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Introduction: To investigate the spatiotemporal evolution of agricultural carbon emissions and carbon absorption, analyse the spatiotemporal variations in the carbon balance, delineate carbon-offsetting regions, and formulate low-carbon development strategies tailored to various major functional zones, this study aims to promote coordinated regional ecological and environmental governance.

Methods: This study takes a perspective based on major functional zones, focuses on 17 cities in Hubei Province, studies the spatiotemporal variations in agricultural carbon budgets and carbon offsets in each city from the perspective of functional zoning and proposes a spatial optimization scheme for reducing carbon emissions.

Results and discussion: The results show that both agricultural carbon emissions and carbon absorption in Hubei Province gradually increased, although the agricultural carbon budgets varied significantly among cities. Arable lands were the main agricultural carbon sinks in Hubei Province. Overall, carbon emissions exhibited declining core–periphery zonation, with Xiangyang, Jingzhou, and Huanggang serving as the centre (high emissions) and the cities of Shennongjia, Enshi, and Yichang serving as the periphery (low emissions). Carbon absorption displayed a U-shaped distribution, with high values in the east, south, and west and low values in the centre and north. The cities of Yichang, Jingmen, and Huanggang were the peak carbon sink areas. In recent years, the coordination between the agricultural carbon emissions and carbon budgets in Hubei Province has gradually improved, and agricultural carbon absorption and emissions have become increasingly balanced. Seven carbon-positive, five carbon-neutral, and five carbon-negative areas were identified in the province. Based on these findings, differentiated carbon emission reduction strategies were proposed to promote coordinated and low-carbon agriculture.

KEYWORDS
 temporal, spatial, carbon emissions, functional zoning, agricultural


1. Introduction

As rapid economic development continues, the ongoing increase in energy consumption and carbon emissions is exacerbating ecological and environmental issues. This intensification of the conflict between human development and nature conservation is becoming increasingly evident. The global average temperature continues to rise, and there is a “very high” likelihood of human activities contributing significantly to global warming. The primary factor behind this phenomenon is the emission of greenhouse gases by humans. Hence, reducing greenhouse gas emissions, particularly [image: image], has gradually become one of the major challenges facing humanity.

Agriculture is the second largest source of greenhouse gas emissions and a significant source of carbon emissions (Chen et al., 2022b). In 2020, China’s total agricultural carbon emissions were approximately 2 billion tons, accounting for 17% of total greenhouse gas emissions, and emissions are growing at an average annual rate of 5% (Statistics, N.B.O, 2021). Reducing agricultural carbon emissions holds great significance for China to fulfil its emission reduction commitments, enhance its capacity to adapt to climate change and achieve the “dual-carbon” goal. Hubei Province not only is the “granary of China” and shoulders the important task of food security in China but also has high agricultural carbon emission intensity in China. With the rapid development of the agricultural industry, environmental pollution represented by carbon emissions has become a major obstacle to the healthy development of the economy (Li et al., 2019). The serious imbalance of the carbon budget of terrestrial ecosystems caused by human agricultural production has become an important issue affecting regional sustainable development.

The delineation of major functional zones serves as a crucial instrument in national spatial governance. Grounded in the theory of regional functional differentiation, it comprehensively considers the differences in regional development functions, balancing the natural ecological systems and socioeconomic systems. Consequently, the national territory is categorized into four distinct spatial types: optimized development zones, key development zones, restricted development zones, and prohibited development zones (Teng et al., 2021). The major functional zone strategy encompasses the dual objectives of economic development and ecological preservation. It delineates the roles and functions of regions within the national spatial division, providing clarity regarding their specific responsibilities in the context of territorial spatial planning (Page et al., 2020). It represents a novel approach to regional economic development and environmental protection, serving as a significant innovation in establishing a harmonious pattern of national territorial spatial development that aligns with the population, the economy, and resource-environment factors. It plays a crucial role in building a harmonious regional system of human-environment relationships (Fan, 2015). Undertaking carbon balance assessments of land use within functional zones and establishing optimized carbon-offsetting regions in the face of climate change and energy conservation requirements hold significant practical importance. This approach aids in formulating low-carbon strategies tailored to different functional zones, provides guidance on allocating offset quotas, and promotes coordinated regional development.

Hubei Province, located in the Jianghan Plain, is abundant in resources and known for its rich agricultural production. It is one of China’s major grain-producing regions and is often referred to as the “Land of Fish and Rice” and the “Province of a Thousand Lakes.” Hubei Province is a major agricultural province in China, and it is one of the 13 major grain-producing provinces in China. In 2020, the total agricultural output value of Hubei Province reached 349.3 billion RMB, maintaining an annual growth rate for 10 consecutive years.

So, what are the characteristics of the spatial and temporal evolution of the agricultural carbon budgets in Hubei Province? How can carbon equity be achieved between regions? How can a coordinated carbon reduction scheme of interregional science be developed? These problems have become significant issues requiring urgent solutions.

Scholars have conducted extensive studies on carbon budgets and carbon compensation for agriculture, including three aspects.

