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Abstract: Land-use zoning provides an effective tool for designing and implementing differentiated
farmland-protection policies. Despite the exponential increase in research on farmland zoning in
recent years, little research has comprehensively explored the supply, demand and relationships of the
diverse functions of farmland. In this study, multi-sourced datasets and diverse methods, along with
GIS, were combined to spatially evaluate the supply, demand and relationship patterns among the
production, ecological and landscape-cultural functions of the farmland of Hangzhou City in China, to
construct farmland zoning. The results indicate that high production supply was mostly concentrated
in flat plains, whereas highly ecological farmland was frequently observed in mountains. Both urban
and rural areas had the capacity to provide aesthetics and recreation. Regarding demand, high
values were mainly observed near the downtown area. Additionally, supply-and-demand matching
(SDM) and multi-functional coupling and coordination degree (MCCD) were evaluated. Among the
four basic zones acquired by SDM analysis, two zones dominated by more than one function were
further divided into four sub-regions, according to the MCCD values. Ultimately, six farmland-use
zones were determined. By considering the supply, demand and relationships of multiple functions,
this farmland-zoning program offers new insights into differentiated farmland protection.

Keywords: farmland; multi-function; land-use zoning; supply and demand matching

1. Introduction

The survival and development of a country is based on farmland protection [1]. Over
the past three decades, China’s urbanization and population growth rate have been up
to 63.89% and 31.21%, respectively, which poses a tremendous challenge to farmland
protection [2]. According to the China Land and Resources Yearbook, since 1990, China’s
farmland area has decreased by more than 10 million ha, with a total loss rate of 10.45% [3].
Furthermore, abandonment, planting with non-grain species, and occupation by construc-
tion also plagues existing farmland protection efforts with difficulties [1,4].

The cause of the aforementioned problems lies in the natural geographical environ-
ment and the extreme variation in socioeconomic development in different regions of China.
For example, 93.44% of China’s high-quality farmland is distributed in the eastern mon-
soon area, which is characterized by a dense population and rapid urbanization [5]. This
imbalance has led to a mismatch between supply and demand for farmland functions in
some areas of China. The spatial heterogeneity of farmland’s supply capacity is determined
by differing background qualities, as well as diversity in its utilization and management.
Meanwhile, population density and composition, and economic conditions, etc., affect
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the spatial variety of farmland’s degree of demand. The mismatch between supply and
demand can manifest as the excessive use or abandonment of farmland, amongst oth-
ers [2,6]. Therefore, given the spatial variability of farmland-protection problems, and the
growing contradiction between resource development and protection, it is imperative to
enact regionally differentiated and targeted farmland management measures and policies.

Land-use zoning provides an effective tool for designing and implementing differ-
entiated land-use protection policies [7]. Land-use zoning is based on the regionalization
theory, proposed in the field of ecology in the early 19th century and further advanced with
the emergence of the delineation scheme of eco-regions [8]. It is worth mentioning that the
land rent theory is also a crucial theoretical basis for the development of land-use zoning
programs. In land rent theory, the natural conditions and the intensity of utilization of
farmland mainly affect the value and function of farmland [9]. Thus, this theory can assist
in guiding the land-use zoning program and the differential management and utilization
suggestions in each farmland-use zones in this study.

A successful land-use zoning program could improve the efficiency and sustainability
of land use. Considering the importance and urgency of farmland protection, many
studies on zoning farmland have been authored in recent years. Methods such as spatial
overlay, autocorrelation and clustering analysis have been used to divide farmland into sub-
regions [10–12]. The spatial overlay method is straightforward but ignores the relationship
between farmland plots and its surroundings [12]. The autocorrelation method is relatively
objective, but it is more applicable to research at the administrative–region scale due to the
huge amount of calculation required [13]. Spatial clustering analysis can quickly capture
regional differences to realize the zoning of geographic phenomena at a fine scale, based
on multiple factors [14]. Hence, it is very suitable for application in farmland zoning, in
which both the natural environmental and socioeconomic factors are taken into account.

The stage for the factors of farmland zoning has changed from being production-
related, only, to being comprehensively concerned with multiple factors, such as productive,
ecological and landscape-cultural functions [12]. A consensus has not been reached on
the definition and classification of farmland’s multiple functions. Current studies usually
evaluate the multiple functions of farmland regarding four aspects: economic production,
social security, ecological service and landscape culture [6,11,12,15]. Food production
(grains, vegetables, edible oils, etc.) is the most basic function. The ecological services
of farmland, such as carbon sequestration, climate moderation, soil retention, pollution
control, etc., greatly contribute to human well-being [15]. Especially for metropolitan areas,
where green spaces are extremely scarce, the farmland ecosystem plays a crucial role in
supplying these ecological services to residents [16]. With socioeconomic development
and the transformation of material human demand, the landscape-cultural functions have
become increasingly prominent, and social functions (such as life security) have gradually
declined [6]. Therefore, this study is mainly focused on the production, ecological and
landscape-cultural functions of farmland.

