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ABSTRACT 
	Climate change is causing deterioration of agricultural output and ecosystem well-being, necessitating economic mechanisms such as carbon credit markets and ecosystem service valuation to balance sustainable rural livelihoods and environmental sustainability. This paper discusses the role of the carbon credit market and Ecosystem Service Valuation (ESV) in supporting sustainable agriculture and improving the livelihoods of rural communities. The study combines the evidence-based global carbon pricing and Payments for Ecosystem Services (PES) to point out their economic, social, and environmental co-benefits. The study shows well-designed carbon and PES plans; moreover, internalizing the environmental costs also diversifies the income of these farmers, decreases poverty, and enhances resiliency among the smallholders. Further, the paper highlights the trade-offs between carbon sequestration and the ecosystem processes like biodiversity conservation, soil fertility and water management. However, problems such as valuation issues, trade-offs between land use and institution gaps demand sound governance, monitoring, and combined policy bodies. The paper concludes that linking carbon markets with ecosystem valuation aligns agricultural systems with the United Nations Sustainable Development Goals. 
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1. INTRODUCTION 

Climate change is deeply affecting the agriculture and the economy of rural communities across the globe (Tolulope et al., 2025). Rising temperatures (Verma & Sudan, 2021) and alterations in weather patterns (Ahmad et al., 2022) are threatening the livelihoods of the majority of smallholder and rural farmers, as they are affecting crop yields and livestock productivity (Gokul et al., 2025). Climate stress results in significant economic impairment (Nie et al., 2024) and loss of food security (Adekunle et al., 2024) by impacting agricultural productivity. As a result, rural regions that depend on agriculture experience a decline in farm income, leading to rural poverty and food insecurity (Neglo et al., 2021). Overall, climate change, agricultural sustainability, and rural livelihoods are closely interconnected (Abebaw, 2025; Das & Ansari, 2021). In this context, carbon credits and the valuation of ecosystem services become mechanisms to bring environmental and development goals together. By placing an economic price on carbon sequestration and non-market ecosystem values can generate funds and incentives for sustainable agriculture (Bhattacharyya et al., 2022). Pigovian tax-like mechanisms and carbon credit markets (Metcalf, 2021) can pay farmers for the adoption of carbon-sequestering measures such as soil conservation and agroforestry, increasing farm incomes (Barbato & Strong, 2023). Similarly, Payments for ecosystem services (PES) acknowledge non-market values of healthy soil, diverse wildlife habitats, and clean water and pay stewards of land for conserving and restoring these. Together, carbon and ecosystem payments can enable agricultural emissions and degradation reduction and still contribute to rural development (Strauss et al., 2024). As Scheid (2023) points out, new schemes of carbon farming provide the possibility of protecting and restoring native ecosystems, with biodiversity benefits, and can bring tens of billions of revenue to farmers. Through this global perspective review, we determine how integrated valuation of carbon and ecosystem services can promote the attainment of climate and development outcomes at the rural scale.

