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Abstract: Quantitative assessment and trade-off/synergy analysis of land use multifunctions can
effectively identify regional conflicts and dominant functions, providing decision support for promot-
ing sustainable socio-economic and land use development. However, current research in this field
still faces challenges due to coarse scale of studies and limited availability of accurate data. Taking
Harbin City as a research case, this research employed an improved mutation level method, Pearson
correlation analysis, and a multi-scale geographically weighted regression model to comprehensively
investigate the profiling of land use multifunctions and their trade-off /synergy relationships. The
comparative advantage theory was adopted to identify dominant functional zones using the NRCA
index at a grid scale, in order to achieve a territorial spatial functional zoning delineation. The
results showed that there were intricate trade-off /synergy relationships among production-living—
ecology functions. Moreover, the types and intensity of trade-off/synergy evolved continuously
with socio-economic development and regional resource endowment disparities. Due to its excep-
tional resource endowment, the agricultural dominated, urban dominated, and ecological dominated
functional areas accounted for a significant proportion of 29%, 7%, and 26%, respectively. However,
owing to the intricate trade-offs/synergies inherent in land use multifunctions, only a mere 2%
(agricultural), 1% (urban), and 1% (ecological) of the area were identified as Optimization Guidance
Zones. Conversely, Remediation Improvement Zones constituted the largest share at 63% of the
total area, with agricultural, urban, and ecological Remediation Improvement Zones accounting for
approximately 33%, 12%, and 18%, respectively. Based on the results of the type and intensity of
trade-off/synergy among production-living—ecological functions, as well as the dominant zones
and the integrated territorial spatial functional zoning delineation, this article provided targeted
recommendations for the sustainable development of the region. These recommendations took into
account both resource endowment and socio-economic development characteristics specific to the
study area. The study aims to contribute to related research gaps, while providing valuable insights
for other regional studies.

Keywords: land use multifunctions; trade-off /synergy; territorial spatial functional zoning; Harbin City

1. Introduction

As the cornerstone of human survival and development, land possesses the capacity
to offer diverse products and services to meet different human needs, collectively known
as land use multifunctions [1,2]. For a long time, rapid urbanization and industrialization
have significantly transformed the structure and functional characteristics of land use

Land 2024, 13, 1092. https://doi.org/10.3390/land 13071092

https:/ /www.mdpi.com/journal /land


https://doi.org/10.3390/land13071092
https://doi.org/10.3390/land13071092
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://doi.org/10.3390/land13071092
https://www.mdpi.com/journal/land
https://www.mdpi.com/article/10.3390/land13071092?type=check_update&version=1

Land 2024, 13, 1092

20f19

systems [3,4]. In this process, issues such as urban sprawl, continuous farmland shrinkage,
habitat fragmentation, and environmental degradation have become increasingly promi-
nent [5-7], posing a serious threat to the well-being of human societies and presenting a
formidable challenge to sustainable development [8,9]. Against this background, current
research in the field of land change science and sustainable development has focused on
the interrelationships between land use functions and their mechanisms [10,11]. The com-
prehensive analysis of the intrinsic links and mutual influences among different land use
functions, along with the exploration of effective integration and coordination strategies
for these functions, aims to address conflicts and contradictions in the land use process.
This endeavor holds profound significance in fostering harmonious coexistence between
human society and the natural environment, as well as realizing synergistic development
encompassing economic, social, and environmental aspects.

The identification and assessment of the primary functions of land use, as well as
their interconnections, are imperative for upholding sustainable land use patterns in the
region [12,13]. The concept of land use functions (LUFs) originated from extensive re-
search on the multifunctionality of agricultural land, and the Organisation for Economic
Co-operation and Development (OECD) expanded this analytical framework to encompass
various types of land use in 2001. Subsequently, the LUF analytical framework underwent
further refinement and development based on the Sustainability Assessment Tool for En-
vironmental, Social, and Economic Impacts of Multifunctional Land Use in the European
Region (SENSOR) in 2004 [14,15]. Currently, scholars generally categorize land use func-
tions (LUFs) into three main functions, namely economic, social, and ecological dimensions,
which represent the sustainable development aspect of land resources [16,17]. Two main
approaches are mainly employed to assess LUFs. In one approach, different land use types
are reclassified based on their functions to achieve integration with the land use classifi-
cation system at the raster scale. While this method can demonstrate the multifunctional
characteristics of land, it fails to capture the quality and interactions of LUFs due to its lim-
ited ability in integrating socio-economic factors [18,19]. Another approach is to construct
a multi-factor indicator system based on statistical data for comprehensive assessment
purposes. Although this method provides a holistic view of LUF levels, its research tends to
focus on administrative units due to data limitations and overlooks highly heterogeneous
land use issues [20,21]. In fact, according to the Third Law of Geography, neighboring
units tend to interact and relate to each other more closely and frequently than units that
are farther away [22]. Therefore, the potential influence of proximity factors and spatial
autocorrelation should be fully considered when exploring the trade-off and synergistic
relationship between LUFs [10,23-25]. The development of multivariate geospatial data
and geospatial modeling techniques has greatly promoted the feasibility of quantitative
evaluation of LUFs on a specific geographic unit or grid scale. This method can effectively
overcome the limitations of multi-criteria evaluation methods, and gradually become an
important tool for identifying LUFs and their trade-offs/synergies on a fine scale [26-28].

