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As a high-intensity, high-standard institutional mechanism in land supervision and management, the State Land Supervision System (SLSS) plays a crucial role in deterring land-related violations, enforcing farmland protection, ensuring national food security, and facilitating sustainable agricultural development. However, previous research has seldom examined how the SLSS contributes to the low-carbon transformation of agriculture (LCTA). This study treats China’s routine land inspections as a quasi-natural experiment, utilizing panel data from 283 prefecture-level and higher cities from 2005 to 2016 to empirically analyze whether and how the SLSS supports LCTA. The findings reveal that the SLSS significantly advances LCTA, with the low-carbon agricultural development level in inspected cities increasing by approximately 2.17%. The SLSS promotes LCTA primarily through enhancing agricultural technological progress and encouraging agricultural scale operations. Compared to major grain-producing regions, high-poverty areas, and regions under significant fiscal pressure, the SLSS more effectively fosters LCTA in non-grain-producing areas, regions with lower poverty rates, and areas facing less fiscal strain. Furthermore, the SLSS has a more pronounced effect on advancing low-carbon agricultural development in cities that already demonstrate higher levels of low-carbon progress. This study provides novel empirical evidence regarding the environmental impacts of SLSS in the agricultural sector, offering insights relevant to the pursuit of agricultural modernization.
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1 INTRODUCTION
Agriculture functions both as a major carbon sink and as the world’s second-largest source of carbon emissions (Cui et al., 2021). In 2017, agricultural activities contributed approximately 20% of global carbon emissions (Wang et al., 2022), making agriculture a significant factor in global climate warming (Paustian et al., 1998). Both the United Nations Food and Agriculture Organization (FAO) and the Intergovernmental Panel on Climate Change (IPCC) have identified the agricultural sector as the second-largest source of global greenhouse gas emissions. China’s Second National Communication on Climate Change further highlights that agricultural production is a major contributor to greenhouse gas emissions, with profound implications for climate change. Consequently, achieving carbon reduction in agriculture while maintaining food security and productivity has emerged as a central issue for sustainable agricultural development worldwide.
As a major global agricultural producer, China’s efforts in reducing agricultural carbon emissions and enhancing carbon sequestration are critically important for global climate governance. Although China’s total agricultural carbon emissions are relatively modest compared to those from industry, they still account for approximately 17% of the country’s total emissions (Liu and Yang, 2021), exceeding the global average of 13.5% (Cui et al., 2021). Projections suggest that by 2050, agriculture could become China’s largest source of carbon emissions. In response, the Chinese government has implemented a series of policy initiatives aimed at advancing agricultural carbon reduction and carbon sequestration. In 2015, the Ministry of Agriculture introduced the “One Control, Two Reductions, Three Basics” policy, which focuses on strategies such as preventing agricultural water pollution, reducing the use of fertilizers and pesticides, and comprehensively utilizing agricultural waste. In 2021, the government issued the Opinions on Fully and Accurately Implementing the New Development Concept for Carbon Peaking and Carbon Neutrality, explicitly calling for “accelerating green agricultural development to enhance carbon sequestration and efficiency in agriculture.” In 2024, the Third Plenary Session of the 20th Central Committee of the Chinese Communist Party introduced significant reforms to strengthen the ecological civilization system, outlining three primary goals: “enhancing the foundational system for ecological civilization,” “reinforcing environmental governance structures,” and “establishing mechanisms for green and low-carbon development.” This provides a comprehensive policy framework for the Low-Carbon Transformation of Agriculture (LCTA). Thus, establishing and refining institutional mechanisms for LCTA is of considerable theoretical and practical significance, advancing sustainable agricultural development in China and globally and contributing to the achievement of the “dual carbon” targets.
Amid China’s rapid economic growth, demand for land has steadily increased, leading local governments to adopt a “land-driven development” model characterized by land financing and revenue generation. Under China’s dual urban-rural land management system, local governments are typically able to transfer land only by converting agricultural land into construction land (Liu et al., 2024). Driven by this model, local governments have engaged in large-scale expansion and frequent land transfers, resulting in construction land areas in many provinces prematurely exceeding established land use planning limits. This process has led to the permanent conversion of substantial areas of rural farmland into urban construction land, making it difficult to revert these lands to their original agricultural purpose and intensifying the pressures on farmland preservation (Jiang et al., 2013). The reduction and repurposing of farmland have raised significant concerns within the central government regarding food security. The report from the 20th National Congress of the Communist Party of China explicitly calls for a “bottom-line mentality” to be maintained, emphasizing the need to secure the foundations of food security comprehensively and to firmly uphold the red line of 1.8 billion mu of farmland. Farmland forms the basis of food production, and its protection is essential for ensuring national food security. The widespread occupation of farmland not only undermines food production capacity but also has the potential to damage the ecological environment, posing challenges to the Low-Carbon Transformation of Agriculture (LCTA) (Liu et al., 2022a). Thus, strengthening the rational management and protection of farmland and preventing illegal occupation are crucial measures to support the low-carbon, sustainable development of agriculture. To regulate local government practices in land transfers and prevent excessive encroachment on farmland, the central government has consistently enforced strict land control policies (Hou et al., 2019) and has progressively established a series of institutional measures to safeguard farmland resources, including the construction land permitting system (Wu et al., 2017). Among these policy frameworks, the State Land Supervision System (SLSS) stands out as a highly authoritative and influential institution, designed to oversee and regulate various forms of land violations associated with economic development. SLSS rigorously supervises and inspects activities such as the illegal occupation of prime farmland and unauthorized approvals of construction land, thereby reinforcing compliance with land use regulations (Yang et al., 2024).
