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GRAPHICAL ABSTRACT

ABSTRACT

The land use planning and management of urban fringe areas have become major governmental agendas under
the background of continuing periurbanization processes. Quantifying land use functions (LUFs) and their inter-
actions as rationales for spatial planning can aid in formulating a more effective and sustainable land use manage-
ment system. Considering that most of the previous research on LUFs focused on large-scale regions, research on
local-scale districts such as urban fringe is still limited. Therefore, the objective of this work is to map the spatial
distribution of LUFs and their level of provision around an urban fringe area, so as to identify LUFs synergies and
trade-offs in relation to urban expansion and environmental protection planning. To achieve this target, we have
proposed an improved LUFs classification system that was suitable for small-scale regions. Fine scale multivariate
datasets were used to meet the practical requirements of spatial planning. The urban fringe areas of Binzhou city
in China was taken as a case study to quantify and analyze nine kinds of sub-land use functions. The interactions
among LUFs and their cold-hot spots were measured through Spearman correlation analysis and bivariate local
Moran's [ respectively. The results demonstrated a heterogeneous spatial pattern of multiple LUFs and the diverse
interactions among them. The social production function presented an obvious regional distribution, the resi-
dents’ living functions were greatly affected by the radiation of the urban central areas, and the ecological regu-
lation functions were closely related to the land use types. According to the LUFs clustering results, we proposed
two spatial planning-zoning schemes based on the land use function and human utilization intensity. The inte-
grative approach and the proposal of functional zones developed in this paper are applicable to provide a new
perspective for spatial planning and peri-urban land use management.
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1. Introduction

With the acceleration of the urbanization and modernization, the
urban structure continues to sprawl away from the city center and the
fringe zones adjacent to build-up areas are gradually integrated into
city (Galster et al., 2001; Irwin and Bockstael, 2007; Zhang et al.,
2018). Taking China as an example, during the period from 2004 to
2014, China's urban built-up land area has increased by 78.5%, far ex-
ceeding the urban population growth rate of 46% (Bai et al., 2014).
Under the rapid process of land urbanization, excessive rural land
areas and ecological spaces in the urban fringe were transformed into
construction land for the purposes of economic development and social
activities (Yang et al., 2021; Yin et al.,, 2020; Liu et al., 2018), leading to a
series of environmental problems, social contradictions and land use
conflicts, such as farmland encroachment, greenery reduction, in-
creased traffic jams, inefficient land use, land fragmentation, and de-
graded ecological system functions including water, air, biodiversity,
etc.(Yew, 2012; Zhao, 2010; Tu et al., 2007), all of these problems
pose great challenges to urban sustainability. Previous literature has il-
lustrated that these negative impacts of peri-urbanization have not
only emerged in China's large cities and metropolitan areas, but also
existed in the second-tier cities and medium-sized cities (Yue et al.,
2016; Gao et al,, 2016). Thus, this issue has received increasing attention
from the research community.

In actuality, the outputs provided by land use systems that directly
or indirectly relate to any type of good or service to human society
vary among different land use types (Turner and Daily, 2008). Previous
studies have defined these contributions provided by the interactive
land use systems as land use functions (LUFs; Assessment, M. E, 2005;
Wiggering et al., 2006; Fan et al,, 2018). With the continuous improve-
ment of the theory of LUFs, the concept of LUFs has been expanded from
the original agricultural system (Helming and Pérez-Soba, 2011) or ag-
ricultural production function (Andersen et al., 2013) to a composite
framework integrating regional economic, social and environmental
functions, characterizing a boarder concept than the well-known con-
cept of ecosystem services (ESs, Kienast et al., 2009; Chao et al., 2018;
Paracchini et al., 2011).

Numerous studies have provided evidence that LUFs vary among
land use types, and the bundles of LUFs are not separated but interacted
(Zhang et al., 2019; Sylla et al., 2020). These interactions are usually
manifested in the form of trade-offs or synergies. The term trade-off
means that an enhancement of one land use function will lead to a re-
duction in another land use function, while synergy represents a trend
of simultaneous increases (Cao et al., 2020; Rodriguez et al., 2006). As
a transitional zone between urban and rural areas, urban fringe areas
are characterized by its complex, fragmented and dynamic land use sys-
tem compositions (Geneletti et al., 2017), and the LUFs in these regions
also present complex forms of trade-offs and synergies. For instance, in-
tensive road networks are generally considered to be an important fac-
tor that leading to the fragmentation of agricultural and forested
landscapes as well as to the degradation of ecosystem service functions.
However, from another perspective, these traffic infrastructures also
improve the well-being of residents to a certain extent by increasing
landscape accessibility (Zlender and Ward Thompson, 2017). Therefore,
It is necessary and meaningful to further evaluate and identify complex
LUFs among urban fringe regions, as these efforts helps to lay a solid
foundation for the spatial planning as well as for land use management
and allow a scientific rationale for orderly land cover changes in peri-
urban areas.

