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Managing livestock farm size to reduce nitrogen loss in China 1 

Abstract 2 

The livestock farm size influences management strategies, affecting nitrogen use efficiency 3 

(NUE) and nitrogen losses. Using data from 360,000 farms across China in 2017, covering four 4 

major livestock types, the relationship between NUE, nitrogen losses, and farm size is examined. 5 

Results show that NUE increases and nitrogen loss intensity decreases as farm size grows for 6 

all livestock types, despite manure recycling ratios differ among livestock types, underscoring 7 

the need for tailored strategies to manage farm size. Managing farm size for only 16% of 8 

intensive farms nationwide could reduce nitrogen losses by 121 Gg (1 Gg=109 g), increase 9 

production by 21 Gg, and enhance manure recycling by 100 Gg. This strategy would yield a 10 

24% reduction in nitrogen losses, a 9% increase in livestock production, and a 40% rise in 11 

manure recycling in smaller-size farming regions, highlighting the critical role of livestock farm 12 

size in achieving significant environmental and food security benefits. 13 

 14 

Key words: Livestock farm size; Nitrogen management; Cost-benefit analysis; Mitigation 15 

potential 16 

 17 

1. Introduction 18 

China plays a prominent role in global livestock production and consumption, contributing 22% 19 

of global meat and 7% of global milk production. The country raises nearly half of the world’s 20 

pigs, 20% of layer chickens, and 30% of broiler chickens (FAO, 2022). With rising living 21 

standards, the demand for livestock products in China is projected to double by 2050 22 

(Alexandratos and Bruinsma, 2012). This growing demand presents substantial challenges in 23 

terms of environmental pollution, climate change mitigation, and food security (Du et al., 2018; 24 

Fang et al., 2023). Furthermore, China’s livestock sector contributes 22% of global livestock-25 

related reactive nitrogen (N) emissions (Cheng et al., 2022), accounting for one-third of total 26 

anthropogenic N emissions (Uwizeye et al., 2020). These emissions have detrimental effects on 27 

the environment, climate, and human health (Erisman et al., 2013; Galloway et al., 2008; Gu et 28 

al., 2021). Consequently, identifying effective and practical strategies to reduce livestock N 29 

emissions in China while ensuring a sustainable supply of livestock products is of critical 30 

importance. 31 

 32 

In recent years, intensive farming has become as a key strategy for advancing national livestock 33 

production in China (Pan et al., 2019), offering improved economic benefits and reduced 34 

resource waste compared to traditional farming methods (Bai et al., 2018; Wei et al., 2018). By 35 

2017, the proportion of intensive farming (measured by the share of intensive farms among all 36 

farms) had risen to 45%, up from 31% in 2007 (Zhu et al., 2022). The proportions of intensive 37 

farming for pigs, dairy cattle, layer chickens, and broiler chickens were 41%, 49%, 64%, and 38 

72%, respectively. The 14th Five-Year Plan for the Development of the National Animal 39 

Husbandry and Veterinary Industry aims to further promote livestock farming intensification 40 

(China, M.O.A.A. 2021). Intensification is widely regarded as central to the modernization of 41 

the livestock industry, facilitating the adoption of more efficient production techniques (Li et 42 

al., 2017), improving production efficiency (McAuliffe et al., 2017; Wang et al., 2016), and 43 
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enhancing labor productivity. As a result, the shift towards intensive farming has become a 44 

national priority in China’s livestock sector with the implementation of scientifically grounded 45 

intensive management practices viewed as essential for advancing livestock production 46 

modernization. 47 

 48 

However, without proper management, the transition to intensive farming may lead to manure 49 

nutrient losses, and a spatial mismatch between crop and livestock farming, resulting in 50 

substantial environmental damages (Jin et al., 2021; Zhu et al., 2022). Beyond environmental 51 

impacts, changes in farm structure are also closely associated with animal welfare outcomes. 52 

While poorly managed intensification may increase stocking density and stress, well-managed 53 

intensive systems can provide more controlled housing conditions and stronger disease 54 

prevention, potentially improving animal health compared to poorly resourced small-scale 55 

systems (Mench et al., 2011). Small-scale livestock systems are often constrained by limited 56 

technical capacity, higher labor inputs, and lower product output. Large farms typically require 57 

substantial investments in management, disease prevention, and manure handling (HOU and 58 

ZHANG, 2022), but may also deliver higher production efficiency (Wang et al., 2016), and 59 

stronger disease control capacity (Li et al., 2017). Small farms are more likely to adopt land- 60 

and labor-intensive manure management practices  (Pan et al., 2021), while medium- and 61 

large-scale farms tend to implement more capital- and knowledge-intensive methods, such as 62 

biogas production and composting (Hou and Zhang, 2022), which can reduce N pollution (Wei 63 

et al., 2018) and greenhouse gas emissions (McAuliffe et al., 2017). Nevertheless, it is important 64 

to recognize that excessively large-scale livestock operations can pose considerable 65 

environmental challenges, especially due to the lack of sufficient agricultural land for effective 66 

manure application (Liu et al., 2017; Wang et al., 2016), and may also raise animal welfare 67 

concerns if scale expansion is not accompanied by appropriate space allocation, management 68 

capacity, and regulatory oversight. 69 

 70 

While large-scale, standardized livestock farming has become a dominant trend driven by 71 

market and policy incentives, larger farm sizes do not necessarily guarantee better outcomes 72 

from a marginal benefit perspective (Soliman and Djanibekov, 2021; Ziętek-Kwaśniewska et 73 

al., 2022). Instead, there is an optimal scale at which both production efficiency and 74 

environmental benefits are maximized (Liu et al., 2017; Wei et al., 2018; Xiaoxia, 2020). 75 

Therefore, it is essential to identify the optimal farm size for livestock production, aiming to 76 

improve feed utilization, strengthen the spatial match between livestock and cropland, and 77 

minimize pollution. However, quantitative evidence on the interaction between livestock 78 

nitrogen management and farm size remains limited. This study addresses this gap by analyzing 79 

data from nearly 360,000 intensive farms sampled in the Second National Pollution Census of 80 

2017. Our goal is to explore these interactions and determine an evidence-based and policy-81 

feasible approach to managing farm size through policy-constrained adjustments, with the aim 82 

of enhancing livestock production and reduce environmental damage. 83 

 84 

2. Data and methods 85 

This study first compiled and harmonized data from approximately 360,000 intensive livestock 86 

farms across China, obtained from the 2017 Second National Pollution Census. It then 87 
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examined the relationships between farm size and three key N-related indicators, N use 88 

efficiency (NUE), N emission intensity and manure N recycling ratio, for pig, dairy cattle, 89 

broiler, and layer chicken production systems. Building on these relationships, the study 90 

developed scenario-based analyses to identify policy-feasible farm-size targets for each system 91 

under these adjustment conditions. Lastly, a cost-benefit analysis was conducted to evaluate the 92 

economic feasibility of implementing farm size management. The methodological procedures 93 

are described in detail in the following subsections. 94 

 95 

2.1 Data Sources 96 

The 2017 Second National Pollution Census. Data on geographical coordinates, livestock 97 

numbers, and manure removal management methods were derived from the Second National 98 

Pollution Census data (Zhu et al., 2022), which included approximately 360,000 intensive farm 99 

surveys conducted in 2017. The survey provides detailed information on manure cleaning 100 

methods, including manure dry manure removal, mechanical dry manure removal, bedding 101 

materials, raised bed farming, water-flushed manure, and blistered manure. It also reports 102 

manure treatment process and utilization, including composting, organic fertilizer production, 103 

biogas production, bedding material production, cultivation substrate production, and others, as 104 

well as data on N loss to water and air. Overall, the Census data provide the foundational farm-105 

level data required for the analysis. When combined with information on livestock species and 106 

manure cleaning methods, it enables a detailed characterization of farm-scale management 107 

practices, which in turn underpins the calculation of N losses across different pathways. 108 

