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Abstract

The vegetation growth of the Loess Plateau is often restricted by water, which seri-

ously threatens the water sustainability of regional ecosystem. In order to clarify the

relationship between supply and demand of vegetation water use after Grain for

Green Project, this study selected Malian River Basin as the research area and calcu-

lated the vegetation water use and water demand using the eco-hydrological model.

The results showed that the annual water demand of the basin was 570 mm, while

the average annual water supply was only 294 mm, accounting only for 52.0% of the

demand. From 2000 to 2018, the temporal and spatial matching degree of water sup-

ply and demand in the Malian River Basin were 0.63 and 0.65, respectively. On the

whole, the water resources in Malian River Basin can basically support the growth of

vegetation, but in some areas are not sustainable. Water resources in the southern

region can only barely maintain the normal growth of vegetation under the current

conditions, so it is not recommended to carry out new plantation in this area. The

evaluation of matching degree in the northern from January to April is poor, so it is

necessary to appropriately reduce the planting area of economic crops and replace it

with planting herbaceous plants with small water consumption in Spring. Compared

with the current conditions, under the future climate scenarios of ssp126 and

ssp585, the Malian River Basin will show a trend of warming and humidification. The

temporal matching degree of water supply and demand also significantly improved to

0.83 and 0.92, indicating that even if the planting structure did not change signifi-

cantly, water supply would gradually meet the needs of vegetation. The study results

can provide the basis for formulating more scientific and reasonable vegetation resto-

ration policies.
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1 | INTRODUCTION

The Loess Plateau, located in the middle reaches of the Yellow River,

is a semi-arid and semi-humid region with a large area occupied by

loess (Liang et al., 2013). The long-standing and profound farming

culture and the special soil vulnerable to erosion make the problems

of vegetation degradation and soil erosion increasingly prominent in

the Loess Plateau (Kou et al., 2016). In order to solve the above prob-

lems, the government initiated and organized a lot of soil and water

conservation measurements including afforestation, pasture
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reestablishment, terraces and check-dams have been implemented

since the 1950s (Wang et al., 2015; Xiao et al., 2014).

Among these measures, the Grain for Green project is a large and

important reforestation campaign, which was started at the end of

1990s under the support of Chinese government. This project trans-

forms a large amount of farmland into forestland and grassland.

Robinia pseudoacacia, Chinese pine, platycladus orientalis, poplar, sea-

buckthorn, caragana microphylla and other native or foreign dominant

tree species are planted in large quantities. Under the joint influence

of natural restoration and the artificial protection measures, the eco-

system and the environment on Loess Plateau were greatly improved.

According to remote-sensed image, the average vegetation coverage

on the Loess Plateau has been greatly increased, which is as large as

59.6% by 2013, almost double the vegetation coverage in the late

1990s (Chen et al., 2015). Studies have shown that the degree of river

deposition has decreased, and the sediment reduction effect of the

project is significant (Wang et al., 2018). All the above phenomena

indicate that the ecological deterioration in the Loess Plateau region is

gradually under control.

However, the effect of vegetation restoration in the Loess Pla-

teau is often restricted by water (Wang et al., 2014). Whether the

large-scale vegetation restoration in the Loess Plateau is sustainable

has become a focus of debate in recent years. Chen et al. (2015)

showed that although vegetation restoration has improved the eco-

logical environment of the Loess Plateau, vegetation in some areas

consumes too much soil water due to high local vegetation coverage

and improper management. Zhao et al. (2019) also believed that the

phenomenon of dry soil layer occurs frequently, which results in poor

restoration effect in some areas. However, the research results of

Gao et al. (2017) show that although ecological degradation exists in

some areas, the total precipitation in the region can meet the water

demand of vegetation. Therefore, the relationship between vegetation

water supply and demand after vegetation restoration is not clear.

Most of the research on the balance between vegetation water supply

and demand are still at the stage of qualitative research. It is obviously

not comprehensive to analyse the suitability of vegetation restoration

from the perspective of soil water alone. The research conducted

from the perspective of water resources is more about calculating

whether the total amount of water resources in the area meets the

water demand, but rarely considers the degree of water shortage in

space. Whether water resources match the growth of vegetation in

time and space is also the key to the healthy survival of vegetation.

Therefore, it is very important to accurately analyse the relationship

between vegetation water supply and demand after vegetation

restoration.

In the study of influence of Grain for Green Project on regional

hydrological process, traditional experimental methods are often lim-

ited by non-representative test points, which cannot accurately

explain the regional scale problems (Gahegan, 2010). The research on

regional water balance of vegetation is insufficient. Some studies use

hydrological models such as SWAT model and VIC model (Pisinaras

et al., 2010). Most of these hydrological models do not consider the

detailed vegetation ecological process and the coupling interaction

between ecology and hydrology. Also, most hydrological models can

only simulate static vegetation, with little consideration of vegetation

changes and growth. The eco-hydrological model, characterized by

distributed computation, is a common method used to study regional

eco-hydrological processes in recent years (Peng et al., 2013). Com-

pared with the simple hydrological model, the eco-hydrological model

can calculate the ecosystem and simulate the eco-hydrological pro-

cess under the condition of vegetation restoration more accurately

(Gao, Qin, et al., 2016). At the same time, the vegetation type setting

of eco-hydrological model is more reasonable, which provides feasibil-

ity for future vegetation allocation research (Stephen et al., 2008).