Previous empirical research on LUFs mainly focused on two direc-
tions. One is concerning the landscape multifunctionality of a specific
administrative region, such as nationwide, urban agglomerations, prov-
ince, city, country and so on (Leh et al., 2013; Queiroz et al., 2015; Peng
et al., 2016; Chao et al., 2018; Sun et al., 2016). The other concentrates
on the functions and interactions among specific land use type, such
as farmland, forest, watershed, urban land or rural land (Peng et al.,
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2016; Barbier et al., 2010; Song et al., 2015; Fan et al., 2018). However,
almost all these LUFs studies have been carried out on a relatively large
spatial scales, small scale research is still limited, not to mention choos-
ing local scale like urban fringe areas to conduct research, which proba-
bly limited by two main reasons. On the one hand, previous large-scale
LUFs studies have often used remote sensing datasets such as terrain,
precipitation, soil type, and run-off datasets, as research materials. How-
ever, due to the geographical homogeneity within a narrow scope, these
parameters mentioned-above may not be able to significantly reflect
spatially heterogeneous interactions on such a small scale. More refined
datasets and a more scientific index evaluation system urgently need to
be proposed for fine scale research. On the other hand, large scale re-
search often uses administrative districts as basic units to conduct
spatio-temporal analyze or regional comparisons of variety land use
functions. Related differentiated management recommendations have
mostly been put forward from the perspective of macro-
administrative regional management. In contrast, local-scale research
or non-administrative research, such as research on urban fringe
areas, often uses grids or plots as the basic research unit. Therefore,
the corresponding research results should be combined with specific
spatial management instruments to propose more practical control
measures.

Overall, we have fully considered the social-ecological complexity of
land use systems in urban fringe areas and proposed a local-scale classi-
fication evaluation system to quantify and visualize diverse LUFs. It is
worth mentioning that we abandoned the use of conventional remote
sensing data and instead selected some fine patch features to represent
certain individual land use functions. All the input datasets and output
results in this study are based on fine scale to address the limitations
of previous research. For the empirical research, Binzhou city, a typical
second-tier city in the Yellow River Delta of China, was selected as an
example. The results of LUFs trade-offs and synergies analysis provide
research support for land use functional zoning and spatial planning in
urban fringe and guide the city from disorderly expansion to sustainable
development. The specific aim of this study comprise the following ob-
jectives: (1) identify and quantify multiple LUFs in an urban fringe area;
(2) quantify the trade-offs and synergies among different LUFs;(3) pro-
vide solutions for land use strategies and for the spatial planning of
urban fringe through high-accuracy LUFs mapping.

2. Materials and methods
2.1. Study area

The city of Binzhou (117°15'27” ~ 118°37'03"E, 36°41'19” ~ 38°16’
14"N) is located on the Yellow River Delta Plain in northern of Shandong
Province, only 120 km to the inlet of the Yellow River. The three specific
reasons that we chose Binzhou are as follows:(1) China plans to in-
crease the population urbanization rate at a pace of 1% per year and
the overall number of rural migrants is expected to reach 400 million
by 2035. Under population-resources-environmental carrying con-
straints, there is no doubt that medium-sized cities will replace urban
agglomerations and large cities and will become hot spots for rapid ur-
banization and development. In the past decade, the annual growth
rates of the GDP and population in Binzhou City were 8% and 5%. respec-
tively, which are much higher than the average speeds in China and in
Shandong Province. This rapid development trend can represents the
urbanization process of many second-tier Chinese cities in the coming
future well. (2) With the tremendous social and economic achieve-
ments of the Yangtze River Basin since the turn of this century, it is rea-
sonable to believe that the Yellow River Basin, as the other important
natural economic belt in China, is going to be the next demonstration re-
gion for ecological civilization construction and sustainable develop-
ment. Binzhou was listed in the “Yellow River Delta High-Efficiency
Ecological Economic Zone” by the State Council of China in 2009, indi-
cating that the coordinated development between economic



Y. Lyu, M. Wang, Y. Zou et al.

construction and ecological protection will be the long-term spatial
planning goal in this city. (3) We have participated in Binzhou Territo-
rial Spatial Planning (2020-2035) as a planning team, which helped
us to have a better understanding of the land use situation in this
study area and allowed us access to detailed data.

The central urban areas of Binzhou located in Bincheng district,
which consists of two parts: the northern main urban area and the
southern high-tech development zone, with a total area of
164.46 km?. Since the urban fringe is constantly evolving with the size
of the city, the radiation intensity, relationship between urban and
rural areas and many other factors (Gu et al., 1995), the definition of
the urban fringe range has varied from case to case in previous studies.
For instance, Friedmann (1966) defined the urban fringe area as the re-
gion approximately 10-15 km away from the inner city according to the
commuting range of residents, and Bryant and Russwurm (1979) and
Bryant et al. (1982) used the ratio of the agricultural population to the
non-agricultural population to determine the urban fringe area to be
within 6-10 miles of the city's outward extension. Chinese scholars
have proposed that the range of urban fringe is between 8 and 30 km
based on several case studies, such as Beijing (Li, 2005) Tianjin (Zhai
and Zhang, 2006), Guangzhou, Shanghai (Gu et al,, 1993) and Nanjing
(Cui and Wu, 1990), etc. After taking economic construction, city posi-
tioning, built-up area, administrative boundaries and many other fac-
tors into consideration, we finally defined 10 km as a reasonable range
for the urban fringe in this study. Through a 10 km buffer analysis, we
superimposed the obtained surface and the administrative boundaries
to determine the research area (Fig. 1).