In 2004, the Chinese government issued the Decision on Deepening Reform and Strict Land Management, marking the first proposal to establish the SLSS. This decision explicitly required that “for all non-agricultural construction projects approved to occupy farmland, the construction entity must compensate with farmland of equivalent quantity and quality,” thus laying an institutional foundation for farmland protection. To further strengthen this framework, the government issued the Notice on Issues Related to Establishing the National Land Supervision System in 2006, formally initiating the land supervision system. Under this system, the Ministry of Land and Resources created the role of Chief National Land Inspector and established National Land Supervision Bureaus in local regions to oversee and inspect land use and management nationwide. Over time, the land supervision system has been continuously refined and has gradually taken effect in practice. In 2019, the Chinese government revised the Land Management Law, officially incorporating the land supervision system into the legal framework for the first time. This revision introduced essential principles for comprehensive land use planning, including “the strict protection of permanent basic farmland, stringent controls on the use of agricultural land for non-agricultural construction, ensuring a balance in quantity and equivalence in quality between farmland occupied and reclaimed, protecting and improving the ecological environment, and guaranteeing the sustainable use of land.” In 2021, the newly amended Regulations for the Implementation of the Land Management Law further specified the scope of land supervision and clarified the responsibilities of institutions at various levels. These regulations emphasize a coordinated approach to planning functional spaces for agriculture, ecology, and urban development, establishing land consolidation plans to enhance farmland protection and promote efficient, intensive land use. The regulations also encourage social entities to participate in land consolidation legally, to prevent and manage soil erosion and pollution on farmland, to systematically transform low- and medium-yield fields, and to construct high-standard farmland to improve farmland quality.
Land is a vital input in agricultural production and serves as a key driver of agricultural productivity (Dumortier and Elobeid, 2021). Farmland systems are among the major sources of carbon emissions (Xia et al., 2023; Chen et al., 2024), and the ways in which farmland is utilized significantly impact agricultural carbon emissions (Zhou et al., 2024). In China’s traditional agricultural production model, issues such as extensive land management, excessive exploitation of farmland, and improper usage are prevalent. These practices not only lead to a continuous increase in agricultural carbon emissions but also have serious adverse effects on the ecological environment. Within the NLSS, routine land inspections are the core, most representative, and most effective form of oversight (Yang et al., 2024). Since 2008, China’s National Land Supervision Bureau has piloted routine inspections in 16 administrative regions, including Cangzhou in Hebei Province, Fushun in Liaoning Province, Yuxi in Yunnan Province, and Xi’an in Shaanxi Province. By 2017, these inspections had achieved nationwide coverage across all 31 provincial-level administrative regions.
In this context, can an effective SLSS curb the over-exploitation and improper utilization of farmland, thereby promoting the LCTA? If so, what are the specific mechanisms through which SLSS achieves this? Additionally, does the effect of SLSS vary across different regions? Exploring these questions in depth not only contributes to the theoretical framework within the fields of land management and environmental protection but also offers valuable empirical evidence from China that can inform other developing countries seeking to optimize land policies and promote low-carbon, sustainable agricultural development. This study aims to provide significant theoretical insights and practical references for global efforts to address environmental and resource pressures, reduce agricultural carbon emissions, and promote sustainable development.
The structure of this study is organized as follows: Section 2 presents a literature review and theoretical analysis. Section 3 describes the models and methods employed, along with the data sources. Section 4 reports the results of the empirical analysis. Section 5 discusses the implications of the findings. Finally, Section 6 provides a summary of the study’s conclusions.
2 LITERATURE REVIEW AND THEORETICAL ANALYSIS
2.1 Literature review
The literature closely related to this study centers on three main areas: factors influencing the LCTA, the environmental impacts of land use, and the economic and environmental effects of the SLSS.
First, on the factors influencing LCTA, most studies indicate that urban expansion leads to the continuous loss of agricultural land (Beckers et al., 2020), adversely affecting food security and agricultural production (Gardi et al., 2015; Shi et al., 2016). Moreover, increases in the urban population and the share of secondary and tertiary industries have intensified pesticide usage and led to a U-shaped trend in fertilizer application intensity (You, 2016), both of which negatively impact LCTA. However, some studies suggest that urbanization supports large-scale agricultural production in China (Wang et al., 2021), enhances rural clean energy use (Han et al., 2022), and significantly improves agricultural green water utilization efficiency (Ding et al., 2021). Under the “dual carbon” framework, agricultural carbon emission intensity has become a key metric for assessing sustainable agricultural development, drawing increasing attention from researchers. Studies have examined factors influencing agricultural carbon emissions from various angles, including rural energy poverty alleviation (Li et al., 2023), agricultural specialization (Wang et al., 2022), agricultural insurance (Ma and Cui, 2021), fiscal policy (Xu et al., 2023), and water and soil resource development (Zhao et al., 2018).
Second, on the environmental impacts of land use, research indicates that land intensification can effectively reduce carbon emissions (Xie et al., 2018; Wu et al., 2022; Ling et al., 2023). Studies also explore how industrial land transfer preferences affect carbon emission efficiency and the mechanisms involved (Huang and Song, 2023). Other research examines the impact of land marketization and resource misallocation on carbon emissions (Ma et al., 2021; Liu et al., 2022b;Li et al., 2023b; Li et al., 2023c). In terms of farmland use and LCTA, some studies analyze the effects of farmland changes on carbon emissions, focusing on aspects such as farmland transfer (Ji et al., 2023), high-standard farmland construction (Li L. et al., 2023), and crop rotation and fallow practices (Zhang et al., 2024). Together, these studies provide a comprehensive view of the multiple environmental impacts of land use, offering valuable references for achieving LCTA.
Third, on the economic and environmental impacts of SLSS, studies have evaluated SLSS’s economic consequences from various perspectives, including land marketization (Zhao et al., 2012), suppression of illegal land use (Lü et al., 2012), local government land finance (Liu and Peng, 2022), and urban expansion (Yang et al., 2024). On environmental effects, some research has focused on the establishment of national land supervision bureaus in nine Chinese provinces in 2006, using panel data from 30 provinces to assess the environmental outcomes of SLSS (Ma and Zhang, 2024).