Information on manure treatment and utilization explicitly provides manure N returned to 109 

cropland (such as composting and organic fertilizer production), forming the basis for 110 

subsequent N balance calculations. The animal production data were primarily extracted from 111 

the literature rather than directly obtained from the farm survey data, which was necessary due 112 

to the lack of detailed production data (e.g., milk yield per cow, egg production per hen, or live 113 

weight gain per pig) in the survey dataset. The literature provided national and regional averages 114 

for production outputs (e.g., nitrogen in milk, meat, and eggs), which were applied across farm 115 

size categories to estimate nitrogen yields. A summary of the production data has been compiled 116 

and added to Table S40. 117 

 118 

The National Compilation of Information on Costs and Benefits of Agricultural Products 119 

yearbook (Cost and Benefit Yearbook, 120 

https://navi.cnki.net/knavi/yearbooks/YNCSY/detail?uniplatform=NZKPT) was used to gather 121 

data on livestock yields and concentrate feed intake in 2017. The definition of intensive farms 122 

is taken from the Cost and Benefit Yearbook, referring to farms larger than backyard scale, 123 

specifically those with more than 30 pigs (slaughtered), more than 10 dairy cattle (stock), more 124 

than 300 layer chickens (stock), and more than 300 broiler chickens (slaughtered). The main 125 

product of dairy cattle is milk, the main product of pigs (including only finishing pigs) broiler 126 

chickens are meat, and the main product of layer chickens is eggs. The crude protein content of 127 

the feed intake and the percentage of concentrate feed were described in Table S2. The N 128 

content of all livestock products was obtained from Bai et al. (Bai et al., 2016). Climate data 129 

containing temperature and precipitation data were from the China Meteorological Data Web 130 

(http://data.cma.cn/) and the literature (Fick and Hijmans, 2017), respectively. Per capita GDP 131 
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and per capita disposable income data at the county scale were derived from province statistical 132 

yearbooks of 2017 (https://data.cnki.net/Yearbook/). Data on crop farm size was from the 133 

literature (Wang et al., 2022). 134 

 135 

2.2 Nitrogen balance in livestock system 136 

In this study, we describe the comprehensive impact of farm size on the N budget. NUE is used 137 

to represent production efficiency and can be used to evaluate the performance of N input in 138 

terms of resource use and environmental impact. The analysis of N loss and manure N recycling 139 

is used to explore the environment and resource utilization performance of livestock systems. 140 

Feed N intake was the N input (𝑁𝑓𝑒𝑒𝑑) to the livestock system. The N output included livestock 141 

products (𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑡), N loss (𝑁𝑙𝑜𝑠𝑠, including NH3-N, N2O-N, N loss to water, other N loss), 142 

manure N recycled to the field (𝑁𝑟𝑒𝑐𝑦𝑐𝑙𝑒). 𝑁𝑟𝑒𝑐𝑦𝑐𝑙𝑒 is excluded from N loss, as it is recovered 143 

and reused as fertilizer for agricultural land. Manure excreted by dairy cattle and beef cattle 144 

during grazing period was directly deposited on grasslands and was included in the calculation 145 

of manure recycling N. The definition of NUE was derived from Gu et al. (Gu et al., 2015), as 146 

shown in Eq. (1). 147 

𝑁𝑈𝐸 =
𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑁𝑓𝑒𝑒𝑑
                (1) 148 

The quantity of manure N recycled to the field for each farm was determined using data from 149 

the Second National Pollution Census. This Census provided detailed statistics information on 150 

manure treatment methods, including manure cleaning methods, urine and wastewater disposal, 151 

and manure treatment disposal such as composting, biogas production, standard emissions, 152 

unused manure (discarded), and other utilization (including bedding material production, 153 

substrate production, use as fuel, and aquaculture). Biogas production primarily generates 154 

methane, and the remaining digestate can be recycled as organic fertilizer for cropland. Both 155 

composting and biogas production are considered for recycling manure. Further details are 156 

provided in the “Basic Information of Intensive Livestock and Poultry Farms” questionnaire 157 

(Table S3). The manure recycling ratio was defined as the proportion of manure N that is 158 

actually applied to the agricultural land out of total N excretion. Subsequently, according to the 159 

principle of mass conservation, N loss was calculated by subtracting the sum of product N 160 

output and manure recycled N from the feed N intake, as illustrated in Eq. (2). N loss and 161 

manure N recycling are from both solid and liquid manure. 162 

𝑁𝑙𝑜𝑠𝑠 = 𝑁𝑓𝑒𝑒𝑑  - 𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑡 - 𝑁𝑟𝑒𝑐𝑦𝑐𝑙𝑒             (2) 163 

Then, the quantities of different forms of N loss were estimated, including NH3-N, N2O-N, N 164 

loss to water, and Other N loss (including N2, discarding N and manure utilized as fuel). Here, 165 

N2 is also categorized as N loss. Although N2 does not directly harm the environment, reducing 166 

N2 can enhance NUE. Therefore, comprehensive reductions in total N loss reflect improvements 167 

in resource use efficiency while supporting environmental protection and food security. 168 

Emission estimates explicitly account for spatial and managerial heterogeneity across livestock 169 

systems, emission factors (NH3-N and N2O-N emissions) are differentiated by livestock species 170 

and manure management pathways, with pathway-specific coefficients across various 171 

provinces adopted from literature (Tables S20-27). Farm-level information from the Second 172 

National Pollution Survey on manure management practices allows emissions to be calculated 173 

at the farm scale and aggregated while preserving underlying spatial variation. Grazing-based 174 
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dairy systems are explicitly considered, with manure excreted during grazing assumed to be 175 

returned to grassland systems, based on (Wei et al., 2018a; Wei et al.,2018b). N loss to water 176 

was derived from data from the Second National Pollution Survey, and the quantity of other N 177 

loss forms was calculated based on the law of mass conservation (i.e., N loss minus the sum of 178 

NH3-N, N2O-N, and N loss to water). While emission coefficients are derived from the literature 179 

due to data and technical constraints that preclude direct measurement of farm-specific emission 180 

factors, uncertainty analysis (2.5 Uncertainty analysis and Table S29) was applied to key 181 

emission parameters to assess the robustness of emission estimates, thereby mitigating potential 182 

bias arising from the use of representative emission factors. 183 

 184 

Because the data for all farms are extensive and dispersed, farm size was grouped to examine 185 

the relationship of NUE, unit N input, unit yield, manure recycling ratio, and N loss intensity 186 

in relation to farm size, respectively. The detailed process of grouping and statistical analysis 187 

are provided in the Supplementary Methods (S1.1 Statistical analysis) and Tables S4-7. 188 

 189 

2.3 Scenario setting 190 

2.3.1 Regression analysis 191 

Regression analysis was employed to examine the relationships between farm size and both 192 

production and environmental performance across pig, dairy cattle, broiler, and layer systems. 193 

The regression specifications are grounded in agricultural production theory and bioeconomic 194 

considerations, including economies of scale and diminishing marginal returns. The theoretical 195 

rationale underlying scale effects and the associated regression hypotheses is described in 196 

Supplementary Methods (S1.1.1 Hypothesis on farm size and livestock production and 197 

environmental impacts). 198 

 199 

These theoretical considerations motivate the comparison of linear and quadratic functional 200 

forms. A linear specification captures the average scale effect, while a quadratic specification 201 

allows for nonlinear responses consistent with diminishing returns. Accordingly, for each 202 

livestock type, both linear models including farm size and quadratic models including farm size 203 

and its squared term were estimated. The quadratic specification was retained only when the 204 

squared term was statistically significant (two-sided t-test, p < 0.05) and improved goodness of 205 

fit as measured by adjusted R². Otherwise, the linear specification was adopted to maintain 206 

model parsimony. Details of the regression implementation are provided in Supplementary 207 

Methods (S1.1.3 Regression analysis). 208 

 209 

Given the large sample size and potential intra-group similarities within livestock categories, a 210 

preliminary grouping of each livestock type was performed prior to regression modelling. 211 

