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Abstract


At present, with the rapid development of urbanization and industrialization, the contradiction between development and cultivated land protection is exacerbated. Scientifically quantifying ecosystem service value and constructing an ecological compensation mechanism of cultivated land are significant paths for cultivated land protection. This study originates from an extended three-dimensional ecological footprint model, introduces a carbon footprint accounting path, and thoroughly evaluates the sustainable use of farmland ecology. It aimed to accurately calculate the ecosystem service value of farmland, formulate ecological compensation standards, establish an ecological compensation model to measure the total amount of ecological compensation for cultivated land, and delineate the “five-zone map” of ecological compensation for farmland. (1) There is a partial spatial heterotopia phenomenon between ecological consumption and ecological services. (2) In 2022, the ecosystem service value of cultivated land in Shandong Province is high, reaching CNY 78.479 billion. Overall, exported the ecological service value of cultivated land to the outside world. Qingdao, Yantai, and Weihai are farmland ecological compensation zones, with a compensation amount of CNY 71 million. (3) The priority compensation zones are Qingdao and Yantai on the Shandong Peninsula. The priority compensated zones are mainly located in the northern region of Shandong. Exploring ecological compensation for cultivated land ecology at the spatial and temporal scale has important value for ecological protection and security of cultivated land.
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1. Introduction


As a carrier of food production and an important ecological resource, cultivated land is the lifeline for ensuring food security and a red line affecting ecological security. Farmland is a seminatural, semiartificial, and multifunctional ecosystem that relies on natural elements like water, light, temperature, and soil, as well as artificial inputs such as seeds, machinery, and irrigation [1]. It utilizes interactions between organisms and the environment, as well as between organisms, to produce agricultural products, providing rich and diverse ecosystem services and ensuring regional ecological security. At the same time, it is also the ecosystem with the highest degree of human dependence. In addition to production functions, it also provides multiple ecological services like water and soil conservation, climate regulation, biological diversity maintenance, nutrient cycling, and waste treatment for humans [2]. Nevertheless, as a result of the speedy progress of industrialization and urbanization, a large amount of cultivated land has been converted for use in construction. Meanwhile, driven by economic interests, farmers have overused chemical fertilizers and pesticides in farming production. Moreover, many unreasonable practices, such as high-load development and predatory management, have brought about acute issues in cultivated land, like non-agriculturalization, quality degradation, and ecological environment deterioration of cultivated land [3]. As the pressure to provide ecological protection for arable land continues to increase, contradictions between arable land resource endowment, ecological preservation, and economic growth are becoming increasingly outstanding, affecting the ecological safety and sustainable utilization of cultivated land.



China has proposed various policies for farmland protection, adhered to the strictest farmland protection system and red line, comprehensively delineated permanent basic farmland, vigorously implemented rural land consolidation practices, and promoted the “three in one” protection for farmland quantity, quality, and ecology [4]. The current farmland ecological protection policy overly relies upon rigid administrative constraints and ignores the importance of economic incentives [5]. Constructing an ecological compensation (EC) mechanism for farmland is essential in protecting the ecosystem’s ecological value and service function. One crucial element of the ecological civilization system is the compensation mechanism for ecological conservation. On 10 April 2024, China announced the “Regulations on Ecological Protection Compensation”, which for the first time established the connotation and basic institutional rules for ecological protection compensation, with clarified classification compensation in eight major fields. Evaluating ecosystem service value (ESV) provides an important basis for ecological compensation and ecological protection. Quantifying and compensating for ESV of farmland promotes resource utilization in surplus farmland areas, thereby enhancing agricultural productivity. On the other hand, it can help alleviate the conflict between “promoting growth” and “protecting farmland” in areas with limited farmland.



Shandong Province is one of the few regions in China that is both an economically strong province and a major agricultural contributor. It is a base for high-quality commodity grain, a major grain producer, and a national key EC pilot area. Shandong Province has a wide range of cultivated land types and planting areas, with abundant natural endowments of cultivated land. Its comprehensive agricultural production capacity ranks among the top in the country, and the degree of agricultural intensification is high. It shoulders a significant responsibility for the country’s economic development and food security. In recent years, due to the excessive development of arable land resources and the degradation of these areas and the surrounding environment caused by land use change, resource stability has been disrupted, and the ecological service functions and sustainable utilization of arable land in the region have been severely restricted. In Shandong Province, farmland protection achievements are directly related to national food security and the dynamic balance of the ecosystem. There is, therefore, strong motivation for selecting Shandong as a demonstrative research area for investigating farmland EC and zoning. As a microcosm of the whole country, there is heterogeneity within Shandong’s ecological status, as well as the level of protection of arable land within the area. By applying the experiences and innovation of the province’s arable land EC system, Shandong can provide a reference for establishing a diversified and market-oriented mechanism on the national scale. Taking the reduction in regional differences and ecological protection as the driving force, gradually expanding the coverage of market-oriented and diversified compensation, and promoting the realization of a unified plan for national farmland protection and EC have strong applicability and practical guidance significance.



The ecological footprint (EF) model, an ecosystem assessment method based on social–economic metabolism, accounts for natural resource consumption. From an ecological perspective, it studies how humans consume and utilize natural resources and affect the ecosystem [6]. The two-dimensional EF model focuses on resource consumption and flow, but lacks a consideration of resource stock [7]. Considering the traditional two-dimensional ecological footprint mold, Niccolucci et al. divided resource supply into two categories: flow and stock. They introduced two new indicators, footprint breadth and depth, to characterize resource flow occupancy and resource stock overdraft, respectively. They also extended the two-dimensional plane analysis of the traditional EF model to three-dimensional spatiotemporal analysis, endowing the burden with a time dimension [8]. The pioneering three-dimensional EF model only visualizes a two-dimensional analysis of ecological surplus status and cannot account for the three-dimensional expression of the deficit status [9]. Jin Xiangmu further expanded the concept and the scope of its application, established a three-dimensional EF model, expanded the footprint depth from ecological deficit to surplus scenarios, and unified ecological profit and loss status representation, incorporating it into a unified framework and achieving natural resource consumption unity in accounting for resource flow and stock occupancy [10]. Researchers have evaluated whether there is horizontal overloading, as well as the degree of vertical overloading; this reflects the intra- and intergenerational distribution of natural resource consumption [11]. Researchers typically combine the ecological footprint with the equivalent factor approach in order to obtain the amount of EC farmland as calculated via the ESV. However, the carbon emissions generated in farmland production are often ignored [12]. An EF incorporating carbon footprints is more closely aligned with the concept of low-carbon agriculture, in that it takes the negative ecological impacts of farmland production into account, as well as the real ecological footprint of farmland [13].



An ecosystem service is one from which humans, directly or indirectly, obtain goods and services through various functions [14], comprising supply, climate regulation, culture, and sustainable services. The natural attributes of an ecosystem are reflected in various ecological effects, while the socio-economic attributes are reflected in ESV. An ecosystem service meets the two attribute conditions of scarcity and utility. The ESV theory focuses on ecosystem service functions in terms of natural resources and attempts to quantify service function value, which is an important means of measuring EC [15]. Scholars are currently gradually diversifying their research on ESV, expanding it to specific ecosystem fields such as rivers, lakes, farmland, forests, and deserts [16]. In recent years, as the ecological environment continues to deteriorate, the ESV of cultivated land has been given special attention, including carbon, biodiversity, and hydrological services and landscape beautification. Research on the value of ecosystem services in cultivated land in China focuses on two aspects: one is evaluating the value itself, and the other is exploring the impact of human activities and land use change on the ESV of cultivated land. The calculation methods for ESV include the opportunity cost method [17], conditional value method [18], and shadow engineering approach [19]. Some scholars have established an evaluation indicator system for ecological service functions in order to assess the ESV. Some scholars have also evaluated the sustainability of farmland ecosystem services through organic cultivation [20]. In addition to positive ESV, some scholars have also studied the negative values resulting from pesticide, fertilizer, and plastic film use and greenhouse gas emissions. Applying the functional value and equivalent factor approach to calculate positive and negative ecological farmland values across several provinces [21] makes their quantification more comprehensive. Taking cost–benefit, opportunity loss, and externality spillovers into account, the negative externalities of farmland protection are calculated, which also provides a new idea for measuring and computing ESV of farmland [22]. Scholars have also explored the impact of change in land use policies on the ESV of cultivated land [23]. Changes in land use are closely related to ESV, in that changes in types, patterns, and intensities affect, to varying degrees, the ecosystem services they carry [24]. Calculating ESV can help in quantifying regional ecosystem service levels, reflecting the relationship between regional land use and ecosystems. By comparing and analyzing the spatiotemporal changes in land use and ESV, this study explores the impact of land use changes on the overall ESV of the region [25]. The cellular automata Markov model (CA Markov) was used to simulate land use change under different scenarios and predict ESV spatial distribution and aggregation patterns [26,27].



