Goldstein et al., 2012). The water yield module, which is
based on the water balance principle, can simulate annual water yield on a regional scale and express the results in the form of maps
and has been widely used worldwide, e.g., in the United States (Bai et al., 2019; Hamel et al., 2015), Africa (Leh et al., 2013), Europe
(Redhead et al., 2016), China (Z. Liu et al., 2020; Y.Y. Liu et al., 2020; Su et al., 2013; Zheng et al., 2016), etc.
The Tibetan Plateau, known as the “Roof of the World”, and the “Water Tower of Asia”, is an important “river source” and
“ecological source” of China, located in the interior of the Asian continent. As the source of many of Asia’s rivers, it supports about 2.5
billion people in the downstream region and is related to the water resources security and management of neighboring countries (Yao
et al., 2019; Z. Liu et al., 2020; Y.Y. Liu et al., 2020). The Tibetan Plateau, however, is also a typical ecologically fragile area, with
ecological issues such as soil erosion, grassland degradation, desertification, and geological hazards, which make ecological restoration
a challenge and constrain regional economic development. Furthermore, the climate change, vegetation change, and population
growth experienced in the Tibetan Plateau during the past decades have exacerbated the uncertainty of the water conservation
function (Liu et al., 2009; M. Yang et al., 2019; D. Yang et al., 2019; Pang et al., 2017). There are a series of studies on the water
conservation function of the Tibetan Plateau during the past years, which have made important contributions to integrated soil and
water management and ecological construction. Yet, there are still some gaps in the previous studies, which can be summarized as two
aspects. Firstly, the study tends to focus on local areas, such as the Sanjiangyuan region (Pan et al., 2015; Yin et al., 2016; Wu et al.,
2016; Cao et al., 2020), the Qilian Mountains region (Niu et al., 2018; Hu et al., 2016) and Ecological Reserves (Zhu et al., 2021), there
is a lack of evaluation of the water conservation function in the entire plateau. Secondly, existing studies have not paid sufficient
attention to the long-term variation of water conservation function, for example, the study period is often less than 20 years, and the
time series is early. However, the long time series analysis is essential to identify the main influencing factors of water conservation
function and to explore its response to the changing environment. Therefore, it is necessary to analyze the spatiotemporal variation of
the water conservation function of the Tibetan Plateau under the background of climate change. It is not only of great practical sig
nificance to the optimal allocation of water resources, optimization of ecological barriers, and coping with climate change risks but
also provides a theoretical basis for understanding and application of the water conservation function.
In this study, the InVEST model was used to simulate the annual water conservation function of the Tibetan Plateau from 1961 to
2017, and the spatial characteristics of the water conservation function were analyzed based on the multi-year average results. Then,
the interannual variations of the water conservation function of the watershed were analyzed, and the trends of water conservation
function based on raster cells were analyzed by linear regression analysis and coefficient of variation. Finally, the dominant influencing
factors were analyzed, and the possible contributors to the variation of water conservation function were discussed.
2. Materials and methods
2.1. Study area and data
2.1.1. Study area
The Tibetan Plateau is located in the interior of the Asian continent, with an average elevation of more than 4000 m a.s.l., and an
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area of about 2.5 million km2, which is the highest and the most extensive plateau in the world (Cuo et al., 2014). It has a complex
geographical environment, with a variety of landscapes such as mountains, lakes, rivers, glaciers, permafrost, deserts, and meadows.
The unique geographical environment has created a complex and diverse climate. The southeastern of the plateau is relatively warm
and humid, while the northwestern is cold and arid, with decreasing average annual precipitation from the southeast (>1000 mm) to
the northwest (<100 mm), and the mean annual temperature is below 0 ℃ in most parts of the plateau (Kuang et al., 2016; Sun et al.,
2015).
The Tibetan Plateau, rich in glaciers, permafrost, and lakes, is home to the richest reserves of solid water outside the Arctic and
Antarctic (Yao et al., 2019) and is also the most densely distributed lake region in Asia, with over 1500 lakes. (Wan et al., 2016; Song
et al., 2014). As the “Water Tower of Asia”, it is the source of many major rivers in Asia, including the Yangtze, Yellow River, Yarlung
Tsangpo, Salween, and Mekong rivers, which feed billions of people in East and Southeast Asia (Zheng et al., 2019; Yao et al., 2007).
The water conservation function of the Tibetan Plateau is not only the basis of local ecosystem balance and sustainable development
but also related to the total amount and allocation of water resources in surrounding countries and downstream areas. The Tibetan
Plateau, however, is extremely sensitive to climate change, so the spatiotemporal variation of water conservation function in response
to climate change is worth discussing.
The spatial distribution of major rivers, lakes, meteorological and hydrological stations on the Tibetan Plateau is shown in Fig. 1.
The Tibetan Plateau is a vast spatial area with a complex and diverse geographical environment. To more clearly analyze the various
characteristics of the water conservation function in different regions, this paper divides the plateau into 11 watersheds based on the
DEM information (Du et al., 2017). The spatial distribution and basic information of the watersheds are shown in Fig. 1 and Table 1.
2.1.2. Data
The input data of the InVEST model include annual average precipitation, annual average potential evapotranspiration, soil depth,
vegetation available moisture content, land-use type, watershed and subwatershed boundaries, biophysical coefficient table, and
parameter Z (Sharp et al., 2018). The data needed for the calculation of water conservation are flow coefficient, topographic index, and
soil saturation hydraulic conductivity. In addition, some other basic data such as runoff observation data, temperature, and NDVI were
used to discuss the reasons for the change of water conservation function. The data used in this study are summarized in Table 2.
2.2. Methods
2.2.1. The InVEST water yield model
Based on the water balance principle, parameters such as precipitation, vegetation transpiration, surface evaporation, vegetation
available water content, and soil depth are used to simulate water yield, which includes surface runoff, soil water content, litter
retention, and canopy interception. The water yield module does not distinguish between surface water, groundwater, and baseflow,
and considers the difference in precipitation and actual evapotranspiration for each grid element as the water yield. The calculation
formulas are as follows:
(
)
AET(x)
Y(x) = 1 −
× P(x)
(1)
P(x)

