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Abstract

China launched the major function-oriented zone planning (MFZP) strategy in 2010 to
address regional imbalances and resource—environment pressures through differentiated
regulation. Using county-level data from 2010 to 2020, this study develops a “scale—
structure—efficiency” framework and applies a self-organizing feature map (SOFM) model
to examine construction land supply across four functional zones. The findings show
that: (1) Key development zones provide the largest supply, while optimized zones sup-
ply the smallest but at the highest intensity, and restricted zones generally meet control
targets. (2) Optimized zones record the highest incremental-stock supply index (ISSI), yet
incremental supply still dominates; urbanized zones have balanced functional structures,
whereas agricultural and ecological zones are more concentrated. (3) Supply efficiency
in urbanized zones exceeds that of agricultural and ecological zones. (4) SOFM clus-
tering identifies four distinct supply modes, reflecting regional heterogeneity in policy
alignment. Overall, China’s differentiated land supply strategy broadly matches national
goals, though some regions face excessive intensity and low efficiency, calling for tailored
optimization measures.

Keywords: major function-oriented zone planning (MFZP); land supply; scale-structure—
efficiency framework; SOFM model; China

1. Introduction

In recent years, countries worldwide have encountered overlapping challenges of
uneven regional development, excessive land consumption, and intensifying ecological
pressures. Reconciling economic growth with environmental protection has thus become a
central issue on global policy agendas [1,2]. In response, governments have increasingly
adopted differentiated management, applying region-specific regulatory measures. In the
United States, growth management policies and urban growth boundaries are employed
to contain sprawl [3], complemented by transferable development rights that redistribute
land-use capacity across jurisdictions [4]. Within the European Union, the commitment to
achieve “no net land take” by 2050 is accompanied by policies that prioritize land recycling
and reuse, restrict urban expansion, encourage compact development, and restore natural
landscapes [5]. Germany integrates municipal land banks with the principle of “inward
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development first [6,7].” Japan monitors densely populated districts to guide zoning,
promoting redevelopment in core areas while maintaining strict controls in low-density
zones [8]. Singapore employs Concept Plans and Master Plans, reinforcing commercial
and service functions in central areas and allocating ecological and residential uses to
peripheral areas, thereby shaping a tiered pattern of differentiated land utilization [9,10].
These international experiences demonstrate that differentiated management is not only an
effective mechanism for reconciling development and protection but also a growing global
consensus on the efficient and sustainable use of land resources.

In comparison, China faces even more acute challenges of regional imbalance and
resource-environment pressures. Over the past two decades, the urbanization rate has risen
from 36.2% in 2000 to 65.2% in 2022, placing enormous pressure on farmland protection and
ecological security [11]. To address these issues, the major function-oriented zone planning
(MFZP) was launched in 2010, dividing national territory into four categories: optimized
development zones (ODZs), key development zones (KDZs), restricted development zones
(RDZs), and prohibited development zones (PDZs). Within this system, land supply is
regarded as a critical instrument for linking strategic goals with spatial regulation [12,13].

Since the introduction of the MFZP, scholars have conducted extensive research on its
implementation effects, optimization pathways, and supporting policies. Studies indicate
that the MFZP has effectively curbed the expansion of construction land in restricted devel-
opment zones and fostered more balanced human-land relationships [14,15]. Differentiated
land-use rules have also produced positive shifts in land-use patterns and improvements
in ecosystem services across functional zones [16-18]. Given the varying land development
intensities across zones, significant differences have emerged in land values and the benefits
derived from land use [19]. In response, a growing body of research has explored policies
on interregional ecological compensation [20-22] and farmer welfare compensation [23].

However, research on land supply policy evaluation still lacks a systematic theoretical
framework, which constrains efforts to optimize land supply. First, research on the sources
of land supply has mainly focused on urban expansion and its encroachment upon farmland
and ecological land [24-26], as well as on urban land redevelopment [27]. Comparative
analyses of the “increment-stock” dual-track supply pattern are still insufficient. Second,
in terms of land-use functions, existing studies have emphasized the supply and impacts of
single-use categories, such as industrial land [28,29], residential land [30-32], commercial
land [33], and transport land [34]. By contrast, limited attention has been paid to the
supply structure of construction land subcategories. Finally, regarding supply efficiency,
most studies have evaluated overall efficiency within built-up areas [28,35-37]. Few have
measured efficiency from the perspective of “annual newly supplied land.”