The diversity and complexity of human demands on land have resulted in intricate
trade-offs or synergistic relationships between land use functions in both temporal and
spatial dimensions [29,30]. Trade-offs arise from the fact that enhancing one function may
entail a reduction in another, indicating the presence of functional competition. Conversely,
synergies are observed when two or more functions experience simultaneous increases
and decreases, revealing a coordinated and harmonious symbiosis between them [28,31].
Currently, various statistical analyses, such as correlation analysis [32], spatial clustering
analysis [33], and coupled coordinate model [34], etc., have been employed to quantify
the trade-off/synergistic relationships among multifunctions of land use. However, most
studies mainly focus on the analysis of correlation coefficients between different functions,
while neglecting the presentation of spatial results, which hinders the implementation of
fine-scale functional management countermeasures. However, land use management has
evolved from a singular focus on maximizing production to the integration of multiple
benefits, including economic growth, social progress, and ecological protection [35]. There-
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fore, it is crucial to emphasize in-depth analysis of trade-offs and synergies to elucidate
the competing objectives of multifunctional land use in different regions and accordingly
configure land use preferences to promote sustainable land use [36].

Territorial spatial planning serves as an effective management tool for coordinating the
achievement of sustainable development goals in socio-economic and land use systems [37].
By identifying multifunctional land uses and exploring trade-offs/synergies between
functions, potential land use conflicts can be identified [30,38]. The integration of these
approaches provides a robust basis for spatial zoning. With the deepening promotion
of the strategy of revitalizing old industrial bases in northeast China, together with the
construction of the Northeast Asia Economic and Trade Area and the implementation of
the Belt and Road Initiative, Harbin has accelerated the pace of economic development,
expanded urban scale, and intensified agricultural activities. However, this progress
has also led to a more pronounced land use contradiction between regional economy,
society, and ecology. To comprehensively address this issue, this study takes Harbin
as a research object and quantitatively identifies trade-offs and synergies in land use
functions at a grid scale from the perspective of “production-living—ecology” based on
sustainable development’s three pillars theory. Building upon these findings, territory
spatial zoning is proposed alongside target management policies. The research objectives
are as follows: (1) to quantitatively identify the spatial and temporal characteristics of
multifunctional land use in Harbin from 2000 to 2020 at a grid scale using multi-source data
and geospatial models; (2) to elucidate the types and intensities of trade-offs/synergies in
land use functions; and (3) to propose a novel territorial spatial function zoning scheme
based on dominant functional areas, accompanied by targeted management measures.
These analyses may contribute to promoting the coordinated development of LUFs and
achieving the sustainable utilization of land resources.

2. Materials and Methods
2.1. Study Area and Data Source

Harbin, located in northeast China, is the capital of Heilongjiang Province and serves
as an important international comprehensive transport hub for the first Eurasian continental
bridge and air corridor. Its geographical coordinates range from 125°42' E to 130°10’ E and
from 44°04’ N to 46°40’ N (Figure 1). The city is flanked by the Zhangguangcailing Branch
Hills to the southeast, Lesser Khingan Mountains to the north, and Songhua River flowing
through its central region. With moderate mountain heights, extensive rivers, and vast
plains, Harbin has a temperate continental monsoon climate, characterized by an average
annual temperature of about 5.6 °C and an average annual rainfall of about 423 mm. Its
abundant natural resources and fertile black soils make it an important area for biodiversity
conservation and food production in China. However, rapid urbanization and intensive
agricultural development have led to increased encroachment on ecological areas with
significant changes in land use cover. As a result, conflicts between production, livelihoods
and ecology are emerging, posing a serious threat to sustainable regional development.

The spatial data used in this study mainly included DEM, land use, meteorological
information, soil, the Normalized Difference Vegetation Index (NDVI), and other relevant
datasets. Land use was categorized into six classes: cropland, forest, grassland, water bod-
ies, built-up areas, and unused land. Specifically for built-up areas, it was further classified
into urban development zones, rural settlements, as well as independent industrial and
mining sites based on the research objectives. The socio-economic data, mainly including
cereal production and forest products, were obtained from the Harbin City Statistical Year-
book, with interpolation for missing data in some years. The indicators mentioned above
were normalized by using min-max normalization, thus making the value of each indicator
range from 0 to 1. The weight coefficients of each function category and subindicators were
comprehensively determined by government policy makers and urban planners. Each
quantitative evaluation result of the LUFs was eventually exported as a spatial map through
ArcGIS platform. Finally, the results are implemented to the grid cells by means of zonal
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statistics. Specific sources and data processing methods were shown in Table 1. To facilitate
standardized measurement, this paper integrated multi-source data intoa 1 km x 1 km
spatial grid within the same coordinate system.
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Figure 1. Location of Harbin.

Table 1. Data sources and description.

Data Name

Data Formats

Data Sources

Land use/cover data

NDVI

Road nets

DMSP/OLS night-time light

Raster data (30 m x 30 m)

Raster data (30 m x 30 m)
Vector data (1:10,000)

Raster data (1000 m x 1000 m/
500 m x 500 m)

Data Center for Resources and Environmental Sciences, Chinese
Academy of Sciences
(RESDC) (https:/ /www.resdc.cn/) (accessed on 12 April 2024)
Land Processes Distributed Active Archive Center
(https:/ /Ipdaac.usgs.gov/) (accessed on 12 April 2024)
Harbin Bureau of Planning and Natural Resources Department of
Natural

Data Center for Resources and Environmental Sciences, Chinese

Academy of Sciences (RESDC) (https://www.resdc.cn/) (accessed

on 12 April 2024)
Soil Vector data (1000 m x 1000 m) Chinese Soil Database (https:// ydb3.soﬂ.csdb.cn /) (accessed on 12
April 2024)
Clln::iijt’;zhon Site Meteorological data center of China Meteorological Administration
of precipitation (https://data.cma.cn/) (accessed on 12 April 2024)
DEM Raster data (30 m x 30 m) Geospatial Data Cloud (http/i:/ / www.gscloud.cn/ (accessed on 12
pril 2024)
Net Primary Land Processes Distributed Active Archive Center
Productivity (NPP) Raster data (500 m x 500 m) (https:/ /Ipdaac.usgs.gov/ (accessed on 12 April 2024)

Socio-economic data

Harbin City Statistical Yearbook

Harbin Bureau of Statistics (https://si12333.cn/ (accessed on 12
April 2024)
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2.2. Methods
2.2.1. Quantitative Identification of Land Use Functions

From the perspective of sustainable land development, taking into account the unique
characteristics of land resource endowment in Harbin City, a comprehensive land evalua-
tion index system based on the “production-living—ecology” framework was constructed

in this paper (as presented in Table 2).

