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Abstract: With rapid urbanization and industrialization, China’s metropolises have undergone a huge
shift in land use, which has had a profound impact on the ecological environment. Accordingly, the
contradictions between regional production, living, and ecological spaces have intensified. The study
of the optimization of production-living-ecological space (PLES) is crucial for the sustainable use of
land resources and regional socio-economic development. However, research on the optimization of
land patterns based on PLES is still being explored, and a unified technical framework for integrated
optimization has yet to be developed. Ecosystem services (ES), as a bridge between people and
nature, provide a vehicle for the interlinking of elements of the human-land system coupling. The
integration of ES supply and demand into ecosystem assessments can enhance the policy relevance
and practical application of the ES concept in land management and is also conducive to achieving
ecological security and safeguarding human well-being. In this study, an integrated framework
comprising four core steps was developed to optimize the PLES in such a way that all ecosystem
services are in surplus as far as possible. It was also applied to a case study in the middle and lower
reaches of the Yellow River Basin. A regression analysis between ES and PLES was used to derive
equilibrium thresholds for the supply and demand of ES. The ternary phase diagram method was
used to determine the direction and magnitude of the optimization of the PLES, and finally, the
corresponding optimization recommendations were made at different scales.

Keywords: land-use transition; production-living-ecological space; spatial mismatch; balance threshold;
ES management strategies

1. Introduction

Since the 20th century, along with the acceleration of global urbanization and industri-
alization, the continued large-scale exploitation of land resources has been accompanied by
environmental problems, such as the crowding of ecological space by urban construction
land, atmospheric pollution, water pollution, and ecological imbalance [1-3]. Since the
reform and opening up of China in 1978, urbanization and industrialization have advanced
rapidly. At the end of 2018, 59.6% of China’s land was urbanized, and China has entered
a period of steady urbanization [4,5]. In this context, structural imbalances in land use
have come to the fore, the contradiction between production-living-ecological space (PLES)
has become increasingly prominent, and land use is facing enormous pressure and chal-
lenges [6,7]. Therefore, to promote regional sustainable development and the effective
and efficient application of land space, it is necessary to reasonably allocate limited spatial
resources [8-10]. Integrating the spatial functions and land use structure under the PLES
linkage and promoting the coordinated development of the quantitative structure and
spatial layout of the PLES has become an urgent issue to be addressed [11,12].

Ecosystem services (ES), as a bridge between natural ecosystems and human well-being,
are the various benefits that humans derive directly or indirectly from ecosystems [13,14].
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Ecosystem services depend on the interactions and feedback between ecological and socio-
economic factors [15,16]. Humans manage ecosystem processes by modifying ecosystem
components and structures to provide ES that better meet their needs [17,18]. A common way
of doing this is improving human well-being by changing land use/cover, e.g., converting
other lands to cropland can improve food production service. The conversion of arable land
and grassland into forest land can improve water yield services, soil conservation services, and
carbon sequestration services, etc. [19]. The gradual deepening and formation of the concept of
ES provides a vehicle for interlinking the elements of human-land system coupling [20,21]. As
a result, the concept of ES is now becoming increasingly important at the land management
level [22,23].

With the deepening of ES research, a large number of researchers have begun to focus
on both the ES supply (i.e., the capacity of ecosystems to provide ecosystem goods and
services to humans) and the ES demand (i.e., the sum of ecosystem goods and services
used or consumed by humans) [24,25]. The gradual intensification of global climate change,
environmental pollution, and human-land conflicts have led to changes in ecosystem struc-
ture and function, affecting the supply capacity of ES [26,27]. Meanwhile, the increasing
level of urbanization and industrialization has led to the emergence of a large number of
ES demand aggregation centers [28,29], further exacerbating the mismatch between ES
supply and demand. Incorporating ES supply and demand into ecosystem assessments
can improve the policy relevance and practical application of the ES concept in land man-
agement. It is also conducive to achieving ecological security and safeguarding human
well-being [30,31].