To address these questions, this study constructs a land supply performance
framework across three dimensions—scale, structure, and efficiency. Using data from
2713 counties nationwide as the basic research units, the analysis is aggregated to the “func-
tional zone—province” level. We systematically evaluate land supply scale, incremental—
stock structure, functional composition, and supply efficiency across the four types of
functional zones. In addition, a self-organizing feature map (SOFM) clustering method is
applied to identify multidimensional performance patterns, highlighting both typological
characteristics and internal variations among zones. This study provides a comprehensive
assessment of the performance and deviations of land supply policies under the MFZP. It
further offers empirical evidence to refine differentiated supply strategies and to support
the implementation of national strategic objectives.
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2. Materials and Methods
2.1. Research Hypotheses

The National Plan for Major Function-Oriented Zones defines differentiated spatial
governance targets for each zone type, serving as the policy benchmark for this study.
Specifically, ODZs are located in areas with mature urban systems and high development
intensity, where policies mandate controlling construction land intensity, reducing new
land supply, and strengthening stock land redevelopment. KDZs serve as major growth
poles that support economic expansion and represent the primary areas for future con-
struction land supply. At the same time, policies promoting economical and intensive
land use are strictly enforced. Industrial and population agglomeration is encouraged,
together with the moderate expansion of industrial, transport, and residential land. Major
Agricultural Production Zones (MAPZs) are tasked with ensuring food security while
also supporting rural infrastructure development. These zones emphasize restrictions on
high-intensity construction activities to safeguard county-level development space. Key
Ecological Function Zones (KEFZs) are subject to the most stringent land-use constraints,
only allowing ecological protection and the construction of public welfare facilities.

To rigorously examine the implementation effects of differentiated land supply policies
under the MFZP, this study derives research hypotheses from the regional development
goals and spatial governance requirements defined in the national plan.

(1) Land supply scale hypothesis:

H1a: The scale of construction land supply in KDZs is higher than that in ODZs.

H1b: The scale of land supply in MAPZs and KEFZs is lower than that in urbanized areas.
(2) Land supply structure hypothesis:

H2a: The incremental-stock supply index (ISSI) of ODZs is higher than that of other zones,
indicating greater reliance on the redevelopment of existing stock.

H2b: ODZs and KDZs tend to have a more balanced land supply structure with diversified func-
tional types, whereas MAPZs and KEFZs exhibit a more concentrated supply structure, primarily
serving their dominant regional functions, with other uses being significantly restricted.

(3) Land supply efficiency hypothesis:

H3a: Due to the positive effects of industrial and population agglomeration, the land supply
efficiency of optimized zones and KDZs is higher than that of MAPZs and KEFZs.

It should be noted that, since this study aims to assess the spatial alignment between
actual land supply patterns and planning policy objectives, rather than to identify the net
causal effects of policy interventions, the validation of each hypothesis adopts a “policy-
consistency judgment” approach. That is, hypotheses are tested by comparing whether the
magnitude and direction of the mean values of key indicators across different functional
zones are consistent with planning orientations.

2.2. Analytical Framework and Technical Route

The technical route of this study is structured around the “scale-structure—efficiency”
framework for evaluating land supply performance (Figure 1). For the scale dimension,
both the quantity and intensity of construction land supply are measured, and cross-
provincial comparisons are conducted. For the structure dimension, two indices are de-
veloped from the perspectives of sources and uses: the incremental-stock supply index
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and the functional structure index. These indices are employed to examine land supply
composition and allocation patterns. For the efficiency dimension, land supply efficiency
is assessed based on the input-output relationship. Finally, drawing on the results of the
three single dimensions, the SOFM model is applied to cluster land supply patterns across
functional zones. For the detailed calculations, indicator definitions, and data sources of
each component shown in the figure below, please refer to Sections 2.3 and 2.4.
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Figure 1. Technical roadmap.

2.3. Methodology
2.3.1. Land Supply Intensity Index

There are significant differences among provinces in terms of area, population, and
the spatial distribution of functional zones. Using the total amount of land supply as a
direct indicator for horizontal comparison may lead to a “scale trap,” thereby reducing
the validity of cross-provincial comparisons. The Construction Land Supply Intensity
(CLSI) is calculated to measure the level of construction land supply. For cross-provincial
comparisons, the CLSI value for each functional zone type within a province is calculated
by aggregating all county-level units belonging to that zone type within that province,
ensuring statistical consistency. The calculation formula is as follows:

CLSIij = Sij / Aij (1)

where CLSIj; represents the land supply intensity of functional zone type j in province i; S;;
represents the total amount of construction land supplied in functional zone j of province i
from 2010 to 2020; and A;; represents the county-level area covered by functional zone j in
province i.
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2.3.2. Land Supply Structure Index
Increment-Stock Supply Index (ISSI)

This index reflects the structural characteristics of the proportion between newly
added land and redeveloped land in construction land supply. It serves as a key parameter
for evaluating the degree of intensive land use and the mode of spatial expansion. The
calculation formula is as follows:

ISSI; = Stock;;/ (Stockjj + Increment;) )

where Stock;; represents the area of stock construction land supplied in functional zone j of
province i and Increment;; represents the area of newly added construction land supplied
in the same period. A higher value of this index indicates a stronger tendency to utilize
stock resources, whereas a lower value suggests a predominance of incremental expansion.

