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Abstract: Major function-oriented zoning, a key spatial planning strategy in China, aims to coordinate
resource endowments, socio-economic development, and subsequent planning initiatives. However,
the existing framework for major function-oriented zoning relies predominantly on socio-economic
statistical indicators at the regional level, often neglecting the critical role of carrying capacity. To
address this limitation, we assessed both the current state and dynamic trends of the carrying
capacity to identify risk and advantageous zones for major functions, with the objective of optimizing
major function-oriented zoning in the Yangtze River Delta region, China. Our findings indicate that
47 counties are experiencing significant pressure under the current carrying capacity, while 57 counties
exhibit a deteriorating trend in their capacity. Over half of the counties are categorized as having
an overloaded carrying capacity. Based on this analysis, 66 counties have been designated as risk
zones for major functions. Consequently, the optimization of major function-oriented zoning requires
adjustments in 10 counties, incorporating the identified risk and advantageous zones to enhance
spatial planning efficacy. This study proposes an enhanced methodological framework for major
function-oriented zoning by fully integrating carrying capacity assessments, offering substantial
support for territorial spatial planning in China. We believe that these improvements contribute
significantly to more resilient and sustainable regional development strategies.

Keywords: carrying capacity; major function-oriented zoning; Yangtze River Delta; spatial planning

1. Introduction

Spatial zoning, as a public tool to provide strategic guidance in regional coordinated
development, has attracted global attention [1-4]. Western countries have transformed
spatial zoning from material allocation to social development, which has placed emphasis
on environmental factors [5]. In contrast, spatial zoning in developing countries remains
in an exploratory phase. In China, major function-oriented zoning, a type of spatial
zoning, has been implemented in a unique Chinese context over the last two decades.
China is a vast country with the world’s largest population, characterized by significant
regional heterogeneities in development status. Since the reform and opening, China
has achieved rapid urbanization and industrialization, albeit at the cost of resources and
environmental degradation. Meanwhile, there are disparities in economic development,
resource endowments, and environmental carrying capacity across different regions in
China [6]. In this context, China’s ongoing urbanization requires differentiated spatial
zoning strategies to guide effective growth. Unlike China’s major function-oriented zoning,
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which is highly integrated into national economic and territorial strategies, countries like
the USA and the European Union have developed spatial plans that are more decentralized
and often emphasize regional coordination at state or regional levels. For instance, in the
United States, spatial planning is heavily influenced by individual states and urban regions,
with a focus on balancing development and environmental protection [7,8]. Similarly, the
European Union’s spatial planning frameworks, such as the European Spatial Development
Perspective (ESDP), aim to promote territorial cohesion and balanced regional development
across member states [9]. These approaches, while sharing common goals with China’s
zoning strategies, differ in terms of governance structure and implementation processes.
Under such circumstances, it is significant to improve major function-oriented zoning to
refine the existing knowledge of spatial zoning.

Although the goal of major function-oriented zoning to coordinate the relationships
between economic development, ecological protection, and resource utilization is clear [10],
identifying major functional zones is still a challenge for Chinese cities. On the one hand,
a scale contradiction exists between zoning and representative indicators [11]. Generally,
major function-oriented zoning is conducted at the county level, with indicators primarily
based on county-level statistical data such as development intensity, Gross Domestic Prod-
uct (GDP), and cultivated land quantity [12]. Consequently, spatially explicit indicators,
such as land suitability and carrying capacity, are relatively underutilized. On the other
hand, major function-oriented zoning is often determined according to the current situation
of a certain region. The core idea of major function-oriented zoning integrates multiple
factors, including natural conditions, socio-economic development, ecosystem characteris-
tics, and human activities [13]. The indicators used to determine major function-oriented
zoning are mainly selected at one fixed time-point, given data availability and applicability.
Consequently, the concern of determining major function-oriented zoning is still urgent to
be addressed.

Thus far, a large body of literature has been committed to conducting major function-
oriented zoning. Fan, J., W. Sun, K. Zhou, and D. Chen [14] were the first to discuss the
theoretical thinking and methodological framework of major function-oriented zoning
according to the theories of regional function and spatial equilibrium. Also, the profile of
China’s major function-oriented zoning was incorporated into the Nation’s 12th Five-Year
Plan [15]. In addition, zoning schemes for Chinese regions and cities were successively
proposed [11,16]. Recently, an increasing body of studies has focused on improving the
methodological framework of major function-oriented zoning from the perspectives of
eco-economic coordination [17], marine management [18], and coupling Sustainable Devel-
opment Goals [19]. Despite the lack of consensus on the methodological framework, the
core procedure to determine major function-oriented zones remains consistent and relies
on a comprehensive evaluation of multiple indicators at a certain administrative unit. How-
ever, it should be noted that the original purpose of determining major function-oriented
zoning is based on a region’s resource and environmental carrying capacity, development
density, and potential [15]. Carrying capacity, however, was merely used as one of the
indicators to identify major function-oriented zones. Therefore, further exploration is
needed to develop a methodological framework for major function-oriented zoning that
fully integrates carrying capacity.

