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Abstract: Ecosystem services (ESs) is a term used to describe the foundations of the well-being of
human society, and several relevant studies have been carried out in this area. However, given
the fact that the complex trade-offs/synergy relationships of ESs are a challenging area, studies on
matching mechanisms for ES supply and demand are still rare. In this study, using the InVEST model,
ArcGIS, and other professional tools, we first mapped and quantitatively evaluated the supply and
demand of five ES types (water yield, soil conservation, carbon retention, food supply, and leisure
and entertainment) in Hangzhou, China, based on land use, meteorology, soil, and socio-economic
data. Then, we analyzed the matching characteristics between the supply and demand of these
ESs and analyzed the complex trade-offs and synergy between the supply and demand of ESs and
factors affecting ESs. The results of this analysis indicate that although the ES supply and demand
of carbon retention tended to be out of balance (supply was less than demand), the supply and
demand of the other four ES types (i.e., water yield, soil conservation, food supply, and leisure and
entertainment) were in balance (supply exceeded demand). Finally, the spatial heterogeneity of the
supply and demand of ESs in Hangzhou was significant, especially in urban areas in the northeast
and mountainous areas in the southwest. The supply of ESs was based on trade-offs, whereas the
demand of ESs was based on synergy. Our results further show that the supply and demand of ESs
in the urban area in Hangzhou were out of balance, whereas the supply and demand of ESs in the
western region were coordinated. Therefore, the linkage of ES flows between this urban area and the
western region should be strengthened. This innovative study could provide useful information for

regional land use planning and environmental protection.

Keywords: ecosystem services; matching of supply and demand; spatial differences; Hangzhou

1. Introduction

Ecosystem services (ESs) refer to various benefits that mankind obtains directly or
indirectly from ecosystems, maintaining the material foundations and environmental
conditions on which mankind depends for survival and development. ESs are usually
divided into four categories: supply, regulation, support, and cultural services [1-3]. In
the context of rapid global urbanization, the intensity of human activities and land use
in cities and rural areas has continued to increase, and the contradiction between man
and land has become increasingly acute [4-6]. This has led to a degradation of regional
ecological functions, an imbalance in ES supply and demand, and a series of ecological
and environmental problems [7-9]. Therefore, the quantitative evaluation of regional ES
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capabilities and the identification of a relationship between the supply and demand of
ecosystem services are high-priority and urgent tasks in current ecosystem science [10].

ES supply refers to the basic production and living services provided by a regional
ecosystem to humans, including material data products and leisure and entertainment
services, whereas ES demand refers to the human consumption and use of products and
services provided by the ecosystem [7,11]. These two factors together constitute a dynamic
process in which ESs flow from natural ecosystems to human social systems. Early research
on ESs focused on regional ecosystem supply services, including the definition of regional
ecosystem structure, functions, and related ES concepts, as well as the improvement of
research frameworks, paying less attention to ecosystem demand services [7,12,13]. For
example, Costanza et al. [1,14] put forward an organic combination of human activities,
regional ecological environment, and global environmental changes to assess regional
ecosystem health, as well as defining the concept of ES value and unifying the ESs of differ-
ent species in relation to economic value. Davies et al. [15] investigated the distribution of
vegetation in the City of Leicester in the UK and studied the amount and spatial pattern of
carbon storage above the city. With the rapid advancement of industrialization and urbaniza-
tion, traces of human activities continue to expand to natural land, such as forest, grassland,
and water areas, leading to profound land cover changes at a regional scale, with cascade
effects on the supply and demand of ESs [16-18]. Therefore, the evaluation of ecosystem
supply and demand services is a current research hotspot in the academic community and in
government departments, with particular regard to the quantitative assessment of regional
ecosystem supply and demand services and spatial-temporal differences [19].

With the introduction and development of the Millennium Ecosystem Assessment
(MA), many scholars throughout the world have carried out basic and applied research
projects on the supply and demand of ESs, including the classification of supply and demand
types, quantitative assessments, scale effects, assessments of spatial-temporal differences,
and trade-offs/synergy analysis of the supply and demand of ESs, etc. [19,20]. Considering
that a variety of ESs exhibit trade-off relationships and mutually-promoting synergistic
relationships under the interaction of a set of complex influencing factors, relevant scholars
have studied the spatial-temporal performance characteristics and formation mechanisms of
ES trade-offs/synergy relationships [21]. For example, Sun et al. [22] estimated the carbon
retention and food supply of the Yangtze River Delta Urban Agglomeration (YRDUA)
from 2000 to 2010 and analyzed the trade-offs and synergy of ESs. Their results were
able to provide comprehensive information for the management and decision-making
in relation to ESs. Kragt and Robertson [23] revealed the trade-off relationships existing
between Australia’s ESs, linking ESs to actual agricultural production. Quantifying the
supply-demand ratio of ESs, changes in the supply and demand of ESs at different time
and space scales, and studies of balance are also focus of current ES supply and demand
research [24]. The ES supply and demand matrix proposed by Burkhard et al. [25] is easy
to operate and has potential applicability. It has been widely used in the research of ES
supply and demand in Europe and North America [25]. In addition, based on various
research methods, such as land use change, ecological process simulation, expert experience
discrimination, the InNVEST model, the ARIES model, and spatial measurement models,
etc., experts and scholars from different disciplines have evaluated the supply and demand
situation of ecosystems at different scales, including at global, national, regional, and
watershed levels [26-28]. The InVEST model, jointly developed by Stanford University, the
Nature Conservancy (TNC), and the World Wildlife Fund (WWE), is widely used in the
assessment of ecosystem services, such as habitat risk assessment, habitat quality, carbon,
water yield, SDR, NDR, and many other modules for ESs [5]. Models have also been used
to calculate ecosystem services quantitatively and valuably, outputting results in map form,
displaying the spatial distribution of ESs, and carrying out ES evaluation simulations and
trade-off analysis under different land use and cover types. Benra et al. [29] evaluated
the performance of the INVEST seasonal water production model based on the water
monitoring records of 224 catchments in southern Chile. Gonzélez-Garcia et al. [30] also
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used the InVEST model to evaluate changes in the supply and demand of water provisions,
climate regulation, and outdoor recreation in the Madrid area (Spain).