2.2. Data collection

Multi-source datasets such as vector data, raster data and statistical
data were used in this study (Table 1). Detailed descriptions of the
data were as follows:

(1) Land use dataset: The land use vector data of 2019 were provided
by the Bureau of Natural Resources and Planning of Binzhou City.
Most notably, the data were interpreted from “The Third Na-
tional Land Survey ”, which was conducted by the China Natural
Resources Administration since 2018 and has already been used
as the latest land cover data for Binzhou Territorial Spatial Plan-
ning (2020-2035). According to the requirements of the param-
eter design and planning practices, we reclassified the original
land use types into 11 major categories and 14 sub-categories
based on the latest national current land use classification system
(GB/T 21010-2017). Specifically, cultivated land, woodland (for-
est and garden), grassland, wetland, open water area, commer-
cial land, public service land, industrial and mining land,
residential land (urban residential land and rural residential
land), transportation land (primary road and railroad) and un-
used land were included.

Agricultural production dataset: A cultivated land quality evalua-
tion and grading database of 2015 was also acquired from the Bu-
reau of Natural Resources and Planning of Binzhou. Considering
that Binzhou is located in the double cropping area of northern
China, this dataset introduced the land use coefficient and land
economic coefficient to represent the agricultural production ca-
pacities in summer (mainly corn) and winter (mainly wheat) at
the patch level.

Satellite image dataset: Landsat 8 OLI surface reflectance images
with a spatial resolution of 30 m x 30 m were downloaded from
the United States Geological Survey (USGS) (http://
earthexplorer.usgs.gov/). The monthly normalized difference
vegetation index (NDVI) from March to November was extracted
from these remote-sensing images, and the maximum NDVI
value of each pixel was calculated by the maximum value com-
posite (MVC) method.

—~
N
—
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~
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(4) Statistical dataset: Data related to economic development, popu-
lation density and other aspects were collected from the statisti-
cal reports of townships in the study area. For some missing data,
we used the average values representing Bincheng District pub-
lished in the statistical yearbook (2019) as substitutes.

2.3. Evaluation system used to quantify LUFs

The chosen classification system is the foundation of LUFs identifica-
tion. Moreover, the “production-living-ecology” (Xi et al., 2014; Zhou
et al.,, 2017) and “economic-social-environmental”(Du et al., 2016; Xie
et al.,, 2010) forms are the two most common classification forms. Al-
though relevant scholars have realized the explicit form and implicit
property of land use (Liu et al., 2015; Zou et al., 2020) and have pro-
posed some more complex classification forms. The “production-liv-
ing-ecology” classification form is still a widely accepted classification
form for its direct interaction with land use types. In this study, we pro-
posed a LUFs evaluation system with 3 primary function categories and
9 sub-functions from the perspective of the “production-living-ecology”
classification form (Table 2). The data availability and indicator repre-
sentativeness of the LUFs relative to the geographic and economic char-
acteristics of urban fringe were the basic principles applied in this study.

The social production function of land use is designed to be repre-
sented by three aspects, namely the grain production, agricultural pro-
duction and nonagricultural production. In particular: (1) The grain
production indicator reflects the capacity of cultivated land to provide
crop services (Maes et al., 2012). In this study, the agricultural land
grading results of Binzhou city and the cultivated land plots in the
urban fringe area were superimposed to determine the overall grain
production capacity. (2) Traditional agricultural production usually in-
volves agriculture, forestry, animal husbandry as well as fisheries. In
this study, due to the scarce grassland resources and strict water-
related environmental protection policies in the Lower Yellow River
basin, only the forestry and fruit industries were taken into consider-
ation. The output agricultural production value was calculated by multi-
plying the land economic coefficient obtained in the agricultural land
grading results by the forest/garden area. (3) Although the land use
types in peri-urban areas mainly include nonconstruction land, some
industrial-mining land and commercial land areas were still scattered
in the urban fringe area and towns, so the function of non-agricultural
production should also be taken into account. The calculation principle
of this factor was consistent with the above principle; non-agricultural
production was calculated by multiplying the land use areas by the out-
put value per unit area.

The residents’ living function refers to the capacity of the land use
system to provide residential space, security and entertainment for
human beings, as this is the most basic function of land use systems
(Geoghegan, 2002). Following this approach, the living function was
quantified by three sub-categories, namely, the population carrying ca-
pacity, public service provision and green recreation in this study. More
specifically: (1) Housing is the most basic function provided by land for
mankind (He et al., 2011). In China, the construction standards of urban
and rural residential land vary, and the population carrying capacity also
shows great differences between urban and rural area. In this study, we
calculated the population carrying capacity of urban fringe area by mul-
tiplying the area of urban/rural residential land and their respective cri-
terion. (2) The public service accessibility is closely related to the quality
of residents’ living, so we visualized the coverage of public services
through a buffer analysis using the basic standard of 300-meters cover-
age radius for public service provisions, according to (Barbosa et al.,
2007). (3) Landscape aesthetics are considered to be an important
part of cultural ecosystem services under the framework of the Millen-
nium Ecosystem Assessment (MA) process of the United Nations. The
beauty and aesthetic value of urban fringe areas, which were regarded
as continuous spatiotemporal urbanization gradients from urban cores
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Fig. 1. @ The location of Binzhou city; @ the location of the central urban areas and urban fringe areas; @ land cover map of the urban fringe in Binzhou city.
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Table 1
Data categories and sources.
Description Sources Format
Land use status data (2019) Bureau of Natural Resources and Vector
Cultivated land quality Planning of Binzhou City Vector
evaluation and grading
dataset (2015)
Landsat 8 OLI image USGS (http://earthexplorer.usgs. Raster
gov/)
Statistical Yearbook (2019)  Bureau of Statistics of Binzhou City, ~ Spreadsheet

