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ABSTRACT

Much remains to be learned about the contributions of urban expansion to the supply-demand budgets of
ecosystem services (ES), a relationship that is crucial for achieving more sustainable urbanization. To fill this
knowledge gap, we mapped supply and demand dynamics of two important ES (i.e., carbon sequestration and
nature-based recreation) at 1-km resolution in the rapidly urbanizing Yangtze River Delta (YRD) of China.
Carbon sequestration supply (CSs) and demand (CSp) were estimated under alternative carbon reduction pol-
icies, and supply (NRs) of and demand (NRp) for nature-based recreation were estimated by considering multiple
levels of spatial accessibility. A moderate increase in CSs between 2000 and 2015 was contrasted with a sharp
increase in CSp, indicating the existence of a widening gap between demand and supply in the YRD. Urban
expansion was responsible for nine-tenths of the total increase in CSp and two-thirds of the growth in deficit area.
As of 2015, CSs offset less than 5% of CSp in the eight core cities of the YRD. The areas of deficient CSg in these
eight cities expanded by 8% under the long-term carbon neutrality goal, but they shrank by 34% due to sig-
nificant decreases in carbon emissions per unit of GDP under the mid-term carbon reduction goal. NRg in the YRD
decreased slightly coincident with moderate increases in NRp during the same period as a result of urban
expansion and population growth. More than half of the increased deficit area was attributable to urban
expansion across the region. NRp in the eight core cities equaled four-fifths of NRg in 2000, but it surpassed NRg
by one-fifth in 2015. The disparities between NRs and NRp in these eight cities were reduced with increasing
levels of accessibility to ecological land. Bridging the gaps between supply of and demand for these two ES will
require control of unsustainable urban expansion, construction of urban-to-rural greenways, and improved
economic efficiency of industrial carbon emissions in the YRD. The analytical framework and methods for
mapping ES used here are applicable to other rapidly urbanizing regions of the world.

1. Introduction

grown rapidly over the past two decades (Costanza et al., 2017).
Recently, increasing attention has been given to the integration between

The supply of ecosystem services (ES) refers to the capacity of nature ES supply and demand owing to intensified human-nature interactions

to generate and deliver products and benefits to humans (Daily et al.,
2000). ES supply has become one of the core concepts and critical in-
dicators for measuring ecosystem quality and health since the Millen-
nium Ecosystem Assessment (2005), and research on ES supply has

around the world (Wei et al., 2017). The demand for provisioning ES is
commonly defined and estimated as the sum of ecosystem goods and
commodities (e.g., freshwater, food, and raw materials) consumed per
unit of space and time (Burkhard et al., 2012). In comparison, the
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demand for regulating and cultural ES is often understood as the amount
of regulation needed to meet predetermined conditions, or human
preferences for desirable environmental conditions, such as clear water
and a mild climate, or accessibility and enjoyment of cultural benefits
provided by ecosystems (Villamagna et al., 2013). Although it remains
challenging to quantify the supply—demand budgets (i.e., differences
between the supply and demand sides) of these latter two non-
commodity services (Burkhard et al., 2012; Wolff et al., 2015), several
studies have attempted to address this issue by focusing on carbon
sequestration and nature-based recreation, i.e., the two important ES in
human-dominated landscapes (Liu et al., 2020; Yu et al., 2021).

Carbon sequestration has supply (CSs) and demand (CSp) compo-
nents. CSg is defined as the amount of CO, captured and stored by
ecosystems over a defined period of time. This can be estimated with a
number of biophysical models. For example, the InVEST (Integrated
Valuation of Ecosystem Services and Tradeoffs) model estimates carbon
storage by using the look-up table method, and CSg is calculated as
changes in carbon storage from vegetation and soil carbon pools when
there are changes in land use (Lorilla et al., 2019). CASA is a process-
based model which uses solar radiation, soil property, and remote
sensing data (e.g., vegetation index) to model ecosystem processes such
as carbon uptake and net primary productivity to represent CSg (Cui
et al., 2019). I-tree is an empirical model that estimates CSg based on
tree canopy cover and length of growing season in urban areas (Baro
et al., 2015). CSp is in most cases measured as the sum of CO, emissions
from consumption of fossil fuels in different socio-economic sectors (Lin
et al., 2021). This often leads to an overestimation, because carbon
reduction policies allow a proportion of CO, emissions, and these should
be excluded in estimating CSp (Chen et al., 2019). In addition, many
studies quantify CSp only at the city-level, because CO, emissions data
are collected and computed at such scales based on reports from
governmental agencies (Sun et al., 2019; Yu et al., 2021). It is much
more complicated to allocate citywide estimations of CSp to spatial grid
cells based on the distribution of population (Gonzélez-Garcia et al.,
2020), land use (Chen et al., 2019), and gross domestic product (GDP)
(Shi et al., 2020).

The supply of nature-based recreation (NRg) can be quantified by
measuring a number of potential and recreational opportunity factors,
including the naturalness of land cover, landscape diversity, the pres-
ence of water bodies and protected areas, and proximity to roads and
residential areas (Vallecillo et al., 2019; Bing et al., 2021). The demand
for nature-based recreation (NRp) can be measured based on the fre-
quency of use by people, such as the number of visitors or the number of
geo-tagged social media photos in each region (Cui et al., 2019; Meng
et al., 2020). However, the results of these approaches are not directly
comparable owing to inconsistent units of measurement. Better inte-
gration of NRg and NRp under the same framework can be achieved by
simply estimating NRg as the total area of green spaces within a given
district, and estimating NRp, as total population multiplied by the area of
green spaces needed per capita (Baro et al., 2016; Liu et al., 2020). This
method assumes that all green spaces are equally available to every
resident within the district, and that the residents do not have access to
green spaces beyond the district. But in fact, local green spaces can be
readily shared by residents in neighboring districts, and vice versa.
Therefore, such cross-boundary interactions and the levels of accessi-
bility should be considered in order to accurately estimate NRg in a given
district.