Firstly, studies on the influencing factors and actions of agricultural carbon emissions. Using multi-factor analysis, the logarithmic mean Divisia index (LMDI) model (Zhang et al., 2018), the stochastic impacts by regression on population, affluence, and technology (STIRPAT) model (Ji and Chen, 2017; Rehman et al., 2022), the Laspeyres index method and other methods (Mishina and Muromachi, 2012; Chen et al., 2021), scholars have found that the industrial structure, the energy structure and efficiency, population size, the economic level, investment in social fixed industries, and technological progress are important factors in increasing land carbon emissions. Cheng et al. (2011) constructed an accounting list of six emission factors, including chemical fertilizers, pesticides, agricultural plastic film, ploughing, irrigation, and diesel, which provided a reference for the carbon effect accounting of the planting industry.1 Tian et al. (2021) constructed an accounting system consisting of emission factors such as fertilizers and pesticides and measured the carbon emissions of the planting industry. Xia et al. (2022) measured agricultural carbon emission intensity, analysed its spatiotemporal differences and predicted its evolutionary trend by using the Theil index and R/S analysis. Guo et al. (2014), Shang and Yang (2019), and Dai et al. (2020), Wu et al. (2020) studied the carbon emissions of the agricultural planting industry at the national and regional levels. In addition, considering factors such as fertilizers, pesticides and agricultural plastic film, Tian et al. (2014) paid attention to methane in paddy fields and carbon sequestration in crops and measured the net carbon benefits of China’s planting industry. In general, scholars have conducted extensive discussions about the factors and processes of agricultural carbon emissions based on multiple dimensions and fields.

Secondly, studies on the measurement and characteristics of agricultural carbon emissions, carbon budgets, and carbon compensation. Concerning agricultural carbon emissions, through the IPCC greenhouse gas inventory method and relevant carbon emission coefficients, scholars have calculated the carbon emissions in different regions and discussed the spatiotemporal differences in carbon emissions generated by different land uses. Gossling (2009) first introduced the “carbon offset” and “carbon offset destination” concepts in tourism research in 2009. He defined “carbon offsets” as the neutralization of a destination’s total carbon dioxide emissions. Since then, scholars have conducted in-depth research on the measurement of carbon offsets in different industries. Wu et al. (2021) systematically expounded the connotation of carbon offsets, regional carbon offsets and the basic framework of the carbon trading system. Case studies on forest carbon compensation (Yang et al., 2019), carbon sequestration fishery carbon compensation, tourism carbon compensation (Rico et al., 2019; Zhang and Zhang, 2020), carbon sequestration value evaluation (Herrero et al., 2022; Khanal et al., 2022; Zamparini et al., 2022), regional carbon ecological compensation (Yang S. et al., 2022), and other fields have been carried out. They provide a useful reference for the construction of carbon compensation theory and methods (Ke et al., 2022). Research on carbon offsets has gradually developed from the early situation statement to a solution path, focusing on measuring the tourism carbon footprint and formulating governance policies and other initiatives.

Concerning agricultural carbon emission budgets and carbon compensation analysis, scholars have used the standard ellipse method (Yang and Li, 2022), the SBM model (Zhang et al., 2017), life cycle assessment (Gan et al., 2022), the centre of gravity model (Wang et al., 2022), GISs, and other methods to measure carbon emissions and absorption, and they have conducted research on their spatial distribution characteristics (Guo et al., 2022; Yang Z. et al., 2022). Some scholars have found that China’s total carbon emissions are on the rise. However, the carbon source consumed per unit of agricultural output value, namely, agricultural carbon emission intensity, shows a decreasing trend. In addition, some scholars have discussed the spatial and temporal evolution of forest carbon compensation (Aljenaid et al., 2022), fishery carbon compensation, arable land carbon compensation (Mäntymaa et al., 2018), the carbon sink value (Lin and Ge, 2019), and carbon ecological compensation (Chen et al., 2022a) in various countries. Carbon emissions show significant heterogeneity among regions and homogeneity within regions.

Thirdly, studies on the simulation and prediction of carbon budgets and compensation scenarios and spatial optimization. At present, there are many studies on measuring the carbon reduction potential and regional differences. However, there are few studies related to agricultural carbon offset simulation, prediction, and land use spatial optimization based on the carbon emission effect. Marchi et al. established a framework for regional carbon cycle simulation and conducted an empirical study in Siena Province, Italy (Marchi et al., 2012). Christen et al. simulated and analysed the carbon balance of the Sunset community in Vancouver (Schandl et al., 2020). In addition, some scholars have also simulated and predicted the urban carbon cycle and carbon balance (Churkina, 2008), carbon budget accounting (Lin et al., 2017), and the carbon compensation of vegetation (Mello et al., 2021) and proposed countermeasures and suggestions. This accumulated literature enriches the content of regional carbon cycle research and provides important ideas and methods for agricultural carbon balance analysis and spatial optimization.

The results of existing research have enriched the content of land use carbon emission research. However, there are a few gaps and limitations: (1) many studies focus on measuring urban carbon emissions. From the perspective of agricultural production, there are few studies on the spatial and temporal variations in agricultural carbon budgets. (2) The analysis of the carbon budget is mostly based on cross-sectional data, while research on spatial functional partitioning and the optimization of the carbon budget is scarce. Compared with existing research, this study is mainly expanded in the following ways: (1) Calculate agricultural carbon emissions from a microcosmic level. Carbon emissions of each city in Hubei Province are calculated from the two dimensions of agricultural planting and agricultural breeding, and the research results are more scientific and reliable. (2) The theory of comparative advantage was introduced into carbon compensation zoning, and functional zoning was carried out based on total carbon emission, carbon emission economic contribution coefficient, carbon emission ecological carrying coefficient and land development and utilization degree. It can effectively avoid the limitation of functional zoning only relying on carbon absorption or carbon emission. (3) Spatial optimization scheme of agricultural carbon compensation was proposed from the perspective of urban functional area planning. The Coupling coordination model is used to calculate the coupling degree of agricultural carbon emission and carbon absorption in various cities, and further use SOM-K-means clustering model to divide the functional zoning of agricultural carbon emission in various cities in Hubei Province, so as to guide the agricultural development planning of each city. The results are of more practical significance.