Building on this foundation, the present study extends the existing literature in four significant ways. First, from a research perspective, unlike studies focused on high-standard farmland construction (Li F. et al., 2023) and crop rotation practices (Zhang et al., 2024), this study examines SLSS—a high-intensity, high-standard land supervision system—as a novel framework for exploring LCTA drivers. By investigating SLSS’s role in curbing farmland over-exploitation and improper land use, this study broadens the scope of research on LCTA determinants, offering new theoretical and empirical insights into the relationship between land institutions and sustainable agricultural development. Second, at the research level, since routine land inspections began in 2008 across 16 cities and counties, including Cangzhou in Hebei Province, the inspection scope has expanded annually, achieving nationwide coverage by 2017. Unlike studies that use provincial-level data (Ma and Zhang, 2024), this study treats city- and county-level routine land inspections as a quasi-natural experiment, using panel data from 283 Chinese cities (2005–2016) to examine SLSS’s impact on LCTA from a city-level perspective. This more granular longitudinal analysis deepens the understanding of land supervision policies, providing a unique lens through which to evaluate SLSS’s role in promoting LCTA. Third, in terms of research content, this study unveils the mechanisms by which SLSS affects LCTA by focusing on agricultural technological progress and large-scale farming operations, thus revealing the “black box” of SLSS’s impact on LCTA for the first time. Additionally, the study examines the heterogeneous effects of SLSS on LCTA across various dimensions, including food production capacity, urban scale, agricultural low-carbon development levels, regional poverty rates, and fiscal constraints. This multi-dimensional analysis further clarifies the differential impacts of SLSS under varying conditions.
2.2 Theoretical analysis
Land consolidation is considered an effective strategy for optimizing the spatial distribution of farmland (Jin et al., 2022), and the implementation of the SLSS has further motivated local governments to pursue land consolidation initiatives. This process not only increases the total area of farmland but also promotes more intensive use, improving farmland utilization efficiency by maximizing the potential of existing land resources and thereby reducing carbon emissions associated with farmland use Wang et al. (2024). Agricultural land-use patterns significantly impact the environment (Foley et al., 2005; Hamidov et al., 2016). Land fragmentation, for example, can heighten farmers’ dependence on fertilizers and pesticides, increase environmental pollution (Yu et al., 2019), and limit agricultural productivity and profitability (Uyan et al., 2015), all of which hinder the LCTA. Through scientific planning and rational land allocation, SLSS directs construction projects away from high-quality farmland to minimize encroachment on agricultural land. SLSS also actively promotes a balance between farmland occupation and compensation, along with land consolidation efforts, to prevent land fragmentation and support LCTA.
Illegal occupation of farmland has multiple adverse effects on LCTA. First, such occupation leads to the segmentation and fragmentation of farmland, disrupting its integrity and continuity. This fragmentation raises the costs associated with environmentally friendly technologies, limiting the benefits of low-carbon management practices and directly hindering their application and expansion in agriculture (Kuang and Zhang, 2024). Furthermore, secure and stable land use rights are essential for agricultural innovation and capital investment. When land use rights are insecure or threatened by illegal occupation, farmers and agricultural enterprises are less likely to invest in advanced agricultural technologies. This uncertainty elevates the risks of agricultural technology investment, reducing the adoption of low-carbon practices in agriculture. In contrast, stable land use rights enhance farmers’ confidence in investing, particularly in the adoption of modern, intensive, low-carbon agricultural technologies such as precision fertilization, smart irrigation, and biological pest control. By enforcing strict land management policies, SLSS ensures the protection and rational use of farmland, significantly enhancing the stability of land use rights. Through regulating illegal occupation and implementing a comprehensive land use monitoring system, SLSS provides institutional safeguards for agricultural land, ensuring effective farmland protection and establishing an orderly framework for land management. This institutional protection enhances the security of land use, boosting the long-term investment confidence of farmers and agricultural enterprises and encouraging them to apply green, low-carbon agricultural technologies in their production practices. By adopting these technologies, farmers can reduce fertilizer and pesticide use, optimize water resource management, and mitigate soil erosion, thereby effectively reducing agricultural carbon emissions (Xie and Liu, 2021).
Large-scale agricultural operations contribute to a more systematic and standardized production process, helping to reduce resource waste and improve production efficiency. Additionally, the expansion of large-scale operations accelerates mechanization and optimizes pesticide and fertilizer usage (Song et al., 2021), thus lowering agricultural carbon emissions. Large-scale operations not only improve resource use efficiency but also enable agricultural entities to more effectively leverage capital, land, and management resources, allowing for greater investment in advanced green agricultural equipment and technology, which further reduces carbon emissions in agricultural activities (Li et al., 2015). Through rigorous land use planning and oversight, SLSS establishes a stable land resource base for large-scale agricultural operations. SLSS effectively prevents farmland from being illegally occupied or converted to non-agricultural purposes, ensuring both the quantity and quality of farmland and providing essential land resources for large-scale operations. Moreover, SLSS conducts regular inspections and evaluations of land use practices, promptly identifying and correcting improper land use, thereby promoting the intensive and large-scale utilization of farmland. Under the stringent management framework of SLSS, rational land consolidation and intensive use further accelerate the expansion of large-scale agricultural operations, enabling more efficient and concentrated allocation of agricultural resources. By reducing land fragmentation, SLSS provides favorable conditions for large agricultural operators, maximizing the benefits of resource economies of scale. This model of large-scale operations not only improves agricultural production efficiency but also creates conducive conditions for the adoption of low-carbon agricultural technologies, supporting sustainable development and the low-carbon transition in agriculture.