Moreover, it is realized that there are synergistic or trade-off relationships between the
diverse functions of farmland [12,17]. For instance, large-scale farming not only improves
material output, but also the aesthetic value of the farmland landscape. Although the
input of chemical fertilizers and pesticides can increase the yield of farmland, their exces-
sive application leads to the degradation of its ecological effects. Therefore, it is crucial
to include these relationships in farmland zoning, not only to eliminate or weaken the
undesirable trade-off relationship, but also to promote the coordinated development of
diverse functions.

In addition to relationships among various functions, matching supply with demand
information also plays a crucial role in farmland-use zoning. Using supply capacity, alone,
as the basis for zoning farmland, without spatial variation by demand, might lead to
research results being divorced from the actual situation. However, little attention has
been devoted to the spatial variability of multi-functional demand. Questionnaire surveys
and interviews are generally used for data collection in present-day demand analyses
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of farmland [18]. However, these methods are costly, time consuming and difficult to
use to visualize spatially distributed information. This study has therefore integrated
multi-sourced spatial datasets to explore an evaluation framework for the multi-functional
demands of farmland. Furthermore, the mapping of the cultural landscape functionality
of farmland is a daunting challenge due, to its intangible and subjective attributes [6],
which limits its application in farmland zoning. The present study has attempted to use
the Maxent model and public government data to evaluate the landscape-cultural function
at the plot scale.

As stated above, two aspects—the characteristics of matching supply with demand, as
well as the relationships among different functions—should be included in any scientific
farmland-zoning program. However, current research tends to approach farmland zoning
based only on a single aspect with one analytical technique [12,19]. This might lead
to research results being divorced from actual circumstances or limit the coordinated
development of diverse functions of farmland [20]. Thus, this study has integrated spatial
clustering analysis and correlation analysis to incorporate the multi-functional supply-and-
demand relationships into a farmland-zoning program, which could offer new insights
into differentiated farmland protection.

Hangzhou, as one of the metropolises in China, is facing a contradiction between urban
development and farmland protection. As lifestyles and consumption shift, the multiple
functions of farmland need to satisfy the diverse needs of urban residents. Therefore, it
is urgent to establish a zoning program for the deep and targeted farmland utilization
by this city. This study aimed to explore a farmland-zoning program by integrating the
spatial variation in the supply, demand and relationships among production, ecological
and landscape-cultural functions: (1) assessing and visualizing the spatial patterns of
supply capacity and demand levels of these functions; (2) conducting spatial quantitative
analyses of the relationships between different functions; (3) finally exploring a farmland-
use zoning program based on the clustering analysis of supply-and-demand maps, and the
analysis of correlation between multiple functions, and then proposing suggestions for the
differentially optimized management of farmland.

2. Materials and Methods
2.1. Study Area

Hangzhou is the capital of Zhejiang Province (29◦11′–30◦33′ N, 118◦21′–120◦30′ E) and
located on the southeast coast of China (Figure 1). The study area covers 16,596 km2, its
average annual temperature is about 18 ◦C and the average annual precipitation is about
1500 mm. This city has rich ecological environmental resources, such as the renowned
West Lake, Xixi National Wetland Park and Qiantang River. The gross domestic prod-
uct (GDP) of Hangzhou has significantly increased, from 18.9 billion CNY in 1990 to
1350.9 billion CNY in 2018 [21]. Due to its fascinating landscapes and unprecedented
economic growth, Hangzhou was chosen as the host of the G20 Summit in 2016 and the
2022 Asian Games in 2022.

The area of farmland within Hangzhou was 2356.11 km2 in 2014, accounting for 13.98%
of its total area. The population growth rate of Hangzhou City is up to 3.57%/year, ranking
third in the country. Additionally, according to the seventh population census data, the
urbanization rate of Hangzhou has increased to 83.29%. These pose a severe challenge for
production and ecological functionality of farmland in this city. Moreover, Hangzhou ranks
first in the China Rural Tourism Development Index report, which makes the ecological and
landscape-cultural functions of farmland in Hangzhou of great concern. Therefore, in such
a metropolis, with rapid urbanization and agritourism development, there is an urgent
need to systematically evaluate the multiple functions of farmland and accordingly explore
differentiated usage and management measures to ensure its sustainable development.

In this city, the Hangzhou Bureau of Planning and Natural Resources is responsible
for the management and planning of local farmland. It has drawn up the overall plans
for land use and a classification project for farmland quality to guide the farmland-zoning
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program. As aforementioned, farmland-zoning studies based on the multiple functions
of the farmland within Hangzhou City are necessary, urgent, and typical. Therefore, it
can provide a certain reference for other urban areas and offer valuable information to
decisional actors regarding farmland management and protection.
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Figure 1. Location of the study region.

2.2. Data Sources

Various datasets were used in this study. The types, resolutions and acquisition
sources of these data are all detailed in Table 1.

Table 1. Description of the datasets utilized in this study.