At present, driven by rapid industrialization and urbanization, China’s economic soci-
ety and ecological environment are undergoing significant changes. Consequently, a large
number of research projects on ESs have been conducted in China [5,27]. However, there
are also problems, such as the imperfect development of ES theory and unsound research
methods, and the question of how to evaluate regional ES capabilities more accurately re-
quires a lot of theory and practice [31]. Therefore, it is necessitary to quantitatively evaluate
regional ecosystem supply and demand services and understand the difference between
regional ES supply and demand, so as to improve the supply and service capabilities of a
ecosystems in certain areas and to promote the balanced development of regional ES supply
and demand [19,26]. It is also a key step required for ES to transition from theoretical
research into management practice, which can help improve the efficiency of ecosystem
management and realize the “win-win” situation of regional economic development and
environmental protection [25,32].

As one of core cities in China’s Yangtze River Delta urban agglomeration, Hangzhou
has hosted major international events, such as the G20 Summit and World Environment Day.
It has a high socio-economic status and its urbanization rate reached 77.4% in 2018 [17]. The
expansion of construction land acts on regional ecosystem services, leading to complexity
in the supply and demand of ESs. Therefore, research on the supply and demand of
ESs in Hangzhou is of great significance to the sustainable development of the region’s
social economy and ecological environment. In this study, based on Hangzhou’s land use,
meteorological, soil, and socio-economic data, the supply and demand of Hangzhou'’s ESs,
including water yield, soil conservation, carbon retention, food supply, and leisure and
entertainment, are evaluated. The matching and spatial differences between the supply
and demand of ESs in Hangzhou are analyzed. The specific research objectives in this
study were (1) to identify the supply and demand areas of various ESs; (2) to explore the
structure of the supply and demand of ESs and gaps between supply and demand, to
explain the quantity and spatial matching relationships between the supply and demand of
ESs, and to reveal the differences between the supply and demand of ESs; and (3) to analyze
the trade-offs/synergy between ES supply and demand, as well as to explore the factors
influencing regional ESs. The novel significance of this study is that the research results
can provide theoretical guidance for the sustainable development of the social economy
and ecological environment in Hangzhou, China, and other core cities in the world.

2. Materials and Methods
2.1. Study Area

The study area, Hangzhou, is located in the south wing of the Yangtze River Delta,
northwestern Zhejiang Province, south of the Beijing—Hangzhou Grand Canal and east
of the Hangzhou Bay (118°20'-120°37' N and 29°11’-30°34’ E). Hangzhou consists of
13 counties and districts (10 municipal districts, two counties, and one county-level city),
and it is not only one of the core cities in the Yangtze River Delta economic zone, but also
the political, economic, cultural, and financial center of Zhejiang Province (Figure 1).

The terrain of Hangzhou is high in the west and low in the east, with a complex and
diverse environment, integrating mountains, water bodies, and cities. The northeastern
part belongs to the plain of northern Zhejiang, whereas the south, central, and western
parts belong to the middle and low hills and hills of western Zhejiang, among which plains
account for 26.4%; hills and mountains for 65.6%; and rivers, lakes, and reservoirs for
8%. Hangzhou is located in the transitional zone between central and north subtropical
climates, with an average annual temperature of 15.3 °C-17 °C and an average annual
precipitation of 1100-1600 mm. The main rivers are Qiantang River, East Tiaoxi, and the
Beijing—-Hangzhou Canal [17,33].
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Figure 1. The study area, Hangzhou. Notes: (a) Lin’an, (b) Fuyang, (c) Tonglu, (d) Chuan’an, (e) Jiande. The main urban

area of Hangzhou includes Shangcheng District, Xiacheng District, Xihu District, Gongshu District, Jianggan District,

Xiaoshan District, and Yuhang District.

The administrative area of Hangzhou is about 16,858 km?. By the end of 2018, the
resident population reached 9.806 million, and the city’s GDP reached CNY 1350.92 bil-
lion, accounting for 26.79% of Zhejiang province’s GDP. With the rapid development of
Hangzhou's social economy, population surges, and the influx of the tourist population,
the ecological system of Hangzhou will also be under increasing pressure in future.

2.2. Data Acquirement and Preparation

As shown in Table Al, five categories of data were used in this study. The first category
was land use data, obtained from the Resource and Environmental Science and Data Center
of the Chinese Academy of Sciences (http:/ /www.resdc.cn, accessed on 15 August 2020).
The interpretation accuracy of these land use data is greater than 85% [34]. According to
previous studies [34,35] and the requirements of the research area, land use was divided
into 13 types, including dry land, paddy fields, forest, grassland, rivers, lakes, reservoirs
ponds, tidal flats, beaches, urban land, rural residential areas, industrial and developed
land, and bare land, as shown in Figure 1A. The second category of data was meteorological
data, collected from the China Meteorological Data Network (http://data.cma.cn, accessed
on 20 August 2020), which includes average temperature, average precipitation, and
the regional potential evapotranspiration (PET) calculated using the Penman—Monteith
formula [35]. We performed Kriging interpolation on the attribute data of the weather
station to obtain the meteorological raster data (30 m). The third category of data was soil
data, which came from the Harmonized World Soil Database (HWSD) [34,36]. The soil data
were resampled to 30-m raster cells. The fourth category of data was socio-economic data,
from the Zhejiang Statistical Yearbook and Hangzhou Statistical Yearbook (2018) [37], which
were used to calculate per capita carbon emissions and food demand. We connected the
attribute value of each indicator to the districts/counties layer in ArcGIS 10.5, and then
used the conversion tools to convert them to raster data (30 m). The population density
data were also obtained from the Resource and Environmental Science and Data Center
of the Chinese Academy of Sciences (http://www.resdc.cn, accessed on 15 August 2020),
and a distribution map of the average population density in the area for many years was
clipped from the administrative boundary of Hangzhou City, and the raster pixels were
unified to 30 m. The fifth category of data was basic geographic information data collected
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from China’s geospatial data cloud platform (http://www.gscloud.cn, accessed on 20
August 2020) [34], such as administrative boundaries and DEM data. A surface analysis
on the DEM data was performed to obtain the slope information for Hangzhou. This
study mainly used Invest 3.7.0, ArcGIS 10.5, and Excel 2016 software to analyze the ESs of
Hangzhou City and express them in map form. All categorical data were processed in a
raster format, the grid resolution was unified to 30 m, and all layers were reprojected to the
WGS 1984 UTM reference system.