Thus, this research takes Hubei Province, the first pilot for the low-carbon economy, as the research case to explore the spatiotemporal evolution, functional zoning, and optimization of agricultural carbon budgets in 17 cities in the province from 2000 to 2020. This study will provide a useful reference for the sustainable development of agriculture and the construction of low-carbon cities.

This paper is organized as follows: Section 2, titled ‘Data and Methods,’ provides an overview of the study area and data sources and describes the coupling coordination model and the application of the self-organizing map (SOM) methods. In Section 3, ‘Empirical Results,’ we present and interpret the findings of our analysis. Section 4, ‘Discussion,’ conducts an in-depth analysis of the empirical results and their relevance to the underlying theory. Finally, in Section 5, ‘Conclusions,’ we draw conclusions based on the results and provide suggestions for future research.



2. Data and methods


2.1. Study area

Hubei Province (see Figure 1) contains 17 cities, including Wuhan, Huangshi, Xiangyang, Jingzhou, Yichang, Shiyan, Xiaogan, Jingmen, Ezhou, Huanggang, Xianning, Suizhou, Xiantao, Qianjiang, Tianmen, the Shennongjia Forestry District, and Enshi (in the Enshi Tujia and Miao Autonomous Prefecture). To develop a low-carbon industrial system and consumption model in China, the National Development and Reform Commission is conducting pilot projects in low-carbon provinces and cities nationwide. With Hubei Province serving as one of the first five pilot regions, it bears much responsibility in the exploration of low-carbon green development with Chinese characteristics, collaborative environmental governance, and high-quality development.

[image: Figure 1]

FIGURE 1
 Study area (Hubei Province and its constituent cities).




2.2. Data sources

The data used included the land use, gross domestic product (GDP), population size, energy consumption, and agricultural production activities of 17 cities in Hubei Province. The primary source of land use data was Globeland302 at a spatial resolution of 30 m over five time nodes (2000, 2005, 2010, 2015, and 2020). The types of land cover were reclassified to obtain six categories: arable land, forestland, grassland, construction land, water, and unused land. Digital elevation model data were sourced from the geospatial ASTERGDEMS3 dataset. The elevation of Hubei Province was extracted from ArcGIS v. 10.4 (ESRI, USA), while socioeconomic and energy data were derived from the China Energy Statistical Yearbook, the Hubei Statistical Yearbook, and China City Statistical Yearbooks from 2000 to 2020. Data on agricultural production were collected from the China Rural Statistical Yearbook, the Hubei Rural Statistical Yearbook, and EPS China Data.4



2.3. Methodology


2.3.1. Calculating agricultural carbon emissions


2.3.1.1. Carbon emissions from agricultural breeding

In this study, both carbon emissions and carbon absorption refer to carbon dioxide ([image: image]). Livestock respiratory carbon emissions were calculated using the equations of Churkina et al. (2010):

[image: image]

where[image: image] is the amount of carbon in the animal, [image: image] is the animal size, [image: image] is the average weight of the animal body, [image: image] is the proportion of dry matter in the animal (0.3), and [image: image] represents the proportion of carbon in dry matter (0.5; Zhao et al., 2016). The carbon stock in animal bodies was calculated as in Equation (1), and the average weight of the most abundant domesticated animals is shown in Table 1.



TABLE 1 Average body weight of domesticated animals and people.
[image: Table1]

In addition, livestock farming, especially ruminant farming, is another important source of carbon dioxide production, including methane ([image: image]) from intestinal fermentation and nitrous oxide ([image: image]) from faecal emissions. The carbon emission coefficients of various animals are shown in Table 2.



TABLE 2 Carbon emission coefficients of major livestock.
[image: Table2]



2.3.1.2. Carbon emissions from agricultural cultivation

Cultivated lands are sources of carbon due to farming activities, mainly owing to the application of fertilizers and pesticides, irrigation, the use of agricultural machinery, and agricultural plastic film consumption. Carbon emissions from arable lands ([image: image]) were calculated as follows:

[image: image]

where [image: image] is the carbon emissions from arable lands; [image: image] refer to the amounts of fertilizer and pesticide, the crop cultivation area, total agricultural machine power, the irrigated area, and the amount of agricultural plastic film, respectively; and [image: image], N, O, Q, R, and U are conversion coefficients. The values of M and N[image: image]sourced from the Oak Ridge National Laboratory (ORNL), are 0.8956 kg/kg and 4.9341 kg/kg, respectively, while those of O, Q, and R are 16.47 kg/hm2, 0.18 kg/kW, and 266.48 kg/hm2, respectively. The value of U (5.18 kg/hm2) was sourced from the Institute of Resource, Ecosystem and Environment of Agriculture of Nanjing Agricultural University.