Beyond just estimating ES supply and demand, it can be even more
challenging to map their budgets at a suitable spatial resolution or scale.
This inevitably requires a clear understanding of the spatial relations
between service providing and benefiting areas (Herreros-Cantis and
McPhearson, 2021). Here, the service providing areas include the spatial
units from which ES are sourced, whereas the service benefiting areas
are where ES are needed or readily used or consumed (Serna-Chavez
et al., 2014). Various ES can show distinctly different relations between
providing and benefiting areas, which has strong implications for
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developing ES-specific approaches to map their supply-demand budgets
(Fisher et al., 2009). For example, the provision of hydrologic ES (e.g.,
flood regulation, water purification) in the upstream areas normally
benefits downstream areas along water flow directions within a basin,
and it would be suitable to integrate and map the supply of and demand
for these hydrologic ES at the sub-basin or basin scale (Stiirck et al.,
2014). Similarly, the provision of nature-based recreation service from
green spaces benefits people in local or adjacent regions through the
connection of road networks. Accordingly, the supply-demand budgets
of this service are usually mapped for each community or grid cell (Liu
etal., 2020). In comparison, the carbon sequestration service is provided
omni-directionally and benefits the whole globe, which implies that the
demand for carbon sequestration (i.e., carbon emissions) can be offset
anywhere on the globe (Bagstad et al., 2014). It is therefore policy-
relevant to gain an overview of carbon budget at global to regional
scales, and at the same time map carbon budget across local areas (e.g.,
grid cells) to identify spatially explicit locations with supply—demand
mismatches and inform place-based carbon reduction policies for ulti-
mately achieving carbon neutrality on the macro-scale.

There is growing interest in the comprehensive evaluation of supply
and demand dynamics of ES in response to rapid urbanization, especially
for developing countries like China, where ES supply and demand have
been quantified using numerous indicators and methods. For example,
Pan and Wang (2021) adopted the indicators of ecological carrying ca-
pacity and ecological footprint to represent ES supply and demand,
respectively. Tao et al. (2018) developed land cover-based matrices to
measure the intensity of ES supply and demand from 0 to 5 for different
land covers. Xin et al. (2021) quantified ES supply based on ES values
per unit area for each land use, and they quantified ES demand by
integrating population, land use, and GDP intensity. Regardless of how
ES were quantified, most case studies confirm intensified supply scarcity
of ES under rapid urbanization (Bryan et al., 2018), as well as intensified
mismatches (i.e., spatially explicit oversupply and undersupply of ES)
between ES supply and demand along the urban-rural gradient (Vigl
et al., 2017; Deng et al., 2021; Zhang et al., 2021). In spite of these
general findings, the dynamic relationships between urbanization and
the budgets between supply and demand of ES remain poorly under-
stood. This is due to the lack of spatially explicit approaches to quantify
the budgets between ES supply and demand, as well as poor linkages
between ES budgets and urban expansion at a fine level of resolution.

Here we examine the rapidly urbanizing Yangtze River Delta (YRD)
of China to quantitatively address two key questions: To what extent
does urban expansion contribute to temporal changes in ES supply,
demand, and budgets? And where exactly do these changes/impacts
take place? Our goals include (i) developing spatially explicit models for
mapping the supply, demand, and budgets of carbon sequestration and
nature-based recreation at a fine spatial resolution, (ii) quantifying the
impacts of urban expansion on matches or mismatches between supply
and demand of these two ES over space and time, and (iii) proposing
land management strategies for bridging the gaps between ES supply
and demand under rapid urban expansion.

2. Materials and methods
2.1. Study area

The YRD is located in the coastal region of eastern China (114°54'-
123°10'E, 35°20'-27°02'N) and has a total area of 358,000 km?>.
Although the north is characterized by flat terrain suitable for agricul-
tural production and urban development, the southern part is dominated
by mountainous areas (Fig. 1). The YRD encompasses the Shanghai
municipality as well as Jiangsu, Zhejiang, and Anhui provinces, repre-
senting one of the most populous and developed regions in China. As of
2015, this region supported 16% of the nation’s population and pro-
duced nearly one-quarter of its GDP with less than 4% of the country’s
land area (Yu et al., 2021). Shanghai, Nanjing, Hangzhou, Hefei,
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Fig. 1. Land use and land cover of the Yangtze River Delta and urban areas of the eight core cities as of 2015. The urban areas of all cities except Shanghai could be
enclosed within circles with diameters of 40 km. A larger diameter, 60 km, was necessary to enclose the urban area of the largest city, Shanghai.

Suzhou, Wuxi, Changzhou, and Ningbo are the eight largest cities of the
core YRD in terms of urban land area (Fig. 1 and Table S1). The circular
regions surrounding the centroid of these eight cities accounted for 30%
of urban land area in the YRD after 15 years of consecutive expansion at
an annual rate of 3% between 2000 and 2015 (Tao et al., 2018). Such
rapid urbanization has triggered demand for green spaces and generated
pressure to reduce CO; emissions (Chen et al., 2019), but it has also
decreased ecosystem productivity (Xu et al., 2014) and exacerbated
supply and demand mismatches of critical ES. For these reasons and as
described in detail below, we consequently analyzed these eight cities as
a separate cohort.