Data Type Resolution Source

Classification and grading data for
agricultural land;

Land-use survey data
Shape file 1:10,000 Land and Resources Bureau of Hangzhou

Actual output of crops;
fertilizer, pesticide and plastic

film consumption data;
agritourists

Geo Tiff County Hangzhou Statistical Yearbooks
(http://www.hangzhou.gov.cn, accessed on 26 September 2021)

Residents Geo Tiff 100 m WorldPop project
(https://www.worldpop.org/, accessed on 26 September 2021)

Digital elevation model;
NDVI Geo Tiff 30 m Geospatial data cloud

(http://www.gscloud.cn, accessed on 26 September 2021)

Typical farmland Shape file 100 points The most popular tourism routes
(http://nynct.zj.gov.cn, accessed on26 September 2021)

GDP Geo Tiff 100 m Geographical Information Monitoring Cloud Platform
(http://www.dsac.cn/, accessed on 26 September 2021)

Soil data Geo Tiff 1:200,000 Map of the Second National Soil Survey

Meteorological data Geo Tiff 1000 m World Weather Database (1950–2010)
(https://worldclim.org/, accessed on 26 September 2021)

http://www.hangzhou.gov.cn
https://www.worldpop.org/
http://www.gscloud.cn
http://nynct.zj.gov.cn
http://www.dsac.cn/
https://worldclim.org/
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2.3. Methods
2.3.1. Supply and Demand Evaluation of Farmland’s Functions

1. Supply evaluation

The supply capacity of farmland is defined as its capacity to provide economic,
ecological and spiritual benefit for people [12]. Three functions of farmland, namely,
productive, ecological and landscape-cultural functions, were analyzed in this study.

• Production supply: Comprehensively considering the current benefits and future
potential, two factors, i.e., the actual output and production potential, were together
used to characterize the production supply of farmland in this study. The production
potential was characterized by the classification and grading data for agricultural land.
The calculation formula for the production supply capacity is as follows:

Gi =
(
Pij/Psumj

)
∗ Gsumj (1)

where Gi is the production supply index in grid cell i; Pij is the production potential
value in grid cell i of region j; Psumj is the total value of the production potential within
region j; Gsumj is the total actual output of the farmland within region j.

• Ecological supply: According to the actual circumstances of the study area and prior
related studies [11,15,17,22], we used four sub-functions, i.e., soil retention, habitat
maintenance, landscape connectivity and environmental functions, to characterize
the spatial heterogeneity of the ecological supply of farmland. Soil retention was
defined as the capacity of farmland for reducing surface-soil erosion, maintaining
soil nutrients and controlling sediment runoff compared with bare land [22]. The
classic revised universal soil loss equation (RUSLE) was used to evaluate it in this
study [23]. Habitat maintenance refers to the potential of farmland to provide species
with suitable habitats for survival, reproduction and sustainable development [15];
we used the InVEST model to simulate it. Landscape connectivity reflects the degree
of connection between farmland plots and their surrounding landscape plots [24].
Considering that the circuit theory model has greater randomness in the process of
simulating species migration [25], we used it to map the landscape connectivity of
the farmland in the study area. Environmental functions were assessed by three
metrics, i.e., fertilizer, pesticide and plastic film consumption per unit of farmland [11].
A detailed description of the calculation of these functions is attached in Appendix A.

• Landscape-cultural supply: The Maxent software (version 3.4.1) was used to map
the landscape-cultural supply (aesthetics and recreation) of the farmland within the
study area. Two sets of data, i.e., the occurrence localities of given observation points
and environmental variables, were needed as input for the Maxent model. The
former was represented by the location information of typical farmland randomly
selected from the most popular tourism routes for agritourism published online by
the government in April 2018 [26]. It included 100 aesthetic and recreational farmland
samples. The latter consisted of ten natural and human variables selected based on
their relationships with landscape-cultural supply. Details of the calculation process
for this function have been introduced in a previous study by the author [6].

2. Demand evaluation

The demand level refers to the degree to which the functions of farmland are required
or desired by society [27]. However, a consensus on the best method for spatially eval-
uating the demand for farmland’s multiple functions has not been reached [28]. Here,
considering that the ultimate beneficiaries of farmland functionality are humans, we used
population density (PD) as one of the indicators characterizing the spatial distribution of
demand. In addition, according to the unique attributes of each farmland function, we
selected specific indicators (as follows) together with PD to spatially evaluate the demand
level, respectively.
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• Production demand: Crop consumption data, obtained from statistical yearbooks
or national economic statistical bulletins, can directly reflect the residents’ demand
for the production function of farmland. However, due to its county-level scale, it is
difficult for it to reflect more detailed spatial demand information. Thus, this study
used the gross domestic product (GDP) data at a resolution of 1 km as a substitute
indicator. We assumed that residents in regions with strong economies also had higher
requirements for the quality of food consumed, which can indirectly reflect their
higher demand for farmland production.

• Ecological demand: Considering that forests, gardens and other areas with significant
vegetation coverage are outstanding in the supply of ecological effects [29], this study
assumed that the lower the proportion of green land around farmland, the higher
would be the demand for ecological farmland. Therefore, the green land (gardens
and forests) ratio (GLR) within 1 km around the farmland calculated using the zonal
statistics tool in ArcGIS was used to represent the ecological demand of residents for
farmland functions in this study.

• Landscape-cultural demand: Considering that proximity is decisive for the experi-
ence of the aesthetics of and recreation in farmland landscape, we characterized the
landscape-cultural demand of farmland according to the distribution of the beneficia-
ries [6]. In addition to the residents characterized by PD, the tourists of agritourism
(TA) were another indicator used to evaluate the demand for cultural landscapes from
farmland in this research. The TA data were acquired from the Hangzhou Statistical
Yearbooks, and they covered the population information of each administrative unit
in the study area. We then converted them to a shape file using ArcGIS 10.2.