The Regional Hydro-Ecological Simulation System (RHESSys) is a

model created by Band that can simulate eco-hydrological processes

in detail. It aims at the comprehensive simulation of water, carbon and

nutrient cycles as well as the transport process with spatial and topo-

graphical changes on the scale of small and medium watershed (Band

et al., 2000). The calculation unit of the RHESSys model is not strictly

divided according to the grid, but nested at different levels according

to climate characteristics, geographical characteristics and ecological

variables. Therefore, it allows users to simulate different processes on

different temporal and spatial scales according to actual needs, which

effectively improves computational efficiency (Tague & Band, 2004).

RHESSys evolved from ecological models and distributed hydrological

models (Coughlan & Running, 1989), incorporating ecological and

hydrological processes to simulate water transport, energy exchange

and carbon and nitrogen cycle (Beven et al., 1984). Nowadays,

RHESSys model is becoming more and more complete and compre-

hensive, which can accurately describe the change mechanism and

interaction relationship of ecosystem and hydrological cycle in

medium-scale region (Son et al., 2019).

The operation process of eco hydrological model has changed

from traditional single hydrological process to eco hydrological cou-

pling process, which also means that more model parameters are

needed. At the same time, the consideration of vegetation growth

also needs high spatial and temporal resolution, and its ecological pro-

cess often needs to be carried out on a scale of 250 m or even

smaller. Therefore, eco hydrological models generally have the charac-

teristics of large amount of calculation and long running time. When

eco hydrological models are applied in large-scale areas such as the

Loess Plateau, it is difficult to calibrate the model parameters due to

the lack of observation data and human activity data. Therefore, this

study selected a typical vegetation restoration area – Malian River

Basin in the Loess Plateau to study the relationship between vegeta-

tion water supply and demand. The Malian River Basin is a typical veg-

etation restoration area located in the middle of the Loess Plateau.

The basin covers a total area of 1.9 � 104 km2, belongs to medium

scale region, which is convenient for eco-hydrological modelling. From

the perspective of geomorphic features, the northern part is the loess

hilly area, and the southern part is the loess remnant area, which

belongs to the typical landform of the Loess Plateau. The climatic

characteristics are also the same as most areas of the Loess Plateau, is
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continental monsoon climate. Moreover, there are no large or

medium-sized water conservancy projects in the region, and the simu-

lation results are less affected by human activities, making it easier for

the eco-hydrological model to verify.

Based on this, this study selected the Malian River Basin as the

research area. The eco hydrological model – RHESSys was used to

calculate the regional vegetation water supply and demand. Then, the

evaluation index of vegetation-water mutual suitability was proposed

to further quantitatively evaluate the relationship between water bal-

ance under the current situation and future climate scenarios. The

results of this study can provide the basis for formulating more scien-

tific and reasonable vegetation restoration policies.

2 | STUDY AREA AND DATA COLLECTION

2.1 | Study area

Malian River is located in the central part of the Loess Plateau. It is a

primary tributary of the Jinghe River Basin. Its geographical location is

106 � 36 012 00 � 108 � 34 028 00 E and 35 � 19 012 00 � 37 � 24 0

42 00 N, as shown in Figure 1. The basin covers area of 19 000 square

kilometres, accounting for 41.9% of the Jing River Basin. The Malian

River Basin is a typical temperate continental monsoon climate. In

winter and spring, it is dry with little rain, while in summer and autumn

it is rainy and humid. The average annual precipitation of the basin is

477 mm, and the annual distribution is extremely uneven. The precipi-

tation in summer (May to September) accounts for 79.0% of the

whole year.

The main vegetation types in Malian River Basin include conifer-

ous forest, broad-leaved forest, shrub, grassland and cultivated plants.

The typical vegetation species include locust, poplar, sea-buckthorn,

Chinese pine and alfalfa. The soil types of the basin are mainly com-

posed of loessal soil, dark loessal soil and gray cinnamon soil. The terrain

is high in the north and low in the south. The loess hilly region is in

the central and northern part, with large topographic drop and small

cultivated area. The southern part is the Loess remnant wall area, the

terrain drop is smaller than the central and northern part. Since the

1980s, due to the implementation of various soil and water conserva-

tion measures and the gradual implementation of Grain for Green

F IGURE 1 Location map of Malian River
Basin

SUN ET AL. 3 of 15



Project, the effect of vegetation restoration in the Malian River Basin

is good, especially in the southern region. Most of the hydraulic engi-

neering in the Malian River are on small scales. There are few existing

reservoirs and irrigation areas, and they are located in the middle and

lower reaches. The irrigation amount is low. To sum up, the study area

is less affected by human activities, and the region is more suitable for

medium-sized eco-hydrological research.

2.2 | Data collection

There are seven types of data collected in this paper:

1. Meteorological data: Including the observation data of precipita-

tion, temperature, air pressure, sunshine time, wind speed and rela-

tive humidity of seven meteorological stations in and around the

Malian River Basin (as shown in Figure 1). The data is download

from the China Meteorological Data Network (http://data.cma.cn/

). The temporal resolution is 1 day.