Due to the positive externality of farmland, there appears to be a certain loss of interest in ecological consumption and service subjects in the farming production and protection processes. In terms of farmland, EC is compensation for lost benefits in a process of redistributing the farmland ESV among different entities [28]. The theory of EC originates from the theory of ESV. Currently, land compensation in China is mainly based on the farmland annual output value and ignores its ecological value [22]. Farmland protection compensation focuses on compensating for ecological value [29]. Compensation for the ecological benefits of farmland stems from its ESV. Providing corresponding subsidies to farmers according to the quality of their farmland ensures the ecological and environmental value of natural resources [30]. Quantitative EC for farmland is a research focus for scholars, focusing on commonly used methods such as the energy value, ecological footprint, ecosystem service function value, and survey methods [31]. Farmland ESV can be measured by using the opportunity cost approach [32], employing the conditional value evaluation method, or conducting experiments [33] to investigate farmland compensation and payment willingness [34]. Using the energy method to construct a “pressure state response” model for arable land, researchers can establish a functional relationship between ecological security and land finance, calculate a regional farmland ecological security score, and finally obtain the arable land ecological transfer payment amount [35]. Research on EC for farmland protection primarily centers on the delineation of EC responsibilities, measuring compensation standards, and selecting compensation methods. From the perspective of ecological supply–demand equilibrium [36], food security [37], and virtual farmland [38], it is necessary to identify the areas responsible for EC in farmland protection and determine the interest of EC stakeholders. In light of ESV quantification, ecological overload coefficients, adjustment coefficients for administrative and financial rights, and farmland quality coefficients are introduced to design EC standards and quotas for farmland [39]. It is important that scholars conduct in-depth research on government subsidies and market operations, vertical and horizontal fiscal transfers, and cash and technology subsidies, exploring more efficient farmland EC methods [40]. The implementation of EC policies or systems helps to stimulate enthusiasm for regional farmland ecological protection and implement responsibility. Combining agricultural location theory with spatial polarization theory, and taking into account the inherent spatial connections and practical needs of cultivated land quality, Shandong’s cultivated land is divided into four protection areas: the core protection area, comprehensive reconstruction area, key improvement area, and priority enhancement area. Large-scale, ecological, and factory agriculture, as well as other cultivated land protection models and plans, have been proposed [41]. Others have evaluated and analyzed the ecological balance of black soil farmland in northeast China from a spatiotemporal perspective, introducing a dynamic balance model and understanding the relationship between EC and farmland protection as one that is dynamic and interrelated, providing a new path for the sustainable utilization and protection of farmland [42].



Although there have been studies scientifically quantifying the value of ecosystem services and exploring mechanisms of EC for cultivated land, these emerged relatively late; as such, the methods for determining the amount of EC for cultivated land are still relatively traditional. They fail to explore the impact of food production processes on cultivated land ecology from multiple dimensions and thus have certain limitations. In an attempt at further quantification, this study takes the value of farmland ecosystem services as a springboard and constructs an EC model. This study’s contribution mainly includes the following three aspects. (1) Firstly, it applies the improved three-dimensional EF model to the study of regional farmland EC, taking into account both spatial and temporal dimensions, introducing the perspectives of resource flow and stock, and comprehensively analyzing farmland ecological status. This model is more advantageous in evaluating natural resource consumption and quantifying EC value. Based on this, the measured EC value and standards are more scientifically feasible in compensation transfer payments. (2) The second contribution lies in its taking into account the negative impact of utilizing arable land in agricultural production. Based on the carbon cycle, the carbon footprint method is introduced to account for carbon emissions and sinks, making up for the shortcomings of the original model that ignores any negative ecological value. (3) Thirdly, based on zoning thinking, the total amount of and priorities regarding EC for cultivated land are overlapped and analyzed. Taking into account the regional natural resource endowment and socio-economic differences, a five-zone map of EC for cultivated land is delineated, providing a spatial screening basis for promoting regional EC in a classified and orderly manner. In the context of ecological civilization construction, the sustainable utilization and protection of farmland ecosystems, as well as the compensation mechanism for farmland protection, are highly significant, promoting the realization of the “three in one” farmland protection goal in the new era.




2. Research Area and Data


2.1. Research Area


Shandong Province, an important farmland protection and major grain-producing area, is located on the eastern coast of China at the lower reaches of the Yellow River (Figure 1). The province’s entire land area is 15.89 million hectares, of which 6.4149 million are cultivated land, and the per capita area of farmland is 0.06 hectares. Shandong Province has a well-developed water system, with plains as the main terrain. The central mountainous areas protrude, while there are low-lying and flat areas in the south- and northwest. The eastern part has gentle undulations, forming a terrain with mountains and hills as the skeleton and plains and basins crisscrossing each other. The natural landscape of the province consists of three mountains, one body of water, and six fields. The average annual figures for precipitation, temperature, and sunshine are 874.12 mm, 14.58 °C, and 2320 h, respectively, thus meeting the conditions of two crops per year. Its unique geographical, climatic, and resource conditions endow Shandong Province with inherent agricultural development advantages. Farmland is mainly used for planting grain and economic crops, including rice, wheat, corn, sorghum, millet, potatoes, and soybeans, while economic crops include cotton, oilseed, vegetables, fruits, etc. Shandong Province has a total of 16 prefecture-level cities; by the end of 2022, the permanent population was 101.6279 million, with a gross domestic product of CNY 8743.51 billion and a primary industry output value of CNY 629.862 billion. Its added agricultural value has consistently ranked first among all provinces in China, with a total grain output of 55.438 million tons. The planting area and yield of grain have consistently ranked among the top three in the country, making it the province with the highest cultivated land rate. As a primary province in China for both agriculture and the economy, Shandong has been designated a cultivated land retention area of 94.911 million mu, a permanent basic farmland protection area of 84.122 million mu, and an ecological protection red line area of 2.06 million hectares. The ecological protection of farmland significantly affects national ecological and food security.




2.2. Data Sources


Sources of data used in this research include: (1) overview data, population data, crop yield, sowing area, GDP of each city, cultivated land area data, pesticide and fertilizer application data of various cities in Shandong Province are all derived from Shandong Provincial Statistical Yearbook 2023. (2) National crop yield data and GDP are derived from China Statistical Yearbook 2023. (3) Unit area yield and Engel’s coefficient data of grain crops of each city in Shandong Province are sourced from 2023 Statistical Yearbook data of each city.





3. Research Method


3.1. Cultivated Land Ecological Footprint Measurement Model


The EF of cultivated land reflects the pressure exerted by human production and consumption on cultivated land. When tracking human ecological occupation of arable land resources, ecological footprint accounting is classified into biological resource footprint accounting and carbon footprint accounting.



3.1.1. Bioresource Footprint Accounting of Cultivated Land


The bioresource footprint (BF) of cultivated land refers to the ecologically productive cultivated land area that provides and maintains the resources required for production and consumption by a specific population in a region [43]. The quantitative model for the footprint of arable land biological resources is:


    E F   b r   = N ×   e f   b r   = N ×   ∑  i = 1   n        a a   i       = N ×   ∑  i = 1   n         C   i       P   i        × r  



(1)







EFbr is the BF of farmland in the region (hm2), N is the number of permanent residents in the area, ef is per capita BF of farmland in the area (hm2/person), i is the crop type produced or consumed in the region, aai is per capita area of biologically productive cultivated land that was transformed from the i-th crop in the region (hm2/person), Ci is per capita annual consumption of the i-th crop (kg/person); Pi is average annual yield of the i-th crop nationwide; r is the equilibrium factor of farmland, which was calculated by Liu and is 1.49 in the case of Shandong Province.




3.1.2. Carbon Footprint Accounting for Cultivated Land


When calculating the EF of arable land, it is also essential that consider the carbon footprint (CF) of farmland caused by the “by-products” that damage farmland ecology.



Carbon Emission Calculation


The primary sources of carbon emissions during the arable land cultivation process include chemical fertilizers, pesticides, agricultural plastic films, diesel combustion, agricultural irrigation, as well as mechanization. The estimation formula for carbon emissions is [44]:


  E =   E   f   +   E   p   +   E   m   +   E   e   +   E   i   +   E   t    



(2)







E is total carbon emissions from farmland in the study area (t), Ef is chemical fertilizers’ contribution to carbon emissions; Ep is the carbon emissions caused by pesticides; Em represents agricultural plastic films’ contribution to carbon emissions; Ee is carbon emissions caused by diesel fuel; Ei is agricultural irrigation’s contribution to carbon emissions; Et is carbon emissions from agricultural mechanization. The calculation formula for each item is as follows:


    E   f   =   G   f   × A  



(3)






    E   p   =   G   p   × B  



(4)






    E   m   =   G   m   × C  



(5)






    E   e   =   G   e   × D  



(6)






    E   i   =   A   i   × G  



(7)






    E   t   =     A   t   × D   +     W   e   × F    



(8)







Gf is chemical fertilizer usage (kg), Gp is pesticide usage (kg), Gm is agricultural plastic film usage (kg), Ge is agricultural diesel usage, Ai represents irrigation area (hm2), We is the total power of agricultural machinery (kw), At is the planting area of crops (hm2). A. B, C, D, F, and G express carbon emission coefficients of chemical fertilizers, pesticides, agricultural plastic films, agricultural diesel, agricultural irrigation, and agricultural mechanization, respectively. Referring to authoritative research [45], the following coefficients are determined: A = 0.89 kg/kg, B = 4.934 kg/kg, C = 5.18 kg/kg, D = 0.5927 kg/kg, G = 266.48 kg/hm2, D = 16.47 kg/hm2, F = 018 kg/kw.




Carbon Absorption Calculation


To quantitatively calculate the carbon absorption of different crops, it is necessary to combine indicators such as crop yield, economic coefficient, root to shoot ratio carbon content, and water coefficient. The calculation formula is as follows:


    C   t   =   ∑  i = 1   n      C   i     ×   Y   i   ×   1 −   V   i     ×   1 +   R   i     /   H   i    



(9)







Ct is the carbon storage (t) of the regional farmland ecosystem, that is, carbon absorption, Ci is the carbon content (%), Yi indicates the i-th crop’s yield (t), Vi indicates the i-th crop’s water coefficient (%), Ri indicates the i-th crop’s root to shoot ratio coefficient, Hi indicates the i-th crop’s economic coefficient, n indicates the crop types’ species number, with n = 9 in this study. The H, C, R, and V of primary crops in China are shown in Appendix A.