There is often a desire to maximize the ES supply through land management to reduce
mismatches and shortages, but a major challenge is to integrate analysis to avoid unnec-
essary trade-offs in ES [32,33]. In this context, exploring spatial mismatches between ES
supply and demand associated with urbanization-related land use is crucial for the proper
integration of ES into land management strategies [34]. Many studies have considered
both ES supply and demand and have identified potential mismatches between ES sup-
ply and demand at multiple scales [35]. The challenge is that most ES assessments have
not yet been effective in influencing land management decisions and, in particular, lack
holistic considerations [36,37]. The PLES covers the spatial range of activities of human
social life and is the basic vehicle for human economic and social development [38]. The
three are both independent and interrelated, with symbiotic integration and constraining
effects, and the collaboration of PLES functions can produce a synergistic effect in which
the overall function is greater than the sum of the partial functions [39]. The PLES opti-
mization belongs to the problem of optimizing the allocation of national land resources.
Based on land characteristics and land-use system principles, the structure and direction of
land resource use are arranged, designed, combined, and laid out at a hierarchical level
on a spatial and temporal scale to improve the efficiency and effectiveness of land use,
maintain the relative balance of land ecosystems, and realize the sustainable use of land
resources [40]. The main theoretical support for current PLES optimization comes from the
theory of regional resource and environmental carrying capacity and the theory of coupling
urbanization and ecological environment [41,42]. This study focuses on the consideration
from the perspective of ecosystem services, and it is a new attempt to apply the assessment
of ecosystem service supply and demand to the optimization of PLES.

The Yellow River Basin, an important ecological barrier, straddles three regions in
the east, central, and west of China and is an ecological corridor connecting the Qinghai-
Tibet Plateau, the Loess Plateau, and the North China Plain. Although breakthroughs in
ecological construction and environmental management have been made in the Yellow
River Basin in recent years, the fragile ecological environment, water scarcity, and water
environment problems are outstanding. especially in the middle and lower reaches of the
Yellow River, which have undergone rapid urbanization over the past decades, leading to
huge changes in the spatial pattern of land use, accompanied by huge landscape changes
and related degradation of ES. Therefore, this study takes the Yellow River basin as an
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example to explore the spatial patterns of ES supply and demand and the response to
PLES changes and to identify optimization areas through response thresholds to provide
optimization strategies for land use at multiple scales.

Land use optimization is a complex concept [43]. This study has envisaged an ideal
area where optimal PLES management reduces ES deficits and mismatches, to which
the land use pattern of the remaining areas should be as close as possible. The basic
optimization four steps included: (1) classifying production-living-ecological spaces based
on land use types; (2) choosing key ES, quantifying ES supply and demand, and identifying
spatial mismatches; (3) identifying the impact of PLES on the spatial mismatch of ES
and thresholds; (4) determining the direction of optimization and proposing optimization
solutions for different spatial scales.

The selection of key ES was based on the following principles: (1) spatially quantifi-
able mapping; (2) consistent with the focus of regional governments and residents; (3)
better representation of the coupling mechanisms between different ES; (4) availability
of measurement data. In this study, the carbon sequestration service, water yield service,
soil conservation service, and grain production service were selected as indicators for
measuring the ES supply and demand in the Yellow River Basin to minimize the deficit
and mismatch of these four ES and carry out corresponding PLES optimization.

2. Materials and Methods
2.1. Study Area

The study area was in the middle and lower reaches of the Yellow River basin (103°36'-
119°55' E, 41°03/-32°46' N), at an altitude of about 0—4082 m. The area was located
in the central-eastern part of China (Figure 1). The main provinces involved included
Inner Mongolia Autonomous Region, Henan Province, Shaanxi Province, Shanxi Province,
Qinghai Province, and Gansu Province. The middle and lower reaches of the Yellow River
Basin are dominated by plains and hills. The region has a temperate continental climate
and a temperate monsoon climate. The middle and lower reaches of the Yellow River
Basin have abundant light, high temperature, abundant precipitation, are suitable for crop
growth, and are the main production areas for agricultural products. The Yellow River
Basin is an important economic zone and an important base for energy, chemicals, raw
materials, and basic industries in China.

2.2. Data Sources

In this study, we used data from five different sources. (1) Meteorological elements
and daily precipitation for 2000, 2010, and 2018, supplied by the China Meteorological Data
Sharing Network (http://data.cma.cn/ (accessed on 1 July 2021)), were batch interpolated
using the professional meteorological interpolation software ANUSPLIN. (2) Monthly
NDVI data for 2000, 2010, and 2018 at a spatial resolution of 1 km x 1 km, supplied by the
Geospatial Data Cloud (http:/ /www.gscloud.cn/ (accessed on 1 July 2021)), and annual
NDVI data were obtained using the maximum synthesis method. (3) Population data for
2000, 2010, and 2018 at a spatial resolution of 1 km x 1 km was supplied by WorldPop
(https:/ /www.worldpop.org/ (accessed on 1 July 2021)). (4) Land use data for 2000,
2010, and 2018 at a spatial resolution of 1 km x 1 km was supplied by the Resource and
Environmental Science and Data Centre (http://www.resdc.cn/ (accessed on 1 July 2021)).
(5) Grain production, energy consumption, and water consumption by the municipality
for 2000, 2010, and 2018 was obtained from the statistical yearbooks and water resources
bulletins of each province.
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Figure 1. (a—c) Location, elevation, and 2018 land use of the study area.