2. Runoff data: The observation runoff data from the Yellow River

Conservancy Commission of the Ministry of Water Resources is

adopted, and the temporal resolution is on a monthly scale. The

data comes from Yuluoping hydrological station.

3. Soil data: The soil data comes from the Soil Science Database

(http://vdb3.soil.csdb.cn/). The spatial resolution of soil type data

is 1 km � 1 km.

4. Digital Elevation Model (DEM) data: DEM data is downloaded

from National Aeronautics and Space Administration (http://

https://www.nasa.gov/), with a spatial resolution of 30 m � 30 m.

5. Land use and vegetation type data. Raster data with a spatial reso-

lution of 1 km � 1 km is from the Resources and Environmental

Sciences and data centre (http://www.resdc.cn/), including land

use changes observed from 1980 to 2015.

6. LAI and NDVI data: These data were download from Geospatial

Data Cloud (http://gscloud.cn). The temporal resolution is 8 days,

and the spatial resolution is 250 m � 250 m.

7. Future climate data: Future climate data from 2021 to 2040

used for eco-hydrological simulation are extracted from CMIP6

model outputs (https://www.worldclim.org/data/cmip6/cmip6_

clim2.5m.html), which include monthly average minimum tem-

perature, average maximum temperature and total precipitation.

All data are multi-year monthly scales with spatial resolutions of

0.25� � 0.25�. The dataset considers shared socioeconomic

pathways (SSPs) and representative concentration pathways

(RCPs). In this study, two extreme scenarios (SSP126 and 585)

were selected for future eco-hydrological process simulation.

SSP126 is the updated scenario of RCP2.6 that uses a sustain-

able world that takes a green pathway, with (SSP1)-RCP2.6 forc-

ing at a low level of greenhouse gas emissions; and SSP585 is

the updated scenario of RCP8.5 that uses a world with rapid

fossil fuel evolution, with (SSP5)- RCP8.5 (O'Neill et al., 2017)

forcing at a high level of greenhouse gas emissions (Gillett

et al., 2016).

3 | METHODS

In this study, an eco-hydrological model-RHESSys was used to simu-

late the vegetation water utilization in the Marin River Basin, and the

water balance between water supply and demand was analysed to

evaluate the rationality of current vegetation distribution.

3.1 | RHESSys model

3.1.1 | Model description

RHESSys is a GRASS GIS-based, hydro-ecological modelling frame-

work. Its internal structure uses a hierarchical representation to define

the landscape and combines several different process models

TOPMODEL (Beven & Kirby, 1979), BIOME-BGC (Running &

Hunt, 1993) and MTN-CLIM (Running et al., 1987), along with two

distributed hydrologic models TOPMODEL (Beven & Kirby, 1979) and

DHSVM (Wigmosta et al., 1994) making it possible to study fluxes at

different scales. RHESSys has complete physical mechanism in ecolog-

ical process, hydrological cycle and their interaction, which means that

it can accurately and effectively reflect the vegetation water transport

process in the watershed under the vegetation restoration (Band

et al., 2000). Detailed theory of RHESSys is provided in Tague and

Band (2004), Tague et al. (2013), Garcia et al. (2016). The code of

RHESSys model is open-source and available online at https://github.

com/RHESSys/RHESSys; (version 6.0 was used for this paper).

This paper briefly summarizes several key processes related to

vegetation water use in the model. RHESSys can explicitly simulates

regional runoff processes, soil moisture changes, vegetation transpira-

tion, and soil evaporation. Phillip's infiltration equation (Philip, 1957)

was used in the model to estimate infiltration at each time step, and

the potential capillary rise in the unsaturated zone was calculated

according to the method used by Eagleson (1978). Soil evaporation is

calculated using Penman–Montieth equation (Monteith, 1965). Sto-

matal conductance utilizes the Jarvis multiplicative model

(Jarvis, 1976) assuming that various environmental limitations

(e.g., radiation, CO2, leaf water potential, and vapour pressure deficit)

are determined with the maximum stomatal conductance, which

expands the range of hydraulic conductivity by using LAI information.

Photosynthesis and evapotranspiration share values of hydraulic con-

ductivity. The Jarvis-type sub-model coupled with Penman–Monteith

equation (Monteith, 1965) are used to calculate the vegetation tran-

spiration. The Farquhar sub-model (Farquhar, 1982) and the CEN-

TURY sub-model (Parton et al., 1996) were used to simulate

photosynthesis and respiration to maintain the dynamic growth of

vegetation.

3.1.2 | Running process of RHESSys model

The running process of RHESSys model can be roughly divided into

three parts, as shown in Figure 2.
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The first step is to build the database. The data of topography,

meteorology, soil, vegetation, hydrology are processed by using

GRASS software (https://grass.osgeo.org/download/) to generate

database (Neteler & Mitasova, 2008).

After the construction of the database, the model reads the data-

base to simulate. The simulation process can be divided into horizon-

tal and vertical. Vertical simulation includes hydrological process,

ecological process and energy process. Horizontal simulation includes

surface runoff, unsaturated laminar flow, nutrient transport and

groundwater movement.