2.3. Quantifying the Supply and Demand of Ecosystem Services

In this study, we quantitatively evaluated the service capabilities of five ecosystems in
Hangzhou, including water yield, soil conservation, carbon retention, food supply, leisure,
and entertainment. We analyzed the supply and demand of these five ESs.

2.3.1. Water Yield

The water yield ecosystem service refers to the ability of ecosystems to intercept or
store water resources from rainfall, after deducting the amount of surface runoff. Water
resources play an important role in the sustainable development of a social economy, so it
is necessary to evaluate the regional water supply and water demand. The supply of water
yield services in Hangzhou was calculated using the InVEST model [38], and the product
of population density and water consumption per capita was used to characterize the
demand for water production services [39]. The difference between the modeling results
and Hangzhou's surface runoff in 2018 was small, indicating that the model’s estimated
results were credible. According to the 2018 Hangzhou Water Resources Bulletin [40], the
total water consumption of Hangzhou in 2018 was 3.247 billion m?, of which production
water consumption was 2.013 billion m?3; domestic water consumption was 1.146 billion
m?; and ecological water consumption was 88 million m>. The average water consumption
was 331.12 m® per person.

AET,;
Supply : Y= 1(1- P x Py (1)

X
Demand : Dy =p X pw (2)

where Y, is the water yield (mm) in 2018; Py represents the average annual rainfall of grid
cell x; AETy; is the average annual evapotranspiration of grid cell x of land use type j; Dy
is the average annual water demand (m?); p is the spatial density of the grid population
(per km?); and ¢y is the water consumption per capita in 2018.

2.3.2. Soil Conservation

As an important ecosystem regulation service, soil conservation contributes to the
regional regulation of soil erosion, the prevention of soil degradation, and the reduction
of geological hazard risk. In this study, we used the revised universal soil loss equation
(RUSLE) to estimate the amount of soil conservation, and regarded the ability of soil
conservation as its supply for the human social system. In addition, the demand was
measured as the actual erosion part of the soil, which is exactly the part that humans expect
to improve [41].

Supply : SC=Ap—Ar=RXKXL—-—RXKxXxLxSxCxP 3

Demand : Ar=RXKXLxSxCxP (4)

where SC is the amount of soil conservation; Ap and Ar are the potential soil erosion
and actual soil erosion, respectively (thm~2); R is the rainfall erosion factor; K is the soil
erodibility factor; L and S are the slope length and slope factor, respectively; P is the soil
and water conservation factor; and C is the vegetation coverage factor—see [41] for the
detailed calculation process.
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2.3.3. Carbon Retention

Carbon retention services are an important part of climate regulation and are of great
significance in understanding the cycle of surface carbon elements in terrestrial ecosystems.
The supply of carbon retention services is calculated using the carbon storage module of
the INVEST model [42]. The results of this model are similar to those of Li et al. [43]. The
demand for carbon retention services is calculated based on per capita carbon emissions
and population density.

Supply : Ctot = Cubove + Cbelow + Csoil + Cdead (5)

Demand : Ce=p X @c (6)

where Cjy is the total carbon retention (t-hm=2); C,pype is the aboveground biological carbon
(thm™2); Cpelow is the underground biological carbon (thm™2); C,,;; is the soil organic
carbon (T-hm™2); Cgpqq is the dead organic matter (t-hm~2); C, is the carbon retention
demand (t); ¢, is the per capita carbon emission (t); and p is the population density grid
(person-km~2).

Energy consumption carbon emissions were calculated according to the methods
provided in the Guidelines for the Compilation of Greenhouse Gas Inventories of Zhe-
jiang Cities and Counties, which were derived from the IPCC Guidelines for National
Greenhouse Gas Inventories [44]. The calculation formula is as follows:

g = Eu/ A Eq = Y (AD; x NCV; x EF; x COF; x 44/12) (7)

]

where E, is the carbon emission of energy consumption; A is the total population; AD;
is the consumption of fuel j; NCV; is the average low calorific value of fuel j; EF; is the
carbon content per unit heating value of fuel j; and COF,; is the carbon oxidation rate of fuel
j. Forty-four and 12 are the molar masses of CO, and C, respectively. Energy consumption
data mainly include raw coal (t), clean coal (t), coke (t), gasoline (t), kerosene (t), diesel (t),
fuel oil (t), liquefied petroleum gas (t), natural gas (ten thousand cubic meters), and other
petroleum products (t). For 2018, the classification and emissions of fossil fuel combustion
emission sources are shown in Figure 2. Among these, utility power and heat accounted
for the largest proportion (53.57%). Hangzhou'’s energy consumption carbon emissions
totaled 23,544,600 tons, and per capita carbon emissions reached 2.40 tons per person.

5]

15.65%

3.52%
3.36%
1.26% (5]

1.57% e 0.01%

0.86%

Figure 2. Percentage of energy consumption carbon emissions in Hangzhou.