2.3. Framework for Optimizing Production-Living-Ecological Space

Based on previous approaches and frameworks for land use optimization [23,44],
this study identified ideal land-use patterns and optimized PLES at different scales by
quantifying the mismatch between the supply and demand of ES associated with PLES.
This was achieved through the following four core steps (Figure 2): In the first step, the
composition, configuration, and spatial transition of PLES were analyzed based on land use
data in the Yellow River Basin during 2000, 2010, and 2018. This step aims to examine the
spatial changes in PLES in the Yellow River Basin during 2000, 2010, and 2018, and establish
a basis for subsequent research. In the second step, those ES suitable for the Yellow River
Basin were selected based on the basic principles for the selection of ES proposed above
to assess the ES supply and demand. Mismatches and shortages between ES supply and
demand were also identified. In the third step, based on the correlation between the ratio
of production/living/ecological space and the supply and demand of ES, the thresholds
were identified when ES supply and demand were imbalanced. This step aims to analyze
the links that exist between the two, the most central part of which is the identification of
thresholds. In the fourth step, the thresholds identified in the previous step were used to
identify optimization areas using ternary phase diagrams, which were then optimized for
PLES at different scales.

Step 1: The classification of production-living-ecological space based on land use types.

Production space is mainly the area that provides various products or services for
people. Living space refers to the area that provides the function of carrying and guaran-
teeing human habitation and provides the function of residence, consumption, leisure, and
recreation in the country. Ecological space refers to the area that can provide an ecological
barrier and has the function of regulating the atmosphere, concealing water, and maintain-
ing soil and water [11,12]. In this study, a classification system for PLES in the Yellow River
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Basin was constructed based on geographical features and previous research results [45]
(Table 1).

Table 1. Production-living-ecological space classification in the Yellow River Basin.

LUCC Classification System

Paddy land (11), dry land (12), transport, industrial, and mining

Production space construction land (53)

Living space Urban sites (51), rural settlements (52)

Wooded land (21), shrubland (22), high cover grassland (31),
medium cover grassland (32), rivers and canals (41), lakes (42),
reservoir ponds (43), open woodland (23), other woodlands (24),
permanent glacial snow (44), mudflats (46) cover grassland (33),
sandy land (61), gobi 62), saline land (63), marshland (64), bare

land (65), bare rocky ground (66)
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Figure 2. Optimization framework for production-living-ecological space.

Step 2: Quantify ES supply and demand and identify spatial mismatches.

(1) Quantifying ES supply and demand

Water yield service are the ability of an ecosystem to intercept or store water resources
from rainfall while mitigating ground runoff [46]. The Yellow River Basin is an important
water source in northwest China and assessing the water yield service is of great practical
importance for the rational use and conservation of water resources. The water balance
model was used to calculate the supply of water yield service [47]. The amount of water
consumed per capita in each city in the Yellow River Basin was obtained from data on
industrial, agricultural, and domestic water consumption and the resident population of
each city and combined with data on population density to obtain the demand for water
yield services. The formulas are as follows.

WY(x) = Pix) = ET) )
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ET(y) =
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Dy = Dpw X Ppop 3)

where WY, represents the annual average yield at pixel x (m3); P(y) is the average annual
precipitation on pixel x (mm); ET|, is the actual annual evapotranspiration at pixel x (mm);
PET|y is based on the Penman-Monteith formula [48]. Dyy is water demand, which in
this case equates to water consumption (m?); D, is water consumption per capita (m®/
person), which includes water consumption for agricultural, industrial, domestic, and
ecological purposes; pp is the local resident population density (person/km?).

Grain production service, as one of the basic ecological services, plays a vital role in
human survival and development [49]. There is a significant linear relationship between
crop and livestock production based on the NDVI. The total production of grain was
allocated according to the ratio of raster NDVI values to total arable land NDVI values,
which in turn characterized the grain production capacity of each raster. Grain demand
was estimated by multiplying the per capita grain demand by the population density [17].
The formulas are as follows:

NDVI,

GP(X) = GPSle X m

4)

Dg = Dypg X ppop ©®)

where GP(X) is the total production of grain for grid x (t/ km?); GPsy,y is the production of
grain products for each province (t); NDV I, is the normalized difference vegetation index
for grid x; NDV Iy, is the sum of NDVI of cropland for each province; Dg is the grain
demand (t/km?); D, is the annual per capita grain consumption (t/person); ppop is the
resident population density (person/km?).

