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Extensive land use will cause many environmental problems. It is an urgent task to improve land use
efficiency and optimize land use patterns. In recent years, due to the flow decrease, the Guanzhong Basin
in Shaanxi Province is confronted with the problem of insufficient water resources reserve. Based on the
Coupled Ground-Water and Surface-Water Flow Model (GSFLOW), this paper evaluates the response of
water resources in the basin to changes in land use patterns, optimizes the land use pattern, improves the
ecological and economic benefits, and the efficiency of various spatial development, providing a reference
for ecological protection and high-quality development of the Yellow River Basin. The research shows
that the land use pattern in the Guanzhong Basin should be further optimized. Under the condition of
considering ecological and economic development, the percentage change of the optimum area of
farmland, forest, grassland, water area, and urban area compared with the current land use area ratio is
+2.3, +2.4, —6.1, +0.2, and +1.6, respectively. The economic and ecological value of land increases by
14.1% and 3.1%, respectively, and the number of water resources can increase by 2.5%.

Guanzhong Basin
Southern Loess Plateau
Yellow River basin

©2024 China Geology Editorial Office.

1. Introduction

The land use pattern means the areas and distributions of
different land use. The change in land use patterns will
influence the regional ecological environment and social
economy (Yang L et al., 2020). With China ’s economy
stepping out of the rapid development stage and entering the
high-quality development stage, land resources face a dual
task of development and protection. The contradiction
between the supply and demand of land resources leads to the
contradiction between economic development and ecological
protection (Feng BP et al., 2018). Due to historical reasons,
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China ’s land use is generally extensive, which will cause
waste of land resources, soil erosion, deterioration of the
ecological environment, and other environmental problems.
The optimization of land use pattern is a complex multi-
objective optimization problem (Zhang HH et al., 2011; Yuan
M and Liu YL, 2014). It is necessary to optimize the
distribution of quality and space according to the influence of
land on nature, the environment, and the social economy (Lu
JH et al., 2017; Ma BY et al., 2019). The optimization of land
use pattern is an urgent task to improve land use effects and
promote sustainable utilization of land resources (Feng BP et
al., 2018). The changes in land use pattern will change the
underlying surface conditions of the basin, thus affecting the
hydrology cycle. In the meantime, land use change will
directly affect the land’s economic benefits. Several scholars
carried out a lot of research on the optimization of land use
pattern. Many model methods are adopted, including gray
theory (Geng H and Wang ZM, 2000; Wang J et al., 2008),
genetic algorithm (Yuan M and Liu YL, 2014; Wang Q et al.,
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2018; Clark KC, 2018; Yang L et al., 2020), neural network
(Carranza-Garcia M et al., 2019; Liu S et al., 2019; Zhang
WL et al., 2021), system dynamic (Tu XS et al., 2009; Tian H
et al., 2017) and other mathematical methods, combined with
spatial pattern predict model such as cellular automata (Li H
et al., 2018; Rimal B et al., 2018; Islam K 2018; Sun YZ et
al., 2020), CLUE-S (Jiang W et al., 2015; Wei W et al., 2017;
Kucsicsa G et al., 2019), FLUS (Liang X et al., 2018; Wang
BS et al., 2019; Zhang XR et al., 2020; Lin W et al., 2020).
Most of these studies only consider the optimal allocation of
social and economic benefits of land use, and rarely consider
the impact of land use on the hydrological cycle process,
especially for the land use scheme in areas with fragile
ecological environments.

Guanzhong Basin is located in the south of the Shaanxi
Loess Plateau. With superior geographical conditions, a warm
climate, and rich natural resources, it is one of the important
birthplaces of the Chinese nation. The Jing River and Beiluo
River, which developed from the hills of the loess plateau
confluence in the Guanzhong Basin, bring abundant water
resources, and meanwhile, they also bring soil erosion and
land desertification (Xu RR et al., 2020). The Guanzhong
Basin is a fault basin formed in the Cenozoic and is a
relatively independent hydrological unit. The north boundary
is the north mountains of the Weihe River, the south boundary
is the Qinling fold belt, and the east boundary is the Yellow
River (Zhang MS et al., 2005; Song YG et al., 2021; Li HX et
al., 2021). Quaternary loss deposits are widely distributed in
Guanzhong Basin, and with large deposits, good water
abundance constitutes a good water storage space. Aquifers
are widely distributed, and there is a close hydraulic
connection between aquifers. Groundwater recharge condition
is good and water resources are enough. However, due to the
deep exploitation of groundwater and reduction of upstream
runoff in recent years, the contradiction between the supply
and demand of water resources in Guanzhong Basin become
intensified. Facing the problem of insufficient water resources
storage and risk of water resources shortage under extreme
conditions (Dong Y et al., 2019).