To ensure consistency with supply, the above three indicators (GDP, GLR and TA)
were normalized to values of 0–1, resampled to a 90 × 90 m spatial resolution and then
added to a PD raster to, respectively, indicate the demand levels for each farmland function.
Finally, the supply and demand maps were all classified into three levels (high, medium
and low) using the geometrical interval classification method for visualizing the spatial
pattern of each component across landscapes.

2.3.2. Evaluation of Relationships between Functions

Firstly, qualitative analysis was carried out through Spearman’s rank correlation
analysis [30]. Considering that geospatial data are often nonlinearly or non-normally
distributed, we selected this non-parametric correlation method, to initially explore the
relationships between the above seven sub-functions of farmland within the study area.
A positive or negative correlation coefficient indicates a synergistic or trade-off relationship,
respectively, between the two sub-functions of farmland [15]. This correlation analysis was
conducted in SPSS 22.0 and visualized in R.

Secondly, the analysis of the spatial correlation between the production, ecological
and landscape-cultural functions of farmland was conducted using the coupling and
coordination degree model [31]. The calculation formula is as follows:

C =
3
√

F(pro)F(eco)F(aes&rec)/((F(pro) + F(eco) + F(aes&rec))/3)3 (2)

T = αF(pro) + βF(eco) + γF(aes&rec) (3)

D =
√

C× T (4)

where F(pro), F(eco) and F(aes&rec) are the values of the production, ecological, land-
scape and cultural functions of farmland, respectively; α, β and γ are the weights of
three farmland functions, to which this study assigned equal values; C, T and D are the
coupling degree, coordination degree, and multi-functional coupling and coordination
degree (MCCD), respectively, each with values between 0 and 1. A higher MCCD value
indicates more coordinated and orderly development between diverse functions.
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2.3.3. Farmland-Use Zoning

The matching analysis between the supply and demand of farmland functions was
conducted using the spatial clustering method. The result could provide basic zones
for farmland-use zoning. Due to its superiorities of simplicity, high efficiency and good
application effects, as demonstrated by previous studies, this study selected the most
commonly used k-means clustering algorithm to conduct the above matching analysis [14].
The Elbow method was used to determine the optimal k value. The sum of squared errors
(SSE) in the K-means clustering algorithm gradually decreases as the k value increases. It
is generally considered that the k value corresponding to the inflection point (elbow) in the
curve where the SSE decreases with an increase in k is the best k value. In this study, the
value of k was assigned a value in the rage of 1 to 10 and then run independently in the R
software. Additionally, the number of iterations was set to 30.

As shown in Figure 2, through the above clustering analysis, the basic farmland-use
zones with similar supply and demand matching (SDM) characteristics were determined.
Basic zones dominated by multiple functions (more than one function within this zone
shows a high supply capacity) were further divided into ultimate utilization zones by
overlaying with the spatial relationship layer (MCCD) between its various functions. Ulti-
mately, with reference to the characteristics of SDM and the MCCD, differential suggestions
for each farmland zone, including current utilization and future development, served as
references provided for the managers and decision makers.

Land 2021, 10, x FOR PEER REVIEW 7 of 20 
 

C = ඥF(pro)F(eco)F(aes&rec)/((F(pro) ൅ F(eco) ൅ F(aes&rec))/3)ଷయ  (2)T = αF(pro) ൅ βF(eco) ൅ γF(aes&rec)  (3)D = √C ൈ T  (4)

where F(pro), F(eco) and F(aes&rec) are the values of the production, ecological, land-
scape and cultural functions of farmland, respectively; α, β and γ are the weights of three 
farmland functions, to which this study assigned equal values; C, T and D are the coupling 
degree, coordination degree, and multi-functional coupling and coordination degree 
(MCCD), respectively, each with values between 0 and 1. A higher MCCD value indicates 
more coordinated and orderly development between diverse functions. 

2.3.3. Farmland-Use Zoning 
The matching analysis between the supply and demand of farmland functions was 

conducted using the spatial clustering method. The result could provide basic zones for 
farmland-use zoning. Due to its superiorities of simplicity, high efficiency and good ap-
plication effects, as demonstrated by previous studies, this study selected the most com-
monly used k-means clustering algorithm to conduct the above matching analysis [14]. 
The Elbow method was used to determine the optimal k value. The sum of squared errors 
(SSE) in the K-means clustering algorithm gradually decreases as the k value increases. It 
is generally considered that the k value corresponding to the inflection point (elbow) in 
the curve where the SSE decreases with an increase in k is the best k value. In this study, 
the value of k was assigned a value in the rage of 1 to 10 and then run independently in 
the R software. Additionally, the number of iterations was set to 30. 

As shown in Figure 2, through the above clustering analysis, the basic farmland-use 
zones with similar supply and demand matching (SDM) characteristics were determined. 
Basic zones dominated by multiple functions (more than one function within this zone 
shows a high supply capacity) were further divided into ultimate utilization zones by 
overlaying with the spatial relationship layer (MCCD) between its various functions. Ul-
timately, with reference to the characteristics of SDM and the MCCD, differential sugges-
tions for each farmland zone, including current utilization and future development, 
served as references provided for the managers and decision makers. 

