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Abstract: Identifying the balance and dynamic changes in supply and demand of ecosystem services
(ES) can help maintain the sustainability of the regional ecosystem and improve human well-being.
To achieve a sustainable ecological management regime in Zhengzhou City, this study presented
a comprehensive framework for identifying dynamic changes of ES supply and demand and managing
ES. Using land use data of Zhengzhou City in 1995, 2005, and 2015 and incorporating expert knowledge
and the ES evaluation matrix, we evaluated the spatiotemporal changes in the ES supply and demand
in Zhengzhou. Gradient analysis was conducted to identify urban-rural patterns in the budgets
of ES supply and demand. Spatial autocorrelation analysis was employed to identify the hotspot
areas of ES surpluses or deficits. The research results show the following: (1) In the past 20 years,
the supply-and-demand relationship of ES in Zhengzhou has gradually evolved in a direction where
supply falls short of demand. The average budget index of Zhengzhou's ES supply and demand
decreased from 7.30 in 1995 to —4.89 in 2015. Changes in the supply and demand status of ES
in Zhengzhou corresponded to the background of rapid urbanization. (2) Urban-rural gradient
differences exist in the budgets of ES supply and demand in Zhengzhou. Core development areas,
such as the Zhengzhou urban areas, are in deficit, whereas a balance or surplus can be observed
in rural areas far from urban centers. (3) The surplus hotspots of ES budgets were mainly distributed
in the western and southern mountainous areas of Zhengzhou, and they were scattered and the scope
shrank, with a decrease of 2.73 times in 20 years, whereas the deficit hotspots expanded outward
with each urban area as the center, with an increase of 5.77%. Ecological management zoning
(ecological conservation area, ecological improvement area, and ecological reconstruction area)
with the effective guidance of ecological and economic policies could comprehensively improve ES
management and achieve urban sustainability. The framework in this study can easily and quickly
assess the supply and demand status of ES and provide scientific support for the ecological
management in rapidly urbanizing areas.

Keywords: ecosystem services; supply and demand; land use; Zhengzhou City; urbanization

1. Introduction

Ecosystem services (ES) are directly or indirectly related to human well-being [1,2], and mainly
reflected by the supply-and-demand relationship between ecosystems and human society [3].
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The supply of ES is spatially subject to changes in land use and land cover derived from biophysical
conditions and human activities [4] and quantitatively subject to natural capital supply capacity
and human welfare goals [5]. The demand for ES is affected by individuals and social groups,
and it is the sum of all ES currently consumed or used in a certain area in a certain period [4,5].
The demand of economic entities for ES leads to changes in the status of ES [6,7]. At present,
academics have conducted extensive research on the supply of ES at different scales and have
made scientific achievements in emergy analysis (a method for evaluating ES from the perspective
of energy flow) of supply and flow [8], pattern evolution at the spatial level [9], evaluation of
value and compensation standards [10], and the relationships with biodiversity maintenance [11].
However, due to the difficulty of quantifying the demand for ES and the lack of a single evaluation
standard, research on the demand for ES and its connection with supply is deficient [12]. The supply
and demand of ES are spatially heterogeneous and regionally different [13,14], and they often
appear mismatched in space, thereby leading to the contradiction between supply and demand of
ES. The contradiction threatens the sustainability of a regional “economic—social-natural” complex
ecosystem. In the process of rapid urbanization, land used for construction continues to expand.
The drastic changes in land use have led to changes in the structure and function of regional ecosystems,
causing spatial imbalances in the supply-and-demand relationship of regional ES, which is the root
cause of the ecological and environmental problems in many regions, especially in China [15,16].
Research on the relationship between supply and demand of regional ES has become a hotspot of ES
research [17-19].