2. The Economics of Carbon Credits: 

Carbon markets aim to internalize the climate costs of emissions by putting a price on carbon emissions (Wags & Ifeanyi, 2024). Compliance markets such as the EU Emissions Trading System (Jo, 2021) and China’s national ETS (Li et al., 2022) are legally mandated cap and trade systems and taxes, covering large emitters and often excluding agriculture directly. Voluntary carbon markets operate through external regulation: private firms and individuals purchase carbon credits, each representing 1 tonne of carbon dioxide equivalent (CO₂e) removed to meet corporate climate targets (Battocletti, 2025). Indicatively, the World Bank reports that as of 2022, carbon taxes and trading schemes cover about 23% of global GHG emissions (World Bank Group, 2023). Carbon pricing can be an effective way to incorporate the costs of climate change into economic decision-making, thus theoretically leading to more socially efficient outcomes and higher social welfare. In practice, compliance schemes raise substantial revenue, roughly $95 billion in carbon taxes and ETS revenues in 2022, which governments can reinvest in clean technology and rural development (Taheri, 2025; World Bank Group, 2023; Zhang, 2025). Agriculture’s relevance is twofold. First, agri‐food systems are major emitters: roughly one-third of anthropogenic GHG emissions stem from farming and land use (Food and Agriculture Organization of the United Nations, 2024). Methane and nitrous oxide dominate agricultural GHGs (OECD, 2022). Thus, including agriculture in carbon pricing could yield climate benefits, for instance, reducing methane from livestock and fertilizer use. Second, agriculture offers a large carbon sequestration potential. Soil and woody biomass carbon in croplands and pastures can absorb CO₂ if managed well. UNCTAD puts the Uruguay hypothesis of least-developed countries’ untapped agricultural carbon credits at 2% of annual global emissions, subject to sufficient project access and adequate carbon prices (UNCTAD, 2024). Overall, theoretically speaking, carbon markets can offer price incentives for farmers' climate-resilient agriculture (Yusof, 2025). However, designing mechanisms that align welfare economics by maximizing net social benefits with on‐the‐ground realities, such as market failures, transaction costs, remains a key challenge (Shin, 2016). The following figure (Fig. 1) illustrates the conceptual flowchart of the carbon credit mechanism, outlining the sequential processes involved from project implementation to credit generation and market transaction.
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Fig. 1: Economic Flow of Carbon Credits in Agricultural Systems (Cariappa et al., 2024; Hameed et al., 2025; Yucheng, 2024)

3. ECOSYSTEM SERVICE VALUATION (ESV):

Ecosystem services (ES) are generally divided into four categories: provisioning services that include utilizable products like food, fibre, fresh water, regulating services that include weather and flood control, pollination, water purification, cultural services including use of recreation, aesthetic and spiritual values, and supporting services such as soil development, nutrient cycles (Finisdore et al., 2020; La Notte et al., 2017; Obiang Ndong et al., 2020; Sattler et al., 2013). They contribute both to agricultural productivity and rural livelihoods (Zhou et al., 2023), but practically all of them are not traded. Valuation methods attempt to quantify ecosystem services in monetary terms: they include revealed preference techniques (Bateman & Kling, 2020), stated preference methods (Barkmann et al., 2008), and production-function approaches (Grammatikopoulou et al., 2024) linking ecosystem inputs to market outputs and benefit-transfer. Direct market prices and cost-based methods are also used when applicable. The choice of method depends on data and context.
Guerry et al. (2015) argue that assigning monetary values to nature helps inform policy and draws attention to ecosystems’ hidden advantages. Manero et al. (2022) doubts about the accuracy of non-market valuation or caution about the moral and methodological dangers of commodifying nature. However, valuing ecosystem services provides important signals: assigning economic worth to soil fertility (Baveye et al., 2016), biodiversity (Paul et al., 2020) and water regulation (Grizzetti et al., 2016), it can reveal how conservation enhances rural well-being and guide cost–benefit analysis of agricultural interventions, including trade-offs with production (Cavender-Bares et al., 2015). The Ecosystem Service Valuation pyramid in (Fig. 2) depicts the four categories of ecosystem services, emphasizing their economic value hierarchy.
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Fig. 2: Hierarchy of Ecosystem Services and Their Economic Value (Behboudian et al., 2021; Heckwolf et al., 2021; Lim, 2022)

4. Livelihood Diversification through Carbon Credit and Payment to Ecosystem Service (PES) Revenues

Carbon-credit and PES schemes have the potential to create new income for farming households through incentives for agroforestry (Awazi et al., 2025), soil restoration (Meena et al., 2024), and watershed management (Connor et al., 2022). Indicatively, agroforestry can offer timber, fruit and fodder products in addition to crops, hence diversifying farm income (Kassie, 2017). Smallholder agroforestry with carbon payments and PES in Ethiopia generated around 28 percent of household income, which substantially reduced poverty rates (Tebkew et al., 2024). The Grain-for-Green (PES) scheme of China provided alternative livelihoods to farmers that can offset the losses caused by reduced crop area (Li & Zander, 2020). PES schemes encourage households to diversify their livelihood and farming by combining environmental regulations with resource access (Wegner, 2016). This diversification safeguards from income risk: in times of crop failures, carbon and PES profits act as a safety net, creating resilience (Li & Zander, 2020). 