2.2. Data gathering and pre-processing

Five major YRD datasets were used in this study. (1) Land cover data
for the years 2000 and 2015 were produced by the Institute of Remote
Sensing and Digital Earth, Chinese Academy of Sciences through inter-
pretation of Landsat TM or ETM images at 30-m resolution (Fig. 1).
Urban land, unused land, cropland, grassland, woodland, wetlands, and
open water were classified with an overall accuracy of 85% relative to
that from ground-based survey data (Liu et al., 2014). (2) Net Primary
Productivity (NPP) products were downloaded from the MODIS Website
(https://modis.gsfc.nasa.gov) at 1-km resolution for estimation of car-
bon sequestration between 2000 and 2015. (3) The CO, emissions from
the industrial, service, transport, household, and agricultural sectors of
each city (i.e., an administrative unit) in the YRD in the years 2005 and
2015 were obtained from Cai et al. (2019a, 2019b) based on the China
High-Resolution Emission Database (CHRED), statistical data and onsite
surveys. By assuming constant CO, emissions per unit of GDP between
2000 and 2005, this study further estimated city-level CO, emissions in
2000 (E2000) by correcting CO4 emissions data in 2005 (Ezp0s) with the
GDPygo-to-GDP2qgs ratio of each city as follows:

GDProo

Eso00 = Epps @
2000 2005 ® =1 Paoos

(4) Nighttime lights time series datasets during 2000-2015 were
provided by NOAA’s National Centers for Environmental Information

(https://www.ngdc.noaa.gov) at 1-km resolution for allocating city-
level CO2 emissions to every urban pixel. (5) Gridded GDP and popu-
lation products in the years 2000 and 2015 of the YRD were obtained
from the Data Center for Resources and Environmental Sciences, Chi-
nese Academy of Sciences (http://www.resdc.cn). These datasets were
produced in two major steps. First, the GDP and population data of each
city were obtained from the statistical yearbooks in the years 2000 and
2015. Second, the city-level statistical data on GDP and population were
spatially distributed to every 1-km grid cell of each city based on land
cover and nighttime lights intensity maps. These gridded GDP and
population datasets were employed in this study to estimate ES demand
at 1-km resolution. All of the 1-km gridded datasets described above,
including nighttime lights, NPP, GDP, and population were aligned and
resampled using the nearest neighbor algorithm for further manipula-
tion (Fig. S1).

2.3. Mapping carbon sequestration supply and demand

The supply of carbon sequestration refers to the annual capacity of
vegetation to absorb and remove CO from the atmosphere. It was
quantified using the NPP products obtained in the years 2000 and 2015
(Fig. 2). The amount of sequestered CO5 in each 1-km grid cell (CSs) was
calculated by multiplying NPP by 1.63, the commonly accepted con-
version factor to estimate COy sequestration from NPP (Chen et al.,
2019).

CS, = 1.63 x NPP

The demand for carbon sequestration (CSp) refers to the annual
amount of anthropogenic CO» emissions that must be reduced to meet
relevant carbon reduction goals. Using city-level CO, emissions data in
the years 2000 and 2015, the amount of CO3 emissions in each 1-km grid
cell was calculated in two steps.

First, CO, emissions were only attributed to urban and cropland
pixels as classified in Fig. 1. Because urban energy use and the conse-
quent CO, emissions were closely related to the nighttime lights in-
tensity of urban pixels (Han et al., 2018), we estimated CO, emissions in
each 30-m urban pixel (Eyrpan pixel) Of a specific city as the sum of CO,
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Fig. 2. Assessment framework to integrate supply of and demand for carbon sequestration and nature-based recreation services in the YRD.

emissions from the industrial, service, transport, and household sectors
weighted by nighttime lights intensity. Meanwhile, agricultural COy
emissions of a specific city were equally distributed to every 30-m
cropland pixel (Ecrop pixel) in this city using the following equations:

Lurban _pixel

Evrvan_piset = (Eindustry + Esenvice + Euansport + Enousenold) SL
urban_pixel

E _ Eagrirulture
crop_pixel —
N, crop_pixel

where Eindustry’ Eservices Etran_spum Ehouseholds and Eagriculture are COz emissions
from industrial, service, transport, household, and agricultural sectors in
the city, respectively; Nerop pixer is the number of cropland pixels in the
city; Lubanpixel Tepresents the dimensionless nighttime lights (i.e.,
brightness value) of an urban pixel; and > Lurbanpixel is the sum of
nighttime lights of all urban pixels in the city. Here the 1-km nighttime
light data were first resampled to the 30-m resolution, and they were
then aligned with the 30-m urban land cover map using the nearest
neighbor algorithm to calculate the nighttime light intensity of each
urban pixel.

Second, CO, emissions from all 30-m urban and cropland pixels
within each 1-km grid cell (Egq) were aggregated using the following
equation:

Egrid = § Eurban,pixel+ § Ecrop,p[xel

On the basis of CO, emissions estimates for each grid cell, two na-
tional policies on reduction of CO, emissions in the medium- and long-
term were considered in estimating CSp (Fig. 2). The mid-term carbon

reduction goal requires China and the YRD to reduce CO, emissions per
unit of GDP by 60% between 2000 and 2030 (Chen and Chen, 2011).
Accordingly, the amount of CO; emissions that must be sequestered in
each grid cell was estimated using the following equations:

cS, — Egria — Egoat; i Egria > Egoul
P 07 legnd S Egoal

Ex00

an = = ~n
84 GDPaog

o (1-0.6)eGDP;

where Eg;g and Egoq are actual and permitted CO, emissions in each grid
cell; Exgpo is CO2 emissions of each grid cell in 2000; E3000/GDP2goo
represents CO5 emissions per unit of GDP of each grid cell in 2000; and
GDP; is GDP of grid cells in the year i (i = 2000 or 2015).