Currently, the research methods for the supply-and-demand relationship of ES include public
participation [2], model calculation [20,21], ecological footprint [22,23], and expert experience [4,24]
methods. Burkhard et al. [4] proposed a matrix method based on land use/cover change (LUCC) to
evaluate the supply and demand of regional ES. This method spatially relates 7 ecological integrity
indicators and 22 ES (x—axis) with 44 land use/cover types (y—axis), and assigns a value between
0 and 5 based on the difference in the contribution of LUCC type to the supply or demand of ES.
This method requires only the land cover data and local expert knowledge, so it can easily measure
the supply and demand pattern of regional ES and facilitate the comparison of the differences
in the supply and demand of ES between regions. Although there is a divide between ES and policy
making and the results of ES assessments were not easy to target to ES management [18], the matrix
model still was useful in providing spatial information and maps in environmental management
and generated results with strong implications for land use policy-making. The ES matrix has been
used by scholars in many studies, such as those on the supply and demand of ES in Leipzig-Halle [4]
and Schleswig-Holstein in eastern Germany [25], Alpine in Central Europe [26], Southeast Asia [27],
and Urdaibai Biosphere in Spain [28]. In China, some scholars have applied matrix evaluation
methods to study the supply-and-demand relationship of ES in the Beijing—Tianjin-Hebei area [29],
Dongting Lake ecological area [30], and Hangzhou metropolitan area [31], all of which have achieved
satisfactory evaluation results, thereby providing a good way to quantify, standardize, and visualize
the supply of and demand for regional ES. However, evaluation results of the ES supply and demand
matrix method are uncertain [32-34] and still need further improvement. Expert-based assessment
can bring about uncertainty (e.g., bias and errors) in the process of scoring for ES supply and demand
in the different land use types. For example, Cai et al. [35] and Tao et al. [36] both evaluated the supply
and demand of ES in the Yangtze River Delta. However, due to the cognitive differences between
different experts, the two studies obtained considerably different estimates of the ES supply and demand.
Although the differences between the studies exist, most current studies have not addressed the scoring
variability issue caused by distinct groups of experts [37]. Therefore, the ES supply and demand matrix
evaluation method can be further improved by reducing the uncertainty (e.g., preference and technical
factors). In the value assignment of ES supply and demand for different land use types, attention should
be paid to the characteristics of the region itself.
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In the context of rapid urbanization, land use change is a common and accelerating process [38],
especially in China. As the core city in the central Henan urban agglomeration, Zhengzhou is of
strategic importance in the economic and social development of the Central Plains region [39]. In recent
years, due to the construction of Zhengzhou Metropolitan Area, the land use structure has undergone
drastic changes [40], which have led to significant changes in the structure, process, and pattern of
regional ecosystems. With the continuous improvement of people’s living standards, the demand
for ES has become diversified, multilevel, and multifaceted. Rapid economic development,
continuous urbanization, and gradual improvement of human living standards may cause an increasing
imbalance between the supply and demand of Zhengzhou'’s ES. Therefore, the study on the relationship
between the supply and demand of ES in Zhengzhou city becomes imperative in maintaining
the integrity and sustainability of regional ecosystems and promoting human well-being. This study
mainly focused on the following issues: (i) how to improve the suitability of the matrix model
method for quantifying the supply of and demand for ES in Zhengzhou; (ii) in the context of rapid
urbanization, what spatial and temporal changes can be implemented in the budgets of ES supply
and demand in Zhengzhou and what changes can be done in hotspots; and (iii) what management
practices and policies can be proposed to ensure the balance between the supply and demand of ES
in Zhengzhou. This study analyzed land use changes based on Zhengzhou's phase 3 land use data
and applied expert knowledge, matrix evaluation, and spatial autocorrelation methods to evaluate
the spatiotemporal differentiation and identify hotspots in the budgets of ES supply and demand
in Zhengzhou in the past 20 years. This study also identified the influencing factors of changes
in the supply and demand of ES, and proposes policies to ensure the supply and demand balance of
ES in Zhengzhou.

2. Materials and Methods

2.1. Study Area

Zhengzhou City (34°16'-34°58" N, 112°42’-114°13" E) is located south of the North China Plain,
along the lower Yellow River, and is a city in the north part of Henan Province (Figure 1). The city is
166 km wide from east to west, 75 km long from north to south, borders the Yellow River in the north,
the Song Mountain in the west, and the vast Huanghuai Plain in the southeast. The city spans across
China’s second and third levels of terrain ladder, sloping down from southwest to northeast. It has
a warm temperate continental monsoon climate with abundant solar and thermal resources. The actual
mean annual sunshine hours are 2300 and the mean annual precipitation is 600-700 mm, most of which
is concentrated in July, August, and September. With moderate rainfall, the city has water and heat
conditions suitable for crop growth. It consists of various types of land cover, with cultivated land,
forest land, and grassland accounting for 58%, 8%, and 5%, respectively. Zhengzhou is divided into
six urban districts, one county, and five county-level cities. By the end of 2018, the city had a total
area of 7446 km?, an urban area of 830.97 km? with an urbanization rate of 72.2%, a total population
of 10.136 million, and an annual GDP of 1014.33 billion yuan. The rapid urbanization has caused
increasing pressure on the regional ecology.
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Figure 1. Location of Zhengzhou City.

2.2. Research Framework

To achieve a sustainable ecological management regime in Zhengzhou City, we presented
a comprehensive framework (Figure 2) for identifying dynamic changes of ES supply and demand
and managing ES in the context of rapid urbanization. The framework can depict spatial and temporal
characteristics of ES supply-and-demand budget to provide visual and effective information
for ecosystem management and decision-making. First, considering the regional characteristics
and local expert knowledge, we classified land use types in Zhengzhou into 15 types referring to
the existing classification system. Second, scores of ES supply and demand in different land use
types were obtained by an expert consultant and then evaluation matrixes of ES supply and demand
were constructed. Third, an ES supply-and-demand budget index was created and mapped to
reflect the spatial and temporal differences in the supply and demand of ES. Fourth, based on a GIS
(geographic information system), gradient analysis and spatial autocorrelation analysis were employed
to identify the urban-rural pattern and hotspots of ES budget. Finally, based on the spatial analysis
results of ES supply-and-demand budget and local expert knowledge, ecological management zoning
and policy implication was put forward to maintain the balance between ES supply and demand
in rapidly urbanizing areas.
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Figure 2. The framework of the study process.

2.2.1. Classification of Land Use

The 1995, 2005, and 2015 phase 3 land use data of Zhengzhou used in this study were obtained
from the National Land Use Data Set generated by the Data Center for Resources and Environmental
Sciences, Chinese Academy of Sciences (RESDC) based on Landsat TM 30 m remote sensing image
interpretation. The overall accuracy of land use classification was above 85% after field site verification,
resident interviews, and verification through Google Earth high-resolution remote sensing images.
In the original data, land use types were divided into 6 first-class and 22 second-class types based on
the LUCC classification system in “China’s 20th Century Land Use/Cover Change (LUCC) Space-Time
Platform”. Considering the regional characteristics and local expert knowledge, we integrated some
land use types to make it practicable for Zhengzhou. In the processing, we referenced the CORINE
(coordination of information on the environment in the EU) land classification method used by
Burkhard et al. [4]. Although the CORINE focus on the European continent, it provides a good
reference for land use classification of Zhengzhou city. Finally, we reclassified land use into 15 types
in Zhengzhou, and Table 1 presents the land use types and the corresponding CORINE land use types.
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Table 1. Classification of land use in the Zhengzhou City and the corresponding CORINE land