Functional Structure Index (FSI)

The index is used to measure the degree of concentration of land uses among different
land-use subcategories within construction land, indicating whether land supply tends
toward functional diversity or uniformity. The Gini coefficient, originally developed in
economics to assess income inequality, is applied in this study to capture the concentration
of the land supply structure. Land-use subcategories within construction land serve as the
basic variables for analysis [38]. The calculation formula is as follows:

G= 1/2n2u2?:1 Z‘.n:l [xi — x| ®)

where x; and x; denote the supply proportions of land-use categories i and j; p is the mean
supply proportion across all land-use categories; and n is the number of land-use categories.
The value of the Gini coefficient is in the range [0, 1]. According to the international
classification of equilibrium levels of the Gini coefficient, the index is divided into five
levels: highly balanced (<0.2), moderately balanced (0.2-0.3), critically balanced (0.3-0.4),
moderately concentrated (0.4-0.5), and highly concentrated (>0.5) [39]. Critically, a higher
Gini value in this context indicates a more concentrated supply structure—i.e., land supply
is dominated by a limited number of use types—rather than serving as a direct judgment
of structural “quality.”

For regions identified as concentrated, the land-use subcategory with the highest
supply share is defined as the dominant orientation of the supply structure. This dual
classification approach combines the degree of concentration with the dominant orientation
of land use.

2.3.3. Land Supply Efficiency Evaluation

The super-efficiency SBM model overcomes two limitations of the conventional SBM.
It enables comparison among multiple efficient decision-making units (DMUs) and allows
ranking of DMUs with an efficiency score of 1 [40]. Based on the indicator data of the
supply efficiency calculation for various types of construction land, the variable-return-
to-scale super-efficiency SBM model is applied in Matlab R2022a (9.12) to calculate land
supply efficiency.

When applying the super-efficiency SBM model to measure land supply efficiency at
the provincial level, both input and output indicators are selected with reference to the
classical Cobb-Douglas production function [40,41]. Input factors relevant to urban land
supply efficiency are proxied by land, capital, and labor. These are represented by the scale
of construction land supply, total urban fixed-asset investment, and employment in the
secondary and tertiary sectors, respectively [42,43]. Output indicators include desirable
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and undesirable components. The desirable output is measured by the value added in the
secondary and tertiary industries, whereas the undesirable output is proxied by industrial
sulfur dioxide (SO;) emissions, which are closely associated with industrial land expansion
and energy consumption, making them a valid proxy for the environmental costs of land
development [44,45]. The variables are listed in Table 1.

Table 1. Input-output indicator system for calculating land supply efficiency.

Indicator Type Element Indicator Description Unit
Land Scale of construction land supply 10* hm?
Input Capital Total urban fixed-asset investment 108 yuan
Labor Employment in the secondary and tertiary sectors 10* persons
o Desirable output Value added in the secondary and tertiary industries 108 yuan
utput . ..
Undesirable output SO, emissions t

Using province-level panel data from 2010 to 2020, all input-output variables are log-
transformed and then min-max-normalized to the [0, 1] range. No zero or negative values
were observed in the dataset, so no adjustment for log-transformation of non-positive
values was needed. Variance inflation factor tests confirm VIF values below 10, indicating
no severe multicollinearity.

2.3.4. Land Supply Pattern Recognition

This study applies an SOFM model to cluster multidimensional land supply perfor-
mance across MFZP functional zones. Compared with conventional clustering methods,
SOFM preserves topological relationships in the data, making it suitable for planning
performance classification [46].

Prior to training, all input indicators—scale, structure, and efficiency—are standard-
ized. The SOFM algorithm is implemented in R (v4.4.2) using a hexagonal grid with a
two-phase training process: rough-tuning followed by fine-tuning. Optimal cluster num-
bers are determined by minimizing the Davies-Bouldin Index (DBI) while maximizing the
silhouette coefficient. To ensure robustness to random initialization, training is repeated
100 times with different random seeds, and the final typology is based on the most frequent
clustering structure. Stability is further assessed through subsampling (80% of samples,
50 repetitions), yielding an average adjusted Rand index (ARI) above 0.80, confirming
structural stability.

Each cluster is labeled according to the “most salient deficiency” rule relative to
zone-specific policy expectations. For each cluster, we identify the indicator—CLSI, ISSI,
FSI, or EI—that deviates most negatively from the national average or the zone’s policy
target. Labels are assigned accordingly: “efficiency enhancement” (EI shortfall), “stock
optimization” (ISSI weakness), or “structure optimization” (FSI concern). Clusters with
no significant deficiencies are labeled “advantage consolidation.” This deficiency-based
labeling directly informs targeted policy recommendations.