In comparison, the long-term carbon neutrality goal requires that all
CO, emissions, regardless of the amount of GDP produced in that region,
must be offset through carbon sequestration as of 2060 (Cai et al., 2021).
To accomplish this goal, CSp is equal to the total amount of CO, emis-
sions in each grid cell.

CSD:E

grid

2.4. Mapping nature-based recreation supply and demand

The supply of nature-based recreation (NRg) refers to the capacity of
natural areas to provide recreational benefits to people. It was measured
as the total area of ecological land, defined as woodland, grassland,
wetlands, and open water, that was accessible to the residents in each 1-
km grid cell. Estimation of NRg was made at two levels of spatial
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accessibility — local and regional (Fig. 2). From a local perspective,
ecological land is only accessible to residents within each grid cell. Thus
NRs is equal to the ecological land area of each grid cell (Agqq).

NRs = Agrid = Awaod +Agra:s +Awel + Avater

where Ayood, Agrasss Awes and Ayqeer are the area of woodland, grassland,
wetlands, and open water calculated based on land cover data at 30-m
resolution in each grid cell.

From a regional perspective, people can travel to access ecological
land in adjacent regions. We selected 5 km as the maximum walkable
distance to adjacent ecological land and assumed that the ecological
land of any grid cell is equally accessible for all residents within the 5-
km buffer zone (Liu et al., 2020). Under this assumption, NRg was
estimated using land cover and gridded population data in three steps.

First, the ecological land area of any grid cell shared by every resi-
dent within the 5-km buffer zone of that grid cell (Aper cqita) Was
calculated from:

Agrid
Prugper

Aper,z:apim -

where Agyq is as defined above and Py represents total population
within the 5-km buffer zone.

Second, because every resident of a given grid cell can have access to
the ecological land from all of the grid cells within its 5-km buffer zone,
the ecological land area available for every resident in each given grid
cell (Sper capita) Was totaled as follows:

n
Sper,capim = § Aper,z‘apim,i
i=1

where Aper cqpita i is the ecological land area of grid cell i shared by every
resident; and n is the number of grid cells within the 5-km buffer zone of
the given grid cell.

Third, Sper capita Was multiplied by total population in the grid cell
(Pgriq) to represent NRg as the sum of ecological land area available for
all the residents in each grid cell:

NRs = Sper_rapim X Pgrid

The demand for nature-based recreation (NRp) refers to the desire of
residents to experience nature for recreational and mental benefits. It is
measured at the local scale as the total area of ecological land desired by
all of the residents in each grid cell (Fig. 2):

NRp = Bper_capita X Pgria

where Pgiq is as defined above and Bper cqita represents the basic
ecological land area desired by every resident in a given grid cell. Its
value was set at 60 m> according to Li and Wang (2004).

2.5. Ecosystem service supply—demand ratio index

As described above, CSg and CSp were measured as the amount of
sequestered and emitted CO5, while NRg and NRp, were measured as the
area of accessible and desirable ecological land, respectively. Thus the
supply of and demand for either of these two ES were directly compa-
rable with the same unit of measurement. We further quantified ES
budgets by developing an ES supply-demand ratio index (ESg) as
follows.

ESs — ESp
ESg
ESs — ESp
ESp

,IfESg > ES)
ESg =
LifESs < ESp

where ESg and ESp represent supply of and demand for ES in terms of
carbon sequestration and nature-based recreation, respectively, and ESg
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ranges between —1 and 1. Positive values of ESg indicate the proportion
of ES supply in the grid cell that can be potentially contributed to other
regions, while negative values of ESg indicate the proportion of unmet
demand for ES in the grid cell. ESg values were further subdivided into
20 levels at intervals of 0.1. ES deficient, balanced, and surplus regions
were assigned ESg values ranging between [-1.0, —0.1), [-0.1, 0.1],
and (0.1, 1.0], respectively. The calculation and mapping of ES supply,
demand, and budgets were conducted using the ArcGIS 10.2 version
software.

3. Results
3.1. Spatio-temporal variations in CSs and CSp

The calculated amount of sequestered CO» in the YRD was 295 Tg in
2000 and 351 Tg in 2015, representing a 19% increase in CSg (Fig. 3a).
This was probably due to proliferation of vegetative growth under the
favorable environmental conditions, such as increased annual precipi-
tation and temperature that characterized this period of 2000-2015 (Wu
et al., 2014).

Under the mid-term carbon reduction goal, CSp, tripled from 315 Tg
in 2000 to 964 Tg in 2015 (Fig. 3b). As a result, the supply—demand ratio
decreased from —0.06 in 2000 to —0.64 in 2015 (Fig. 3c), which in-
dicates that CSg was 94% of CSp in 2000 but only 36% of CSp in 2015.
The overall gap between CSg and CSp in the YRD is consequently
widening. In comparison, areas of deficient CSg accounted for 16% of the
total land area in 2000, but this number decreased to 10% in 2015
(Fig. 3d). This tendency was also evident in Fig. 4a and 4b, as the sup-
ply-demand ratio changed from negative to positive (i.e., red to green)
in many core urban areas, such as Shanghai, Suzhou, and Hangzhou due
to rapid economic growth and sharp decreases in CO5 emissions per unit
of GDP by over 60% during 2000-2015.