use types.
Corresponding CORINE Corresponding CORINE
Land Use Type Land Use Type Land Use Type Land Use Type
Dry land Nonirrigated arable land Low coverage grassland Natural grassland, pastures
Paddy fields Permanen.tly r rigated land, Rivers and channels Water courses
rice fields
Forest land Agro-forestry areas, Reservoirs and ponds Water bodies
S dland broad-leaved forest, Bottomland Dunes, intertidal flats,
parse woodlan coniferous forest, and others ottomian marshes, and others
Shrub forest Transitional woodland/shrub Urban land Continuous urban fabric
Other woodland Orchards,;(r)fgfsards, olive Rural settlements Discontinuous urban fabric
High coverage . Airports, mineral extraction
grassland Natural grassland, pastures Other construction land sites, dump sites, and others
Moderate coverage Unused land Salines, bare rocks, and others
grassland

2.2.2. Evaluation Matrix of Ecosystem Services Supply and Demand

Burkhard et al. [4] originally proposed the evaluation matrix of ES supply and demand in which
experts assign values to geospatial units based on the ES supply capacity and human needs of
different land use/cover types, thereby revealing the differences in the ability to provide ES by
socio-ecosystems under LUCC [41]. Considering the ES classification of Millennium Ecosystem
Assessment [42] and characteristics of Zhengzhou's ecosystem, this paper divided ES into ecological
integrity, provisioning services, regulating services, and cultural services. As ecological integrity
serves as the basis and prerequisite of the other three services, which results in repeated calculation [4],
it was removed from the ES study. Provisioning services consisted of six services, including crops,
fodder, capture fisheries, timber, energy, and freshwater. Regulating services consisted of eight services
including local climate regulation, flood protection, groundwater recharge, air quality regulation,
erosion regulation, nutrient regulation, water purification, and pollination. Cultural services consisted
of four services, including landscape aesthetics, recreation and eco-tourism, knowledge systems,
and natural heritage. The score in the matrix table was set on a scale from 0 to 5, representing the supply
and demand capacity of ES related to each land use type—0 stood for no relevant supply or demand
of ES, 1 stood for low relevant supply or demand, 2 for relevant supply or demand, 3 for medium
relevant supply or demand, 4 for high relevant supply or demand, and 5 for very high relevant supply
or demand.

According to the matrix method proposed by Burkhard et al. [4], ecology experts were invited to
rate the provisioning, regulating, and cultural services of land-use types in Zhengzhou. The specific
steps were as follows:

(i) Consultation with experts. In June 2018, the team invited 16 experts with an ecological
background and familiarity with the regional conditions of Zhengzhou, including 3 government agency
staff members engaged in natural resource management, 3 experts from Henan University who were
studying regional sustainable development, 3 experts from Henan Agricultural University who were
conducting research on land ecology and soil science, 4 experts from Beijing Normal University who
were engaged in ecological economy and ES evaluation, and another 3 experts from Henan Institute
of Land and Resources Survey and Planning who were engaged in land reclamation and evaluation.
To avoid misunderstanding, face-to-face interviews were conducted with the 16 experts who were
informed in advance of the purpose of the interviews, the definition of ES supply and demand, the score
scale of the ES supply and demand related to each land use type, and what each score stood for.

(i) Obtaining scores of supply and demand of ES. Firstly, the team provided the matrix scoring
tables of ES supply and demand in Zhengzhou to experts and each expert individually scored the supply
and demand capabilities of different ES for each land use type. Secondly, the results of the first round
of ES supply and demand matrix scored by the 16 experts were arithmetically averaged and rounded,
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and then returned to the experts for correction. After two rounds of iterations, expert consensus was
obtained. Lastly, the ES supply and demand capacity values of Zhengzhou City were confirmed
and the supply matrix (Table 2) and demand matrix (Table 3) obtained.

2.2.3. Mapping the Budgets of ES Supply and Demand

To reflect the spatial differences in the supply and demand of ES in Zhengzhou, a grid was used
as an evaluation unit to measure it. Based on the land use data of Zhengzhou City, a 1 km X 1 km
grid was selected as the basic evaluation unit [43]. Then, grid samples of budget indexes of ES
supply and demand for different land use types were created. The budget indexes characterize
the degree of balance between the ES supply and demand, and reveal the sustainability of regional
ES [44]. According to the ES evaluation matrix (Tables 2 and 3), and with reference to the work of
Ou et al. [3], this study first built a grid-based total ES supply capacity and demand intensity model
(Equation (1)) that included provisioning, regulating, and cultural services. Then, the difference
between ES supply capacity and demand intensity was used to calculate the supply and demand index
of ES for each grid.

L
Kzl ExMg
s(Ep) M 1)
Esp = Es—Ep ()

where Eg stands for supply capacity of ES, Ep is demand intensity for ES, Ey is supply capacity
or demand intensity of ES for land use type k, My is the area of land use type k in the grid, M; is
the grid area, L is the number of land use types in the grid, and Egp is the budget index of ES supply
and demand. According to the spatial distribution of the budget index of ES supply and demand
in Zhengzhou, the natural breakpoint method was used to divide Zhengzhou into five categories,
including severe deficit area, general deficit area, supply-and-demand balance area, general surplus
area, and high surplus areas [45].
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Table 2. Ecosystem services (ES) supply evaluation matrix based on land use type. The values indicate the following capacities: 0 = no relevant supply of ES; 1 = low
relevant supply of ES; 2 = relevant supply of ES; 3 = medium relevant supply of ES; 4 = high relevant supply of ES; and 5 = very high relevant supply of ES.
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Table 3. ES demand evaluation matrix based on land use type. The values indicate the following demands: 0 = no relevant demand of ES; 1 = low relevant demand of
ES; 2 = relevant demand of ES; 3 = medium relevant demand of ES; 4 = high relevant demand of ES; and 5 = very high relevant demand of ES.

