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ABSTRACT

How to explore land spaces for future urban expansion under the ECL policy in China has been an essential issue. Previous
methods or models just consider the land parcel's current land-use condition, while ignoring its future urbanization trend. This
study proposes a framework for identifying the suitable “transfer-out” land parcels within the ECL by integrating the future ur-
banization probability and ecosystem services value. First, a vector-based cellular automata is adopted to determine urbanization
probabilities of land parcels, and the ecosystem services values are evaluated based on the calculated equivalent table. Then, a
“two-way screening” method is proposed to identify “transfer-out” land parcels by prioritizing the minimization of ecological
value losses and the maximization of urban development benefits. The identified land parcels are evaluated at the suitability level
by parcel connectivity analysis. The proposed framework was applied in Shenzhen, China. The results indicated that several
“transfer-out” land clusters more suitable for planning as residential or public-service lands. This framework can provide global
city planners with valuable policy guidance for dealing with similar ecological pressures.

1 | Introduction resources (Seto, Guneralp, and Hutyra 2012; Vliet, Eitelberg, and
Verburg 2017; Deng, Liu, and Fu 2019).

Urbanization is a significant phenomenon affecting the global

ecological environment (Henderson 2002; Deng et al. 2009;
Johnson and Lichter 2020). Urban expansion creates more eco-
nomic benefits and improves people's living standards (Tian
et al. 2005; Gu, Hu, and Cook 2017), while it raises a series of eco-
logical problems, including land degradation, forest reductions,
soil erosion, and the greenhouse effect (Bren D'’Amour et al. 2017;
Xie et al. 2018; Bai et al. 2018). In the past 40years, unprecedented
advancements in the scale and rate of urbanization took place in
China (Wang et al. 2012; Gu, Hu, and Cook 2017), giving rise to
tremendous pressure on the ecosystem system and environmental

© 2025 John Wiley & Sons Ltd.

Ecological control line (ECL) policy is an important pol-
icy tool in China, which represents the boundaries of eco-
logical control areas (ECAs) delineated by the government
(Luo et al. 2018; Gao 2019). Since 2005, the ECL policy has
been implemented in many large cities in China, including
Shenzhen, Dongguan, Wuxi, Wuhan, Hefei, and Xiamen (Luo
et al. 2018). ECAs play a “bottom line” role in preventing
fast and disorderly growth of urban development and main-
taining ecological safety (Chen et al. 2019; Chen, Zhao, and
Wu 2019; Lin and Li 2019).
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Except for the following five uses: (1) key roads and transpor-
tation; (2) public management and services; (3) tourist facili-
ties; (4) green parks; (5) education and scientific research, and
modern agriculture (Bai et al. 2016; Hong et al. 2017; Lin and
While 2022), the lands within ECAs are prohibited from being
converted to urban construction lands (“Regulations on the
Management of Basic Ecological Control Lines in Shenzhen
(amended in 2013)” policy). However, the conflict between the
increasing land demands for urbanization and ECL policy is be-
coming more intense (Sheng 2010). Some megacities (each with
a population of over 10 million) are facing a severe problem in
that insufficient land resources cannot meet the space required
for urban expansion. The restriction of land spaces has become
a critical bottleneck for urban development (Zhao et al. 2006;
Peng, Zhao, et al. 2017; Peng, Tian, et al. 2017; Jia et al. 2018).

In China, some cities have promulgated some policies to ad-
just Ecological Control Line for land space demands (Hong
et al. 2017; Luo et al. 2018; Chen et al. 2019; Chen, Zhao, and
Wu 2019). Shenzhen, as the first city to implement the ECL pol-
icy in China, formulated the “Optimization and Adjustment
Plan of Shenzhen Basic Ecological Control Line” policy in 2013.
This policy stipulates that ECAs can be adjusted reasonably
with the demand for the construction of major projects related
to the development of people’s livelihoods (Hong et al. 2017). In
2020, the Ministry of Natural Resources of China established
the “Opinions on the deepen reform in the natural resources in
Guangdong-Hong Kong-Marco Greater Bay Area” policy. The
policy allows Guangdong Province to optimize and adjust the
three control lines of the territorial spatial planning (Ecological
Control Line is one of the three control lines) during 2020-2035.
It allows for the conversion of agricultural land outside of the
permanent basic farmland into construction land (the ECAs
contain a large amount of agricultural land), which with the ap-
proval authority, is decentralized to the Shenzhen Government.
The policy also supports Guangdong Province in exploring the
establishment of a mechanism for trading construction land
within the province.

The ECL adjustment policies consist of two parts: “transfer-out”
and “transfer-in.” “Transfer-out” refers to transferring lands
out of ECAs as the areas allowed for urban development (na-
tional, provincial, and city construction projects). “Transfer-in”
refers to the transferring of lands into ECAs to strengthen eco-
logical services functions. The basic principle is to maintain the
“transfer-out” area to be equal to the “transfer-in” area and en-
sure that land parcels with high ecological quality remain within
the ECAs. This study just focuses on the issue of “transfer-out”
lands of the ECL adjustment in a megacity for which the lands
are extremely scarce and such a shortage of available lands
greatly impede sustainable urban development.