The policy of “Governing the Yellow River, focusing on
protection and governance ” was raised, which provided a
direction for ecological protection and high-quality
development in the Yellow River Basin in the new era (Li HX
et al., 2021). To promote the complementary and coordinated
development of large, medium, and small cities in Guanzhong
Basin and improve the efficiency of various spatial
development, it is urgent to further optimize the land use
pattern. In this article, the Guanzhong Basin was selected to
be an example, and a Coupled Groundwater and Surface
water Flow Model was developed to evaluate the response of
water resources to land use change in the basin. Optimize the
water-urban-agriculture-ecological land use pattern, improve
the ecological and economic benefits, and improve the
efficiency of various special developments of the Guanzhong
Basin to provide a reference to the ecological protection and
high-quality development of the Yellow River Basin.

2. Study area

Guanzhong Basin is also known as Weihe Basin, for the
Weihe River goes across the whole basin from west to east. It
is located at latitude 33°N-35°20 'N, longitude 106°30 'E—
110°30'E, skip-shaped opening from east to west. Starts from
Baoji City in the west and ends in Tongguan County in the
east. It is bounded by the northern mountains of the Weihe
River in the north and extends to the north slope of the
Qinling Mountains. It is about 320 km long from west to east,
30-120 km wide from north to south and the area is about
26600 km? (Fig. 1). With flat terrain, fertile soil, abundant
water, geothermal and helium resources, Guanzhong Basin is
one of the birthplaces of the Chinese civilization, the key
areas of the Silk Road Economic Belt in the new era (Dong Y
et al., 2019). The Guanzhong Basin has a superior
geographical location, including Xi ’an, Baoji, Xianyang,
Weinan, Tongchuan cities, and Yangling Agricultural High-
tech Industrial Demonstration Zone, with convenient
transportation and is the political, economic, and cultural
center of Shaanxi Province. The terrain is mainly plain and
loess tableland, high in the east and low in the west. The
Weihe River crosses the whole basin from west to east and
flows into the Yellow River in Tongguan. The main rivers
that flow into the Weihe River in the basin include the
Qingjiang River, Qianhe River, Shitou River, Tangyu River,
Qishui River, Heihe River, Laohe River, Fenghe River, Bahe
River, Jinghe River, Shichuan River, Beiluo River, and Luofu
River (Luo YL et al., 2010).

The climate in Guanzhong Basin is inland semi-arid and
semi-humid with clear four seasons and rainy in the hot
season which is beneficial to crop growth. Therefore,
agriculture developed early, and wvarious crops, rich in
agricultural products. At the end of 2019, the cultivated land
area of Guanzhong Basin was 14100 km?, and the agricultural
GDP was 199x10° RMB, accounting for 56.2% of Shaanxi
Province. The Guanzhong Basin is a key production area of
grain, cotton, and oil in Shaanxi Province and even the whole
of China. The annual average temperature of the Guanzhong
basin is 12°C-13.6°C, and the precipitation is 530-700 mm
per year. Precipitation is unevenly distributed in the basin,
decreasing from west to east and from south to north, inter-
annual and intra-annual distribution is uneven. Annual rainfall
is mainly concentrated in July to September, accounting for
about 45% of one year. Evaporation is 900-1200 mm per
year, increasing from west to east (Tian H et al., 2007). The
Guanzhong Basin is surrounded by mountains in the south,
north, and west. The terrain is high in the north, low in the
middle, high in the west, and low in the east. From the
mountain to the basin center, the landform type is piedmont
plain, loess tableland, and alluvial plain turn. The main river
of the basin is the Weihe River, and the runoff (Huaxian
Station) is about 6.5x10° m® per year (Li B et al., 2021).

Quaternary is widely distributed in the Guanzhong Basin
(Fig.2) and is unconformity contact with the underlying
Paleogene-Neogene. The lithology is mainly loess and gravel
pebbles. The thickness of Quaternary sediments increased
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Fig. 1. General situation of Guanzhong Basin in Shaanxi Province, China.

from northwest to southeast. At the sedimentary center of the
basin, the thickness of Quaternary sediments is the largest,
which is generally greater than 400 m in the valley area and
100-300 m in the loess tableland area. The main distribution
areas of Aecolian loess include the loess tableland area in the
north and south of the Weihe River, the Qinling Mountains,
the piedmont, and the platform of the northern mountains in
the north Weihe River, and the thickness is 130-240 m (Dong
Y etal., 2019).