Table 2. Indicators system and quantification method for assessing LUFs.

Prlme.xry Secomélary Evaluation Methods Explanations
Function Function
GPsy represents the total regional grain
Grain production GP; = GPsym * % production. NDVI; and ND VI, represent NDVI
for grid i and the sum of NDVI for the study area.
Producti
rodtiction Forey and Fore; are the forest product yield at grid
Forest product Fore; ]
L Fore, = - XS FT x and county j; FTyx and FT; are the forest amount
provisioning x FT; x f S .
at grid x and county j, respectively.
Econ, denotes non-agricultural economic density
at grid x; NGDP; denotes the non-agricultural GDP
Level of economic of county j; cy and ¢j are the area of urban built-up
develobment Econy = % * ¢y * HSI, land and independent industrial and mining land
p e of grid x and county j, respectively; HSIx and HSI;
represent the human settlement index of grid x
and county j, respectively.
wy; and 1y, represent the weight and length of the
o . road type m, respectively; G; represents the area of
Living Trif:maililgfort Pi=Yy>_, Bl grid i. The weights of railway, expressway,
p y national road, provincial road, and main urban
road are 0.35, 0.25, 0.2, 0.15, and 0.05, respectively.
Population carrvin A specialization method based on the DMSP/OLS
P capacit yms Null Night-time Satellite data and urban-rural
pactty built-up land.
Average rate of participation in basic pension
Hurr;ircer:;lotI}: and Null insurance, basic medical care insurance, and
unemployment insurance.
Provision of work Null Total employed population/total area of land.
Aj; represents the area of land use type i; Cizpopes
Carbon CS=y A xC c Cibetow Cisoils Cidead, Tespectively, represent the
Sequestration = Ei=0C i* i fléove + Ci betow above-ground biological carbon density,
4 i soil + Ci dead underground biological carbon density, carbon
density in soil, and carbon density of dead matters.
SR is the soil retention capacity in t/(ha year); R is
Soil retention the rainfall erosion factor; K is the soil erodibility;
capacit SR=R*KxLS*(1—CxP) LS is the slop length and steepness factor; C
Ecol pacity denotes cover and management factor; and P is
colo8y conservation practice factor.
Q is the value of habitat quality; H,; is the habitat
: suitability of land use type j; k is the half saturation
Habitat quality Q=H,*(1- DzDisz) constant; z is a scaling parameter that reflects the
i spatial heterogeneity, and D,; denotes the total
threat level in grid x with land use type j.
Y,; is the water yield (mm) of grid x for land use
. B AET,,; type j; AET,; is the actual evapotranspiration (mm)
Water yield Yyj = <1 - R > X Py of grid x for the land use type j; and Py is the

average annual precipitation (mm) of grid x.
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(1) The production function of land use is designed to be represented by two aspects,
namely the agricultural production and industrial and service production. For agricultural
production, the main goal is to provide primary agricultural products and services for
human survival and development. Industrial and service production is more reflected in
the economic value of people’s livelihood. The main agricultural land use types in Harbin
are farmland and forest; thus, the production function involved in this study mainly refers
to food supply and forest product provisioning. The normalized vegetation cover index
and the economic distribution of forests was used to achieve it [39].

(2) Living space primarily serves as housing, focusing on enhancing residents’ quality
of life and pursuing intangible benefits. The concentration of residents in certain areas, such
as cities, is closely linked to regional economic development and transportation conditions.
The development of non-agricultural industries and the construction of transportation
infrastructure have effectively ensured people’s livelihood Liveness level [40]. This study
characterizes the living function based on five dimensions: economic development level,
transport safety capacity, population carrying capacity, human health and recreation, and
provision of work. To measure the economic development level and population carrying
capacity, night lighting data and the distribution of construction land across different
land use types were utilized [41]; while traffic coverage was employed to reflect the
regional transport infrastructure and its corresponding service level [28]. Human health
and recreation, and provision of work are characterized by socio-economic data.

(3) Ecological space is an essential prerequisite for achieving high quality production
and living standards in the region, and its primary function is ecological conservation.
Harbin City has exceptional ecological resources that play a key role in climate regulation,
soil conservation, biodiversity preservation, and water yield. Therefore, this study divided
the ecological function into these four secondary categories and completed their calculation
using the INVEST model.

2.2.2. Improved Mutation Level Method

The mutation level method is a comprehensive evaluation approach that decomposes
evaluation objectives into multi-level contradictions. It then uses mutation theory in
conjunction with fuzzy mathematics to rank and analyze the evaluation objectives. By
effectively identifying optimal solutions within multidimensional spaces, the mutation
level method provides a more objective calculation and evaluation methodology [42]. In
this study, the power function was adopted as the fitting function to solve the problem of
high initial mutation score. Firstly, a stepped evaluation index system was constructed
to calculate the initial mutation evaluation value for each land use function using the
normalization formula of the mutation model. Then, the improved mutation evaluation
value was obtained by considering the functional relationship between the initial mutation
evaluation value and the underlying index membership degree (Table 3).

Table 3. Fit function of initial mutation values of different land use functions to the underlying
affiliation values.