Many researchers have tried some studies about the policy
management recommendations on adjusting and managing
the ecological control line dynamically. Sheng (2010, 2012),
Ouyang (2012) and Chen, Hong, and Yang (2018) summarized
the problems and challenges faced by the implementation of ECL
policy and tried to provide some urban green spatial planning
and management new concepts. Li and Song (2014), He (2017),
and Luo et al. (2018) explored the management measures of
the ecological control lines integrating the object, pattern,

implementation, and system to realizing the balance and com-
prehensive control among various sectors. Hong et al. (2017) pro-
posed an ecological space management pattern that integrates
the space system, management system, and support system in
Shenzhen, and discussed how to balance between the rigorous-
ness and flexibility of the ecological control line. Zheng (2018)
explored an effective strategy merging ecological protection,
rural development, agriculture transformation and leisure activ-
ity development to utilize the lands within the ecological control
lines. Guan (2023) concerned the development dilemma of peo-
ple living within the ecological control line, and pointed out the
existing compensation systems are not sufficient to the loss of
the land development rights. These studies almost provided rec-
ommendations on the ECL policy adjustment and management
measures from theoretical perspectives, lacking spatially explicit
solutions or technological methodologies for identifying specific
adjusted land parcels. The “transfer-out” land parcels.

Some scholars tried to explore the practical solutions to identify
“transfer-out” land parcels in the ECL adjustment program. The
core ecological area is identified by spatially overlaying the seven
categories of ecological protection sites, thus the areas with ex-
cluding out the core ecological area can be recognized as the
transfer-out lands (Long 2009), then these lands be evaluated
for transfer-out suitability grade by considering the surveyed
land-use condition and residents' demand. Wang et al. (2012)
identified “transfer-out” land parcels by screening out crucial
ecological areas and priority selecting the lands located at the
edge of the ecological control line, and appropriately meet the
development needs of the local residents within the ecological
control areas. These solutions have a complete technical frame-
work that can be operated practically.

However, these studies have only considered the current land-
use types of land parcels, while the future urbanization trends
of land parcels have largely been ignored. The purpose of trans-
ferring out is to provide more spaces for future urban develop-
ment where available land resources are too scarce. Thus, the
future urbanization possibilities of land parcels must be taken
as an essential basis when formulating an identification scheme
of “transfer-out” land parcels.

One of the basic principles of transferring out is to ensure the
high ecological quality lands remain inside the ECL. This means
that the future urbanization trend and the ecological value
should be considered equally important. How to balance ecolog-
ical protection and future development in the land transfer-out
scheme becomes a challenge. On the one hand, the land par-
cels with high ecological value should be retained within the
ECL as far as possible to minimize ecological value losses. On
the other hand, the land parcels with high future urbanization
trends should be adjusted out to maximize the urban develop-
ment benefits. Thus, under the certain number of land areas to
be transferred out, it is crucial to prioritize the selection of land
parcels with high urbanization probability and low ecological
value from the ecological control areas.

This study proposes a new framework for identifying suit-
able “transfer-out” land parcels under the ECL policy. First,
a vector-based cellular automata (VCA) model is adopted to
project future land-use scenarios. The future urbanization
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probability of each land parcel is obtained by exploring the
year-by-year transition probability using the VCA model.
Then, the ecosystem services values of land parcels in ECAs
are evaluated based on the calculated equivalent table. Finally,
a “two-way screening” method is proposed to identify land
parcels with high future urbanization probabilities and low
ecosystem services values. These identified land parcels are
assessed the suitability level for transferring out based on the
parcel connectivity analysis. The proposed framework was
applied to Shenzhen, one of the most land-constrained meg-
acities in China.

2 | Study Area and Data
2.1 | Study Area

Shenzhen city is located in southern Guangdong Province in
China, along the eastern side of the Pearl River and adjacent
to Hong Kong (http://www.sz.gov.cn/cn/zjsz/gl/). Shenzhen is
a rapidly urbanizing and highly developed metropolis with 10
administrative districts (Figure 1). The long-term resident pop-
ulation of Shenzhen is 11.91 million, and the actual population
has reached 20 million (http://www.sztj.gov.cn/). However, the
area of Shenzhen is only 1997.47km? (12.17% of Beijing, 31.50%
of Shanghai, and 26.76% of Guangzhou). Shenzhen is suffering
tremendous pressures, including a vastly dense population, se-
vere shortage of land resources, restricted urban development
space, and insufficient resource capacities (Qian et al. 2016;
Huang et al. 2019).

To protect urban ecosystems and prevent unreasonable urban
sprawl, Shenzhen became the first region in China to designate
ECAs in 2005. The area of ECAs is 974km?, constituting 48.76%
of the city (Figure 1). The ECL policy has exacerbated the scarcity
of land space available for urban development which has an ob-
vious constraining influence on the development of commercial
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and industrial projects (Sheng 2012; Hong et al. 2016). The con-
struction land allowed for urban expansion in Shenzhen is ap-
proaching its upper limit.

