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Abstract

Agricultural non-point source pollution (ANPSP) poses significant challenges to global water security and
ecosystem health. This study proposes a zoning management framework for ANPSP in China, integrating
ecological sensitivity, pollution load intensity, and agricultural production structures. Seven distinct governance
zones are delineated, each with tailored strategies and measures. Supported by technological innovation, policy
incentives, and participatory governance, this framework aims to achieve precise pollution control and water
quality improvement.
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INTRODUCTION

Agricultural non-point source pollution (ANPSP), driven by the irrational use of agricultural chemicals
such as fertilizers and pesticides, as well as the improper treatment of livestock and aquaculture wastes,
remains a major barrier to global water quality improvement"?. According to the Second National
Pollution Source Census Bulletin released in 2020, total nitrogen and total phosphorus emissions from
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agricultural sources in China reached 1.41 million tons and 0.21 million tons, respectively, accounting for
46.5% and 67.2% of the country’s total water pollutant emissions. Over the past decade, the Chinese
government has made great efforts to strengthen the institutional system for ANPSP prevention and
control, and many regional agricultural cleaner production models have gradually emerged”. Nevertheless,
the persistent tight constraint on cultivated land and freshwater resources in China* remains a major
challenge to ensuring food security. This highlights the urgent need to balance sustainable agriculture with
environmental protection, emphasizing the necessity of precise ANPSP control.

Ecological and environmental zoning is a policy tool that has been pioneered in developed countries since
the 1980s and is based on the assessment of single or multiple ecological and environmental elements'”. For
example, in the field of water environment management, the European Union formulated the European
Water Framework Directive in 2000, breaking the administrative boundary restrictions by dividing
territories into watershed control units and implementing integrated watershed management across
Europe”®. European experience has proved that zoning is an effective approach to water environment
management. Over the past 30 years, China has also implemented ecological space control measures,
including the demarcation of ecological zones, the establishment of resource utilization upper limits, and
the definition of eco-environmental regulation units'”. However, to date, China lacks a national-scale
zoning strategy specifically for ANPSP control. Given the country’s vast territory and diverse agricultural
production modes, the characteristics of ANPSP differ greatly across regions, making zoning management
more effective and cost-efficient than a uniform nationwide approach. Based on this analysis, this study
aims to propose a national-scale ANPSP zoning strategy that harmonizes agricultural productivity with
pollution mitigation, highlighting the main factors worthy of consideration across seven major units.

PRINCIPLES FOR DELINEATING ANPSP ZONING

1. Natural geography and ecological function. ANPSP zoning should prioritize natural geographic
boundaries and ecosystem service values (e.g., major river basins, climate, topography, and soil properties).
River basins and climatic zones affect hydrological connectivity and pollutant migration pathways. For
instance, the alluvial plains of the Yangtze Delta are highly susceptible to nitrogen and phosphorus losses
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due to frequent precipitation and dense river networks"""”, whereas surface runoff in the Yellow River
Basin exhibits significantly lower nitrogen and phosphorus losses**. Soil erosion is more severe on

cultivated land with slope gradients greater than 15°"*'” and in specific soil types (e.g., loessial soil).

2. Agricultural production structure and pollution load. Agricultural activities directly determine the
amount and characteristics of ANPSP pollutants. It is essential to compile an ANPSP investigation dataset
detailing the pillar agricultural industries, including types, amounts, timing, and methods of field
inputs"**'), as well as the quantity and utilization efficiency of livestock and poultry manure. Priority should
be given to areas with high pollution loads and significant environmental risks. For example, in regions
dominated by plantation agriculture, the management of field water and nutrients is a critical focus.

3. Ecological sensitivity and water environment governance goals. Regions with higher ecological sensitivity
require greater attention. For example, the national Environmental Quality Standards for Surface Water
(GB 3838-2002) specify limits for key indicators, including ammonia nitrogen and total phosphorus.
Notably, total phosphorus limits for lakes and reservoirs are stricter than for ordinary surface waters (e.g.,
rivers, canals, channels), reflecting more rigorous governance requirements. Specifically, the Grade V total
phosphorus limit for lakes and reservoirs is 0.2 mg/L, equivalent to the Grade III limit for other surface
waters.
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4. Management Feasibility. Effective zoning should consider policy alignment, technical capacity, and
economic feasibility. ANPSP zoning should integrate with existing national or regional regulations (e.g., the
2035 goals of the Beautiful China initiative, the “Three Lines One Permit” scheme, and targets for fertilizer
utilization rates) to avoid overlaps or conflicts. Regions with advanced infrastructure could adopt
technology-intensive solutions and establish systems for evaluating pollution loads, allowing dynamic
adjustment of governance measures”. Conversely, areas with limited infrastructure and economic
resources should focus on governance priorities and implement cost-effective and practical measures first.