3 RESEARCH DESIGN
3.1 Model specification
In this study, a Difference-in-Differences (DID) model was constructed to examine the effect of the SLSS on the LCTA. This analysis compares LCTA changes in treatment and control cities before and after the implementation of SLSS inspections. The specific DID model is presented as follows:
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According to Equation 1, LCTAit represents the low-carbon transformation of agriculture in city i at time t. SLSSit is a dummy variable for routine land inspections. Controlsit is a series of control variables. [image: image] and [image: image] represent individual fixed effects and time-fixed effects. [image: image] is the random error term.
3.2 Variable definitions

(1) Dependent variable: Total Factor Carbon Emission Efficiency is a comprehensive metric for assessing CO₂ emission efficiency (Gao and Wang, 2023). Drawing on existing literature Zhou et al. (2024), this study employs a non-oriented, variable returns to scale Super-Efficiency EBM (epsilon-based measure) model to calculate an index of agricultural total factor carbon production efficiency, which serves as an indicator of LCTA. The measurement of agricultural total factor carbon production efficiency involves both input and output indicators.
For input indicators, this study includes seven variables: land (total sown area of crops), fertilizer (effective amount of fertilizer used), agricultural film (use of agricultural plastic film), pesticides (amount of pesticide used), irrigation (effective irrigated area), machinery (total horsepower of agricultural machinery), and labor (number of employees in the primary industry). For output indicators, the desired output is represented by the total output value of the agriculture, forestry, animal husbandry, and fishery sectors, while the undesired output is agricultural carbon emissions.
Due to the unavailability of accurate city-level data on pesticide usage, agricultural plastic film usage, and agricultural diesel usage, this study estimates these values at the city level by referencing provincial-level data on pesticide, agricultural plastic film, and agricultural diesel usage per unit of farmland area, combined with each city’s year-end farmland area (Zhou et al., 2024). Subsequently, carbon emissions from the effective amount of fertilizer applied, pesticide usage, agricultural plastic film usage, agricultural diesel usage, total sown area of crops, and effective irrigated area are calculated using appropriate emission coefficients, providing a more precise assessment of LCTA.
(2) Core explanatory variable: The primary explanatory variable in this study is the SLSS, which encompasses three main forms of inspection: review inspections, special inspections, and routine inspections. Among these, routine inspections are the most central, representative, and effective operational form. Since 2008, pilot cities for routine land inspections have been widely distributed across the country, providing a broad sample that helps to mitigate potential selection bias. Additionally, the batch implementation of routine inspections aligns well with the assumptions underlying a “quasi-natural experiment” (Yang et al., 2024). Therefore, this study uses routine land inspections as the operational measure for SLSS. Specifically, if a city (including counties within its jurisdiction) is designated as a routine inspection target in a given year, the SLSS variable for that city is assigned a value of 1 for that year and all subsequent years. If it is not designated for routine inspection, the SLSS variable is assigned a value of 0. This coding approach allows for a more accurate capture of the impact of SLSS on LCTA, thereby enhancing the scientific rigor and reliability of the study’s findings.
(3) Control variables: This study incorporates the following control variables that may influence the LCTA:
Industrial Agglomeration (AGG) facilitates the flow of information and knowledge, making it easier for agricultural producers to access the latest low-carbon technologies, environmental standards, and changes in market demand. This helps agricultural enterprises to flexibly adjust production strategies and improve carbon production efficiency. Referring to existing literature Wu et al. (2020), this study measures AGG using the location quotient of the total output value of agriculture, forestry, animal husbandry, and fishery in each city.
High-quality human capital (HUMAN) can accelerate the promotion and adoption of low-carbon technologies, enabling advanced low-carbon production methods to achieve scale and intensification in agricultural production, thereby promoting LCTA. Referring to existing literature Shahbaz et al. (2022), this study uses the average years of education per capita in rural areas as the indicator for HUMAN.
Regions with high poverty rates (POV) often lack sufficient funds and resources to support the promotion of low-carbon technologies. Low-income farmers tend to prioritize basic living needs, making it difficult to afford the initial investment for low-carbon technologies (such as water-saving irrigation, modern machinery, and biomass energy equipment), which limits the realization of low-carbon production. Referring to existing literature Jiang et al. (2024), this study uses a comprehensive index synthesized by the entropy method, which includes six indicators: per capita net income of rural residents, the proportion of full-time teachers with bachelor’s degrees in rural compulsory education, the number of healthcare technicians per capita in rural areas, safe drinking water coverage, per capita housing area of rural residents, and the proportion of administrative villages with broadband internet access, to measure POV.
Agricultural Mechanization (MACH) achieves precision in cultivation, sowing, fertilization, and harvesting through high-efficiency equipment replacing manual labor, effectively reducing resource waste, and thus influencing LCTA. Referring to existing literature Guan et al. (2023), MACH is measured by the logarithm of the per capita total horsepower of agricultural machinery.
Improved transportation infrastructure (INFRA) makes the transportation of agricultural products more convenient and efficient, reducing carbon emissions during transportation and facilitating the circulation of low-carbon technologies and equipment, thereby making advanced low-carbon agricultural technologies more accessible in rural areas. Referring to existing literature Xie et al. (2017), this study measures INFRA by the per capita road area in rural areas.
A higher level of economic development (AGDP) implies sufficient financial resources to support the research, promotion, and application of low-carbon agricultural technologies. Referring to existing literature Xu et al. (2022), this study measures AGDP using the logarithm of per capita GDP.
Urbanization (URB) aids in the diffusion of technology and knowledge, as research institutions and technical personnel concentrated in cities transfer low-carbon technologies and innovative concepts to rural areas through various channels, driving the development of low-carbon agricultural technology. Referring to existing literature Xu et al. (2022), this study measures URB by the ratio of the year-end urban population to the total resident population at year-end in each city.