Carbon Footprint Accounting


The carbon footprint (CF) refers to the productive land area that needs to absorb carbon emissions, that is, the ecological footprint of carbon emissions:


  C F =    E   N E P    , N E P =      C   t     S     



(10)







CF indicates the CF of farmland in the region (10,000 hm2), E indicates total carbon emissions from farmland use, NEP indicates the carbon sequestration capacity of crops, Ct indicates all crops’ carbon absorption throughout the whole growth phase in the farmland ecosystem, S indicates farmland area (hm2).





3.1.3. Accounting for Total Ecological Footprint of Cultivated Land


The total EF of cultivated land refers to the combined total of the biological resource footprint of cultivated land and carbon footprint of cultivated land:


  E F =   E F   b r   + C F  



(11)









3.2. Ecological Carrying Capacity Accounting


The ecological carrying capacity (ECC) of farmland is the maximum ecological service capacity that the farmland ecosystem can continuously provide to humans. Corresponding to the EF of arable land on the demand side, the ECC of arable land describes the ecological service area that the arable land ecosystem can provide on the supply side; it characterizes the degree of satisfaction of regional arable land against human actual consumption. The following is the computation model:


  E C = N × e c = N × a × r × y  



(12)







EC indicates total ECC of farmland in the region (hm2), N indicates the number of permanent residents in the region, ec indicates per capita ECC of farmland (hm2/person), a indicates per capita biological productive land area of farmland (hm2/person), r indicates farmland’s equilibrium factor, and y indicates cultivated land’s yield factor. The farmland’s yield factor computed by Liu et al. is 1.13 in Shandong Province.




3.3. Expanded 3D Ecological Footprint Model


Niccolucci et al. pioneered a three-dimensional EF model, originating from a two-dimensional model, and achieved vertical expansion in this field. The concept of natural resource stock has been introduced, with two indicators: footprint breadth (EFsize) and footprint depth (EFdepth).



3.3.1. Footprint Breadth


Footprint breadth characterizes degree to which human production and consumption occupy natural resource flow, and it has spatial attributes. It is divided into two scenarios: surplus and deficit:



If EC − EF > 0, it is in an ecological surplus state, then: EFsize = EF.



If EC − EF < 0, it is in an ecological deficit state, then: EFsize = EC.




3.3.2. Footprint Depth


Footprint depth characterizes the degree to which resource consumption occupies natural resource stock, which is the ratio of regional EF to ecological carrying capacity. It falls into two categories: ecological surplus that consumes flow resources and ecological deficit that consumes stock resources, or ecological productive land in a region that takes most of a year to produce the natural resource flow consumed by humans [8]. The expanded three-dimensional EF model is shown in Appendix B, and the ecological footprint depth of cultivated land is:


    E F   d e p t h   =    E F   E C     



(13)









3.4. Measurement Model for Ecosystem Service Value of Cultivated Land


3.4.1. Equivalent Factor of Ecosystem Service Value of Farmland


The equivalence factor of the ESV of farmland is the economic value of the annual food production service as a function of the farmland’s per unit area. A 1/7 market value of average grain output is used as the economic value of the per unit ESV equivalence factor. Its formula is as follows:


    E   a   =    1   7    ×      C   i       A   i       



(14)







Ea is the economic value of the cultivated land ecosystem service’s unit equivalence factor (yuan/hm2), Ci represents the economic output of grain in the region for the current year (yuan), Ai represents the regional grain-planting area (hm2), and 1/7 represents that, without human input, the unit area ESV is 1/7 the grain production value that the existing cultivated land can provide.




3.4.2. Equivalent Correction of Farmland Ecosystem Service Value


There is heterogeneity in the natural geographical environment of various zones. Consequently, it may be necessary to adjust the equivalence of ESV for farmland based on natural conditions of farmland in each region:


    f   ′   = f ×    p     p  ¯      



(15)







f indicates the equivalence of the unit area ESV of the farmland ecosystem calculated by Xie Gaodi, with an equivalent value of 5.91. p is the crop’s per unit production in the regional farmland ecosystem for the current year (t/hm2), while     p  ¯    is the crop’s per unit production of the countrywide farmland ecosystem for the same year (t/hm2).




3.4.3. Economic Adjustment Coefficient of Farmland Ecosystem


The ESV of farmland calculated in the previous step is only a theoretical value, which only reflects cultivated land’s value under natural conditions. It does not take into account social and economic development factors, making it impossible to distinguish differences in different stages and regions of economic development. There is a significant positive correlation between residents’ income level and their ability to pay for public goods. The formula for the adjustment coefficient of the resident payment level is:


    P   i   =      A   i       N   i       



(16)







Pi is the adjustment coefficient for the payment level of residents in region i, and Ai and Ni are the per capita GDP of the region and countrywide, respectively.



We introduced a social development stage coefficient that represents the relative level of people’s willingness to pay and adjusted the development stage coefficient through the Pearl growth curve and Engel coefficient. The formula is:


    W   i   =    1   1 +   e   − t       



(17)






  t =    1     E   n      − 3  



(18)







Wi is the adjustment coefficient for the willingness to pay of regional residents, while En is the Engel coefficient of the region. In theory, the lower the Engel coefficient in economically developed regions, the higher residents’ willingness to pay, the higher the ecological payment amount they can afford. The overall economic adjustment coefficient of the cultivated land ecosystem is calculated by combining the coefficient of residents’ payment level, the coefficient of social development stage, and the coefficient of willingness to pay:


    a   i   =   P   i     × W   i    



(19)








3.4.4. Ecosystem Service Value of Cultivated Land


The measurement model for the ESV of farmland by means of the above equivalence factor correction and economic adjustment coefficients is as follows:


  E S V =   E   a   ×   f   ′   ×   a   i    



(20)






    E S V   t   = E S V ×   A   i    



(21)









3.5. Cultivated Land Ecological Compensation Measurement Model


3.5.1. Accounting of Total Ecological Compensation for Cultivated Land


Taking the ecological deficit and surplus of farmland as the area and the quantified EC of farmland as compensation amount unit area, and adjusting the regional actual compensation capacity, a farmland EC model is established as follows:


    V = E T × E S V × R   i    



(22)






    R   i   =      e     E   n     ×   G D P   i         e     E   n     + 1   × G D P     



(23)







V indicates the total amount of EC for farmland (yuan/year), ET indicates the three-dimensional ecological surplus and deficit of farmland (ER/ED), Ri indicates the regional EC coefficient for cultivated land, En indicates the comprehensive Engel coefficient for regional urban and rural areas, GDPi is the regional annual gross domestic product, and GDP is the province’s gross domestic product.




3.5.2. Priority of Ecological Compensation for Cultivated Land


In terms of economic progress, disparities exist between the output and beneficiary areas from cultivated land. To balance the efficiency and fairness of EC for farmland, a fair EC priority approach is proposed to define the urgency of EC for farmland in various regions [46], expressed as:


  E C P S =    E S V     G D P   u a       



(24)







ECPS represents the priority of EC for farmland in region i, while GDPua represents the regional annual GDP unit area (yuan/hm2). The higher the priority of the EC for farmland in a region, the more urgent the need for compensation. Conversely, a lower priority indicates that the urgency of EC for farmland in a region is relatively mild.






4. Results Analysis


4.1. Ecological Footprint Analysis of Cultivated Land in Shandong Province


The primary uses of farmland are to cultivate food crops, including cereal crops, potato crops, and legumes, and economic crops, including fiber crops, oil crops, sugar crops, medicinal crops, vegetables, fruits, etc. Comprehensively considering Shandong Province’s agricultural production status, nine crops were chosen for this study—including rice, wheat, corn, beans, and potatoes, as well as cotton, oil crops, vegetables, and fruits—as indicators to measure the ecological status of farmland. Using an EF measurement model, the 2022 biological resource footprint, carbon footprint, and total EF of farmland, as well as per capita EF, in each city of Shandong Province were obtained, as shown in Table 1. The total farmland biological resource footprint in Shandong Province in 2022 was 6.8358 million hectares, with Linyi having the largest footprint of 90.78 × 104 hectares and Dongying having the smallest at 15.89 × 104 hectares. The per capita farmland biological resource footprint in the province is 0.07 × 104 hectares per person. Excluding Weihai, the per capita biomass footprint of farmland in the other 15 cities is below 0.10 × 104 hm2. Regarding the crop-planting structure, crops’ rates of contribution to the biological resource footprint of cultivated land are as follows, in descending order: wheat, oil, beans, vegetables, rice, fruits, melons, corn, cotton, and potatoes. Among them, wheat has a contribution rate of 49%, oilseeds have a contribution rate of 20.1%, and legumes have a contribution rate of 10.4%. The average annual contribution rate of these three crops to the biological resource footprint of cultivated land is as high as 79.5% (Figure 2). This is because Shandong Province, as the main grain-producing area in China, is positioned to supply major grain crops such as wheat and corn. The scale of wheat and bean planting is large, meeting the policy requirements of “treating rice and wheat as essential varieties to ensure basic self-sufficiency of grains”. In addition, strict land use management and control systems are implemented, restricting the conversion of agricultural land for construction purposes. The high yields of economic crops, mainly based on oil crops, excessive population, and rapid urbanization, have also increased food consumption.