Finally, the total carbon emissions from agriculture in Hubei Province ([image: image]) were calculated as follows:

[image: image]




2.3.2. Calculating agricultural carbon absorption

Agricultural carbon absorption mainly comes from agricultural cultivation. The carbon uptake of agricultural cultivation was calculated based on the study of Zhao et al. (2016), as shown in Equation (4):

[image: image]

where [image: image] is the photosynthetic carbon uptake during crop reproduction, [image: image] is the carbon uptake per unit of organic matter (dry matter) via the photosynthesis of crop type i, [image: image] is the carbon absorption rate of the crop type i, [image: image] is the water content of crop type i, [image: image] is the economic yield of crop type i, and [image: image] is the economic coefficient of crop type i (see Figure 2). The carbon uptake was calculated for rice, wheat, maize, beans, potato, hemp, sugar beet, roasted tobacco, sorghum, and grain (see Appendix Table 1). The economic coefficients and rates of carbon uptake of crops that are commonly used in academic studies were generally derived from Warrick (1988) and Li (2002), while the average water contents were derived from Wu et al. (2021).

[image: Figure 2]

FIGURE 2
 Coupled carbon emission–absorption coordination model.




2.3.3. Coupling coordination model

In this research, the two-dimensional coupling coordination model was used to explore the coordination relationship between agricultural carbon emissions and absorption across various cities in Hubei Province. The model takes carbon emissions and absorption per unit area as the horizontal and vertical coordinates, respectively (see Figure 2). When the degree of coupling between carbon sources and sinks is higher, the coordinates are closer to the 1:1 line.

In Figure 2, a comparison of city [image: image] and city [image: image] yields a degree of coupling of [image: image], such that the carbon sources and sinks in city [image: image] are more strongly coupled. Additionally, the distance between the coordinate and limit points was introduced in this model to allow for further differentiation. When the diagonal distance of city [image: image] is equal to that of city [image: image] but [image: image], the degree of coupling between agricultural carbon emission and absorption is higher in city C. Thus, the sum of the distances between carbon emissions and absorption per unit area (in coordinate points) and the diagonal and limit points can be defined as the coupled coordination distance ([image: image], which was calculated as follows:

[image: image]

where [image: image] and[image: image] are the horizontal and vertical coordinates of agricultural carbon emission–absorption coordinates (i.e., the normalized carbon emission and absorption values per unit area, respectively) and[image: image] is the coupled coordination distance of city[image: image] The smaller the distance of[image: image] is, the higher the degree of coupling coordination between agricultural carbon emissions and carbon absorption. The coupling coordination distance reflects the coupling coordination degree of agricultural carbon emissions and carbon absorption. The smaller the distance of [image: image] is, the higher the degree of coupling coordination between agricultural carbon emissions and carbon absorption. In contrast, the greater the distance of [image: image] is, the lower the coupling coordination degree.



2.3.4. Calculating the scale of carbon offsets

The difference between agricultural carbon emissions [image: image] and carbon absorption ([image: image] was used to measure the carbon offset ([image: image] (Wu et al., 2021). If the carbon uptake in a region is greater than carbon emissions ([image: image]), then the ecosystem is absorbing both regional emissions and emissions from nearby areas; in this case, the absorbing region should receive carbon offsets. Conversely, if [image: image], carbon offsets should be paid. However, if only net carbon emissions are considered and the issue of the economic differences between regions is ignored, it may lead to economic overpayment (Zhang et al., 2022). To make the carbon offset results more realistic, an agricultural carbon emissions threshold was set for each city ([image: image] based on Equation (6):

[image: image]

where [image: image] is the economic contribution coefficient of agricultural carbon emissions, [image: image] is the average value of agricultural carbon emissions in Hubei Province from 2000 to 2020, [image: image] and [image: image] are the GDPs of city [image: image] and Hubei Province, respectively, and [image: image] and [image: image] are the agricultural carbon emissions of city [image: image] and the entire province, respectively. In addition to the obvious differences between net agricultural carbon emissions, differences exist in the intensity of agricultural carbon emissions among different provinces (Yuan et al., 2021), for which agricultural carbon emissions were further revised as follows:

[image: image]

where [image: image] is the corrected agricultural carbon emissions of city [image: image], the intensity of agricultural carbon emissions for city [image: image] in 2000 and 2020 are [image: image] and [image: image], respectively, [image: image] and [image: image] are the total agricultural carbon emissions intensities of Hubei Province in 2000 and 2020, respectively, and [image: image] is the average intensity of agricultural carbon emissions in Hubei Province in 2020. The agricultural carbon offset baseline values after these adjustments were as follows:

[image: image]

where [image: image] is the modified baseline agricultural carbon offset value. The advantage of this adjustment is that the carbon offset value is more realistic. If [image: image], then a municipality should receive carbon offsets (i.e., because it is absorbing more than its regional share of carbon emissions), and if [image: image], then it should pay carbon offsets.



2.3.5. Classifying types of carbon offsets

The self-organizing map (SOM) neural network, pioneered in 1981 by Professor Kohonen, a leading expert in neural networks at the University of Helsinki, is grounded in the biological nervous system’s “lateral inhibition” phenomenon. The self-organizing map (SOM) net is a neural network that can self-organize to solve unsupervised classification problems. The K-means algorithm is a dynamic clustering method, and it is also referred to as an incremental clustering approach. The primary goal of the algorithm is to segment data into k clusters using a suitable classification method determined by the input parameter k. The SOM-K-means clustering model integrates the self-organizing, adaptive, and fault-tolerant properties of the SOM and with the efficiency, interpretability, and fast convergence of the K-means algorithm to perform a two-stage clustering of data samples. In the first stage, the SOM is employed to initially cluster the data samples, determining the number of clusters and their respective centroids. In the second stage, the clustering results from the first stage are used as input, and the K-means clustering algorithm is applied to produce the final clustering outcome (Zhou et al., 2010). The SOM-K-means clustering model was selected to classify the types of carbon offset zones in various cities in Hubei Province based on carbon offset zoning indices. This model integrates the advantages of the self-organization, adaptability, and fault tolerance of the SOM and the high efficiency, interpretability, and convergence speed of K-means models. Stata v. 17 (StataCorp, USA) was used to perform cluster analyses with the SOM–K-means algorithm on four indices, i.e., total agricultural carbon emissions, the economic contribution coefficient of agricultural carbon emissions, the ecological carrying capacity coefficient of agricultural carbon emissions, and spatial organization, to classify types of municipal-level agricultural carbon offset areas.