3.3 Sample selection and data sources
In 2017, routine land inspections achieved full coverage across all 31 provincial-level administrative regions in China. To ensure an adequate sample of treatment and control cities before and after the policy implementation, this study selected a time span from 2005 to 2016, initially encompassing 283 prefecture-level and above cities. Data on national land inspections were sourced from the official website of the Ministry of Natural Resources of the People’s Republic of China and manually compiled. Due to substantial data gaps in some cities, the final study sample includes panel data from 210 Chinese cities over the period 2005–2016. The original data for the study’s variables were obtained from multiple authoritative yearbooks, including the China Statistical Yearbook, China Rural Statistical Yearbook, China Agricultural Yearbook, China Agricultural Statistical Data, China City Statistical Yearbook, China Energy Statistical Yearbook, and the China Rural Poverty Alleviation Report, as well as the EPS data platform. For certain missing data, linear interpolation was employed to ensure data completeness and continuity. Table 1 provides a statistical description of the variables.
TABLE 1 | Statistical description of variables.
[image: Table 1]4 EMPIRICAL ANALYSIS
4.1 Parallel trend test
The parallel trends assumption requires that, prior to policy implementation, the LCTA trends in the treatment group (i.e., pilot cities) and the control group (non-pilot cities) are similar. Figure 1 indicates that, in 2008 and earlier, there was no significant difference in the LCTA trends between pilot and non-pilot cities, suggesting that the trends in both groups were parallel before the policy took effect. This finding supports the validity of the parallel trends assumption, providing a solid basis for using the DID method for causal inference.
[image: Figure 1]FIGURE 1 | Parallel trend test results.
Following the policy implementation in 2008, Figure 1 shows a significantly positive effect of SLSS on LCTA, with this positive impact exhibiting increasing fluctuations over time. This positive effect can be attributed to SLSS, as a high-standard land supervision system, which effectively curtailed illegal and improper land use through stringent land use oversight and management, thereby ensuring the rational use and effective protection of farmland. Additionally, SLSS promoted scientific planning and rational land allocation, guiding construction projects to avoid high-quality farmland and supporting the implementation of farmland occupation-compensation balance and land consolidation projects. These efforts not only strengthened farmland resource protection but also improved the efficiency of intensive and economical land use, ultimately reducing agricultural carbon emissions.
As SLSS was gradually promoted and implemented nationwide, its supervisory and enforcement intensity increased across different regions. With the deepening of policy implementation, various regions adopted more stringent land management measures, which may have led to noticeable increases and fluctuations in the positive effects on LCTA in certain regions.
4.2 Benchmark regression analysis
Table 2 presents the baseline regression results on the impact of SLSS on LCTA. The findings indicate that SLSS significantly promotes LCTA, regardless of whether control variables are included or whether city fixed effects and time fixed effects are controlled. Taking column (4) as an example, cities that implement routine land inspections show an average increase of 2.17% in their agricultural low-carbon development level compared to cities that do not implement such inspections.
TABLE 2 | Benchmark regression results.
[image: Table 2]The rationale behind this effect lies in the importance of rational management and utilization of farmland as a cornerstone for low-carbon sustainable agricultural development. Illegal occupation of farmland, along with the resulting land-use changes and improper development, tends to increase carbon emissions and heighten environmental stress. The conversion of farmland to construction land or other uses releases soil carbon, thereby increasing greenhouse gas emissions. Additionally, improper land use often leads to a higher reliance on fertilizers and pesticides, further exacerbating environmental pollution and carbon emissions.
Through stringent land use regulation, SLSS ensures the effective protection and rational utilization of farmland, encouraging local governments to prioritize farmland protection and to prevent illegal occupation and degradation. This mechanism not only safeguards farmland quantity but also enhances land use efficiency, promoting the sustainable development of agricultural production. Through scientific planning and rational land allocation, the SLSS system directs construction projects to avoid high-quality farmland wherever possible and supports the implementation of farmland occupation-compensation balance and land consolidation projects. These efforts help to maintain both the quantity and quality of farmland, promote intensive and economical land use, and ultimately improve the low-carbon development level of agriculture.
From the control variables, it can be concluded that AGG, AGDP, and URB significantly promote LCTA, while HUMAN, POV, and INFRA do not have a significant impact on LCTA. Additionally, MACH significantly inhibits LCTA.
4.3 Robustness analysis
4.3.1 Placebo test
In this study, a placebo test was conducted by randomly assigning treatment and control groups and randomizing the implementation timing of routine land inspections. This approach involved constructing pseudo-treatment group dummy variables and pseudo-policy timing dummy variables to simulate the experimental and control groups under random conditions, thus helping to rule out the influence of other unobservable factors on the results. Specifically, an interaction term between the randomly generated pseudo-treatment group and pseudo-policy timing variables was included in the baseline regression analysis to test whether SLSS would still exhibit a significant impact on LCTA under randomized conditions.
To ensure the robustness of the findings, this process was repeated 1,000 times. In each iteration, new interaction terms for the pseudo-treatment group and pseudo-policy timing were generated, yielding 1,000 regression coefficients for these interactions. Figure 2 displays the distribution of p-values and the kernel density of these randomly generated coefficients. The results in Figure 2 show that most of the randomly generated coefficients are concentrated around 0, with p-values predominantly above 0.1, which is significantly different from the actual baseline regression estimate of 0.0217. This result further validates the reliability of the significant positive impact of SLSS on LCTA.
[image: Figure 2]FIGURE 2 | Placebo test.
4.3.2 Other robustness tests

(1) Two-stage did estimation. The two-way fixed effects model can introduce bias when addressing heterogeneous treatment effects, necessitating the use of more advanced estimation methods, such as the two-stage difference method, to correct for these biases. This approach not only improves the model’s explanatory power but also enables a more accurate identification of the policy’s true impact. As shown in column (1) of Table 3, after correcting for the bias associated with the two-way fixed effects model, the coefficient for the core explanatory variable in this study (0.0424) is higher than the baseline regression coefficient (0.0217).
(2) Changing the dependent variable. We use agricultural carbon emissions per unit of GDP as a measure of LCTA and re-estimate the baseline regression model. The regression results are presented in column (2) of Table 4. The findings indicate that SLSS significantly reduces agricultural carbon emissions per unit of GDP, thereby confirming that SLSS contributes to LCTA.