In 2022, carbon emissions from the farmland ecosystem in Shandong Province were 7.3196 million tons, of which 3.2226 million tons were caused by fertilizer application, representing 44% of overall carbon emission (Figure 3). In 2022, the average fertilizer application intensity in various cities in Shandong Province was 493.92 kg/hm2, far higher than the safety warning line of 225 kg/hm2. In 2022, the total carbon absorption of farmland ecosystems in Shandong Province was 83.2827 million tons, with the value of wheat being as high as 47.37%, and corn accounting for 35.81% of the total carbon absorption. These two food crops account for 83.18% of the total carbon absorption of farmland ecosystems (Figure 4). Compared to other cities, Yantai, Weifang, Linyi, and Heze all have carbon footprints above 50,000 hm2, which is relatively high.



In 2022, the total EF of farmland in Shandong Province was 7.4428 million hectares, and the per capita EF of cultivated land was 0.07 hectares (Table 2). Compared to other cities, the EF of cultivated land in Heze, Linyi, and Qingdao is comparatively large. Compared to other crops, the EF contribution rate of corn- and vegetable-growing areas is relatively high. Only Weihai has a per capita EF of farmland that is consistently over 0.1 hm2. The per capita EF of farmland in Zibo is only 0.05 hm2, moreover, the ratio at which all kinds of crops contribute to the EF of farmland is relatively small. In accordance with the EF of farmland in each region, Shandong Province is divided into five regions (Figure 5). The main body of total EF and per capita EF of farmland in each city of Shandong Province indicates low-value areas. In terms of the spatial pattern aspect, there is an obvious spatial difference between the total EF and per capita EF of farmland in various cities in Shandong Province, highlighting a pattern that is low in the northwest and high in the southeast. Overall, in terms of the biological resource and carbon footprints of cultivated land, the trends in the change are roughly the same, indicating a strong correlation between the two.




4.2. Analysis of Ecological Carrying Capacity of Cultivated Land in Shandong Province


Using Formula (12), the ecological carrying capacity of farmland in Shandong Province is calculated (Figure 6). Heze has the largest farmland area and the highest ECC of farmland, at 1.5678 million hectares, with per capita ECC of 0.18 hectares. Dezhou has the highest per capita ECC of farmland, at 0.19 hectares. The ECC of farmland in Zibo is the smallest, at 26.58 × 104 hm2. Under the undulating natural terrain of the southern and east–west wings, the per capita area of biologically productive farmland in Zibo is only 0.03 hm2. Jinan is adjacent to Mount Taishan in the south and across the Yellow River in the north, situated at the junction where low mountains and hills in the middle and south meet an alluvial plain in the northwest of Shandong Province. Meanwhile, the cultivated land area only accounts for 5.26% of the province (Figure 7), while the population is close to 10 million, resulting in a per capita ECC of farmland of 0.06 hm2. The high-value areas of ECC are mainly distributed in the northwest plain (Liaocheng, Dezhou, Heze, Weifang), while low-value regions are distributed in central and southern mountainous hills (Zibo, Zaozhuang, Rizhao). The ecological consumption areas of farmland are concentrated in the Shandong Peninsula and southern region of Shandong Province, while the ecological service regions are primarily centered on the northwest plain and southern regions. There is a phenomenon of “spatial ectopia” between ecological consumption and services, wherein high farmland EF and ECC are relatively concentrated. The Shandong northwest plain is the largest plain in Shandong Province, constituting a section of the North China Plain, and it is also an important agricultural production region in China. Heze, Weifang, Dezhou, and Linyi have large areas of cultivated land, representing 42.75% of total farmland in the province. When the yield of grain and cash crops is high, this produces higher ecological farmland effects.




4.3. Analysis of Ecological Surplus and Deficit of Cultivated Land


Under the extended three-dimensional EF model, the EF breadth and depth of farmland can be obtained through examining the regional ecological deficit and surplus situation, which characterizes farmland resource flow occupancy and reflects the degree of adaptation between the EF of cultivated land and the level of ECC (Table 3). The EF depth of farmland in the three regions of Qingdao, Yantai, and Weihai is greater than 1; moreover, farmland resource flow is insufficient to support actual food consumption demand, requiring additional consumption of existing cultivated land resources. Among them, the EF depth of farmland in Weihai City is above 1.15, which means that the amount of resource stock overdrawn in 2022 is equivalent to the natural resource accumulation of ecological production land under the national average yield of 0.15 years; as such, resource consumption puts greater pressure on farmland resource stock. The ecological footprint depth of farmland in 13 regions, including Jinan and Zibo, is less than 1, indicating that regional farmland resource flow can meet their food consumption needs, and there is surplus flow converted into stock without occupying farmland resource stock. Consequently, the ecological carrying status is good.



From the perspective of farmland ecological deficit and surplus, Qingdao, Yantai, and Weihai are deficit areas, with a total ecological deficit of 101,500 hectares and a population of 20.3186 million people. The other 13 cities are surplus areas, with a total ecological surplus of 3.644 million hectares and a population of 81.3093 million people. Heze has the largest ecological surplus of 88.73 × 104 hectares, while Yantai has the largest ecological deficit of 4.73 × 104 hectares. Heze farmland area ranks first in Shandong, at 1.5–6 times that of other cities, thus it has the highest ECC and ecological surplus. Regions with high per capita farmland ecological surplus are Heze, Dezhou, and Binzhou, all of which are higher than 0.1 hm2/person. Yantai’s terrain is a low mountain and hilly area, with gentle undulations and crisscrossing gullies; this means that per capita farmland area is only 0.05 hm2, while fertilizer application intensity is as high as 781.82 kg/hm2, resulting in a high carbon footprint. The EF of arable land is higher than the ECC of farmland. From the perspective of the population and ecological deficit of farmland, the population surplus regions in the province account for about 80%, while farmland area accounts for about 85.49%. The ECC of farmland is good, with no observed imbalance phenomena. In addition to supplying its own food demand, Shandong Province also has a 70.39% grain production farmland ecosystem that can supply other provinces with deficits. From a spatial distribution perspective, the ecological deficit and surplus of cultivated land in Shandong Province show a clear four-zone distribution (Figure 8 and Figure 9), with Qingdao, Yantai, and Weihai forming ecological deficit zones. Major grain-producing areas, like Heze, Dezhou, and Liaocheng, are ecological surplus advantage areas, with amounts exceeding 50 × 104 hm2. Binzhou, Weifang, Jining, and Dongying constitute ecological surplus development zones, with ecological surplus amounts exceeding 10 × 104 hm2. Jinan, Zibo, Zaozhuang, Tai’an, Rizhao, and Linyi are potential ecological surplus zones, with amounts all below 10 × 104 hm2. Major grain-producing cities in Shandong Province, like Heze, Dezhou, Liaocheng, and Jining along the Yellow River, are mostly ecological surplus regions.




4.4. Ecosystem Service Value and Ecological Compensation for Cultivated Land in Shandong Province


4.4.1. Ecosystem Service Value of Farmland in Shandong


The eastern coastal and central regions of Shandong Province possess a high degree of economic advancement; as such, residents are psychologically resilient and able to pay for the consumption of public goods. After adjusting using economic coefficients, the spatial heterogeneity of the ESV of farmland in Shandong Province in 2022 becomes apparent, forming a spatial differentiation pattern of high value in eastern and central areas and low value in western and southern regions (Figure 10). The total ESV of cultivated land is CNY 78.479 billion, with Dezhou having the highest ESV of CNY 9.534 billion. Due to the fact that Shandong’s northwest plain is a major area of grain cultivation, and that several cities in the west like Heze and Dezhou have large grain-planting areas, the total farmland ESV ranks among the top in the province (Figure 11). Meanwhile, the total ESV of farmland in Qingdao and Jinan is comparatively high, indicating that this value is not only influenced by natural resources and ecological endowments, but also closely bound up with the processes of socio-economic growth. In terms of the ESV of farmland, ecological endowment and socio-economic progress are mutually beneficial and synergistic. In regions with lower farmland ESV in Shandong Province, attention should be paid to the coordinated development of farmland ecological protection practices and socio-economic progress.




4.4.2. Total Amount of Ecological Compensation for Cultivated Land


Based on the three-dimensional ecological surplus and deficit and ESV of farmland, economic adjustments were made to the arable land EC coefficient. Using the three-dimensional EF of farmland EC measurement model, the total amount of farmland EC in 16 cities of Shandong Province was finally obtained (Table 4). In 2022, the city of Weifang had the highest total EC for arable land. Compared to other cities, the economic value of the equivalent factor of unit ESV in Weifang was relatively high, with an ESV about twice that of Heze and EC being higher. Areas where the ecological supply of arable land is lower than the demand are referred to as arable land ecological deficit areas. Due to the spatial spillover effect of arable land ecosystem services, these deficit areas enjoy various ecological services provided by surplus areas without compensation; as such, they need to be compensated.



In accordance with the determination method for EC and payment of regional farmland, Qingdao, Yantai, and Weihai belong to ecological payment regions for farmland, and the total amount of EC to be paid in 2022 is CNY 71 million. Thirteen other cities, including Jinan and Zibo, are designated as ecological acceptance compensation zones for farmland, with a total EC amount of CNY 839 million in 2022 (Figure 12 and Figure 13). Overall, the EC amount for farmland of Shandong Province in 2022 is in an unsustainable state. The total ecological payment amount for farmland in Qingdao, Yantai, and Weihai is significantly different from the total ecological acceptance compensation amount for farmland in the other 13 regions. Relying solely on EC in these three regions would not meet the requirements of ecological acceptance compensation for farmland in the other thirteen regions. It is necessary for the government and other provinces with ecological deficits in cultivated land to coordinate and provide funds for compensation. In 2022, Shandong Province exported the ESV of farmland to the outside world as a whole, receiving CNY 768 million in EC costs for arable land. The overall spatial pattern and footprint depth of the total EC for farmland in Shandong Province in 2022 are strongly correlated. The ecological payment area is situated in the littoral part of Shandong Peninsula, and the EC area is concentrated in major grain-producing regions along the Yellow River in the northwest Shandong plain.