Carrying capacity is often regarded as the ideal extent to which the earth can support
a population, a concept frequently used in multiple disciplines [20-22]. Since rapid growth
has resulted in ecosystem and environmental degradation during the last century, carry-
ing capacity has become increasingly correlated with ecology [23], the environment [24],
and natural resources [25]. The decreased carrying capacity worldwide has forced many
countries to focus on carrying capacity for regional development [26-28], including spatial
planning [29,30]. In China, carrying capacity has been confirmed to be closely related to
economic growth, with land and water carrying capacities becoming the two critical factors
restricting socio-economic development [27,31]. Thus, developing major function-oriented
zoning based on carrying capacity has both practical necessity and theoretical significance.



Land 2024, 13,1732

30f18

In this study, we utilized carrying capacity to improve major function-oriented zoning
of the Yangtze River Delta region. As one of China’s most economically dynamic areas,
the Yangtze River Delta region plays a pivotal role in the nation’s modernization and
comprehensive opening-up strategies. The central government has repeatedly emphasized
the importance of supporting the integrated development of this region. However, due
to traditional administrative boundaries in China, local governments within the region
have independently designed their major function-oriented zoning strategies, leading
to governance fragmentation. From a national strategic perspective, efforts have been
made to dismantle these administrative barriers and implement productivity layouts
based on regional major function-oriented zoning. Under these circumstances, this paper
constructs a carrying capacity model that incorporates resources, environment, economy,
and society. This model is used to optimize the major function-oriented zoning of the
Yangtze River Delta, supporting the region’s sustainable development. The paper is
structured as follows. The following section is a literature review on policy development of
major function-oriented zoning and carrying capacity. Section 3 presents the framework.
Section 4 introduces the study area, method, and data source. Sections 5 and 6 cover the
results and discussion, respectively.

2. Literature Review
2.1. Policy Development of the Major Function-Oriented Zoning

The policy of major function-oriented zoning was published by the State Council of
China in 2010, aiming to achieve coordinated regional development through differentiated
spatial regulations based on the territorial function [14]. Although no identical policy exists
globally, similar regional planning concepts can be found in Western countries. For exam-
ple, Germany’s regional policy emphasizes balanced development by categorizing major
cities into zones with corresponding development plans, while England’s zoning classifies
regions based on economic revival and growth potential [2,3]. In addition, in countries
like the USA, spatial planning is more decentralized, with states and metropolitan areas
responsible for their own development strategies, often guided by federal environmental
and land-use regulations. The USA’s approach contrasts with China’s top-down gover-
nance, relying more on localized control and voluntary cooperation between regions [7].
Similarly, the European Union implements spatial planning at both the national and supra-
national levels, particularly through initiatives like the European Spatial Development
Perspective (ESDP), which seeks to promote territorial balance and sustainable growth
across the continent [9]. This decentralized, multi-level approach differs from China’s more
centralized spatial governance model, where major function-oriented zoning plays a key
role in integrating national, provincial, and local strategies.

Indeed, major function-oriented zoning can be dated back to the reform of spatial
planning in the beginning of 21st century. In 2002, the preliminary principles of major
function-oriented zoning in forging coordinated regional development to enhance the
guidance of spatial planning was proposed. In the following years from 2003 to 2006, the
ideals from functional zone to detailed function-oriented zone types were gradually deter-
mined in the process of formulating The Five-Year Plan for National Economy and Social
Development. The introduction of the National Major Function-oriented Zoning Plan was a
milestone; a framework with four zones, three types, and two levels was established [15,32].
Concretely speaking, the framework of the plan consisted of an optimized development
zone, key development zone, restricted development zone, and prohibited development
zone according to development intensity, urban development, agricultural production,
and ecological protection, according to major functions [19], and the national /provincial
level. The major function-oriented zones for China were delimited, which passed the stage
examination in 2015. In that period, the primary goal of the major function-oriented zoning
was providing support for spatial planning. In 2017, the enacted Opinions on Improving
the System of Major Function-Oriented Zoning expanded its role in assessing government
performance. It is stipulated that different performance assessment approaches should be
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implemented for different major function-oriented zones; ecology can be regarded as a type
of product that local governments will be required to purchase through transfer payments.

Major function-oriented zoning, as an essential part of territorial spatial planning, was
stipulated in the reform of spatial planning in 2019, highlighting its importance in spatial
governance through two key approaches. First, the concept of major function-oriented
zoning is integrated throughout the territorial spatial planning process. This integration
requires refining the strategic framework of major function-oriented zonings to ensure the
effective transmission and implementation of territorial spatial planning across all levels.
Second, major function-oriented zones are defined at the county and even finer scales, to
guide orderly local development through targeted spatial development polices.

2.2. Carrying Capacity

Carrying capacity was originally proposed to show the suitable numerical characteris-
tics of living organisms that a certain place can support [20,33]. It emphasized that resource
usage should be moderate to ensure the functions (e.g., self-regulation and self-recovery) of
a place to sustain human development [34]. In the late 20th century, increasing pressure on
resources and the environment from human activities shifted the focus of carrying capacity
research from ecology to resource and environmental science. Related studies expanded
to multiple dimensions, including resources, environment, ecology, and disasters [35-37].
With the widespread adoption of sustainable practices, the applicability of carrying capacity
studies has been enhanced. More attention has been given not only to the dynamic changes
in resource and environmental factors but also to the interactions between carrying capacity
and human influences such as technological progress, social development, and policy
responses [26,29,38—40].