é(a)::r I’rovi.si(ming Crops Fodder (._'aplu.re Timber Energy  Freshwater Regul.aﬁng C]fil::izlte Flooc.l GV:I:‘ller:'d Ql‘?allrily EmSim.‘ Nulrier}t Water. Pollination Culh.u'al Landscefpe Reergation Knowledge Nat.ural
T Services Fisheries Services Regulati Protection Rech: Regulati Regulation Regulation Purification Services  Aesthetics Eco-touri Systems  Heritage
ypes egulation echarge egulation co-tourism

Dry land 7 0 0 0 0 2 14 2 2 0 1 0 1 0 0 1 0
field
Woodland 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0
Sparse 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
woodland
Shrubbery 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Other 6 0 0 0 1 2 - 12 2 1 0 1 1 1 0 0 0 0 0
woodland

High

coverage 2 0 2 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0
grassland

Medium

coverage 2 0 2 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0
grassland

Low

coverage 2 0 2 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0
grassland

Riverand 0 0 0 0 0 0 0 4 0 1 2 0 0 1 0 0 3

channel
Reservoirs

and 0 0 0 0 0 0 0 4 0 1 2 0 0 1 0 0 3

ponds
Bottomland 0 0 4 0 0 0 2

Utban 24 27 2 2 18

land

Rural
settlements 28 2 2 2 1 g

Other
constructior 13 17 1 1 2 1 7

sites

Unused 0 0 0 0 0 0 0 0 0 0 0 0 0

land
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2.2.4. Gradient Analysis

Gradient analysis refers to the spatial feature analysis of landscape features that change gradually
and regularly along a certain direction and the analysis can achieve the quantification and spatial
visualization of local features [46,47]. Gradient analysis was employed to identify urban—rural patterns
in the budgets of ES supply and demand, which can help decision-makers in land use management
in striving for a sustainable balance between resource supply and demand. In order to improve
visualization of the urban—rural gradients, the analysis was performed at the grid level and the values
in the gradient belts were extracted from the map of ES supply-and-demand budget indexes.
As the central urban district of Zhengzhou, Jinshui District is the political, economic, cultural, financial,
and information center of Henan Province. Gongyi is an important node of the Zhengzhou-Luoyang
industrial corridor and is home to a local industrial system with distinctive regional characteristics.
Xinzheng, as the core component of Zhengzhou Airport Economy Zone, is a modern aviation
economy-led industrial base. All these three areas are core growth poles of Zhengzhou, and show
distinctive spatiotemporal characteristics of ES supply and demand. Therefore, with Jinshui District,
Gongyi, and Xinmi as endpoints, this study formulated three urban development gradient belts with
1 km-wide grids—namely, Xinzheng-Jinshui belt (A, 48 km long), Gongyi—Xinzheng belt (B, 83 km long),
and Jinshui-Gongyi belt (C, 65 km long) (Figure 3)—and analyzed the changes in the spatial features
of the ES supply and demand in the three gradient belts at different times.
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Figure 3. Urban-rural gradient belt in Zhengzhou. Note: A: Xinzheng-Jinshui belt (from Xinzheng
to Jinshui); B: Gongyi—Xinzheng belt (from Gongyi to Xinzheng); C: Jinshui-Gongyi belt (from Jinshui
to Gongyi).

2.2.5. Spatial Autocorrelation Analysis

Spatial autocorrelation analysis (SAS) was employed to identify the hotspots of ES budgets.
SAS mainly measures the correlation and spatial heterogeneity between geographic entities and includes
global spatial and local spatial autocorrelation [12,48]. The former aims to test and determine the overall
spatial distribution pattern, degree of correlation, and significance of the elements in the study area,
whereas the latter is used to reflect the agglomeration and differentiation characteristics of local
spatial units and their neighboring units to further discover local spatial instability [49]. According to
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the research objectives in this section, local SAS was employed to identify the hotspot areas of ES budget
in Zhengzhou by using the cluster and outlier analysis tools in ArcGIS 10.2. First, according to the local
autocorrelation of the ES budgets, the entire region was divided into five types, including high—high
(HH) clustering type, high-low (HL) clustering, low-high (LH) clustering, low-low (LL) clustering,
and nonsignificant (NS) correlation. Among these types, HH and LL clustering were positively
correlated, indicating a high degree of spatial clustering of the ES budgets. LH and HL were negatively
correlated, which indicates that the spatial structure of the ES budgets was highly discrete. NS indicated
that the ES budgets showed no significant spatial clustering or discreteness [50]. Then, the study
identified LL type as the hotspot area of ES supply and demand deficit. After the negative values
were removed, the HH type was identified as the ES supply and demand surplus hotspot area,
and the remaining types were identified as other areas.

3. Results

3.1. Land Use Change in Zhengzhou

Using the land use data of Zhengzhou in 1995, 2005, and 2015, the area and rate of land use change
in the three periods was obtained (Table 4).