Fig. 1. The location of the Tibetan Plateau and the spatial distribution of major rivers, lakes, watersheds, meteorological and hydrological stations.
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Table 1
Summary information of 11 watersheds in the Tibetan Plateau.
Abbreviation

Full name

Area (km2)

Area percentage (%)

Elevation (m a.s.l.)

Mean annual precipitation (mm) 1961–2017

DD
IN
JS
LC
MJ
NJ
OF
QL
YL
YR
YZ

Dadu River
Inner
Jinsha River
Lancang River
Minjiang
Nujiang
Outflow
Qilian Mountain
Yalong River
Yellow River
Yarlung Zangbo River

61,735.80
1,190,327.00
231,523.50
84,798.88
25,579.71
109,103.20
95,938.54
192,105.70
107,082.90
198,042.00
286,728.60

4.78
92.17
17.93
6.57
1.98
8.45
7.43
14.87
8.29
15.33
22.20

1359–6247
1523–8281
1405–6455
1668–6094
1075–5692
905–6390
84–8533
1886–5750
1190–6938
1385–6105
149–7123

898.58
278.63
559.67
667.74
964.07
693.18
683.70
371.94
818.37
564.37
601.49

Table 2
The datasets description, processing, usage, and source of this study.
Type

Data

Description

Processing and usage

Source

Meteorological

Precipitation

0.5◦ daily precipitation based on more than
2000 stations, 1961–2017
Daily temperature, wind speed, relative
humidity, and hours of sunshine,
1961–2017
Interpolation from station observations
(1961–2015) and reanalysis data from
observation stations (2016–2017)
Daily runoff observation data, 2000–2010

statistical and spatial
interpolation, for InVEST input
Calculated potential evaporation
by P-M formula, for InVEST
input
Clipping, for the discussion of
attribution

CMA (http://www.nmic.cn/)

Station
observations
Annual average
temperature
Hydrological
Remote
sensing

Runoff
observations
DEM
Land use
NDVI

Soil

Digital elevation model
Based on Landsat images, generated by
manual visual interpretation (1980, 1990,
1995, 2000, 2005, 2010, 2015)
Monthly maximum NDVI data based on
AVHRR (1982–2017)

Soil depth

A comprehensive soil characteristics dataset

Ksat

Global soil saturation hydraulic
conductivity
Available water content of vegetation

PAWC

AET(x)
1 + ω(x)R(x)
=
1
P(x)
1 + ω(x)R(x) + R(x)

Annual value calculation and
clipping, for the discussion of
attribution
Data format conversion and
clipping; for the calculation of
water conservation
Clipping, for the calculation of
water conservation
Clipping, for InVEST input

(http://www.geodata.cn; https://
doi.org/10.6084/m9.figshare.c.
4557599); (He et al., 2020)
Hydrological Yearbook
USGS (https://www.usgs.gov/)
CAS (https://www.resdc.cn/)
(http://www.geodata.cn)
SYSU (http://globalchange.bnu.edu.
cn/research/soil2); (Shangguan
et al., 2013)
Future water (http://www.
futurewater.eu/hihydrosoil)
HWSD (https://data.apps.fao.org/)

(2)

AWC(x)
P(x)

(3)

Kc(x) × ET0
P(x)

(4)

ω(x) = Z ×

R(x) =

Annual runoff statistics, for the
calibration of InVEST
Used to calculate slope,
topographic index, and delineate
watersheds
Reclassified to 7 classes, for
InVEST input