3. Coupled surface water and groundwater model of the
Guanzhong Basin

3.1. GSFLOW model

In this article, GSFLOW (Markstrom SL et al., 2008) was
selected to construct a surface and groundwater-coupled
model. GSFLOW integrated the US Geological Survey
Precipitation-Modeling System (PRMS) and the US
Geological Survey Modular Groundwater Flow Model
(MODFLOW). PRMS s a classical distributed surface runoff
model. MODFLOW is a classical groundwater model.
GSFLOW  simulates the hydrological processes of
groundwater and surface water, such as overland runoff,
stream runoff, evaporation, infiltration, soil flow, groundwater
flow in the unsaturated zone and saturated zone, groundwater
discharge, the interaction between stream runoff and
groundwater, and so on. Lots of reaches were carried out on

surface-groundwater coupling modeling at watershed scale
via using GSFLOW (Wu B et al., 2014; Zhang HJ et al.,
2015; He J, 2018; Chen C et al., 2018; Wu B et al., 2019).
There are also cases of GSFLOW improvements (Niswonger
RG, 2020; Crystal Ng GH et al., 2018).

The computing units of surface water in GSFLOW are
referred to as Hydrological Response Units (HRU), and the
groundwater computing units are finite-difference cells. The
unsaturated zone is under the surface soil zone and above the
groundwater saturated zone, which is computed by the
Unsaturated Zone Flow Package (UZF). Gravity reservoirs
modular is used to transfer water between HRUs and finite-
difference cells. Soil water seeps into the gravity reservoirs,
and while the groundwater level is below the threshold,
gravity reservoirs release water to the saturated zone, which
moves down to the saturated zone. While the groundwater
level is above the threshold, saturated water supplements
gravity reservoirs and eventually becomes part of soil water or
interflow. The Stream Routing package is used for computing
stream discharge via water balance and kinematic-wave
equation. Darcy ’s law is used to compute the exchanges
between groundwater and river, according to the difference
between river and groundwater levels.

3.2. Modelling

The boundary of the study area as shown in Fig. 1,
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Fig. 2. Geological conditions of Guanzhong Basin in Shaanxi Province, China.
includes the whole Guanzhong Basin, west to Baoji, east to Meteorological data comes from the National
Tongguan, north to Weihe River north mountains, and south Meteorological Information Centre (http://data.cma.cn),

to Qinling Mountains. The area is 26600 km?, including Xi’an,
Baoji, Xianyang, Weinan, Tongchuan cities, and Yangling
Agricultural High-tech Industrial Demonstration Zone.

Reference of geological structure modeling to section
map, hydrogeological map, borehole data of previous
geological reports in Guanzhong Basin and related literature
(Zhang MS et al., 2005; Song YJ et al., 2021; Li HX et al.,
2021). The top layer of the model is surface DEM (STRM 1
Arc-Second Global), and the bottom layer is the Quaternary
bottom. According to the aquifer characteristics, the model
was divided into three layers in the vertical direction: One
unconfined aquifer and two confined aquifers. In the
horizontal direction, the grid is divided into 213 rows and 340
columns, and the grid size is 1 km. According to the lithology
and water abundance, hydrogeological parameter zoning is
divided into 111 zones. Permeability coefficients of different
lithologies were obtained from the literature (Gao L et al.,
2012) and pumping experiments of collected boreholes. The
permeability coefficient zones and aquifer thickness are
shown in Fig. 3. DEM data were used for the sub-basin
division. Combining soil type distribution and land use
distribution, the basin was divided into 1314 HRUs. The
vegetation coverage, the parameters of runoff generation and
confluence, soil parameters, and other parameters of every
HRU were computed. The digital river and sub-basins are
shown in Fig. 4. The soil and land use data were collected
from the National Tibetan Plateau Data Center (http://data.
tpdc.ac.cn).