Finally, the model outputs the results. The simulation results such

as soil evaporation, vegetation transpiration, runoff, soil water content

in root zone, vegetation carbon sequestration and soil carbon seques-

tration can be output by RHESSys model. In this study, evapotranspi-

ration, surface runoff and soil water data were extracted for

subsequent calculation of vegetation water supply and demand.

3.2 | Calculation method of vegetation water
supply and demand

The Malian River Basin in the study area belongs to the typical land-

form of the Loess Plateau, with deep soil layers and groundwater

depth. The potential of rainwater resources utilization in the study

area is the vegetation water supply. At present, potential rainwater

resources utilization include surface runoff and soil water in two parts

(Zhang et al., 2013). It can be calculated as follows:

W¼
Xm

i¼1

Xn

j¼1
RijþΔSij
� � ð1Þ

ΔS¼ Se�Ss ΔS> 0
0 ΔS<0

�
ð2Þ

Among them, W is the available water amount of regional vegeta-

tion, mm; R is the surface runoff, mm; i is the number of time period; j

is the number of sub-basins; ΔS is the net increase of soil available

water in the root system layer, mm; Se is the soil water storage of root

layer at the end of time period, mm; Ss is the soil water storage of root

layer at the initial time period, mm.

Vegetation growth is closely related to soil moisture. Only after

precipitation and groundwater are transformed into soil water in the

root layer can be able to absorb and utilized (Resendes et al., 2008).

Soil available water is the main component of the potential rainwater

in the Loess Plateau (Kimura et al., 2005). Therefore, the calculation

depth of soil water should be determined. The soil in the model is

divided into root layer, unsaturated layer and saturated layer. The soil

water in root layer can be directly used by vegetation, so the water in

this layer is used as part of the available water for vegetation. The

root layer of the RHESSys model used in this paper is dynamic, which

is related to the vegetation types. The main vegetation types in

Malian River Basin include coniferous forest, broad-leaved forest,

shrub, grassland and cultivated plants. Therefore, five planting types

(deciduous forest, shrub, grassland, evergreen, and farmland) are con-

sidered in the RHESSys model. The vegetation parameters involved in

the model are shown in Table 1.

3.3 | Evaluation index of vegetation-water mutual
suitability

After calculating the amount of water needed for vegetation and the

amount of water available for vegetation, it is necessary to evaluate

whether the two are suitable. In general, the total amount of vegeta-

tion water supply must meet the water demand, but the total amount

of water cannot completely represent the water supply during the

vegetation growth period. Whether the spatial distribution of vegeta-

tion water supply and demand in the whole basin is matched should

also be judged. Therefore, this study uses the temporal and spatial

matching degree method to evaluate the vegetation-water mutual

suitability. The method is proposed refer to the method of soil water

evaluation by Gao, Wang, et al. (2016). The specific methods are as

follows:

The matching degree of vegetation water supply and demand is

calculated as follows

Mij ¼ e
VAWij�VWRij

VWRij VAWi�VWRi <0

1 VAWi�VWRi >0

(
ð3Þ

Mt ¼
P12

i¼1

Pn
j¼1Mij �Aj

12A
ð4Þ

Ms ¼
Pn

j¼1Mj

Aj
ð5Þ

Among them, Mij is the matching degree of jth sub-basin in ith

month, and the calculated value is between 0 and 1. The closer the

value is to 1, the better the sustainability of vegetation. Mt is the

annual temporal matching degree; Ms is the spatial matching degree;

VAWij is the vegetation water supply of jth sub-basin in ith month,

mm; VWRij is the vegetation water demand of jth sub-basin in ith

month, mm. Aj is the area of jth sub-basin, km2; A is the total area of

the study area.

F IGURE 2 Running process of RHESSys model
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According to the matching degree calculated by the above for-

mula, it is divided into four categories according to quality. The details

are shown in Table 2.

(1) When the matching value is between 0.8 and 1, the vegetation

water shortage ratio is less than 0.2, indicating that the regional water

resources are sufficient to support the growth of vegetation, and the

vegetation water use has good sustainability. (2) When the matching

degree is between 0.6 and 0.8, the water deficit ratio of vegetation is

range from 0.2 to 0.5. Regional water resources can maintain the

growth of vegetation, but it is not recommended to continue vegeta-

tion restoration. (3) When the matching degree is between 0.4 and

0.6, the unsatisfied proportion of vegetation water demand is from

0.5 to 0.8. It means that the regional water resources can barely sup-

port the vegetation growth under the current conditions. Considering

that perennial vegetation also has certain drought resistance, the

water sustainability can be increased by adjusting the density. But in

this case, economic crops are not suitable for further cultivation, so

vegetation types should be considered to change. (4) When the

matching degree is between 0 and 0.4, the vegetation water supply is

less than one-tenth of the water demand. In this case, the vegetation

will gradually degenerate until death. Therefore, when the matching

degree value is less than 0.4, we believe that water resources cannot

support the current vegetation growth, and vegetation types that con-

sume less water must be replaced.