2.3.4. Food Supply

As one of the most basic supply services in ESs, the food supply plays an indispensable
role in human survival and development. Based on the actual situation of food output in
Hangzhou, the food supply capacity of various counties and districts in Hangzhou was
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measured comprehensively using grain, oil, vegetables, fruits, aquatic products, meat and
milk products, and other main food types. The output of each food is closely related to
the area of regional land use, so the output of grain, oil, vegetables, fruits, and other food
products corresponds to the area of farmland; the output of aquatic products corresponds
to the area of water bodies; and the output of meat and milk corresponds to the area of
grassland. Food demand is represented by the product of population density and per
capita food demand. The specific calculation formula is as follows [45]:

n G ..
Supply : G = 2 SSMTU ®)
j=1 i
Demand : Gy =p X ¢g )

where: G; is the food supply capacity of county or district i (t-km~2); 1 is the number of
types of food; Ggyij is the total food supply of food type j in county or district i (t); S;; is
the land use area of type j in county or district i (km?); G, is the demand for food supply
services; and ¢y is the per capita food demand (t-person~1). Per capita food demand was
measured based on Food Security in China, issued by the State Council, including the per
capita share of various basic dietary varieties [41].

2.3.5. Leisure and Entertainment

At present, there are many research methods for leisure and entertainment services, and
the entertainment and leisure services provided by different objects are different, such as water
bodies, wetlands, forests, and urban green spaces [46,47]. Yang et al. [48] used the proximity of
green space to measure regional leisure and entertainment services. Shi et al. [49] quantitatively
characterized leisure and entertainment services based on the spatial distance of urban
residents from parks and green spaces. Based on the convenience and operability of
data acquisition, our study takes the availability of green space to reflect the leisure and
entertainment services of various counties and districts in Hangzhou. The supply of this
type of services is calculated by dividing the area of green space by the total area of the
corresponding district. The demand for leisure and entertainment services by residents is
calculated by multiplying the population density of each district by the planning for per
capita green areas, as determined in the 13th Five-Year Plan of Zhejiang Province [48].

Supply : RAs = Agreenspace,partitioni/Apartitioni (10)
Demand : RAy = 0 X Pguide,greenspacei (11)

where RA;; is the supply of leisure and entertainment services for cell i (km?/ km?);
Agreenspace,partitioni Tepresents the green area of cell i (km?); Apartitioni TEpresents the total
land area of cell i (km?); RAy; is the demand for leisure and entertainment services for
cell i (km?); p represents the population density of cell ;; and @gyige,greenspacei 15 the govern-
ment’s plan for the per capita green area during the 13th Five-Year Plan period, which is
13.5 x 10~* ha/person [16,45].

2.4. Ecosystem Service Supply and Demand Ratio

This study used the ecosystem service supply and demand ratio (ESDR) to link the
actual supply of ESs with human demand, which is able to reveal the nature of a surplus

or deficiency [5].
§-D
ESDR = — 12

(Smaxyqax/2) (12)
where S and D refer to the actual supply and demand of a specific ES type, respectively;
Smax refers to the highest value of the assessed supply of a certain ES in the evaluation
area, which is the maximum supply; and D;;4 refers to the highest value of the assessed
demand for an ES in the assessed area, which is the maximum demand. A positive value of
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ESDR indicates the oversupply of an ES; a zero value indicates a balance between supply
and demand; and a negative value indicates that demand exceeds supply.

The ecosystem services comprehensive supply and demand ratio (CESDR) was used
to determine the overall level of the supply and demand status of ESs, and was calculated
as the arithmetic mean of ESDR [5,35]:

1
ESDR = — } ESDR; 1
CES nZs j (13)

n
=1

1

where 7 is the number of ecosystem services assessed, in this case n = 5, and ESDR,; is the
supply—demand ratio of each ecosystem type (i.e., type i).

2.5. Ecosystem Service Trade-Offs/Synergy Analysis

The spatial overlay analysis method was used to identify types and regions of ser-
vice trade-offs or synergy. This method can visually display the spatial differentiation
characteristics of trade-offs or synergies among multiple services, which is helpful for the
effective implementation of service trade-off management decisions [35]. Per a specific
spatial location, the specific calculation steps are as follows:

1 Service capability classification. Since different types of services have different quan-
tity units, they cannot be correlated and compared at the same scale. Therefore,
each service is first standardized, and the capacity of each service is divided into
three levels, using the natural breakpoint method: low, medium, and high; their
corresponding codes are 1, 2, and 3.

2 Service space overlaps. The raster data, after the standardization and classification of
the 5 types of services, were superimposed, and the rules are as follows:

CODE = W x 10000+ S x 1000 + C x 100 + F x 10 + L (14)

where W, S, C, F, and L represent the water yield, soil conservation, carbon retention,
food supply, and leisure and entertainment services, respectively; CODE is a five-
digit code, and each code sequence is a grid value of any combination of 1, 2, and 3,
representing the capacity of a corresponding service type.

3 Develop trade-offs/synergy classification standards. The trade-offs are divided into
strong trade-offs and weak trade-offs. As shown in Figure 3, a strong trade-off is a
state where the service capacity is high and the others are low; a weak trade-off is a
state where the capacities (classes) of service types 2, 3, or 4 are high and the other
services are low. Synergy is divided into high synergy and low synergy. High synergy
means that all five service capabilities are high, which is the most coordinated state
and the ultimate goal of ecosystem management; low synergy means that all five
service capabilities are low, and this state is the least ideal.
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Figure 3. Schematic diagram of ES trade-offs/synergy analysis. Each circle represents a type of
ecosystem service. The circle has no fixed position and can be changed in order. Considering that
there are many types of overlay, only the five types of ecosystem services appearing in this article
are listed. The order of the circles in different colors reflects the superposition of different levels of
ecosystem service types.

3. Results and Analysis
3.1. Spatial Characteristics of Ecosystem Service Supply and Demand

The water yield, soil conservation, food supply, and entertainment and leisure supply
of Hangzhou's ESs exceeded demand, whereas carbon retention supply services were less
than demand (Table 1, Figure 4). There were obvious spatial differences in the supply and
demand of different types of ESs.

Table 1. Status of supply and demand of ESs in Hangzhou.