In the Chinese context, the importance of coexistence between humans and nature has
led to a series of practical policies related to carrying capacity, since the central government
emphasizes ecological civilization and green development. The evaluation for a single
and static carrying capacity no longer satisfies the need for practical management. The
literature on carrying capacity is gradually shifting from classification, static, and qualita-
tive to integration, dynamic, and quantitative evaluation [38,41,42]. Also, the concept of
carrying capacity has evolved from carrying capacity for a single factor to comprehensive
carrying capacity. Currently, the evaluation of carrying capacity with suitability for spatial
development has become a basic means for formulating territorial spatial planning to
balance resource development and protection.

2.3. Major Function-Oriented Zoning Based on Carrying Capacity

China’s major function-oriented zoning strategy emphasizes spatial development
based on resource carrying capacity. This concept aims to align economic and population
growth with specific geographic areas’ resource endowment and environmental capac-
ity [10]. Carrying capacity is influenced by natural conditions and socio-economic factors,
which vary across different regions [38,41]. To achieve coordinated regional development,
it is crucial to ensure that the population size, economic scale, and industrial structure
remain within the limits of local resource environmental carrying capacity. Accordingly,
the indicator system for identifying major function-oriented zones incorporates key factors
such as water and soil resource conditions, environmental capacity, and natural disaster
risk, thereby guiding the adjustment of territorial spatial development patterns [37,38,42].

3. A Framework for the Major Function-Oriented Zoning Based on Carrying Capacity

Major function-oriented zoning is a spatial governance tool aimed at managing re-
source allocation and achieving coordinated regional development. The optimization of
major function-oriented zoning should address issues related to functional positioning
and adjustment needs, which are closely associated with resource- and environment-based
carrying capacity. It should be noted that carrying capacity is the indicator that shows
the resource and environmental situation, providing the basis for major function-oriented
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zoning. Identifying the current state of carrying capacity provides the upper limits and
bottom lines for determining the major function-oriented zones. Additionally, the future
development of major function-oriented zones can also be considered, by accounting for
the dynamic changes in carrying capacity over the past decades. Thus, the framework to
develop major function-oriented zoning based on the current state and changing trends of
carrying capacity is established (Figure 1).
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Figure 1. Framework of improving major function-oriented zoning based on carrying capacity.

Thus, the first step of the improved framework for major function-oriented zoning is
carrying capacity evaluation. The core concept of carrying capacity includes two aspects:
the first is understanding the current state of regional resources and environmental en-
dowments, and the second is comprehending the dynamic changes of regional resources
and the environment to identify spatial development conflicts and opportunities. These
aspects align with the dynamic optimization needs of major function-oriented zoning. To
maximize the benefits of limited land resources, a carrying capacity evaluation, which
combines natural conditions, socio-economic factors, land use, etc., with both static and
dynamic perspectives, is necessary.

The second step of this framework is identifying potential deficiencies of the existing
major function-oriented zoning, which involves analyzing risk zones and advantageous
zones for major functions based on carrying capacity evaluation. Here, risk zones and
advantageous zones for major functions are regions with developmental conflicts or op-
portunities for the existing major function-oriented zones. Based on the carrying capacity
evaluation, the characteristics of resource and environmental backgrounds and their limita-
tions or strengths can be identified to provide support for the baselines of spatial planning.
By comparing the results of carrying capacity evaluation with the current development
conditions, potential risks and specific strengths in regional development can be high-
lighted. This approach provides spatial strategies for high-quality development and helps
coordinate prominent spatial conflicts between development and protection.

The third step involves improving the existing major function-oriented zones based on
the identified risk zones and advantageous zones for major functions. Human-environment
interactions lead the major function-oriented zones to change over time. The precise
and flexible monitoring of the major function-oriented zones based on carrying capacity
supports rational spatial governance as these dynamics evolve. Therefore, integrating the
identified risk zones and advantageous zones for major functions enables the ongoing
adjustment of the existing major function-oriented zones.
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Location of the YRD in China

YRD region

4. Study Area, Method, and Data Source
4.1. Study Area

The Yangtze River Delta region is located along the eastern coast of mainland China,
encompassing the Yangtze River Delta plain and the Hangzhou Bay coastal plain. Geo-
graphically, it lies within the third tier of China’s topography, featuring higher terrain in the
south and west and lower elevations in the north and east. The region spans the subtropical
and warm temperate monsoon climate zones, with an annual average precipitation of over
1000 mm, creating favorable conditions for human activities. The Yangtze River Delta
is one of China’s most economically dynamic, open, and innovative regions, holding a
significant strategic role in the nation’s modernization and comprehensive opening-up
initiatives. With a high population density and a developed economy, it serves as the
leading area of the Yangtze River Economic Belt and a major development cluster in China.
This study focuses on the planning scope of the ‘Yangtze River Delta Regional Integration
Development Plan’, which includes Shanghai, Jiangsu Province, Zhejiang Province, and
Anhui Province (Figure 2). These areas span 358,000 square kilometers, accounting for
4.23% of the national total and comprising 305 county-level units.