Under the long-term carbon neutrality goal, CSp dramatically
increased by nearly threefold from 525 Tg in 2000 to 1820 Tg in 2015
(Fig. 3b), while the supply-demand ratio decreased from —0.44 to
—0.81 during the same period (Fig. 3c). These results indicate that CSg
met about half of the CSp in 2000, but only about one-fifth of it in 2015.
This was likely due to an explosive increase of CO, emissions in the YRD.
Areas of deficient CSg accounted for about 20% of the total land area and
remained relatively stable between 2000 and 2015 (Fig. 3d), but the
level of deficiency increased from low (light green) to high (bright red)
in these deficit areas (Fig. 4c and 4d). In general, urban areas were
hotspots of CO, emissions where CSp, far exceeded CSg. Vegetated areas,
including woodland, grassland, and cropland were the primary con-
tributors to CSs in areas with low CSp, and water areas exhibited a
balance between low levels of CSg and CSp (Fig. 4).

For the eight core cities, CSs amounted to 5 Tg in 2000 and 2015,
which accounted for less than 2% of the total CSg in the YRD (Fig. 3e).
Under the mid-term carbon reduction goal, CSp from these cities more
than doubled from 98 Tg in 2000 to 206 Tg in 2015 (Fig. 3f). Conse-
quently, the supply-demand ratio decreased slightly from —0.95 in 2000
to —0.98 in 2015 (Fig. 3g), implying that CSg offset less than 5% of CSp
in these eight core cities. In comparison, areas of these cities with
deficient CSg shrank from 73% to 48% of the total land area between
2000 and 2015 (Fig. 3h). This is attributable to sharply reduced CO4
emissions per unit of GDP and thus decreased CSp in the eight core urban
areas (Fig. 4a and 4b). Under the long-term carbon neutrality goal, CSp
more than tripled from 164 Tg in 2000 to 507 Tg in 2015 (Fig. 3f). The
supply-demand ratio was lower than —0.99 as of 2015 (Fig. 3g), and the
areas of deficient CSg (e.g., mostly urban areas) expanded from 79% to
85% of the total land area during 2000-2015 (Fig. 3h, 4c, and 4d). There
was consequently a huge gap between CSg and CSp in these eight cities.

3.2. Contributions of urban expansion to CSs and CSp budgets

We examined urban areas that expanded between 2000 and 2015 to
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Fig. 3. Carbon sequestration supply, demand, and budgets (i.e., supply-demand ratio) in the YRD and the eight core cities under alternative carbon reduction
policies. Expanded urban areas refer to the areas that underwent urban expansion between 2000 and 2015.
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Fig. 4. Spatial (mis)matches between supply of and demand for carbon sequestration in the YRD and the eight core cities under alternative carbon reduction policies.
The diameters of the enlarged circles equal 60 km for Shanghai and 40 km for the other seven cities.



Y. Tao et al.

explicitly quantify the contributions of such expansion to CSg and CSp
budgets. Spatial overlaps between these expanded urban areas and
expanded deficit areas were also extracted to track the contributions of
urban expansion to the growth of deficit areas.

About 3% of the total land area in the YRD was subject to urban
expansion between 2000 and 2015. CSg within these expanded urban
areas decreased by 4 Tg, which accounted for 7% of the net increase in
CSs over the entire YRD (Fig. 3a). Under the mid-term carbon reduction
goal, CSp within the expanded urban areas increased by 760 Tg between
2000 and 2015. In comparison, CSp of the entire YRD grew by only 649
Tg during the same period (Fig. 3b), and thus CSp in the non-urbanizing
regions must have simultaneously decreased by 111 Tg (or 48%). Under
the long-term carbon neutrality goal, CSp within the expanded urban
areas increased by 1161 Tg between 2000 and 2015, which accounted
for 90% of the net increase in the entire YRD (Fig. 3b). About nine-tenths
of the increase in CSp under the long-term goal is consequently attrib-
utable to intensified CO, emissions associated with urban expansion,
which also contributed two-thirds of the total increase in the deficit area
(Fig. 3d).

We also examined the expanded urban areas within the eight core
cities of the YRD. Urban expansion consumed 18% of the land area in the
eight core cities between 2000 and 2015. CSg within these expanded
urban areas decreased by 0.6 Tg, which was six times larger than the net
increase of CSg in the entire areas of these eight cities (Fig. 3e). Under
the mid-term carbon reduction goal, CSp within the expanded urban
areas increased by 157 Tg between 2000 and 2015, which surpassed the
net increase of CSp by 45% in all areas of these eight cities (Fig. 3f).
Under the long-term carbon neutrality goal, urban expansion contrib-
uted 85% of the total increase in CSp and 79% of the growth in deficit
area in these eight cities (Fig. 3f and 3h).

3.3. Spatio-temporal variations in NRg and NRp

The ecological land area of the YRD totaled 137,551 km? in 2000 and
136,649 km? in 2015, representing a 902 km? decrease of NRg due to
urban expansion (Fig. 5a). During the same interval, population growth
increased demand for ecological land area (NRp) by 13%, from 11,708
km? to 13,288 km? (Fig. 5b). Although NRp was only about one-tenth of
NRg between 2000 and 2015 (Fig. 5¢), areas of deficient NRg accounted

(b) Nature-based recreation demand
in the YRD (Unit: thousand km?)

(a) Nature-based recreation supply
in the YRD (Unit: thousand km?)

mm YRD mExpanded urban areas mmYRD mExpanded urban areas

200 18
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for 26~43% of the total land area in the YRD (Fig. 5d). These deficit
areas were dominated by urban and cropland areas in the northern
plains (Fig. 6).The situation was much different for the eight core cities,
where NRp, dramatically increased by 48% from 1,753 km? to 2,595 km?
over the same period of study (Fig. 5f). As of 2015, these eight cities
occupied only 3% of the total land area, but they were responsible for a
disproportionate 20% of the NRp, in the entire region owing to their very
high and increasing population density.