including precipitation, and daily maximum and minimum
temperature. The meteorological data from 11 meteorological
stations (Fig. 1) in or around the study area were selected to
interpolate. Water diversion and groundwater exploitation
information were collected from the water resources bulletin
and relative literature (Luo YL et al., 2010). The water
diversion directly reduced the corresponding water volume
from the river channel (SFR module), and the water pumping
directly reduced the corresponding water volume from the
groundwater (WEL module). A reduced amount of water was
added to the irrigation of farmland. Infiltration and
evaporation wear are simulated by the model and do not need
to be given. The flow observation data of fifteen hydrological
stations were collected from the local water conservancy
department. Huaxian and Xianyang stations were used to
model calibration for those located in the mainstream of
Weihe River, and the remaining 13 stations were located at
the boundary of the model, as the surface boundary conditions
of the model. Monthly data from eight groundwater
monitoring points (Fig. 1) collected from the Shaanxi Institute
of Geo-Environment Monitoring were used for model
calibration. The inflow of groundwater boundary is small. The
groundwater hydraulic connection between Guanzhong Basin
and north-south and the western mountainous area is weak,
which can be regarded as a boundary of water barrier
boundary. The Yellow River is regarded as a discharge
boundary in the east. The model was simulated from
20002019 and the time step is one day. The warm-up period
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Fig. 3. Permeability coefficient and aquifer thickness. a—permeability coefficient; b—aquifer thickness.

was 2000-2011, the correction period was 2012-2015, and
the forecast period was 2016-2019. Table 1 summarizes the
main data used in the model, along with accuracy and sources.

3.3. Sensitive analyses and calibration

The main input and output parameters of the model were
operated on uncertainty analyses. The Sobol method (Sobol

IM, 2001) was applied to analyze the output variables and the
input contribution. The core of this method is to decompose
the total model output covariance into the sum of the
covariance of each parameter and the covariance of the
parameter interaction and then classify the sensitivity of the
contribution ratio of the parameters to the output covariance.
According to the sensitivity analyses, it shows that for
different output variables, the uncertainty resources are
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Table 1. Main data used for modeling.

Date Accuracy Source

DEM 30 mx30 m STRM 1 Arc-Second Global

River network 1 2 100000 National Tibetan Plateau Data Center

Land use 12100000 National Tibetan Plateau Data Center

Soil type 1 : 1000000 National Tibetan Plateau Data Center
Hydrogeological information Multiple scales China Geological Survey

Meteorological data Daily National Meteorological Information Centre
Diversion and Pumping information Yearly Local water authority

Stream flow Monthly Local water authority

Groundwater level Monthly Local water authority

different, but a small number of parameters play a leading
role. The main uncertainty sources of evaporation simulation
are precipitation data and irrigation data. The main uncertain
source of soil moisture is the maximum evaporation depth.
The main uncertainty sources of outlet stream-flow are water
diversion and stream inflow, and the uncertainty of exchange
between groundwater and surface water source is boundary
inflow, stream inflow, and stream leakage coefficient.

The model calibration is carried out by manual parameter
adjustment. The main sensitive parameters including
maximum evapotranspiration depth, streambed hydraulic
conductivity, manning coefficient, horizontal hydraulic
conductivity, vertical hydraulic conductivity, and specific
yield were selected after sensitive analysis. The outlet flow of
the Huanxian station and Xianyang station and the
groundwater level of the observation station around the study
area were used to calibrate the model. The accuracy of stream

outflow simulation refers to Nash-Sutcliffe efficiency (NSE),
and the groundwater level simulation accuracy refers to the
changing trend of the groundwater level. The Nash-Sutcliffe
efficiency is calculated as (Equ. 1):

Zil( :)_ /rn)z
ZIT:I( 5)_Q_l))

Where Q, is the observation value, Q,, is the simulated
value, and ¢ is the time-step. If NSE is close to 1, it means that
the quality of the model is good and the reliability of the
model is high. If NSE is close to 0, it means that the
simulation result is close to the average level of the observed
value, that is, the overall result is credible, but the process
simulation error is large. If NSE is far less than 0, the model is
not credible.

The model calibration results are shown in Fig. 5 and Fig. 6,

NSE=1- Q)]
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Fig. 5. Measured and simulated monthly runoff at Huaxian station and Xianyang station. a—Huaxian; b—Xianyang.

Huaxian NSE equals 0.78, and Xianyang station NSE equals
0.80. The simulation of groundwater level can basically
capture the seasonal and inter-annual variation of the actual
groundwater level and the simulation results are highly
reliable.

4. Optimize of land use pattern model
4.1. Objective function

Based on the need for high-quality development in
Guanzhong Basin, the objective function mainly considers
economic and ecological benefits and constraint conditions
consider the restrictions of policies on different land use
modes. Land use pattern includes farmland, forest, grassland,
water, urban, and unused.