Land use in 2020

The existing major
function-oriented zones Cropland " Water
I Forest Barren land {*

Shrub Built-up land

0 10
v ‘ ?{m Grassland Wetland

2 Urban development
0 850 [J Agricultural production
L lkm [ Ecological protection

b 109
Figure 2. Location of study area. (a) Location of the Yangtze River Delta Region in China. (b) The
existing major function-oriented zones. (¢) Land use in 2020.

Considering the differences in resource and environmental backgrounds and future
development orientations across different regions, this study integrates the major func-
tions of each county in the Yangtze River Delta region based on the spatial planning of
major function-oriented zoning developed by provincial governments. The major functions
include urbanized areas (national optimized development zones, provincial optimized
development zones, national key development zones, provincial key development zones),
major agricultural product production areas (national major agricultural product produc-
tion areas, provincial major agricultural product production areas), and ecological function
zones (national key ecological function zones, provincial key ecological function zones, and
provincial ecological-economic zones). Major agricultural product production areas are
mainly distributed in the northern region, urbanized areas are concentrated in the eastern
region, and ecological function zones are primarily located in the southwest.

4.2. Research Methodology
4.2.1. Identifying Risk Zones for Major Functions Based on Carrying Capacity

We built a methodological process for identifying risk zones for major functions from
the perspective of carrying capacity. This process includes evaluating spatial development
suitability, analyzing the current state of carrying capacity, evaluating the dynamic trends
of carrying capacity, and identifying risk zones for major functions.
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(1) Evaluating Spatial Development Suitability

Spatial development suitability was assessed to derive the current state of carrying
capacity from the perspectives of the area and distribution. According to the existing
literature [43-45], we evaluated spatial development suitability from the dimensions of
natural conditions, land resources, water resources, and the geologic environment (Table 1).
Furthermore, considering the policy contributions from the government, we took into
account planning strategy, including ecological protection redline and permanent basic
farmland. The factors are divided into four grades according to their constraints on spatial
development: suitable, moderately suitable, less suitable, and unsuitable. The principle of
limiting factors is applied, using the lowest score among the respective factors as the final
score to determine spatial development suitability.

Table 1. Indicators for evaluating spatial development suitability.

Dimension Indicator Grade Suitability Level
0°-8° Suitable
Slope 8°-25° Moderately suitable
>25° Less suitable
Natural condition -
<100 m Suitable
Topographic relief 100-200 m Suitable
>200 m Less suitable
Non-ecological land Suitable
Ecological land Other ecological land Moderately suitable
& Public forests, artificial grasslands Less suitable
Land resource River and lake wetlands Unsuitable
Non-cultivated land suitable
Cultivated land 6~8 grade arable land Moderately suitable
4~5 grade arable land Less suitable
>200,000 m3 /km? Suitable
Water resource Water resource modulus 50,000-200,000 m3 /km? Moderately suitable
<50,000 m3 /km? Less suitable
Ecological protection No Suitable
redline Ecological protection red line Unsuitable
Planning strategy
P basic farmland No Suitable
ermanent basic farmlan Permanent basic farmland Unsuitable
General, slight or stable area Suitable
Ground subsidence More serious subsidence area Moderately suitable
Severe subsidence areas Less suitable
Active faul Stable, slight or more seriously affected areas ~ Suitable
ctive faults more seriously affected areas Moderately suitable
Geologic Non-occupied land Suitable
05 Mine occupied land Transit sites, mine buildings Moderately suitable
environment . .
Landslides Less suitable
Not easily prone areas Suitable
Landslides Mudslides Medium and low susceptibility areas Moderately suitable
Highly susceptible area Less suitable
. Medium, low, not prone area Suitable
Karst collapse Medium High susceptibility zone Moderately suitable

(2) Analyzing the current situation of carrying capacity

Carrying capacity pressure indicates a matching degree between spatial development
suitability and land development from the perspective of both area size and spatial distri-
bution [19], reflecting the current situation of carrying capacity. Generally, when there is a
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larger number of suitable areas for spatial development and more developed land within
suitable areas, the carrying capacity pressure is lower. Here, the model for evaluating
carrying pressure was proposed as follows:

S
P=5UE @
S1+ 5
R= 2
D=P*05+(1—-R;)*05 3)

where P is the current degree of development and S is the current built-up land area.
E denotes the sum of suitable and moderately suitable areas for spatial development,
representing the limits of the development scale. R is the matching degree of current built-
up land area. S; and S; denote the area of current built-up land in suitable built-up areas
and moderately suitable built-up areas, respectively. Due to the less suitable and unsuitable
areas being negative for built-up areas, we consider that if the current built-up land is
located in such areas, it represents a mismatch. P; and R; are the normalized values of the
current development degree and distribution matching degree of region i, respectively.
D is the pressure index of carrying capacity. A higher value of D indicates greater pressure.
The natural breaks method is utilized to classify the pressure of carrying capacity into low,
medium, and high grades.