Based on these principles, seven preliminary zones have been delineated for precise ANPSP control
[Figure 1].

The middle and lower reaches of the Yangtze River. As China’s primary region for grain, oil, livestock, and
aquatic production, this area features dense river networks and a high risk of lake eutrophication (e.g.,
Taihu Lake and Dongting Lake). Key drivers of ANPSP include high nitrogen/phosphorus runoff from
paddy fields and chemical-intensive farming, as well as discharges of untreated livestock manure and
aquaculture tailwater. Cumulative pollution converges in lakes, triggering algal blooms. The core
management strategy emphasizes source reduction, process retention, nutrient reuse, and water restoration
(the 4R approach) [Figure 2], a concept that has been proposed for several years and widely implemented to
reduce algal blooms in Taihu Lake”**. Notably, the principles of source reduction and nutrient recycling
are also applicable to the livestock and aquaculture sectors, including the rational use of feed, additives, and
veterinary drugs, the conversion of manure into biogas/organic fertilizer, and the recycling of nutrients in
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farmland!

Hilly areas in the south. In the southern hilly regions, decentralized plantations and courtyard-based
livestock production generally show low resource use efficiency. Therefore, the core ANPSP management
strategy focuses on runoff retention and utilization, integration of planting and breeding, and endpoint
treatment [Figure 3]. Runoff retention and utilization involves practices such as converting slopes to
terraced fields, cross-slope planting, and establishing vegetation buffer strips® . Integration of planting
and breeding mainly includes matching the scale of crop and livestock operations, promoting solid-liquid
separation and rainproof collection of livestock waste, and recycling manure on nearby farmland. Endpoint
treatment technologies, such as constructed wetlands and biological wastewater treatment, aim to enable
nutrient recycling or ensure standard-compliant discharge of water resources.

Huang-Huai-Hai region. This region has a long history of farming and serves as an important production
base for grain, cotton, oil crops, meat, and fruits in China. However, intensive fertilization in farmland and
the direct discharge of agricultural waste pose significant risks of nitrate contamination in groundwater and
other environmental problems”’. The main goal of ANPSP control here is to protect groundwater
resources, reduce the risk of water pollution, and ensure the sustainable productivity of cultivated soil®?.
Key strategies include the rational management of nitrogen inputs in farmland (e.g., integrated water and
fertilizer management, diversification of chemical fertilizer alternatives), the recycling of agricultural and
livestock waste, and the provision of professional services in agricultural machinery and plant protection
[Figure 4].

Northwest arid and semi-arid zone. This zone is characterized by vast land area, sparse population, and
limited precipitation. Water scarcity and inefficient utilization are the major constraints on the sustainable
development of regional agriculture®™. Thus, ANPSP control efforts should prioritize water conservation,
ecological recycling, and waste reuse [Figure 5]. It is crucial to strictly regulate the total amount of
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Figure 1. Overall diagram of ANPSP zoning management. This map is based on the map downloaded from the Standard Map Service
System of the Ministry of Natural Resources, People’s Republic of China, map number GS(2024)0650. The base map has not been
modified. ANPSP: Agricultural non-point source pollution.

agricultural water use, optimize cropping structures, and promote water-saving technologies (e.g.,
integrated water and fertilizer management, efficient irrigation systems) tailored to local conditions.
Livestock breeding layouts and scales should be scientifically planned based on resource and environmental
carrying capacity. The proper treatment and resource utilization of manure are also encouraged to promote
recycling and reduce greenhouse gas emissions such as methane and nitrous oxide. In addition, the
collection and recycling of obsolete agricultural films are critical to mitigating the risk of plastic (including

nanoplastic) pollution in farmland and water bodies"**.