First, we found from the area changes in land use types that urban land, rural settlements,
woodland, and high coverage grassland all increased. Among them, the increase in the rural settlements
was the most obvious at 48,949.42 hm?. Dry land, sparse woodland, shrubbery, medium coverage
grassland, and low coverage grassland all declined. The decrease in dry land was the most
prominent, from 484,701.87 hm? in 1995 to 419,108.51 hm? in 2015, with a reduction of 65,593.36 hm?.
Second, we found from the rate of land use change that the urban land in Zhengzhou increased
the most significantly by 6.83% from 1995 to 2015. The dry land decreased the most, with a decrease of
8.81% from 1995 to 2015. The range of woodland and grassland (mainly medium and low coverage
grassland) decreased in different degrees.

According to the land use map of Zhengzhou in the three periods (Figure 4), the increase of
urban land and rural settlements area corresponded to the decrease of dry land, sparse woodland,
shrubbery, and grassland areas, which is shown as the occupation of dry land, sparse woodland,
shrubbery, and grassland by the expansion of urban land and rural settlements.
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Table 4. Land use change in Zhengzhou from 1995 to 2015.
1995 2005 2015 Rate of Change
Land Use Type ; ;
Areahm?  Proportion %  Areahm?  Proportion %  Areahm?  Proportion %  1995-2005 2005-2015 1995-2015
Dry land 484,701.87 65.10% 448,541.56 60.24% 419,108.51 56.29% ~4.86% ~3.95% ~8.81%
Paddy fields 30,031.94 4.03% 27,316.01 3.67% 13,103.53 1.76% ~0.36% ~1.91% ~2.27%
Woodland 31,222.74 419% 34,564.76 4.64% 37,119.14 4.99% 0.45% 0.35% 0.80%
Sparse woodland 18,926.33 2.54% 13,579.22 1.82% 3439.18 0.46% ~0.72% ~1.36% ~2.08%
Shrubbery 16,917.35 2.27% 15,785.72 2.12% 9213.89 1.24% -0.15% ~0.88% ~1.03%
Other woodland 15,926.45 2.14% 10,175.30 1.37% 5310.97 0.71% -0.77% ~0.66% ~1.43%
High coverage 7208.63 0.97% 34,503.20 4.63% 24,186.38 3.25% 3.66% ~1.38% 2.28%
grassland
Medium coverage 38,311.00 5.15% 29,572.01 3.97% 11,083.65 1.49% ~1.18% ~2.48% ~3.66%
grassland
Low coverage 6380.78 0.86% 3495.06 0.47% 3137.16 0.42% ~0.39% ~0.05% ~0.44%
grassland
River and channel 3359.56 0.45% 8798.60 1.18% 9902.51 1.33% 0.73% 0.15% 0.88%
Reservoirs and ponds ~ 6437.55 0.86% 12,134.06 1.63% 13,284.12 1.78% 0.77% 0.15% 0.92%
Bottomland 9563.11 1.28% 5495.10 0.74% 6778.28 0.91% ~0.54% 0.17% -0.37%
Urban land 21,644.92 2.91% 39,358.41 5.29% 72,542.92 9.74% 2.38% 4.45% 6.83%
Rural settlements 46,473.59 6.24% 50,044.74 6.72% 95,423.01 12.82% 0.48% 6.10% 6.58%
Other Csoirt‘:mmo“ 7415.96 1.00% 10,911.12 1.47% 20,966.76 2.82% 0.47% 1.35% 1.82%
Unused land 78.21 0.01% 325.13 0.04% 13,103.53 1.76% 0.03% 1.72% 1.75%
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Figure 4. Land use status of Zhengzhou in (A) 2015, (B) 1995, and (C) 2005.

3.2. Spatiotemporal Evolution of ES Supply and Demand in Zhengzhou

The average budget index of Zhengzhou’s ES supply and demand decreased from 7.30 in 1995
to —4.89 in 2015. In general, Zhengzhou's ES changed from supply exceeding demand to demand
exceeding supply within 20 years. From 1995 to 2015, the regional differences in the budget of ES
supply and demand in Zhengzhou showed overall surpluses in the west, near balance in the east,
and deficits in the urban and county centers (Figure 5). Moreover, the spatial coverage of the deficit
area continued to expand, the spatial scope of the surplus area continued to shrink, and the balance
area decreased.

The area occupied by the severe deficits and the general deficit area continued to increase over
the past 20 years. The severe deficit area grew from 3.34% in 1995 to 10.65% in 2015, with an increase
of 3.19 times. The general deficit area grew by 8.15% from 8.01% in 1985 to 16.16% in 2015.
Spatially, the severe deficit area was concentrated in the urban district of Zhengzhou, and continued
to spread with the rapid expansion of urban boundaries. The general deficit area was distributed
in a “circle layer” and “dot” shape. The “circle layer” was mostly concentrated around the urban area
and was the transition zone between the supply-and-demand balance area and severe deficit area.
The “dot” shape was scattered in the area of supply-and-demand balance, which is occupied by rural
land. With the intensification of rural land use in recent years, the general deficit area in 2015 was
connected by a number of scattered “dots” into a “slice”.

Over 20 years, Zhengzhou's ES supply-and-demand balance area accounted for a high proportion
of the total area, but as a whole it declined slightly from 67.61% in 1995 to 60.36% in 2015.
Spatially, Zhengzhou's supply-and-demand balance area was mainly distributed in dry land,
paddy field, and surrounding areas.

Zhengzhou's ES surplus areas shrank during the 20-year period. Among them, the high surplus
area declined severely from 7.40% in 1995 to 2.35% in 2015, with a decrease of 3.15 times. The general
surplus area decreased by 3.16%. Spatially, the high surplus area and general surplus area were
concentrated in the ecological areas such as woodland, grassland, and water area in the west and south
of Zhengzhou, such as Fuxi, Qinglong, and Shizu mountains.
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Figure 5. Level of ES supply and demand in Zhengzhou in (A) 1995, (B) 2005, and (C) 2015.