(3) Evaluating dynamic trend of carrying capacity

To comprehensively reflect the dynamic changes in regional resources and the environ-
ment with socio-economic development, an evaluation for the dynamic trend of carrying
capacity was conducted. Natural conditions and geological environmental factors for the
evaluation of spatial development suitability do not change over time, which were excluded.
Environmental factors are easily impacted by the socio-economic development factors that
were included in this evaluation. Seven factors for the dynamic trend of carrying capacity
evaluation were selected (Table 2). The values of each factor are standardized, and expert
scoring is employed to determine the weights of each evaluation factor.

Table 2. The factors to evaluate dynamic trend of carrying capacity.

Dimension Indicator Weight
Built-up land 0.3

Land resource Cultivated land area 0.2
Ecological land 0.2
Total water resource 0.1

Water resource Total water use 0.1

Water pollutant emission (Ammonia Nitrogen) (L6) 0.05

Environmental Quality Air pollutant emissions (NOx) 0.05

The dynamic trend of carrying capacity was evaluated with the following formula:

_ebB g (4)

where L is the rate of change, which is classified into improving type (+) and deteriorating
type (—) according to the regional average. f is the base year 2009, and ¢ + 10 is the target
year 2018. L; and L1 are values of resource and environmental elements of the base year
and target year, respectively. GDP; and GDP;, 19 are the Gross Domestic Product of the
region in the base year and target year, respectively.
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(4) Identifying risk zones for major functions

We combined the current situation and dynamic trend of carrying capacity to deter-
mine the risk zones for major functions. The carrying capacity is graded by combining the
results of the pressure and change of carrying capacity (Table 3). The carrying capacity
was classified as overloading when the pressure was high and medium; otherwise, the
carrying capacity was classified as loading. The dynamic trend of carrying capacity was
used as a basis to determine the degree of overloading/loading status. Then, the region
with an overloading carrying capacity was classified as a risk zone for major functions. The
exception was that the critical overloading capacity with an improving type of carrying
capacity in a medium pressure context was classified as no risk for major functions.

Table 3. Relationships between carry capacity and risk zones for major functions.

Pressure Dynamic Trend Carrying Capacity Risk for Major Function
Hich pressure — Severe overloading Risk
&P + Overloading Risk
Medium pressure — Critical overloading Risk
P + Critical overloading No risk
Less pressure — Critical loading No risk
P + Loadable No risk

4.2.2. Identifying Advantageous Zones for Major Functions

Based on the intrinsic characteristics of regional resources and the environment, an
evaluation index system was constructed to identify regions with major function-oriented
advantages (Table 4). Evaluations were conducted at the county level, with each indicator
value classified into four grades: top 20%, 20-50%, 50-80%, and bottom 20%. For each
function, the highest grade among the different indicators was used as the final result.

Table 4. The indicators to identify advantage zones for major functions.

Major Functions Indicators

Percentage of ecological land area

Ecological protection . .
sicalp Percentage of ecological redline area

Percentage of farmland area

Agricultural production Total grain output

Percentage of built-up land
Urban development Urbanization rate
GDP per unit of land

4.2.3. Improving Major Function-Oriented Zoning

We integrated the identified risk zones and advantageous zones for major functions to
optimize the existing major function-oriented zones (Table 5). If the functional orientation
rankings are consistent, decisions are made according to the principles of prioritizing food
security and ecological environment, in the order of agriculture, ecology, and urbanization.

Table 5. Judgment matrix to improve major function-oriented zoning.

Ranking for Major Functions

Risk Zone Agriculture > Ecology, Ecology > Agriculture, Urbanization >
Urbanization Urbanization Ecology, Agriculture
Agricultural Malnfcammg ex1st1ng Adjusting to ecological ~ Adjusting to urban
. function, strengthening .
production protection development

farmland protection
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Table 5. Cont.
Ranking for Major Functions
Risk Zone Agriculture > Ecology, Ecology > Agriculture, Urbanization >
Urbanization Urbanization Ecology, Agriculture
Maintaining existing
Ecological Adjusting to functional, Adjusting to urban
protection agricultural production  strengthening development
ecological protection
Urban Adjusting to Adjusting to ecological MamFammg ex1st1ng
g . . function, strengthening
development agricultural production  protection

land-human regulation

4.3. Data Source

Multiple-sourced data were used in this study. The first type is a spatial dataset,
including land use data, a Digital Elevation Model (DEM), geological environment maps,
and planning maps. Land use data of the Yangtze River Delta region in 2009, 2013, and
2018 were obtained from the China National Land Survey and Planning Institute. The data
were used to derive built-up land, ecological land, and cultivated land in a grid format with
a 30 m resolution. DEM, with the resolution of 30 m, was downloaded from the Geospatial
Data Cloud (https://www.gscloud.cn/, accessed on 1 March 2019), which was used to
derive slope data and topographic relief. The geological environment maps including
ground subsidence, active faults, mine lots, landslides, mudslides, and karst collapses,
were collected from China National Land Survey and Planning Institute. Planning maps in
2018, including ecological protection redline and permanent basic farmland areas, were
collected from the China National Land Survey and Planning Institute.