Northeast Plain. Characterized by fertile black soil and large-scale mechanized farming, this region
contributes over 20% of the nation’s total grain output but faces challenges such as nutrient leaching,
livestock manure discharge, and plastic film residue from mulching®*". Conservation tillage practices (e.g.,
deep loosening and straw incorporation) and clean production approaches (e.g., soil test-based fertilizer
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Figure 3. Strategy schematic for hilly areas in the south.

application, use of slow-release fertilizers) are recommended to improve soil quality and reduce nutrient
losses [Figure 6]. In livestock breeding, promoting the harmless treatment of manure and integrated crop—
livestock systems is particularly important. To mitigate the environmental impact of plastic film, the most
effective measure is to reduce its use - especially films thinner than 0.01 mm - while strengthening recycling

programs and promoting the adoption of biodegradable alternatives™”.

South China tropical zone. This zone, marked by high temperatures, monsoons, and a year-round growing
season, is a major production base for tropical cash crops and intensive aquaculture. However, it faces rapid
nutrient loss due to high-density farming and climatic conditions. Typhoon-driven runoff also transports
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Figure 5. Strategy schematic for the northwest arid and semi-arid zone.

pollutants into the sea, threatening coastal ecosystems*’. To tackle these issues, strategies should focus on
source control, process retention, and enhanced climate resilience. The 4R strategy could be applied” by
promoting precise, integrated water-fertilizer management and establishing riparian vegetation buffer strips.
Additionally, developing pre-typhoon manure and water management protocols (e.g., draining low-
concentration field water and regulating surface water levels) is crucial to minimizing runoff during
typhoon seasons.

Qinghai-Tibet area. Known as China’s “Water Tower”, this region features high altitudes, sparse
populations, and fragile ecosystems, with agriculture mainly confined to river valleys. The key challenge lies
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Figure 6. Strategy schematic for the Northeast Plain.

in balancing limited farming/pastoralism with the protection of headwater areas and biodiversity
hotspots*>*!. Recommended measures include restricting agricultural expansion within ecological carrying
capacity, promoting rotational grazing to prevent grassland degradation, and developing organic
production systems such as highland barley cultivation and Tibetan medicinal plants without chemical
pesticides.

A robust support system that integrates technological innovation, policy incentives, regulatory frameworks,
and stakeholder engagement is essential for effective regional governance. Emerging technologies such as
machine learning and artificial intelligence offer new opportunities for pollution control. Policy instruments
should combine incentives with constraints. On the one hand, incentives - such as watershed eco-
compensation schemes (e.g., Zhejiang’s cross-regional “ecological compensation”) and “green credit”
programs for farms adopting clean production technologies (e.g., manure recycling subsidies for
cooperatives) - can foster resource integration across regions and sectors. On the other hand, regulatory
measures - such as mandatory effluent standards for aquaculture - are needed to shape societal norms
around protecting agricultural ecosystems. Public participation is also indispensable given the public welfare
nature of ANPSP management. This includes supporting service organizations that promote resource
utilization of agricultural wastes (e.g., manure and straw), establishing transparent channels for public
supervision, and strengthening social engagement.
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To achieve precise ANPSP zoning management, smaller-scale governance strategies and goals (based on
watersheds or administrative boundaries) should be developed, with priority given to key areas such as
major lakes, reservoirs, and drinking water sources.

CONCLUSIONS AND OUTLOOK

Zoning management is essential for the precision control of ANPSP and for improving environmental
quality. Spatially differentiated governance - tailored to regional variations in pollution drivers, ecological
sensitivity, and socioeconomic contexts - enables targeted resource allocation and evidence-based
interventions. Additionally, simplified yet representative indicators are critical for ensuring the practicality
of zoning frameworks. Focusing on core factors enhances feasibility while maintaining regional
distinctiveness, and avoids overly complex metrics that may hinder implementation. Furthermore,
integrated technical measures should be prioritized over isolated solutions. Although extensive research
exists on individual best practices (e.g., constructed wetlands, precision irrigation), cohesive, place-based
strategies (spanning water conservation, resource recycling, and soil health) are more effective for achieving
holistic improvements in water quality and soil resilience.

In the long term, zoning management of ANPSP holds broad prospects. Governance will benefit
significantly from emerging technologies such as intelligent equipment, artificial intelligence-driven
simulation systems, and blockchain applications. Meanwhile, zoning-based approaches will propel region-
specific sustainable practices, accelerating the transition toward low-carbon, high-efficiency agriculture.
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