Functions Fitting Function Correlation Coefficient
Grain Production, Economic Development, Carbon y = 0.98923x * 0.46584 0.99756
Sequestration

Forest product, Traf.ﬁc support capability, Soil y = 0.98999x " 0.30614 0.99587
retention capacity

Population carrying capacity, Habitat quality, y = 0.99244x " 0.23356 0.99746
Provision of work

Water yield, Human health, and recreation y =0.99517x " 0.19175 0.99914

Since there was no complementary relationship between the functional indicators of
land use, the average value of the improved mutation score was chosen as the final value
of each sub-function in this study. The calculation formula was as follows:
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LUF, = X3 (1)
LUF, = x’,,+x’b+x;5+x/d+x/e )
LUE, = Mw (3)

where LUF,,, LUF;, and LUF, represented the assessed value of Production, Living, and
Ecology, respectively; x/,, x1y, x!., x/; denoted the improved mutation evaluation values of
corresponding sub-functions, respectively.

2.2.3. Trade-Offs/Synergies between Land Use Functions

The land use multifunctions of the grids were extracted, and the Spearman rank
correlation coefficient was employed to calculate the trade-offs or synergistic relationships
within the multifunctions. The calculation formula was as follows:

ro(Xi, Yi) =1 - “EE0 p (4)
where 75(X;, Y;) denoted the rank correlation coefficient, which takes values in the range
[—1,1]; P; was the rank in the sequence {(Xj) }; Q; represented the rank order; and n the
number of observations. The significance of the trade-off and synergy relationship between
functions was determined using multivariate geographically weighted regression. If the
correlation coefficient between different land use multifunctions was negative and passed
the significance test in MGWR, it indicated a trade-off relationship between them. Moreover,
a stronger trade-off relationship was indicated by a larger absolute value of the negative
correlation coefficient. Conversely, if the correlation coefficient was positive and passes
the test, it suggested a synergistic relationship between them. Additionally, a stronger
synergistic relationship was indicated by a larger positive value.

The Spearman rank correlation coefficient can only capture the static trade-off and
synergy relationship at a certain moment, making it challenging to comprehensively depict
the spatio—temporal evolution of these relationships. To address this limitation, this study
introduces the TSC as a measure for characterizing their spatio-temporal dynamics at the
grid scale. The calculation formula was given below.

ES

[, 7ES[,
TSC = g =z b )

jit2 it

where E S; ;p and ES; ;1 denoted the multifunctional values of land use for category 7 in
period t; and t; while ES; 1> and ES; 1 represented the multifunctional values of land use for
category j in period t; and t1, respectively. If TSC > 0, it indicated a positive correlation and
a synergistic relationship between ES; and ES;, otherwise there was a trade-off relationship.
An increase in both land use multifunctionality was denoted as synergy (++), while a
decrease in both was also denoted as synergy (——). If the former increases and the latter
decreases, it was recorded as a trade-off (+—); conversely, if the former decreases and the
latter increases, it was also recorded as a trade-off (—+).

In addition, to provide a more comprehensive characterization of the spatial distri-
bution of trade-off and synergies, this study used the Trade-off Synergy Index (TSI) as a
metric to quantify variations in the strength of the trade-off/synergy relationship across
regions. The calculation formula was as below:

TSI =1—||AES;| - |AES)|| (6)

where AES; and AES; represented the disparity between the multifunction value of category
i and that of category j during the two respective periods. The TSI, which stands for Trade-
off Synergy Index, was a normalized index ranging from 0 to 1. A higher value indicated
stronger trade-offs or synergies among multifunctions, whereas a lower value indicated
the opposite.
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2.2.4. Spacial Zoning Based on Land Use Multifunctions

Incorporating dominant functional zones and Trade-offs/synergies between land use
multifunctions into the national spatial planning and management system can effectively
capture the specific trajectories and orientations of spatial management, thereby signif-
icantly improving land use efficiency in the national space and optimizing the quality
of management decisions [36]. To achieve this goal, we draw upon the concept of com-
parative advantage theory and employ the NRCA index to identify dominant functional
areas [43,44]. The formula was as fellows:

Coub U
NRCA! = ¢ — 11t @)

where N RCA;: was the NRCA index, U]’ denoted the value of the function j in grid I, U;
was the sum of all the functions in grid i; U; represented the value of the function j in all
grids, and U; was the sum of all the functions in all grid. If NRCA > 0, it indicated that grid
cell i possessed a comparative advantage for a certain function; conversely, it did not.

The regions with a single advantage can be divided into agricultural dominant
functional area, urban dominant functional area, and ecological dominant functional
area. In addition, if there are two different advantages in a region, it can be divided
into agricultural-urban dominant functional area, urban—ecological functional area, and
agricultural-ecological functional area and there is almost no region with three advantages
at the same time.

On the basis of the above partition scheme, the result of space partition is finally deter-
mined according to the trade-offs/synergy relationship. Firstly, the trade-offs/synergies of
LUF changes are divided into three types: no trade-offs between LUF changes, single-class
trade-off of LUF changes, and multifunctional trade-offs. Among them, there is no trade-off
relationship between LUF changes, indicating that there is a cooperative relationship or
an unrelated relationship between LUFs. The single type of trade-off of LUF variation
means that there are trade-offs between the dominant function of territorial space and
other functions. The multifunctional trade-offs indicate that there are trade-offs between all
LUF changes. Secondly, the layer with trade-offs/synergies of LUF changes was spatially
overlaid with the dominant functional zoning layer to obtain the final functional zoning
results (Figure 2). Specifically, synergistic development zones were designated for domi-
nant functional areas without any trade-off relationships; optimization and guidance zones
were assigned to dominant functional areas with a single type of trade-off relationship;
and restoration and improvement zones were allocated to dominant functional areas with
multifunctional trade-offs.