3.4 | Model calibration and verification

In this study, Nash Sutcliffe Efficiency coefficient (NSE) and determination

coefficient (R2) are used to evaluate the accuracy of simulation results.

The calculation equation of NSE is as follows:

NSE¼1�

Pn
i¼1

Qi,obs�Qi,simð Þ2

Pn
i¼1

Qi,sim�Qi,obs

� �2 ð6Þ

Among them, Qi,obs is the observed value, Qi,sim is the simulated

value, Qi,obs is the average observed value. The value of NSE is

between 0 and 1, and the closer to 1, the better the fitting degree

between the observed value and the simulated value.

The calculation formula of R2 is:

R2 ¼

Pn
i¼1

Qi,obs�Qi,obs

� �
Qi,sim�Qi,sim

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

Qi,obs�Qi,obs

� �2Pn
i¼1

Qi,sim�Qi,sim

� �2s
2
66664

3
77775

2

ð7Þ

Among them, Qi,obs is the observed value, Qi,sim is the simulated

value, Qi,obs is the average value of the observed value, Qi,sim is the

average simulated value. The closer the coefficient of determination is

to 1, the better the fitting degree is.

There are four sensitive parameters to be calibrated for the

RHESSys model (Peng et al., 2013). The description and value range

are shown in Table 3. The RHESSys model uses Monte Carlo sampling

method to randomly generate 500 combinations in a given interval,

and each set of parameters are brought into the model for calculation.

4 | RESULTS

4.1 | Calibration and validation of RHESSys model

This study collected observed monthly runoff data at Yuluoping

hydrological station to calibrate and validate RHESSys model. The

TABLE 1 Parameter settings related to hydrological process of RHESSys model (White et al., 2000)

Parameters Units Deciduous forest Evergreen Shrub Grassland Farmland

gsurf_intercept 1 LAI�1 day�1 0.4 0.052 0.35 0.225 0.03

epc.ext_coef Dimensionless 0.54 0.51 0.55 0.48 0.5

epc.max_root_depth m 10 10 5 1 2

epc.psi_open Mpa �0.34 �0.65 �0.81 �0.73 �0.5

epc.psi_close Mpa �2.2 �2.5 �4.2 �2.7 �2.3

epc.vpd_open Pa 1.1 0.61 0.97 1 0.97

epc.vpd_close Pa 3.6 3.1 4.1 5 4.5

Note: The gsurf_intercept is the water interception coefficient. The epc.ext_coef is the canopy light extinction coefficient. The epc.max_root_depth

represents the maximum effective root depth range. The epc.psi_open and epc.psi_close represent the leaf water potential for full stomatal conductance

and complete stomatal closure. The epc.vpd_open and epc.vpd_close are vapour pressure deficit for full stomatal conductance and complete stomatal

closure, respectively.

TABLE 2 Value range division of matching degree between water
supply and demand

Value range of
matching degree Evaluation results

0.8–1 Water resources are sufficient to support

the vegetation growth

0.6–0.8 Water resources can support the vegetation

growth

0.4–0.6 Water resources can barely support the

vegetation growth

0–0.4 Water resources cannot support the

vegetation growth
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period from 1986 to 1990 was selected as the calibration period and

1991–1995 as the validation period. The specific results are shown in

Figure 3.

On the monthly scale, the NSE in the calibration and validation

period is 0.763 and 0.764 respectively, while R2 is 0.764 and 0.727.

When NSE and R2 values are greater than 0.6, the simulation

results are highly reliable. The results showed that the model simu-

lated well in the mid-flow area, but the simulation value of the

flood peak is slightly higher. Generally speaking, the simulation

results have good reliability and can be used for hydrologic

analysis.

4.2 | Temporal and spatial analysis of vegetation
water demand

The annual distribution of the average vegetation water demand is

shown in Figure 4.

Under current vegetation conditions, the annual average vegeta-

tion water demand in the basin is 570 mm. Among them, the water

demand in summer is the largest, reaching 312 mm, accounting for

55.5% of the whole year. The vegetation water demand in winter is

the smallest, only accounting for 5.2%.

By comparing the water demand and the average value of LAI, it

can be found that the large water demand in summer is mainly due to

the lush vegetation and strong transpiration. In contrast, LAI in spring

is smaller than that in autumn, but its water demand is larger. This is

because the vegetation is germinating in the spring and the root sys-

tem needs more water to grow than in the autumn. In winter, when

most branches and leaves have withered, vegetation needs less water.

The spatial distribution of vegetation water demand is shown in

Figure 5.

TABLE 3 Calibration parameters and value ranges of RHESSys model

Parameter name Parameter description Minimum Maximum

m Attenuation coefficient of hydraulic conductivity with depth 0.01 20

K Coefficient of saturated hydraulic conductivity 0 600

gw1 Percentage of infiltration volume into deep groundwater 0.001 0.3

gw2 Deep groundwater outflow ratio 0.01 0.9

F IGURE 3 Calibration and validation results of Malian River Basin

F IGURE 4 Vegetation water demand and LAI in four seasons of
Malian River Basin
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The vegetation water demand is decreasing from southeast to

northwest. The annual vegetation water demand in Zhengning and

Heshui in the southeast is relatively large, with the highest value of

980 mm. The vegetation water demand of Qingyang and Ningxian in

the middle of the basin is close to the average value of the basin, rang-

ing from 500 to 600 mm. The minimum vegetation water demand is

432 mm in the north of the basin.