(i) Economic benefit target (Equ. 2):

6
Be=) wB+QwB, @

i=1

where B is an economic benefit;

w; is the area of various land use type;

B, is the economic benefit per unit area of various land
use types, which represents the GDP per unit area of various
land use types in this article;

O is the stream flow in the basin, which was calculated by
the model as the average annual flow of 2010-2019;

By is the economic benefit of water resources per unit
volume, which represents the surface water price per unit
volume in this article;

Based on the national economic data (such as agriculture,
forestry, animal husbandry, fishery, construction industry)
and land use area (such as farmland, forest, grassland, water
area, and town) of each city in the study area in 2019, the
average GDP per unit is obtained via computed the GDP of
each land use area. The average price of non-domestic water
(5.5 RMB/t) was used to calculate the surface water price per
unit volume. Surface runoff was calculated by using land use
distribution via modeling. The results are shown in Table 2.

(i1) Ecological benefit target (Equ. 3):

6
Bp = ZCU«BH ©)
i=1

where Bp; is an ecological benefit;

w; is the area of various land use type;

By is the ecological benefit per unit area of various land
use types, which represents the ecosystem service value per
unit area of various land use types in this article.

The ecological benefit per unit area is calculated based on
the results of Xie GD’s research (Xie GD et al., 2003). Xie
GD listed an equivalent factor table of ecological value per
unit area of the terrestrial ecosystem in China. The equivalent
factor was defined as the potential capacity of the relative
contribution of ecological services of the ecosystem. And the
value is equivalent to one-seventh of the national average
grain yield market in the same year. Based on the market
value of the average grain yield in the study area in 2019, the
grain yield in the study area was 495400 kg/km?, and the unit
price is 2.3 RMB/kg. The result is shown in Table 2.
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Fig. 6. Measured and simulated water level of groundwater level observation wells.

Table 2. Economic and ecological benefits of different land use types.

Unit: 10° RMB/km? Agriculture land Forest land Grassland Water land Urban land Unused land
Economic benefit 9.73 1.03 8.86 1.63 161 0
Ecological benefit 1.12 3.56 1.18 7.48 0 0.068

The main objective function is the sum of economic and
ecological benefit targets (Equ. 4):

maXBT = /l('BC + /{EBE (4)

Where By is a weighted total benefit;

Ac 1s the weight of economic benefit;

g 1s weighted of ecological benefit.

The values of the two weights are decided by the different
constraints.

4.2. Constraint condition

To satisfy the need for high-quality development, three
development modes were set in this article: Ecological
projection priority mode, economic development priority

mode, and ecology-economy equilibrium mode.

(i) Ecological protection priority mode

The ecological protection priority mode is the scenario of
maximizing the ecological land use area. In this scenario, the
main optimized objective is the ecological benefit growth, and
the weights of economic and ecological benefits are 0.2 and
0.8. The constraint condition is that the area of forest, water,
and other ecological land does not decrease, another land can
be converted to ecological land, unused land can only be
converted to ecological land, and the upper limit of urban area
growth is 15%.

(i) Economic development priority mode

The economic development priority mode is the scenario
of maximizing the sum of the economic value of economic
land and surface runoff. In this scenario, the weights of
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economic and ecological benefit targets are 0.8 and 0.2. The
constraint condition is that the water land area does not
decrease, and another land can be converted to economic land,
unused land can only be converted to economic land, and the
upper limit of urban growth is 40%.

(iii) Ecology-economy equilibrium mode

The ecology-economy equilibrium mode is the scenario of
maximizing the sum of ecological value, economic value, and
water value. In this scenario, the weights of the economic and
ecological benefit target are 0.5. The constraint condition is
that the area of ecological lands such as forest land and water
land does not decrease, unused land can be converted to
ecological land or economic land, and the upper limit of urban
growth is 20%.

4.3. Method of optimizing

Dynamic Coordinate search using Response Surface
models (DYCORS) (Regis RG et al., 2013) was used to be the
optimizing method in this article. DYCORS is an improved
global optimization algorithm based on the random Radial
Basis Function (RBF). Combined with the dynamic joint
search method and random RBF alternative model, it can
better balance the relationship between global search and
local search. So that the search efficiency increases. The
effect of this algorithm has been tested in much research (Wu
B et al., 2015; Cosenza Z and Block DE, 2021).

The independent variable of the optimization process is
the area of different land use types w,;, i=1-6, representing
agriculture land, forest land, grassland, water land, urban land,
and unused land, respectively. The minimum unit of land use
conversion is HRU. Set a group of w; values determining the
reduction of initial land use distribution area, then determine
the transformation HRU range according to the reduced area,
and then distribute the transformation HRU range to the land
use types which increased area. After distributing, the new
land use distribution mode was substituted into the
optimization model to compute the value of the objective
function. The way to reduce or increase the area of one kind
of land use type is determined by the slope. Forest and
grassland are priority distributed into high slope areas. The
agricultural land, urban land, and water land are priority
distributed into low slope areas. In this kind of distribution
mode, different land use was distributed to the suitable slope,
meanwhile, the same land type is relatively concentrated, and
the change of land use type is operable.