CMA (http://data.cma.cn)

where Y(x) represents the annual water yield of the grid cell (mm); P(x) represents the annual precipitation of the grid cell (mm);
AET(x) represents the annual actual evapotranspiration of the grid cell (mm), the calculation is based on the Budyko equation of waterheat coupling equilibrium; ω(x) represents the non-physical parameter of soil properties under natural climatic conditions, which is
dimensionless; R(x) is the Budyko dryness index; Z is a seasonal constant with a value range of 1–30; AWC(x) represents the available
soil water content, determined by soil texture and soil depth, with a value range of 0–1; Kc(x) represents the vegetation evapo
transpiration coefficient; ET0 represents the potential evapotranspiration (mm).
The Penman-Monteith formula recommended by FAO is used to estimate the potential evapotranspiration over the Tibetan plateau.
The calculation formula is as follows:
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(
)
900
0.48Δ(Rn − G) + γ T+273
U2 ea − ed
ET0 =

Δ + γ(1 + 0.34U2 )

⎞

⎛

⎟
⎜
, G = 0.38 × ⎝T − T− 1 ⎠

(5)

where Rn is the net radiation (MJ/m2⋅d); Δ is the slope of the tangent line of the saturation water pressure curve at a temperature of T
(kPa⋅℃− 1); ea is the saturation water pressure (kPa); ed is the actual water pressure (kPa); T is the average temperature (℃); γ is the
humidity table constant (kPa⋅℃− 1); U2 is the wind speed at a height of two meters (m/s); G is the soil heat flux (MJ/m2⋅d), T_1 is the
average temperature of the previous day (℃).
2.2.2. Calculation of water conservation
After the water yield is calculated using the InVEST model, the water yield is corrected for topographic characteristics, soil
permeability, and surface runoff flow coefficients to derive the water conservation volume (Yu et al., 2012; 07, J. Li et al., 2021; M. Li
et al., 2021), which refers to the amount of water that infiltrates into the ground after precipitation subtracts evapotranspiration and
surface runoff. The calculation formulas are as follow:
(
)
(
)
(
)
249
0.9TI
Ksat
Retention = min 1,
× min 1,
× min 1,
×Y
(6)
V
3
300
where Retention represents water conservation volume (mm), V represents the velocity coefficient, Ksat represents the saturated soil
hydraulic conductivity (mm/d), TI represents the topographic index and can be calculated as follows:
)
Drainage area
TI = lg(
(7)
Soil depth × Percent slope
where Drainage_area represents the number of grids in the catchment area, Soil_depth represents the soil depth (mm), Percent_slope
represents the slope (%).
The water conservation coefficient is the ratio of water conservation to precipitation, indicating the proportion of precipitation
converted into water conservation, which can reflect the influence of precipitation, vegetation, and surface characteristics on water
conservation. Its value ranges from 0 to 1, and the higher values indicate that the ecosystem is more capable of intercepting and storing
precipitation and has a higher water conservation capacity. It can be calculated as follows:
Retention
P

WCC =

(8)

where WCC represents the water conservation coefficient, Retentionrepresents the water conservation volume (mm), and Prepresents
the precipitation (mm).
2.2.3. Trend analysis
The linear regression analysis, which is usually used to obtain the trend variation of time series, can reflect the spatial variation
trend of the study area by calculating the interannual variation of each pixel (Liu et al., 2014). The slope of the linear regression can
comprehensively indicate the spatiotemporal variation characteristics and the least-squares method is used to optimize the slope
(Zhang and Ye, 2020). In this study, it was used to reflect the variation trend of water conservation function during the study period.
When the slope is positive, it indicates that the water conservation function trends to increase and larger values indicate a faster
increase; conversely, when the slope is negative, it indicates a decreasing trend of water conservation function. The slope is calculated
as follow:
n
Slope =

n
∑

n ∑
n
∑
i Wi
i=1
(i=1n i=1
n
∑
∑ 2
n i2 −
i)

i × Wi −

i=1

(9)

i=1

where the Slope represents the trend of the water conservation volume time series, n represents the cumulative number of years in the
study period, i represents the number of the year (i = 1,2,3,…,n), and Wi represents the water conservation volume corresponding to
the jth year (mm).
The significance of the trend obtained from the linear regression analysis method was analyzed using the F-test (Fang et al., 2020),
and it can be calculated as follows:
F=U×

n− 2
Q

n
∑

U=

(10)
(11)

(̂
y i − yi )2

i=1
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n
∑

Q=

(12)

y i )2
(yi − ̂

i=1

where U is the regression sum of squares, Q is the error sum of squares, yi is the value of the water conservation of the ith year (mm), ̂
yi
is its regression value (mm), yi is the average value of water conservation in the study period (mm), n represents the cumulative
number of years in the study period and i represents the number of the year (i = 1,2,3,…,n).
The coefficient of variation (CV), which can eliminate the influence of scale and magnitude, represents the long-term relative
change or fluctuation of the study object. It was used to analyze the fluctuation of water conservation during the past decades in our
research. The larger the coefficient of variation, the greater the fluctuation degree of water conservation in the study period, which
indicates a greater likelihood of change in the future. The calculation formulas are as follows:
CV =