Township Statistical Bureau in the
study area

to (semi) natural areas (Spyra et al., 2020), not only exist with regard to
support for parks, ‘scenic drives,” and the selection of housing locations
(de Groot et al., 2010), but are also closely related to the “amount or
configuration of open space in agricultural or forested (land use/land
cover) types”(Chan et al., 2011) in rural areas. To better quantify the
aesthetic and leisure needs of residents, we followed the theoretical re-
search method proposed by (Danie et al., 2012) for forested landscape
aesthetics and evaluated this approach by multiplying the two indica-
tors of the green recreation ability and traffic accessibility. In this
study, the NDVI was used to quantify the ability of the land to provide
a green recreation function at the plot scale. Moreover, the traffic acces-
sibility was obtained by a multiple buffer analysis of expressways (with
arange of 2500 m and a gradient of 500 m), urban roads (with a range of
1000 m and a gradient of 200 m) and rural roads (with a range of 250 m
and a gradient of 50 m).

The ecological regulation function reflects the environmental condi-
tions, ecological resources and other services provided by the land use
(Liu et al, 2021). To better characterize the heterogeneity and
multifunctionality of LUFs on a fine-scale, we discarded some conven-
tional metrics that have often been used in the similar research and se-
lected climate regulation, landscape maintenance and the ecosystem
service capacity to represent the ecological regulation function in the
studied urban fringe area. (1) Climate regulation helps alleviate the
urban heat island effect and reduce air pollution, which is of great signif-
icance for urban ecological security (Chen et al., 2006). According to
(Larondelle and Haase, 2013; Schwarz et al., 2011), the “surface emis-
sivity” and “f-evapotranspiration” climate regulation indicators were
chosen in this study. These specific parameters came from previous
studies (see in Table S1, Schwarz et al., 2011). (2) Land use changes
caused by urban expansion trigger strong changes in the landscape pat-
terns, and fragmented patches will significantly affect the ecological
processes and edge effects in the urban fringe systems. Therefore, we
took the integrity of patches as a measure of landscape maintenance
ability into the evaluation of land use ecological function (Mitchell
et al., 2015; Langevelde and Frank, 2015). According to the research of
(Munroe et al., 2005), four specific parameters that can reflect the frag-
mentation pattern of the landscape were selected, including the aggre-
gation index (AI), meanpatch zize (MPS), largest patch index (LPI) and
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contagion (CONTAG). They were considered equally important and
given the same weight in this study. All the results were exported
through the mobile window module of Fragstat 4.2 software and even-
tually got superimposed in grid format. (3) The InVEST model quantifies
habitat quality based on the relative impact and sensitivity of the habitat
to threats, the distances between the habitats and the sources of threats,
and the locations of protected areas (Sharp et al., 2018), which is
regarded as a conventional method in the trade-off study of ecosystem
service. Therefore, we used the habitat quality module of the Invest
model to quantify the ecosystem service capacity in the research area.
The specific research process and parameter design were obtained
based on previous studies (see in Table S2, Chen et al., 2016; Wu et al.,
2019).

Refer to the evaluation index system construction in the previous
LUFs research, the weight distribution of individual land use function
shows different characteristics with the change of the research unit
type. Almost all LUFs studies that target administrative units assume
that each land use function has the same status, whether the research
scale is national (Leh et al., 2013; Queiroz et al.,, 2015), regional (Peng
et al., 2016), provincial (Fan et al., 2018), prefecture-level city (Chao
etal, 2018) or country (Sun et al., 2016). Correspondingly, those LUFs
studies that target region that dominated by one specific land type
tend to have more inclined weight settings, such as watershed (Peng
et al.,, 2016), forest (Barbier et al., 2010), farmland (Song et al., 2015),
and so on. In our research, we assume that each sub-land use function
in residents’ living function and ecological regulation function has the
same status. As for the social production function, since the urban fringe
is dominated by ecological land (mainly cultivated land and woodland),
we use the expert scoring method to set the weights of the three sub-
land use functions to 0.5, 0.3 and 0.2 respectively.

24. Data analysis and visualization

24.1. Gradient analysis

Aiming to determine whether there are trade-offs and synergies be-
tween different LUFs, we applied a Spearman's rank correlation analysis,
a nonparametric measure of bivariate correlations that has been com-
monly used in previous research (Vallet et al., 2018). A positive correla-
tion between a pair of LUFs implies synergy, while a negative correlation
between two LUFs represents a trade-off.

As this study was conducted on a fine scale, it was carried out on the
premise of the consensus that some land use functions are considered to
be provided by specific land use types. For instance, the grain produc-
tion function was all provided by cultivated lands, while the population
carrying capacity was only related to residential lands, etc. When one
plot didn't provide the specific corresponding land use function, its
value was marked as “no data”. The existence of a large number of miss-
ing values makes the correlation analysis less scientific. For this reason,
we preprocessed the original data through a gradient analysis.