It can be seen from Figure 4 that the LAI value in the study area

is also higher in the southeast and lower in the northwest. The

distribution trend of vegetation water demand and LAI value in

Malian River Basin is consistent, which indicates that the richer the

vegetation, the greater the vegetation water demand. It should be

noted that the vegetation excessive water demand in the south of the

basin may be a potential threat to the water sustainability.

In order to understand the spatial variation of vegetation water

demand in the study area more accurately, it is necessary to draw

the water demand map of four seasons. The results are shown in

Figure 6.

F IGURE 5 Distribution of
vegetation water demand and LAI in
Malian River Basin

F IGURE 6 Distribution of vegetation water demand in four seasons of Malian River Basin
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The results show that the vegetation water demand in the four

seasons decreasing from southeast to northwest. The distribution of

vegetation water demand in spring and summer has a great correla-

tion with LAI value, and the distribution pattern is similar to the

annual scale. However, vegetation water demand is closely related to

the distribution of meteorological stations in autumn and winter,

which indicates that water demand mainly comes from soil evapora-

tion after vegetation leaves fall. The reason for the above phenome-

non is that most of the vegetation in Malian River Basin is deciduous

vegetation. Generally speaking, the increase of LAI value will lead to

the increase of vegetation water demand (Chen et al., 2015). There-

fore, vegetation restoration on the Malian River Basin should be lim-

ited, the plant density should be reduced in the area with excessive

water demand. Otherwise, it will cause soil dry layer phenomenon and

other ecological problems.

4.3 | Temporal and spatial analysis of vegetation
water supply

The curve of average monthly vegetation water supply in Malian River

Basin is shown in Figure 7.

After the Grain for Green Project, the annual average vegeta-

tion water supply in Malian River Basin is 294 mm. As can be seen

from the above figure, vegetation water supply shows no signifi-

cant increase trend after 2000, with the rate of 1.24 mm�year�1.

The annual distribution of vegetation water supply is extremely

uneven. The available water of vegetation is the largest in sum-

mer, which reaches 161 mm, accounting for 54.6% of the whole

year. The available water in winter is relatively low, less than one

tenth of that in summer. Due to the uneven distribution of pre-

cipitation during the year, resulting in large variations in the

annual distribution of vegetation water supply. This is another

potential threat to the balance of vegetation water supply and

demand.

In terms of spatial distribution, the vegetation water supply in the

southern basin is relatively low, while that in the north is relatively

large. As shown in Figure 8, the vegetation water supply in the study

area increases from south to North. According to MK trend test, the

vegetation water supply in 14 sub basins showed no obvious increase

trend, and the increase rates were between 0.98 and 1.79 mm�y�1.

After 2000, the available water of vegetation in each sub basin

increased, which also provided favourable conditions for vegetation

restoration.

F IGURE 7 Variation trend of vegetation
water supply in Malian River Basin
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4.4 | Temporal and spatial matching degree of
vegetation water supply and demand

This study calculated the temporal and spatial matching degree of

vegetation water supply and demand, and the moisture suitability

degree of the study area was evaluated.

4.4.1 | Temporal matching degree of vegetation
water

In this study, the temporal vegetation-water mutual suitability on

monthly scale was evaluated. The specific results are shown in

Figure 9.

It can be concluded from the above figure that 15.8% of the

228 months (from January 2000 to December 2018) were rated as

‘excellent’, 28.1% as ‘good’, 54.4% as ‘average’, and 1.7% as ‘poor’.
Among them, the months of ‘excellent’ matching degree evaluation

are mainly from August to November, the months of ‘good’ are

mainly from July to October, and the months of ‘poor’ are mainly

from January to April. From the above analysis, it can be concluded

that the monthly scale of vegetation water supply and demand match

well, and the probability of vegetation drought is low from July to

November. But the Malan River Basin is often affected by spring

drought.

On the whole, the regional water resources can support vegeta-

tion growth under the current conditions. But 54% of the vegetation

will grow under greater water stress, so it is necessary to adjust the

density to maintain water sustainability. The vegetation restoration

in15.8% parts of the Malian River Basin can be continued, but decidu-

ous vegetation should be selected as far as possible in the construc-

tion of forest, and the vegetation with less water consumption from

January to April should be selected.

4.4.2 | Spatial matching degree of vegetation water

Based on the above data of vegetation water supply and demand, this

study calculated the spatial matching degree of the Malian River Basin

in 14 sub-basins, respectively. The spatial matching degree of 14 sub-

basins is shown in Figure 10.

According to above results, the average spatial matching degree

of the study area from 2000 to 2018 is 0.65. Generally speaking, the

regional water resources can maintain vegetation growth under cur-

rent conditions. The spatial matching degree of each sub-basin

decreased from north to south. The matching degree of the middle

and northern part of the basin was better, which was more than 0.60.