When defined in terms of local accessibility within each 1-km grid
cell, NRg in these eight cities totaled 2,000 km? with a slight decrease
between 2000 and 2015 (Fig. 5e). Simultaneously, the supply—-demand
ratio decreased from +0.13 in 2000 to —0.23 in 2015 (Fig. 5g). This
indicates that demand for local access to ecological land, which
exhausted only 87% of supply in 2000, surged such that it exceeded
supply by 23% just 15 years later. As a consequence, more than 70% of
the total land area was classified as deficient as of 2015 (Fig. 5h). If, on
the other hand, supply of ecological land is based on the criterion of
nearby accessibility, i.e. its location within a walking distance of 5 km,
then NRg in the eight cities was 7% greater as compared to that with
local accessibility (Fig. 5e). The supply—demand ratio decreased during
this same interval from +0.19 to —0.17 as an overabundant supply of
nearby ecological land became exhausted (Fig. 5g). Coincidentally,
areas of deficient supply expanded from 48% to 57% of the total land
area in these eight cities (Fig. 5h).

3.4. Contributions of urban expansion to NRs and NRp budgets

The influence of urban expansion on NRg and NRp were quantified
following the approaches presented in the Section 3.2. The expanded
urban areas of the YRD experienced a moderate 15~26% decrease in
NRg, but a dramatic 86% increase in NRp during 2000-2015. As of 2015,
these expanded urban areas contributed only 5% of the total NRg of the
YRD, but they represented 27% of the total NRp in the region (Fig. 5a
and 5b). Urban expansion also contributed 50~60% of the increased
deficit area in the YRD (Fig. 5d).

For the eight core cities, NRg of the expanded urban areas decreased
by 18~35%, but NRp more than doubled during 2000-2015. As of 2015,
these expanded urban areas contributed about one-fifth of the total NRg
but one-half of the total NRp (Fig. 5e and 5f). In addition, over 70% of
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Fig. 5. Nature-based recreation supply, demand, and budgets (i.e., supply-demand ratio) in the YRD and the eight core cities at different levels of accessibility.
Expanded urban areas refer to the areas that underwent urban expansion between 2000 and 2015.
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Fig. 6. Spatial (mis)matches between supply of and demand for nature-based recreation in the YRD and the eight core cities at local to regional levels of accessibility.
The diameters of the enlarged circles equal 60 km for Shanghai and 40 km for the other seven cities.

the increased deficit area was attributable to urban expansion (Fig. 5h).
These findings indicate an even stronger impact of urban expansion on
NRg and NRp in these eight core cities than over the entire region.

3.5. Key influencing factors of ES supply and demand

As shown in Fig. 7a, on average, cropland, woodland, and urban land
contributed 50%, 35%, and 8%, respectively of the CSg in the YRD
during 2000-2015. These three land uses were also the primary sources
of CSg in the eight core cities. Owing to rapid urban expansion and
cropland losses, CSs of urban land increased dramatically from 12% to
25% of the total CSs in these eight cities between 2000 and 2015, but CSg
of cropland decreased from 69% to 55% of the total CSg during the same
period (Fig. 7f). The CSg per unit area of woodland, cropland, and urban
land in the YRD averaged 9.8, 7.9, and 5.9 tons/ha, respectively
(Fig. 7b). In comparison, the CSg per unit area of these three land uses in
the eight core cities averaged only 7.6, 4.9, and 1.9 tons/ha. In each
case, the cities significantly underperformed the YRD as a whole, by
22%, 38%, and 68%, respectively (Fig. 7g). This was probably because
of development of high density urban areas, cropland fragmentation,
and associated cropland abandonment as more rural residents migrate to
the urban areas in these rapidly growing cities (Hou et al., 2021).

On the demand side, the quantity of CO, emissions is the dominant
factor affecting CSp under the long-term carbon neutrality goal. Based
on publicly available datasets (Cai et al., 2019a, 2019b), CO4 emissions
from the industrial and transport sectors accounted for 88% and 8% of

the total CO, emissions in the YRD, respectively (Fig. 7c). These two
sectors also contributed over 95% of the total CO5 emissions for the eight
core cities (Fig. 7h). Between 2000 and 2015, industrial and transport-
related CO, emissions more than tripled in the YRD, resulting in a par-
allel increase in total CO5 emissions. As of 2015, the service sector
contributed only 2~3% of the total CO; emissions in the YRD and the
eight core cities, but these emissions increased exponentially by 8~13
times during 2000-2015 (Fig. 7c and 7h).

Calculation of CO, emissions per unit of GDP provides additional
information that is directly relevant to the mid-term carbon reduction
goal. CO, emissions per million yuan of GDP in the YRD decreased from
190 tons in 2000 to 115 tons in 2015, representing a 39% reduction
(Fig. 7d). For the eight core cities, this number decreased even faster, by
83% during the same period (Fig. 7i). This means that these cities have
already surpassed the national goal of reducing CO5 emissions per unit
of GDP by 60% between 2000 and 2030 (Chen and Chen, 2011). Owing
to the rapidly decreased CO5 emissions per unit of GDP as of 2015, CSp
was lower by 47~59% under the mid-term carbon reduction goal than
under the long-term carbon neutrality goal (Fig. 3b and 3f).