Rural-urban gradients have been commonly used to consider
changes of ecological patterns and processes that occur due to urbaniza-
tion (Andersson et al., 2009; Kroll et al., 2012). Along the boundary of

Table 2
Overview of land use function categories, indicators, descriptions and weights used in this study.
Primary functions Sub-functions Description Weights
Social production function Grain Production Grain production per unit area 0.5
Agricultural production Output value of the forestry and fruit industries per unit area 0.3
Non-agricultural production Output values of nonagricultural industrial per unit area 0.2
Residents’ living function Population carrying capacity Habitable population per unit area 0.33
Public service provision Accessibility of public services 0.33
Green recreation Accessibility of green leisure spaces 033
Ecological regulation function Climate regulation The ability to regulate the air temperature and air quality 0.33
Landscape maintenance Integrity of patches in the landscape pattern 033
Biodiversity conservation Habitat quality and degradation 033
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the central urban areas, we created concentric buffer zones with an in-
tervals of 250 m within 10 km of the urban fringe area. The statistical
analyses were performed at the grid scale and the mean values of 40 in-
tervals were calculated in ArcGIS 10.4 platform.

2.4.2. Spatial correlation analysis and hot/cold spot identification

Bivariate local Moran's I is the extension of local Moran's I and is
characterized by a comparison between the observed value of one var-
iable in a given spatial unit and another variable in the adjacent spatial
unit; this index can reveal the spatial correlation between the two var-
iables. In this study, bivariate local Moran's I was used to quantify the
spatial heterogeneity of trade-off and synergy between land use func-
tions. The calculation method is shown in the following equation
(Zhang et al., 2019):

1z

1

n

L= 1Zi/ JZWij(Yi_y) (1)

where Z; = x;—X, X;, y;are the different functional values of grid cells i
and j respectively; X,V is the mean value of different functional values
of all i and j points;

n is the number of all grid cells; Wj; is the spatially adjacent weight
matrix between the i and j values of each grid cell in the research area.

In this study, a spatial weight matrix (based on the 95% confidence
interval, i.e., a significance level, P < 0.05) was constructed by using
the queen adjacency method to analyze the spatial correlation of pro-
duction, living and ecology functions of land use in pairs. All these oper-
ations were implemented by Geoda 1.14.

2.4.3. Standardization and spatial mapping format

The indicators mentioned above were normalized by using min-max
normalization, thus making the value of each indicator range from 0 to
100. The weight coefficients of each function category and sub-
indicators was comprehensively determined by government policy
makers and urban planners. Each quantitative evaluation result of
LUFs was eventually exported as a spatial map through ArcGIS 10.4 plat-
form. Considering that all input datasets were composed of vector data
and 30 m x 30 m raster data, finally we uniformly converted these ex-
port results into raster format with a grid resolution of 30 m x 30 m
and transformed them into the China Geodetic Coordinate System
2000(CGCS2000).

3. Results
3.1. Spatial characteristics of sub-land use functions

The nine land use sub-functions in this study were separately calcu-
lated and visualized on the maps, which were unevenly distributed
(Fig. 2 spatial distribution of nine sub-land use functions). Some LUFs
demonstrated relatively similar spatial patterns, while others exhibited
almost the opposite distributions. For example, both grain production
(A) and agricultural production (B) presented a distribution pattern
with high values in the south and low value in the north, which might
be affected by the joint effects of local light distribution, irrigation con-
ditions, soil fertility and many other factors. Coincidentally, the spatial
representations of climate regulation (G) as well as biodiversity conser-
vation (I) showed similarity, the reason might be that different land use
types generally have similar air control and biodiversity maintenance
characteristics. Similarly, high intensity built-up land have worse heat
absorption capacities than ecological lands and thus also pose greater
threats to the habitat quality. Moreover, green recreation (F) and land-
scape maintenance (H) showed a clearly inverse distributions. The in-
tensity of land use by humans in the urban fringe areas gradually
weakened from the urban cores to the seminatural areas, indicating
the impact of human activities on landscape maintenance. While
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transportation infrastructure, public services and other facilities have
brought convenience to residents, they have also damaged the integrity
of ecological patches to a certain extent. In summary, the nine selected
LUFs were spatially clustered and associated rather than randomly dis-
tributed.

3.2. Trade-offs and synergies among sub-land use functions

3.2.1. Gradient characteristics of sub-land use functions in urban fringe
areas

Fig. 3 directly visualizes the standardized value of land use for each
sub-function and its development trend with the distance to the
urban central areas. From the perspective of the function type, the
green lines illustrated a higher and more stable trend on the map, indi-
cating that the supply capacity of the corresponding ecological regula-
tion function in the urban fringe was stronger than the other two
primary functions, and was not significantly influenced by the spatial lo-
cation.

The other important aspect to be noticed was the fluctuations of the
value of each sub-land use functions along the horizontal axis as well as
their interactions. The results demonstrated that the value of the GP
curve continued to rise with an increasing distance from the urban de-
velopment boundary. In contrast, five other curves including those of
AP, NAP, RC, PP and GR represented the downward trends to varying de-
grees. These trends could be attributed to the strong radiation effect in
the central urban central areas. Districts closer to the city center often
have better infrastructure and road conditions, which was undoubtedly
more conducive to the expression of living functions and to certain pro-
duction functions.