Detailed grouping criteria are provided in Supplementary Methods (S1.1.2 Data grouping 212 

criteria) and Tables S4-7. Rather than dichotomizing farms into simplistic “small” and “large” 213 

categories, farms were classified into multiple livestock-specific size classes. This grouping 214 

approach enables a detailed examination of production and environmental performance from 215 

small-scale to very large-scale operations, allowing heterogeneity and potential nonlinear 216 

responses across the full farm size spectrum to be assessed. Model robustness was further 217 

assessed using alternative grouping strategies, yielding consistent results. Details of these 218 
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alternative classifications are provided in Tables S12-15. Based on the regression outcomes, 219 

optimal farm size scenarios were identified for each livestock system. Comprehensive statistical 220 

procedures are detailed in Supplementary Methods (S1.1 Statistical analysis). 221 

 222 

2.3.2 Policy-constrained adjustment scenario 223 

In Business as Usual (BAU) scenario, there are issues as follows: In some regions, the low 224 

availability of cropland for manure application, which limits the potential for organic 225 

fertilization. The high levels of manure discharge into water bodies and the associated 226 

environmental impacts, particularly in regions where small-scale farms are concentrated. Based 227 

on this observation, the Policy-constrained adjustment scenario (PCA) was developed. 228 

 229 

The concept of moderate-scale farming has gained broad recognition in previous studies and is 230 

increasingly supported by policy frameworks. In this study, regression relationships between N 231 

loss intensity and farm size were established to characterize how N loss varies across farm sizes 232 

for different livestock types (Table S8-S11). These relationships were used as an analytical basis 233 

for defining PCA scenario, and to inform the identification of farm-size thresholds associated 234 

with lower N loss intensity. Therefore, the PCA was defined by managing farm size to reduce 235 

N loss. Managing farm size refers to consolidating excessively small farm sizes. Meanwhile, 236 

farming NUE showed a significant correlation with farm size, implying that optimizing farm 237 

size would have an impact on the quantity of feed N intake and product outputs. To investigate 238 

the impacts of the PCA on N loss, production, and manure recycling, total feed N input was 239 

held constant.  240 

 241 

In PCA scenario, the adjusted strategy is consolidating small farm sizes to align with the farm 242 

size corresponding to the national average N loss intensity level. Setting the optimal scenario 243 

at the largest possible farm size may lead to diminishing returns to scale and was therefore not 244 

adopted. Large farms may face difficulties in sourcing sufficient agricultural land to absorb 245 

manure, posing significant risks to the surrounding land and environment. Previous research 246 

findings (Liu et al., 2017; Wei et al., 2018; Xiaoxia, 2020) and national policies (China 247 

M.O.A.A., 2021) suggest that moderate-scale farming is more beneficial. This approach 248 

prioritizes the aggregation of smaller farms, ensuring they achieve improved NUE and reduced 249 

N loss intensity, as observed in farms operating near the national average size. For farms 250 

exceeding this optimal size, no changes will be made. To ensure the feasibility of this approach 251 

and to avoid risks associated with decoupling cropland cultivation and livestock farming, all 252 

farm consolidations are implemented at the county level. Specifically, corresponding 253 

consolidation strategies were applied for each livestock species within individual counties. The 254 

specific adjustment approach is outlined below. 255 

 256 

Increasing farm size can reduce N emissions as the N loss intensity would decrease as farm size 257 

expand. To achieve moderate-scale farming and avoid the issue of insufficient agricultural land 258 

for manure absorption associated with overly large farms, we adjust the farm size of each 259 

livestock species to the farm size corresponding to the national N loss intensity level. For farms 260 

exceeding the optimal farm size, no changes will be made. Therefore, the adjusted strategy is 261 

to combine farms with N loss intensity higher than the national average intensity (𝑁𝐿𝑐𝑜𝑢𝑛𝑡𝑟𝑦) 262 
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and farm size smaller than the corresponding farm size (𝑆𝑖𝑧𝑒𝑐𝑜𝑢𝑛𝑡𝑟𝑦) to 𝑆𝑖𝑧𝑒𝑐𝑜𝑢𝑛𝑡𝑟𝑦. County 263 

boundaries were used for this analysis. First, the 𝑁𝐿𝑐𝑜𝑢𝑛𝑡𝑟𝑦 was calculated based on BAU 264 

(Business as Usual) data, and 𝑆𝑖𝑧𝑒𝑐𝑜𝑢𝑛𝑡𝑟𝑦 was then estimated using the regression relationship 265 

between N loss intensity and farm size. Secondly, screen out the farms whose N emission 266 

intensity above 𝑁𝐿𝑐𝑜𝑢𝑛𝑡𝑟𝑦 and farm size below 𝑆𝑖𝑧𝑒𝑐𝑜𝑢𝑛𝑡𝑟𝑦. Thirdly, farms within the same 267 

county were merged, and the adjusted farm size (𝑆𝑖𝑧𝑒𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑 ) was calculated as the total 268 

livestock numbers divided by the adjusted numbers of farms. The corresponding adjusted N 269 

loss intensity (𝑁𝐿𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑) was then estimated based on the regression curves. Fourthly, the 270 

adjusted livestock production (𝑇𝑁𝑜𝑝−𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛) was calculated using the NUE function (the 271 

regression curve between NUE and farm size), as shown in Eq. (3). The total N loss (𝑇𝑁𝑜𝑝−𝑙𝑜𝑠𝑠) 272 

under the PCA are estimated by multiplying 𝑇𝑁𝑜𝑝−𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 and 𝑁𝐿𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑, as indicated 273 

in Eq. (4). Finally, the manure recycled N (𝑇𝑁𝑜𝑝−𝑟𝑒𝑐𝑦𝑐𝑙𝑒) was calculated using total feed N 274 

intake 𝑇𝑁𝑓𝑒𝑒𝑑  minus 𝑇𝑁𝑜𝑝−𝑙𝑜𝑠𝑠  and 𝑇𝑁𝑜𝑝−𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ). The detailed calculation procedure 275 

diagram is shown in Fig. S15. 276 

𝑇𝑁𝑜𝑝−𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑖 = 𝑒𝑓𝑁𝑈𝐸(𝑙𝑛𝑆𝑖𝑧𝑒𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑,𝑖) × 𝑇𝑁𝑓𝑒𝑒𝑑,𝑖           (3) 277 

𝑇𝑁𝑜𝑝−𝑙𝑜𝑠𝑠,𝑖 = 𝑒𝑓𝑁𝐿(𝑙𝑛𝑆𝑖𝑧𝑒𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑,𝑖) × 𝑇𝑁𝑜𝑝−𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑖          (4) 278 

where i represent the livestock types, the 𝑓𝑁𝑈𝐸(𝑙𝑛𝑆𝑖𝑧𝑒𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑) is the function of NUE and 279 

farm size for pig and layer chickens, and the 𝑓𝑁𝐿(𝑙𝑛𝑆𝑖𝑧𝑒𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑) is the function of N loss 280 

intensity and farm size for pig and layer chickens. 𝑇𝑁𝑓𝑒𝑒𝑑,𝑖 is the total feed N input, which 281 

remains unchanged in the PCA scenario. 282 

 283 

2.4 Cost-benefit assessment framework 284 

2.4.1 Implementation cost. To implement the adjustment scenario, the first step involves 285 

dismantling farms with unreasonable farm size that have high N loss. The second step is to 286 

build new farms to support appropriate-sized livestock operations. Therefore, the first step is to 287 

calculate the dismantling cost of the farms (𝐶𝑜𝑠𝑡𝑑𝑖𝑠𝑚𝑎𝑛𝑡𝑙𝑒,𝑖), and the second step is to calculate 288 

the cost of rebuilding the farms (main routine costs), which include feed costs, depreciation 289 

costs of fixed machinery, labor costs, newborn animal costs, and other costs. The base scenario 290 

also includes main routine costs. 291 

 292 

The implementation cost was calculated by accounting for the expense associated with farm 293 

demolition and the difference in the main routine costs between BAU and PCA, including the 294 

feed costs, depreciation costs of fixed machinery, labor costs, newborn animal costs, and other 295 

costs. Firstly, the cost of farm demolition was calculated using data on the cost of demolition 296 

per unit of floor area (𝑈𝑛𝑖𝑡𝑑𝑖𝑠𝑚𝑎𝑛𝑡𝑙𝑒), obtained from the bidding information of farm demolition 297 

on the websites of all provincial government procurement networks and public trading centers. 298 