P { Functional zoning }
Dominant function } Trade- | s .
off/synergy

v{ Agro-urban synergy development ]
v{ Agro-ecological synergy develop t J
o{

L Lum \J

1 synergies

Urban-ecological synergy develop t }

Single-class [ Agricultural optimization guidance zone ]

LUF trade-off J

Ecological dominant function area

Agricultural-urban dominant

function area Ecological optimization guidance zone }

( LUFs trade-
offs

Urban-ecological dominant function

area Urban remediation improvement zone }

Agricultural-ecological dominant
function area

e e N cn T s U e N A
)

Agricultural remediation improvement zone ]

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
[ Urban optimization guidance zone } '
1
1
1
1
1
1
1
1
1
1
:
1
Ecological remediation improvement zone ] :
1

Figure 2. Rules for the functional zoning of the territorial space.
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3. Results
3.1. Spatio—Temporal Evolution of Land Use Multifunctions

According to the constructed “Production-Living—Ecology” function evaluation in-
dex system (Table 2), the multifunctional indices in 2000 and 2020 were measured by
Equations (1)—=(3). Due to the difficulty of obtaining the data of tidal flats and unused
land, meanwhile some outliers in the improved mutation level method are eliminated, the
land use function values in these areas are replaced by null values. The specific spatio—
temporal distribution pattern was shown in Figure 3. The subsequent calculation of the
trade-off /synergy relationship takes more consideration of the dynamic change in the
land use function value in time, so the null value will not affect the identification of the
trade-off /synergy relationship and the dominant functional zones.

(a) 2000 (b) 2020 © 2000-2020

" production function
No Data

~production function

No Data | function change

. 0.00-0.10 0.00-0.10 No Data
N k i t: 90.10- 0.15 N 190.10-0.15 <0.10
A b 0.15- 0.20 A 0,15 - 0.20 0,10 - 0.30
020 - 030 020 - 0.30 030 -0.50
0 45 90 km 1 0.30 - 0.51 0 45 90 km 1 0.30 - 0.51 0 45 90 km - 0.50
B vater area B yvater area W \vater area
2020 2000-2020
(CY) 2000 (e) ®

ing function ction change
No Data

0,00 0.01
0,01 -0.10

ving function
No Data
©0.00-0.01

. i e

No Data
<-0.10
1 -0.10 - 0.00

3 0.10- 0. A 1 0.00 - 0.
A . -oo T s
0 45 90 km - 030 - 0.77 o 45 90 km 030 - 0.77 [ 45 90 km W water area
B water area W water area
©@ 2000 (h) 2020 0) 2000-2020

unction change
No Data
<-0.10

<010 -0.00

i
éological function
No Data

¢ological function
No Data

<0.30 <0.30

N 0.30 - 0.50 N 10.30 - 0.50 N p—
A 050 - 0.70 A 0.50- 0.70 A 0.01-020
070 - 0.90 070 - 0.90 i :0.20 - 0.50
0 45 90 km - 0.90 0 45 90 km - 0.90 0 50 100 km BN water area
N water area B water area

Figure 3. (a—i) Spatio—temporal distribution of “Production-Living—Ecology” functions.

3.2. Trade-Off and Synergy Relationships between Multifunctions

The Spearman rank correlation coefficient model was used to assess the correlation
between the two-way functions, as shown in Table 4. The type and strength of the trade-off
and synergistic relationships were shown in Figures 4 and 5, respectively.
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Table 4. Overall measurement of multifunctional trade-offs/synergies in land use.

Land Use Function Type 2000 2020 2000-2020

Production-Living 0.495 ** —0.438 ** —0.083 **
Living-Ecology —0.660 ** —0.597 ** 0.012 %

Production-Ecology —0.467 ** 0.691 ** —0.225 **

Note: **, p < 1%; *, p < 5%.

Production and Living Living and Ecology Production and Ecology

[0 Synegy(++) [ Synegy(—) [ Trade-off(+-) Jllll Trade-off(-+)

Figure 4. Trade-off /synergy type of multifunctions in land use.

Production and Living Living and Ecology Production and Ecology
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0.0 0.1 0.2 0.3 0.4 0.50.6 0.7 0.8 0.9 1.0 0.3 0.5 0.6 0.65 0.7 0.8 0.85 0.88 0.9.0.96 1.0 0.40.6 0.7 0.8 0.85 0.9 0.92 0.94 0.96 0.98 1.0

Figure 5. Trade-off /synergy strength of multifunctions in land use.

Temporal dimension: Overall, there was a trade-off between the production-living—-
ecology functions in the study area, indicating an increasing prominence of conflicts among
them. Specifically, the synergistic relationship observed between the production-living
function in 2000 (coefficient = 0.489) had turned into a trade-off relationship in 2020 (co-
efficient = —0.414), indicating a gradual escalation of their contradiction over time. The
trade-off relationship between the living—ecological function had remained constant; how-
ever, the trade-off coefficient had decreased from —0.641 in 2000 to —0.591 in 2020, suggest-
ing a slight downward trend in conflict intensity. In addition, the production—ecological
function shifted from a trade-off relationship (coefficient = —0.467) in 2000 to a synergistic
relationship (coefficient = 0.691) in 2020, showing a clear inclination towards ecological or
eco-industrial development. The correlation coefficients between the functional changes
from 2000 to 2020 indicated that the intensity of change was highest (coefficient = —0.225)
between the production and ecological functions, followed by a moderate intensity of
change (coefficient = —0.087) between the production and living functions, while the lowest
intensity of change (coefficient = 0.14) was observed between the living and ecological
functions, indicating synergistic changes.
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land
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land

Waterbody

Grassland

Forest

Farmland

Spatial dimensions:

(1) The production-living function was predominantly characterized by a trade-off
relationship (+—) with an area share of 13.7%, mainly distributed in the northwestern and
northeastern regions of the study area, especially where the Xiaoxinganling Mountains
merged with the plains. This was followed by a synergistic relationship (++) with an area
share of 11.2%, which showed a more dispersed distribution pattern. There was also a
trade-off type (—+), mainly concentrated in the periphery of Harbin City. In terms of spatial
intensity distribution, trade-off relationships exhibited a significantly higher intensity than
synergistic relationships.