3.2.2. Pairwise relationships among sub-land use functions

The resulting coefficients obtained from the Spearman rank correla-
tion analysis (Table 3) were used to further analyze the relationships
between nine sub-land use functions. Among 36 pairs of relationships
between selected sub-functions, 15 pairs were positively correlated,
whereas the other 21 pairs were negatively correlated. On the one
hand, the results in the table confirmed the conclusions of Fig. 3 that
the value of AP, NAP, RE, PP and GR values were synergistic with each
other and all negatively correlated with GP to varying degrees. On the
other hand, certain ecological regulation functions (i.e., CR, LM, and
BC) demonstrated strong trade-off relationships with residents’ living
functions. Taking LM as an example, the correlation coefficients be-
tween it and the residents’ living sub-functions were —0.68, —0.81
and —0.67. A reasonable explanation for this result is that ecological
function values are strongly related to land use types. According to
(Sylla et al.,, 2020; Liu et al., 2018), nonconstruction lands tend to have
better performances in characterizing the ecological regulation func-
tions, while living function were mainly determined by the presence
of construction land. This can also be used to explain the synergies be-
tween these ecological regulation functions and grain production func-
tion, as a result of cultivated land belong to non-construction land and
thus have ecosystem services capabilities.

3.3. Spatial patterns and cold-hotspot identification of LUFs

According to the weight settings that mentioned above, we carried
out spatial superposition calculations on the three primary land use
functions and used the natural-break-point classification method
(Jenks method) to divide the results into 7 intervals (Fig. 4). The stan-
dardized results of the social production function ranged from 0 to
68.20. The social production capacities of most grids was relatively
low, and the proportion of areas with medium and below medium pro-
duction capacity accounted for 26.4% and 63.4% of the total, respectively.
Only a small number of grids had a high production capacities, and these
were mainly located in the western and southern parts of the study area
and away from the inner city. The evaluation results of residents’ living
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Fig. 2. Spatial distribution of nine sub-land use functions.

functions showed different spatial patterns. Since the central urban area
had the largest population, the densest road networks and the best pub-
lic services, districts located near the northern main urban area and the
southern high-tech development zones generally had high living func-
tion values. The periphery of the urban fringe area was composed of cul-
tivated land, and the lower level of development in these areas made
their living function values much weaker. For ecological regulation
functions, approximately 77.2% of the total area revealed medium or
about-medium values. The area with the best ecological regulation
function in the urban fringe area was located between the two well-
developed districts because this region contained abundant open
water and woodland terrains.

Although a standardization approach was adopted to unify the di-
mensions of the primary land use functions, there was still a lack of
comparability among the multiple functions (i.e., the social production,
residents’ living, and ecological regulation functions). The existing re-
sults were still unable to determine the relative importance or domi-
nant position of these functions on the same grid unit, causing
difficulties in the implementation of land use zoning and spatial plan-
ning. Therefore, we introduced the bivariate local Moran's I index to fur-
ther reveal the trade-off and synergy between these primary functions.
As shown in the Fig. 5, the difference between the locations of the cold
and hot spots once again demonstrated that distinctly positive and neg-
ative relations existed among these three primary land use functions.
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Fig. 3. Standardized LUFs values along the urban-rural gradient considered in this study.

4. Discussion
4.1. Applications of LUFs in land use functional zoning

Although functional zoning is not a novel approach for geogra-
phers or landscape ecologists (Cao et al., 2020), it is still uncommon
to delineate land use functions in urban fringe, especially at fine
scales. According to the standardized value of each land use function
and the results of the spatial trade-offs and synergies analysis, the
present research divided grids with similar attributes into several
functional zones to provide a reference for differentiated planning
design and policy guidance.

Determining the classification principle and priority levels is the
necessary prerequisite for land use functional zoning. Urban fringe is
regarded the interface between urban and non-urban ecosystems,
most of the time, this area undertakes the important responsibility of
the social-ecological connection most of the time (Zhu et al., 2017). Ad-
ditionally, approximately 78.5% of the land in the local urban fringe is
non-construction land that provides ecological functions to some

extent. Obviously, under the sustainable urban development trend in
China, the Binzhou government is committed to giving top priority to
the maintenance of ecology functions of land use. Furthermore, there
are a large number of villages and agricultural land scattered on the
urban fringe of Binzhou city, and the planning and management of
these land use types will significantly influence the livelihood of the ag-
ricultural population as well as the path of local urbanization develop-
ment in the coming future. In addition to the ecological protection
function, the related production function has also been regarded as a
major agenda by local policy makers. Overall, this study clarifies that
the priority relationships among these three types of land use functions
follow the following order: ecology function > production function >
living function. In other words, when a plot reflects a high-high synergy
relationship between the production and ecological functions, we are
more inclined to dominate this plot with ecological activities and
measures. With this principle, we established a set of systematic
classification rules (Fig. 6) and divided the urban fringe land into 6 spe-
cific functional zones (Fig. 7, Table 4), including agricultural production
zone (APZ), multifunctional agricultural zone (MAZ), ecological

Table 3
Spearman rank correlation coefficients of land use sub-functions.
GP AP NAP RC PP GR CR LM BC

GP - —0.94" —0.59"" —0.88" —0.90"" —0.86"" 0.210 0.56" —0.11
AP - 0.67™ 0.86™ 0.87" 0.82" —034 —0.61" —0.01
NAP - 0.75"" 0.67" 0.44 —0.60"" —0.68™ —0.52"
RC - 0.88"" 0.76™ —0.53" -0.81" —0.22
PP - 0.89"" —0.49" —0.67" —0.16
GR - —0.36 —0.54" —0.01
CR - 0.80"" 0.86™
LM - 0.55"
BC -

* Significant at the 95% confidence level.
** Significant at the 99% confidence level.
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Fig. 4. The spatial pattern of the three primary land use functions.

conservation zone (ECZ), ecological recreation zone (ERZ), urbanization
development zone (UDZ) and land reserve zone (LRZ).