For provinces lacking bidding notices of livestock farm demolition, information from the 299 

dismantling of other buildings was adapted to be used. Detailed data on 𝑈𝑛𝑖𝑡𝑑𝑖𝑠𝑚𝑎𝑛𝑡𝑙𝑒  by 300 

province can be found in the Supplementary Data 13 and 14. The unit floor area data (𝑈𝑛𝑖𝑡𝑓𝑙𝑜𝑜𝑟) 301 

for all livestock are obtained from the national farming construction standards (NY/T 1568-302 

2007; NY/T 2969-2016; NY/T 1567-2007). (𝑈𝑛𝑖𝑡𝑓𝑙𝑜𝑜𝑟) multiplied by 𝑈𝑛𝑖𝑡𝑑𝑖𝑠𝑚𝑎𝑛𝑡𝑙𝑒 to get the 303 

cost of demolishing farms (𝐶𝑜𝑠𝑡𝑑𝑖𝑠𝑚𝑎𝑛𝑡𝑙𝑒), calculating as Eq. (5).  304 
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𝐶𝑜𝑠𝑡𝑑𝑖𝑠𝑚𝑎𝑛𝑡𝑙𝑒,𝑖 = 
𝑈𝑛𝑖𝑡𝑓𝑙𝑜𝑜𝑟,𝑖 × 𝑈𝑛𝑖𝑡𝑑𝑖𝑠𝑚𝑎𝑛𝑡𝑙𝑒,𝑖 × 𝑁𝑖

20
        (5) 305 

where 𝑁𝑖,  is the total numbers for livestock i, and 20 is referred to the dismantling cost 306 

discounted to annual data based on 20 years. 307 

 308 

Data on the unit main routine cost (𝐶𝑜𝑠𝑡𝑅𝑂𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑) for all livestock was derived from Cost and 309 

Benefit Yearbook. The Cost and Benefit Yearbook provides provincial data on unit main routine 310 

cost, which include feed costs (comprising feed purchasing fees and feed processing expenses), 311 

depreciation of fixed machinery, labor costs, costs of newborn animals, and other costs (such 312 

as technical service fees, etc.). The depreciation of fixed assets refers to buildings, structures, 313 

machines, and transportation equipment with a useful life of more than one year. The reference 314 

depreciation rates for different types of fixed assets are as follows: 8% for special production 315 

houses and permanent bar sheds, 25% for simple sheds, 12.5% for equipment such as machinery 316 

and transportation tools, and 20% for all other fixed assets. The difference in the routine cost 317 

between the BAU and Optimized scenarios was calculated using the following Eq. (6). 318 

𝐶𝑜𝑠𝑡𝑅𝑂𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑,𝑖 = 𝑈𝑛𝑖𝑡𝑅𝑂𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑,𝑖  × 𝑁𝑖 − 𝑈𝑛𝑖𝑡𝑅𝐵𝐴𝑈,𝑖  × 𝑁𝑖     (6) 319 

where 𝑁𝑖, is the total numbers for livestock i, 𝑈𝑛𝑖𝑡𝑅𝑂𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑,𝑖 and  𝑈𝑛𝑖𝑡𝑅𝐵𝐴𝑈,𝑖 are the unit 320 

routine costs for PCA and BAU scenario, respectively, which conclude the feed costs, 321 

depreciation costs of fixed machinery, labor costs, newborn animal costs and other costs. Dairy 322 

cattle are not counted in the costs of newborn animals.  323 

 324 

2.4.2 Economic benefits assessment. The Economic benefit assessment was conducted to 325 

evaluate the variations in the output values of livestock products between BAU and PCA. This 326 

benefit does not include the use of other technology or other mitigation option, but solely 327 

reflects the product output benefits resulting from the changes in technology and equipment 328 

due to the adjustment of farm size. The output values are from main products (meat, milk and 329 

eggs) as well as by-products. Firstly, the overall economic output of each farm under the BAU 330 

scenario was computed by multiplying the unit output value by the total number of livestock i. 331 

Then, the total economic output under PCA was quantified based on the new farm size of 332 

𝑆𝑐𝑎𝑙𝑒𝑜𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑. Finally, the net economic benefits were estimated following Eq. (7).  333 

𝑁𝑒𝑡𝐸𝑐𝑜𝑛𝑜𝑚𝑖𝑐𝑜𝑝𝑖𝑚𝑖𝑧𝑒𝑑 = 𝑈𝑛𝑖𝑡𝐸𝑂𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑,𝑖  × 𝑁𝑖 − 𝑈𝑛𝑖𝑡𝐸𝐵𝐴𝑈,𝑖  × 𝑁𝑖 − 𝐶𝑜𝑠𝑡𝑅𝑂𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑,𝑖 334 

(7) 335 

where 𝑈𝑛𝑖𝑡𝐸𝑂𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑,𝑖 and  𝑈𝑛𝑖𝑡𝐸𝐵𝐴𝑈,𝑖 are unit economic value from main products and by-336 

products under the Optimized and BAU scenarios, respectively.  337 

 338 

2.4.3 Societal benefits assessment. The societal benefits of managing farm size are the benefits 339 

from avoiding damage costs of decreasing N emissions (NH3-N, N2O-N and NO3
--N), including 340 

ecosystem benefits (𝐸𝑏𝑒𝑛𝑓𝑖𝑡), human health benefits (𝐻𝑏𝑒𝑛𝑒𝑓𝑖𝑡) and climate mitigation benefits 341 

(𝐶𝑏𝑒𝑛𝑒𝑓𝑖𝑡), as calculated using Eq. (8). Ecosystem benefits were estimated using unit N damage 342 

costs derived from the European Nitrogen Assessment and adjusted to the Chinese context by 343 

accounting for differences in willingness to pay (WTP) and purchasing power parity (PPP). 344 

Human health benefits were quantified based on avoided premature mortality resulting from 345 

PM₂.₅ reduction, using unit health damage costs for N emissions that link emission abatement 346 

to population exposure, income level, and years of life lost. Climate benefits were estimated by 347 
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combining the cooling effect of N₂O abatement with the warming effect associated with reduced 348 

NH₃ emissions, using literature-based unit climate benefit coefficients. Climate mitigation 349 

benefits are limited to those arising from changes in N-related emissions under the adjustment 350 

scenario, and do not include carbon-dioxide or methane-related emissions. Detailed calculation 351 

procedures are provided in Supplementary Methods (S1.3 Societal benefits assessment). 352 

𝑆𝑂𝑏𝑒𝑛𝑒𝑓𝑖𝑡 = 𝐸𝑏𝑒𝑛𝑓𝑖𝑡 + 𝐻𝑏𝑒𝑛𝑒𝑓𝑖𝑡 + 𝐶𝑏𝑒𝑛𝑒𝑓𝑖𝑡    (8)  353 

 354 

2.5 Uncertainty analysis 355 

Given that the Second National Pollution Census data (Census data) comprise over 360,000 356 

points, it is challenging to quantify detailed data on feed intake, emission parameters, and yield 357 

for every farm due to difficulties in obtaining such information directly from farm owners. 358 

Census data provides detailed information on manure treatment methods, including manure 359 

cleaning methods, urine and wastewater disposal, and manure treatment disposal such as 360 

composting, biogas production, standard emissions, discarded manure, and other utilization 361 