4.5. Priority and Comprehensive Zoning of Ecological Compensation for Farmland in Shandong Province


4.5.1. Priority Measurement of Ecological Compensation for Cultivated Land


The priority of EC for farmland characterizes the urgency of EC for farmland in various regions. Combined with the regional GDP output value unit area, the priority sequence of EC for farmland in various regions of Shandong Province in 2022 can be obtained (Table 5).



In 2022, Dongying has the highest priority for EC farmland in Shandong Province, which is three times higher than that of Qingdao. Dezhou and Liaocheng, the values of which are both above 2.5, belong to the first tier of EC for cultivated land. Compared to other cities, the urgent demand for EC for farmland in these three cities is relatively high. Dongying has a high ESV and quality of farmland, while Dezhou and Liaocheng have a low unit area GDP output value. The compensation priority of Qingdao and Jinan is lower than 1.5, belonging to the areas with lower priority for EC of farmland. The GDP output value ranks among the top two in Shandong Province, and a comparatively developed economic foundation has reduced the urgency of EC for farmland in both cities. With the dual impact of farmland’s ecological status and regional economic development, the high priority of EC for farmland in Shandong Province is concentrated in the northern region, and there is a trend of spreading to the northwest plain of Shandong with abundant cultivated land resources. These regions have relatively backward economies, but high grain yields and large sowing areas contribute to the local surplus of arable land ESV, supplying agricultural products to other cities and provinces. As such, priority should be given to compensation to ensure ecological and food security of cultivated land. The Shandong Peninsula, which is an ecological consumption area for arable land, is a place into which materials, population, and resources are flowing, and the urgent need for EC for farmland is comparatively low, so it should preferentially disburse EC for arable land.




4.5.2. Comprehensive Zoning of Priority for Ecological Compensation of Cultivated Land


Before implementing EC for farmland, the key to ensuring a scientific and effective compensation mechanism is to accurately identify the compensation objects in light of the region’s real circumstances. The zoning thinking and coordination of regional natural factors and economic and social differences can help in quickly identifying priority compensation areas with high ESV and strong compensation urgency, accurately locating priority compensation areas with serious ecological deficits and stable and superior economic foundations, and providing a spatial basis for the practice of EC mechanisms. Arable land is the main component of land use in various cities in Shandong Province. High-quality arable land is mainly irrigated and is relatively stable and concentrated. The output of both grain and economic crops is relatively consistent. Therefore, zoning and strategizing have high reference value and practical significance. This research integrates measurements of the total amount and priorities of EC for farmland in various cities for spatial overlap. Based on high, medium, and low levels of ecological farmland compensation, in terms of both amount and priority, 16 cities in Shandong province are divided into five comprehensive priority areas: priority compensation zone, compensation potential zone, priority acceptance compensation zone, acceptance compensation potential zone, and ecological balance zone. In EC areas where total quantity of compensation for farmland is negative, those with high to medium compensation amounts and those of low priority belong to the “priority compensation zone”. The economic conditions are often superior, but regional cultivated land resources have difficulty in meeting their own ecological consumption needs. Areas with medium to high compensation amounts and priorities, those with low compensation amounts, and those with medium to low priority belong to the “compensation potential zone”. Based on the differences in compensation and priorities, compensation measures should be refined and adapted to regional circumstances. In areas where the total compensation amount is positive for EC of farmland, areas with high compensation amounts and high priority belong to the priority acceptance compensation zone. These areas undertake partial ecological services of farmland in ecological deficit regions, and the regional economy is relatively backward. Those areas with a high compensation amount, low priority, low compensation amount, and medium to high priority all belong to the “acceptance compensation potential zone”, as a low ESV limits the total compensation amount. The remaining areas are called the “ecological balance zone”, and the size of these areas reflects farmland ecology coordination. The goal of interregional farmland EC is to expand the scope of the ecological balance zone.



Based on the logic and principles of zoning, priority comprehensive spatial zoning was constructed for farmland EC in 16 cities in Shandong Province; from this, a five-zone map of EC was obtained (Figure 14). The population resources in the priority compensation area are concentrated, and the socio-economic development is superior. The impact of EC on local economic development is relatively small, as is the financial pressure. This phenomenon can mainly be seen in cities of Qingdao and Yantai on the Shandong Peninsula; as such, the EC for cultivated land should be preferentially disbursed to balance supply and demand within the region. Due to the limited quantity of farmland, the quality and ecological conditions in potential compensation areas, such as Weihai, need to be improved. Priority compensation areas are mainly located in the northern region, with abundant arable land resource stock that provides ecological services to other regions; this is in comparison to eastern coastal regions, which exhibit a significant disparity in terms of economic development. Therefore, obtaining ecological farmland compensation should preferably be treated as a priority. The acceptance compensation potential zones are mostly concentrated in Shandong’s southwestern areas, which is also an area where surplus ecological services are provided. Most areas have high urgency, but because of their low ESV, the total compensation amount is lower than that of the northern region of Shandong. The contradiction between socio-economic development and farmland ecology of ecological balance zones is relatively mild, and the compensation amount and priority are at a low level; these are mainly distributed in the cities of Jinan and Zibo in the central region of Shandong, and the cities of Zaozhuang and Rizhao in the southern region.






5. Discussion


This study is based on the differences in farmland ecology, socio-economic development, and willingness to pay in 16 cities of Shandong Province. It introduces a carbon footprint and an extended three-dimensional EF model, combined with the ESV of farmland, to measure and analyze the EC of farmland in each city and further refine the comprehensive zoning of compensation priority. This offers a theoretical framework and reference for constructing EC mechanisms, facilitating innovation in farmland ecological protection policies.



Compared to the existing research findings of traditional EF methods, the computing method in this study is more comprehensive and applicable to local farmland’s ecological characteristics. In addition to meeting demand for human biological products, arable land also needs to bear the “by-products” caused by ecological damage to arable land. The combination of both biological resource and carbon footprints takes carbon emission from agricultural production as part of the farmland EF, systematically and comprehensively analyzing positive and negative ESVs. The extended three-dimensional EF model characterizes farmland resource stock occupancy with “footprint depth”, which can better demonstrate sustainable advancements in the utilization and ecology of regional farmland [47]. The three-dimensional EF model that characterizes the “dual burden” of arable land resources can more accurately evaluate the true ecological footprint status of regional arable land, further refining ecological footprint measurement. By combining the modified equivalence factor method and functional value approach, the farmland ESV in each city was comprehensively and accurately calculated; based on this, farmland EC standards were formulated. By adjusting the economic adjustment coefficient of the farmland ecosystem, this reflects the true farmland ESV and promotes practical operability in formulating EC standards.



The ECC of the northwest Shandong plain is strong, and the endowment of arable land resources is excellent. The arable land ecosystem has a strong sustained support capacity for agricultural production and consumption. In addition to meeting local demand, it also has resource stock to provide ecological services to areas of deficit. Due to population aggregation and high demand for ecological consumption, the pressure on farmland ecological production is high in coastal cities in the Shandong Peninsula, such as Qingdao and Yantai. Arable land currently suffers from an ecological deficit, which occupies a significant amount of farmland resource stock; as such, the amount of EC is high. Due to resource aggregation and the high level of socio-economic development, the financial burden of EC for cultivated land is low. In terms of affordability, farmers have a high acceptance of EC payments. However, due to the limitations of urban development, the “non-grainization” of cultivated land is severe; the year-by-year dwindling of these areas needs to be controlled. The factory agriculture model should be adopted, an agricultural industrial park should be established, modern agricultural technology should be utilized to develop agricultural resources reasonably, and the intensity of agricultural space should be improved to make room for high-quality urban development. Priority should be given to strengthening the protection of high-quality arable land, improving the utilization level and production efficiency and actively driving its radiation out into surrounding areas. It is essential that the internal ecological pressure on arable land is alleviated by conducting agricultural resource trade and importing agricultural products from surrounding areas. In terms of ecological status, as a whole, there is a surplus of farmland in Shandong Province. The farmland’s ECC can sufficiently withstand the pressure exerted by agricultural production and consumption. As a major agricultural province and grain-producing area in China, the ecological balance of farmland in Shandong is correlated with the nation’s farmland ecosystem as a whole and with food security.



Under a coastal topography, there are relatively few arable land resources. Shandong Peninsula’s urban agglomeration is a key area of focus for development and a leading area of the Yellow River Basin that is attracting more people and consuming more arable land and ecological resources. In this case, it is more likely to form an ecological deficit of arable land and deeper ecological footprint. The population agglomeration, increased payment levels, and willingness of residents brought about by socio-economic development will, on the one hand, exacerbate the consumption of farmland resources in ecological payment areas, stimulating more severe conflicts between the people and land. On the other hand, it contributes to enhancing the ESV of farmland in ecologically compensated areas, as well as the total compensation amount raised. The total EC amount of farmland is significantly influenced by natural resources, while the priority of compensation is further influenced by socio-economic factors. The distribution of compensated and compensation zones is consistent with actual natural conditions of cultivated land resources and ecosystems. In areas with superior socio-economic development that rely on ecological services of the surrounding cultivated land, compensation and support should be provided to those areas with relatively backward economies via exporting ecological services. The comprehensive priority zoning of EC for farmland provides direction and inspiration for effectively promoting EC mechanisms, leveraging comparative advantages, mutual support, and coordinated high-quality development in various regions. Ultimately, this unifies the exploration of diversified EC and protection mechanisms for farmland nationwide.