2.4. Data Sources and Preprocessing
2.4.1. Research Area

The boundaries of China’s major function-oriented zones were primarily derived from
the National Major Function-Oriented Zone Plan and the China Major Function Zoning
scheme (V1.0) [47]. Subsequent revisions were based on officially published provincial
classifications of zone types (Figure 2). PDZs are excluded for two reasons: they overlap
with other categories—most notably KEFZs—and account for only about 2% of national
territory; more importantly, construction is strictly forbidden in PDZs, meaning they gener-
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ate no land supply data. Since our dependent variables are land supply scale, structure,
and efficiency, their exclusion does not introduce systematic bias. The analysis focuses on
four zone types: ODZ, KDZ, MAPZ, and KEFZ. Excluding Tibet, Hong Kong, Macao, and
Taiwan, 2773 county-level units were assigned to these categories, with 239, 926, 802, and
806 units respectively, accounting for 1.61%, 13.03%, 26.34%, and 59.02% of the national
land area. For comparability, zones of the same type at the national and provincial levels
were integrated for evaluation.
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Figure 2. Classification of major function-oriented zones.

2.4.2. Data Sources

The construction land supply data were obtained from the China land market (https:
/ /landchina.com/). This platform serves as the information dissemination portal for the
land market dynamic monitoring and supervision system established by the Ministry of
Natural Resources (formerly the Ministry of Land and Resources). Since the launch of its
new version in 2006, it has been required for all stages of land supply across the country to
be fully disclosed on this website. This ensures that the data are officially mandatory and
publicly accessible, making it one of the most systematic and authoritative micro-level data
sources for land market research in China.

Using Python (v3.10) scripts, 2,261,249 records from 2010 to 2020 were scraped. After
removing duplicates, 2,108,495 unique records were retained. The dataset contains over
forty fields, including total supplied area, mode of supply, land use, and land source. The
land-use field listed 114 fine-grained categories, which were consolidated into six classes
following national guidelines: industrial and storage land, transport land, residential land,
public service land, commercial land, and green and open-space land. Socioeconomic
and environmental data were drawn from the China City Statistical Yearbook (2011-2021),
provincial statistical yearbooks, and statistical communiqués.

3. Results
3.1. Characteristics of Construction Land Supply Scale

This study analyzes both the total construction land supplied and the supply intensity
across the four MFZP zone types in China’s provincial-level regions during 2010-2020. At
the national level, three high-value belts are evident: the eastern coastal region, the Yangtze

River Basin, and the northwestern sector (Figure 3a). By zone type, the total supply ranks
as KDZ (2.80 Mha) > MAPZ (1.75 Mha) > KEFZ (1.43 Mha) > ODZ (0.87 Mha).
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Figure 3. Spatial distribution and interprovincial comparisons of construction land supply scale
and intensity across functional zones. (a) Spatial distribution of land supply scale; (b) Spatial
distribution of land supply intensity; (c—f) Interprovincial comparisons for the four types of major
functional zones.

The spatial distribution of supply intensity differs from that of total supply, showing a
clear east-west gradient characterized by higher values in the east and lower values in the
west, with distinct local clusters. High-value areas in eastern China are extensive and con-
tiguous, whereas those in the central and western regions are mainly concentrated around
municipalities directly administered by the central government and provincial capitals,
forming a point-like distribution (Figure 3b). Quantitatively, supply intensity ranks as ODZ
(9.68%) > KDZ (5.59%) > MAPZ (1.29%) > KEFZ (1.18%). Although ODZs have the smallest
total land supply, their supply pressure per unit area is the highest. The two restricted zone
types, MAPZ and KEFZ, exhibit substantially lower supply intensities, which is consistent
with the strategic requirement of strictly controlling large-scale industrial expansion in
these areas.

A provincial comparison of supply scale and intensity within each zone type reveals
pronounced spatial heterogeneity. Within ODZs (Figure 3c), Shandong, Jiangsu, Guang-
dong, Zhejiang, and Hebei each supplied more than 0.10 Mha. Tianjin exhibits the highest
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supply intensity at approximately 25%, whereas most provinces remain below 10%. Beijing
records the lowest values nationwide in both total supply and intensity. Within KDZs
(Figure 3d), sixteen provinces exceed 0.10 Mha in total supply, with Sichuan reaching
approximately 0.25 Mha—substantially higher than other provinces. The Xinjiang Uygur
Autonomous Region registers the highest intensity at 13.11%, being the only province
above the 10% threshold.

Within MAPZs (Figure 3e), Jiangsu, Xinjiang, Anhui, Shandong, and Henan each
supplied more than 0.10 Mha. In KEFZs (Figure 3f), Xinjiang, Zhejiang, and Hubei also
exceed this threshold. The supply intensity of MAPZs in Zhejiang, Jiangsu, Anhui, and
Shandong exceeds 2%, whereas that of KEFZs in Zhejiang, Jiangsu, Hubei, Ningxia, and
Shandong surpasses 3%. These values are substantially higher than those in other provinces.
Taken together, MAPZs in Jiangsu, Anhui, and Shandong, along with KEFZs in Zhejiang
and Hubei, demonstrate both larger supply scales and higher intensities, which may
warrant closer policy attention, as these patterns deviate from the typical low-supply
profile expected for restricted zones.