(3) Excluding other pilot policies. To account for the potential influence of other policy initiatives, such as the new urbanization pilot policy (posturb), the smart city pilot policy (postzh), the low-carbon city pilot policy (postdt), and the innovation city pilot policy (postcx), this study incorporates these variables into the baseline regression model. The results in column (3) of Table 4 indicate that, even after controlling for these additional policy factors, the coefficient for SLSS remains significantly positive. This finding suggests that, even when considering the effects of other policies, SLSS still exerts a significant positive impact on LCTA, further affirming SLSS’s unique and essential role in advancing LCTA.
(4) Propensity score matching did. Cities undergoing routine land inspections tend to exhibit higher levels of low-carbon agricultural development, which may introduce selection bias in the choice of cities. To address this issue, this study employs propensity score matching (PSM) to match the treatment and control group samples, thereby mitigating the impact of systematic differences between the two groups on the model. Specifically, a 1:1 nearest-neighbor matching approach is applied annually to match samples, and baseline analysis is subsequently conducted on the matched samples. The empirical results in column (4) of Table 4 show that, even after controlling for selection bias, SLSS continues to have a significant positive impact on LCTA. This finding further validates the crucial role of SLSS in promoting LCTA, demonstrating that its effect is both robust and credible.
(5) Excluding special samples. To further eliminate the potential influence of municipalities and sub-provincial cities on the baseline regression results, particularly in terms of economic development and policy implementation, this study excludes these cities from the analysis to enhance the robustness and accuracy of the findings. Due to their higher administrative status, superior resource allocation, and stronger policy enforcement capabilities, municipalities and sub-provincial cities may exhibit more favorable LCTA outcomes, potentially biasing the assessment of SLSS’s effectiveness. To address this potential bias, we exclude these cities and re-estimate the regression model. The empirical results, shown in column (5) of Table 4, indicate that even after excluding cities with these special advantages, the positive effect of SLSS on LCTA remains significant, with the coefficient continuing to be positive. This finding demonstrates that the positive impact of SLSS on LCTA is consistent and broadly applicable across different types of cities, further confirming the effectiveness and robustness of SLSS as a key policy instrument for advancing the low-carbon transformation of agriculture.
TABLE 3 | Robustness test results.
[image: Table 3]TABLE 4 | Transmission mechanism test results.
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Building on the theoretical analysis and the foundation of model (1), this study further investigates the transmission mechanism through which SLSS affects LCTA. The model is constructed as follows:
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In Equations 2 and 3, M is the conduction mechanism variable. [image: image] represents the influence coefficient of SLSS on M, and [image: image] represent the influence coefficient of M on LCTA. Suppose SLSS affects LCTA through M, both [image: image] and [image: image] should be significant. In this study, M represents agricultural scale operations and agricultural technological progress. Following previous studies Wei et al. (2023), agricultural scale operations are measured by the proportion of grain sown area to the total sown area of crops. For agricultural technological progress, this study adopts the EBM-GML model, as suggested in the literature Feng et al. (2023); Xie and Wu (2023); Zhou et al. (2024), to calculate the agricultural total factor productivity index, which is further decomposed into the agricultural technical efficiency index and the agricultural technological progress index (Chen, 2010; Chen et al., 2022).
Table 4 presents the results of the transmission mechanism analysis of SLSS’s impact on LCTA. Columns (1) and (2) in Table 4 indicate that SLSS significantly promotes agricultural technological progress, and that technological progress, in turn, contributes to LCTA. This finding suggests that SLSS advances LCTA by fostering agricultural technological progress. Similarly, columns (3) and (4) reveal that SLSS significantly encourages agricultural scale operations, which are beneficial for LCTA. This implies that SLSS supports LCTA through the promotion of agricultural scale operations.
4.5 Heterogeneity analysis
4.5.1 Grain production capacity and city size
Table 5 presents the empirical results of SLSS’s impact on LCTA across regions with varying grain production capacities and city sizes. The findings indicate that SLSS has a more pronounced effect on promoting LCTA in non-grain-producing regions compared to major grain-producing areas. This difference can be attributed to the more diversified land use patterns typically found in non-grain-producing regions, where land can be more readily reallocated and adjusted for activities such as cash crop cultivation, forestry, and animal husbandry. By enforcing strict land regulation and promoting relevant policies, SLSS encourages non-grain-producing areas to optimize land allocation and adopt diversified cropping structures, which enhances land use efficiency and reduces greenhouse gas emissions. Moreover, non-grain-producing areas often emphasize restructuring and upgrading the agricultural industry. In these regions, SLSS has accelerated agricultural modernization and the expansion of large-scale operations, facilitating land transfer and concentration, which improves agricultural productivity and resource efficiency. For instance, non-grain-producing regions are more likely to adopt large-scale farming practices and advanced agricultural technologies, thereby effectively minimizing resource waste and environmental pollution.
TABLE 5 | Heterogeneity in grain production capacity and city size.
[image: Table 5]Regarding city size, SLSS has a more significant impact on LCTA in smaller cities than in larger ones. Small cities tend to have relatively concentrated resources, and land management and allocation are simpler. Through stringent land regulation and policy guidance, SLSS can more effectively channel resources toward agricultural development, reducing land wastage and inefficient use. In contrast, large cities face greater challenges due to rapid urbanization, resulting in more dispersed land resources, increased management complexity, and relatively weaker resource integration. Additionally, smaller cities often exhibit greater flexibility and efficiency in policy implementation compared to larger cities. With fewer administrative layers and shorter decision-making chains, small cities can swiftly respond to and implement SLSS requirements. In contrast, large cities, with more complex administrative structures, may experience delays in information transmission and challenges in effective policy execution, which can weaken the policy’s overall impact.