σ=

σ

(13)

xi
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n
1∑
(xi − xi )2
n i=1

(14)

where σ is the standard deviation, xi represents the water conservation volume corresponding to the ith year (mm), xi is the mean value
of water conservation during the study period (mm), n represents the cumulative number of years in the study period and i represents
the number of the year (i = 1,2,3,…,n).
3. Results
3.1. Calibration and verification of InVEST
The biophysical coefficients corresponding to each land-use type in the InVEST model are shown in Table 3. The parameter Z is an
empirical constant representing regional precipitation distribution and hydrogeological characteristics in the range of 0–30 (Sharp
et al., 2018; Cong et al., 2020). The simulation accuracy of the InVEST model largely depends on the parameter Z, which is usually
determined by comparing the simulated water yield with the observed runoff (Redhead et al., 2016; M. Yang et al., 2019; D. Yang et al.,
2019). We validated the parameter Z based on the annual runoff observed at Tangnaihai, Tuotuohe, Zhimenda, Xiangda, Nuxia, and
Yingluoxia hydrological stations from 2000 to 2010, the correlation coefficient (R), root mean square error (RMSE), and mean absolute
error (MAE) were used to measure the error between the simulated value and the observed value, and the optimal Z value was selected
after many experiments. When the Z value is 6, the R is between 0.47 and 0.91, and the R of Tangnaihai, Tuotuohe, Zhimenda, and
Yingluoxia stations is above 0.7, the RMSE of the simulation results was 0.43–10.26 billion m3, and the MAE was 0.34–6.68 billion m3.
The results show that the larger the value of the Z parameter corresponds to the smaller simulated water yield, and when the value of Z
is 6, the simulated water yield is closest to the observed runoff, and the simulation effect of the model is the best (Fig. 2).
3.2. Spatial patterns of annual average water yield and water conservation
The average annual water yield from 1961 to 2017 was calculated based on the water yield module of the InVEST model, and its
spatial distribution pattern showed little changes during the study period. The average annual water yield from 1961 to 2017 is shown
in Fig. 3a, showing a decreasing spatial distribution trend from southeast to northwest. The average annual water yield varies
significantly among different watersheds, with the highest average annual water yield of 544.64 mm/year in the MJ watershed in the
southeastern plateau, and only 93.46 mm/year in the IN watershed in the northwestern plateau. The high water yield areas are mainly
located in the MR watershed (544.64 mm/year), DD watershed (519.26 mm/year), YL watershed (454.41 mm/year), and NJ
watershed (381.49 mm/year) (Fig. 3a), which are also the areas with the most abundant precipitation on the Tibetan Plateau, with the
MR watershed (964.07 mm/year)), the DD watershed (898.58 mm/year), the YL watershed (818.37 mm/year) and the NJ watershed
(693.18 mm/year) (Fig. 3c). The median water yield areas are mainly located in the lower reaches of the YZ watershed, the middle and
lower reaches of the JS watershed, the LC watershed, the southern part of the YR watershed, and the OF watershed, where the
Table 3
Biophysical parameters table.
Lucode

LULC_desc

LULC_veg

Root_depth (mm)

Kc

1
2
3
4
5
6
7

Farmland
Woodland
Grassland
Water
Residential area
Unused land
Desert

1
1
1
0
0
1
1

1000
3000
2500
1
1
100
200

0.65
1
0.65
0.9
0.3
0.5
0.5
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Fig. 2. The InVEST simulated annual water yields and the observed annual runoff at different hydrological stations (Tangnaihai, Tuotuohe, Zhi
menda, Xiangda, Nuxia, and Yingluoxia) with different Z parameters (Z = 3, 6, 9).

Fig. 3. Spatial distribution of average annual (a) water yield, (b) water conservation, (c) precipitation, and (d) actual evapotranspiration on the
Tibetan Plateau from 1961 to 2017.

precipitation is relatively low. The low-value areas of water yield are located in the IN watershed in the northwestern part of the
Tibetan Plateau (93.46 mm/year), the QL watershed (157.64 mm/year), and the northern part of the YR watershed, where precipi
tation is extremely low.
The spatial distribution of the average annual water conservation (1961–2017) varies greatly, which is similar to the water yield,
showing a decreasing trend from southeast to northwest (Fig. 3b). The water conservation of the grid unit is between 0 and
1345.92 mm/year, and it varied significantly in different watersheds. The high-value areas of water conservation are mainly located in
the DD watershed (224.02 mm/year), the MJ watershed (225.93 mm/year), and the YL watershed (215.63 mm/year), which are also
high-value areas of water yield. The low-value areas of water conservation are mainly located in the northwestern and northern parts
of the Tibetan Plateau, such as the IN watershed (40.3 mm/year) and the QL watershed (72.95 mm/year).
The value of the water conservation coefficient on the Tibetan Plateau ranges from 0.06 to 0.80, with an average value of 0.22
(Fig. 4). In the southeastern part of the plateau, with abundant precipitation and high vegetation cover (Pang et al., 2017), the water
conservation coefficient is high, with most areas exceeding 0.3 and some areas with water conservation coefficients as high as 0.8.
While in the northwestern part of the plateau, precipitation is scarce, vegetation cover is low, and desert is widespread in the Qaidam
Basin, the water conservation coefficient is extremely low, indicating that the water conservation capacity of these areas is weak.
To identify the spatial distribution characteristics of water conservation important areas, the mean annual water conservation of
7
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Fig. 4. Spatial distribution of average annual water conservation coefficient (1961–2017).