 
Figure 2. Flowchart of the division of the farmland-use zones in the present study. Figure 2. Flowchart of the division of the farmland-use zones in the present study.

3. Results
3.1. Patterns of Supply Capacity

As presented in Figure 3, the supply patterns for three functions showed a large
discrepancy. In terms of production, 35.83% of farmland with high supply values was
observed in the northeast plains, whereas 19.49% of farmland located in the remote moun-
tainous areas exhibited low productive supply capacity. Contrary to the distribution of
production functionality, farmland with high ecological supply (79.64%) were concentrated
in the western and southern hilly areas, and 7.82% of farmland located in northeast plains
showed low ecological effects. Regarding cultural landscapes, low supply (47.16%) was
scattered mostly at the edge of the study area, whereas high supply (15.23%) was observed
in both urban and rural areas.
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3.2. Patterns of Demand Level

Overall, the demand level for the three farmland functions exhibited a similar spatial
pattern, in that 52% of farmland with high demand was observed near the downtown area,
whereas 29% of farmland was located in remote mountainous areas exhibited low demand
(Figure 4). Specifically, 41.23% of farmland with high ecological demand was concentrated
in the northeast plains. In terms of the cultural landscape function, farmland close to
the downtown area and farmland located in the suburban valley plains (26.15%) showed
relatively high demand levels. As for production, farmland with high demand (10.72%)
showed a distribution pattern extending from the city center to the surrounding areas.
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Figure 4. Demand patterns for farmland functions.

3.3. Relationships between Multiple Functions of Farmland

The results of the Spearman’s rank correlation analysis are presented in Figure 5. Overall,
there was a positive correlation between the production and landscape-cultural functions of
farmland, whereas ecological function was negatively correlated with the other functions.
From the perspective of correlation types, among the 21 sets of correlations between the
seven sub-functions, 10 sets were positive (between the production, aesthetics, recreation,
landscape connectivity and environmental functions) and 11 sets were negative (between
soil retention, habitat maintenance and the other sub-functions). In terms of the correlation
strength, six sets were weak correlations, six sets were strong correlations and the other
correlations were not obvious. Specifically, the strong correlations were mainly observed
between the production, aesthetics, recreation and soil retention sub-functions.
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Figure 6 shows the spatial patterns of the multi-functional coupling and coordination
degree (MCCD) of farmland. The results show that farmland with MCCDs higher than
0.60 was primarily distributed in flat areas in the northern and central regions. Farmland
with MCCDs lower than 0.47 was mostly observed in the northeast region and the western
hilly areas, indicating an uneven development of various functions within this region.
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3.4. Farmland Zoning Based on the Characteristics of Matching between Supply and Demand, and
the Relationships between Multiple Functions

The SDM characteristics of farmland functions calculated using the spatial clustering
method provided the basic information for farmland-use zoning. As presented in Figure 7,
after clustering analysis, the farmland within the study area was divided into four basic
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regions. They were R1 (8.56% of farmland with higher demand and dominated by cultural
landscape supply), R2 (36.17% of farmland with high demand and combined with produc-
tion and cultural landscape supply), R3 (32.31% of farmland with medium demand and
combined with production, ecological and cultural landscape supply), and R4 (22.96% of
farmland with low demand and dominated by ecological supply).
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Figure 7. Basic farmland regions divided according to the supply-and-demand matching condi-
tions for farmland functions calculated through the spatial clustering analysis (HD, MD and LD
are the abbreviations of high demand, medium demand and low demand, respectively; PS, ES
and LCS are the abbreviations of production function, ecological function and landscape-cultural
functions, respectively).

According to the MCCD values for the studied farmland, the clustering results above
were further divided into six farmland-use zones (Figure 8). Considering that R1 and R4
were only dominated by one type of function, we did not partition them further. As for
the farmland within R2 and R3, it was divided into two sub-regions based on their MCCD
values. Finally, the farmland within the study area was divided into six zones, namely, Z1
(original R1), Z2 (R2 with high MCCD), Z3 (R2 with medium or low MCCD), Z4 (R3 with
high MCCD), Z5 (R3 with medium or low MCCD) and Z6 (original R4). 

2 

 
Figure 8. Farmland-use zones with similar supply, demand and correlation patterns for multiple
functions of farmland.

Among them, Z1 accounted for 8.32% of the total farmland and had a relatively high
demand and landscape-cultural supply. It was located within and around the densely
populated urban areas. Contrary to Z1, farmland in Z6 constituted 23.65% of the total
farmland. These farms were mainly scattered in the remote mountainous areas and
characterized by high ecological supply capacity but low demand. Z2 (10.23%) and Z4
(9.98%) exhibited relatively high MCCDs and were high-quality farmland with great site
conditions. They were all located in the valley plains, but Z2 was close to the downtown
area and Z4 was distributed in the countryside; thus, the demand level for Z2 was higher
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than that for Z4. Farmland within Z3 (26.26%) and Z5 (21.56%) had similar characteristics
of demand and supply as well as location, whereas the farmland in these zones was all
characterized by medium or low MCCDs.