The ecological land area per capita is critical in determining NRg and
NRp, especially for the densely populated urban areas. As shown in
Fig. 7e and 7j, the ecological land area per capita in the eight core cities
amounted to only one-tenth of that over the entire YRD. Moreover, it
decreased by one-third, from 69 m? in 2000 to 46 m? in 2015, due to
urban encroachment and population growth. As a consequence, NRp
increased and surpassed NRg, and the areas of deficient NRg expanded
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Fig. 7. Key factors that influence the supply of and demand for carbon sequestration and nature-based recreation services in the YRD and the eight core cities.

rapidly in these eight core cities (Fig. 5g and 5h). Our results also
highlight the importance of spatial accessibility in estimating NRg. In
general, NRg of urban areas would increase if ecological land was
accessible not only locally but also regionally from a longer distance
(Fig. 5e), so that the ecological land resources of adjacent rural areas
could be accessed by urban residents.

4. Discussion

4.1. ES supply and demand dynamics are best revealed at high spatial
resolution and under multiple scenarios

There has been a growing number of international and Chinese case
studies that investigate supply and demand dynamics of ES (e.g., carbon
sequestration and nature-based recreation) in hotspots of urbanization.
These studies reveal growing disparities over time and intensified mis-
matches over space between supply of and demand for ES under rapid
urbanization of major metropolises, such as New York (Herreros-Cantis
and McPhearson, 2021), Barcelona (Baro et al., 2016), Madrid
(Gonzalez-Garcia et al., 2020), Shanghai (Chen et al., 2019), and
Guangzhou (Liu et al., 2020).

The results presented here not only confirm that urban expansion is
one of the primary contributors to the imbalance between ES supply and
demand in the rapidly urbanizing regions of the YRD, but also improve
on previous approaches by estimating CSp with respect to alternative
carbon reduction goals. Accordingly, CO5 emissions per unit of GDP in
major urban areas of the YRD were reduced by 83% between 2000 and
2015 (Fig. 7i), which far surpassed the 60% mid-term carbon reduction
goal. This in turn led to sharply decreased CSp between 2000 and 2015
and a reverse in the supply—demand ratio from negative to positive in
the core of these urban areas under this mid-term goal (Fig. 4a and 4b).
In contrast, every gram of CO; emissions should be sequestered
regardless of its economic efficiency under the long-term carbon
neutrality goal. It is consequently significant that CSp more than tripled
between 2000 and 2015 as supply scarcity intensified from low to high
in major urban areas (Fig. 4c and 4d). These policy-relevant estimations

of CSp, in conjunction with CSg, indicate where and how many of CO,
emissions should be offset through carbon sequestration under alter-
native carbon reduction goals, and thus provide a concrete scientific
basis to inform adaptive strategies for achieving regional carbon
neutrality.

Our study also estimates NRg for each grid cell at multiple levels of
spatial accessibility, so that the influence of neighboring cells is syn-
thesized into the analysis. NRg increased markedly in major urban areas
of the YRD as their access to ecological land extend from local to pe-
ripheral grid cells (Fig. 5e). This further influences budgets between NRg
and NRp, as the areas of deficient NRg, i.e., those red areas in Fig. 6,
decreased from 43% to 26% of the total land area over the YRD, due to
increased threshold distance from 1 to 5 km. These accessibility findings
consequently highlight the importance of improving connectivity be-
tween urban and more peripheral areas in alleviating supply scarcity of
NRs in the urban core.

Whilst most other studies quantify ES supply, demand, and budgets
at the city or district level (Sun et al.,, 2019; Yu et al., 2021), we
developed spatially explicit models to map the budgets between ES
supply and demand for each 1-km grid cell of the YRD (Figs. 4 and 6).
These high resolution maps of ES identify areas of supply scarcity that
could be further associated with urban expansion and gridded popula-
tion and GDP datasets to generate information with strong socio-
economic implications. For instance, we estimate that as of 2015, as
much as 57% of GDP produced in the YRD negatively affected carbon
budgets (Fig. 8a), and up to 65% of the total population was subject to
scarce nature-based recreational opportunities (Fig. 8c). There was an
even higher proportion of GDP and population located in the ES deficit
areas of the eight core cities (Fig. 8b and 8d). These results imply an
urgent need to manage ES supply shortfalls and their impact on human
well-being in these rapidly urbanizing regions.

4.2. Limitations and prospects for future research

Although our approach has led to new insights about ES supply and
demand, it is subject to several limitations. First and foremost, it is
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Fig. 8. Distribution of GDP and population in the deficit areas of carbon sequestration and nature-based recreation services.

crucial to acknowledge the spatial relationships between service
providing and service benefiting areas (Fisher et al., 2009) that can vary
by each service. Such spatial relationships play an essential role in
determining the best suitable spatial unit or scale for mapping ES sup-
ply-demand budgets. For example, for carbon sequestration service, CSg
is locally provided in each grid cell, but the beneficiaries (e.g., urban and
rural residents) are located both within and beyond the scope of each
grid cell. Because of this, CSp does not necessarily need to be offset by
CSs on-site. Here urban grid cells have inherently high CSp but low CSsg,
and it seems infeasible for these urban areas to reach complete carbon
neutrality. Therefore, although our 1-km gridded maps present spatially
explicit locations of mismatches between CSs and CSp, we should be
cautious to interpret these results at such a high resolution. In com-
parison, we might obtain more policy-relevant results simply by
focusing on the whole area of study (including both urban and sur-
rounding rural landscapes) to assess budgets between CSg and CSp, at the
regional level. Second, it is challenging to downscale city-level COy
emissions data to the pixel level when we attempted to map CSp at a 1-
km resolution. Although urban CO, emissions have been positively
associated with nighttime lights intensity (Han et al., 2018), use of
spatially allocated nighttime lights as a proxy for CO, emissions from the
industrial, service, transport, and household sectors introduces potential
uncertainties. It can be even more complicated to determine agricultural
CO, emissions from each cropland pixel. We simplified this process by
equally allocating CO, emissions from the agricultural sector to each
cropland pixel, but this, too, introduces uncertainties. It will be impor-
tant to correct our gridded estimates of CO, emissions as more detailed
classification of urban land uses and crop types become available in the
future. Third, this current study assumed that different grid cells of the
YRD share the same carbon reduction goal. But in reality, some grid cells
(e.g., those with higher GDP contributions) might need to reduce more
CO; emissions than the others due to their inherent differences in CO4
reduction potentials. Thus the accuracy of CSp estimates could be
further improved in follow-up studies that consider any weight indicator
(e.g., GDP, population density, nighttime lights intensity) in deter-
mining site-specific carbon reduction goals over the YRD.