Carbon sequestration services are important regulatory services in ecosystems. The
CASA model is a common model for calculating NPP due to its high calculation accuracy
and easy-to-access data and parameters [50]. The carbon sequestration demand was
calculated from the product of population density, per capita energy consumption, and
energy carbon conversion rate, where energy consumption was obtained from the statistical
yearbooks of the Yellow River Basin provinces. The formulas are as follows:

NPP(x,t) = APAR(x, t) x e(x, 1) (6)

D¢ = Dpc X ppop 7)

where NPP is the net primary productivity of the pixel x at time t (gC/m?-a); APAR is the
Absorbed Photosynthetic Active Radiation (M]/ m?-a), which is estimated from the ratio of
total solar radiation (SOL) to absorbed photosynthetically active radiation (FPAR); ¢ is the
efficiency of conversion of photosynthetically active radiation to organic carbon (gC/MJ?),
which is estimated by maximum light energy utilization (0.389 gC/MJ?), temperature stress
(Te), and water stress (We). D, represents carbon sequestration demand (t/ km?); Dy is the
annual per capita carbon consumption (t/person); ppop is the resident population density
(person/km?).

Soil conservation service reduces soil erosion and restores soil fertility, which is critical
to agricultural production [51]. This study quantified the soil conservation service supply
based on the classical revised universal soil loss equation (RUSLE). The ecosystem service
demand is the number of ecological goods that humans expect to be able to obtain from an
ecosystem. Since actual soil erosion causes unwanted human losses and humans expect to
manage these actual amounts of soil erosion, the actual amount of soil erosion is defined as
the soil conservation service demand. The formulas are as follows:

SC=RxKxXxLSx(1-CxP) 8)
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Ds=RXKxLSxCxP 9)

where SC is soil conservation; D; is actual soil erosion; R is the precipitation erosion factor;
K is the soil erosion factor; LS is slope length factor; P is soil conservation factor; C is
vegetation cover factor [52].

(2) ES supply and demand mismatches and shortfalls

The supply and demand of ES are significantly spatially heterogeneous and are
reflected in spatial mismatches. The state of ES supply and demand can be characterized
by the ecological supply-demand ratio (ESDR), which can be used to reveal the nature of
surpluses or deficits [35,53].

ESS —ESD
ESDR = 1
S (ESSyax + ESDyax) /2 (19

where ESS and ESD refer to the ES supply and demand, respectively; ESS;x is the
maximum value of the ES supply; ESD;4x is the maximum value of the ES demand. ESDR
> 0 indicates a surplus, ESDR = 0 indicates a balanced ES supply and demand, and ESDR
< 0 indicates a deficit.

Step 3: The impact of production-life-ecological space on the ES supply and de-
mand imbalance.

The ESDRs for the four major ES in 2000, 2008, and 2018 were calculated by the above
method, while the production space ratio/living space ratio/ecological space ratio at the
1 km grid scale was calculated based on 30 m land use data. The data were statistically
graded for the years 2000, 2010, and 2018, and then least squares regression analysis was
conducted via SPSS to plot the trend line between ESDR and production space ratio/living
space ratio/ecological space ratio to indicate negative or positive effects and significance
levels. Spatial land management thresholds (i.e., the ratio of production-living-ecological
land when there is a deficit in the ES) were then calculated based on the results of the
regression analysis.

Step 4: Identification of the direction of optimization and policy recommendations.

A ternary diagram is a type of center of gravity diagram that has three variables but
requires the sum of the three to be constant. In an equilateral triangular coordinate system,
the position of a point in the diagram represents the proportional relationship between
the three variables. In this study, the same ternary was used to visually express the ratio
of production-living-ecological space, which was used to identify the optimization area
with the main optimization direction, where the ratio occupied by this type of land at the
endpoint is 100%. The regions are divided according to the thresholds determined above.
The projection of units of different scales is performed, and when the projection falls in
the ideal region, it means that the unit does not need to be optimized, and when it falls in
other regions, the direction and quantity relationship of optimization can be determined
based on the direction and distance from the ideal region.