(2) The spatial distribution of trade-offs and synergies in living—ecological functions
was evenly distributed, with the trade-off area accounting for 24.2% and the synergy area
for 24.8%. In the western part of the study area, the main urban area exhibited a trade-off
(+—) pattern, while its periphery exhibits a nested pattern consisting of both trade-off (—+)
and synergy (++) types, which were also concentrated in a small area in the northeastern
corner of the study area. A mosaic pattern consisting of synergy (——) and trade-off (+—)
types was observed in the central low hills. In terms of distribution intensity, most parts
of the study area showed high intensity levels in their trade-off /synergistic relationships,
with greater intensity observed in the plains compared to the hills.

(3) The Living-ecological functions were predominantly expressed as synergistic (++)
types, with sporadic occurrences of trade-off (—+) types within them in the plain area,
and as trade-off (+—) types in the central low hill area. The proportions of synergistic
and trade-off areas were 15.5% and 16.1%, respectively. In terms of distribution intensity,
the distribution intensity of synergistic relationships was significantly higher than that of
trade-off relationships in mountainous regions, while a decreasing gradient was observed
from urban construction land to cultivated land.

3.3. Trade-Off/Synergy Types of Multifunctions in Different Land Uses

(1) In terms of the production-living function, the highest proportion of trade-off area
was found in construction land (27.4%), which was predominantly characterized by the
trade-off (—+) type. Arable land followed with a trade-off area share of 27.1%, dominated
by the trade-off (+—) type. The synergy relationship between these two types of land use
was relatively balanced, both being dominated by the synergy (++) type (Figure 6).

Production and Living Living and Ecology Production and Ecology
Unused Unused
land land
Construction Construction
land land
Waterbody Waterbody
Grassland Grassland

Forest Forest

Farmland Farmland

60%  80% 100% 0%  20%  40%  60% %% 100% 0% 20% 40% 60%  80% 100%
80%
M Synergy (++) Synergy (-) [ Trade-off (+-)"" Trade-off(-+) No correlation

Figure 6. Trade-off /synergy types of multifunctions in different land uses.

(2) From a living—ecological function perspective, construction land exhibited the
highest proportion of both trade-offs and synergies, accounting for 45.8% of trade-offs
predominantly of the (+—) type, and 36.2% of synergies predominantly of the (++) type.
Farmland ranked second with 36.3% of trade-offs predominantly of the (—+) type, and 35%
of synergies predominantly of the (++) type.

(3) In terms of the production-living function, forest exhibited the highest propor-
tion of trade-off area at 20.8%, predominantly characterized by the trade-off (+—) type.
Grassland followed with 15.9% of its trade-off area, while arable land showed the largest
share of synergistic area with 25.5%, mainly dominated by the synergistic (++) type, closely
followed by built-up land with 23.9% of its total area.



Land 2024, 13, 1092

12 of 19

3.4. Spatial Zoning Based on Multifunctions and Trade-Off/Synergy
3.4.1. Identification of Dominant Functional Zones

The distinct dominant functional zones within Harbin were identified by means of the
NRCA index, as illustrated in Figure 7.

Agricultural dominant function area

I Urban dominant function area

I E cological dominant function area
Agricultural-urban dominant function area
Agricultural-ecological dominant function area

I Urban-ecological dominant function area

Figure 7. Spatial pattern of dominant functional zones.

(1) Agricultural dominant functional areas accounted for 29% of the total area, primar-
ily distributed in the western plains and the transition zones from hills to plains. (2) Urban
dominant functional areas constituted 7% of the total area, predominantly located in Harbin
City. (3) Ecological dominant functional areas comprised 26% of the total area, mainly situ-
ated in the northern part of Lesser Khingan Mountains and southeastern periphery of Laoya
Mountain. These regions possess high terrain elevation with minimal human interference
and robust ecological protection measures. (4) Agricultural-urban dominant functional
areas covered 9% of the total area, primarily arranged radially around urban dominant
functional areas. (5) Agricultural-ecological dominant functional areas accounted for 21%
of the total area, positioned between agricultural dominant functional areas and ecological
dominant functional areas. (6) Urban—ecological dominant functional areas covered at least
8% of the total area, mainly aligned along transportation routes.

3.4.2. Integrated Territorial Spatial Functional Zoning

According to the classification rules in Figure 2, a total of nine grid-scale territorial
spatial functional zones were classified in the study area, as shown in Figure 8. The gray
area in the figure indicates that there is no obvious trade-off/synergy relationship between
the land use function values (which has not passed the significance test in MGWR), so it is
a null value in the spatial overlay analysis.

There were significant differences in the quantitative structure and spatial distribution
of the nine spatial functional zones:

(1) The agricultural optimization and guidance zones, urban optimization and guid-
ance zones, and ecological optimization and guidance zones constitute a relatively small
proportion of the total area (2%, 1%, and 1%, respectively). Their distribution is rather
sporadic, necessitating attention towards safeguarding and promoting their respective
beneficial functions.

(2) The agricultural remediation improvement zones covered 33% of the total area,
primarily located in the Songnen Plain in the western part of the study area and on
sloping farmland in the central region where low hills transition into plains. Due to
limited ecological land availability in the Songnen Plain and vulnerable habitats caused
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by soil erosion on sloping farmland within central low hills, sustainable agricultural
development is severely constrained. Urban remediation improvement zones, accounting
for approximately 12% of the total area, are primarily distributed around small towns. These
areas require comprehensive improvement strategies based on factors such as population
density, industrial development potential, and economic growth prospects. Ecological
remediation improvement zones, covering about 18% of the total area, were located in
ecologically dominant peripheral regions. These areas were susceptible to negative impacts
from expanding industrial and agricultural activities and therefore required enhanced
protection measures.