As to nature-based recreation service, NRg was measured simply as
the total area of available ecological land in this study. This approach
neglects ecological land characteristics such as biomass, species rich-
ness, size, and shape that are known to influence NRg (Liu et al., 2021).
Moreover, the contiguity among grid cells was assessed using buffer
analysis, an approach that can be improved by using road maps to more
accurately measure the amount of ecological land available for each grid
cell. It would also be much more accurate by applying a decay function
(e.g., exponential or logistic based on empirical data) to account for fine-
scale service declining pattern in response to distances to ecological
land, as the threshold distance applied in this current approach might be
equally accessible for all beneficiaries (e.g., 5-km distance might be too
long for elderly or physically disabled people) (Miyake et al., 2010).
Croplands play a substitutional role in providing nature-based
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recreational opportunities to urban and rural residents (He et al., 2019),
but the contribution of this land cover type to NRg was not quantified in
the present study. This likely contributed to the observed significant
shortfalls in NRg for agricultural areas of the northern YRD (Fig. 6). On
the demand side, NRp was estimated using the ecological land area
required per capita for recreation as a proxy. This value was set constant
as 60 m> per capita (Li and Wang, 2004), but in fact, the individual
demand for ecological land area varies from urban to rural regions due
to the contrasting levels of income, education, and population density
(Zhou et al., 2018). Although challenging, this information could be
obtained in future studies by using a participatory approach to assess the
perceptions and preferences of local residents.

In addition to mapping ES budgets, analyses of ES dynamics in
response to rapid urban expansion were also subject to several limita-
tions. Although we examined the urbanization effects on ES budgets not
only for the entire region of study but also for the eight core cities, they
were not illustrated separately but rather as one integrative case.
Because of this, nuances in urban expansion and consequent changes in
ES budgets across these cities were not explicitly revealed. Further ef-
forts would be worthwhile to investigate how urban expansion and its
impact on ES budgets differ across a range of cities with varying socio-
economic and natural factors, and how these factors contribute to dif-
ferences in urban expansion effects on ES budgets.

4.3. Policy implications for bridging the gaps between ES supply and
demand

Our findings have important implications for the ability of the YRD
to meet its overall carbon reduction goals, and it mandates increased
attention to rapidly expanding cities that characterize this region. We
estimate that the CSg per unit area of urban land is as much as 75% less
than that of woodland and cropland in the eight core cities of the YRD.
Although CSg per unit area of all three land types increased somewhat
between 2000 and 2015, this was accompanied by markedly increased
emissions from the industrial, transport, and service sectors.

We recommend that steps must be taken to manage the extent and
form of urban expansion in these hotspots of urbanization. This should
involve concrete measures to limit urban encroachment onto cropland
and woodland coupled with policies to promote urban greening. Un-
controlled encroachment that leads to sprawl, which exacerbates
transportation needs, must be avoided. There is also considerable room
for improvement of economic efficiency, given that as of 2015, 39% of
GDP in the eight core cities was produced in areas of carbon seques-
tration deficiency, i.e., those where CSp surpassed CSs (Fig. 8b).

We also recommend that the countermeasures proposed above
would enhance the quality of life of urban residents as quantified here in
terms of accessibility to nearby and adjacent ecological land. Spatial
relationships are critical in this regard. As of 2015, local access, i.e., that
within individual 1-km grid cells, met the needs of just 35% of the total
population in the YRD, but if adjacency is considered, the needs of 54%
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in the total population are met (Fig. 8c). This underscores the impor-
tance of urban form and the desirability of connecting densely populated
urban areas with peripheral natural areas via greenways.

5. Conclusions

In this study, the supply and demand dynamics of two important
ecosystem services (i.e., carbon sequestration and nature-based recrea-
tion) were quantified for the rapidly urbanizing YRD of China. Although
CSs is moderately increasing in the YRD, this favorable trend is being
more than offset by sharp increases in CSp. As of 2015, only one-fifth of
CSp in this critical, rapidly developing economic region was offset by
CSs under the long-term carbon neutrality goal. Urban expansion
contributed nine-tenths of the total increase in CSp and two-thirds of the
growth in deficit area where CSp surpassed CSg. But these deficit areas
shrank in major urban areas due to improved economic efficiency of CO5
emissions per unit of GDP under the mid-term carbon reduction goal.
Our results also showed a slight decrease in NRg but a moderate increase
in NRp over the YRD. Between 2000 and 2015, more than half of the
increased deficit area was attributable to urban expansion, these
expanded urban areas contributed only 5% of the total NRg while 27% of
the total NRp in the YRD. As of 2015, NRp surpassed NRg by one-fifth in
the eight core cities of the YRD. The gaps between NRg and NRp in these
major urban areas could be reduced by increasing the amount and
connectivity of ecological land between urban and its peripheral regions
(e.g., 5-km buffer zones).
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