The matching degree of the southern sub-basin is generally 0.50–

0.57. According to the distribution of LAI and water demand of vege-

tation, it can be found that the southern part of the basin is mostly

planted cultivated vegetation, which consume a large amount of

water, so the matching degree is general. Long term planting of culti-

vated vegetation in this area will form dry soil layers. Supplementary

irrigation measures should be taken or vegetation types with low

water consumption should be replaced, such as Chinese pine, se-buck-

thorn, caragana microphylla, and so on.

From Figure 11, it can be found that each sub-basin matches well

in spring, showing a decreasing trend from south to north. In summer,

the matching degree of each sub-basin is greater than 0.6, and the

overall matching degree is good. The matching degree of the sub-

basins 1–8, 11 and 14 is excellent, and the remaining sub-basins are

good. In autumn, the matching degree of almost all sub-basins reaches

1 and the evaluation of matching degree is excellent. This is due to

the climatic characteristics of the Malian River Basin. 70% of the pre-

cipitation is concentrated in summer and autumn. In winter, the

matching degree evaluation of 5–14 sub basins in the middle and

south is general, while that of 1–4 sub basins in the north is poor,

showing a decreasing trend from south to north. In the northern

region, the planting structure should be adjusted and the planting area

of economic crops should be reduced. Due to the poor evaluation of

matching degree, it is suggested to plant annual herbs to gradually

improve the soil environment and the regional vegetation planting

capacity.

In summary, the spatial matching degree of vegetation in summer

and autumn is very high, followed by spring, and the spatial matching

degree in winter is the worst. This is consistent with the temporal

matching degree. In the process of ecological restoration in Malian

River Basin, more attention should be paid to the matching of water

supply and demand in winter.

F IGURE 8 Spatial distribution of water supply in Malian River
Basin
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5 | DISCUSSION

5.1 | Analysis of spatial vegetation-water mutual
suitability in future climate scenarios

Before the Grain for Green Project (1961–2000), the runoff of the

Malian River Basin showed a decreasing trend due to the reduction of

rainfall, and the regional warming and drying became more and more

serious. With the increase of vegetation coverage, whether the rain-

water in the next few decades is enough to support the growth of

vegetation has become another problem.

This study selects ssp126 and ssp585 greenhouse gas emission

scenarios as two extreme future climate scenarios. Meteorological

dataset from 2020 to 2040 and land use data in 2010 were used to

drive the RHESSys model then simulate and calculate the vegetation-

water mutual suitability under the two scenarios. The results are

shown in Figure 12.

The results showed that the average vegetation-water mutual

matching degree was 0.83 in the scenario of ssp126 and 0.92 in the sce-

nario of ssp585 in the Malian River Basin. And the vegetation water sup-

ply in the two scenarios could basically satisfy the vegetation growth,

while the satisfying degree was higher in the scenario of ssp585.

From the perspective of spatial distribution, the overall vegetation-

water mutual suitability in the basin was greatly improved. Only a small

part of the southeast and northwest has room for improvement. The

southeastern region should reduce vegetation that needs more water,

such as forest land and shrubs, while the central region should consider

planting vegetation that needs less water, such as grassland, or increas-

ing vegetation coverage to supplement its water consumption. In con-

clusion, under the future climate scenario, the vegetation-water mutual

suitability in the Malian River Basin will be significantly improved due

to the increase of precipitation. According to the results, even if the

planting structure does not change significantly, the drought situation

in the region will be alleviated to some extent.

F IGURE 9 (a) Monthly matching
degree of vegetation water supply and
demand. (b) Evaluation of vegetation-
water mutual suitability. The individual x
represents the matching degree of
vegetation water supply and demand in
each month from 2000 to 2018
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5.2 | Suggestions on vegetation restoration in
Malian River region

Climate and vegetation influence the vegetation-water mutual suit-

ability of Malian River Basin jointly. The southern part of the Malian

River Basin is mostly temperate deciduous broad-leaved forest, decid-

uous orchard and grain crops, with large area, good growth and large

water demand of vegetation, so the matching degree is general. The

vegetation-water mutual suitability of the whole basin in winter is

poor, which is caused by uneven distribution of precipitation and less

available water in winter. In the next step of ecological restoration,

more attention should be paid to the scientific and reasonable con-

struction of vegetation. The evaluation method of vegetation-water

mutual suitability used in this study can provide method support for

vegetation restoration.

According to the above evaluation of vegetation-water mutual

suitability and the current vegetation in Malian River Basin, the follow-

ing suggestions are proposed for vegetation restoration in the basin:

1. Vegetation restoration in Malian River Basin should choose

drought-tolerant vegetation with small water demand from

January to April. According to the analysis of vegetation water

supply, it is found that the vegetation water supply in the study

area is relatively less from January to April, and some economic

forests and winter growing crops may need to supplement defi-

cient water by irrigation. Therefore, in the next stage of vegetation

restoration, the vegetation type with drought-tolerant and small

water demand should be selected from January to April, and herbal

plants such as pinus tabulaeformis, hippophae rhamnoides, caragana

rubra or artemisia chinensis, dogtail grass and alfalfa should be pref-

erentially selected to improve the survival rate of vegetation and

enhance the effect of vegetation restoration.