(3) The agricultural-urban synergistic development zones, urban—ecological synergis-
tic development zones, and agricultural-ecological synergistic development zones exhibit
a dispersed distribution pattern, encompassing approximately 30% of the total area. These
regions demonstrate a more advanced model of agricultural production and manage-
ment, leveraging the geographical advantages of central cities and counties to propel their
economic growth while effectively fulfilling their ecological protection function.

Agricultural optimization guidance zone

I Urban optimization guidance zone

I Ecological optimization guidance zone
Agricultural remediation improvement zone

I Urban remediation improvement zone

I Ecological remediation improvement zone
Agro-urban synergy development zone
Urban-ecological synergy development zone

I Agro-ecological synergy development zone

1%

Figure 8. Territorial spatial functional zones in the study area.

4. Discussions
4.1. Mechanisms for Trade-Offs/Synergies of Land Use Multifunctions

Land use is a deliberate and systematic process aimed at managing and transforming
land over the long term or in cycles [20,45]. A deeper understanding of the underlying
mechanisms that govern trade-off /synergy between diverse functions can facilitate the sys-
tematic advancement of multifunctionality in land use [46]. Differences in human needs and
preferences for different land use functions are at the root of multifunctional conflicts [47].
As shown in Figure 6, the land use functions exhibit intricate trade-off/synergy relation-
ships across different land use types. The trade-off relationship between the production—
living function and the production—ecological function in all land use types is predomi-
nantly characterized by a trade-off (+—) pattern. Conversely, only the living—ecological
function in built-up areas is predominantly characterized by a trade-off (+—) pattern, while
other land use types are predominantly characterized by a trade-off (—+) pattern. The
study reveals that as society and economy progress, the phenomenon of production and
living encroaching upon ecological space is gaining increasing significance. However, the
concept of ecological civilization is gradually taking root in people’s consciousness, and
the positive synergy between production—ecology and living—ecology is also emerging
prominently. This finding is consistent with the conclusions of numerous studies [48,49],
and further substantiates the complex trade-offs and synergistic relationships between land
use functions arising from diverse needs and their dynamics in response to socio-economic
development. From 2000 to 2010, Harbin underwent a period of rapid urbanization and
agricultural intensification, with regional development primarily focusing on economic
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growth while neglecting ecological environmental protection. However, since 2015, driven
by the ongoing advancement of ecological civilization construction, people’s materialistic
pursuits have shifted towards a desire for a pristine ecology. As a result, the government
has implemented a series of policies aimed at strengthening regional ecological environ-
mental protection and restoration. In the spatial dimension, variations in topography
and resource endowments, as well as divergent socio-economic development aspirations
among regions, have resulted in heterogeneous regional trade-off /synergy types and their
respective intensities, as shown in Figures 4 and 5. The Songnen Plain in the west, with its
exceptional soil and water resources, has evolved into an urban and agricultural agglom-
eration area characterized by intricate, high-intensity trade-off synergies. Conversely, the
Lesser Khingan Mountains in the north, the Laoya Mountains in the southeast, and the low
hills in the center are ecological conservation areas due to their undulating topography and
dense forests. These areas primarily exhibit lower intensity of both production-ecological
trade-off relationships (+—) and living—ecological synergy relationships (——).

4.2. Land Use Multifunctional Zoning and Policy Suggestions

The identification and assessment of multifunctions contribute to the recognition of
regional variations and dominance of land use functions, while trade-off/synergy analysis
aids in identifying conflicts in land use [18,50]. The integration of both approaches pro-
vides a robust foundation for integrated territorial spatial functional zoning, facilitating
coordinated sustainable development of socio-economic and land use systems [28,51]. The
study area exhibits a substantial endowment of resources, with agricultural dominant,
urban dominant, and ecological dominant functional zones accounting for 29%, 7%, and
26% of the region, respectively. Collectively, these zones encompass approximately 62% of
the total area. However, owing to the intricate trade-offs/synergies inherent in land use
multifunctions, only a mere 2% (agricultural), 1% (urban), and 1% (elological) of the area
were identified as Optimization Guidance Zones. Conversely, Remediation Improvement
Zones constituted the largest share at 63% of the total area, with agricultural, urban, and
ecological Remediation Improvement Zones accounting for approximately 33%, 12%, and
18%, respectively.

The Agricultural Remediation Improvement Zones primarily encompass the Songnen
Plain in the western region, as well as sloping farmlands located within the central hilly
and low mountains. Given the limited ecological land availability in the Songnen Plain,
exacerbated by urban expansion, intensified agricultural production, and climate warming
and drying trends, arable land use faces the dilemma of high intensity use, vulnerability to
drought, and the risk of agricultural non-point source pollution. The central hilly and low
mountains are characterized by severe soil erosion and represent a typical area of black soil
degradation in the north east, exhibiting a highly vulnerable eco-environment. Therefore,
the sustainable development of agriculture in these regions is severely constrained. Hence,
it is imperative to enhance the optimal allocation of soil and water resources, establish
robust ecological networks, implement comprehensive measures for agricultural non-point
pollution prevention and control, as well as undertake integrated initiatives to mitigate soil
and water erosion in small watersheds, etc. The Urban Remediation Improvement Zones
are primarily concentrated around small towns. Due to disparities in resource allocation
and socio-economic development, these regions experience significant population mobility
and low industrial efficiency. Therefore, comprehensive upgrading strategies should be
formulated based on factors such as population density and potential for industrial and
agricultural development. The Ecological Remediation Improvement Zones are primarily
situated in peripheral regions with distinct ecological advantages. These areas are vul-
nerable to urban expansion and socio-economic development, resulting in unstable land
use functions. Therefore, it is imperative to reinforce legal and policy protection measures
while promoting the green transformation of the economy and the conversion of ecological
resource assets within the region.
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In practical management, the natural resource management department needs to
integrate different management tools, especially in areas where land use conflicts are more
intense. Planning, as a policy tool, plays a pivotal role in the regulation and optimization
of land use. Adhering to the principle of prioritizing planning fosters the implementa-
tion of macro-level land use zoning and facilitates the effective integration of scientific
research with practical application. China has successfully implemented comprehensive
national spatial planning across all levels, encompassing not only meticulous land resource
plans but also strategic frameworks for future sustainable development and ecological
equilibrium. Currently, efforts are focused on further promoting modernized territorial
spatial governance within this overarching blueprint while ensuring its efficient execution.
The findings from this study can offer valuable decision-making support for subsequent
refinement of territorial spatial governance. Farmers, urban dwellers, governments, devel-
opers, and other stakeholders play crucial roles in the process of land development and
utilization [51]. However, conflicting interests often arise among these actors, leading to
heightened land use disputes. The primary objective of conflict management is to facilitate
mutual understanding among diverse perspectives and foster collaborative relationships
for reaching coherent decisions on land development [52]. Achieving this necessitates
the active participation of all stakeholders. Last but not least, appropriate entry criteria
or boundaries are an important prerequisite for differentiated management. Establish a
comprehensive standard system incorporating mandatory indicators, developmental indi-
cators (development intensity, plot ratio), and holistic indicators to enhance land utilization
efficiency and promote sustainable human-land relationships.