(including bedding material production, substrate production, use as fuel, and aquaculture), 362 

which can be obtained from the survey questionnaires for every farm (Table S3, Fig. S1). 363 

Consequently, each province’s survey data includes only representative points, which may not 364 

comprehensively cover the full farm size information for all livestock types (small-, medium-, 365 

and large-sizes). This limitation constrains the ability to fully elucidate the variations in farm 366 

characteristics across different livestock scales. To address this, the Census data were 367 

supplemented with Cost and Benefit Yearbook data and literature to enhance the dataset on 368 

livestock production system performance. For instance, the crude protein content of feed (in 369 

Table S2), were not directly available from the survey and were instead sourced from other 370 

literature. This may introduce a degree of error, as feeding practices can vary significantly 371 

within farms of similar size. However, these data were the best available for the study, and 372 

uncertainty analyses were conducted to assess how variations in feed quality assumptions might 373 

affect the model results. 374 

 375 

To quantify this, 10,000 Monte Carlo simulations were performed in Matlab 2021b to assess 376 

uncertainties in livestock production and environmental performance, as well as in the cost-377 

benefit analysis under PCA scenario. We calculated the 95% confidence intervals for all results 378 

(Fig. S21-22 and Supplementary Data 1-12). Table S29 provides the coefficients of variation 379 

(CV) for activity data and parameters related to livestock production, environmental 380 

performance, and cost-benefit analysis. The CVs exceeding 30% in our Monte Carlo analysis 381 

indicate moderate to high levels of uncertainty, reflecting the intrinsic variability in livestock 382 

systems, spatial heterogeneity, and parameter uncertainty associated with literature-derived 383 

inputs. CVs within the 30-50% range are frequently observed in environmental modeling and 384 

benefit valuation studies (Chang et al., 2021; IPCC, 2019), especially those that incorporate 385 

empirical data and large-scale assumptions. Despite this variability, the directional trends and 386 

relative improvements, such as N loss reduction and increased NUE, remain consistent across 387 

simulations. As such, while the absolute magnitudes of economic and environmental benefits 388 

carry uncertainty, the results should be interpreted as indicative of potential outcomes, with 389 

emphasis placed on the robustness of relative patterns rather than precise numerical estimates. 390 

 391 
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2.6 Sensitivity analysis 392 

The nation average N loss intensity was selected as the adjustment threshold for several reasons. 393 

First, the regression curves did not exhibit a distinct empirical inflection point to define an 394 

optimal farm size, and extrapolating toward the theoretical minimum N loss intensity could lead 395 

to unrealistic or unattainable farm size targets. Second, the national average provides a practical 396 

and policy-relevant benchmark, suitable for setting national mitigation targets and guiding 397 

resource allocation strategies. Third, this average was derived from a comprehensive dataset 398 

encompassing 360,000 livestock farms, offering a robust representation of typical performance 399 

across China. Finally, due to limited availability of disaggregated regional data and considerable 400 

spatial heterogeneity in factors such as climate and land availability, it is not currently feasible 401 

to define region-specific optimal farm size with sufficient confidence. 402 

 403 

To assess the robustness of the adjusted (PCA) scenario, a sensitivity analysis was conducted 404 

using a one-at-a-time (OAT) approach (Hamby, 1994), focusing on the threshold of N loss 405 

intensity used to determine farm-size target. In the baseline PCA scenario, farms were adjusted 406 

to achieve national average N loss intensity, assuming this represents a policy-feasible and 407 

broadly applicable target. 408 

 409 

To test the sensitivity of this assumption, an alternative adjustment scenario was introduced 410 

using the national median N loss intensity as the threshold. This more conservative benchmark 411 

captures a lower emission intensity level and reflects potential variability in policy stringency 412 

or implementation flexibility.  The stability of environmental and production outcomes under 413 

different levels of adjustment ambition was evaluated by comparing the resulting changes in N 414 

losses, manure recycling, and livestock production between the two scenarios. Detailed results 415 

of this sensitivity analysis are provided in the Supplementary Discussion and Fig. S23. 416 

 417 

3. Results and Discussion 418 

3.1 Nitrogen use efficiency and farm size 419 

In this study, we analyzed four livestock production systems: pig, dairy cattle, layer, and broiler 420 

chicken. NUE increases significantly with farm size for all livestock, particularly in pig and 421 

dairy cattle systems (Fig. 1). In the pig systems, larger farms demonstrate more efficient feed 422 

use with lower crude protein levels, while excessively large farms experience a decline in 423 

livestock yield (Fig. S2). Small-scale pig farms often rely on locally sourced corn, bran, and 424 

byproducts mixed with commercial premixes, leading to nutrient excess and resource wastage 425 

(Fang and Fuller, 1998). Additionally, the use of the same feed throughout the entire growth 426 

period on most small farms results in nutrient surplus, as crude protein levels should be decrease 427 

progressively from the growing to fattening stages (NRC, 2012; Presto Åkerfeldt et al., 2019). 428 

Larger farms tend to adopt more advanced feeding technologies and equipment, enabling stage-429 

specific rationing that better matches animals’ changing nutritional requirements across 430 

production phases and thereby reduces feed intake per head (Presto Åkerfeldt et al., 2019) 431 

(Table S8). Medium-scale farms dominate the pig production sector, making up 66% of the total 432 

(Fig. S3), while super-large farms with over 10,000 heads remain relatively rare. The Southeast 433 

region raises more pigs than the Northwest region (Fig. S4). The distribution of pig farm sizes 434 

across regions shows limited variation, except in Xinjiang, where large-scale farming is more 435 
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prevalent due to the availability of extensive land and abundant crop feed. The NUE for pigs in 436 

Xinjiang is relatively high, reaching 25%, supported by policies and funding that promote large-437 

scale farming (Fig. S2i). Pig NUE is also high in central and southern regions, such as Sichuan, 438 

where pig production systems exhibit higher yields (Fig. S2a). Sichuan, as a national hub for 439 

high-quality commercial pigs, has a higher degree of modernization and intensification. 440 

 441 

Fig. 1. NUE changes with farm size in all livestock systems. a-d, Average farm size of the 442 

county for pig, dairy cattle, layer, and broiler chickens, respectively. e-h, NUE of the county 443 

for pig, dairy cattle, layer, and broiler chickens, respectively. i-l, Relationship between livestock 444 

NUE and farm size in pig, dairy cattle, layer, and broiler chicken production systems, 445 

respectively. Each dot in i-l represents the mean of variables within a specific farm size group 446 

for each livestock type (Grouping criteria for each livestock production system are provided in 447 

Tables S4-7). The shaded area in the figure represents the 95% confidence interval. The base 448 

map was applied from the Database of Global Administrative Areas (GADM; https://gadm.org/). 449 

 450 

Among all livestock, dairy cattle exhibit the lowest NUE at 12%. This is mainly due to their 451 

low feed conversion efficiency, as they consume substantial amounts of cellulose-rich feed like 452 

as grass and straw. The low NUE of dairy cattle arises from their high feed conversion rate (the 453 

amount of feed required to produce a unit of product) (Mottet et al., 2017), with 80% of their 454 

feed being cellulose-based, and their feed’s relatively low crude protein content (FAO, 2022b). 455 

Additionally, only milk production was considered as the output in the dairy cattle system, 456 

excluding meat production from the analysis. Large-scale dairy cattle operations exhibit 457 

considerably higher productivity than small- and medium-scale farms, due to increased inputs 458 

such as concentrate feed, fixed assets, and expenses related to medical care and vaccinations 459 

(Yu and Peixin, 2021). Dairy cattle constitute 34% of large farms, encompassing the Large, 460 

Very Large, and Super Large farm categories (Table S1, and Fig. S3b). However, the Northern 461 

and Northwest regions show relatively high percentages of large dairy farming (40% and 37%, 462 
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respectively). This is due to the abundant forage resources, favorable climate, and substantial 463 

dairy cattle populations in these regions. Furthermore, national policies and financial support 464 

have fostered the development of high-quality, standardized grazing areas, promoting large-465 

scale dairy farming in these regions. 466 

 467 

The NUE of chicken (37%) is substantially higher compared to pig (22%) and dairy cattle 468 