Water Yield Services Soil Conservation Carbon Retention Food Supply

Leisure and

Counties (m3-km—2) Services (t-km—2) Services (t-km—2) Services (t-km—2) Enterta1.n ment
Services

Supply Demand Supply Demand Supply Demand Supply Demand Supply Demand
Shangcheng 116,546.33  95,501.74 10.59 0.37 302.55 18,430.29  0.009 17.946 0.146 0.104
Xiacheng  129,198.27  14,3870.95 16.02 0.05 190.31 30,662.13  0.004 29.856 0.058 0.172
Jianggan = 113,478.94 8293.06 11.78 0.44 205.37  12,063.33  9.189 11.746 0.049 0.068
Gongshu  111,746.62  27,764.64 20.37 0.48 310.96 13,958.39  0.005 13.591 0.120 0.078
Xihu 84,199.26 2625.24 30.44 0.63 555.14 5747.85 6.865 5.597 0.367 0.032
Binjiang 117,642.01  25,410.19 8.74 0.56 24491 12,858.50  16.452 12.520 0.078 0.072
Xiaoshan 83,535.33 385.14 20.54 0.78 399.24 4050.26  48.395 3.944 0.191 0.023
Yuhang 74,897.93 311.22 27.68 0.70 565.70 277274  36.566 2.700 0.350 0.016
Fuyang 62,906.02 87.93 50.41 0.40 886.23 1158.99  22.301 1.129 0.715 0.007
Lin’an 60,468.36 27.38 30.52 0.22 1038.57 620.06 14.401 0.604 0.855 0.003
Tonglu 61,657.02 27.90 37.19 0.17 983.21 370.78 16.530 0.361 0.801 0.002
Chun’an 70,967.40 4.43 25.11 0.09 962.67 141.77 14.486 0.138 0.818 0.001
Jiande 63,334.48 27.51 46.42 0.40 985.59 461.38 22.045 0.449 0.829 0.003
Hangzhou  68,721.60 1926.08 32.70 0.32 873.02 1396.64  20.727 1.331 0.701 0.008
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Figure 4. Spatial distribution of supply and demand of various ESs in Hangzhou. (a,d,g,j,m) respectively represent the
ES supply of water yield, soil conservation, carbon retention, food supply, and Leisure and Entertainment. (b,e,hk,n)
respectively represent the ES demand of water yield, soil conservation, carbon retention, food supply, and Leisure and
Entertainment. (c,f,il,0) respectively represent the ES supply-demand ratio of water yield, soil conservation, carbon
retention, food supply, and Leisure and Entertainment.

In terms of the function of water yield, the supply of Hangzhou's annual water yield
exceeded demand, with the total amount of water yield reaching 115.85 x 108 m? and the
demand for water yield services reaching 32.47 x 10® m? in 2018. The high-value area of
water yield per unit area was concentrated in the urban area of Hangzhou. The presence of
developed land increased the surface impermeable area and had a strong ability to intercept
precipitation, followed by the Qiandao Lake in the southwest. The main urban area of
Hangzhou had the highest water demand per unit area, with a high regional population
density, high urbanization levels and industrial agglomeration, etc., which displayed a
great demand for water resources, whereas Chun’an and Jiande presented a low water
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demand, low population density, and a relatively low urbanization level. Soil conservation
services were generally oversupplied, with a total supply of 5.51 x 10° t.km~2 and a soil
conservation volume per unit area of 32.70 t-km~2. The areas with a high average soil
conservation volume were concentrated in areas with a slightly higher topographic relief.
The vegetation coverage was relatively high and the soil was not easily eroded, as observed
in the mountainous areas in Jiande and Chun’an. The total demand for soil conservation
services was 5.37 x 10% t-km~2, and the soil conservation per unit area was 0.32 t-km 2.
The high-demand areas were concentrated in the northeast corner of Hangzhou, which
was the estuary of Qiantang River.

The total supply of carbon retention services was 14.72 x 10° t-km~2 and the total
demand was 23.54 x 10° t-km 2. The supply of carbon retention services was greatly
affected by land use types, and the ecological land, such as forest and grassland, had a
significant impact on regional carbon retention supply services. The high-demand area of
carbon retention was concentrated in the main urban area of Hangzhou, with developed
social economy and the huge consumption of oil, natural gas, and other energy resources.
The total supply of the food service was 34.94 x 10* t-km~Z; the total demand was 1.69 x
10* t-km~2. The areas with high food supply were concentrated in Xiaoshan and Yuhang
districts in the lower reaches of the Yangtze River. The soil is fertile and the arable land is
vast. The food high-demand area was concentrated in urban areas with high population
density. The supply of leisure and entertainment services exceeded the demand. Leisure
and entertainment service reflected people’s demand for green space, whereas the high-
demand area of leisure and entertainment service was concentrated in the urban area of
Hangzhou, where the per capita urban green space area was relatively low.

3.2. Analysis of the Matching of the Supply and Demand of Ecosystem Services

The ecosystem service supply and demand ratio (ESDR) values of water yield, soil
conservation, carbon retention, food supply, and leisure and entertainment services in
Hangzhou were 0.236, 0.092, —0.022, 0.429, and 1.263, respectively, and the comprehensive
ES supply and demand ratio (CESDR) was 0.399 (Table 2). The results showed that the
supply quantity of ESDR and CESDR in the study area was larger than the demand, except
for the carbon retention service. Different counties/districts had differences in different
ecosystem services. The most prominent manifestation was that the supply and demand
in the urban area of Hangzhou was relatively small, whereas the supply and demand in
Jiande, Chun’an, and Tonglu counties far from the urban area were relatively high. This
indicates that the urban area had a huge demand for ESs, which was likely to cause an
imbalance in ecosystem supply and demand.

Table 2. ESDR in each district and county of Hangzhou.