Due to the multiple driving factors of urban development, economic
efficiency, and China's unique “Cultivated Land Requisition Compensa-
tion Balance” land use policy, the encroachment of ecological land by
construction land has been and will be the main land use activity occur-
ring in regions with relatively high land value, such as urban fringe
areas, over a long period of time. Therefore, policy makers and city plan-
ners are truly concerned about the location, pattern, intensity and
economic-ecological consequences of construction land and high-
intensity land use types during the process of urban expansion. Based
on the land use functional zoning scheme obtained above, we suggest
that the urbanization development zone (UDZ) and land reserve zone
(LRZ) are suitable for containing high-intensity human development
and utilization activities. Medium-intensity human activities or suitable
development construction could be established in the agricultural pro-
duction zone (APZ), multifunctional agricultural zone (MAZ) and eco-
logical recreation zone (ERZ). As the ecological conservation zone
(ECZ) is the main supply center of ecosystem services, conservation
and protection activities are encouraged in this zone. By extracting the
types of ecological land and construction land and superimposing

them with the land use functional zoning map, we have drew another
functional partition map of human activities and utilization intensities
in the studied urban fringe area (Fig.8, Table 4).

4.2. Implications for land use planning and management

Identifying distinct functional zones is an effective approach to inte-
grated land use planning and management (Bennett, 2016). Adopting
diverse control measures for different functional divisions is an impor-
tant way to improve the overall land use efficiency and contributes to
the allocation optimization and sustainable development of land re-
sources in urban fringes.

From the perspective of land use functions, different land use
development directions should be determined according to the
corresponding functional characteristics of the land area. Both the agri-
cultural production zone (APZ) and multifunctional agricultural zone
(MAZ) are important agricultural production bases in Binzhou city.
Due to the severe soil salinization problem in the Yellow River Delta,
appropriate improvement measures should be incorporated into the
planning and management system to better maintain the functions of
cultivated land. For instance, efforts such as the promotion of water-

Fig. 5. Spatial distribution of trade-offs and synergies between the three primary land use functions.
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Fig. 6. Classification principle of land use function zoning.

Fig. 7. Land use function zoning of the urban fringe in Binzhou city. The radar chart shows the average value of each function in each functional area, and the values were standardized by
the z-score and are displayed on a scale fromOto 1.
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Table 4
Description of two functional partition schemes.
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Zoning principle Name Characteristic description Area ratio
(%)
Land use functional APZ  Districts with good production capacities related to cereals, corns, vegetables and other agricultural products. 121
zoning UDZ  Suitable for socioeconomic human activities and construction 10.7
ECZ  Provides a series of high quality ecosystem services for residents 25.8
MAZ Illustrate a certain degree of advantages in terms of living functions or ecology functions on the basis of agricultural 10.5
production
ERZ  Represent good ecology and living functions and can provide natural landscape leisure resources for residents 171
LRZ  Does not show obviously functional tendencies and can be flexibly adjusted in the future planning 23.8
Utilization intensity PDZ  Living dominated trade-offs among production, living and ecology functions 26.6
zoning MDZ Complex trade-offs and synergies among production, living and ecology functions 36.9
RDZ  Ecology dominated trade-offs among production, living and ecology functions 212
cz High-intensity development and construction area 153

(The abbreviations in this tables are as follows: APZ represents the agricultural production zone; UDZ represents the urban development zone; ECZ represents the ecological recreation
zone; MAZ represents the multifunctional agricultural zone; ERZ represents the ecological recreation zone; LRZ represents the land reserve zone; PDZ represents the priority development
zone; MDZ represents the moderate development zone; RDZ represents the restricted development zone; and CZ represents the construction zone.).

saving facilities and planting techniques, the introducing of salt-tolerant
crop varieties, and the encouragement of comprehensive land consoli-
dation projects would help to demonstrate the synergies among various
land use functions. The ecological conservation zone (ECZ) plays an im-
portant role in providing diverse ecosystem service functions in com-
plex urban system. In this zone, the occupation of ecological space for
nonecological use must be strictly limited, and the exploitation of this
zone must be prohibited. In the ecological recreation zone (ERZ), land
fragmentation caused by urban expansion and development generally
results in a trade-offs between living functions and ecology functions.
Seeking a balance between residents’ well-being and ecological protec-
tion will be the long-term focus of the government. Encouraging the
planting of green belts on both sides of the main road represent a simple
but practical approach, that can weaken the barrier presented by roads
to species migration and increase the connectivity among important
habitats (Kong et al., 2010). The urbanization development zone
(UDZ) is of vital importance for scientifically managing the quantity, in-
tensity and standards of construction land. More compact urban growth
should be promoted through the intensive use of current construction
land resources; this measure would contribute to reducing the total ex-
panded urban area and minimizing the negative influence of urban
sprawl on multiple land use functions. As the land reserve zone (LRZ)
has not been characterized to contain specific land use functions at pres-
ent, disordered development and construction activities would not be
conducive to enhancing the multifunctional value of the land in this
zone. Formulating elastic, detailed planning tools and flexible land use
management policies will contribute to the long-term goal of sustain-
able urban development and will also represent a reasonable attempt
to scientifically address uncertain challenges in the coming future.
Under the utilization intensity zoning scheme, it is necessary for nat-
ural resource management departments to integrate differentiated
management tools, especially for complex districts such as urban fringe
where farmlands and woodlands occupy the dominant land use type
positions. First, as a policy tool, planning is a vital step for controlling
land use. Adhering to the concept of “planning first” helps to the
macroscopic land use zoning layout and makes the planning and deter-
mination of land functions more scientific and reasonable. Besides,
strengthening the spatial concept transmission and index decomposi-
tion of planning at different administrative levels (such as city, coun-
tries, townships and villages) is conducive to coordinated regional
development, especially for those cross-administrative areas or non-
administrative areas like urban fringe. Second, appropriate access stan-
dards or boundaries are an important prerequisite for differentiated
management. Constructing a composited standard system including
constraint indicators (such as the farmland area and forest occupancy
rate), development indicators (such as the development intensity and
plot ratio) and comprehensive indicators (such as the air quality and
biodiversity) contributes to the realization of functional land utilization
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partitions. Last but not least, farmers, urban residents, governments, de-
velopers and other groups are all important participants in the urban
fringe development and utilization processes (Allen, 2003). Thus, land
use intensity governance must reach a challenging consensus among
very different needs associate with diverse stakeholders (Hudalah
et al,, 2007). The approaches to LUFs trade-offs and partition manage-
ment by governments require improved multisubject coordination in
order to address different development requirement levels (Spyra
et al., 2020; Dupont, 2007).