(12%), largely (2018; Mottet et al., 2017) due to the high proportion of easily digestible 469 

concentrate crops in their feed composition. Broiler chicken systems exhibit the highest NUE 470 

and the largest proportion (91%) of large-scale farming, indicating that broilers are particularly 471 

suited for large-scale and standardized farming practices, especially in the Northern region, 472 

where super-large farms account for 16% of production. In contrast, the proportion of large-473 

scale farming in layer production systems is relatively low (22%, Fig. S3c). Despite the 474 

Northern region being the primary egg-producing area in China, with provinces such as 475 

Shandong, Hebei, Henan, and Hubei contributing to 40% of the country’s egg production (Table 476 

S33), the average size of layer farms in these areas remains small (Fig. 1c and Fig. S3c). This 477 

is primarily due to high population density, limited and fragmented land availability, and 478 

smaller farming areas, which constrain the farm size in these regions. 479 

 480 

Livestock farm sizes exhibit regional variations, influenced by rearing practices and socio-481 

economic indicators (Pan et al., 2021). There is a positive relationship between rural per capita 482 

disposable income, urbanization rate, and farm size at the county level (Fig. S4). Higher levels 483 

of economic development and urbanization provide the necessary support to large-scale 484 

equipment, technology, and other operational costs. Increased investment in equipment, 485 

technology, and management expertise facilitates the development of high-quality, large-scale 486 

livestock farms (Hu and Yu, 2022). Additionally, the relationship between livestock farm size 487 

and cropland farm size follows an inverted-U shape, suggesting that an appropriate cropland 488 

farm size may benefit the expansion of livestock farm size at the county level. Given that the 489 

recoupling of crops and livestock also follows an inverted-U shape with cropland farm size (Jin 490 

et al., 2021), an optimal cropland farm size would not only enhance NUE in livestock 491 

production but also improve manure recycling for crops. 492 

 493 

3.2 Manure recycle 494 

The manure recycling ratios for different livestock types show distinct patterns with respect to 495 

farm size (Fig. 2). For pigs and broiler chickens, manure recycling ratios increase significantly 496 

with farm size, with the change being more pronounced for pigs and relatively minor for broiler 497 

chickens. The manure recycling ratio for broiler chickens is high (49%) and exhibits minimal 498 

variation across farm sizes. The distribution of broiler farms (Fig. 1d) aligns closely with the 499 

main distribution of cropland in the Northern and Northeast regions (Fig. S5), where abundant 500 

cropland resources make it easier to absorb the manure produced by broilers. Dairy cattle also 501 

have a high manure recycling ratio (49%), with farming concentrated in regions with abundant 502 

cropland and grassland, facilitating manure recycling. While the relationship between farm size 503 

and manure recycling ratio for dairy cattle is not strong, there is a trend of increased recycling 504 

as farm size increases. Additionally, manure produced by grazing dairy cattle is directly 505 
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deposited on grasslands, contributing to the recycling process. In contrast, the manure recycling 506 

ratio for layer chickens is relatively low (39%) and does not show a significant relationship 507 

with farm size. This is due to the scattered distribution of layer farms, with large-scale farming 508 

concentrated in the Central and Southern regions (Fig. 1c), where cropland resources are limited 509 

(Fig. S6), resulting in insufficient agricultural land for effective manure recycling. 510 

 511 

Figure 2. Ratio of manure recycled as organic manure and being used for biogas under 512 

different farm sizes. a-d, the manure recycling ratio for pig, dairy cattle, layer and broiler 513 

chickens, respectively. e-h, the relationship between manure recycling ratio, biogas ratio and 514 

farm size for pig, dairy cattle, layer and broiler chickens, respectively. The green and blue lines 515 

represent the manure recycling ratio and the biogas ratio, respectively. The shaded area in the 516 

figure represents the 95% confidence interval. The shaded area in the figure represents the 95% 517 

confidence interval. The base map was applied from the Database of Global Administrative 518 

Areas (GADM; https://gadm.org/). 519 

 520 

For pigs, the manure recycling ratio (38%) increases significantly with farm size. As farm size 521 

grows, pig farms tend to invest more in manure treatment infrastructure, leading to higher 522 

manure resource utilization (Jing et al., 2020; Wang and Yang, 2017; Yu et al., 2012). Large 523 

farms produce more concentrated manure, and government policies emphasize the importance 524 

of proper manure management (GOSC, 2013): It is recommended that livestock farms, based 525 

on their size and pollution control needs, establish facilities such as composting, organic 526 

fertilizer production, and biogas generation to ensure comprehensive manure utilization. Farms 527 

that outsource these tasks to third parties are not required to set up their own facilities. Biogas 528 

production primarily relies on anaerobic fermentation technology, which converts organic 529 

waste into methane. The digestate produced during fermentation can still be used as organic 530 

fertilizer, which can be recycled to agricultural land. 531 

 532 

The proportion of manure bio-gasification across all livestock production systems increase 533 

notably with farm size. This increase is largely due to the substantial initial investment required 534 

for anaerobic fermentation technology, which demands high technical expertise (Pan et al., 535 

2021), which are more accessible to medium- and large-scale farms. Larger farms are more 536 

likely to invest in such technologies and infrastructure, enabling centralized manure treatment 537 
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and energy recovery (Wei et al., 2016). Specifically, pig manure is the primary feedstock for 538 

biogas production in China, exhibiting the highest bio-gasification ratios (Fig. S7). By contrast, 539 

dairy cattle farms show lower and dispersed biogas utilization, partly due to the greater 540 

prevalence of grazing-based production. Bio-gasification ratios for broiler and layer chickens 541 

are also relatively low. Additionally, significant regional variations are observed, with higher 542 

biogas utilization ratios in the central and southern regions (Fig. S8), while the northern regions 543 

show lower ratios. For instance, in pig production systems, the biogas utilization ratio is much 544 

higher in the Southwest (32.4%), Central and Southern (14.4%), and Eastern China (15.1%) 545 

regions, compared to the Northwest (6.6%), Northeast (1.7%), and Northern (6.8%) regions. 546 

The colder climate in the northern region is not conducive to biogas generation, while the 547 

warmer temperatures in the southern region are more suitable for anaerobic biogas fermentation 548 

(Dongmei et al., 2019). The promotion of rural biogas energy development and utilization has 549 

led to the widespread adoption of anaerobic biogas digesters on farms in the southern region. 550 

 551 

3.3 Nitrogen loss from livestock production 552 

In 2017, the four main livestock production types in China resulted in a total N loss of 2.3 Tg 553 

(1 Tg = 1012 g), which includes NH3-N, N2O-N, N loss to water, and other forms of nitrogen. 554 

The contributions from pigs, dairy cattle, layer chickens, and broiler chickens were 1.0, 0.5, 0.5, 555 

and 0.3 Tg, respectively (Fig. S9). The distribution of N loss was as follows: 1.2 Tg from NH3-556 

N, 0.1 Tg from N2O-N, 0.3 Tg N from N loss to water and 0.6 Tg from other sources. The 557 

Eastern, and Central and Southern regions exhibited the highest N losses, with totals of 0.66 Tg 558 

and 0.63 Tg, respectively, substantially higher than losses in other regions (Fig. S10a). This 559 

pattern is primarily driven by the concentration of intensive livestock production in these 560 

regions. At the provincial level, Henan, Guangdong, and Shandong provinces bear a large 561 

portion of the manure burden and have the highest N losses (Fig. S10), reflecting their roles as 562 

major livestock-producing provinces, particularly for pigs and chickens. However, regional 563 

differences in manure recycling capacity reflect structural constraints in crop-livestock 564 

integration, which are closely associated with variations in manure handling pressure and N 565 

loss intensity. Henan and Shandong, as major crop-growing provinces, have relatively high 566 

manure recycling ratios (55% and 50%, respectively), which help mitigate the N load by 567 

meeting the demand for organic fertilizer. In contrast, Guangdong has a relatively lower manure 568 

recycling ratio (32%) and thus experiences higher N losses. Therefore, effective manure 569 

treatment techniques must be urgently implemented in Guangdong to address this issue. 570 