the past 57 years was classified by the natural breaks method in ArcGIS (Z. Liu et al., 2020; Y.Y. Liu et al., 2020; Zhang et al., 2021). The
water conservation function was divided into 5 classes from low to high: generally important area (Class I: 0–53 mm), slightly
important area (Class II: 53–134 mm), moderately important area (Class III: 134–235 mm), highly important area (Class IV:
235–401 mm) and extremely important area (Class V: >401 mm).
The area proportion and spatial distribution of water conservation importance grades are shown in Fig. 5. The area of generally and
slightly important area of water conservation in the Tibetan Plateau is 39% and 32% respectively, mainly distributed in the central and
western parts. The area of the extremely important area is 29,567 km2, accounting for only 1%, which is scattered in the southeastern
part of the plateau. The proportion of the importance grade of water conservation in watersheds also showed great differences. The
highly and extremely important areas are mainly distributed in the DD watershed, the MJ watershed, the YL watershed, the NJ
watershed, the lower reaches of the JS watershed, and the lower YZ watershed. These areas, as important areas for water conservation
function, provide water for the production and living of most of the population in the plateau and are also the source of many rivers,
which should receive key attention and priority protection.

Fig. 5. Spatial distribution of water conservation grade of the Tibetan Plateau. Grade I: generally important, 0–53 mm; grade II: slightly important,
53–134 mm; grade III: moderately important, 134–235 mm; grade IV: highly important, 235–401 mm; grade V: extremely important,
> 401 mm (401–1364 mm).
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3.3. Trend analysis of water conservation
The linear regression analysis method was used to analyze the spatial and temporal trends of water conservation function during
1961–2017, and the tendency was tested for significance (Fig. 6a, b,c). On the whole, the proportion of grids with a slope greater than
0 is 75.32%, among which the proportion of grids with a slope between 0 and 0.5 is 47.70%, indicating a slightly increasing trend of
water conservation function in most areas of the plateau. These areas are mainly located in the inner plateau, and the results of Sun
et al. (2020) indicated that this region has become more humid since 1990. Among them, the slope of the OF watershed in the south of
the plateau is more than 3, which indicated that the water conservation of the region has increased obviously during the past 57 years.
However, although most of the Tibetan Plateau showed an increasing trend in water conservation, there are variations in the
magnitude of the increase in different watersheds, and even some watersheds showed a decreasing trend. Among them, the watersheds
where the proportion of grids with a slope greater than 0 are DD watershed, IN watershed, JS watershed, OF watershed, QL watershed,
YL watershed, and YZ watershed, indicating that the water conservation of these watersheds showed an increasing trend. Specifically,
the most significant increase was in OF watershed, and the largest proportion of the increasing area is in the QL watershed and IN
watershed (Fig. 6, d). The proportion of grids with a slope less than zero in the LC, MJ, NJ, and YR watersheds exceeded 50%,
indicating that the water conservation in these regions was mainly decreasing. Among them, the NJ watershed decreased the most
significantly, and the MJ watershed had the largest proportion of decreasing grid area. It should be noted that there are extremely and
highly important areas of water conservation in the MJ and NJ watershed, so the downward trend of their water conservation should
be of particular concern.