4.3. Limitations and future projections

Although the LUFs trade-off and functional zoning schemes devel-
oped in this study have good applicability and scientific bases, there
are still some shortcomings in this study; these shortcomings are de-
scribed as follows. First, for the purpose of functional partitioning and
high-precision mapping, this study only selected land cover data
representing 2019 for analysis. Therefore, the LUFs trade-offs discussed
in this study can only be regarded as a static identification of land use
multifunctionality in the single year of study. Further discussion regard-
ing spatial-temporal dynamic LUFs changes might be carried out in
follow-up research. Second, all the evaluations conducted in this study
were carried out within 10 km of the urban built-up areas, meaning
we only considered the radiative impact of the urban center on the
urban fringe. However, the wider rural areas outside the urban fringe
could also affect the LUFs of the urban fringe to a certain extent, and
these influences were ignored by default in this study. Third, although
we have tried our best to select indicators and parameters that were
suitable for fine-scale research, some inaccuracies and uncertainties
still remained in the functional quantifications. For example, the Invest
model is a commonly used method in habitat quality evaluations, but
this model has been confirmed to have systematic errors when compre-
hensively calculating threat factors (Sharp et al., 2018). In addition, our
team comprehensively determined the indicators, parameters and
weights used in this research, and although expert judgment was
used, biases may have been introduced in the final results. Finally, this
study only proposed an ideal functional zoning scheme from the per-
spective of LUFs identification. However, there is still a long way to go
from academic research to planning in practice due to countless limited
factors that must be considered in real applications. For example, “basic
farmland protection policies” and “ecological red line control” are typi-
cal constraints that cannot be ignored in the process of urban expansion
in China. Discussing these nonfunctional constraints is necessary to ben-
efit land use function mapping in the future.

Despite the limitations described above, our research provides a typ-
ical fine-scale LUFs identification case reference for land use manage-
ment and spatial planning in urban fringe areas under the background
of rapid urbanization. Regarding the research prospects of fine-scale
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Fig. 8. Utilization intensity zoning of the urban fringe in Binzhou city

LUFs research, there are still two important directions worth exploring
in the future. One direction is the innovation of data materials and eval-
uation indicators. A variety of high-resolution satellite data, synthetic
aperture radar (SAR) data and point of interest (POI) data have already
been widely used to study urban problems, and these data can also pro-
vide new perspectives for LUFs research. The other direction involves
integration with appropriate policy tools. Fine-scale LUFs research can
guide land use patterns and human activities in much smaller areas
than that considered in this research. Therefore, this type of research
should be combined with more practical spatial control policies and
measurements to highlight its accuracy advantages.

5. Conclusion

The multifunctionality of land has been widely recognized; however,
the potential of land to provide functions unrelated to socioeconomic
development has often been neglected by urban planners and policy-
makers. In this study, we established a novel evaluation system to iden-
tify and analyze LUFs at the local scale. In addition, we selected an urban
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fringe area as the research area and integrated the evaluation results
with spatial planning. To our knowledge, these combinations have
rarely been seen in past research. The results demonstrate that diverse
LUFs are spatially clustered and associated rather than randomly dis-
tributed. Based on the hot/cold spot analysis results, we eventually di-
vided the urban fringe area into different planning zones from the
perspective of the corresponding land use functions and human utiliza-
tion intensities and proposed differentiated management suggestions
for the sustainable development of these zones.

Competition and conflict under high land use intensities cause the
trade-offs and synergies among land use functions and landscape eco-
system services to be popular issues in academic research (Westerink
et al.,, 2013). On the one hand, LUFs are good quantitative factors for
distinguishing the structures, combinations and dynamic trade-offs of
functions among different land use systems (Slee, 2007). On the other
hand, due to administrative divisions, governance structures and other
realistic factors, urban-rural transitional zones such as urban fringes
rarely appear as a target object for spatial tools. The concept of LUFs
can provide a rational foundation for spatial governance and land use
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planning. The empirical results of the Binzhou case considered in this
study provide relevant insights into how LUFs trade-offs can contribute
to supporting spatial planning and land use management, thereby bet-
ter establishing the coordinated development of urban-rural areas, es-
pecially in developing countries such as China, where land availability
is limited.
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