3.2. Characteristics of Construction Land Supply Structure
3.2.1. Increment-Stock Structure

At the national scale, the ISSI displays a distinct east-west gradient, with higher values
in the east and lower values in the west (Figure 4a). High-value clusters are concentrated
in Northeast China, the eastern coastal region, and the Yangtze River Basin, where many
counties record ISSI values greater than 0.5 (crossing the 0.5 threshold signifies a qualitative
transition from incremental-driven to stock-driven land supply). In contrast, most parts
of central and western China exhibit low values, with numerous counties registering ISSI
values below 0.25. By zone type, mean ISSI values rank as ODZ (0.445) > KDZ (0.298) >
MAPZ (0.227) > KEFZ (0.204), indicating that all four zone types remain predominantly
dependent on incremental land supply (Figure 4b).

Provincial comparisons within each zone (Figure 4c—f) reveal that only Beijing’s ODZ
(0.719), Tianjin’s KDZ (0.548), and Jiangsu’s KEFZ (0.506) exceed 0.5, reaching a stock-
dominant level. In all other provinces, incremental land supply continues to prevail.

3.2.2. Functional Structure and Dominant Land-Use Categories

Figure 5 illustrates the spatial distribution of the functional structure of land supply
across the four zone types. At the national scale (Figure 5a), areas west of the Hu Line
(Hu Huanyong Line) exhibit a pronounced structural imbalance. Comparison of the FSI
across zone types reveals that ODZs and KDZs generally maintain a more balanced land
supply composition (Figure 5b,c). Only Hebei’s ODZ and Tianjin’s KDZ show a moderate
concentration, dominated by industrial-mining—storage land.

By contrast, MAPZs and KEFZs exhibit broader patterns of concentration. Within
MAPZs, six provinces show moderate concentration, with ISL dominating in Inner Mongo-
lia, Ningxia, and Hubei, and TL prevailing in Gansu, Guangdong, and Fujian (Figure 5d). In
MAPZs, concentrated supply does not indicate structural inefficiency; rather, it reflects the
zones’ designated function of safeguarding agricultural production, where land supply is
intentionally channeled toward a limited range of agricultural and rural infrastructure uses.
In KEFZs, ten provinces are moderately or highly concentrated. TL dominates in Inner
Mongolia, Qinghai, Hainan, Shaanxi, Guangdong, Guangxi, and Tianjin. GOSL prevails in
Sichuan and Hubei, while ISL dominates in Jiangsu (Figure 5e). For KEFZs, high concen-
tration is a direct outcome of the strict use restrictions imposed by policy—construction
activities are largely limited to ecological protection and public welfare facilities, leaving
little room for diversified land-use types.
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Figure 4. Spatial distribution and interprovincial comparisons of the ISSI across functional zones.
(a) Spatial distribution of the incremental-stock land supply index; (b) Boxplots of the ISSI index
across the four types of major functional zones; (c—f) Interprovincial comparisons of the index within
optimized development zones, key development zones, restricted development zones, and prohibited
development zones, respectively.
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Figure 5. Types and spatial distributions of land supply functional structures in the functional zones.
As a robustness check, we also calculated the information entropy index as an alterna-
tive measure of functional structure diversity. The relative ranking of concentration across

the four zone types is consistent with that derived from the Gini coefficient, confirming the
robustness of our findings.
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3.3. Characteristics of Construction Land Supply Efficiency

Systematic assessment of land supply efficiency provides a basis for identifying spatial
differences in land-use performance and reflects the extent to which the functional zoning
strategy has been implemented. In ArcGIS 10.3, county-level land supply efficiency was
categorized into four levels using the Jenks natural breaks method: low, lower-middle,
upper-middle, and high. As illustrated in Figure 6a, efficiency levels alternate across the
country, forming an uneven spatial pattern. High-efficiency belts occur in the eastern,
central, and western regions, whereas the intervening areas show relatively low efficiency.
Areas of relatively high efficiency are observable in the eastern, central, and western regions,
though these should be interpreted as localized clusters rather than as persistent “belts” of
high performance.

(b) Optimized Development Zone _
N Jo

Land Supply Efficiency Type
B Low Efficiency
Lower-Middle Efficiency
Upper-Middle Efficiency
I High Efficiency
[INo data

Provincial Boundaries

Figure 6. Land supply efficiency classes and spatial distribution in the functional zones.

Based on these data, land supply efficiency was calculated for the four zone types
across all provinces. As shown in Figure 6b—e, ODZs and KDZs generally exhibit higher
efficiency than MAPZs and KEFZs, reflecting distinct performance differences consistent
with their functional orientations. Across provinces, approximately 70% of ODZs fall
within the upper-middle or high categories, while the corresponding share for KDZs is
36.7%. In contrast, MAPZs and KEFZs account for only 3.7% and 10%, respectively.