The stopping condition of the global optimization
algorithm is the value of the objective function remains
unchanged during the iteration progress or reaches the
maximum number of iterations. Therefore, it may be that the
computed optimal solution is not the optimal solution under
the real condition, which depends on the efficiency of the
algorithm and the number of computing resources.

5. Result and analyses

Based on the DYCORS algorithm and surface-
groundwater coupling model of Guanzhong Basin, the land
use pattern optimization schemes under three developing
modes were obtained (Table 3 and Fig. 7). Initial values come
from land use data in 2020. Under the three modes, the
differences in land use pattern are obvious. The ecological
benefit of forest land and water land is higher, and the
economic benefit of agriculture and urban land is higher. All
kinds of land use types impact runoff, so the land use pattern
changes significantly.

As the results are shown in Table 3 and Fig. 7, under the
ecological protection priority mode, the forest land area
increased by 1417 km?. The ecological value of forest land is
the highest, and the ecological land in this mode increases
significantly, which conforms to intuitive cognition. Although
the ecological value of agriculture, for the cultivated land
protection measures, the area remains approximately
unchanged, the proportion increased by only 0.3%. Urban
area increases by 327 km?, reaching the set upper limit. This
is because the economic value of the urban area is still higher
than the ecological value of other land use under the weight of
0.2. Grassland area reduced by 1808 km?. Both the ecological
and economic value of grassland is low, while in the
optimization, it can only be replaced by other high-value land
use types. All unused land is converted to forest land. In
general, low-value land use type such as grassland and unused
land transformed into high ecological value land use type,
such as forest and water land, and urban land with high
economic value.

Under economic development priority mode, forest land
area decreases by 493 km?, grassland area decreases by 1951
km?. Ecological land use type such as forest and grassland is
converted into economic land use like agriculture and urban
land. The agricultural land area increased by 1660 km? and
the urban land area increased by 869 km?, reaching the upper
limit of 40%, which is set in the economic development

Table 3. Land use structures before and after optimization (km?).

Landuse  Initial Ecological protection priority mode Economic development priority mode Ecology-economy equilibrium mode
type Area Percent  Area Area Percent Percent  Area Area Percent Percent  Area Area Percent  Percent
change change change change change change
Agriculture 14800  55.6% 14870 70 55.9%  +0.3 16460 1660 61.9%  +6.2 15399 599 57.9%  +2.3
Forest 4904 18.4% 6321 1417 23.8% +53 4411 —493 16.6% —1.9 5544 640 20.8% +2.4
Grassland 3964 14.9% 2156 -1808  8.1% —6.8 2013 -1951  7.6% -7.3 2330 -1634  8.8% —6.1
Water 672 2.5% 751 79 2.8% +0.3 672 0 2.5% 0 718 46 2.7% +0.2
Urban 2171 8.2% 2498 327 9.4% +1.2 3040 869 11.4% +33 2605 434 9.8% +1.6
Unused 85 0.3% 0 -85 0 -0.3 0 -85 0.0% -0.3 0 -85 0 -0.3
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Fig. 7. Sankey diagrams of land use structures before and after optimization. a—ecological protection priority mode; b—economic development

priority mode; c—ecology-economy equilibrium mode.

priority mode. All unused land is converted to urban land.
Due to the control of constraints, the water land area does not
change. Under this mode, the rapid expansion of urban land
and the reduction of ecological land harm the high-quality
development of the Guanzhong Basin.

Under the ecology-economy equilibrium mode, forest land
area increases by 640 km% and ecological land use area
increased significantly. Urban land area increased by 434
km?, and agriculture land area increased by 599 km®.
Economic land with high economic value also increased.
Grassland area decreased by 1634 km?, and unused land all
converted into urban land. This mode considers both
ecological and economic values and meets the requirements
of high-quality development of the Guanzhong Basin.