2.2 | Data

This study adopted vector land-use data, driving factors data
and ECAs data in Shenzhen. The details about data are shown
in Table 1. Among them, the vector land-use data and driving
factors data are used for land-use change simulations. The ECAs
data are used to project the future land-use scenario guided by
the ECL policy.

3 | Method

As shown in Figure 2, the proposed framework for identify-
ing the suitable “transfer-out” land parcels involves four parts.
(1) Urbanization probability by CNN-VCA: Urbanization
probability is derived from CA model projections based on
the historical land-use change trends. The future urbaniza-
tion probability of each land parcel is obtained by exploring
the year-by-year transition probability using a convolutional
neural network (CNN)-based VCA model (Zhai et al. 2020).
(2) Projected future land-use scenarios: The future land-use
in 2050 under the ECL-guided scenario is projected using the
calibrated CNN-VCA model. The land-use pattern in 2050
under the baseline development scenario is also simulated for
comparison. (3) Evaluation of ecosystem services value: The
ecosystems services value of each land parcel is evaluated
based on the equivalent value coefficients table and the cal-
culated one equivalent value (Xie et al. 2008; Liu, Zhang, and
Zhang 2014). (4) Identifying “transfer-out” land parcels and
suitability level assessment: A “two-way screening” method is
proposed to identify “transfer-out” land parcels. Land parcels
are selected to minimize ecological value losses in one way
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FIGURE1 | Shenzhen city and its ecological control areas (ECAs).
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TABLE1 | Listof data used in this study.
Category Data Type Data resource
Land use Cadastral land-use data (2009 and 2014), Vector Bureau of Land and
including five categories: nonurban land, Resources of Shenzhen
public-services land, commercial land,
residential land, and industrial land
Driving factors Basic topographic data (DEM and slope) Raster Geospatial Data Cloud
(30-m (http://www.gscloud.cn)
Location and transportation resolution) Calculated from land-use
(the distance to district centers, the distance data and traffic road data
to railways, the distance to highways,
and the distance to main roads)
Density of point of interest (POI) Gaode Map API
(hospitals, bus stations, restaurants, (https://www.amap.com/)
entertainment facilities, parks, supermarkets,
shopping malls, and factories)
Ecological control areas Ecological control line Vector Bureau of Land and

Resources of Shenzhen
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FIGURE2 |

and to maximize the urban development benefits in the other
way. Then, these identified “transfer-out” land parcels are as-
sessed its suitability level: high, medium, and low.

3.1 | Urbanization Probability by CNN-VCA

Cellular automata (CA) model is a widely used methodological
approach to simulate complex processes such as land cover and
land-use change (Li et al. 2017). CA models mainly include four

Proposed framework for identifying the suitable “transfer-out” land parcels.

parts: the transition suitability, the neighborhood land-use con-
dition, the constraint coefficient, and the stochastic factor (Li
and Yeh 2002). CA models can effectively uncover the histori-
cal urban evolution pattern and simulate future urban develop-
ment trends. Some researches, taking CA model as part of the
whole framework, aims to address typical urban problems, such
as urban growth boundaries, ecological impacts of different
urban evolution patterns, and early warning of illegal develop-
ment in ecological zones (Li et al. 2013; Li and Zhao 2017; Chen
et al. 2019; Chen, Zhao, and Wu 2019).
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Raster-based cellular automata (RCA) models use regularly
shaped and sized grids as basic units (i.e., cells). However, most
land-use policies and regulations set by the government are
based on irregularly shaped land parcels with clear boundaries
and absolute ownership. Vector-based CA (VCA) models, which
adopt irregularly shaped vector polygons as cells to represent
irregular parcels, have been applied to excavate the land par-
cel's transition probabilities from nonurban use to urban use,
and project multiple future land-use scenarios at the land par-
cel scale (O'Sullivan 2001; Stevens and Dragicevi¢ 2016; Yao
et al. 2017).

This study adopts the CNN-VCA model to explore the future
urbanization probabilities of land parcels by accumulating
the transition probability of each land parcel. The CNN-VCA
model (Zhai et al. 2020) is a framework that integrates the
CNN method into the VCA model to simulate the land-use
changes at the land parcel scale. The CNN was used to ex-
tract the high-level features of the driving factors within the
parcel’s neighborhood and discover the relationships between
multiple land-use changes and driving factors. The simulated
results show that CNN-VCA model could obtain the highest
simulation performance in comparison with other VCA mod-
els. More details about the CNN-VCA model can be found in
Zhai et al. (2020). In this study, the CNN-VCA model showed
high accuracy through land-use change simulation during
2009-2014 (see the Supporting Information).