[bookmark: _Hlk215219095]5. Poverty Alleviation, Resilience, and Welfare Gains
Carbon payments and new PES are frequently directly transferred to rural families, increasing household income (Wang et al., 2017). These funds are a significant factor for welfare enhancement: in Ethiopian agroforestry-based farms, poverty levels decreased by more than 10 per cent, and reduced income inequality (Tebkew et al., 2024). Similarly, quantitative analyses in China’s ecosystem-service programs show that higher participation in PES correlates with income growth for farm households (Sheng & Wang, 2022). Notably, a substantial share of these benefits accrued through the facilitation of off-farm labour opportunities, whereby PES-derived income enabled households to allocate capital toward education and local enterprises, rather than being confined solely to on-farm consumption. By diversifying revenues and allowing investments in assets, carbon, and PES schemes can thus enhance household resilience (Aza, 2019). Meta-studies of climate-smart practices find overall benefits to farm welfare when farmers adopt such measures (Adimassu et al., 2025). Evidence suggests that effectively designed carbon and PES interventions can uplift rural livelihoods, raising average incomes and alleviating poverty as they develop adaptive resilience (Li & Zander, 2020).


[bookmark: _Hlk215219103]6. Synergies and Trade-offs Between Carbon Credits and Ecosystem Services: 
6.1. Payment for Ecosystem Services (PES) as an Integrative Framework:
Payment for Ecosystem Services (PES) schemes can operationalize carbon and other ecosystem values together (Kaiser et al., 2023). Land stewards, who are usually farmers or communities, are paid monetary rewards for holding land stewardship clear of harm and securing ecosystem services (Raymond et al., 2016). Around the world, PES programs reward watershed protection, agroforestry, frequently bundling several benefits (Jindal & Vardhan, 2018). COP21 (Kreienkamp, 2021) and COP27 (Muigua, 2023) recognized that integrated approaches are needed to meet climate, biodiversity and development goals. A recent analysis notes that PES programs offer a solution by monetizing benefits, including climate change mitigation, adaptation and biodiversity (Chiriac et al., 2023). China’s Grain for Green and the US Conservation Reserve Program have paid farmers to retire degraded cropland, yielding both carbon and habitat gains (Deng et al., 2017). New initiatives explicitly aim to channel climate finance through PES to smallholders, emphasizing robust measurement and private-sector funding. In core, PES provides a market-like framework that can integrate carbon sequestration with other public goods into a composite payment. When carefully designed, PES can align farmers’ incentives with their role of stewardship of the ecosystem, elevating rural incomes while augmenting multiple services (Zhou et al., 2025).

6.2. Co-Benefits of Carbon Sequestration: Biodiversity, Soil Health, and Water Regulation

Carbon-friendly agricultural systems tend to provide additional ecosystem services. Agroforestry (Mulatu & Hunde, 2019) and reforestation (Di et al., 2021), enhance carbon sequestration and support wildlife and biodiversity. The addition of carbon to the soil leads to better soil health, enhancing nutrient availability and soil structure, which subsequently leads to higher crop resilience and yields (Liang et al., 2025). Healthier soils also store more water and minimize surface runoff, improving water management and quality. National programs report similar co-benefits: USDA’s climate-smart agriculture practices not only increase soil carbon but also improve soil fertility, water retention, air quality, and wildlife habitat (USDA, 2025). A recent structured review finds strong co-benefits of carbon farming where opportunity costs are high (Strauss et al., 2024). In sum, carbon-sequestering interventions tend to bolster regulating services and supporting services (Scheid et al., 2023). In turn, these services underpin long-term farm productivity and rural resilience (Bailey & Buck, 2016). Explicitly accounting for such co-benefits can make climate payments more attractive and equitable, encouraging broader adoption of agroecological practices. (Lavorel et al., 2020; Sinclair et al., 2019).      