—_ . . Comprehensive
Districts and . Soil Con- Carbon Leisure and
Counties Water Yield servation Retention Food Supply Entertainment SupplI};;lgsmand
Shangcheng —0.106 0.029 —0.818 —-0.397 0.077 —0.243
Xiacheng —0.439 0.045 —1.376 —0.661 —0.209 —0.528
Jianggan 0.081 0.032 —0.535 —0.057 —0.034 —0.103
Gongshu 0.015 0.056 —0.616 —0.301 0.076 —0.154
Xihu 0.161 0.085 —0.234 0.028 0.609 0.130
Binjiang 0.073 0.023 —0.569 0.087 0.010 —0.075
Xiaoshan 0.211 0.056 —0.165 0.984 0.307 0.279
Yuhang 0.217 0.077 —0.100 0.749 0.609 0.310
Fuyang 0.219 0.142 —0.012 0.469 1.291 0.422
Lin’an 0.226 0.086 0.019 0.305 1.552 0.438
Tonglu 0.238 0.105 0.028 0.358 1.455 0.437
Chun’an 0.283 0.071 0.037 0.318 1.489 0.440
Jiande 0.242 0.131 0.024 0478 1.506 0.476
Hangzhou 0.236 0.092 —0.022 0.429 1.263 0.399




Land 2021, 10, 582

12 of 20

In terms of water yield services, the ESDR in the Shangcheng and Xiacheng districts
was less than 0, indicating that for each of these districts, its own production of water
resources could not meet its own demand. In the study area (Figure 4), the low-value area
was concentrated in the main urban areas, whereas the high-value area was centered on
Qiandao Lake in Jiande city. The ESDRs of soil conservation services were all greater than
zero, with Fuyang District (0.142) and Jiande City (0.131) as the high-value districts. It
decreased from higher terrain to low-lying terrain. In terms of the carbon retention service,
the ESDR of nine counties/districts was less than zero, and only four counties/districts
had an ESDR greater than zero. The ESDR of the Shangcheng area of the municipal
district (—1.376) was the lowest, indicating that the Shangcheng district produced a large
amount of carbon emissions. In terms of spatial areas (Figure 3), the ESDR was low in
the Shangcheng and Xiacheng districts, and it was difficult to achieve a balance between
supply and demand in relation to carbon retention services. The ESDR of food supply was
the largest in Xiaoshan (0.984) and Yuhang (0.749), followed by counties and districts in
the southwest, whereas central urban areas were the lowest, such as Shangcheng district
(—0.397), Xiacheng District (—0.661), Jianggan District (—0.057), and Gongshu District
(—0.301). Some local areas within a specific county or district also presented a low ESDR
centered in an urban area, with developed land as the main area, whereas values for
farmland, water bodies, grassland, and other areas of food production land were small or
absent, so the urban food production capacity was relatively weak. The ESDRs of leisure
and entertainment showed the urban area to be a low-value area, which means it is difficult
to meet the needs of regional cities and people for leisure and entertainment. The ESDRs
in Fuyang District (1.291), Lin’an District (1.552), Tonglu County (1.455), Chun’an County
(1.489), and Jiande City (1.506) were relatively high. In terms of spatial areas, the ESDRs in
the urban area were relatively low, and the ESDRs in the southwestern counties/districts
were relatively high, which was closely related to the distribution of regional green areas.

3.3. Tradeoffs between Ecosystem Services

The spatial overlay of the supply of five types of ESs in Hangzhou was obtained and
statistically classified (Table 3). The supply of ESs was dominated by a trade-off relationship,
with an area accounting for 98.11%, indicating that water yield, soil conservation, carbon
retention, food supply, and entertainment and leisure services in Hangzhou were in a trade-
off relationship. In the trade-off relationship, the area of strong trade-offs was relatively
small, accounting for only 1.89%. The types were 11,311 and 31,111, respectively, indicating
the largest carbon supply and water production, which were larger than other supply types.
The area of weak trade-offs was relatively wide, accounting for 96.22%, of which there
were more instances of 2-high, 1-medium, and 2-low types, accounting for 30.26% of the
regional area, mainly including “11,323, 21,313, 12,313, 31,132, 11,332, 31,123, 31,213, 12,331,
32,113, 32,131” types. In addition, the distribution area of 2-high and 3-low types was
also larger, accounting for 28.58%, including “11,313, 31,113, 31,131, 11,331, 33,111” types.
From the perspective of ES synergy, the area of synergy was small, accounting for only
1.89%. There were many types of high-synergy distribution, such as “4M1H, 2H3M, 3H2M,
and 4H1IM” types, indicating that the regional ESs presented characteristics of mutual
promotion. This was prominently manifested in the high supply service capacity of 2, 3, or
4 service types of ecosystems in the region, whereas other supply services were high. The
area of low-coordinated supply service types was small, including only one type “3M2L”,
such as “22,211”. Water yield, soil conservation, and carbon retention supply services were
at a medium level, whereas food supply and leisure and entertainment services were at a
low level.
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Table 3. Classification criteria and statistics of trade-offs and synergies among the five ES types.

Service Proportion Proportion of Supply Proportion s
Relationship of Area (%) Subclass Area (%) Capacity Mix *  of Area (%) Samples
Strong trade-off 1.89 1H4L 1.89 11,311; 31,111
1HIM3L 0.08 12,311; 32,111; 21,131
1H2M2L 791 21,231; 21,213; 23,211
21,232; 21,223; 22,213;
1H3M1L 6.87 22231
11,323; 21,313; 12,313;
31,132; 11,332; 31,123;
2HIM2L 30.26 31,213; 12,331; 32,113;
32,131
12,323; 21,233, 12,332;
SHOMIL 736 21,323; 23,213; 32,123;
Trade off 98.11 32,132; 31,223; 23,231;
Weak tradeoff 96.22 1 3??33113'1 ?1’?)"23113 151
2H3L 28.58 11,331; 33,111
2M3L 0.36 21,211
13,323; 12,333; 13,332;
32,133; 33,123; 31,323;
SHIMIL >12 33,132; 23,313; 32,313;
33,213; 32,331
11,333; 13,313; 31,133;
3H2L 8.26 13,331; 33,113; 31,313;
31,331; 13,311; 33,131
13,333; 33,133; 33,313;
4H1L 1.4 31333
4M1H 0.96 22,223; 22,232
High synergy 1.89 2H3M 0.75 22,233; ii’ggz’ 23,223;
Synergy 1.89 23,233, 23,323; 32,223,
SH2M 0.18 32,323; 33,223
4HIM 0 33,323
Low synergy 0 3M2L 0 22,211

* Summary of service capacity classes of the 5 ES types: water yield, soil conservation, carbon retention, food supply, and leisure and
entertainment. ** The 5 digitals are capacity classes of ecosystem services: 1—low, 2—medium, and 3—high, corresponding to 5 ES types:
water yield, soil conservation, carbon retention, food supply, and leisure and entertainment.