In the CNN-VCA model, the transition probability (P) of each
land parcel is generated by the combination of transition suit-
ability (P,), neighborhood land-use condition (), constraint
coefficient (P,), and stochastic factor (RA). More detail about
the formula can be found in Zhai et al. (2020). The urbanization
probability (U) of each land parcel is calculated as follows:

U= P m

where U refers to the urbanization probability of cell i at time ¢, k
is the possible land-use change type of cell i, including four cate-
gories: nonurban to public-services land, nonurban to commercial
land, nonurban to residential land, and nonurban to industrial
land. The neighborhood land-use condition () depends on the
quantity and type of nearby land parcels, which change with
urban expansion. This means that the urbanization probability
of each land parcel also changes yearly with urban development.
The constraint coefficient (P,) is a parameter that controls whether
a land-use type change to another type is allowed. The restricted
development area is 0, and the allowed development area is 1. The
iteration step of the CNN-VCA model is set to 1year. The process
of exploring the urbanization probability of each cell year by year
is shown in Figure 3.

The starting year of the land-use change process is set as N, and
the target year is set as N+x. After one iteration, the urbaniza-
tion probability of each land parcel from year N to N+ 1 can be
calculated. The simulated land use in year N+ 1 can also be ob-
tained, which is then used as an input to the CNN-VCA model
to continue the second iteration. The neighborhood land-use
condition (Q) in year N+ 1 is then recalculated. Thus, after the x-
th iteration, the urbanization probability from the year N+ x-1 to

N+Xx is obtained. Finally, the future urbanization probability of
each land parcel in the target year is calculated by accumulating
the urbanization probability obtained each year. The formula is
as follows:

Uin-Nen = Uivonen F Uiniione) + o F Uiic1oNg (2)
where Uyn_ N4y IS the future urbanization probability of cell i
from starting year N to target year N+x.

3.2 | Projected Future Land-Use Scenarios

One of the primary purposes of this study was to explore how many
years the existing land space can support urban growth under the
strict ECL policy. This study developed two future land-use sce-
narios: (1) a baseline development scenario, and (2) an ECL-guided
development scenario. The two predicted scenarios are compared
to analyze the ECL policy's effect on future urban land-use pat-
terns. These scenarios are described below.

1. Baseline development scenario: Shenzhen's future land-
use change will follow the historical pattern during
2009-2014, and no land-use policies will be considered to
promote or constrain the urban growth rate. This means
that in this scenario, the ECL policy will not be consid-
ered, and no parameter adjustments will be made to the
CNN-VCA model.

2. ECL-guided development scenario: The future land use of
Shenzhen is guided by the strictly constrained strategy of
the ECL policy. The land within ECAs is prohibited from
being developed into construction land. In this scenario,
the constraint coefficient parameters of the CNN-VCA
model are adjusted under different conditions (Figure 4).
Land parcel A intersects with the ECAs and is then di-
vided into two parcels: parcel A, is within the ECAs, and
parcel A, is out of the ECAs. Thus, parcel A, is not al-
lowed to be developed, meaning its constraint coefficient
is adjusted to 0.0, while the constraint coefficient of parcel
A's is adjusted to 1.0. Land parcel B is located inside the
ECAs, and its constraint coefficient is 0.0. Land parcel C
is located outside the ECAs, and its constraint coefficient
parameter is 1.0.

A Markov chain (Kamusoko et al. 2009) is used to generate the
conversion probability of multiple land-use types over a time se-
ries and then to calculate the quantitative structure of land-use
changes in future periods.

Sijrn) = PySicy ©)

where Sy, is the area of land-use type i converted to type j
at the future time ¢ + 1, Sy, is the area of land-use type i at the
time ¢, and P;; is the probability that land-use type i transitions

to type j.

In this study, the annual conversion probabilities of multiple
land-use types were calculated by the land-use change transfer
matrix from 2009 to 2014. Then, a Markov chain was used for
generating the future land-use demand. The projected future
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FIGURE3 |

land-use demand was used as the total amount condition in
the CNN-VCA model to predict future land-use patterns yearly
during 2014-2050 under different annual scenarios.

3.3 | Evaluation of Ecosystem Services Value

Selecting land parcels with low ecological services values
within ECAs is one of the key components of identifying suit-
able “transfer-out” lands. Therefore, it is essential to evaluate
ecosystem services value at the land parcel scale. Ecosystem

Neighborhood land-
use condition (£2)

{ Calculating transition probability of
’ each land parcel (P)

Calculating transition probability of Neighborhood land-use
eachland parcel(P) in year N + 1 condition () in year N + 1

\

Land-use in
starting year (N)

Calibrated CNN-VCA model

-1

N

Restricted
development area

coefficient (P;)

Constraint ’

|

Simulated land-use in
year N + 2

Exploring the year-by-year urbanization probabilities of land parcels.

services (ES) represent various ecosystem functions referring to
the habitat, biological, or system properties or processes of eco-
systems (Costanza et al. 1997). In China, Xie et al. (2003, 2008)
classified the ES into nine categories, including food production,
raw materials, gas regulation, climate regulation, water regula-
tion, waste treatment, soil maintenance, biodiversity protection,
and landscape aesthetics, and established the Chinese equiva-
lent value coefficients table to evaluate the ecosystem services
value (ESV). The equivalent value coefficient represents the rel-
ative contribution of the potential ecosystem services, and one
equivalent value could be equal to 1/7 of grain price per hectare
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per year (Li, Li, and Qian 2010; Liu, Zhang, and Zhang 2014).
According to the Shenzhen Statistical Yearbook for 2018, the
average grain production in Shenzhen between 2010 and 2017
was 7095kg/hm?, and the grain price in 2017 was 2.72yuan/kg.
Thus, one equivalent value is calculated as 2756.91 yuan/hm?.