2. Strengthen vegetation restoration in the central area of the basin.

At present, most of the vegetation types in Huan and Huchi are

grass, meadows and steppe, whose vegetation-water mutual suit-

ability is good. Local water resources can support the vegetation

growth under the current conditions. Therefore, we can increase

the intensity of vegetation restoration in this region, and properly

plant plantations such as pinus tabulaeformis and hippophae

rhamnoides, as well as mixed forests, so as to achieve better soil

and water conservation and ecological restoration effects.

3. Maintain the vegetation status in the south of the basin. The vege-

tation types of Heshui, Ning and Zhengning counties in the south

of Malian River Basin are mostly deciduous broad-leaved forest,

deciduous orchard and cultivated crops, and their water matching

degree is general. The regional water resources can barely support

the vegetation growth under the current conditions. It is not rec-

ommended to plant new plantations to maintain the current vege-

tation status.

4. Adjust the planting structure in the northern basin. Most vegeta-

tion types in Dingbian County of the northern Malian River Basin

are temperate coniferous forests, orchards and economic crops.

Although the matching degree of annual scale is good, the

matching degree between January and April is poor. Therefore, it

is necessary to appropriately reduce the planting area of economic

crops in the northern basin, and instead plant annual herbs (such

as Artemisia frigida, Dogweed, alfalfa) with less water consumption

from January to April.

5.3 | The contributions and shortcomings of this
study

Vegetation restoration can not only promote the development of the

regional ecosystem, but also effectively alleviate soil erosion, improve

soil properties and increase soil storage capacity (Chen et al., 2015;

Wang et al., 2016). However, in the study of soil water in small-scale

areas, it is found that the vegetation density and unreasonable selec-

tion of vegetation types in some areas will cause excessive soil mois-

ture consumption (Chen et al., 2008). The future vegetation

restoration faces lots of difficulties and challenges. Regional water

resources research and local soil water scale should be combined to

carry out more scientific and in-depth research.

This study proposed the matching degree index of vegetation

water supply and demand, which can provide methodical support for

the study of water supply and demand in other regions. On the basis

of this evaluation index, the sustainability of vegetation in Malian

River Basin under the existing conditions is further analysed to guide

the vegetation restoration in Malian River Basin. There are also some

limitations in this study. For example, this study only evaluates the

F IGURE 10 Spatial matching degree of Malian River Basin in
14 sub-basins
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current vegetation and does not conduct vegetation optimization

research. In the following study, the vegetation types with high eco-

logical benefits should be selected according to the sustainability

evaluation results of vegetation restoration, and the planting density

of each vegetation type should be determined quantitatively to realize

the optimal allocation of regional suitable water vegetation.

F IGURE 11 Spatial matching degree in four seasons of Malian River Basin

F IGURE 12 Spatial distribution of
vegetation-water mutual suitability in
Malian River Basin under ssp126 and
ssp585 scenarios
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6 | CONCLUSIONS

Since the implementation of the Grain for Green Project, whether the

regional water supply can meet the needs of vegetation has been

widely discussed. In this study, the Marian River Basin was taken as

an example, and the ecological hydrological model RHESSys was used

to calculate the vegetation water supply and demand, and the spatial–

temporal matching degree was analysed. According to the evaluation

of vegetation-water mutual suitability, some suggestions for vegeta-

tion restoration were put forward. The main conclusions are as

follows:

1. The RHESSys model has a good applicability in the Marin River

basin. The NSE in the calibration and validation period is 0.763 and

0.764 respectively, while R2 is 0.764 and 0.727.

2. The annual average water demand of Malian River Basin is

570 mm. The vegetation water demand was significantly different

from north to south due to differences in climate and vegetation

distribution. Among them, the southern vegetation requires a large

amount of water, up to 980 mm. The water demand of the central

vegetation is close to the average value of the basin, between

450 and 600 mm. The vegetation in the northern part needs less

water, and the minimum value is 432 mm.

3. The vegetation water supply in the study area showed an upward

trend, but the distribution was very uneven throughout the year.

From 2000 to 2018, the average annual vegetation water supply

in the Mali River Basin was 294 mm, with no significant increase

trend. The uneven distribution of precipitation during the year led

to a big seasonal fluctuation of the vegetation water supply, which

was 54.6% in summer and only 4.5% in winter.

4. The overall evaluation of vegetation water supply and demand in

Malian River Basin is good. From 2000 to 2018, the temporal and

spatial vegetation-water mutual suitability of Malian River Basin

are both greater than 0.6, which indicates the regional water

resources can support the vegetation growth under the current

conditions. Under different future climate scenarios, the

vegetation-water mutual suitability will be significantly improved

to above 0.8 due to the increase of precipitation.

5. Although the water resources in Malian River Basin can support the

normal growth of vegetation, there are still problems in some areas.

For example, the water demand of vegetation in the south of the basin

is too large. Under the current conditions, it is difficult for local water

resources to support the growth of vegetation. In the northern region,

the vegetation-water matching degree is poor from January to April.

Therefore, it is not recommended to continue vegetation restoration in

the south, and the planting density of trees should be appropriately

reduced. In the northern region, it is necessary to reduce the planting

area of commercial crops and plant annual herbs instead, so as to grad-

ually improve the soil environment and regional planting capacity.
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