Table 4 shows the comparison of ecological benefit,
economic benefit, and runoff of different land use patterns
before and after optimization. The relationship between
ecological benefits and economic benefits under three
optimization modes meets the preset goal. Under ecological
protection priority mode, the ecological value is the highest
and the economic value is the lowest. Under the economic
development priority mode, ecological value is the lowest,
and economic value is the highest. The ecology-economy
equilibrium mode is between the former two modes. The
ecological protection priority mode is conducive to the
ecological construction of the Guanzhong Basin but is not
conducive to economic development. The economic
development priority mode is conducive to economic
development and is not conducive to ecological protection.
Urban land area increased by 869 km?” which is greatly
conducive to the construction of the Guanzhong urban
agglomeration, and the economic values increased by 28.9%.
However, ecological construction is significantly inhibited,
and the ecological benefit is reduced by 5%, compared with
that before optimization. These two modes damage the high-
quality development of the region and may lead to

development imbalance. The ecology-economy equilibrium
mode takes into account both ecological and economic
benefits. When the ecological benefit increases, the economic
benefit increases significantly by 14%. Notably, the economic
benefits of these three optimization modes are higher than the
initial value, which shows that the land use pattern has a large
optimization space under the current situation.

Compared with the three modes, the annual average runoff
flow decreases by 3.6% in ecological protection priority
mode, due to the water conservation of forest. Forest is
increasing significantly, which will lead to runoff and
infiltration decrease and evaporation increase, so the runoff of
the study area decreased. Under the economic development
priority mode, forest area decreased, and agriculture and
urban land area increased significantly, runoff increased
significantly. However, the forest area reduction will increase
soil erosion and adversely affect farmland protection and
sediment content in the runoff. Under the ecology-economy
equilibrium mode, the increase of forest area is beneficial to
the inhibition of soil erosion, and the total runoff is also
increased. In addition to increasing economic benefits, it is
also beneficial to alleviate the water shortage in the
Guanzhong Basin.

In summary, the optimization scheme of the ecology-
economy equilibrium mode has promoted regional economic
development, increased the number of regional water
resources, and maximized total benefits as much as possible
while ensuring the ecological construction of the Guanzhong
Basin, which meets the requirements of high-quality
development of The Yellow River.

Fig. 8 shows the land use pattern distribution of the initial
condition and three optimization modes. All kinds of land use
type conform to land use conversion schemes determined in
optimization. The growth of forest land is located in the south
with high altitude and high slope region, and the growth of
agricultural land is located in the area with low altitude and
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Table 4. Benefit value of different land use structures before and after optimization.

Initial Ecological protection priority

Economic development priority Ecology-economy equilibrium

mode mode mode
Benefit Percentage change Benefit Percentage change Benefit Percentage change
Ecological benefits/10° RMB ~ 43.8 47.3 8.2% 41.6 =5.0% 45.2 3.1%
Economic benefit/10° RMB 538.9 590.9 9.6% 694.8 28.9% 614.8 14.1%
Runoff/10° m* 6.4 6.2 -3.6% 6.8.4 6.0% 6.6 2.5%
Cultivated lands (a) Cultivated lands (b)
[ Forest lands [ Forest lands P
Grasslands Grasslands A
Water ‘Water
I Urban lands I Urban lands
I Vacant lands
Cultivated lands Cultivated lands (d)
I Forest lands I Forest lands p
Grasslands Grasslands 3{ '
‘Water ‘Water ;"d.:_‘:
I Urban lands I Urban lands t;

Fig. 8. Spatial distribution pattern of land use before and after optimization. a—initial condition; b—ecological protection priority mode; c—eco-
nomic development priority mode; d—ecology-economy equilibrium mode.

low slope in the front of the mountain. The spatial distribution
of water land is unchanged. Unused land transformed into
urban land. The low economic and ecological value of
grassland has regressed under the three modes. It degrades in
high altitude areas and plain areas, retaining in the middle
area. The newly increased area of urban land mainly appears
in the plain area. However, the results of urban land
distribution are uncertain for the randomness of the global
optimization algorithm. The results do not have a reference
for deterring the exact location of the urban land distribution.

6. Discussion

The loess plateau is a typical ecological fragile zone in
China, and Guanzhong Basin is located in the southern part of
the Loess Plateau. Due to the decreased runoff in Jing River
and Beiluo River and other runoff in the Loess Plateau,
Guanzhong Basin faces the problem of insufficient water

resources reserves, and there is a risk of water resources
shortage under extreme conditions. Correct dealing with the
contradiction between economic development and ecological
construction, promoting the complementary and coordinated
development of the large, medium, and small cities in
Guanzhong Basin, and improving the efficiency of various
space development, should take the further optimization of
land use patterns of the basin, and make overall arrangements
for all kinds of the land use type. First, it is necessary to
restrict transitional development, prohibit the destruction of
high ecological value regions such as forests and water,
strengthen forest construction in water and soil loss areas, and
strengthen the protection of water resources. At the same
time, strengthen the protection of cultivated land and maintain
the red line of the cultivated land area.