Then, based on the table of equivalent value coefficients mod-
ified by Xie et al. in Xie et al. 2008 (see Table S1), the table for
ecosystem services value per km? for different land-use types in

Shenzhen is obtained (see Table S2). The total ecosystem ser-
vices value of a given area is calculated as follows:

ESV= ) (4,%VC) @

©
SRS

(A)

FIGURE 4 | Spatial relationship of land parcels with the ECAs: (A)
Intersection, (B) Inside, and (C) Outside.

where ESV is the ecosystem services value, A, is the area of land-
use type k, and VC, is the ecosystem value for land-use type k.

3.4 | Identifying “Transfer-Out” Land Parcels
and Suitability Level Assessment

A “two-way screening” method is proposed to identify “transfer-
out” land parcels (Figure 5). Land parcels are selected to min-
imize ecological value losses in one way and to maximize the
urban development benefits in the other way. Then, these iden-
tified “transfer-out” land parcels are evaluated its suitability as
three level: high, medium, and low.

In the “two-way screening” method, the total area of the
“transfer-out” land parcels is set as TargetArea; this value is set
flexibly based on the spatial demand for future urban develop-
ment. In this study, TargetArea is equal to the urban develop-
ment space demand in 2050 calculated by the Markov chain
minus the existing land space.

The screening procedure includes multiple iterations. In the first
iteration, the land parcels minimizing ecological value losses in-
clude follows:

PE = {Pi | E; € MIN /\ Con(TransferOut < TargetArea) = 1}
©)

where PE is a collection of land parcels with minimum ecological
value losses, P; is the land parcel i. E; is the ecosystem services
value of land parcel i, A represents the logical operation “and”.

fFesssssssssssssssEsSsEEsSEEEEEEEESET 1
| |
' / Minimum ecological value Maximum urban I

—> . | fi ' |
| losses requirement e 0pmf3nt benefits | Land use datasets
| requirement |
________ t ,,,,,,,,,,,,,,,, i ,,,,,,,, I
————— I —

Ecosystem services value for
each parcel

Future urbanization
probability for each parcel

Land parecel statistics

Parcels with lowest
ecosystem services values

Parcels with highest future
urbanization probabilities

Prediction via Markov
Chains

I | I

\ 4

transferring out

Preliminary land parcels for

Target area for "transfer-

|
|
| out" lands
|
|

Iteration stop condition

No

Yes

v

Final "transfer-out" land parcels

Suitability level assessment for
transferring out

A4

FIGURES5 | Flowchart of the “two-way screening” method for identifying “transfer-out” land parcels and the suitability level assessment.
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MIN is the land parcel set with the lowest ecosystem services
values in this region, Con is a conditional function that returns
a value of 1 if the condition is met and 0 if not, and TransferOut
represents the areas of the identified “transfer-out” land parcels.
When TransferOut is less than TargetArea and the ecosystem
services value of parcel i is subordinate to MIN, the land parcel
set PE with the minimal ecological value losses is formed.

The land parcels with maximum urban development benefits
can be described as follows:

PU = {Pi | U; € MAX /\ Con(TransferOut < TargetArea) = 1}
©)

where PU is a collection of land parcels with maximum urban
development benefits, P, is the land parcel i. U; is the future ur-
banization probability of land parcel i in the target year. MAX is
the land parcel set with the highest future urbanization proba-
bilities in this region. When TransferOut is less than TargetArea,
and the future urbanization probability of parcel i is subordinate
to MAX, the land parcel set PU with the maximum urban devel-
opment benefits is formed.

Then, the land parcels under the set PE are ranked from the
lowest ecological value to high and sequentially encoded. The
land parcels belong to the set PU are ranked from the highest
urbanization probability to low and sequentially encoded. The
total area of land parcels of set PE is less than TargetArea, so is
set PU. Then, the land parcel encoded 1 in the set PE is firstly
selected, and be judged whether it is under the set PU, and if it is,
then the land parcel will be marked as “transfer-out”. Repeat the
above selecting process until all the land parcels in the set PE are
judged, then the first iteration stops.

After one iteration, the total area of identified “transfer-out”
land parcels is smaller than TargetArea. Thus, multiple iterations
must be conducted by compromising the conditions, to include
the land parcels with the second-highest future urbanization

probabilities into the set MAX and the land parcels with the
second-lowest ecosystem services values into the set MIN.

In the second iteration, the land parcels marked “transfer-out”
in the first iteration are exclude, and all the rest land parcels are
screened with the same selection process above repeatedly. The
sets MAX and MIN are compromised alternately, and the set PE
and PU will be updated. As a result, some additional land par-
cels will be identified as “transfer-out” land parcels.