4. Discussion
4.1. Evaluation of Supply and Demand Patterns of Farmland

In this research, we mapped the multi-functional supply and demand using di-
verse methods and multi-sourced datasets under the GIS environment. To make the
results more scientific and objective, we utilized the Maxent model (a machine-learning
algorithm) to map the supply of landscape-cultural functionality, instead of the expert
evaluation method, used in previous studies [15,32]. Therefore, we implemented the
mapping of two sub-functions of landscape (aesthetic and recreation). Current research
usually evaluates the multi-functional demand of farmland using questionnaire surveys
or interviews [18,33], which do not generate detailed spatial information. Here, we at-
tempted to map the demand patterns for each function to further expand their usage in
farmland zoning.

In this study, there were considerable differences in the spatial supply patterns of
farmland’s diverse functions, which was consistent with previous studies [11,12]. Among
them, valley plains characterized by fertile soil, abundant water, flat terrain and convenient
infrastructure, are greatly conductive to agricultural production [11,15]. However, affected
by urbanization, the fragmented landscape of some plain farmland, adjacent to the down-
town area, also limited both production and ecological supply [34]. However, from another
perspective, this urban farmland is usually close to residences and transportation facilities
and, thus, is more likely to provide recreation for residents [6,28]. Additionally, rural
farmland near cultural and historic scenic spots also has potential to provide aesthetics
or recreation. The observed high ecological value of farmland in remote mountainous
areas can be attributed to its superior natural conditions. These areas are far away from
the city and less disturbed by people; thus, the ecosystem within these areas tends to be
relatively stable [15].

As previous studies have reported, the population distribution played an overriding
role in the multi-functional demand patterns of farmland [6,27,32]. In a way, beneficiaries’
demand for farmland’s aesthetics and recreation depends on how close they live to the
areas [35]. A great ecological environment and superior-quality agricultural products are
also in high demand in densely populated areas. Therefore, high-demand farmland was
primarily located nearby the densely populated urban area in the study area [17,27]. It is
worth mentioning that, in addition to these urban areas, some rural farmland with well-
established infrastructures has also been observed with high cultural landscape demand.
That might be related to the enhancing transportation and accommodation and the increas-
ing incomes and leisure time of residents [36,37]. We also found that the ecological demand
for farmland in the downtown area and surrounding suburbs of Hangzhou was typically
high. According to the land-use survey data for Hangzhou in 2014, the ratio of farmland
areas to green spaces in two suburban districts adjacent to Hangzhou’s downtown area
was 45.82% and 68.23%, respectively. Apparently, farmland in these areas played a vital
role in regulating the ecological environment.

As stated above, significant differences still exist between the spatial patterns of supply
and demand in the multiple functions of farmland, which is related to the increasing conflict
between urban development and farmland protection. Since farmland has strong building
suitability, it is more likely to be transferred for construction use in a land-scarce area,
such as a metropolitan district [3,38]. For instance, the northeast part of our research
region is particularly well suited for farmland production, with flat terrain and abundant
water resources, but it is also the core region of city development. As rapid urbanization
and population growth increase the various functional demands on farmland [39], the
fragmentation and pollution of farmland follow, as well as the supply of production and
ecological functions becoming limited [12,34]. Therefore, to optimize farmland resource
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utilization in different regions, it is crucial for policymakers to make decisions according to
local conditions and zone management.

4.2. Relationships between Multiple Functions of Farmland

Compared with other types of land (such as forests and gardens), one single function
of farmland may not be distinctly characteristictive. However, its multi-functional effects
are prominent, with huge multi-dimensional coupling value, such as that involving the
economy, ecology and culture [11,40]. In the context of the rapid urbanization and socioe-
conomic development and to narrow the gap between urban and rural areas, the Chinese
government has recently issued relevant supporting policies for vigorously developing
agritourism and a multi-functional countryside. As an important part of rural areas, farm-
land is also receiving corresponding attention, and its multi-functional effects are manifest.
Therefore, to ensure the sustainable development of rural resources, it is essential to clarify
the relationships between the multiple functions of farmland.

Consistent with previous studies, a positive relationship and strong synergy between
the production and landscape-cultural functions were observed in this study [12,16,17]. As
highly aesthetic farmland is distributed concentratedly and contiguously, this is greatly
conducive to agricultural production [15]. Additionally, the recreational activities of
farmland mainly include fruit and vegetable picking, farming experiences and other
activities, which are also based on superior agricultural production activities [41].

Other than related research with only the production, ecological and landscape-
cultural functions (without sub-functions) evaluation of farmland, this study further found
correlations between the production and ecological functions, which were both negative
and positive. For instance, there was a negative correlation between production and habitat
maintenance, which might be contributed to by less human disturbance [15,24]. However,
farmland production is inseparable from farmers and managers, since excessive intensive
management might cause the homogenization of the farmland landscape [15]. Meanwhile,
a positive correlation between production and environmental function was demonstrated,
as the productivity of farmland is related to yield, as well as the quality of agricultural
products. Briefly, a good ecological environment favors the improvement of the material
output efficiency of farmland.