 571 

The Central and Southern region is responsible for large N losses from pig production (Figs. 572 

S9-10). Guangdong, as a major pig farming province, produced 46 Gg N (1 Gg=109 g) from 573 

meat production, resulting in 120 Gg of N losses and placing considerable environmental 574 

pressure on surrounding terrestrial and aquatic ecosystems. In contrast, N losses in dairy 575 

farming are more evenly distributed, with no significant regional differences, which is 576 

consistent with a more spatially dispersed production structure of dairy farms. In layer chicken 577 

production, the sector is highly concentrated in key egg-producing provinces such as Henan, 578 

Shandong, Hubei, and Hebei, which are also experiencing substantial N losses. These provinces 579 

collectively account for 37% of the country’s total egg-laying N losses, producing 50, 48, 48, 580 

and 41 Gg of N losses, respectively. Although these provinces are characterized by large 581 
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production volumes, their average farm sizes are predominantly small to medium, with 582 

relatively moderate levels of mechanization and management. Their N loss intensities are close 583 

to the national average (1.0 kg N per kg product N), at 1.0, 0.8, 1.2, and 1.0 kg N per kg product 584 

N, respectively. Among these provinces, Shandong exhibits a slightly larger average farm size 585 

than Henan, Hubei, and Hebei (Fig.1c), which is associated with a lower N loss intensity. 586 

Overall, these provinces present hotpots for N loss mitigation, where reductions in total N losses 587 

are constrained by production scale but could be effectively achieved through improvements in 588 

farm size and associated improved management. 589 

 590 

N loss intensities differ substantially across livestock systems, reflecting inherent differences 591 

in production efficiency and management requirements. N loss intensities in both layer and 592 

broiler chicken production systems are relatively low, at 1.0 and 0.7 kg N per kg product N, 593 

respectively, owing to their higher NUE. In contrast, dairy farming exhibits the highest N loss 594 

intensity, at 3.9 kg N per kg product N, which is attributed to lower feed conversion efficiency 595 

and longer production cycles (Uwizeye et al., 2020). Across all livestock systems, N loss 596 

intensity decreases as farm size increases. This pattern is primarily driven by improvements in 597 

management efficiency and technology adoption on larger farms. Larger farms typically b 598 

investment more in mechanical equipment, technology, and veterinary services (Fig. S11), 599 

which can replace labor (Fig. S12), improve farm efficiency, and reduce N losses (Wei et al., 600 

2016; Wei et al., 2018). In pig, layer chicken and broiler chicken systems, N loss intensity 601 

stabilizes as farm size grows larger, particularly in the pig and layer chicken production systems. 602 

Beyond a certain farm size, further expansion does not lead to significant reductions in N losses, 603 

and excessively large farms may experience diminishing net profits (Fig. S13). For dairy 604 

farming, increasing farm size significantly reduces N loss intensity and enhances farming 605 

efficiency. However, because dairy farming often involves grazing, excessively large farms may 606 

strain grassland carrying capacities, potentially leading to land degradation (Bardgett et al., 607 

2021; Bilotta et al., 2007). Overall, these results indicate that reductions in N loss intensity are 608 

driven by scale-related improvements in management and technology rather than farm size 609 

alone, and that maintaining an appropriate farm size by balancing efficiency gains against 610 

environmental and land constraints is critical for sustainable livestock production. 611 

 612 

3.4 Optimizing farm size for different livestock systems 613 

Optimizing farm size based on the emission characteristics of livestock can substantially 614 

improve resource efficiency. The adjustment strategy aims to minimize total N loss, including 615 

N2 emissions. Although N2 does directly threaten the environment or ecosystem, reducing its 616 

emissions can enhance the effectiveness of N components in resource utilization. The 617 

adjustment strategy for the Optimized scenario (PCA) recommends consolidating farm sizes 618 

for all livestock production systems, as N loss intensity decreases with increasing farm size (Fig. 619 

3). However, excessively large farm sizes may lead to diminishing net profits or pose the risk 620 

of manure accumulation, so maintaining an optimal farm size is crucial for ensuring sustainable 621 

agricultural production. Under the PCA scenario, consolidation is recommended for farms that 622 

exceed the national average N loss intensity while falling below the corresponding optimal farm 623 

size. This approach avoids the risks associated with excessively large farms. Farm size 624 

consolidation is implemented at the county level to ensure practical feasibility, avoid cross-625 
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regional management complexities, and mitigate challenges associated with excessive livestock 626 

waste concentration. Detailed information on the adjustment scheme can be found in the 627 

Methods section. 628 

 629 

Figure 3. N losses in all livestock systems. a-d, the relationship between N loss intensity and 630 

farm size for pig, dairy cattle, layer and broiler chickens, respectively. N loss contains NH3-N, 631 

N2O-N, N loss to water and other N loss. The shaded area in a-b represents the 95% confidence 632 

interval. e, Adjusted strategy framework for all livestock. All numbers are in 108 kg N. BAU 633 

(business as usual) represents the baseline scenario before the consolidation of small-scale 634 

farms, whereas PCA represents the policy-constrained adjustment scenario after consolidation. 635 

The green line highlights the amount of manure returned to agricultural land, indicating 636 

enhanced and efficient manure recycling. 637 

 638 

Based on the PCA scenario, implementing an adjusted farm size strategy would yield several 639 

benefits. With a constant feed N input, livestock N production would increase by 22 (14~29) 640 

Gg and manure N recycling to the field would rise by 100 (80~120) Gg, resulting in a 122 641 

(109~134) Gg N reduction in N loss (Fig. 4). The reductions in NH3, N2O, N loss to water and 642 

other N losses would be 55, 2, 25, and 4 Gg N, respectively. Since the PCA scenario is 643 

implemented at the county level and adjusted only to the national average level, it adjusts just 644 

16% of the intensive farms nationwide (Fig. S16). Nevertheless, this strategy would reduce 645 

national N loss by 6%, increase livestock N production by 2%, and improve manure recycling 646 

ratio by 5%. In the adjusted regions (Fig. 4), N loss would decrease by 24%, livestock N 647 

production would increase by 9%, and manure recycling would rise by 40%. The adjustment is 648 

most effective in the Central and Southern, Eastern, and Northeast regions, where N losses 649 
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would be reduced by 52 Gg, 30 Gg, and 23 Gg, respectively, corresponding to reduction rates 650 

of 23%, 25%, and 24%. Among these, Henan and Guangdong provinces have the largest 651 

potential for N loss reduction, with reductions of 17 Gg and 15 Gg, respectively (Table S41). 652 

These regions, characterized by large and concentrated livestock populations, high population 653 

densities, and fragmented agricultural land, are particularly well-suited for farm size adjustment. 654 

 655 

 656 
Figure 4. Changes of N losses, livestock production and manure recycle between BAU and 657 

Optimized (PCA) scenario. a-c, changes in N losses, livestock production and manure 658 

recycling under the PCA scenario. N losses include NH3-N, N2O-N, N loss to water, and Other 659 

N loss (including N2, discarding N and manure utilized as fuel). Here, N2 is also categorized as 660 

N loss. Livestock production refers to the total output of livestock products. Manure recycle 661 

denotes the amount of manure returned to agricultural land, including cropland and grassland. 662 

d-f, change ratio of N losses, livestock production and manure recycling under the PCA scenario. 663 

The shaded areas represent regions with livestock production but without adjustment. The base 664 

map was applied from the Database of Global Administrative Areas (GADM; https://gadm.org/). 665 