The iteration process is repeated until the total area of identified
“transfer-out” land parcels reaches TargetArea; then the itera-
tion stops.

The suitability level of “transfer-out” land parcels is assessed
by parcel connectivity analysis. Parcel connectivity depends
on the amount and total area of topologically contiguous land
parcels (Zhou et al. 2008). First, land parcels were determined
whether topologically contiguous or not; if so, the parcels were
fused as a larger contiguous parcel. Then, a corresponding re-
lationship table was obtained that included the ID of the fused
contiguous parcel, the area of the fused contiguous parcel, the
number of original parcels for each fused contiguous parcel,
and the IDs of the original parcels for each fused contiguous
parcel (Figure 6).

The suitability level of “transfer-out” land parcels is assessed
at three levels: high, medium, and low. If one land parcel was
part of a fused contiguous parcel and the area of the fused
contiguous parcel was in the top 10% of all contiguous land
parcels sorted from largest to smallest (i.e., due to the signifi-
cant advantage of a large area size), the parcel's suitability for
transferring out is high. When in the top 10% to 50% (i.e., due
to the advantage of an average area size), a parcel's suitability
for transferring out was medium. If a land parcel was in the
bottom 50% (i.e., with a small area size) or was not contiguous
with other parcels, the parcel's suitability for transferring out
was low.

The original parcels

r— 1
| Numld, — »( AreaS, ) |
]
The fused larger | |
contiguous parcel | .
T | Numld, > AveaS, ) |
R | .
© NumDd | |
| | - | cecees |
: AreaS | : NllﬂlIdn_l 4’<£\Iieisi-1> :
_____ I
| |
: NumId, »(A\re'a%) :
FIGURE 6 | Fused larger contiguous parcel and its original parcels.
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4 | Results

4.1 | Scenarios of Future Land-Use Changes From
2014 to 2050

Based on the two projected future land-use scenarios, the CNN-
VCA model was implemented to generate future land-use pat-
terns. As the essential policy background, the “Optimization
and Adjustment Plan of Shenzhen Basic Ecological Control
Line” policy was proposed by the Shenzhen government in 2013.
Thus, the year 2014 was chosen as the starting year in the sim-
ulated future land-use change scenarios in this study. Two sce-
narios and some typical areas of newly added urban lands are
presented below from 2014 to 2050 (Figure 7).

1. Baseline development scenario

The newly added urban lands that are generally character-
ized mostly sprawl around the available constructed lands and
traffic roads in Shenzhen. Most newly added industrial lands
exhibit aggregated spatial distribution and are constantly ex-
panding along the edges of existing industrial parks. Many of
the newly added residential lands are contiguous with the newly
added industrial lands and grow along the developed industrial
lands and residential clusters. The simulated results show that
under the baseline development scenario, the ecological lands
(cultivated land, forestland, grazed land, and unused land) lo-
cated in the neighborhoods of built-up lands and traffic roads
are given priority for conversion to urban land. This indicates
that the main driving forces of the future urban development
of Shenzhen are the attraction of public transportation and the
industrial agglomeration effect of the built-up area downtown.
This finding is consistent with the result of other studies on the
urban growth of the Pearl River Delta region (PRD) in China
(Liang et al. 2018).

In this scenario, 62.22% of the newly added urban lands will be
within ECAs, with a total area of 196.43km?. This means that
large numbers of land parcels with high urban development
probabilities are within ECAs. Among the four nonurban-
urban conversion types within ECAs, the conversion to public
management-services land has the largest area proportion, ac-
counting for 42.68%. These lands are almost entirely distributed
in the Nanshan, Futian, Luohu, and Yantian districts as the old
downtown of Shenzhen, which are with small clusters in loca-
tions close to the existing public management-services lands.
Only 7.67% of the newly added urban lands are commercial
lands, and these lands are almost entirely located in the central
and southeastern part of Dapeng district (Figure 7, (I)). These
lands are concentrated along the main traffic roads, and their
surroundings are dominated by tourism industries, such as resort
hotels, bed and breakfast hotels, guest houses, and sailing clubs.
Actually, the existing commercial lands are mostly distributed
in the Futian, Luohu, and Nanshan District, which are highly
urbanization and developed districts of Shenzhen. Affected by
the main driving forces of future urban expansion, many of the
newly added commercial lands should be located within these
districts. However, there is not sufficient land space available for
continuous commercial expansion. Thus, large amounts of the
newly added commercial lands are shifted to other districts that
have sufficient land space for development.

2. ECL-guided development scenario

In this scenario, all of the newly added urban lands are located
outside of ECAs, with a fragmented distribution of spatial land-
use patterns. The conversion of nonurban to industrial land
is constrained by the ECL policy, especially in the Baoan and
Longgang districts, which are the concentrated industrial park
areas of Shenzhen. Figure 7 (II, d) shows that large numbers of
land parcels are contradictory to industrial expansion and eco-
logical protection, that is, these parcels have high probabilities
of being converted from nonurban land to industrial land, but
are forbidden from being developed because they are within
ECAs. Similar to the baseline development scenario, the newly
added residential lands are distributed in neighborhoods within
developed industrial lands and residential clusters and along the
intersected transportation routes. As the ecological special zone
of Shenzhen, Dapeng district is rich in natural resources, with
several nature reserves and forest parks. Large area of Dapeng
district is delimited within ECAs. In the ECL-guided scenario,
the newly added commercial land overexpansion trend under
the baseline development scenario was significantly contained
(Figure 7 (II, b)), and the natural forests and coastal beaches in
the area were protected well.