Increased governmental support for agricultural technology, the deepening of agricultural modernization, technological progress, and further improvements in the agricultural production system have all promoted enhanced agricultural production efficiency. With the deepening of the concept of sustainable development and increasing awareness about farmland protection, the rational utilization of land resources has become a focus in policy. In recent years, Shandong Province has steadfastly implemented policies to protect arable land and ensure food and ecological security, achieving good results. The urbanization and industrialization processes in Shandong Province are steadily advancing. In order to improve land use efficiency, the government has promoted a large number of land consolidation and reclamation projects, effectively managing wasteland and farmland and promoting the sustainable use of land resources. More detailed policies have been adopted in land management to balance the needs of urban development and farmland protection. The formulation and strict implementation of the “occupation compensation balance” policy have a positive effect on the protection of farmland quality, thereby promoting the precise implementation of the farmland EC mechanism.




6. Conclusions, Policy Recommendations, and Limitations


6.1. Conclusions


	
Affected by the natural endowment of farmland and socio-economic development, the regional distribution of EF and ECC of farmland in Shandong Province is uneven, and the areas with high EF and high ECC of farmland are relatively concentrated. The ecological consumption regions of farmland are concentrated in Shandong Peninsula and the southern region, while the ecological service regions are mostly located in the northwest Shandong plain and the southern region. There is a phenomenon of “spatial ectopia” between ecological consumption and ecological services, and the northwest plain of Shandong plays a vital part in agricultural production. Fertilizer application intensity in 16 cities in Shandong Province has exceeded 300 kg/hm2, far surpassing the safety warning line. In the context of the dual carbon target, attention should be paid to carbon emissions in agricultural production processes.



	
The total ecological surplus of farmland in Shandong Province is 3.644 million hectares, and total ecological deficit of farmland is 10.15 × 104 hectares. In terms of spatial distribution, ecological surplus and deficit of farmland show a clear four-zone distribution, with Qingdao, Yantai, and Weihai forming ecological deficit zones. The major grain-producing areas like Heze, Dezhou, and Liaocheng have formed ecological surplus advantage areas; Binzhou, Weifang, Jining, and Dongying have formed ecological surplus development zones, while Jinan, Zibo, Zaozhuang, Tai’an, Rizhao, and Linyi have formed ecological surplus potential zones. In addition to supplying its own food demand, Shandong Province also has a 70.39% of grain production by farmland ecosystem that can supply other provinces with ecological deficit areas of farmland.



	
The EC regions for farmland in Shandong Province are Qingdao, Yantai, and Weihai, with a total compensation amount of CNY 71 million. The other 13 cities are EC areas for farmland, with a total compensation amount of CNY 839 million. In 2022, Shandong Province exported the ESV of farmland to the outside world as a whole. Relying solely on the EC amount of farmland in Qingdao, Yantai, and Weihai to compensate for the other 13 cities is difficult to achieve. Therefore, it is necessary to coordinate with other provinces with ecological deficits in cultivated land and provide EC for the other 13 cities through off-site purchases and transfer payments.



	
According to the spatial zoning model of compensation priority and compensation amount overlap, a “five-zone map” for the EC of farmland is delineated. The priority compensation zones in Shandong Province are Qingdao and Yantai, which have superior economic conditions in the Shandong Peninsula. The priority acceptance compensation zones are mostly in the northern region of Shandong Province, where farmland resources are abundant and the degree of compensation is urgent, followed by the southwestern region of Shandong. The ecological balance zones are distributed in central and southern regions.







6.2. Policy Recommendations


	
Building an overall framework for EC of cultivated land. Overall, it is necessary to establish an ecological protection compensation mechanism led by the government, with orderly social participation and effective market regulation. (1) Based on the principles of “whoever benefits, pays compensation”, fairness and efficiency are paramount. Based on the calculation results of the ecological footprint model of cultivated land in each province, and the matching of ecological demand and supply, the compensation areas and subjects are determined, and the responsibilities and obligations of the stakeholders, under the strategies of food and ecological security, are reasonably defined. (2) Clearly defining and differentiating compensation standards and methods. Taking into account multiple factors such as regional farmland protection responsibility, economic and financial rights, regional farmland ecological function awareness, and fiscal payment capacity. Combine the inter provincial farmland EC quota with the intra provincial farmer farmland EC quota to determine the farmland EC standard. It is important to establish specialized farmland EC fund committees at each regional level, using a combination of funds, technology, social security, policies, and other means to actively leverage the economic advantages and resource allocation capabilities of ecological consumption areas. Based on the “five-zone map” of farmland ecological protection compensation, the compensation sequence is reasonably expected to improve the compensation efficiency. (3) It is necessary to innovate diversified fundraising and distribution mechanisms. In terms of fundraising, we will integrate government department budgets, land use fees, farmland cultivation fees, farmland indicator trading incomes, farmland occupation taxes, land transfer incomes, etc.; actively explore market-oriented farmland ecological products and property rights trading markets; encourage enterprises to participate in EC projects through technological innovation, public welfare donations, and participation in development; and guide social capital to invest in farmland ecological protection and restoration, as well as green financial services. In terms of fund allocation, it is necessary to clarify the proportion of input factors of relevant stakeholders, examine and quantify the cost losses and contributions between different entities, and determine the allocation ratio of compensation funds in the compensated area. It is also important to integrate central and local farmland protection funds; fully consider factors such as farmland area, farmland quality, grain sowing range, grain yield, grain commercialization rate, and farmland protection task indicators; and make overall arrangements for funds. Through inclusive compensation, bonus incentives, permanent farmland protection compensation, and new farmland plan indicator rewards, the compensation funds will be reasonably distributed. Compensation funds should fully cover areas such as basic farmland protection and construction, farmland remediation, soil fertility cultivation, and improvement in farmland quality. The raising and distribution of funds for EC of cultivated land can also draw on the successful experience of watershed EC. (4) It is paramount that effective guarantees and supervision mechanisms are strengthened. On the one hand, it is necessary to accelerate the legislative process of EC; clarify governmental task assessments at all levels; promote a nationwide monitoring network for ecological farmland environments; implement administrative law enforcement inspections and natural resource verification; and establish a long-term accountability mechanism. On the other hand, it is crucial that we improve the feedback mechanism for farmland EC, broaden online and offline feedback channels, introduce third-party supervision institutions, conduct performance evaluations of farmland EC at all stages, and mobilize the enthusiasm of the masses to participate in farmland EC supervision.



	
It is necessary to establish multilevel subject participation and a both vertically and horizontally integrated fiscal transfer method for farmland EC. Building a financial transfer payment network for farmland EC, mediated by central, watershed, and municipal management platforms, will aid in coordinating the compensation difference between the payment and compensated areas and allocating corresponding compensation funds to subjects. At the watershed level, EC for cultivated land is achieved through macro-scale fiscal transfer payments, which are directly managed by the central government and compensated through a first-level vertical fiscal transfer. The corresponding compensation funds are deposited into a special regulatory account. At the municipal level, areas receiving EC for cultivated land within the province coexist with the payment areas. The payment areas will pay the compensation funds to a dedicated account from the watershed management platform. Through the coordination and overall planning of the watershed management platform, the amount compensated to cities will be determined, and corresponding funds will be allocated to achieve horizontal and vertical financial transfer between urban EC and cultivated land. It is important that the effectiveness of the policy tool of fiscal transfer for farmland EC is strengthened, innovating the rigid governmental control mechanism of farmland ecological protection and achieving precise compensation for farmland ecology by regulating the relationship between local farmland protection rights and economic development financial rights, so ensure coordinated and integrated development between regions.



	
It is crucial to develop a differentiated ecological protection strategy for cultivated land and leverage the comparative advantages of different regions. For surplus farmland and priority compensation areas, we must fully utilize compensation funds for farmland protection; increase investment in agricultural infrastructure and subsidies for farmland ecological protection; effectively guarantee agricultural product production and supply; and improve the sustainable development capacity of agricultural production and farmland utilization. For areas with compensation potential, it is necessary to focus on strengthening technical support for agricultural production and product supply, as well as for improving the service value of farmland ecosystems. For farmland deficit and EC areas, high-speed economies and societal progress have resulted in serious losses in terms of non-agricultural cultivated land. We should guide the flow of technology, factors, and resources; provide diversified support to compensated areas such as digital agriculture, technological innovation, and advanced production models; and develop ecological agriculture in order to best exploit agricultural ecological resources. In addition, we will enhance regional linkage, build a cross-regional cooperation network, deepen the coordination of farmland ecological protection, take the concept of “three in one” farmland ecological protection as a guide, focus on controlling carbon emissions in agricultural production, reduce the negative value of farmland ecosystem services, fully promote modernized, green agriculture, and promote the development of eco-friendly agriculture, thereby improving the quality of farmland, optimizing farmland ecology, assisting the transformation of farmland ecological protection, forming a virtuous cycle, and ensuring ecological and food security.