The other type is statistical data. The population, GDP, and grain output in 2009
and 2018 were extracted from official statistical yearbooks of municipal governments
in the Yangtze River Delta region, including Shanghai, Jiangsu, Zhejiang, and Anhui.
Water resource and water consumption data in 2009 and 2018 were obtained from the
official water resource bulletins of the municipal governments. Environmental quality data,
including PM10, SO2, and NO2, were obtained from the official environmental bulletins of
the municipal governments. The existing major function-oriented zoning for each city was
recorded from government websites of Bureau of Planning and Natural Resources in each
respective city.

5. Results
5.1. Risk Zones for Major Functions
5.1.1. Spatial Development Suitability

The Yangtze River Delta region has 47,198 km? of suitable areas, accounting for 13.85%
(Figure 3). These suitable areas are mainly distributed in the northern plain and eastern
coastal areas, which are shown with dispersed patterns. Also, sectional suitable areas
have scattered distributions in the flat terrain areas of the southwest. The moderately
suitable area accounts for 51,819 km? and 15.21% of the study area, with relatively more
distributions in the eastern coastal and northern plain areas. The less suitable area is
90,531 km?, accounting for 26.58%, with 92.81% of its area in the mountainous and hilly
areas in Zhejiang and Anhui. They are mainly limited by southwestern mountainous
conditions, which are subjected to landslides and debris flows. Unsuitable areas accounts
for 151,076 km?, taking the largest proportion of 44.35% in the study area. They are varied
in their types. While unsuitable areas in Jiangsu and Anhui are mainly major lakes in
ecological protection redline areas and farmlands in permanent basic farmland areas, those
in Zhejiang are mountainous regions with ecological protection redline areas.
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Figure 3. The distribution of spatial development suitability in the Yangtze River Delta Region.

5.1.2. The Current Situation of Carrying Capacity

Regarding the spatial development degree, the counties in the Yangtze River Delta
region range from 40% to 100% (Figure 4a). The results show that the counties with higher
development degrees are mainly distributed in Shanghai, Jiangsu, northern Anhui, and
eastern Zhejiang. There are 16 counties exceeding 90% in spatial development degree,
primarily in highly concentrated central urban areas, where the intensity of land develop-
ment is approaching saturation. Regarding the layout matching degree, the counties in the
Yangtze River Delta region range from 60% to 100% (Figure 4b), which shows an overall
good match between current built-up area and suitable built-up area. Areas with relatively

lower matching degrees are mainly distributed in central and southern Anhui, as well as
most of western Zhejiang.

Layout matching

degree carrying capacity

CJLow [ JLow pressure :
I Medium - [CIMedium pressure
I High 0 10?{m I High pressure

Figure 4. The current situation of carrying capacity in the Yangtze River Delta. (a) Spatial development
degree. (b) Layout matching degree. (c) The current situation of carrying capacity.

In terms of the current situation of carrying capacity, the pressure on carrying capacity
in the Yangtze River Delta region is low (Figure 4c). A total of 148 counties and 110 counties
are characterized by low and medium pressure on carrying capacity, respectively, account-
ing for 48.52% and 36.07%. Only forty-seven counties have high pressure on carrying
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capacity, accounting for 15.41%, including seven districts in Shanghai, twelve counties in
Jiangsu, ten counties in Zhejiang, and eighteen counties in Anhui.

5.1.3. The Dynamic Trend of Carrying Capacity

In terms of the dynamic trend of carrying capacity (Figure 5a), most regions in the
Yangtze River Delta show improving trends. There are fifty-seven counties with a deteri-
orating trend of carrying capacity, including eight counties in Jiangsu, fifteen counties in
Zhejiang, and thirty-four counties in Anhui. These counties with a deteriorating trend of
carrying capacity in Jiangsu (Liuhe District, Wuxi District, etc.) and Anhui (Hefei District,
Wuhu District, Shitai County, etc.) are mainly characterized by low land use intensity
and low environmental quality. However, those in Zhejiang (Changxing County, Quzhou
District, etc.) are mainly characterized by low water resource usage efficiency.

[ Loadable
[ critical loading
[ critical overloading
[ Overloading

[ severe overloading

Risk zones

R - [ JNo risk
™ 0 100 - mERisk
Figure 5. The carrying capacity and identified risk zones for major functions. (a) Dynamic trend of
carrying capacity. (b) The results for carrying capacity. (c) The risk zones identified.

5.1.4. The Identified Risk Zones for Major Functions

The results for carrying capacity (Figure 5b) show that the carrying capacity of
121 counties in the Yangtze River Delta region is adequate, which accounts for 39.67%. The
carrying capacity of 27 counties is moderate. By contrast, the carrying capacity in more
than half of the counties is overloaded. There are 110, 36, and 11 counties with critical
overload, overload, and severe overload in carrying capacity, respectively, accounting for
36.07%, 11.80%, and 3.61%.