There were only nine superposition types of ES demand in Hangzhou (Figure 5); the
low synergy was the dominant type, covering an area of 16,244.60 km?, accounting for
96.40% of the total area, indicating that there was a low level of coordination among various
demand services in the ecosystem in Hangzhou. The main types of low synergy were
“11,111, 12,111, and 21,222”. Various demand services were at a low level, but they were
able to meet urban development through mutual promotion. The high-synergy type had
a small area distribution (143.97 kmz), but there were four types—+22,222, 23,222, 32,333,
and 33,333”. The trade-off relationship area of demand services was small; the areas of
strong trade-off and weak trade-off were 202.23 km? and 261.16 km?, and their types were
13,111 and 31,333, respectively.
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Figure 5. Ecosystem demand service overlay relationships.

4. Discussion
4.1. Analyzing Mechanisms of the Spatial Difference in ES Supply and Demand

ES supply refers to the ability of an ecological environment to provide ecosystem prod-
ucts and services for the development of human society [25]. The ES supply of Hangzhou
presents the characteristic that the main urban area exhibited lower values than those of the
suburban area, which is closely related to the regional natural background, socio-economic
development, and land use/land cover [50]. Based on the natural background and land
use changes in the study area, we selected six indicators: forest land area, developed land
area, DEM, slope, annual average precipitation, annual average temperature, and popu-
lation density. We used the spatial analysis module in ArcGIS10.5 software to calculate
correlations between different layers in order to analyze the mechanism behind spatial
differences in ES supply (Table 4).

Table 4. Correlations between ecosystem supply services and different indexes/driver factors.

Ecosystem Supply Services

Influencing . -
Factors Water Yield Soil Conservation  Carbon Retention Food SL.IPP y Lelsur.e and
Service Entertainment
Forest area 0.795 ** 0.638 ** 0.989 ** 0.533 ** 0.677 **
De"elgfeead land 0.550 ** —0.840 ** —0.472 0.127 —0.376
DEM 0.474 —0.059 0.689 ** —0.481 0.647 **
Slope 0.204 0.944 ** 0.116 0.006 0.039
Annual —0.059 —0.164 0.367 —0.426 0.505 **
precipitation
Annual average 0.214 0.141 —0.426 0.422 —0.501 **
temperature
Population density 0.374 —0.062 —0.406 0.160 —0.603 **

Note: ** denotes statistical significance at p = 0.01.

Land use changes in Hangzhou have significantly affected the spatial heterogeneity
of ES supply. The supply of ESs and forest area showed a significant positive correlation,
and the correlation coefficients were all greater than 0.5. On the other hand, developed
land associated with human activities was mostly negatively related to ESs supply. The
results of our study were similar to those of Xu et al. [51]. As the largest land use area
in Hangzhou, forest is mostly distributed in the central and western regions of higher
elevation and slope, and has a strong ES supply function. Forest areas had significant
correlations with water yield, soil conservation, carbon retention, food supply service, and
leisure and entertainment, with correlation coefficients of 0.795, 0.638, 0.989, and 0.533,
0.677, respectively. Forest is an important type of ecological land, and areas with high forest
coverage also show high ES functions. The developed land in the center of Hangzhou is
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dense, and is a low-value area in terms of ES supply. The developed land area is negatively
correlated with soil conservation, carbon retention, and leisure and entertainment. Eleva-
tion and slope have significant effects on carbon retention and soil conservation services.
The correlation coefficient between annual average temperature, annual precipitation, and
ES supply is very small, and did not pass the test of statistical significance. Water and heat
conditions should be important factors affecting ESs supply level, but the combination of
water and heat conditions in Hangzhou area may be relatively good, thus exerting less of
an impact on the regional ES supply. Population density was negatively correlated with
leisure and entertainment. Most importantly, the spatial distribution of developed land
and ecological land (forest, grassland, and water) in Hangzhou was different, which also
led to the imbalance in ES supply in different counties/districts.

ES demand mainly reflects the consumption of natural ecosystems, and is the process
of human access and utilization of natural resources [51]. The spatial distribution of ES
demand in Hangzhou shows that the suburbs had lower values than those of the city center,
which is opposite to the ESs supply characteristics. This is closely related to social and
economic factors, such as population density, land development and utilization, and the
economic development level.

4.2. Mechanisms Influencing ES Supply and Demand Contradictions

ESs play a vital role in the sustainable development of human society [31,50]. In
previous studies, the high-supply areas of ESs were concentrated in mountainous areas,
whereas the high-demand areas of ESs were concentrated in plain areas [52,53]. These
results are similar to the results obtained in our study. Compared with mountainous areas,
plain areas are densely populated and have a high level of urbanization, and the area of
ecological land is small. Therefore, the demand for various ES types in urban areas is far
greater than that in mountain areas. In terms of ES spatial matching, there is a spatial
contradiction between the supply and demand of urban ESs, and most of the ESs in urban
areas are in a state of shortage, which heavily depends on the ecological services outside the
city, especially in some international metropolis or provincial capital cities [30,54], which is
consistent with our research results.