Fig. 6. (a) Slope of water conservation from 1961 to 2017 (mm/year). (b) the frequency distribution of water conservation changed slopes and CV.
(c) Spatial distribution of significance test results. (d) the frequency distribution of water conservation changed slope at different watersheds. (e)
distribution of CV in water conservation. (f) the average CV in water conservation at different watersheds.
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Based on the results of the significance test and the slope calculated by the linear regression analysis method, the tendency of
change was divided into five classes: extremely significant increase (slope > 0, P < 0.01), relatively significant increase (slope > 0,
0.01 ≤ P < 0.05), no significant change (P ≥ 0.05), relatively significant decrease (slope < 0, 0.01 ≤ P < 0.05), extremely significant
decrease (slope < 0, P < 0.01) (Table 4, Fig. 6, c). The area of significant increasing accounted for 74.24%, and the area of significant
decreasing accounted for 25.01%, which indicated that the trend of water conservation in the Tibetan Plateau was mainly increasing.
Specifically, the areas of significant decrease are mainly located in the southwestern margin, the eastern and southeastern margins of
the plateau, such as the MJ watershed, the lower YL watershed, the middle and lower reaches of the NJ watershed, and the LC
watershed.
The CV values of the water conservation ranged from 0 to 7.55, with a mean value of 0.54, and 52.47% of the grids with CV values
between 0.25 and 0.5 (Fig. 6b). The CV of the eastern plateau is relatively small, which indicates that these areas have experienced
little fluctuation over the past 57 years. Conversely, the large values of the CV in the IN watershed suggest, to some extent, that it may
be the area with a greater degree of fluctuation. It is inevitable, however, that the calculation of CV is influenced by the mean value of
water conservation. The northwestern part of the plateau, especially the Qaidam Basin, has extremely low mean values of water
conservation, which could result in high CV even for very small variations in water conservation (Fig. 6e). Of attention are two regions
with high values of CV in the eastern part of the plateau, located near Qinghai Lake (Figs. 6e, 1) and downstream of the YZ watershed
(Figs. 6e, 2), respectively. The fluctuations of water conservation in these regions are larger than those in the same climatic zone,
indicating that the fluctuations may be influenced by human activities, and these regions are distributed with local economically
developed cities, Xining, Lhasa, and Linzhi. The average CV values of the 11 watersheds also showed some differences, and the wa
tersheds with larger CV values are IN watershed (0.69), QL watershed (0.54), OF watershed (0.46), and YZ watershed (0.45), which
may have experienced larger fluctuations during 1961–2017 (Fig. 6f). The magnitude of CV could indicate the degree of fluctuation of
the water conservation in the past, and areas with greater fluctuation are more likely to change in the future. Therefore, when
formulating future planning and protection policies, emphasis should be placed on areas with a high degree of fluctuation.
3.4. Interannual variation of water conservation
The interannual variation of the average annual water conservation of the Tibetan Plateau and the 11 watersheds during
1961–2017 is shown in Fig. 7. The average annual water conservation on the Tibetan Plateau was about 256 billion m3 (1961–2017),
with a significant increasing trend (P < 0.05). The slope of change is 4.694 × 108 m3/year, with a maximum value of 322.317 billion
m3 (2008) and a minimum value of 205.685 billion m3 (1972). The average annual water conservation of the watersheds varied
widely, with the high watershed being the IN watershed (47.802 billion m3) and the YZ watershed (42.534 billion m3), and the lowest
being the MJ watershed (5.892 billion m3). The interannual variation tendency of water conservation of watersheds was different. The
watersheds with significant increasing trends were the IN watershed (P < 0.01), JS watershed (P < 0.05), OF watershed (P < 0.01),
and QL watershed (P < 0.01), while the NJ watershed showed a significant decreasing trend (P < 0.01). The interannual trends of
water conservation in other watersheds did not pass the significance test of 0.05, indicating that the average annual water conservation
in these regions has remained more or less constant over the past 57 years. The IN watershed and JS watershed showed the most
obvious rising trend with slopes of 3.984 × 108 m3/year and 0.77 × 108 m3/year, respectively, and the NJ watershed showed a
decreasing trend at a rate of 0.7953 × 108 m3/year, which was similar to the results of the linear regression analysis based on the grid
cells.
The variation of the average annual water conservation coefficient of the Tibetan Plateau and 11 watersheds during 1961–2017 is
shown in Fig. 8. The average annual water conservation coefficient of the Tibetan Plateau was 0.22 (1961–2017), with insignificant
interannual variation trends, and the maximum value of the water conservation coefficient was 0.24 (2008) and the minimum value
was 0.20 (1972). The average annual water conservation coefficient varied widely among watersheds, with the highest values in the NJ
watershed (0.28), LC watershed (0.27), and YL watershed (0.27), and the lowest values in the IN watershed (0.15) and QL watershed
(0.17). In terms of interannual variation trends, four watersheds showed significant increasing or decreasing trends. Among them, the
IN watershed (P < 0.01) and QL watershed (P < 0.05) showed a significant increasing trend with slopes of 4.23 × 10− 4 and
3.54 × 10− 4, respectively, indicating that the water conservation function of these two watersheds gradually increased. On the
contrary, the water conservation coefficients of the NJ watershed (P < 0.01) and MJ watershed (P < 0.05) showed a decreasing trend,
with rates of 4.48 × 10− 4 and 2.96 × 10− 4 per year, respectively, indicating to some extent that the water conservation function of
these two watersheds was gradually weakening.
The watershed-scale analysis not only reflects the differences in water conservation of watersheds but also identifies watersheds
Table 4
Statistical results of the significance of water conservation change trend in the Tibetan Plateau. ** indicates P passed 0.01 confidence test; * indicates
P passed 0.05 confidence test.
Grade

Degree of change

Grading criteria

Area (km2)