In this article, the land use pattern optimization scheme of
ecology-economy equilibrium mode is proposed for
Guanzhong Basin, which promotes regional water resources
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and maximizes the total benefit as much as possible under the
condition of ensuring regional ecological construction. Based
on the GSFLOW model, a surface-groundwater coupling
model of Guanzhong Basin was established, which was used
to simulate the impact of land use change on water resources
with a remarkable result. According to the model calibration
of runoff and groundwater level, the simulation accuracy
meets the requirement. However, there are still deficiencies in
the research. First, the quantification of economic and
ecological value should be further discussed. The economic
value is calculated simply by the GDP output value of each
category in the yearbook. Agriculture, forestry, animal
husbandry, and fishery can calculate the GDP per unit.
However, due to the uneven development of the construction
industry, GDP per unit in different cities varies greatly, which
brings errors to the calculation. There is no common
recognition of the calculating method of ecological value
quantification. In this article, Xie GD ’s method is also
obtained by export scoring, which has a certain uncertainty.
And the second is that the distribution of land use was based
on simple judgments such as slope and altitude without
considering whether soil, climate, and hydrology conditions
apply to the land use mode. How to design appropriate rules
for land use pattern transformation to make the land use
distribution reasonable will be the focus of further research.

It should be noted that, compared with the current year
(2020), the results of land use distribution in this paper
changed greatly, which is not a task that can be completed in
the short term, it needs more than ten years of planning. With
the economic development and the change in the human
environment, both the model and the benefits of economics
and ecology may change, which needs to calibrate the
simulation result, according to the change of society and
environment, to better point out the direction for optimization
of land use pattern and provide support for high-quality
development of Guanzhong Basin.

7. Conclusions

In this article, Guanzhong Basin was selected to build a
surface-groundwater coupling model and assess the response
of water resources to land use change. Three modes were set
to optimize water, urban, agriculture, and ecology land use
pattern distribution in Guanzhong Basin under multiple
scenarios, which improves the ecological and economic
benefits of the study area, improves the development
efficiency of various land use types, and provides a reference
for ecological protection and high-quality development of
Yellow River. The main conclusions of this paper are as
follows:

(i) Combined with the surface-groundwater coupling
model, the global optimization algorithm based on the
surrogate model and multiple objective optimizations was
used to optimize the water-urban-agriculture-ecology spatial
pattern in Guanzhong Basin. Compared with the traditional
land use optimization model, the influence of land use change
on the hydrology circle process was considered in this

research and the economic value of water resources was
added to the optimization objectives, which is original and
practical. For different development modes, different
optimization objectives and constraint conditions were
proposed, and the model is optimized which is operable in
different watersheds. And it is a general way of and use
pattern optimization and has good applicability. The
GSFLOW model has been verified in many studies around the
world, with high simulation accuracy and universality.
Especially in this study, through the good simulation of runoff
and groundwater level, its applicability has been fully
verified.

(ii) Based on the comparative analysis of land use pattern,
ecological and economic benefits, and runoff under the three
modes, it is concluded that the ecological economical
equilibrium mode is the optimal mode in Guanzhong Basin.
Ecology-economy equilibrium mode takes both ecological
and economic benefits into account, ecological benefits
increased by 3.1%, and economic benefits increased by
14.1%, with a significant increase. The increase of forest land
area is beneficial to the inhibition of soil erosion, and the total
runoff increased by 2.5%. In addition, to increased economic
benefits, it is also conducive to alleviating the water shortage
in Guanzhong Basin. The ecology-economy equilibrium mode
promoted regional economic development, increased regional
water resources, and maximized the total benefit as far as
possible under the condition of ensuring the ecological
construction, which meets the requirement of high-quality
development of the Yellow River.

(ii1) Under the ecology-economy equilibrium development
mode, the agricultural land area increased by 599 km?, the
forest land area increased by 640 km?, the grassland area
decreased by 1634 km?, the water land area increased by 46
km?, the urban land area increased by 434 km?, and unused
land all converted into urban land. The land use types with the
largest area change are agricultural land, forest land,
grassland, and urban land. Basically, the reduced area of
grassland is converted into agricultural land, forest land, and
urban land with the transformation principle that high slope
area is transformed into forest land, low slope area
transformed into agriculture land, and urban land. The
optimization effect of simulation results is significant, which
not only helps to properly deal with the relationship between
urban construction, agriculture development, and ecological
protection in Guanzhong Basin but also provides a reference
for the optimization of land use pattern at the watershed scale.
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