6.3. Trade-offs and Leakage Effects: Land Use Competition and Displacement Risks  

There are also trade-offs involved in integrating carbon and ecosystem payments. When land is converted to high-carbon purposes, this may conflict with food production and income requirements (Vlek et al., 2017). Indicatively, an ecological restoration case in the Loess Plateau in China captured carbon and enhanced water retention and biodiversity, yet reduced agricultural production by approximately 15% (Jiang et al., 2025). On the other hand, increases in crop production increase yields but can decrease carbon storage and water quality (Xia et al., 2018). The trade-off between provisioning and regulating services is contextual. A modelling study concludes that sustaining maximum yields often sacrifices carbon and biodiversity services, whereas restoration scenarios reverse that trade-off (Strauss et al., 2024). Leakage is another issue: limiting land use in a region can just cause agriculture to move elsewhere and counteract net climate and ecosystem benefits (Dooley & Kartha, 2018; Filewod & McCarney, 2023). Moreover, carbon projects that emphasize carbon risk solely do not consider the other ecosystem values. High-yield monocultures and soil amendments might increase carbon uptake but degrade biodiversity and water quality if not managed holistically. The latest criticism states that carbon markets may offer both threat and opportunity to nature, and that safeguards are necessary to make sure the projects bring about real additional benefits to ecosystems (Scheid et al., 2023). In practice, they require high standards and integrated design to reduce adverse trade-offs.

6.4. Valuation Integration for Bundled-Service Markets

There is growing interest in creating credit stacks and bundled markets that value multiple services together. A single project might generate carbon credits, water quality improvement, and biodiversity habitat. However, bundling services poses logistical and valuation challenges. According to a policy analysis, nature-credit systems have frequently failed to provide bundled services since it is difficult to separate services into distinct markets (Anna, 2025). Bundling needs both integrated valuation and governance. A promising strategy is place-based and community-led PES that directly aggregates different values: a Chinese rural PES case introduced local governance and platform fees so that beneficiaries of clean water, recreation, and food all contribute payments. (Zhou et al., 2025). Likewise, agricultural products can have eco-certifications that integrate both carbon and biodiversity standards. Overall, integrating valuation allows firms or governments to pay a single fee that is shared among ecosystem benefits, potentially simplifying transactions. The key is to ensure that credit buyers understand the full bundle of services and that land managers are rewarded for multiple outcomes. Bundled-service markets can promote synergies and allow greater co-financing of rural environmental stewardship when they are planned appropriately. (Fiore & Grabbe, 2025). 

7. Policy, Governance, and Institutional Dimensions
7.1. Role of International Climate Agreements

International frameworks shape carbon and ecosystem markets. The Clean Development Mechanism (CDM) of the Kyoto Protocol in 1997 allowed certain forestry and methane projects to produce carbon credits, some of which were agriculture-related (Jindal & Vardhan, 2023; Wittman et al., 2015). Article 6 of the Paris Agreement of 2015 also gave legitimacy to international carbon trading (Edmonds et al., 2019). The cross-border transfers and a new UN mechanism credits are rules that have been filled in by negotiations at COP24, COP26 and COP27. These frameworks promote the cooperation of countries in the carbon markets to achieve the Nationally Determined Contributions (NDCs). The World Bank notes promising signs of cooperation between countries on carbon markets under the Paris Agreement (World Bank Group, 2023). However, stringent double-counting rules and host-country consent are still being refined. International agreements also highlight nature’s role: the UNFCCC COP decisions on REDD+ and on Nature-based Solutions aim to integrate biodiversity co-benefits (Gupta & Dube, 2021; Smith et al., 2019). These global mandates increase the legitimacy of carbon projects in agriculture, but also impose safeguards that participating projects must follow. 