Hangzhou City is composed of 13 counties/districts. Due to differences in the devel-
opment history and development levels in the city, the spatial distribution characteristics of
the supply and demand of ESs are also different. The low-value areas in terms of ESDR and
CESDR in Hangzhou are concentrated in downtown areas, such as Shangcheng District,
Xiacheng District, Jianggan District, and Gongshu District. The high demand and low
supply of ESs in Hangzhou is also the most prominent contradiction between the supply
and demand of ESs. Yuhang, Lin’an, Fuyang, Yuhang and Xiaoshan, as satellite cities of
the center of Hangzhou, are responsible for alleviating the pressure from the population
and environment in the center. For example, Xiaoshan and Yuhang Districts provide a suf-
ficient food supply for the city center, and Xihu District provides leisure and entertainment
services for the residents of the city center. The imbalance between the supply and demand
of ESs in Hangzhou is similar to that of Shanghai and Nanjing [27,55]. The urban center
has a high level of social and economic development, absorbing a large portion of the
population, and the continuous expansion of developed land area, resulting in an increase
in the demand for ESs and weakening the supply capacity. The peripheral area of the city is
usually an area with high ES supply but low demand [27]. The spatial imbalance between
the supply and demand of ESs would be worsened by the development of urbanization
and industrialization.

In fact, the mismatch between the supply and demand of regional ESs is a common
phenomenon in a certain period of time, which is the result of the interaction of regional
natural background, socio-economic development, land use changes, and other factors [56].
The contradiction between supply and demand of ESs exists not only on the macro-scale of
mainland, country, and urban agglomeration [57,58], but also on the micro-level of parks,
communities, and villages [59]. Human activities exist in the natural environment and



Land 2021, 10, 582

16 of 20

always have positive and negative effects on the ecological environment. Therefore, the
question of how to adjust human activities to make them conform to the laws of natural de-
velopment is particularly important. Many studies have revealed that human intervention
activities (such as a harmonious land use and the application of government ecological
protection policies) are conducive to improving and enhancing the supply functions of the
ecosystem [22,50]. We need to deal with the relationship between urbanization, industrial-
ization, and ecosystems; control the expansion rate of developed land; and plan land use
rationally, so as to effectively alleviate the conflict between the supply and demand of ESs,
and realize the coordinated development of the two.

4.3. Strengths and Limitations

The novelty of this study is that we quantitatively identified the spatial distribution
characteristics of the supply and demand of Hangzhou's ESs and revealed the fact that
the demand for ESs in the central urban area exceeded the supply, and that the supply
of ESs in Hangzhou was dominated by trade-offs. By analyzing the factors affecting the
supply of ESs, governments should protect forests, increase ecological land, and reduce the
expansion of developed land onto ecological protection lands.

The research on the supply and demand of ESs covers a wide range of areas. ESs
involve ecology, economics, geography, and other disciplines. The structural and func-
tional changes of ESs involve the regional natural background and the socio-economic
development process [25,50]. All of these indicate that the research into ESs has a certain
complexity, so it is difficult to systematically and comprehensively analyze all the func-
tional types and processes of ES supply and demand. Therefore, this study also has the
following limitations.

Our study only analyzed the spatial distribution characteristics of ESs in Hangzhou in
2018. We intend to carry out an analysis of the characteristics of the spatiotemporal changes
of ESs in a long-term sequence. We considered the five main types of ESs in the study area,
but in the context of rapid urbanization, human activities will affect multiple ES functions.
In the future, we will increase our studies to include multiple ESs to more comprehensively
reflect the changes in regional ecosystems. Although the InVEST model is currently
widely used, it has certain limitations, as described in the software documentation [5].
Therefore, we need to further verify the modeling results to improve the accuracy of the ES
assessments [29].

In addition, it is of great significance to explore the effect of regional natural environ-
ment, socio-economic, cultural development, and other factors on spatiotemporal changes
and the spatial flow of ESs. Moreover, the spatial mismatch between ES supply and de-
mand could easily lead to environmental equity problems [56], in which the central city
transfers polluting industries to its suburbs and small cities and absorbs the resources,
talents, and other elements of surrounding cities to enhance itself. This also involves
geographic, economic, industrial, and other multidisciplinary knowledge, which is also
worth exploring further.

5. Conclusions

Taking the Hangzhou region as a study area, in this study, we quantitatively evaluated
the supply and demand of the five types of ESs, analyzed their spatial distribution and
matching mechanisms, explored trade-off relationships between the supply and demand
of five types of ESs. The main conclusions derived from the results of this analysis are
summarized as follows.

The ESs of Water yield, soil conservation, food supply, and leisure and entertainment
in Hangzhou exhibited an excess of supply, and carbon retention services were in short
supply. There was an obvious spatial heterogeneity in the supply and demand of different
types of ESs. With the exception of for carbon retention services, the ESDR and CESDR
values of the other four types of ESs were greater than zero. The ES supply was dominated
by trade-off relationships (98.11%), whereas the demand for services was dominated by low
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synergy (96.40%). The effect of each influencing factor on the supply of ESs was different,
and the areas of forest and developed land showed a significant influence on regional
ecosystem supply. In order to promote the coordinated development of ESs in Hangzhou,
it is necessary to pay more attention to the protection of ecological land and appropriately
control the expansion rate of developed land.
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Appendix A

Table A1. Description of the data used in this study.

Type of Dataset Source Processing Format

Resource and Environmental

Science and Data Center of the .
Extraction and

Land use data Chinese Academy of Sciences o Raster (30 m)
reclassification
(http:/ /www.resdc.cn, accessed
on 15 August 2020)
China Meteorological Data Kricin
Meteorological data Network (http://data.cma.cn, inter %lagon Raster (30 m)
accessed on 20 August 2020) p
Soil data Harmomzed(g‘c/)\%% ?oﬂ Database E);ericrigﬁ sgd Raster (30 m)
Soc10—§§;nom1c Statistics Bureau of Hangzhou Coslifrcrzgzr;nd Excel
. . China’s geospatial data cloud
Basic geographic ) ) . Raster (30
information data platform (http://www.gscloud.cn, Mask extraction m)Vector

accessed on 20 August 2020)
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Figure A1. Spatial distribution of land use types in Hangzhou.
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