The predicted results indicate that strict ecological protection
has an obvious constraining effect on nonurban-urban con-
versions. As stated in the simulated results (Figure 8), there
will be no available land in Shenzhen for urban expansion
after 2041 in the ECL-guided scenario. This means that the
nonurban land allowed for urban development will be ex-
hausted by 2041, and the urbanization of Shenzhen will reach
an “upper limit”.

4.2 | Identified the Suitable “Transfer-Out”
Land Parcels

The probability of each land parcel transitioning from nonur-
ban land to urban was extracted year by year via the CNN-VCA
model. These results were then used to calculate the future
urbanization probability cumulatively for each land parcel in
a particular year in the future. Using the natural breakpoint
method, the future urbanization probability of each land par-
cel was classified into seven degrees: lowest, low, medium-low,
medium, medium-high, high, and highest. According to the
statistics, at present, 35.28% of the area within ECAs has urban
development suitability above a medium-high level. In addition,
79.59% of these areas are land parcels with medium-high and
high levels, and highest suitability parcels comprise 20.41%.
Overall, the future urbanization probabilities of land parcels
within ECAs are presented by high edges and low centers in
their spatial distributions (Figure 9A). This may result from the
strong attraction of the existing built-up areas situated around
the edges of the ECAs.

The evaluation of ecosystem services value at the land par-
cel scale was achieved based on a calculated equivalent table
of ecosystem services value per km? of different land-use
types in Shenzhen. Similarly, each parcel's degree of ecosys-
tem services value was classified into seven degrees: lowest,
low, medium-low, medium, medium-high, high, and highest
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- Ecological control areas Unchanged - Nonurban to public management-service

[ Nonurban to commercial [0 Nonurban to residential [l Nonurban to industrial

FIGURE?7 | Comparison of simulated land-use changes from 2014 to 2050 under the (I) Baseline development scenario and (II) Ecological control
line guided development scenario. (A) Typical areas of newly added public management service land, (B) typical areas of newly added commercial
land, (C) typical areas of newly added residential land, and (D) typical areas of newly added industrial land.

(Figure 9B). The ecosystem services values of land parcels  The results of the identified “transfer-out” land parcels within

within ECAs have low-western and high-eastern spatial dis- ECAs are shown in Figure 10. The total area of “transfer-out”
tributions, consistent with the spatial patterns of the natural lands is 69.55km?, comprising land areas both with high future
resources in Shenzhen. urbanization probabilities and low ecosystem services values.
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FIGURE 8 | Growing trends of newly added urban land from 2014 to 2050 under different scenarios.

The land-use types of “transfer-out” lands are unutilized land
(including bare land, and vacant land), and agricultural land
(irrigated land and orchard land). In terms of their spatial dis-
tribution, most of the “transfer-out” lands are distributed at the
western edges of ECAs, while small areas of scattered land are
located in the centers of ECAs, and barely any land is in the
eastern parts.

The suitability of “transfer-out” lands parcels was assessed
at three levels: high, medium, and low (Figure 10). The area
of “transfer-out” land parcels with high suitability accounts
for 63.03% of the total area, and the parcels are relatively
concentrated in their spatial distribution. The contiguous
“transfer-out” land parcels with high suitability have several
clusters larger than 1km?. Most of these clusters are concen-
trated in the Nanshan district (Figure 10A) and Guangming
district (Figure 10B). Derived from the projected future land-
use scenarios, these contiguous “transfer-out” land parcels
with high suitability in Nanshan district should be developed
into residential and public-service lands under the baseline
development scenario. If these land parcels are transferred
out of ECAs by the government, they can be considered in
urban planning as residential clusters and areas supporting
public-services lands. Approximately 21.69% of the “transfer-
out” land parcels are of medium suitability and are scattered
with small contiguous areas in the Baoan, Guangming, and
Longgang districts.

5 | Discussion

To effectively estimate the “transfer-out” land parcels’ urban-
ization trends under the ECL policy, this study proposes a new
framework considers the land parcels' future urbanization
probabilities converted to different urban land-use types. This
framework integrates the exploration of future urbanization
probabilities and an evaluation of the ecosystem services values
of land parcels. The proposed framework can provide support
for the dynamic management of ECAs in practice, aiming to

realize the maximization of urban development benefits and
the minimization of ecological value losses. In this study, the
proposed framework was applied in Shenzhen, one of the most
land-constrained megacities in China.