Both negative and positive correlations between ecological functions and landscape
cultural functions were found in the present study. Among them, recreation was negatively
related to habitat maintenance. From the above, farmland with high habitat maintenance
is generally less affected by human activities [12,17], which conflicts with recreational
farmland aiming to provide people with leisure and entertainment [6,28]. In addition, this
study also found a positive relationship between recreation and environmental functions.
Similar to the case for production, the development of rural tourism also requires a good
ecological environment because people are more willing to go to environmentally healthy
farmland for agricultural activities [6].

As stated above, our results show diverse relationships among the multiple functions
of farmland, which further highlights the importance of including these relationships in
farmland-zoning projects.

4.3. Comprehensively Considering Supply, Demand and Relationships of Multiple Functions in
Farmland Zoning Is Important for Realizing Reasonable Usage of Farmland Resources

Along with the increasing conflict between city development and farmland protection,
it is necessary to guarantee the reasonable and sustainable use of farmland resources
by zoning. As stated above, the multi-functional supply, demand and relationships of
farmland all play crucial roles in farmland zoning. In previous studies, the farmland-
zoning process depended on supply alone, ignoring the demand patterns dominated
by socioeconomic conditions [10,12,19]. That is unilateral and cannot address the real
situation. Thus, to discern better applications in farmland zoning, we further conducted
spatial analyses of supply and demand matching (SDM) and the multi-functional coupling
and coordination degree (MCCD) based on above results. Furthermore, the multiple
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functions of farmland were evaluated at the plot scale. Compared with the regional scale,
a finer scale could provide more accurate information for government decision making.

In the structure of farmland zoning, regarding the SDM, the examined farmland was
divided into four different zones by the spatial cluster analysis of the multi-functional
supply and demand maps. In each zone, the supply capacity value can assist in identifying
the current dominant or shortcoming functions, and the multi-functional demand level can
guide the direction of the future usage and management of this farmland. Additionally,
it is worth noting that some regional farmland is not dominated by only one type of
function [12]. For instance, in this study area, valley farmland in proximity to rural
residences was characterized by both high production and aesthetic values. Moreover,
the ultimate aim of farmland-use zoning is realizing the multi-functional coordinated
development of farmland and maximizing its compound benefits [12,19]. Therefore, in
addition to the spatial patterns of SDM, the MCCD is also vital content that needs attention
in farmland zoning. Farmland with high MCCD value have more potential to bring multi-
functional compound benefits into play. Comprehensively considering the spatial patterns
of SDM and MCCD, we finally divided the farmland within the study area into six zones,
as follows:

• The farmland within Z1 is veritable urban farmland. It is mainly distributed along
traffic lines and around towns, and is close to many tourist attractions, so its landscape
and cultural functions are very prominent [6]. The medium value of MCCD indicates
a certain potential for the multi-functional compound development of these farmland.
Furthermore, the high population density and urbanization level make its multi-
functional demand generally high. Therefore, more attention should be devoted to
the ecological and production supply in these farmland to meet high demand while
simultaneously improving the landscape-cultural functions. Contrary to that of Z1,
farmland within Z6 was characterized by low MCCDs. Due to the high altitude and
inconvenient traffic situation, its productive and cultural capacities are poor [11]. It is
recommended to focus on solving the low contiguousness of this farmland through
land consolidation and ecological restoration, and to improve its deree of utilization
by constructing infrastructures.

• The farmland within Z2 and Z3 is all located in suburban areas. The geographical
advantages of being located in a plain water network and close to downtown areas
make this farmland characterized by relatively high multi-functional demand, as well
as high production and landscape-cultural supply capacity [11,12]. However, contrary
to that of Z2, the farmland within Z3 has lower MCCDs. This farmland is mainly
responsible for supplying vegetables and aquatic products to urban areas and thus
need large amounts of chemical fertilizers, pesticides and films. Additionally, many
industrial areas are concentrated here. The low ecological benefits caused by these
factors may have hindered the MCCDs of this farmland. Strengthening the control
and supervision of soil pollution may present an opportunity to ensure the sustainable
usage and development of these farmland resources.

• Z4 and Z5 are rural farmland. Z4 is a densely occupied by high-quality farmland. Ben-
efiting from its good site condition, superior natural environment and long historical
farming culture, the production, ecological and landscape-cultural functions of this
farmland have all developed synergistically. However, fragmented landscapes and
inconvenient transportation hinder the synergy between the productive and aesthetic
functions of farmland in Z5. Thus, promoting specialty agricultural products, such
as mountain vegetables and fruits, and creating exclusive agricultural brands in the
countryside may be the opportunity to maximize the multi-functional compound
benefits of these farmland [42].

5. Conclusions

In the context of China’s rural vitalization, the multi-functionality of farmland is
highly relevant. Additionally, rapid urbanization threatens the sustainable development of
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farmland resources. Therefore, there is a growing need to conduct regionally differentiated
and targeted farmland management measures by farmland zoning to ensure the maximiza-
tion of multi-functional compound benefit. Although research on farmland zoning has been
conducted by assessing multiple functions, it has ignored the demand patterns of diverse
functionality. This study sought to conduct a farmland-zoning program by exploring the
spatial variety of farmland’s supply and demand and the relationships between its diverse
functions. Furthermore, our research also improvemed upon current evaluations, such as
mapping the landscape-cultural function through a machine-learning algorithm.