3.3. Gradient Changes in ES Supply-and-Demand Budget in Zhengzhou

Overall, the ES supply-and-demand budget index in the three gradient belts declined over the past
20 years, and most regions in the gradient belts had the lowest supply-and-demand budget indexes
in 2015 (Figure 6). The Xinzheng-Jinshui gradient belt was relatively stable, and the ES supply
and demand were mainly balanced or near-balanced (Figure 6A). Jinshui District is in the core area
of Zhengzhou, and its ES supply-and-demand budget index is in a low-value area, which is mainly
in a deficit state.

The Gongyi—Xinzheng belt passed through Gongyi, Xingyang, Xinmi, and Xinzheng (Figure 6B).
The ES supply and demand in eastern Gongyi and southern Xingyang was mainly a surplus. The rural
land in Xinmi was distributed extensively, and ES supply-and-demand budget index fluctuated greatly
in this region.

The Jinshui-Gongyi belt passed through the core area of Zhengzhou, Xingyang, and Gongyi
(Figure 6C). The gradient belt showed a clear inverted U-shaped distribution. In the Jinshui and the main
urban area of Xingyang, the ES supply and demand exhibited mainly a deficit. The situation was
improved after the entrance to Gongyi, but a deficit was observed after entrance to the main urban area.

To sum up, urban-rural gradient differences exist in the budgets of ES supply and demand
in Zhengzhou. Core development areas such as the Zhengzhou urban areas were in deficit, and the ES
supply and demand in rural areas far from the city center showed a surplus or balance.
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3.4. Hotspots of ES Supply-and-Demand Budget in Zhengzhou

Using the spatial analysis tools of ArcGIS 10.2, the clustering characteristics of the ES supply
and demand over a three-year period were analyzed to obtain the surplus and deficit hotspots of ES
budget in Zhengzhou (Figure 7). The partial Moran’s I indexes for the three years were all positive,
suggesting that the ES supply-and-demand budget index in Zhengzhou showed a significant positive
spatial autocorrelation. The ratio of Zhengzhou's ES supply deficit hotspot area increased from 7.52%
in 1985 to 13.29% in 2015, with an overall increase of 5.77%. The surplus hotspot area accounted
for 6.37%, 3.91%, and 2.33% in the three years, with a reduction of 2.73 times in 20 years.

The deficit hotspots of ES budgets were in a multicore distribution pattern. From 1995 to 2015,
the deficit hotspots of ES budgets continued to expand around each built-up area in Zhengzhou,
which responded to the rapid development of urbanization. In 2015, a corridor was observed
in the deficit hotspot area among the Zhengzhou core area, Zhongmou, and Xingyang. In 1995,
the surplus hotspot areas were concentrated in the mountainous areas in the west and south of
Zhengzhou, but they continued to disperse over time, and the scope continued to shrink. By 2015,
these areas were mainly distributed as clusters.
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Figure 7. Hotspots of ES supply-and-demand budgets in (A) 1995, (B) 2005, and (C) 2015.

4. Discussion

4.1. Matrix Method

Burkhard et al. [4] proposed a matrix model for quantifying the ES supply and demand based
on LUCC. This method can quickly integrate a variety of data in space, and is suitable for study
at various scales, especially for the areas with poor data [51,52]. This method can easily identify
the spatiotemporal changes in the supply and demand of regional ES and has been successfully applied
to study the ES supply and demand in many regions [13,25-27,29-31]. Rapid urbanization has greatly
changed the land use/land cover situation in Zhengzhou, leading to reductions in the nature ecosystems
(e.g., forest and grass), which has threatened the carrying status of ES. Thus, identifying the key areas of
the contradiction between the ES supply and demand is crucial. A rational task is to select the suitable
evaluation matrix method to evaluate the ES supply and demand in Zhengzhou. Products and services
provided by natural ecosystems to humans have different units of measurement. For example, the unit
of measure for crop is t and that for groundwater is m3. Moreover, quantifying such ES as a knowledge
system and natural heritage is difficult. These issues have led to difficulty in regional data integration
and calculation. Asa dimensionless evaluation method, the evaluation matrix of ES supply and demand
can prevent the problem of regional parameter integration [53-55], quickly evaluate the situation of
Zhengzhou's ES supply and demand in space, and conduct a comparative study of temporal dynamics.

However, the ES supply and demand evaluation matrix is limited by the subjective experience,
knowledge, and attitude of the interviewed experts [56-58]. Therefore, iterating the expert evaluation
results during the evaluation process can be conducted in several ways to improve the accuracy
of the evaluation. In this study, before the expert evaluation, the differences between the different
scores of the supply and demand matrices was indicated in detail. The Delphi method was used to
concentrate, summarize, count, and provide feedback for the expert evaluation results, which were
iterated enough times until a consensus was reached. Thus, the errors caused by the randomness of
expert subjective judgment can be reduced. The ES supply and demand matrix involves uncertainties
in the evaluation process, such as in the fields of natural ecosystem supply, preferences, and technical
factors [59]. The uncertainty of natural ecosystem supply is due to the lack of ecosystem cognition.
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The uncertainty of preference is a result of the experience differences in the ES supply and the human
demands. The uncertainty of technology arises from the differences in data type, index quantification,
and charting methods. The 16 experts selected in this study had an ecological knowledge background
and were highly familiar with Zhengzhou and its ecosystems, which reduced the natural ecosystem
supply uncertainty of the supply—demand matrix score. The results of the expert evaluation were
iterated several times, thereby reducing the preferences uncertainty of the ES supply and demand
matrix score. On the data source of the study, the national land use data set generated from Landsat
TM 30 m remote sensing image interpretation was verified by field site selection and Google Earth
high-resolution remote sensing images. The technical uncertainty of the evaluation results was
reduced by optimizing the data quality. Furthermore, the grid-based research can suggest the spatial
heterogeneity of the ES supply and demand [43], thereby preventing the information loss of spatial
continuity caused by the division of administrative units.