[bookmark: _Hlk215219127]7.2. National Policy Instruments for Carbon Pricing and PES in Agriculture
At the national level, governments have different instruments. Some jurisdictions extend carbon pricing to land use or agriculture: for instance, New Zealand’s ETS covers forestry and potentially agriculture, while the EU has LULUCF regulations requiring accounting of cropland carbon. (World Bank Group, 2023). Most countries have enacted carbon taxes or broad ETS for industry, but agriculture often relies on subsidies or voluntary programs. In parallel, many countries have launched PES schemes. Notable examples include Costa Rica’s long-running national PES paying landowners to conserve forest and China’s Grain for Green payments for afforestation (Zhou et al., 2025). The US Conservation Reserve Program pays farmers to retire erodible land, delivering carbon storage and habitat benefits. Several African and Latin American nations pilot agroforestry and soil-carbon projects supported by MDBs. Thus, while direct carbon taxes on farmers are still rare, most governments have at least some incentives for sustainable practices, including tax breaks, grants, technical assistance, and PES. International climate finance, including the Green Climate Fund, and bilateral aid increasingly channel support for rural climate-smart agriculture. In general, national policy mixes tend to combine agricultural subsidies with emerging carbon and PES instruments to encourage low-carbon practices (Chiriac et al., 2023). Table 1 presents global carbon pricing and Payment for Ecosystem Services (PES) programmes in the agricultural sector, offering a comparative overview across regions and policy frameworks. 

Table 1.	Comparative Overview of Global Carbon Pricing and PES Programs in Agriculture

	Country
	Policy Instrument
	Mechanism Type
	Coverage (Sector/Area)
	Key Outcomes
	Reference

	European Union
	EU Carbon Removals and Carbon Farming Regulation
	Voluntary carbon credit certification
	Agricultural soils and forestry
	Establishes the EU’s first voluntary carbon farming market, enabling farmers to earn credits for sequestration and soil carbon practices. Potential market $6 billion/year. Aims to incentivize climate-friendly farming; scope will likely expand by 2026.
	(European Commission, 2025; Panagos et al., 2025)

	China
	Grassland Ecological Compensation Program (GECP); Sloping Land Conversion (Grain-for-Green)
	Government-directed PES (land-use compensation)
	Grasslands (pastoral rangelands); marginal farmland to forests
	Grassland PES (GECP) modestly improved pasture quality and significantly raised herders’ incomes. Large-scale agricultural reforestation programs such as Grain-for-Green have invested $378.5 billion since 1998, converting 624 Mha of cropland to forest and improving soil and water conservation. These measures sequester carbon while supporting rural livelihoods.
	(Hou et al., 2021; World Bank, 2021)

	New Zealand
	New Zealand Emissions Trading Scheme (NZ ETS); Agriculture pricing initiative
	Cap-and-trade; planned farm-level carbon charge
	Forestry (carbon sinks); formerly, livestock methane
	The NZ ETS grants carbon units for farm afforestation and has generated NZD 5.6 billion in revenue (2018-2024) for climate measures. In 2024, the government repealed planned farm-gate agricultural levies, removing agriculture from the ETS, and set a goal to price farm emissions by 2030 using an alternate mechanism. ETS incentives have largely driven plantation forestry rather than direct farm emissions reductions.
	(International Carbon Action Partnership, 2025)

	Costa Rica
	National PES Program under Forest Law 7575 (administered by FONAFIFO)
	Government-financed direct payments
	Private forest on farms (reforestation, conservation, agroforestry)
	A longstanding PES program (since 1996) pays landowners for forest ecosystem services such as carbon, water, and biodiversity. It has reversed deforestation: millions of trees planted and thousands of smallholders enrolled for cash payments. For example, 7 million new trees on private farms and many families receiving income. Annual budget $20–25 M (mostly fuel tax), sustaining significant rural livelihoods.
	(Stamm, 2025)