6.3. Limitations


This study constructed an EC mechanism and examined comprehensive zoning for cultivated land in Shandong Province. From this, we obtained important conclusions. However, there are still some limitations. Firstly, the study used time series data, focusing on calculating the total amount of EC for cultivated land in Shandong Province and delineating comprehensive zones. It did not explore the dynamic changes in the service value and EC of cultivated land ecosystems from a long-term perspective; we will use this as a key direction for future research. Secondly, the carbon emission factors used in carbon footprint accounting were sourced from authoritative research sources, such as IPCC and Oak Ridge National Laboratory in the United States, the effectiveness and scientific nature of which have been widely applied and validated in numerous studies. However, there are still minor deviations and subsequent impacts. Future research should prioritize the development of more detailed and accurate carbon emission models and improve and update conversion coefficients based on methods such as energy analysis to enhance accuracy. Finally, farmers’ willingness to pay is influenced by multiple factors such as consumer prices, consumption patterns in different regions, and the natural environment. Using only the Engel coefficient as an adjustment coefficient to reflect residents’ willingness to pay creates a small discrepancy with the actual situation.








Author Contributions


Conceptualization, methodology, data curation, J.X. and J.N.; software, validation, formal analysis, investigation, writing—original draft preparation, visualization, project administration, funding acquisition, J.X.; resources, writing—review and editing, supervision, J.N. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by National Social Science Foundation of China (21CKS028).




Data Availability Statement


The data presented in this study are available on request from the corresponding author due to the privacy and continuity of the research.




Conflicts of Interest


The authors declare no conflicts of interest.





Appendix A


Carbon absorption correlation coefficient of main crops.



	Crop Type
	Economic Coefficient
	Root Ratio
	Carbon Content
	Water Coefficient



	Rice
	0.49
	0.6
	41.7
	11.9



	Wheat
	0.36
	0.4
	47.1
	11.7



	Corn
	0.46
	0.16
	46.4
	12.2



	Beans
	0.38
	0.13
	44.5
	15



	Tubers
	0.68
	0.18
	43.3
	77.1



	Cotton
	0.28
	0.12
	45
	11.5



	Oils
	0.25
	0.04
	45
	9



	Vegetables
	0.65
	/
	45
	90



	Fruit
	0.7
	/
	45
	90









Appendix B


Expanding of three-dimension model.



If 0 ≤     E F   d e p t h     < 1 (M-point),


    E F   d e p t h   M   =      E F   M     B C     



(A1)






    E F   M   = B C ×   E F   d e p t h   M    



(A2)







    E F   d e p t h   M     represents the ecological footprint at point M. At this time, it is in an ecological surplus state, and there is a surplus in the flow of arable land resources.


    E R   M   = B C ×   1 −   E F   d e p t h   M      



(A3)







    E R   M     represents the surplus of farmland resource flow after deducting natural resource consumption.



If     E F   d e p t h   =   1 (N-point),


    E F   N   = B C  



(A4)







    E F   N     represents the ecological footprint at point N, where natural resource flow is equal to the amount consumed, and it is experiencing a critical condition of ecological surplus and ecological deficit.



If     E F   d e p t h     > 1 (P-point),


    E F   d e p t h   P   =      E F   P     B C     



(A5)






    E F   P   = B C ×   E F   d e p t h   P    



(A6)







    E F   d e p t h   P     represents the depth of footprints at point P and the ecological footprint at point P. At this time, it is in an ecological deficit state, where natural resource consumption has exhausted natural resource flow and occupied natural resource stock.


    E D   P   = B C ×     E F   d e p t h   P   − 1    



(A7)







    E D   P     represents the ecological deficit at point P. The expanded 3D model considers the ecological footprint as a cylinder, and uses the volume of the cylinder to represent the surplus of natural resource flow, i.e., the size of ecological surplus. The range of footprint depth values is extended from EFdepth ≥ 1 to EFdepth ≥ 0. [image: Land 14 00316 i001]




Appendix C


Economic value of equivalent factor of farmland ecosystem service value per unit.







	
	Ea (yuan/hm2)



	Jinan
	2392.9786



	Qingdao
	2492.0586



	Zibo
	2720.4357



	Zaozhuang
	2540.4472



	Dongying
	2258.9688



	Yantai
	2362.7420



	Weifang
	2469.9336



	Jining
	2725.5987



	Taian
	2757.4838



	Weihai
	2289.4133



	Rizhao
	2573.5557



	Linyi
	2540.0161



	Dezhou
	2774.8772



	Liaocheng
	2719.9250



	Binzhou
	2477.4584



	Heze
	2610.6723









Appendix D


Equivalent correction for ecosystem service value of cultivated land.







	
	f′



	Jinan
	6.0151



	Qingdao
	6.3615



	Zibo
	6.5957



	Zaozhuang
	6.3576



	Dongying
	5.6244



	Yantai
	5.9836



	Weifang
	6.2670



	Jining
	6.6813



	Taian
	6.8329



	Weihai
	5.8064



	Rizhao
	6.4776



	Linyi
	6.3723



	Dezhou
	7.0711



	Liaocheng
	6.9294



	Binzhou
	6.2719



	Heze
	6.5770









Appendix E


Economic adjustment coefficient of cultivated land ecosystem.









	
	Adjustment Coefficient of Resident Payment Willingness
	Adjustment Coefficient of Resident Payment Level
	Economic Adjustment Coefficient



	Jinan
	0.7154
	1.4970
	1.0709



	Qingdao
	0.6362
	1.6905
	1.0754



	Zibo
	0.7311
	1.0913
	0.7978



	Zaozhuang
	0.5826
	0.6194
	0.3608



	Dongying
	0.7813
	1.9187
	1.4992



	Yantai
	0.5692
	1.5704
	0.8939



	Weifang
	0.7437
	0.9061
	0.6739



	Jining
	0.6721
	0.7463
	0.5015



	Taian
	0.7154
	0.6888
	0.4927



	Weihai
	0.7216
	1.3638
	0.9841



	Rizhao
	0.5799
	0.9063
	0.5255



	Linyi
	0.6569
	0.6126
	0.4025



	Dezhou
	0.5990
	0.7587
	0.4545



	Liaocheng
	0.5962
	0.5484
	0.3270



	Binzhou
	0.6599
	0.8847
	0.5838



	Heze
	0.6159
	0.5635
	0.3471









Appendix F


GDP per unit area and Engel’s coefficient.










	
	Land Area (km2)
	GDP per Unit Area
	Engel’s Coefficient
	Per Capita GDP



	Jinan
	10,244
	11,740.98
	0.255
	128,287



	Qingdao
	11,294.91
	13,210.15
	0.281
	144,870



	Zibo
	5965
	7380.70
	0.25
	93,526



	Zaozhuang
	4564
	4467.66
	0.3
	53,081



	Dongying
	8243
	4392.50
	0.234
	164,430



	Yantai
	13,930.34
	6831.03
	0.305
	134,581



	Weifang
	16,167
	4519.36
	0.246
	77,655



	Jining
	11,187
	4752.73
	0.269
	63,954



	Taian
	7761
	4120.77
	0.255
	59,029



	Weihai
	5800
	5876.17
	0.253
	116,871



	Rizhao
	5371
	4294.86
	0.301
	77,669



	Linyi
	17,191
	3361.36
	0.274
	52,502



	Dezhou
	10,358
	3507.50
	0.294
	65,022



	Liaocheng
	8628
	3221.89
	0.295
	46,995



	Binzhou
	9172
	3243.73
	0.273
	75,813



	Heze
	12,155
	3459.76
	0.288
	48,294









Appendix G


Cultivated area.









	
	Cultivated Area (104 hm2)
	Per Capita Cultivated Area
	Grain-Planting Area (104 hm2)



	Jinan
	34.288
	0.04
	47.3928



	Qingdao
	43
	0.04
	48.0987



	Zibo
	15.789
	0.03
	11.3492



	Zaozhuang
	20.135
	0.05
	28.3893



	Dongying
	21.742
	0.10
	25.4089



	Yantai
	35.257
	0.05
	30.2205



	Weifang
	59.523
	0.06
	68.0069



	Jining
	50.197
	0.06
	72.0016



	Taian
	28.295
	0.05
	37.0731



	Weihai
	16.384
	0.06
	12.4707



	Rizhao
	18.043
	0.06
	13.1194



	Linyi
	62.817
	0.06
	64.135



	Dezhou
	63.449
	0.11
	106.9077



	Liaocheng
	51.85
	0.09
	81.3009



	Binzhou
	38.56
	0.10
	58.8377



	Heze
	93.118
	0.11
	118.8552



	Province
	652.447
	0.06
	823.5676









Appendix H


Cultivated area and yield per unit area of grain crops.