4.2. Factors Affecting ES Supply and Demand

This study analyzed the dynamic characteristics of the ES supply and demand in Zhengzhou
from three aspects, including spatiotemporal evolution of the supply and demand, gradient changes,
and hotspots. The results are consistent with the existing research [3,4,45]. Spatially, the deficit areas of
ES budgets were highly consistent with the distribution of urban and rural land. The surplus areas of
ES budgets were mostly concentrated in the ecological areas with low intensity of human activities
and high vegetation coverage. The areas with a balance between ES supply and demand were mainly
distributed in dry land, paddy fields, and surrounding areas. The budget of ES supply and demand was
closely related to the type of land use. The changes in land use types affected the ES supply-and-demand
budget by altering the structure and functions of ecosystems [42]. Changes in supply and demand
of ES and changes in land use also responded to each other [60,61], but changes in the ES supply
and demand had different sensitivities to different land use types. The differences in ES capacities
among the different land use types were the main causes of the sensitivity variation.

In recent years, with the implementation of the growth strategy for central China
and the development of the Central Plains Economic Zone, the urbanization and industrialization
process has been speeding up in Zhengzhou. Construction land is encroaching on the farmland,
water, and woodland around the core area of Zhengzhou. The regional ecological overload is
prominent, which has caused an imbalance between the supply and demand of ES. From 1995 to
2015, all the woodland and grassland areas in Zhengzhou decreased by 283.61 km? and 137.11 km?,
respectively, and the urban land expanded by 217.21 km?. At the same time, rapid population growth
and economic development were driving increased demand for ES. The total population of Zhengzhou
grew from 6.003 million in 1995 to 9.569 million in 2015. The gross domestic product of Zhengzhou
increased from 38.64 billion yuan in 1995 to 731.15 billion yuan in 2015. Therefore, the relationship
between the supply and demand of ES has shown an evolutionary trend of demand exceeding
supply. Government policy guidance, such as urban spatial layout planning, also affects the ES supply
and demand. In the process of urban spatial layout, Zhengzhou is guided by the concept of “one center
and four cities,” that is, the center is built-up areas of Zhengzhou, and the peripheral cities are Gongyi,
Xinzheng, Xinmi, and Dengfeng, which form the core area of urban development. Therefore, in terms of
the urban—rural spatial gradient, Zhengzhou's ES supply-and-demand budget indexes had significant
differences. The supply-and-demand budget changes in most regions close to the core area of urban
development were dramatic, and the deficit status continued to increase. The status of ES supply
and demand in rural areas was relatively stable. In addition, influenced by the policy of “Zhengzhou
and Kaifeng integration” (urban core area developing to the east) and “Zhengxi New City” (urban core
area developing to the west), a “corridor” was formed between the deficit hotspot area among
the Zhengzhou core area, Zhongmou, and Xingyang.
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4.3. Ecological Management Zoning and Policy Implications

Zhengzhou has been identified as the core city of the Central Henan Urban Agglomeration
and national central city. With the rapid economic development, the continuous expansion of
urbanization, and the increasing population growth, Zhengzhou is expected to face more prominent
problems in the future. To achieve a sustainable ecological management regime in Zhengzhou City,
applicable ecological management zoning is necessary. Based on the spatial analysis results of the ES
supply-and-demand budgets in different periods and local expert knowledge, towns of Zhengzhou city
were divided three ecological management zones: ecological conservation area, ecological improvement
area, and ecological reconstruction area (Figure 8). We used the administrative boundary to make
the zoning friendly to the local government. The ecological conservation area included 18 towns
and the area proportion was 18.58%. Most towns in the ecological conservation area were ES surplus
hotspots and mainly distributed in Gongyi and Xinmi. The ecological improvement area included
60 towns and the area proportion was 58.13%. Most towns in the ecological improvement area showed
ES supply-and-demand balance and had an extensive distribution in Zhengzhou. The ecological
reconstruction area included 23 towns and the area proportion was 23.29%. Most towns in the ecological
reconstruction area were ES deficit hotspots and mainly distributed in the core development area of
Zhengzhou. Studies have shown that the sustainable development could be achieved by effective
ES management strategies [45]. According to the results of ecological management zoning and ES
supply-and-demand characteristics, differentiated management measures should be implemented.
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Figure 8. Ecological management zoning at the township level in Zhengzhou.

Ecological conservation areas, which are dominated by woodland, grassland, and other natural
land, are an important source of ES supply and should be strictly protected. In this zone, the ecological
endowment and biodiversity is good, but it can be damaged easily because of its strong ecological
sensitivity. Thus, strict control to human activities is necessary and large-scale construction should
be prohibited. In the surplus areas, including Fuxi, Qinglong, and Shizu mountains of western
and southern Zhengzhou, the ecological protection red line should be delineated. The local government
should strictly control the population agglomeration and urban expansion, optimize the structure of
land use, and strengthen ecological forestry construction. Moreover, damaged and destroyed ecological
areas should be restored to maintain the integrity of their natural ecosystems based on the ecological
characteristics of the land.