Percent (%)

1
2
3
5
6

extremely significant increase**
relatively significant increase*
no significant change
relatively significant decrease*
Extremely significant decrease**

Slope > 0,
Slope > 0,
P ≥ 0.05
Slope < 0,
Slope < 0,

1,884,248
15,933
2540
474
634,835

74.24
0.63
0.1
0.02
25.01

10

P < 0.01
0.01 ≤ P < 0.05
0.01 ≤ P < 0.05
P < 0.01
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Fig. 7. Interannual water conservation variations averaged over the Tibetan Plateau and 11 watersheds from 1961 to 2017.

with the significantly changing trend, providing some theoretical guidance for watershed-scale water management. Based on the water
conservation volume analysis, we also discussed the interannual variation of the watershed-scale water conservation coefficient.
Compared with the water conservation volume, the water conservation coefficients could more comprehensively reflect the differences
in the water conservation function of watersheds. On the one hand, the statistics of water conservation volume of watersheds are
affected by watershed areas, and on the other hand, it is more sensitive to precipitation. It is noteworthy that although the average
annual water conservation in JS and OF watershed showed a significant increasing trend, their water conservation coefficients did not
show a significant trend. This implied that the increase of water conservation in these regions was mainly influenced by precipitation,
while there was no significant trend in the capacity of the ecosystem to capture water. In addition, although there was no significant
trend in the average annual water conservation of the MJ watershed, its water conservation coefficient showed a significant decreasing
trend, which indicated that the ability of the watershed to retain and store precipitation has weakened and the water conservation
capacity of the ecosystem has decreased.
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Fig. 8. Interannual water conservation coefficient variations averaged over the Tibetan Plateau and 11 watersheds from1961 to 2017.