3. Empirical results


3.1. Scale evolution of agricultural carbon emissions and carbon absorption

The scale of carbon emissions from 17 cities in Hubei Province between 2000 and 2020 was analysed based on the results of agricultural carbon emission accounting. It was found that the total agricultural carbon absorption in the study period increased from 199 Mt. in 2000 to 250 Mt. in 2020, showing an initial rapid growth and subsequent slow decline between 2015 and 2020. Total agricultural carbon emissions increased from 665 Mt. in 2000 to 1,002 Mt. in 2020, showing an overall gradual increase (see Figure 3). While Hubei Province has a relatively favourable ecological baseline, with a large agricultural carbon absorption capacity, the apparent decline in agricultural carbon absorption from 2015 to 2020 also reflects rapid economic development and accelerated urban sprawl, resulting in a reduction in agricultural carbon sink areas.

[image: Figure 3]

FIGURE 3
 Changes in total agricultural carbon emissions and absorption in Hubei Province (2000–2020).




3.2. Spatiotemporal distribution of agricultural carbon emissions

Each of the 17 municipalities was classified into one of five types based on its actual carbon absorption and the methods employed by Xiao et al. (2016). These classes were high, moderately high, moderate, moderately low, and low (carbon emissions/absorption; Wei and Chen, 2021). ArcGIS v. 10.4 (ESRI, USA) was used to map the spatial distribution of carbon sinks and sources (Figures 4, 5).

[image: Figure 4]

FIGURE 4
 Spatial distribution of agricultural carbon emissions in Hubei Province (2000–2020).


[image: Figure 5]

FIGURE 5
 Spatial distribution of agricultural carbon absorption in Hubei Province (2000–2020).


The total carbon emissions in Hubei Province exhibited core–periphery zonation, with Xiangyang, Jingzhou, and Huanggang serving as the centre of high emissions and the cities of Yichang, Jingmen, Suizhou, and Xianning forming the periphery, with moderately high emissions (Figure 3). Areas with high and moderately high emissions were mainly concentrated in these six cities, which accounted for 66.2% of Hubei’s carbon emissions in 2020. The moderate-emission areas were mainly distributed along the periphery of high-emission areas, which accounted for 25.4% of the total carbon emissions in the province. The areas of high emissions accounted for 44% of all carbon emissions. The distribution of moderately low- and low-emission areas did not change much during the study period and mainly included Shennongjia, Shiyan, and Qianjiang. These areas maintain excellent ecological environments and ecosystem functioning, with high carbon absorption, thus making them important areas for ecological security in Hubei Province.



3.3. Spatiotemporal distribution of agricultural carbon absorption

The overall trends in carbon absorption reveal that Yichang, Xiaogan, and Huanggang were high-absorption centres, accounting for 35.7% of all carbon absorption in Hubei Province. Meanwhile, the moderately high-absorption areas of Enshi, Yichang, Jingmen, and Xiangyang served as corridors and accounted for 43.2% of all carbon absorption.

In Hubei Province, high values of carbon absorption were observed in the south, and low values were recorded in the north, with stark differences in their distributions, forming a spatial structure in which high-absorption areas were centred on Xiangyang, Jingmen, and Huanggang and then expanded to the surrounding areas. The northern and central carbon sinks were relatively small, and their absorption capacity gradually decreased from west to east. Carbon absorption in Hubei Province exhibited a U-shaped pattern, with large carbon sinks in the eastern, southern, and western parts and small carbon sinks in the middle and northern regions. The reasons for this pattern are the mainly agricultural industrial structure of western Hubei Province, coupled with a mountainous terrain, limited transportation, an underdeveloped economy, and relatively slow urbanization. The high-absorption areas are vital for ensuring the ecological security of Hubei Province, as they provide valuable ecosystem functions and serve as carbon sinks.



3.4. Analysis of the coupled coordination of agricultural carbon emissions and absorption

The development of carbon absorption in Hubei Province has generally lagged behind that of carbon emissions, as shown in Figure 6. However, after nearly 20 years of development, most cities have gradually moved towards carbon neutrality, as their carbon absorption capacities have improved. This phenomenon is largely due to Hubei Province continually promoting adjustments in the industrial and energy structures, vigorously developing renewable energy, accelerating the planning and construction of large-scale wind power and photovoltaic projects, and strengthening the awareness and implementation of ecological and environmental protection policies. As a result, the carbon absorption and emissions of all cities in Hubei have become increasingly balanced.

[image: Figure 6]

FIGURE 6
 Scatter chart of carbon emissions and absorption per unit area of each city (2000–2020). The dashed line (L) marks the 1:1 line for the source–sink balance. Carbon emissions and sequestration per unit area have been standardized.