Significant heterogeneity is observed across provinces within each zone type. In ODZs,
southern provinces generally demonstrate higher land supply efficiency than northern
ones, while in Hebei, Shandong, and Shanghai, it is notably lower than the national average.
In KDZs, most provinces fall into the lower-middle or upper-middle categories. Developed
eastern provinces such as Jiangsu and Guangdong generally exhibit higher efficiency than
western provinces such as Guizhou and Gansu. In MAPZs, only Hainan reaches the upper-
middle category. Gansu, Sichuan, Guizhou, and Guangxi form a contiguous low-efficiency
belt across the central-western region, while lower-middle provinces dominate, accounting
for 81.48%. KEFZs display a similar pattern, with lower-middle provinces constituting
the majority. The proportions of upper-middle, lower-middle, and low efficiency are 10%,
56.67%, and 33.33%, respectively, at the national level.

It should be noted, however, that the provincial-level aggregation used here smooths
out within-province heterogeneity at the county level. Some counties within a province
may deviate substantially from the provincial average, and the reported efficiency values
should therefore be interpreted as general tendencies rather than precise estimates for
individual counties.
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3.4. Construction Land Supply Modes

Building on the single-dimension results, an SOFM neural network was applied to
cluster provincial indicators: CLSI, ISSI, FSI, and EI. The efficiency-enhancement type ac-
counts for the largest share across all zones, indicating that EI remains the most widespread
bottleneck. The stock-optimization and structure-optimization types reveal zone-specific
weaknesses, providing an empirical basis for refining differentiated policies.

Within ODZs, three land supply types are identified (Figures 7a—c and 8a). The advantage-
consolidation type appears only in Beijing (CLSI: 0.029; ISSI: 0.719; EI: 1.033), with very low
supply intensity, stock-dominated supply, and frontier-level efficiency, closely aligning with
the ODZ policy ideal. The efficiency-enhancement type occurs in eight provinces (e.g., Fujian
and Guangdong), featuring a balanced stock-increment structure (ISSI: 0.431) but moderate
efficiency (EI: 0.614), with efficiency improvement as the main priority. The stock-optimization
type is found exclusively in Tianjin (CLSI: 0.236; ISSI: 0.204; EI: 0.724), characterized by high-
intensity, increment-driven supply. The high CLSI reflects land pressure in a densely built-up
municipality rather than inefficiency; the low ISSI (0.204) indicates excessive reliance on
incremental supply, warranting policy attention under the ODZ mandate.
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Figure 7. SOFM-based mean values of the subsystems across the functional zones.
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Figure 8. Policy-oriented zoning types for land supply optimization across the functional zones.

Within KDZs, two land supply types are identified (Figures 7d,e and 8b). The
efficiency-enhancement type predominates, covering 29 provinces, while only Tianjin
falls into the advantage-consolidation type. The efficiency-enhancement type shows moder-
ate supply intensity (CLSI: 0.055) and a relatively balanced functional structure (FSI: 0.283),
but low efficiency (EL 0.527), making efficiency improvement the primary challenge. The
advantage-consolidation type exhibits higher intensity (CLSI: 0.071), a balanced increment-
stock structure (ISSI: 0.548), and a more concentrated functional structure (FSI: 0.439), with
efficiency reaching 1.151—well above average—suggesting this configuration aligns well
with the KDZ’s role as a growth pole.

Within MAPZs, four land supply types are identified (Figures 7f-i and 8c). The stock-
optimization type predominates, covering 17 provinces (e.g., Fujian and Henan), with
strong dependence on incremental supply (ISSI: 0.207) and the lowest efficiency (EI: 0.459).
The structure-optimization type includes five provinces (Guizhou, Qinghai, Sichuan),
characterized by a dispersed functional structure (FSI: 0.243) and low efficiency (EI: 0.442).
The efficiency-enhancement type occurs in provinces such as Anhui, Jiangsu, and Shandong,
featuring low supply intensity (CLSI: 0.030) and a relatively balanced structure (FSI: 0.335),
but weak efficiency (EL: 0.501). The advantage-consolidation type appears only in Hainan,
with a more concentrated structure (FSI: 0.351) and the highest efficiency within MAPZs
(EL 0.678), reflecting moderate alignment with the zone’s restricted development mandate.

Within KEFZs, two land supply types are identified (Figrues 7j,k and 8d): efficiency
enhancement and advantage consolidation. The efficiency-enhancement type predominates,
covering 28 provinces, with extremely low intensity (CLSI: 0.013), a concentrated structure
(FSI: 0.357), and low efficiency (EI: 0.466). The advantage-consolidation type appears only in
Hainan and Qinghai, with the lowest intensity (CLSI: 0.002), a highly concentrated structure

https://doi.org/10.3390/land 15081418


https://doi.org/10.3390/land15081418

Land 2026, 15, 1418

14 of 19

(FSI: 0.634), and relatively high efficiency (EI: 0.634). This pattern reflects compliance with
KEFZ'’s ecological conservation mandate rather than inherent superiority. This pattern is not
inherently superior, but rather reflects compliance with the zone’s ecological conservation
mandate. The relatively higher efficiency here indicates that the limited construction
activities permitted are concentrated in the most functionally appropriate uses.