3. Results
3.1. Structure and Transition of PLE Land Use

The Yellow River basin was mainly dominated by ecological space, with the percentage
of ecological space being 55.73%, 55.97%, and 55.99% in 2000, 2010, and 2018, respectively,
showing an increasing trend (Figure 3). The northwestern and southern parts of the study
area were relatively less densely populated and had a lower level of urbanization and were
therefore dominated by ecological space. The percentage of production space was 40.79%,
39.38%, and 38.91% in 2000, 2010, and 2018, respectively, showing a decreasing trend.
Production space was mainly located in the eastern coastal areas of the study area, which
have better water and heat conditions and are also conducive to crop growth. The region is
economically developed, highly urbanized, with a high level of human activity and is a
major industrial center and food producer.. The percentage of living space increased from
3.48% in 2000 to 5.10% in 2018. Spatially, living space was mainly distributed around the
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main cities in the study area, showing a tendency to spread outwards. The chord diagram
suggests the scale of transfer of different land uses. The direction shown by the arrow
represents the direction of transfer of the land, and the width of the arrow represents the
proportion of the area transferred (Figure 3). According to the area conversion of PLES
from 2000 to 2018, the largest area of production land was converted outwards, with a
total of 35,300 km?2, of which 10,800 km? was converted to living land and 24,500 km? was
converted to ecological land. The smallest area of living land was converted outwards,
with a total of 3720 km?, of which 3280 km? was converted to production land and 433 km?
to ecological land. Ecological land converted mainly into productive land was 21,500 km?,
while converted into living land was 1940 km?.

2010

B Living space

- Ecological space

Figure 3. Structure and transition of production-living-ecological space in the Yellow River Basin from 2000 to 2018.

3.2. ES Supply and Demand Change and Mismatches
3.2.1. Water Yield Service

Over the entire period, the total water yield service supply exceeded demand, with
surpluses of 47.72 billion m?, 60.31 billion m?, and 41.88 billion m? in 2000, 2010, and
2018, respectively (Table 2). Water yield service supply in 2000, 2010, and 2018 was 72.32
billion m?, 84.63 billion m3, and 66.90 billion m?, respectively, showing a trend of increase
followed by a decrease. The water demand increased significantly from 24.60 billion m3 in
2000 to 25.02 billion m3 in 2018, an increase of 1.69%.

Water yield service supply was strongly influenced by precipitation and evapotranspi-
ration, while water demand was influenced by population density and industrial structure.
Precipitation anomalies can increase the uncertainty of the spatial match of water yield
service. Although there was an overall surplus of water service, the spatial distribution of
water yield service supply and demand also showed a mismatch (Figure 4). The southern
and eastern parts of the study area were the main areas of water yield service supply
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(Figure 5), but the deficit situation of the water yield service was still significant due to the
dense population and agricultural development of the area, which means that there is a
huge demand for water resources. Due to the lower water yield service supply in 2018,
this has resulted in a significant deficit in water yield service in the South East, with the
shortfall areas mainly in the city center.

2000 2010 2018
Supply Demand Supply Demand Supply Demand

Supply
. Higest

: Lowest

Demand

. Higest

Lowest

0 500 1,000
1 km

Figure 4. Spatial pattern of supply and demand for individual ecosystem services (ES) in the Yellow River Basin in 2000, 2008,
and 2018. ES indicators are: WY—water yield; CS—carbon sequestration; SC—soil conservation; GP—grain production.

CS SC

¥ ESDR

- T Surplus

Balance

A -i Deficit

500 1,000
A kM

Figure 5. Spatial pattern of the ecosystem service supply-demand ratio in the Yellow River Basin in 2000, 2008, and 2018.

3.2.2. Carbon Sequestration Service

Carbon sequestration service supply has shown an increasing trend, from 134.45
million tons in 2000 to 235.76 million tons in 2018, an increase of 75.35% (Table 2). However,
the growth in the carbon sequestration service supply did not cause surpluses. Carbon
sequestration demand in 2000, 2010, and 2018 was 134.45 million tons, 210.75 million tons,
and 235.76 million tons, respectively, and the carbon sequestration demand in 2010 and
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2018 exceeded the carbon sequestration supply with a deficit of 29.66 million tons and
49.48 million tons, respectively, with an upward trend.

Table 2. Ecosystem services supply and demand in the Yellow River Basin in 2000, 2010, and 2018.