By combining the analysis of the current situation, dynamic trends, and the grades of
carrying capacity, risk zones for major functions in the Yangtze River Delta region were
identified (Figure 5c). There are sixty-six risk zones for major functions in the study area,
including seven central urban districts in Shanghai, sixteen counties in Jiangsu, twelve
counties in Zhejiang, and thirty-one counties in Anhui. The identified risk zones for major
functions include 13 existing agricultural production zones, 10 ecological protection zones,
and 43 urban development zones. The risk zones for major functions can be summarized
into three types. The first is highly urbanized areas with limited land resource for future
development, such as central urban districts of Shanghai, Wuxi, Nanjing, and Hefei. The
second type is zones characterized by two major functions, where the relationships be-
tween urban development and agricultural production, urban development and ecological
protection, or agricultural production and ecological protection do not coordinate, such as
Donghai in Jiangsu, Dongyang, and Jiangshan in Zhejiang, and Woyang and Changfeng
in Anhui. The third type is the zones where the spatial compatibility between resource
usage and natural endowment are relatively poor, as seen in Huoshan and Jinzhai in
Anhui Province.
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5.2. Advantageous Zones for Major Functions

Advantageous zones for agricultural, ecological, and urban functions show distinct
spatial patterns in the Yangtze River Delta Region. In terms of agricultural production
function, advantageous zones are primarily concentrated in the north of the Yangtze River
Delta, covering Jiangsu Province and Anhui Province (Figure 6a). In terms of ecological
function, advantageous zones are mainly distributed in the south of the study area, includ-
ing the southwestern portion of Anhui Province and most of Zhejiang Province (Figure 6b).
Regarding advantageous zones for urban construction function, they are concentrated in
the cities along the Yangtze River and the eastern coast (Figure 6¢). Notably, the top 20%
of ranked areas for each function are significantly segregated, facilitating a more precise
determination of the dominant functions for each county.

Urban construction
I Top 20%
020%-50%

[750%-80%

0 100 lLast20%

Ecological protection
I Top 20%

I 20%—50%
[150%—80%
[JLast 20%

Figure 6. Advantageous zones for major functions in the Yangtze River Delta Region. (a) Agricultural
production. (b) Ecological protection. (¢) Urban construction.

5.3. The Improved Major Function-Oriented Zoning

The improved major function-oriented zones in the Yangtze River Delta region are
shown in Figure 7. Among the 66 identified risk zones for major function, 56 counties
maintain their original functions, while the remaining 10 counties undergo functional
adjustments. The results indicate the effectiveness of the original functional definitions
concerning carrying capacity. Specifically, thirty-six counties maintain their original major
function for urbanization risk zones, five are adjusted to major agricultural production zones,
and two are reassigned as ecological functional zones. For agricultural production risk zones,
ten counties retain their functions, while three are adjusted to ecological functional zones.
All original ecological function risk areas maintain their functional positioning.

Table 6 illustrates detailed transformation results. Compared with the original major
function-oriented zones, the number of urbanized areas in the Yangtze River Delta decreases
by seven (Binhu District in Jiangsu Province, Dongyang City in Zhejiang Province, Datong
District, Feidong County, Langya District, Nanqgiao District, and Tianjia’an District in Anhui
Province). Major agricultural production areas increase by five (Datong District, Feidong
County, Langya District, Nangiao District, and Tianjia’an District in Anhui Province) and
decrease by three (Jiangshan City, Longyou County, and Qujiang District in Zhejiang
Province), resulting in a net increase of two. Ecological functional areas increase by five
(Binhu District in Jiangsu Province, Dongyang City, Jiangshan City, Longyou County, and
Qujiang District in Zhejiang Province).
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Table 6. The optimized suggestion for risk zones for major function.

Existing Optimized Suggestion .
Functional Zone (Total Number) County Name Regulation Strategy
Ad]ustlr}g to agricultural Da Tong District, Fei
production /
5) Dong County;, etc.
Adjusting to ecological protection Binhu District, /
) Dongyang City, etc.
Urban . ;
development Hongkou District, 'Regulat'mg the bu'11't-up land, . .
Huangpu District, etc. improving the efficiency and intensity
Maintaining the existing of existing land use
functional zones Leading land development towards
(36) . . suitable goals, regulating the total
gil ftl:l(zltl ]jthStnCt’ Luhe number of built-up land, and
T improving the efficiency and intensity
of existing land use
Adjusting to ecological protection Jiangshan City, Longyou /
3) County etc.
Leading land development towards
Agricultural Donghai County, Jurong  suitable goals and strengthening the
production Maintaining the existing City, etc. protection of the quantity and quality

functional zone
(10)

of arable land

Suixi County,
Guoyang County

Controlling development intensity and
strengthening the protection of the
quantity and quality of arable land

Ecological protection

Maintaining the existing
functional zone

(10)

Changshan County,
Xinchang County;, etc.

Leading land development towards
suitable goals, strengthening ecological
protection, and improving the efficiency
of land and water resources usage
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Differentiated management and control strategies are proposed for regions that retain
their original functional positioning based on specific carrying capacity pressure and
depletion trends (Table 6). In areas with high development intensity, it is suggested to
rationalize urban growth through land-use management based on the principle of resource
conservation and efficient utilization. In regions where spatial development is mismatched
with spatial development suitability, land development and utilization should be guided
towards suitable areas to enhance the dominant functions.