	USA
	USDA Conservation Programs (CRP, EQIP, CSP under Farm Bill) + voluntary offset markets
	Government subsidies and PES; voluntary offsets
	Cropland retirement; soil carbon & cover crops; farm forestry; livestock methane
	Federal conservation programs (voluntary contracts) serve as PES-type incentives. The Conservation Reserve Program (CRP) enrolled about 22.9 million acres by 2023 for long-term conservation. In 2022, the Inflation Reduction Act provided $18 B for agriculture GHG mitigation via these programs. Meanwhile, voluntary carbon markets are emerging for agriculture, such as soil‑carbon projects, methane digester credits, though at a limited scale.
	(Joiner et al., 2023)

	India
	National Green Credit Programme; Nationally Determined Contribution (NDC) driven agroforestry policies
	Emerging eco-credit trading: voluntary offsets
	Agroforestry and reforestation on farms
	India has no formal agricultural sector carbon price. PES mechanisms are nascent: the 2023 Green Credit Rules create a market-based system to reward positive environmental actions. Intended coverage includes tree planting on farms and soil carbon enhancement. To date, PES remains an “emerging” concept in India. Future outcomes are largely preparatory – the programme could eventually monetize ecosystem services in agriculture as it scales up.
	(The Nature Conservancy India, 2022)



7.3. Institutional Arrangements: Governance, Monitoring, and Enforcement

Credible carbon and PES schemes depend on robust institutions. This encompasses clear property and carbon rights, transparent registries, credible measurement systems, and legal systems to enforce contracts (Shen et al., 2023). International research highlights that effective domestic regulations and monitoring enhance the returns of carbon markets. Indicatively, UNCTAD notes that LDCs require more robust laws, regulations and monitoring to enable projects to bring local development (UNCTAD, 2024). Similarly, the CompensACTION initiative of the G7 emphasizes that strong measurement frameworks will be the key to success in smallholder PES programs (Wollenberg et al., 2022). Common standards such as Verified Carbon Standard, Gold Standard offer independent auditing and verification (MRV) protocols to measure carbon and other metrics (Woo, 2021). Effective governance would include participatory land-use planning and anti-corruption supervision at the local level. In the absence of reliable MRV and enforcement, markets are faltering: the history of voluntary carbon markets has demonstrated that bad quality credits and false claims destroy credibility (Ziegler, 2023). Thus, multi-layer governance: village committees, national agencies, and international organizations should align to make sure that payments are actually based on ecosystem performance.

8. Methodological Innovations and Future Directions 

8.1. Advances in Econometric Modelling of Adoption and Valuation

Scientists are increasingly applying advanced modelling to comprehend the behaviour of farmers and the value of ecosystem benefits. Choice experiments and contingent valuation surveys measure the willingness of rural people toward PES. Meanwhile, econometric models indicate drivers of participation: farm size, education, and risk preferences (Jia et al., 2022; Li et al., 2022). To illustrate, interviews with U.S. farmers revealed that the majority of the respondents were already engaged in sustainable practices, and they considered carbon payments as a supplementary incentive, emphasising the issues of additionality and transaction costs (Barbato & Strong, 2023). These insights can be used to design incentives to appeal to genuinely marginal farmers. Future econometric studies will probably incorporate spatial data and social variables to make predictions about adoption patterns, and will optimize non-market valuation methods to establish fair rates of payment.
8.2. MRV (Measurement, Reporting, and Verification) in Agricultural Carbon Projects
Credible MRV plays a critical role in verifying that the reported emissions are authentic. Agriculture is a challenge: Carbon and biomass of the soil are distributed erratically. Indicatively, a recent Soil Carbon International Research Consortium that launched in 2023 seeks to harmonize MRV approaches by standardizing measurements and models across projects (orcasa, 2025). Machine learning and high-resolution remote sensing by satellite imagery, drone imagery can be used to scale up and monitor land-use changes, tree cover, and soil health indicators more frequently (Mitchell et al., 2017). Mobile soil sensors and big-data models are starting to forecast the carbon of soil with greater accuracy (Liu et al., 2024). A combination of field data and spatial analytics, and carbon accounting is becoming increasingly automated, including COMET-Farm, Gold Standard methodologies (Ellis & Paustian, 2024). Carbon credits and project data are also being tested over blockchain and digital registries (Woo et al., 2021). Therefore, in the near future, the developments in AI and cloud computing will likely reduce the price of MRV and make it more open, which will allow small farms to be a part of effective carbon programs. 