Year Water Yield Carbon Sequestration Soil Conservation Grain Production
(m3/km?/a) (tc/km?/a) (t/ha/a) (t/km?/a)
Supply Demand Supply Demand Supply Demand Supply Demand
2000 128,995.41 43,882.20 239.82 134.75 71.80 8.96 223.92 91.52
2010 150,950.80 43,368.23 375.92 428.83 110.53 10.58 326.43 98.28
2018 119,332.21 44,622.76 420.52 508.78 90.39 6.92 382.62 104.55

According to the spatial distribution of carbon sequestration service supply and de-
mand (Figure 4), higher carbon sequestration service supply was mainly concentrated in
the south, showing an increasing trend, followed by a decreasing trend. Carbon seques-
tration supply in the north-western region was relatively low and shows an increasing
trend. Higher carbon sequestration service demand was mainly in the main urban area
downstream of the study but showed a decreasing trend from 2000 to 2018. There was
a clear spatial mismatch in sequestration service (Figure 5), with increased surpluses in
the central and western regions of the study area and relatively significant deficits in the
eastern regions. The main urban areas around the study area showed a significant deficit in
carbon sequestration service, with Zhengzhou showing an increase in the deficit position
in 2018.

3.2.3. Soil Conservation Service

From 2000 to 2018, soil conservation service supply exceeded the demand, and both
showed an increasing trend (Table 2). The surplus of soil conservation services increased
significantly from 3.52 billion tons in 2000 to 5.6 billion tons in 2010 and 4.67 billion tons in
2018. Soil conservation services, as an in-situ service, i.e., one that is generated in situ and
benefits in situ, have an aggregate surplus that hardly offsets their spatial mismatch.

In terms of the spatial distribution of the soil conservation services ESDR, the deficit
areas were concentrated in the north-central region of the study area and the downtown
area in the east (Figure 4). The spatial mismatch in soil conservation services was mainly
due to: (1) the north-central region being a loess plateau area, which is very weak for
soil and water conservation due to the undulating terrain, loose soil, and poor vegetation
cover; (2) the eastern city center area, with strong human activity and high population
density in the area, which has led to a reduction in vegetation area. The land-use types are
mainly urban land, rural settlements, and other construction lands, which have a poor soil
conservation capacity, thus leading to a deficit in soil conservation services.

3.2.4. Grain Production Service

Grain production service increased from 125.54 million tons in 2000 to 214.51 million
tons in 2018, an increase of 70.87%. During the same period, grain production demand
exhibited an increase of 14.24% from 51.30 million tons in 2000 to 58.62 million tons in 2018
(Table 2). Thus, there was a clear surplus for grain production service, and this surplus
showed an increasing trend, from 74.23 million tons in 2000 to 155.90 million tons in 2018.

Despite the overall surplus in grain production service, there were still some spatially
mismatched centers (Figure 5). The southeastern part of the study area has relatively good
hydrothermal conditions and is a major grain producer, hence the high grain supply. At the
same time, the grain demand was relatively high due to the high level of human activity
and the relatively high population density in the area. The region’s grain production
service showed a surplus, indicating that its production capacity was greater than its
consumption capacity.
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3.3. Influence of PLES Changing on ESDR
3.3.1. Influence of Production Space Changing on ESDR

There was a significant negative impact of production space on the ESDR for carbon
sequestration service, soil conservation service, and water yield service during 2000-2018
(p < 0.01). The production space explained most of the variance in ESDR for carbon
sequestration services, soil conservation services, and water production services, at 87%,
84%, and 48%, respectively (Figure 6a). For the carbon sequestration service, when the
production space ratio exceeded 62.83%, the carbon sequestration service swas in deficit.
Therefore, to ensure that the carbon sequestration service supply is greater than the demand,
it is necessary to ensure that the ratio of production space is less than 62.83%. For the soil
conservation service, the range was 0-98.73%. For the water yield service, there was no
significant threshold effect due to the limited influence of production space (k = —0.02).
Production space had a significant positive effect on the ESDR of grain production service
and explained most of the variation in the ESDR for the grain supply service, at 89%. When
the production space ratio exceeded 18.2%, grain production services supply exceeded the
demand. In summary;, it is necessary to ensure that the production space ratio in the study
area is between 18.2% and 62.83% to ensure that all ecosystem services are in surplus.
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Figure 6. Influence of production space ratio, living space ratio, and ecological space ratio on ESDR in
the Yellow River Basin. (a). Production space ratio (b). Ecological space ratio (c). Living space ratio.