6. Discussion
6.1. Comparison with Existing Major Function-Oriented Zone

Since the implementation of major function-oriented zoning in China, functional zones
have been established as the foundational system for national spatial development and
protection. In recent years, major function-oriented zoning has been widely conducted,
relying heavily on the quantitative aspects of economic, social, environmental, and resource
conditions at the scale of administrative regions. In other words, while traditional resource
and environmental carrying capacity have gradually been emphasized in major function-
oriented zoning, the relationships between them in the practical procedure remain unclear.
Consequently, the specific patterns of resource and environmental conditions were often
overlooked. Essentially, the settings of major functions for some administrative regions
were based on statistics and current developmental situations, resulting in discrepancies
between designated functions and changing endowments in recent years. Thus, the existing
framework for conducting major function-oriented zoning may not meet future develop-
mental and protection requirements, struggling to address emerging spatial governance
challenges and providing insufficient support for achieving development goals.

This study has addressed these gaps. On one hand, the relationships between carrying
capacity and major function-oriented zoning were established in the practical procedure.
In the framework, carrying capacity as a foundational role to set major function-oriented
zones is clarified. In the operationalization stage, the evaluation of carrying capacity is used
to identify the risk zones for the major functions, which is beneficial to develop the existing
major function-oriented zones. On the other hand, the evaluation of carrying capacity for
setting the major function-oriented zones is deepened by coupling the current situation and
change trend of carrying capacity. While the evaluation for the current situation of carrying
capacity is helpful to identify the spatial pattern of resources and the environment within an
administrative region, the evaluation for dynamic change of carrying capacity is committed
to show the potential of future carrying capacity. Then, the comprehensive carrying capacity
can be analyzed, which is used to identify the risk zones for major functions. This approach
aims to optimize major function-oriented zoning, contributing to the establishment of a
dynamic adjustment mechanism for the major function-oriented zone.

6.2. Policy Implication

The major function-oriented zone strategy is the strategic, basic, and binding system
for China’s spatial planning. Over the years, major function-oriented zone systems have
shown advantages in their strategic leading role at the national level. However, the system’s
weak link lies in the top—bottom transmission of rigid control. To address this, establishing
a binding relationship between national strategies and lower-level government spatial
planning is crucial for effective implementation. At the policy level, governments should
combine the implementation evaluation mechanism of land and space planning across all
levels and ensure the effective assessment of the implementation of major function-oriented
zones. Additionally, a dynamic adjustment mechanism should be established to update the
list of major function-oriented zones based on resource and environmental carrying capacity
and regional development shifts. Higher levels of government should implement differen-
tiated performance appraisal policies according to the evaluation outcomes of the major
function-oriented zones in subordinate administrative areas. Furthermore, governments
at all levels should develop supportive policies related to bonus distribution and cadre
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promotion to encourage officials to align their actions with the major function-oriented
zone strategy.

6.3. Limitations

This study still has two limitations to be addressed. The first is the inadequate cases
for empirical analysis. It should be noted that the priority for the major function-oriented
zoning may differ across regions. Our study prioritizes ecological protection and food
security in the development suitability evaluation according to the situation of the Yangtze
River Delta, while ecological protection redline areas, permanent basic farmland, and
ecological/cultivated land were considered in the analyses for the carrying capacity and
risk identification. However, the conditions should be differentiated in other regions where
development may be the first goal. The second limitation is the incomplete process of
evaluating carrying capacity for developing major function-oriented zoning, particularly in
the aspect of the dynamic trends of carrying capacity. Since data unavailability limits the
indicators for evaluating the dynamic trends of carrying capacity, only several aspects were
included. In fact, including more indicators for the dynamic trends of carrying capacity
would make the carrying capacity evaluation more precise if the data requirements can
be met.

7. Conclusions

Major function-oriented zoning, as a crucial spatial planning strategy in China, is
enacted to coordinate resource endowments, socio-economic development, and further
planning efforts. However, major function-oriented zone planning relies heavily on socio-
economic statistical indicators from a certain region. Relatively rare attempts have been
made to use carrying capacity to design major function-oriented zoning from the perspec-
tives of the current situation and dynamic trends. To crack the issue, we incorporated
carrying capacity evaluation into the methodological framework of major function-oriented
zoning. Firstly, carrying capacity was assessed according to spatial development suitability
evaluation, which was used to identify the risk zones for major functions. Secondly, ad-
vantageous zones for major functions were identified by assessing the major functions of
urban development, agricultural development, and ecological protection. Finally, major
function-oriented zones were identified by considering risk zones and advantageous zones
for major function. The Yangtze River Delta region in China was used as a case.

The results show that more than half of counties are identified with an. overloaded
carrying capacity. Based on such findings, 66 counties are identified as risk zones for major
functions. The optimization for the major function-oriented zones involves the adjustment
of major functions in 10 counties to be considered risk zones and advantageous zones
for major functions. Following the improved major function-oriented zoning, the zones
designated for primary agricultural production and ecological functions have increased,
echoing the priorities in ecological protection and food security in the Chinese context.
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