The agricultural coupling coordination degrees ([image: image], Equation 7) were calculated for 17 cities in Hubei Province from 2000 to 2020, and it was found that the distance of Ezhou was the smallest (0.602), followed by those of Xiantao (0.731), Suizhou (0.861), Jingzhou (0.918), Xiangan (0.929), Yichang (0.938), and Tianmen (1.001; see Table 3). All of these cities were close to the 1:1 line, indicating that carbon emissions and absorption are strongly coupled. Meanwhile, Wuhan, Huangshi, Enshi, and Shennongjia exhibited lower degrees of coupling. Pressure on the ecological environment requires immediate attention, and strict adherence to energy conservation, emission reduction, and economic development strategies is needed. On the whole, the coupling coordination degree of agriculture in Hubei Province increased from 21.897 in 2000 to 10.840 in 2015 and then gradually decreased to 21.613 in 2020. That is, the coupling coordination degree first increased and then decreased.



TABLE 3 Coupling coordination degree of carbon emissions and carbon absorption in Hubei Province.
[image: Table3]



3.5. Carbon offset zoning and spatial optimization


3.5.1. Compensation zoning index and model

Comparative advantage theory was introduced into carbon offset zoning based on four indices of agricultural attributes—total carbon emissions, the economic contribution coefficient of carbon emissions, the ecological carrying capacity coefficient of carbon emissions, and the degree of land development and utilization. The comparative advantage index of each attribute was measured with the comparative advantage index and the SOM-K-means cluster model developed using Stata v.17 (StataCorp, USA). The types of agricultural carbon offset areas were then categorized by combining agricultural carbon offset zoning and the values of the comparative advantage index of each attribute (see Table 4).



TABLE 4 Comparative advantage index of the land carbon budget attributes of cities in Hubei Province.
[image: Table4]



3.5.2. Offset zoning and spatial optimization

The SOM-K-means clustering model was used to cluster the comparative advantage indices of the four attributes (see Appendix Figure 1), and the 17 cities in Hubei Province were divided into one of three types of areas—seven payment areas, five balanced areas, and five compensated areas (see Table 5).



TABLE 5 Functional zoning of carbon offsets for cities in Hubei Province.
[image: Table5]


3.5.2.1. Payment areas

Cities in which carbon compensation (payment) was needed were mainly found in east-central Hubei and included Xiangyang, Jingzhou, Tianmen, Wuhan, Xiantao, Huangshi, and Huanggang. These cities are marked by a high level of agricultural development, agricultural GDP (nearly 52.5% of provincial GDP), and carbon emissions (as much as 22.4% of provincial carbon emissions). The economic contribution and ecological carrying capacities of agricultural carbon emissions in these cities were severely mismatched. For this reason, cities in payment areas should implement stricter carbon emission standards and environmental standards for agricultural permits, total agricultural carbon emissions should be strictly controlled, the carbon emissions trading system should be improved, and clean, low-carbon, safe, and efficient energy systems should be built to mitigate resource conflicts. Second, Xiangyang, Jingzhou, Jingmen and other nationally important and traditionally grain-growing areas should transform their models of agricultural development. Third, the construction of ecological cities should be comprehensively promoted, including improvements to urban forest gardens, public green areas, artificial wetlands, and green channels. Finally, the economic contribution and ecological carrying capacities of carbon emissions should be enhanced.



3.5.2.2. Balanced areas

Cities with balanced carbon budgets were mainly located in the immediate vicinity of Wuhan and other payment zones, where city functions are expanding and there is industrial transfer. Such cities included Xianning, Shiyan, Suizhou, Qianjiang, and Xiaogan. The balanced areas accounted for up to 1.88% of the provincial cultivated land area and had a lower share of agricultural GDP (15.0%) and a carbon emission share of 24.9%. Additionally, the economic contributions of carbon emissions and the ecological functioning of carbon sinks were better aligned. Therefore, cities in balanced areas should focus on optimizing the spatial structures of their agricultural land usage, moderately controlling urban sprawl, exploring the potential of various types of agricultural lands, and improving the efficiency of cultivated land and energy utilization, as well as the efficiency of economic output. Most of the municipalities in the balanced areas are important high-quality agricultural production bases, with favourable conditions and a foundation for agricultural development. Their development can be optimized by improving the efficiency of land production and by actively promoting the regional distribution of agricultural products and the development of ecological (sustainable and/or regenerative) agriculture. Finally, the over-occupation of agricultural lands and other lands by urban construction should be controlled, and the construction of urban forests, green park areas, and landscaped rivers should be expanded to enhance agricultural carbon absorption.



3.5.2.3. Compensated areas

Cities within the compensated areas were mainly located in eastern Hubei and included Enshi, Shennongjia, and Yichang, which jointly accounted for 1.6% of the provincial cultivated land area. These cities displayed a low degree of spatial development, with an average value of 8.6%, as well as lagging economic development. Shennongjia and Enshi, among other municipalities, are important water conservation and ecological tourism areas in Hubei Province. To optimize the balance between economic and ecological functioning in Hubei Province, cities within the compensated areas should emphasize the rational planning of agricultural production lands, impose strict controls on regional urbanization and large-scale industrialization, and vigorously develop a green low-carbon economy. Additionally, these cities should promote the growth of forests and the cultivation of fruits and herbal medicine, steadily increase their forest coverage, and enhance the ecological carrying capacity of carbon emissions. Efforts should be increased to protect various types of nature reserves, scenic spots, and forest parks, with emphasis on water conservation, soil and water maintenance, afforestation, and greening projects. New tourism services should also be developed to increase ecotourism, nature education, and eco-friendly leisure and vacation activities.