3.3.2. Influence of Living Space Changing on ESDR

Living space had a significant negative influence (p < 0.01) on water yield service, grain
production service, and carbon sequestration service (Figure 6¢). For water production
services, when the ratio of living space was greater than 31.35%, there was a deficit. This
means that the water yield service supply was greater than the demand if the ratio of living
space was less than 31.35%. For the carbon sequestration service and grain production
service, this threshold was 15.68% and 44.39%, respectively.

Although the ESDR of living space on soil conservation services was negative, the
trend was not strong (k = —0.01) and explained only part of the variation in soil conservation
services (R? = 0.45). The influence of the living space ratio was not significant, i.e., the soil
conservation service was in surplus for any value of the living space ratio between 0-100%.
In summary, the living space ratio between 0-15.68% is needed to ensure that all ecosystem
services are in surplus in the study area. Due to the limited number of ES selected in this
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2.Excessive living space

4.Excessive living space

study, this resulted in a significant negative effect of living space on all ES. For some ES,
such as landscape aesthetics, there is a dependence on living space, and too little living
space will inevitably affect the supply of these ES.

3.3.3. Influence of Ecological Space Changing on ESDR

Ecological space had a significant positive influence on water yield service, soil con-
servation service, and carbon sequestration service during the period 20002018 (Figure 6b).
Ecological space explained most of the variation in the ESDR for the soil conservation service
and carbon sequestration service, at 78% and 86%, respectively. When the ecological space ratio
was less than 29.79%, the carbon sequestration service was a deficit. This threshold did not
exist for water yield service or soil conservation service. The ESDR of ecological space on grain
production service was negative (p < 0.01). When the ecological space ratio was greater than
88.61%, there was a deficit in the grain production service. In summary, an ecological space ratio
of 29.79% to 88.61% is needed to ensure that all ecosystem services are in surplus. However, this
does not mean that ecological space can be expanded indefinitely, as too much ecological space
can squeeze the original production space and lead to a deficit in grain production service.

4. Discussion
4.1. Identification of Optimization Directions in PLES

The ternary phase diagram can visually represent the ratio of PLES in any region,
where the endpoints of the triangle indicate a production/living/ecological space ratio of
100% (Figure 7). According to the threshold value of the impact of PLES on the ES supply
and demand imbalance, when the ratio of living space is less than 15.68%, the ratio of
production space is between 18.2 and 62.83%, and the ratio of ecological space is between
29.79% and 88.61%, while the ES involved in this study are all in surplus. Accordingly,
an ideal area, i.e., an area that does not need to be optimized, can be obtained. When the
projection of an area falls within the ideal area, it means that this type of area does not
need to be optimized, while the rest of the area needs to be optimized to varying degrees,
depending on its location. The PLES of a region can be adjusted according to the range in
the diagram where the ratio of PLES of any region falls. The greater the distance from the
ideal area, the greater the area of change required in the land use pattern of the region.

The size of the ideal area is usually related to the ES selected. The more ES selected,
the smaller the ideal area will be in response, meaning that more area will need to be
adjusted. The ES can therefore be adjusted in the actual management process to suit the
needs of the policymaker accordingly.

Living space

1.Excessive living space,
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and ecological space and ecological space in each county
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///A living and ecological space
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Figure 7. Ternary phase diagram of production-living-ecological space.

4.2. Optimization Measures and Policy Recommendations at Different Scales

The distribution of PLES was highly spatially heterogeneous, which led to a spatial
mismatch in ES. Therefore, the PLES optimization should be coupled with optimization
measures at different scales to determine the best measures for ecosystem service manage-
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ment. In this study, the ratios of PLES at different scales were counted, and this was used
to obtain optimization measures at multiple scales (Figure 8).

(b)

0 250 500
 km

Figure 8. Optimization of production-living-ecological space on multiple scales ((a). the 40 x 40 km grid scale; (b). the 20 x
20 km grid scale; (c). the primary catchment scale; (d). the secondary catchment scale; (e). the city scale; (f). the county scale.
Thelto XI corresponds to Figure 7 numbering).