The results show that the lands currently available for the urban
development of Shenzhen will be exhausted by 2041 under the
strict ECL policy. The existing land space of Shenzhen is very
limited far away from the land-demand area for the nearly
20million people in this city. Previous studies have shown that
Shenzhen is suffering from the conflict between urban develop-
ment and ecological protection (Shi and Yu 2014; Peng, Zhao,
et al. 2017; Peng, Tian, et al. 2017; Hu et al. 2020). Since the ECL
policy was implemented in 2005, the area of nonurban land al-
lowed for urban development in Shenzhen has been reduced,
which has even exacerbated the seriousness of the above issue
(Hong et al. 2017). Under the ECL-guided development scenario,
the nonurban land allowed for urban development in Shenzhen
will last to 2014 under the current urbanization trend. This
means that the government needs to make adjustments to sup-
port long-term sustainable development.

The identified “transfer-out” lands based on the proposed frame-
work are relatively concentrated in their spatial distribution.
Several large areas of contiguous “transfer-out” land parcels
are located in the Nanshan and Guangming districts. Previous
studies have shown that large-scale projects guided by the gov-
ernment are often several square kilometers or even larger, and
require large numbers of contiguous land parcels (Zhou 2017).
The continuity degree of the spatial distribution of land parcels
directly affects the costs and benefits of land-use activities, and
contiguous land parcels are conducive to the economic and in-
tensive utilization of land resources (Zhang and Zhang 2008;
Stewart and Janssen 2014). As stated in our results, the identi-
fied contiguous “transfer-out” land parcels in Nanshan district
should tend to develop into residential and public-services land.
When government departments plan districts in the future,
these land parcels could be designed as residential clusters or
public-service lands.
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FIGURE9 | Future urbanization probabilities and ecological services values of land parcels.

The contributions of this study are mainly in two aspects: First,
this study can provide local land resource-concerned govern-
ments with scientific support at the practical level for ECA
adjustments. The proposed framework provides a practical
solution for decision makers to make plans for “transfer-out”
land parcels. These results can also be taken as an essential
part of the elements required for evaluating the reasonableness
of “transfer-out” lands applied for urban development projects.
These identified suitable “transfer-out” lands can be provided
as recommendations for urban planning. For example, the gov-
ernment can take into account the future development trend of
the land-use type and the surrounding facilities and services
when planning for some of the larger clusters in the identified
“transfer-out” lands, so that the planning results could be more
effective and reasonable. Finally, it is recommended to recog-
nize “transfer-in” lands with the characteristics of both low

urbanization probability and high ecological value, as the oppo-
site perspective of “transfer-out” lands.

Second, the proposed framework for identifying suitable
“transfer-out” lands in our study is flexible and general. The core
idea of this framework is identifying land parcels of “high urban
development benefit + low ecological value loss”. With such a
core idea, the methods and models in this framework can be
replaceable. The future urbanization probabilities of land par-
cels can be explored using different models for urban develop-
ment simulations (such as CLUE-S model) (Verburg et al. 2002;
Huang, Huang, and Liu 2019). The ecosystem services values of
land parcels can be evaluated comprehensively based on other
methods or models (such as INVEST model) (Sharp et al. 2020).
Also, the data adopted in this study, including the cadastral
land-use data, driving factors data, and ECAs data can be
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FIGURE 10 | Suitability level of identified “transfer-out” land parcels.

obtained easily for decision makers in local governments. Thus,
the framework can be applied in other cities in China and other
countries facing the rising conflict between ecological conserva-
tion and urban development.

This study still has some shortcomings. Assessing ecological
service value is complicated and requires full consideration of
carbon storage, food production, water retention, soil conserva-
tion, air regulation, and other ecological service functions (Zank
etal. 2016; Zhangetal. 2017; Liu et al. 2019; Chen et al. 2020). The
existing ecological indicators and models cannot illustrate the
mechanism of or interaction among multiple ecological services
functions, and it is still a challenge to comprehensively evalu-
ate ecological services in the field of ecology (Layke et al. 2012;
Yu, Lv, and Fu 2017). Moreover, the developmental demands of
residents located within ECAs is also important (Wang 2012).
More influencing factors will be introduced into our proposed
framework in future work.

6 | Conclusion

The conflict between urban development and ecological pro-
tection has become increasingly severe in many countries, es-
pecially in the economic-developed regions. Since 2005, China
have enacted the Ecological Control Line (ECL) policy to design
the regions with some restrictions on urban development, fur-
ther exacerbating land space scarcity and protecting ecological

resources. How to explore the land spaces for urban develop-
ment under the ECL policy has become an essential issue that
must be dealt with.

This study proposes a framework for identifying “transfer-out”
lands that are suitable to be transferred out of ECAs for urban
development. This framework integrates the exploration of fu-
ture urbanization probability and the evaluation of ecosystem
services value at the land parcel scale. The identified “transfer-
out” land parcels have the characteristics of both high future
urbanization probabilities and low ecosystem services values.
The results reasonably improved the land supply allowed for
urban development to balance the relationship between urban
expansion and ecological protection. The proposed framework
can provide practical solutions for local government depart-
ments to adjust ECAs in China and help explore reasonable
urban land management practices in different countries.
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