8.3. Technological Innovations: AI, Remote Sensing, and Blockchain in Carbon Markets

In addition to MRV, technology is transforming every aspect of carbon-ecosystem markets. Satellite-based remote sensing, such as NASA GEDI, ESA Sentinel series, has become a regular source of information on carbon in vegetation and land cover (Liang, et al., 2025), which helps underline carbon stores. These large datasets can be processed by artificial intelligence, forecasting the carbon fluxes with alternative land practices, and optimizing farm planning according to carbon and yield. The use of AI-based decision tools reduces emissions and enhances resource use efficiency. Transparency in carbon trading is being tested with blockchain and smart contracts: they can trace the history of a credit and execute payment policies automatically (Boumaiza & Maher, 2024). These technologies, though in their early stages in the agricultural sector, are likely to cut down on transaction costs and fraud. Indicatively, micropayments to farmers due to measured carbon sequestration could be facilitated by blockchain platforms in near real-time.

9. Conclusion

Carbon credits and ecosystem service valuation provide alternative economic directions towards more sustainable agriculture and resilient rural livelihoods. This literature study reveals how properly priced carbon incentives can ensure that agriculture becomes a part of the climate solution, and ecosystem service valuations help direct sustainable land use by discovering hidden values such as clean water and biodiversity. The are numerous co-benefits: carbon farming maintains healthier soils, increases biodiversity, and improves water management. However, to capture these synergies, special attention has to be paid to designing them to prevent trade-offs: optimizing food production could mean trading off part of the carbon and biodiversity benefits, and vice versa. These outcomes can be balanced with integrated, bundled strategies, including multi-service PES. From a policy perspective, carbon and PES tools are integrated into global climate and development agendas. The rules of international agreements such as Kyoto, Paris, and post-2025 frameworks motivate countries to establish carbon markets and nature-based solutions, and to negotiate on double-counting and high-integrity credits. At the national level, direct subsidies, as well as carbon pricing and region-specific PES programs, are beginning to emerge in most regions. Institutional capacity is still a challenge: strong MRV, transparent land rights, and effective governance are needed to make sure that payments are made to the intended beneficiaries, and ecosystems are genuinely improved. These economic tools can assist in transforming agri-food systems that are required to meet climate and sustainable development goals, United Nations Sustainable Development Goals SDG 2: Zero Hunger, SDG 13: Climate Action, and SDG 15: Life on Land. Indicatively, encouraging smallholder farmers to adopt carbon-smart agriculture using both market and policy-based incentives can simultaneously help achieve poverty reduction and climate mitigation goals. In this regard, future studies need to be devoted to impact assessment rigour on the available carbon-PES projects, advanced econometric and spatial modelling of adoption, and advanced accounting techniques of ecosystem bundles. The evaluation of long-term effects on economic and ecological risk-sharing strategies among farmers and the provision of accessibility to marginalized communities are critical. Agricultural economists and interdisciplinary groups will be instrumental in assessing and improving these mechanisms. Finally, pricing carbon and ecosystem services in agriculture would bridge climate action and rural development. As we incorporate such valuations into markets and policy, we can give farmers an option to viable income streams that also involve carbon sequestration and conserve ecosystems. To attain global sustainability targets, such integrated strategies will have to be scaled and efficient economic analysis and governance facilitated. With mounting evidence, it is evident that economic incentives, when properly designed, can turn agricultural landscapes into a crucial key to both climate mitigation and resilient livelihoods.
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