These patterns should be interpreted with reference to each zone’s designated function:
a high EI combined with either high or low CLSI does not automatically signify “better”
or “worse” land allocation; rather, it reflects the degree to which the supply pattern aligns

with the zone’s specific development or protection mandate.

4. Discussion
4.1. Alignment of Land Supply Outcomes with Strategic Goals

The results indicate that since the implementation of the MFZP, land supply patterns
across the four functional zones have generally aligned with policy objectives, although
localized deviations have emerged. Examining these discrepancies helps clarify the logic of
regional land-use change and highlights the mismatches between strategic planning goals
and local development incentives.

In terms of scale and intensity, the construction land supply in KDZs during 2010-2020
was significantly higher than that of other zones, consistent with their strategic role as
the primary carriers of industrial and population growth. In contrast, ODZs recorded
the lowest total supply but the highest supply intensity, reflecting the intensity of devel-
opment under limited spatial capacity. MAPZs and KEFZs maintained generally low
supply scales and intensities, consistent with their restrictive development orientation.
However, exceptions occur in the MAPZs of Jiangsu, Anhui, and Shandong, and in the
KEFZs of Zhejiang and Hubei, which display simultaneously high values of scale and
intensity. These cases likely reflect fiscal land dependence or industrial spillover pres-
sures in policy implementation [48-50]. Overall, the alignment between supply scale and
intensity remains strong, but localized deviations confirm the spatial gradient pattern of
“urban agglomeration-development axis—growth node” emphasized in spatial economics,
underscoring persistent unevenness in regional policy implementation [51,52].

In terms of land supply structure, the ISSI shows a distinct “high in the east, low in
the west” pattern, indicating that eastern regions—particularly ODZs—are more reliant
on stock revitalization. This pattern is consistent with the national policy orientation
of “prioritizing stock and promoting reuse.” Nevertheless, the national mean remains
below 0.5, implying that incremental supply continues to dominate. This outcome reflects
the path dependence of local governments during the transformation process [53,54]. At
the functional structure level, the relatively balanced configurations of ODZs and KDZs
suggest that their integrated functional positioning is being effectively realized. In contrast,
MAPZs and KEFZs demonstrate a more concentrated functional structure. Notably, neither
has shifted toward residential or commercial uses, underscoring consistency with their
restrictive development mandates. Much of their land supply is allocated to industrial
and storage land or transport land, reflecting the practical need for facilities that support
agricultural production, logistics, and ecological functions. However, in some provinces,
this reliance has become relatively high, revealing persistent structural path dependence in
land allocation that may limit the extent to which their designated functional roles are fully
achieved [55,56].

In terms of efficiency, ODZs and KDZs generally outperform the restricted zones, yet
notable internal disparities remain. ODZs display a “higher in the south, lower in the
north” pattern, whereas KDZs follow a “stronger in the east, weaker in the west” gradient.
This spatial differentiation indicates that efficiency is influenced not only by supply scale
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and intensity but also by industrial structure, factor allocation, and market accessibility [57].
These results are consistent with studies on factor misallocation and efficiency divergence,
which suggest that when land supply continues to rely on incremental expansion and
fails to align with industrial upgrading or improvements in human capital, structural
contradictions arise—manifested as rising intensity but lagging efficiency [58,59].

Finally, the four land supply modes identified through SOFM clustering reveal distinct
differences. Regions of the advantage-consolidation type achieve high efficiency under low-
intensity constraints, suggesting a balanced approach to stock utilization and functional
optimization within policy boundaries. In contrast, stock-optimization regions combine
intensive expansion with limited efficiency, reflecting a persistent reliance on extensive
development. Structure-optimization regions, concentrated mainly in MAPZs, face the
dual challenge of fragmented land-use structures and low efficiency. Efficiency-enhancing
regions predominant nationwide, indicating that efficiency remains the most widespread
bottleneck relative to policy targets. Overall, these patterns indicate that when scale and
intensity are not well coordinated with structural optimization and efficiency improvement,
strategic coherence tends to be weaker—producing configurations such as “high intensity—
low efficiency” or “structural concentration-limited output.” These observations should be
understood as empirical characterizations of the current land supply landscape rather than
normative judgments of policy failure.

4.2. Pathways for Optimizing Differentiated Land Supply

Building on the above findings, the overall consistency between land supply patterns
and the MFZP is evident, though localized deviations call for targeted refinement. Opti-
mization should be guided by the four land supply modes identified in this study and
adapted to each zone’s spatial and developmental context. The recommendations in this
section are presented in two tiers. The first tier consists of policy directions that follow
directly from the observed land supply patterns—these are empirical implications derived
from the clustering results. The second tier comprises extended policy considerations that
are logically consistent with the identified problems but have not been directly tested by
our data; these are offered as potential directions for further exploration rather than as
definitive conclusions.