4. Discussion

This paper aims to examine the characteristics of the spatiotemporal differences in the carbon balance in Hubei Province, focusing on major functional zones. Furthermore, it presents a specialized spatial optimization scheme for carbon compensation with a low-carbon focus. This research is in line with global strategic objectives related to energy conservation. It holds substantial significance for advancing collaborative environmental governance both within China and on a global scale, nurturing synergistic innovation, and guiding sustainable development. Based on the findings of this study, the subsequent sections will explore the insights that it provides regarding carbon emissions.

First, during the initial phases of agricultural carbon impact research, studies frequently concentrated solely on the assessment of six emission factors: fertilizers, pesticides, plastic film, diesel, ploughing, and irrigation (Arenas-Calle et al., 2019; Meier et al., 2020). This approach had a relatively narrow focus and limited inventory coverage. Conversely, some research primarily emphasized the carbon sequestration effects of agriculture, with less consideration given to its carbon source effects. As research has advanced, specific scholars have enhanced traditional inventories by establishing connections between agricultural carbon emissions and carbon absorption effects (Hu et al., 2023), thereby conducting in-depth analyses of the net carbon impact (Demenois et al., 2020). Their findings revealed that agriculture in China acts as a carbon sink rather than as a carbon source. In contrast to previous studies, this paper endeavours to broaden the accounting inventory to encompass both agricultural cultivation and livestock farming. Additionally, it concurrently takes into account the carbon absorption effects of crops, facilitating the estimation of both agricultural carbon emissions and carbon absorption (Lu and Yang, 2023). In practice, agriculture is anticipated to be a carbon source due to its engagement in high-carbon agricultural inputs, the release of soil carbon, methane emissions from paddy fields, and various other sources of emissions. While crops absorb and sequester [image: image] significantly during their growth cycle, their long-term influence on carbon cycling is relatively modest (Zhao et al., 2015). This modest effect is because the carbon that crops capture can be subsequently released into the atmosphere through processes such as consumption as food or industrial raw materials, the burning of crop residues, or decomposition when reintroduced into fields. Previous conclusions that classified “agriculture in China as a carbon sink” were grounded in a singular focus on the one-year carbon absorption of crops and did not account for subsequent carbon release activities, such as the management of crop residues. Disregarding these factors will significantly undermine the accuracy of the calculations. Thus, continuous enhancements to agricultural carbon accounting inventories and the precision of emission coefficients are imperative to objectively depict the genuine carbon effects.

Second, carbon offsetting is fundamentally an ecological compensation mechanism centred on “carbon,” with the goal of promoting equitable development and fostering collaborative efforts to reduce carbon emissions across regions. However, in practice, the fairness and collaborative aspects of carbon emission reduction between regions are influenced by a multitude of factors. These factors encompass per capita carbon emissions, various levels and stages of economic development, industrial structures, and degrees of poverty (Zhao et al., 2018). Considering the accessibility of data, this paper exclusively focuses on factors such as scale, efficiency, and spatial considerations to formulate a theoretical framework for carbon offsetting (Koondhar et al., 2021b). In the future, it will be crucial to comprehensively take into account the natural and socioeconomic conditions within regions. Moreover, continuous efforts should be made to enhance and refine the theoretical framework for regional carbon offsetting.

Third, as an exploratory study, this paper has exclusively delineated regions based on carbon offset types. In the future, it is crucial to integrate regional resource endowments, carbon emission intensity, economic development, industrial conditions, and carbon pricing. Such integration is necessary to establish baseline carbon offset values, calculate carbon offset values, and advance the coordinated development of regions with a focus on low-carbon strategies. As a vital mechanism utilizing market forces to optimize the allocation of carbon emission rights and achieve cost-effective carbon reduction and high-quality economic development, carbon emissions trading urgently requires regional carbon offsetting to be integrated into corporate carbon trading markets (Balsalobre-Lorente et al., 2019). Such integration should also encompass the creation of a robust cross-regional carbon offset system and a carbon emission quota regime. Additionally, exploring diverse pathways to meet energy conservation and emission reduction objectives is pivotal for achieving regional equity development and fostering collaborative efforts in carbon reduction. Furthermore, it is noteworthy that current carbon balance and carbon offset research predominantly concentrates on the carbon emissions stemming from end-consumption within regions, with inadequate attention directed towards the implicit carbon balance and offsetting among regions. In the future, there will be an urgent need to enhance research efforts related to implicit carbon balance and offsetting, along with the delineation of regions classified by offset types.

Finally, the variations in the regional carbon balance and carbon offsetting exhibit a high degree of sensitivity to changes in spatial scales. The evolving patterns and mechanisms of the carbon balance and carbon offsetting at various spatial scales are not consistent (Koondhar et al., 2021a). Generally, as the spatial scale of the carbon balance and carbon offsetting expands and the natural and socioeconomic conditions within regions become more intricate, research outcomes related to the carbon balance and carbon offsetting may become increasingly distorted (Yasmeen et al., 2022), hindering the development of specific and effective carbon-offsetting strategies. Hence, there is significant practical value in conducting research on the carbon balance and cross-sectoral carbon offsetting at a finer, more micro-scale level. Looking ahead, it is imperative to conduct research at finer scales and to intensify the examination of the carbon balance and carbon offsetting at the level of townships or villages as spatial units.