Ecological improvement areas, which are dominated by paddy fields and dry land,
are the borderline area of ES supply and demand, and can be easily disturbed by human activities,
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thereby turning into a deficit area (ecological reconstruction area). The ecological improvement zone
in Zhengzhou is the largest and should be given special attention. These areas should implement
the policy of the basic cultivated land protection line and restrict or prohibit the occupation of
cultivated land in the area by other land use types (especially urban land). Zhengzhou needs to
stabilize agricultural production functions and further develop the role of agricultural regulating
and cultural services supply (e.g., agricultural tourism and leisure services) through land consolidation,
agricultural scale operation, and beautiful village construction. Moreover, agricultural structure should
be adjusted to improve ES benefits, especially in key areas such as the ecological agricultural areas
along the Yellow River. The local government should organize professional institutions to regularly
monitor and evaluate the quality of cultivated land and improve the monitoring system to achieve
the protection of cultivated land. Cultivated land, river channels, shelter forests. and roads should be
comprehensively improved to enhance ES supply and promote the transition from a balance area to
a surplus area of ES budgets.

Overall ecological renovation and targeted ecological reconstruction should be carried out
in the ecological reconstruction areas, which are mainly urban land. This zone has rapid urbanization,
little vegetation, and simple ecological structure. The governments should consider the improvement
of ecological benefits in the process of rapid urbanization. The spatial planning in Zhengzhou should
be compiled to control the growth boundaries strictly, especially the core development areas, such as
the growth boundaries of the Zhengzhou East District and Xinzheng Airport District. In addition,
in the area mainly used for construction land, attention should be paid to the improvement of urban
green coverage. By embedding green patches and green corridors into urban landscape, the core
development area of Zhengzhou can construct an urban ecologic green space system to achieve
the coordinated development of economic and ecology.

4.4. Limitations and Contributions of the Research

Our study applied an effective framework for assessing dynamic changes in ES supply and demand
and informed ecological management zoning strategies. However, there are still some limitations
in our study. Firstly, the ES matrix method cannot capture spatial heterogeneity of ES capacities within
the same land-use type. Areas within the same land-use type may have different capacities to supply
ES. For example, it is likely that the services provided by artificial grassland are much lower than
those by natural grassland. An ecosystem quality grade map can improve the scoring accuracy of ES
capacities, but it is difficult to get the data from the rapid urbanization areas. Secondly, the ES matrix
method only helped to define the potential but not actual scores of ES. Biophysical or consumption
processes weren't taken into account. ES are delivered across boundaries in nature, but our analysis
was confined within the municipal boundary. However, Zhengzhou's ES supply-and-demand budget
index developed in our study still reflects the load of the human demand on ecological resources
carried by the ecosystem, so the actual problem solved by the ES matrix is the carrying status of the ES.

Despite the limitations, our framework is still suitable for ecological management,
especially in data-scare regions. Our results demonstrate that the indexes are capable of satisfactorily
depicting the carrying capacity of ecosystems and township-based ecological management zoning
in Zhengzhou can provide visual information for decision makers. There are some other contributions.
Iterating innovatively the expert evaluation results during the evaluation process can improve
the accuracy of the evaluation, which reduces the uncertainties of ES scoring in some degree. In addition,
as a typical city in central China in the context of rapid urbanization, Zhengzhou has some reference
value for other cities in central China. Our paper enriches ES research in central China. For other
data-scarce and rapidly urbanized areas in central China, the evaluation matrix of ES supply and demand
can quickly evaluate the status of ES supply and demand in specific spaces, and conduct a comparative
study of temporal dynamics, which will be a great help for decision makers to quickly identify crucial
spatial points and effectively decide protection priority areas.
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5. Conclusions

Using land use data of Zhengzhou City in 1995, 2005, and 2015 and incorporating expert knowledge
and the ES evaluation matrix, this study evaluated the spatial and temporal changes in the ES supply
and demand in Zhengzhou over the past 20 years. Gradient analysis was conducted to identify
urban-rural gradient changes in the budgets of ES supply and demand. Spatial autocorrelation
analyses were employed to identify the hotspot areas of ES budgets. The research results show
the following: (1) In the past 20 years, Zhengzhou has seen a decrease in ES supply and an increase
in demand, and the relationship between supply and demand has gradually evolved in a direction
where supply falls short of demand. The area covered by ES deficit increased from 11.35% in 1995 to
26.81% in 2015, and the area covered by ES surplus decreased from 21.04% in 1985 to 12.83% in 2015.
Changes in the supply and demand status of ES in Zhengzhou corresponded to the background
of rapid urbanization. (2) Urban-rural gradient differences exist in the budgets of ES supply
and demand in Zhengzhou. Core development areas, such as the Zhengzhou urban areas, are in deficit,
whereas a balance or surplus can be observed in rural areas far from urban centers. (3) The surplus
hotspots of ES budgets were mainly distributed in the western and southern mountainous areas of
Zhengzhou, and they were scattered and the scope shrank, with a decrease of 2.73 times in 20 years,
whereas the deficit hotspots expanded outward with each urban area as the center, with an increase of
5.77%. Ecological management zoning (ecological conservation area, ecological improvement area,
and ecological reconstruction area) with the effective guidance of ecological and economic policies
can comprehensively improve ES management and achieve urban sustainability. The framework,
which incorporates the ES supply and demand evaluation matrix, can easily and quickly assess
the supply and demand status of ES and provide scientific support for the management of these
services in rapidly urbanizing areas.
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