4.3. Advantages and Limitations

The present study integrates Pearson correlation analysis, the Improved Mutation
Level Method and the Comparative Advantage Theory to conduct refined territorial spatial
functional zoning at the grid scale, thereby providing precise decision support for re-
gional territorial spatial planning and sustainable development [53,54]. The results demon-
strate that there is a complex trade-off /synergy relationship among the production-living—
ecological functions of land use. The types and intensity of these trade-offs/synergies vary
with socio-economic development and disparities in resource endowments across regions.
These findings further substantiate that conflicting land use functions stem from divergent
human needs and preferences. In contrast to research on integrated territorial spatial
control zoning based on land use multifications at administrative boundary scales, this
paper uncovers the spatial and temporal evolution characteristics of multifunctional trade-
off /synergistic relationships and identifies Optimization Guidance Zones, Remediation
Improvement Zones, as well as Synergy Development Zones at a grid scale.

Above findings provide a more accurate basis for decision-making in sustainable
development management [55,56]. However, due to limitations in data accessibility and
spatialization of indicators, this study has only selected eleven evaluation indicators from
production, life, and ecology categories to construct a multifunctional evaluation indicator
system, resulting in somewhat preliminary evaluation results. In the future, it is necessary
to further refine additional indicators based on the integration of multi-source data to
enhance the accuracy of the evaluation results. Furthermore, due to space constraints,
this study did not analyze the prediction and early warning of land use functions under
different future development scenarios. Therefore, more research should be conducted in
this area to provide a robust decision-making foundation for integrated territorial spatial
functional control zoning.

5. Conclusions

Taking Harbin City as a case study, this paper employed an improved mutation
level method, Pearson correlation analysis, multi-scale geographically weighted regression
model, and NRCA index to conduct the identification of land use multifunctions and
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their trade-offs/synergies at a grid scale, as well as integrated territorial spatial functional
zoning. The key findings are summarized below.

(1) From 2000 to 2020, the production function exhibited an upward trend, with a
concentration of growth in the forest areas. The change in the living function was not
statistically significant, while the ecological function primarily resided within the forest and
displayed a slight declining pattern. Overall, there was a trade-off relationship among the
production-living—ecology functions. This conflict between them was relatively prominent
and had undergone dynamic changes over the past two decades.

(2) The production-living function was predominantly characterized by a trade-off
(—+) pattern in the plains and a trade-off (+—) pattern in the low hills, with a significantly
higher intensity of the trade-off relationship compared to the synergistic relationship. The
living—ecological function exhibited a nested pattern of both trade-off (—+) and synergy (++)
relationships in the plains, while displaying synergy (——) and trade-off (+—) relationships
in the low hills, with higher intensity observed for both. The production—ecological function
primarily manifested as a synergistic (++) relationship in the plains and trade-off (+—) in
the low hills, with much a stronger intensity of synergistic relationships compared to that
of trade-offs.

(3) The study area exhibits a substantial endowment of resources, with agricultural
dominant, urban dominant, and ecological dominant functional zones accounting for 29%,
7%, and 26% of the region, respectively. Collectively, these zones encompass approximately
62% of the total area. However, owing to the intricate trade-offs/synergies inherent in
land use multifunctions, only a mere 2% (agricultural), 1% (urban), and 1% (ecological)
of the area were identified as Optimization Guidance Zones. Conversely, Remediation
Improvement Zones constituted the largest share at 63% of the total area, with agricultural,
urban, and ecological Remediation Improvement Zones accounting for approximately
33%, 12%, and 18%, respectively. The diverse requirements and preferences of humans for
various land use functions have resulted in ongoing conflicts regarding land multifunc-
tions. Therefore, it is imperative to harmonize territorial spatial planning and sustainable
development strategies by considering regional resource endowments, topography, climate
conditions, and socio-economic progress.

(4) Although the article has some limitations, it provides a zoning scheme reference for
the improvement of territory spatial planning and management. There are still some impor-
tant directions for future research that can be further explored. Such as the improvement
of multi-source data and assessment methods. Massive high-resolution remote sensing
data can also be used for fine quantification of LUFs. Another focus is the optimization of
the territorial spatial functional zoning scheme. Because of the complexity of the actual
situation, the study of territorial spatial regionalization still faces many challenges from aca-
demic research to practical operation. The connection and transmission of functional zones
and control rules is the key to improving the territorial space planning and management.
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