4.5.2 Agricultural low-carbon development level
Table 6 presents the heterogeneity analysis results for low-carbon agricultural development levels. The findings indicate that at the 15%, 35%, 55%, 75%, and 95% quantiles of LCTA, the impact of SLSS on promoting LCTA is 0.0138, 0.0245, 0.0392, 0.0608, and 0.0880, respectively, showing an upward trend. This suggests that SLSS has a more substantial effect in cities with higher levels of low-carbon agricultural development.
TABLE 6 | Heterogeneity in agricultural low-carbon development level.
[image: Table 6]The underlying reason is that cities with higher levels of low-carbon agricultural development generally possess greater experience in policy formulation and stronger administrative capabilities. Local governments in these cities are better equipped to effectively implement SLSS requirements, promoting large-scale and intensive agricultural practices, optimizing land use, and reducing resource waste and carbon emissions. Consequently, a supportive policy environment and robust management experience make the impact of SLSS more significant in these cities. Additionally, in cities with higher levels of low-carbon agricultural development, public environmental awareness tends to be stronger, and there is greater societal support for low-carbon agricultural practices. This positive social atmosphere facilitates the smooth implementation of SLSS and enhances its effectiveness. High levels of public awareness and social support further promote the adoption of green agricultural technologies, strengthening the effectiveness of policy execution and thus advancing LCTA.
Moreover, these cities typically enjoy better environmental and ecological conditions, allowing for more efficient use of natural resources and reduced environmental impact. In such favorable conditions, SLSS—through stringent land regulation and resource management—can more effectively enhance the sustainability and low-carbon orientation of agricultural production. Therefore, in cities with higher levels of low-carbon agricultural development, the impact of SLSS is more pronounced, further driving the progress of LCTA.
4.5.3 Poverty incidence and fiscal pressure
Table 7 presents the heterogeneity analysis results for poverty rate and fiscal pressure. The findings indicate that SLSS has a more pronounced impact on promoting LCTA in regions with low poverty rates compared to regions with high poverty rates. This may be because regions with lower poverty rates generally possess stronger policy implementation capabilities and higher levels of management. Local governments in these areas are better able to fulfill the requirements of SLSS, advancing large-scale and intensive agricultural operations and optimizing land use. Higher management standards and more efficient resource coordination and allocation in these regions further contribute to the promotion of LCTA.
TABLE 7 | Heterogeneity test results of poverty rate and financial stress.
[image: Table 7]This study measures fiscal pressure by calculating the ratio of the difference between local fiscal expenditure and revenue to local fiscal revenue, and then examines the impact of SLSS on LCTA under conditions of high and low fiscal pressure. The results reveal that SLSS has a more significant effect on LCTA in regions with low fiscal pressure compared to those with high fiscal pressure. Regions with lower fiscal pressure generally have greater financial resources and a more stable economic foundation, which better supports the implementation of SLSS. Adequate funding and a strong economic base not only facilitate the adoption and application of low-carbon agricultural technologies but also support the construction and maintenance of infrastructure, ensuring smooth policy execution and expansion.
5 DISCUSSION
5.1 Result interpretation
Using panel data from 283 Chinese cities over the period 2005–2016, this study empirically analyzes whether and how the SLSS promotes the LCTA. The findings indicate that SLSS effectively promotes LCTA, with cities under inspection experiencing an average increase of approximately 2.17% in low-carbon agricultural development. This empirical result offers a new theoretical perspective on the role of land management policies in environmental protection and sustainable development. By demonstrating the significant impact of SLSS in advancing low-carbon agricultural development, this study contributes to the academic discourse on the relationship between land management and environmental protection.
Additionally, the study provides critical empirical evidence for policymakers, showing that strict land management and supervision can effectively drive the low-carbon transformation of agriculture. Based on this insight, policymakers can further refine land management policies to foster sustainable agricultural development. Unlike studies focused on evaluating the carbon reduction effects of high-standard farmland construction (Li et al., 2023b), SLSS’s primary objective is to protect farmland, prevent illegal occupation and improper use, and safeguard national food security and ecological integrity. SLSS emphasizes the enforcement and oversight of land management policies, establishing dedicated inspection agencies to regularly monitor land use practices across regions, thereby ensuring effective policy implementation. This rigorous enforcement mechanism grants SLSS a notable advantage in terms of policy efficacy and real-world impact.
Moreover, SLSS has established a long-term land supervision mechanism to ensure the sustained implementation and effectiveness of land management policies. This enduring framework helps prevent short-term exploitation and regulatory violations in land use, providing institutional support for the long-term low-carbon transformation and sustainable development of agriculture. Unlike previous studies that used panel data from 30 Chinese provinces to assess the environmental effects of land supervision (Ma and Zhang, 2024), this study leverages panel data from 283 cities, offering a more granular evaluation of SLSS’s impact on LCTA and expanding the applicability of SLSS in environmental impact research.
The impact of SLSS on promoting LCTA is primarily achieved through facilitating agricultural technological progress and encouraging large-scale farming operations. Agricultural technological advancement and large-scale operations are widely recognized as critical drivers for achieving LCTA, with numerous studies confirming their importance from various policy and developmental perspectives (Guan et al., 2023; Li and Wang, 2023). For example, research has examined these factors through lenses such as the new urbanization pilot policy (Zhou et al., 2024), the digital economy (Zhong et al., 2022), and urban-rural integration (Xie et al., 2018). By focusing on land institutions, this study validates the effectiveness of SLSS in promoting LCTA through the advancement of agricultural technology and the expansion of large-scale operations, providing a novel perspective to the academic community and expanding the scope of research on this topic. To achieve LCTA objectives, it is essential to coordinate land management policies with other related policies. For instance, agricultural technology, environmental, and rural development policies should work synergistically to promote low-carbon transformation and sustainable development in agriculture. Such policy coordination not only enhances the effectiveness of SLSS but also systematically accelerates the agricultural sector’s transition toward low-carbon practices.