At the grid-scale, there was too much ecological space and not enough production
space in the north-western part of the study area, and there is a need for conversion of
ecological to production space, such as converting unused land in the area to industrial
land. The central part of the study area had too much production space and not enough
ecological space, so there is a need to convert the production land in the area to ecological
land, such as implementing a system of returning farmland to forest or converting farmland
unsuitable for cultivation to forest land. The eastern part of the study area, i.e., the lower
reaches of the Yellow River Basin, was mainly characterized by an excess of living space
and production space and a shortage of ecological space, so it is necessary to shift the
production/living space towards ecological space, increasing the ratio of ecological space
and reducing living space. For example, increase the woodland and grassland and reduce
the rate of urbanization development. At the primary watershed scale, most of the Midwest
was in the ideal mode of PLES, i.e., it did not need to be optimized. There was an excess of
productive space in the eastern region and an excess of living space in the coastal region.
At the secondary watershed scale, the central and western regions of the study area had
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more watersheds that need to be optimized, and they behaved in much the same way
spatially as at the grid-scale. At the city scale, Erdos had too much ecological space and not
enough production space, while Weinan had too much production space. At the county
scale, some counties in the central region showed a shortage of production space, while
others showed an excess of production space and a shortage of ecological space, implying
that production space was not evenly distributed at the county scale in the region.

In conclusion, as the statistical scale increases, there is a general trend towards fewer
areas in need of spatial optimization. The main problem in the north-western part of
the study area was that there was too much ecological space and not enough production
space. Therefore, it is necessary to increase the area of production land in the region,
and as the region is also the main area of the Loess Plateau and undertakes important
functions of soil and water conservation, the area of regional terraces and industrial land
can be increased appropriately. The central part of the study area showed an uneven
distribution of production space and a lack of ecological space, so it is necessary to adjust
the distribution of production space at several scales to ensure that it is in a reasonable
range, while the ratio of ecological land, such as woodland and grassland, can be increased
appropriately. The eastern part of the study area had a large ratio of production space and
living space area and too little ecological space. Therefore, it is necessary to reduce and
harmonize production and living space, while increasing the right amount of ecological
space, such as green space and woodland. Here, the direction of the PLES adjustment is
mainly explained, which in practice it can be quantified according to the difference between
the PLES ratio of a region and the ideal region.

4.3. Limitations and Future Research Directions

This study aims to optimize the PLES with the objective that all ecosystem services can
be in surplus as far as possible and proposes corresponding optimizations at multiple scales.
This study can provide a basis for decision-making on regional land use management and
rational allocation of resources. However, there are some problems with this study. Firstly,
in assessing ES, this study used several models, such as the RUSLE model, water balance
equation, and CASA model, where differences in data sources and calculation methods
can lead to differences in results. Although there are still no effective solutions to these
problems, these methods are still widely used [54,55]. Additionally, due to the lack of
data and the limitations of ecosystem service models, only the supply and demand of
four ES were assessed, which is not comprehensive for the complete management of ES.
More ES assessments should be added in future studies. In addition, the use of land-use
types for the classification of PLES is a more straightforward method [56]. However, this
approach ignores the complex multifunctionality of land. For example, arable land (paddy
and dryland) is uniformly classified as production space without taking into account its
ecological characteristics. Finally, the issue of scale is also one of the problems studied
in this study, with spatial correlation results varying with unit size (grid cell or grain
size) [26,57]. In this study, the identification of thresholds was based on the grid-scale using
a hierarchical statistical approach. Random points, various grid cell sizes, and basin units
should be selected in subsequent studies to explore the differences in the impact of PLES
on the ES supply and demand imbalance.

5. Conclusions

Based on various models and methods, this study quantified the mismatch of supply
and demand for the four ES in the Yellow River Basin and explores how the spatial pattern
of PLES can be adjusted to keep the ES in supply and demand balance. The results show
that in 2000, 2010, and 2018, the total supply of the three ecosystem services in the Yellow
River Basin was greater than the total demand, except for carbon sequestration services.
Along with the implementation of revegetation projects and the establishment of ecological
reserves in the region, the supply of many ecosystem services was on the rise. However,
increased urbanization and over-concentration of population and economy resulted in
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a serious spatial mismatch between supply and demand for all four ecosystem services,
especially in the major urban centers. The spatial mismatch in ES can be effectively reduced
by optimizing the PLES, e.g., increasing the production spatial ratio can effectively increase
the supply of grain production service and alleviate the contradiction between supply and
demand of grain production service in certain regions. This study provides an optimization
objective for the PLES optimization of other regions by providing an ideal region in the
ternary phase diagram, i.e., one that can ensure that multiple ES are in surplus at the same
time. The direction of optimization of other areas is determined by their relative position to
the ideal area, and the amount of adjustment of PLES can be determined by the difference
from the ideal area. The PLES optimization framework proposed in this study is very
flexible, as reflected in the choice of ES and multi-scale optimization proposals, which can
effectively reduce the deficit problem of regional ES in the process of practical application.
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