4. Discussions
4.1. Causes of water yield and water conservation
Water yield is closely related to climatic factors such as precipitation and actual evapotranspiration (Pessacg et al., 2015; Yang
et al., 2019), and the results of this study also support that the spatial distribution pattern of water yield is influenced by precipitation
and actual evapotranspiration (Fig. 3). Precipitation on the Tibetan Plateau decreased from southeast to northwest (Tong et al., 2014),
and the northern and northwestern regions of the plateau have extremely low precipitation, with annual average precipitation mostly
below 100 mm (Tan et al., 2020; Yang et al., 2011), and these regions are also the low-value areas of water yield calculated in this
study. In addition to the water yield, water conservation is also influenced by the topographic index and soil properties (Eq. 6). The
southeastern regions of the Tibetan Plateau have high values of water conservation, and these regions are areas with high values of
water yield, as well as relatively flat topography and high vegetation cover. During precipitation events, the flat topography slows
down the runoff velocity, which in turn loosens the soil to increase precipitation infiltration and enhance the water conservation
capacity.
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4.2. Possible factors influencing the fluctuation of water conservation
Water conservation function is influenced by a variety of natural factors and human activities. Precipitation, temperature,
evapotranspiration, and other land surface processes directly affect the amount of water that can be conserved by ecosystems, while
vegetation cover, topography, soil properties, and human activities indirectly affect water conservation by influencing ecohydrological
processes such as runoff and infiltration. To identify the main influencing factors of water conservation on the Tibetan Plateau, the
correlation of meteorological factors, topography, vegetation cover, and soil properties with water conservation was analyzed (Fig. 9).
Precipitation and NDVI showed a high positive correlation with water conservation, while potential evapotranspiration and soil
saturation hydraulic conductivity were negatively correlated with water conservation. The spatial distribution pattern of water
conservation on the Tibetan Plateau is similar to precipitation (Fig. 3, b, c), indicating to some extent that precipitation is the principal
influencing factor.
The interannual trends of annual average water conservation, precipitation, potential evapotranspiration, actual evapotranspi
ration, and NDVI on the Tibetan Plateau are shown in Fig. 10. The average annual precipitation is 446.84 mm, with an overall
increasing trend at a rate of 0.63 mm/a; the average annual potential evapotranspiration is 647.42 mm, showing a weak increasing
trend at a rate of 0.29 mm/a; the average annual actual evapotranspiration is 239.74 mm, showing a weak increasing trend. The
proportion of actual evapotranspiration to precipitation is 53.65%, which indicates that about half of the precipitation is returned to
the atmosphere in the form of actual evapotranspiration. The mean annual temperature is below 0 ◦ C in most areas of the Tibetan
Plateau, and the mean annual temperature shows a significantly increasing trend at a rate of 0.37 ◦ C/10a (1961–2017). The mean
annual NDVI value was 0.36 (1982–2017), showing an increasing trend at a rate of 9 × 10− 4 /a, which indicates an increasing trend of
vegetation cover in the Tibetan Plateau.
The average annual water conservation on the Tibetan Plateau is 99.24 mm, accounting for 22.20% of precipitation, which in
dicates that about 22% of precipitation is converted into water conservation. The annual water conservation showed a weak increasing
trend at a rate of 0.18 mm/a, with a minimum value of 65.03 mm (1967) and a maximum value of 145.67 mm (2005), the same years
as the maximum and minimum values of precipitation occurred, and its interannual trend was similar to precipitation (Fig. 10, f, e).
Although there was an overall trend of increasing precipitation on the plateau, the spatial pattern of precipitation change is variable,
with some areas in the east and southeast showing a decreasing trend, with some areas becoming wetter and some becoming drier (Gao
et al., 2015; Kuang et al., 2016; Chen et al., 2013; Tong et al., 2014), which may be the reason for the decrease of water conservation in
some watersheds. In general, the increase of precipitation and NDVI may be the main reason for the overall increase in the water
conservation function of the plateau.
4.3. Uncertainty of water conservation
There are certain uncertainties in the analysis of the spatiotemporal variation of water conservation on the Tibetan Plateau in this
study, which can be summarized in three main aspects: the limitations of the InVEST model, the accuracy of the model input data, and
the discussion of the driving factors.
Firstly, the InVEST model calculates water yield based on the water balance principle, assuming that all water excluding evapo
ration losses reaches the watershed outlet (Sharp et al., 2018). On the one hand, the model simulates hydrological processes in an
oversimplified manner, ignoring the interaction between surface water and groundwater, and on the other hand, the model ignores the
influence of human activities, such as artificial water extraction. It is worth noting that the water yield value of the lake area calculated
by the InVEST model is zero, which results in the water conservation of the lake area also being zero. However, this is not consistent
with the connotation of the water conservation function, which makes the simulation of water conservation in the Tibetan Plateau,
where lakes are widely distributed, inaccurate. Especially in the Tibetan Plateau, where permafrost is widespread (Mu et al., 2020), the
InVEST model cannot simulate the effects of freeze-thaw processes on water conservation. Secondly, there is a scarcity of
high-resolution representative data on the Tibetan Plateau for long time series, for example, meteorological observation data face the
issues of scarce meteorological stations and uneven spatial distribution (Wang et al., 2018; Li et al., 2020), and the time series of
remote sensing data is too short. Therefore, this paper can only carry out relevant research based on limited data and information.
Thirdly, the water conservation function is influenced by a combination of factors, and there are certain shortcomings in the analysis of
why water conservation has changed in this paper. Due to data constraints, we did not deeply analyze the effects of soil properties,
vegetation communities, and human activities on water conservation function, and the effects of glacial meltwater were ignored.
Moreover, the Tibetan Plateau is vast and environmentally complex, and the reasons for the changes in water conservation in different
regions were not sufficiently explored.
5. Conclusions
As the most typical ecologically fragile area on earth and the origin of numerous rivers in Asia, the Tibetan Plateau plays an
important role in the optimization of ecological barriers and the allocation and management of water resources in Asia. Additionally,
the Tibetan Plateau is one of the regions highly sensitive to climate change, and its response to climate change is noteworthy. However,
there is a lack of research on the water conservation function of the entire Tibetan Plateau, and the spatial and temporal evolution of
the water conservation function in the context of climate change is still unclear. This paper quantitatively simulated the water con
servation function of the Tibetan Plateau during 1961–2017 based on the InVEST model, analyzed the spatiotemporal variation
patterns of the water conservation function, and then discussed the possible factors affecting its fluctuations. The main results are as
13

Journal of Hydrology: Regional Studies 41 (2022) 101064

Y. Wang et al.

Fig. 9. Correlation analysis of the main factors of water conservation.

Fig. 10. Interannual variations of annual NDVI (a), actual evapotranspiration (b), potential evapotranspiration (c), Temperature (d), precipitation
(e) and water conservation (f).

follows:
First of all, the mean annual water conservation volume in the Tibetan Plateau is about 256 billion m3, showing a decreasing trend
from southeast to northwest. The important areas for water conservation function are mainly located in the southeastern, where need
sufficient attention and priority protection. Second, the interannual variation in water conservation shows an increasing trend
(P < 0.05) while the water conservation coefficient doesn’t show a significant trend, and the spatial pattern of slope and CV is variable.
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Specifically, the lower reaches of the YZ watershed show a declining trend and a high degree of fluctuation, which we recommend
prioritizing in ecological restoration and water resource management. Third, precipitation and NDVI are the main influencing factors
of water conservation, and the increase in precipitation and NDVI may be the reasons for the increase of water conservation on the
Tibetan Plateau during the past 57 years. Since the geography of the Tibetan Plateau is complex, and the change in water conservation
function is the result of multivariate integrated effects, the causes of the changes in water conservation function will be further dis
cussed in our next work. In addition, although the widely used InVEST model can simulate the water conservation function of the
Tibetan Plateau, it does not sufficiently consider lake, permafrost, and glacier, which will be the focus of our future model
improvement efforts.
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