5. Conclusion

Agriculture is the second most important source of greenhouse gas emissions, and the total amount of and growth in agricultural greenhouse gas emissions cannot be underestimated. Conducting agricultural carbon budget assessments and building a regional horizontal carbon compensation model for promoting coordinated regional low-carbon development hold great practical significance. In this study, 17 prefecture-level cities in Hubei Province were used to explore the spatiotemporal variations in agricultural carbon emissions and carbon absorption based on land use, energy consumption, and offset zoning. The main conclusions were as follows:

1. Both agricultural carbon emissions and absorption in Hubei Province increased year by year, with obvious differences observed in the agricultural carbon balances among cities. Arable lands were the main agricultural carbon sinks in Hubei Province.

2. Total agricultural carbon emissions showed a core–periphery structure, with Xiangyang, Jingzhou, and Huanggang serving as the centre of high emissions and Yichang, Jingmen, Suizhou, and Xianning serving as the periphery, with moderately high emissions that gradually decreased with increasing distance from the centre. These six cities accounted for 66.2% of all carbon emissions in the province. The moderate-emission cities collectively accounted for 25.4% of all provincial carbon emissions. The distribution of moderately low- and low-emission cities did not change much over time and mainly included Shennongjia, Enshi, and Yichang.

3. The distribution of agricultural carbon absorption in Hubei Province exhibited a U-shaped pattern, wherein high absorption was observed in the south and little absorption was seen in the north. Absorption differed markedly among cities. Yichang, Xiaogan, and Huanggang formed a central high-absorption area that expanded to the surrounding areas. The capacities of carbon sinks were lower in the northern and central cities and declined from west to east, while high levels of absorption were observed in the east, south, and west.

4. From the perspective of coupled agricultural carbon emissions and absorption, it was observed that the development of carbon absorption lagged behind that of carbon emissions in each city. However, as shown by the scatter points for each city gradually approaching the 1:1 line (carbon neutrality), Hubei Province has continually promoted the adjustment of the agricultural industrial and energy structures, such that the carbon absorption and emissions of each city are becoming more balanced and gradually approaching the goal of carbon neutrality.

5. Payment, compensated, and balanced areas were delineated for carbon offset zoning in Hubei Province. The payment areas included Xiangyang, Jingzhou, Tianmen, Wuhan, Xiantao, Huangshi, and Huanggang; the balanced areas included Xianning, Shiyan, Suizhou, Qianjiang, and Xiaogan; and the compensated areas included Enshi, Shennongjia, Yichang, Jingmen, and Ezhou. For each of these areas, differentiated measures were proposed to spatially optimize carbon compensation in the province.

Agricultural carbon emissions are closely related to the ecological environment. Exploring the spatial evolution and functional zoning of agricultural carbon emissions can provide a reference for the rational development of agricultural carbon emission reduction measures. Based on the research conclusions, the following suggestions are made:

First, it is necessary to pay attention to key emission sources and implement agricultural carbon reduction sources and increase sinks through classification. In particular, enhancing the efficiency of chemical inputs such as fertilizers and pesticides while promoting the adoption of precision farming techniques and the use of organic fertilizers and biopesticides is essential to mitigate the carbon emissions associated with agricultural inputs (Guan et al., 2023). It is important to advocate the adoption of conservation tillage practices, actively optimize crop species and the crop layout, and achieve carbon sequestration in farmlands. The government should provide incentives and subsidies for the research, production, and adoption of low-carbon cultivation technologies, thereby increasing the carbon sequestration income for relevant stakeholders. It is also important to explore establishing a scientifically sound agricultural carbon offset mechanism, equitably collecting carbon emission taxes (Dumortier and Elobeid, 2021), and allocating a specified proportion as carbon sink subsidies for transfer payments to low-carbon production entities. Second, the protection of farmland, forests, and grasslands should be enhanced to increase carbon sink reserves. Provinces with lower carbon sequestration capacities can engage in afforestation and reforestation activities to enhance forest cover while rigorously implementing a quota-based logging system for sustainable forest management. Simultaneously, there should be a reinforced focus on the conservation and management of grassland ecosystems while establishing a robust mechanism for farmland protection. It is advisable to explore the development of unused and idle lands, facilitating their transition into land-use categories such as forests, grasslands, and farmlands. Optimizing the land use structure involves controlling the overall quantity of land allocated for construction purposes and implementing sensible planning for construction land. This approach aims to enhance land use efficiency and achieve a more sustainable and intensive form of land utilization, promoting land conservation and efficiency. Third, there are disparities in the agricultural carbon emission efficiencies within different cities, highlighting the importance of focusing on inter-regional collaborative emission reduction initiatives. The carbon emissions in various cities exhibit complex spatiotemporal variations. Therefore, it is essential to focus on regions with advanced agricultural carbon emission efficiencies and to design cross-regional mechanisms for exchanging low-carbon agricultural technologies and experiences. This approach aims to narrow the gap in agricultural carbon emission efficiencies among different cities.

This paper had some limitations. Owing to data limitations, only agricultural carbon budgets were studied at the municipal level. In the future, it will be necessary to conduct similar research at a finer scale, thereby strengthening the understanding of agricultural carbon budgets and offsets at the township or village scale. Agriculture refers to five forms of industry, including planting, forestry, animal husbandry, fishery and sideline businesses. This study takes only the planting industry and animal husbandry as the main research objects and does not study fishery and forestry. Therefore, we will further expand the research objects in the future.
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APPENDIX FIGURE 1 | SOMK-means clustering partitioning of land use in Hubei Province.




Footnotes

1   The planting industry is a major part of agriculture. It usually refers to the sector of agriculture in which crops are cultivated for plant products.

2   Website: http://www.globallandcover.com/

3   Website: www.gscloud.cn

4   Website: www.epschinadata.com
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