Compared to major grain-producing regions, high-poverty areas, and high-fiscal-pressure regions, SLSS has a more pronounced effect on LCTA in non-grain-producing regions, low-poverty areas, and low-fiscal-pressure areas. Furthermore, SLSS has a stronger impact in cities with higher existing levels of low-carbon agricultural development. These findings not only enrich the theoretical framework for evaluating policy effectiveness but also provide scientific guidance for designing differentiated and refined land management policies. When developing and implementing land management policies, the government should adopt region-specific strategies. Non-grain-producing and low-fiscal-pressure areas may be more amenable to strict land management policies, while high-poverty and high-fiscal-pressure areas may require supplementary supportive policies to foster LCTA. This insight offers a new approach to achieving balanced regional development—by implementing stricter land management in non-grain-producing and low-poverty areas, LCTA can be promoted in these regions, helping to narrow regional development gaps. At the same time, diverse policy tools to support high-poverty and high-fiscal-pressure areas can help facilitate balanced development across regions.
These conclusions also offer valuable insights for other developing countries. The successful implementation of SLSS demonstrates that land management policies can effectively promote LCTA by advancing agricultural technology and supporting large-scale farming operations. Developing countries can draw on this experience to design appropriate land supervision systems that align with their specific national contexts, thereby fostering low-carbon and sustainable agricultural development. Additionally, when promoting similar policies, it is important to consider regional disparities and develop differentiated policies that are tailored to local conditions, thereby promoting green development and environmental protection. This study provides empirical support for the international promotion of SLSS, facilitating the sharing of successful practices through international collaboration. Developing countries can utilize international conferences, collaborative research, and knowledge-sharing platforms to learn from SLSS’s implementation, thereby enhancing their land management capabilities and accelerating LCTA.
5.2 Policy recommendations
The government should continue to support and reinforce SLSS, especially in key agricultural regions, to ensure the long-term effective implementation of policies concerning farmland protection and the regulation of land use. Building on this foundation, it is important to gradually establish and promote standardized procedures for land inspections, enabling a stable role in advancing low-carbon development across a wider range of areas. SLSS can increase local governments’ accountability and transparency in land management by making land inspection information publicly accessible and instituting a performance evaluation system for land use. The regular publication of routine land inspection results not only enhances the transparency of policy enforcement but also boosts public trust and encourages active oversight, thereby better ensuring the sustained positive impact of SLSS on LCTA.
Moreover, the government should implement differentiated land regulatory policies tailored to the agricultural conditions, fiscal situations, and poverty levels of various regions to improve the adaptability and effectiveness of SLSS. For instance, in non-major grain-producing regions, areas with low poverty rates, and regions with low fiscal pressure, efforts in land management can be intensified to support large-scale and intensive agricultural practices, facilitating the optimal allocation of land resources. In regions with high poverty rates and high fiscal pressure, additional supportive measures, such as technical assistance and financial subsidies, can be integrated within the SLSS framework to enhance the practicality and adaptability of land management policies. This differentiated policy approach ensures the broad applicability of land management while also enhancing policy precision to meet the specific needs of different regions.
Through monitoring land use data within the SLSS framework, the government can track the real-time effectiveness of low-carbon agricultural technologies, identify areas where the promotion of these technologies is lacking, and provide a scientific basis for technological improvements and resource distribution. Within the SLSS framework, tax incentives for large-scale agricultural enterprises can be introduced to reduce operational costs, thereby encouraging more agricultural businesses and cooperatives to engage in large-scale operations and further promoting the adoption of low-carbon technologies. This tax incentive mechanism underpinned by SLSS not only supports the expansion of large-scale agriculture but also ensures the widespread adoption of low-carbon technologies, thus accelerating the LCTA process.
5.3 Limitations and future research
This study offers significant insights into the impact of SLSS on LCTA, drawing a range of conclusions with both practical and theoretical implications. By broadening the understanding of LCTA’s impact mechanisms, this research contributes a new perspective to existing land management and environmental economics theories. However, several limitations should be acknowledged. First, since 2017, routine land inspections have achieved full coverage across all 31 provincial-level administrative regions in China, rendering data from subsequent years unsuitable for DID analysis. To ensure an adequate sample of control group cities before and after policy implementation, this study focused on the period from 2005 to 2016. The data from this timeframe in China is relatively complete and reliable, providing a stable foundation for analysis and enhancing the continuity and reliability of the findings. Nonetheless, future studies could consider using more recent data to capture new policy impacts and reveal the latest developments in LCTA. Additionally, the spatial spillover effects of SLSS warrant further investigation, particularly regarding its potential influence on low-carbon agricultural development in neighboring regions, which may exhibit additional spillover effects. This study is centered on SLSS within the Chinese context and lacks an international perspective. Future research could incorporate cross-country comparisons to examine how different nations’ land management policies affect LCTA, thereby offering broader insights and references for LCTA policy formulation on a global scale.
6 CONCLUSION
This study uses China’s routine land inspections as a quasi-natural experiment, analyzing panel data from 283 Chinese cities from 2005 to 2016 to assess the impact of the State Land Supervision System (SLSS) on the Low-Carbon Transformation of Agriculture (LCTA). The main findings are as follows:
(1) SLSS significantly enhances LCTA, as confirmed by a series of robustness checks. On average, cities that implemented routine land inspections experienced a 2.17% increase in their low-carbon agricultural development levels compared to cities without such inspections.
(2) The positive effect of SLSS on LCTA is primarily achieved through the promotion of agricultural technological progress and the expansion of large-scale agricultural operations. SLSS has a stronger impact on LCTA in non-grain-producing areas, regions with low poverty rates, and areas with low fiscal pressure, compared to major grain-producing areas, high-poverty regions, and high-fiscal-pressure areas.
(3) SLSS has a greater impact on LCTA in cities with higher baseline levels of low-carbon agricultural development.
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