Our results show a large discrepancy in the supply-and-demand patterns of different
farmland functions. High production supply was mostly concentrated in flat plains,
whereas high ecological supply was mainly observed in remote mountains. Both urban and
rural areas with well-established infrastructures have the capacity to provide significant
landscape culture. Regarding demand, high values were frequently observed near the
downtown area. Additionally, some suburbs with low vegetation coverage had stronger
ecological demand, and partial remote rural farmland also exhibited high aesthetic or
recreational demand.

Based on the above results, the study area was divided into four basic farmland-use
zones through SDM analysis conducted using the k-means clustering algorithm. According
to the MCCD results of the spatial correlation analysis, the basic farmland-use zones domi-
nated by more than one type of function were further divided into sub-zones. Ultimately,
six farmland-use zones were determined, and targeted suggestions applicable to each zone
were put forward in this study. In each zone, the SDM information indicated the current
situation and the future usage of the farmland’s single function, and the MCCD values
assisted in judging the potential of the multi-functional compound development of the
farmland within the zone.

There are also some considerations that need to be addressed; with respect to the
datasets, higher-resolution data, such as the location information of tourists from mobile
phones and visitation frequencies for agricultural spots, will assist the demand-mapping
of farmland functions. Moreover, due to the relationship between the multiple functions of
farmland changing over time, this dynamism should also be considered when conducting
farmland zoning in the future.

Generally, scientific planning and sustainable management need to design balanced
strategies. Zoning farmland, by integrating multi-functional supply, demand and rela-
tionships can contribute to these balanced strategies. Our results can provide a valuable
basis for further research and provide relevant input to inform stakeholders. Further-
more, this assessment structure for farmland zoning is also applicable to other rapidly
urbanizing regions.
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Appendix A

The detailed calculation processes for the four ecological sub-functions of the farmland
in this study were as follows:

Appendix A.1. Soil Retention

The revised universal soil loss equation (RUSLE) [23] was used to evaluate the soil
retention function of the farmland within the study area:

Ac = R ∗K ∗ LS∗(1−C ∗ Ps), (A1)

where Ac is the soil conservation; R, K, LS, C and Ps are the factors of rainfall erosion,
soil erodibility, terrain, vegetation cover and management, as well as the measures for
conserving the soil and water, respectively (Figure A1).

In the present study, the R factor was calculated according to previous research similar
to this study area [43–45]; the erosion productivity impact calculator (EPIC) proposed by
Williams et al. (1984) [46] was used to estimate the K value; and the LS factor was evaluated
using the international DEM-based method [23]. Referring to previous research [47], the C
value of paddy fields was uniformly assigned as 0.1 and the C value of dry land was calculated
using the method established by Liu et al. (1999) [48]. In terms of the Ps factor, we assigned the
Ps values of paddy field and dry land as 0.01 and 0.4, respectively, according to [49].
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Appendix A.2. Habitat Maintenance

The habitat quality module in the integrated valuation of ecosystem services and
trade-offs (InVEST) model [15] was used to simulate the habitat maintenance of farmland
in this study. Its calculation process was mainly based on the habitat suitability of different
types of farmland and their sensitivity (Table A1) to diverse threat sources (Table A2).
Referring to previous research, these parameters were set as follows:

Table A1. Detailed information of the threat sources applied in the InVEST model.

Threat Sources Maximum Influence
Distance (km) Weights Declining Linear

Correlation

Urban land 16 0.9 exponential
Rural settlement 12 0.8 exponential

Traffic land 20 1 linear
Other construction land 8 0.5 exponential
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Table A2. The sensitivity of different farmland types to threat sources.

Farmland Types Habitat Suitability Urban Land Rural Settlement Traffic Land Other

Plain paddy field 0.8 0.6 0.5 0.3 0.25
Plain dry land 0.7 0.5 0.4 0.2 0.15

Slope paddy field 0.9 0.8 0.6 0.5 0.35
Slope dry land 1 0.9 0.7 0.5 0.4

Non-arable land 0 0 0 0 0

Appendix A.3. Landscape Connectivity

The circuit theory model [25] was used to map the landscape connectivity of the
farmland in the study area. The key factors for the operation of this model are the node
data and resistance values that need to be input. This study took the farmland, woodland,
garden and grassland plots larger than 1000 hectares within the study area as the basic
node elements (Figure A2). Additionally, the spatial patterns of the resistance value of the
different landscapes in this study were as shown in Figure A3.
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Appendix A.4. Environmental Factors

The environmental function was represented by three aspects, i.e., the fertilizer, pes-
ticide and plastic film consumption per unit of farmland, in this study. These indicators
were considered to equally contribute to the environmental supply capacity and finally
overlaid to obtain the environmental supply capacity of farmland.

Before calculating the ecological function of farmland, the above four sub-functions
were normalized to 0–1 values, resampled to a 90 × 90 m spatial resolution and then
overlaid with the same weight of 0.25 to obtain the final ecological supply of farmland.
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