ODZs exhibit a “low scale-high intensity” pattern with lagging efficiency, particularly
in stock-optimization and efficiency-enhancing regions. Policy should focus on controlling
new construction land, redeveloping inefficient parcels, and shifting from expansion-driven
to performance-oriented land use. Advantage-consolidation areas such as Beijing should
remain benchmarks for intensive development. In contrast, high-intensity regions such as
Tianjin need stricter quota management and urban renewal. Efficiency-enhancing regions
require industrial upgrading and technological innovation to improve land productivity.

KDZs face a “large scale-low efficiency” challenge, reflecting a persistent mismatch
between land inputs and output performance. An “efficiency-first, coordinated-support”
approach is needed. In the eastern developed provinces, land use should be more closely
aligned with innovation-driven industries and advanced manufacturing to maximize land
productivity. By contrast, KDZs in central and western regions need to strengthen the
coordination between land expansion, population growth, and industrial agglomeration
through improved industrial-chain integration and factor mobility.

MAPZs must balance food security with efficiency improvement. Stock-optimization
regions should strictly limit incremental supply and prioritize redevelopment for agro-
processing and agricultural infrastructure. Structure-optimization regions need to reduce
excessive industrial and transport land shares and reallocate to agricultural-supporting
industries and rural services. Efficiency-enhancing regions should integrate agriculture
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with secondary and tertiary industries through technology and value-chain extension.
Advantage-consolidation regions, such as Hainan, should sustain their “low-scale-high-
efficiency” pattern while exploring policy mechanisms that link land-use performance with
grain subsidies and fiscal incentives as a potential direction for coordination.

The primary mandate of KEFZs is to safeguard ecological security. In efficiency-
enhancing regions, one possible instrument is the adoption of a strict negative-list sys-
tem, with new construction land directed primarily toward ecological restoration, green
industries, and eco-tourism to ensure consistency with ecological objectives. Advantage-
consolidation regions, such as Hainan and Qinghai, should sustain their “low-intensity—
high-efficiency” development path, supported by fiscal transfers and ecological compensa-
tion mechanisms, and serve as national benchmarks. Structure-optimization regions need
to rebalance functional land allocations to prevent overreliance on any single land-use
type and to foster synergy among ecological protection, green industries, and public ser-
vices. Stock-optimization regions should prioritize ecological redevelopment of idle land
to achieve “increment reduction and ecological expansion.”

4.3. Contributions and Limitations

The contributions of this study are threefold. Theoretically, it develops a “scale—
structure—efficiency” evaluation framework for differentiated land supply under the MEZP,
establishing a new analytical basis for assessing policy implementation. Methodologically,
it introduces the increment-stock supply index and the functional structure index to
capture differentiated supply patterns, and applies SOFM clustering to identify four typical
supply modes—advantage consolidation, stock optimization, structure optimization, and
efficiency enhancement—overcoming the limitations of single-indicator or macro-level
analyses. Practically, it proposes targeted optimization pathways to strengthen functional
zone roles and advance high-quality land development.

This study has several limitations. First, while it provides a comprehensive descriptive
and comparative evaluation, it does not establish causal linkages between policy and land
supply patterns. Future research should employ causal identification strategies—such as
difference-in-differences, spatial econometrics, or quasi-natural experiments—to quantify
policy effects and uncover underlying mechanisms. Second, the provincial-level analysis
may mask intra-provincial variations, and the land supply data may be subject to report-
ing bias, as local officials have incentives to report favorable figures. Finer-scale spatial
analyses could better capture localized responses and spatial spillover effects, while cross-
checking records against alternative datasets—such as land-transfer fee revenues, approved
construction quotas, or satellite-based land-use change data—could help to assess data
consistency and completeness. Third, the “scale-structure—efficiency” framework does
not fully address the complex interactions between land supply and broader socioeco-
nomic and ecological systems. Future studies should adopt a more holistic approach—
combining econometric analysis, spatial simulation, and system dynamics—to capture
these interactive mechanisms.

5. Conclusions

This study finds that land supply practices are broadly aligned with strategic objectives,
yet notable local deviations persist. ODZs exhibit a “low scale-high intensity” pattern with
lagging efficiency; KDZs show large-scale expansion without corresponding performance
gains; MAPZs face low efficiency due to trade-offs between farmland protection and fiscal
dependence; and KEFZs remain predominantly “low intensity—low efficiency,” though
some provinces deviate from restrictive mandates.
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These findings indicate that the MFZP strategy has effectively promoted spatial dif-
ferentiation, while also revealing tensions between top—down policy design and local
implementation. Based on SOFM clustering, four differentiated optimization pathways
are identified. Future policy should emphasize integrated coordination within a “scale
regulation-structural optimization—efficiency enhancement” framework to better align
national objectives with local capacity. Future research may refine these descriptive find-
ings using finer-scale spatial data and causal identification methods to capture the dy-
namic linkages among land supply, industrial upgrading, population agglomeration, and
ecological protection.
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MEZP Major function-oriented zone planning

ODZs Optimized development zones
KDZs Key development zones
RDZs Restricted development zones

PDZs Prohibited development zones
MAPZs Major Agricultural Production Zones
KEFZs  Key Ecological Function Zones
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