	

	
Cultivated Area (hm2)

	
Per Unit Area Yield (kg)




	

	
Wheat

	
Rice

	
Corn

	
Bean

	
Tuber

	
Wheat

	
Rice

	
Corn

	
Bean

	
Tuber




	
Jinan

	
219,574

	
902

	
235,985

	
8568

	
8899

	
6362

	
7327

	
6022

	
2630

	
8766




	
Qingdao

	
228,468

	
370

	
241,262

	
5774

	
5113

	
6195

	
6810

	
6789

	
2735

	
7693




	
Zibo

	
96,593

	
375

	
11,315

	
3019

	
2190

	
6826

	
8102

	
6765

	
2554

	
7595




	
Zaozhuang

	
140,238

	
1816

	
127,209

	
10,106

	
4524

	
6400

	
7634

	
6700

	
2889

	
9575




	
Dongying

	
108,174

	
17,573

	
113,103

	
14,946

	
293

	
6248

	
5659

	
5742

	
1786

	
8382




	
Yantai

	
121,905

	
128

	
161,063

	
8695

	
10,414

	
6050

	
7485

	
6110

	
2858

	
9018




	
Weifang

	
329,286

	
1232

	
336,386

	
6871

	
6294

	
6401

	
7392

	
6417

	
3097

	
7944




	
Jining

	
347,379

	
39,156

	
265,486

	
50,923

	
17,072

	
6707

	
9385

	
7142

	
2758

	
9285




	
Taian

	
167,318

	
102

	
172,108

	
23,142

	
8061

	
7002

	
10,423

	
7368

	
2796

	
9261




	
Weihai

	
49,139

	
598

	
63,871

	
4876

	
6223

	
5473

	
7059

	
6251

	
2450

	
8258




	
Rizhao

	
52,022

	
1985

	
65,204

	
4619

	
7364

	
6427

	
8786

	
6666

	
2735

	
9575




	
Linyi

	
291,533

	
38,599

	
246,942

	
18,904

	
45,372

	
6199

	
9109

	
6425

	
2815

	
8094




	
Dezhou

	
542,877

	
145

	
513,168

	
11,922

	
965

	
7022

	
8287

	
7465

	
2398

	
9505




	
Liaocheng

	
412,393

	
3

	
391,291

	
8343

	
979

	
6887

	
6958

	
7296

	
2648

	
8276




	
Binzhou

	
281,429

	
767

	
296,132

	
9575

	
474

	
6687

	
6603

	
6186

	
2997

	
7995




	
Heze

	
615,225

	
2684

	
537,898

	
28,505

	
4240

	
6625

	
8285

	
6941

	
2856

	
7818










Appendix I


Prices of grain crops in Shandong Province in 2022.











	
	Wheat (yuan/kg)
	Rice
	Corn
	Bean
	Tuber



	Shandong
	2.83
	2.74
	2.55
	6.38
	2.56
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Figure 1. Research area. 






Figure 1. Research area.
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Figure 2. Contribution rates of crops to the biological resource footprint of cultivated land. 
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Figure 3. The proportions of carbon emissions from farmland. 
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Figure 4. The proportions of carbon absorption on farmland. 
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Figure 5. Total ecological footprint of farmland in each city of Shandong Province. 
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Figure 6. Ecological carrying capacity of farmland in various cities of Shandong Province. 
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Figure 7. The proportion of farmland area in each city of Shandong Province. 
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Figure 8. Ecological surplus of cultivated land. 
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Figure 9. Ecological deficit of cultivated land. 
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Figure 10. Ecosystem service value for cultivated land. 
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Figure 11. Total ecosystem service value for farmland. 
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Figure 12. Ecological compensation for cultivated land. 
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Figure 13. Ecological acceptance compensation for cultivated land. 
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Figure 14. Five-zone map of ecological compensation. 
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Table 1. Biological resource footprint and carbon footprint of farmland in Shandong Province.
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	Footprint of Cultivated Land Biological Resource

(104 hm2)
	Per Capita Cultivated Land Biological Resource Footprint

(hm2)
	Total Carbon

Emission

(104 t)
	Total Carbon Absorption

(104 t)
	Carbon Footprint of Cultivated Land

(104 hm2)





	Jinan
	53.45
	0.06
	36.36
	439.54
	2.84



	Qingdao
	69.34
	0.07
	51.32
	501.46
	4.40



	Zibo
	24.18
	0.05
	16.47
	204.27
	1.27



	Zaozhuang
	23.88
	0.06
	27.84
	290.42
	1.93



	Dongying
	15.89
	0.07
	16.43
	200.01
	1.79



	Yantai
	57.91
	0.08
	55.20
	314.39
	6.19



	Weifang
	55.86
	0.06
	97.46
	700.77
	8.28



	Jining
	53.81
	0.06
	59.23
	719.38
	4.13



	Taian
	36.02
	0.07
	32.43
	402.33
	2.28



	Weihai
	27.92
	0.10
	29.91
	130.88
	3.74



	Rizhao
	25.66
	0.09
	19.91
	147.45
	2.44



	Linyi
	90.78
	0.08
	65.52
	694.37
	5.93



	Dezhou
	31.27
	0.06
	54.38
	1060.70
	3.25



	Liaocheng
	31.26
	0.05
	61.97
	827.59
	3.88



	Binzhou
	24.10
	0.06
	33.92
	514.01
	2.54



	Heze
	62.25
	0.07
	73.63
	1180.71
	5.81



	Province
	683.58
	0.07
	731.96
	8328.27
	60.70










 





Table 2. EF and ECC of farmland in various cities of Shandong Province in 2022.
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	Total EF of Cultivated Land (104 hm2)
	Per Capita EF of Cultivated Land (hm2)
	Total ECC of

Cultivated Land (104 hm2)
	Per Capita ECC of Cultivated Land (hm2)





	Jinan
	56.28
	0.06
	57.73
	0.06



	Qingdao
	73.74
	0.07
	72.4
	0.07



	Zibo
	25.46
	0.05
	26.58
	0.06



	Zaozhuang
	25.81
	0.07
	33.9
	0.09



	Dongying
	17.67
	0.08
	36.61
	0.17



	Yantai
	64.1
	0.09
	59.36
	0.08



	Weifang
	64.13
	0.07
	100.22
	0.11



	Jining
	57.94
	0.07
	84.52
	0.10



	Taian
	38.3
	0.07
	47.64
	0.09



	Weihai
	31.66
	0.11
	27.59
	0.09



	Rizhao
	28.1
	0.09
	30.38
	0.10



	Linyi
	96.71
	0.09
	105.76
	0.10



	Dezhou
	34.52
	0.06
	106.83
	0.19



	Liaocheng
	35.15
	0.06
	87.3
	0.15



	Binzhou
	26.64
	0.07
	64.92
	0.17



	Heze
	68.05
	0.08
	156.78
	0.18



	Province
	744.26
	0.07
	1098.52
	0.11










 





Table 3. Ecological footprint, surplus, and deficit of farmland in Shandong Province.
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	Breadth of EF on Cultivated Land (104 hm2)
	Depth of EF on Cultivated Land
	Ecological Surplus of

Cultivated Land (104 hm2)
	Ecological Deficit of

Cultivated Land (104 hm2)





	Jinan
	56.28
	0.97
	1.45
	



	Qingdao
	72.40
	1.02
	
	−1.34



	Zibo
	25.46
	0.96
	1.13
	



	Zaozhuang
	25.81
	0.76
	8.09
	



	Dongying
	17.67
	0.48
	18.93
	



	Yantai
	59.36
	1.08
	
	−4.73



	Weifang
	64.13
	0.64
	36.08
	



	Jining
	57.94
	0.69
	26.57
	



	Taian
	38.30
	0.80
	9.34
	



	Weihai
	27.59
	1.15
	
	−4.08



	Rizhao
	28.10
	0.93
	2.28
	



	Linyi
	96.71
	0.91
	9.06
	



	Dezhou
	34.52
	0.32
	72.31
	



	Liaocheng
	35.15
	0.40
	52.15
	



	Binzhou
	26.64
	0.41
	38.28
	



	Heze
	68.05
	0.43
	88.73
	



	Province
	
	
	364.40
	−10.15










 





Table 4. Ecological compensation for farmland of Shandong Province in 2022.
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	Ecological Surplus/

Deficit of Cultivated Land (104 hm2)
	Ecosystem Service Value

for Cultivated Land

(yuan/hm2)
	Total ESV for Cultivated Land

(108 yuan)
	Compensation Coefficient
	Total Amount of

Ecological Compensation for Cultivated Land (108 yuan)





	Jinan
	1.45
	15,414.10
	73.05
	0.08
	0.17



	Qingdao
	−1.34
	17,048.63
	82.00
	0.10
	−0.22



	Zibo
	1.13
	14,315.78
	16.25
	0.03
	0.05



	Zaozhuang
	8.09
	5827.98
	16.55
	0.01
	0.06



	Dongying
	18.93
	19,047.43
	48.40
	0.02
	0.83



	Yantai
	−4.73
	12,637.90
	38.19
	0.06
	−0.37



	Weifang
	36.08
	10,430.75
	70.94
	0.05
	1.77



	Jining
	26.57
	9133.24
	65.76
	0.03
	0.84



	Taian
	9.34
	9284.08
	34.42
	0.02
	0.18



	Weihai
	−4.08
	13,082.36
	16.31
	0.02
	−0.12



	Rizhao
	2.28
	8761.15
	11.49
	0.02
	0.03



	Linyi
	9.06
	6514.15
	41.78
	0.04
	0.22



	Dezhou
	72.31
	8917.76
	95.34
	0.02
	1.54



	Liaocheng
	52.15
	6162.45
	50.10
	0.02
	0.59



	Binzhou
	38.28
	9071.58
	53.38
	0.02
	0.67



	Heze
	88.73
	5959.66
	70.83
	0.03
	1.45



	Province
	354.25
	9529.11
	784.79
	
	7.68










 





Table 5. Priority of ecological compensation for cultivated land.
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	Regional Gross

Domestic Product (108 yuan)
	Compensation Priority





	Jinan
	12,027.46
	1.31



	Qingdao
	14,920.75
	1.29



	Zibo
	4402.59
	1.94



	Zaozhuang
	2039.04
	1.30



	Dongying
	3620.74
	4.34



	Yantai
	9515.86
	1.85



	Weifang
	7306.45
	2.31



	Jining
	5316.88
	1.92



	Taian
	3198.13
	2.25



	Weihai
	3408.18
	2.23



	Rizhao
	2306.77
	2.04



	Linyi
	5778.52
	1.94



	Dezhou
	3633.07
	2.54



	Liaocheng
	2779.85
	1.91



	Binzhou
	2975.15
	2.80



	Heze
	4205.34
	1.72
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