 666 

Due to variations in livestock distributions, the adjustment areas vary notably among systems, 667 

primarily focusing on regions where small-scale livestock farming is predominant. For pig 668 

production, the PCA scenario could achieve the greatest N loss reduction (51 Gg, 19%). The 669 

adjustment is concentrated in the Eastern region (Fig. S17), where pig farming is predominant, 670 

but the farm sizes are relatively small (Fig. 1a), necessitating scientific consolidation. For dairy 671 

farming, the PCA scenario would lead to a smaller N loss reduction of 21 Gg (26%), while also 672 

increasing livestock production by 1.4 Gg (9%) and enhancing manure recycling by 19 Tg 673 

(41%). The adjustment area for dairy farming is relatively small, primarily in Northern regions 674 

(Fig. S18). For layer chicken production, adjustment is concentrated in the Central and Southern 675 

China region (Fig. S19), with reduction rates reaching 33%. In the case of broiler chicken 676 

production, adjustment primarily focuses on the Central and Southern China region (Fig. S20), 677 

where small farm sizes (Fig. 1c), low NUE (Fig. 1e), and low livestock output (Fig. S2d) prevail. 678 

Optimizing farm sizes in these regions could substantially enhance farming efficiency, reducing 679 
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N loss by 37%, while increasing livestock production by 22%, and improving manure recycling 680 

by 17%. 681 

 682 

A comprehensive cost-benefit analysis was conducted to assess the feasibility and effectiveness 683 

of policy changes based on optimizing farm size. The cost analysis includes expenses related 684 

to dismantling old farms, constructing new ones, and the comparative difference in feed costs, 685 

newborn animal costs, fixed asset depreciation, labor, and other factors between the PCA and a 686 

“Business as Usual” (BAU) scenario (see Methods). The benefits of the PCA scenario 687 

encompass both economic and environmental aspects, including increased livestock product 688 

value and improvements in ecosystem, health, and climate. The cost-benefit analysis results 689 

show substantial economic and environmental benefits from implementing the PCA strategy. 690 

The total implementation cost was estimated at just 19 (14~25) million USD, while the benefits 691 

amounted to $1.7 (1.2~2.2) billion USD (Fig. 5). These ranges indicate variability around the 692 

central estimates, rather than precise point values. Moreover, the climate benefits considered in 693 

this analysis are limited to nitrogen-related emission changes and exclude CO₂ and CH₄ 694 

emissions. The pig production system has the highest abatement benefits with a net benefit of 695 

1.2 billion USD. Optimizing farm size leverages scale effects, reducing rearing costs while 696 

simultaneously enhancing product output, yielding economic benefits of 0.9 billion USD. The 697 

PCA strategy for all livestock types results in improvements in environmental benefits, with 698 

ecosystem and health benefits increasing by 0.6 billion USD and 0.3 billion USD, respectively. 699 

However, one limitation of our assessment is that the climate benefits considered in this study 700 

are based solely on N loss reductions, while variations related to carbon emissions not 701 

accounted for. Overall, the cost-benefit analysis demonstrates that implementing PCA would 702 

be both economically and environmentally advantageous. 703 

 704 
Figure 5. Costs and benefits for the PCA scenario. Data with error bars are presented as mean 705 

value with 95% confidence intervals. Economic benefits refer to the additional economic gains 706 

from increased production under the PCA scenario. Ecosystem, Health, and Climate benefits 707 

represent the benefits arising from reduced N emissions Implementation cost denotes the costs 708 

associated with consolidating small-scale farms. Net benefits are calculated as total benefits 709 

under the PCA scenario minus implementation costs. 710 
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 711 

3.5 Policy implications 712 

As farm size increases, investments in machinery, technology, management, and disease control 713 

tend to rise (Fig. S11), enabling more scientific feed allocation and management (Hu and Yu, 714 

2022; Wei et al., 2016). Such investments in technology and equipment are significantly 715 

negatively correlated with feed costs (Fig. S14), suggesting that technological upgrading 716 

contributes to lower input costs. Larger-scale operations generally rely on more advanced 717 

equipment and management systems, which can improve production efficiency, increase feed-718 

use efficiency and labor productivity (Hu et al., 2017), and thereby reduce feed costs while 719 

releasing labor constraints (Fig. S12).These findings directly address the research question by 720 

demonstrating that improvements in NUE and reductions in N loss intensity are driven by scale-721 

associated gains in management and technology, rather than farm size expansion alone. The key 722 

to expanding farm size lies in replacing manual labor with mechanization to improve 723 

productivity and profits (Wang et al., 2016) (Fig. S13). Thus, policies promoting biogas and 724 

composting initiatives are more effective for medium and large-scale farms, where knowledge 725 

of these practices is higher (Hu et al., 2022), as smaller farms typically have lower levels of 726 

policy awareness (Kuhn et al., 2020). Additionally, the state tends to subsidize medium and 727 

large farms to support specialized livestock and waste management facilities, increasing 728 

productivity and reducing pollution (Pan et al., 2016). Entrepreneurial decision-making is 729 

critical for resource allocation and the adoption of innovative solutions, enabling farms to better 730 

adapt to market demands and environmental challenges (Burton, 2014). However, excessive 731 

investment in machinery and infrastructure can lead to inefficiencies, including wasted 732 

productivity and lower cost efficiency (Xiaoxia, 2020), underscoring the importance of regions 733 

developing an optimal scale based on local advantages. This reinforces the conclusion of this 734 

study that environmental and economic benefits arise not from unlimited scale expansion, but 735 

from achieving an appropriate farm size that balances efficiency gains with management 736 

complexity and local resource constraints. Regions scale pathways aligned with their specific 737 

production conditions, institutional capacity, and development stage. 738 

 739 

Effective disease management is crucial, as the cost of prevention is markedly lower than the 740 

economic losses, treatment expenses, and mortality costs associated with outbreaks (Hu and 741 

Yu, 2022). Large-size farms often own higher levels of technical knowledge and invest more 742 

in management and disease control (Fig. S11), and advanced manure processing technology 743 

also helps mitigate pollution and environmental risks (Kaufmann, 2015). Government policies 744 

typically offer subsidies to larger farms, encouraging the establishment of standardized 745 

operations that meet higher environmental health standards and undergo stricter regulatory 746 

oversight (Pei et al., 2021). Furthermore, large-size farming tends to focus on animal welfare  747 

by providing safer and more controlled housing conditions s to enhance animal health and 748 

product quality  (Hu and Yu, 2022). However, due to their density and concentration, large-749 

size farms are vulnerable to significant losses if faced with highly contagious diseases like avian 750 

flu, which may impact a wide area (Liu et al., 2020; Piao et al., 2024). Though the farm size 751 

itself is not the cause of disease outbreaks, the potential for large losses becomes more apparent. 752 

To combat pathogens effectively, large farms require advanced monitoring and disinfection (Hu 753 

et al., 2017), which involves substantial costs. Accordingly, scaling up livestock production 754 
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must be accompanied by robust biosecurity and animal welfare safeguards, including strict 755 

disinfection protocols, personnel management, adequate space allocation, safe disposal of 756 

diseased animals and integrated waste treatment systems (Chadwick et al., 2020). 757 

 758 

Implementing farm size management necessitates coordinated engagement across stakeholders. 759 

Government agencies should actively promote cooperative models and provide both policy and 760 

financial support to facilitate the transition from small-size to larger-size livestock farming. 761 

Target policies are required to support displaced smallholder farmers through employment 762 

transition programs and social safety nets (Pan et al., 2016). Concurrently, large-scale farms 763 

need stricter oversight and policies that support efficient manure use, transport, and application 764 

to arable lands (Feng et al., 2023). However, manure recycling also entails potential health and 765 

environmental risks, including pathogen transmission, nutrient runoff, and groundwater 766 

contamination, if manure is improperly treated or applied. Addressing these risks is therefore a 767 

prerequisite for sustainable scaling. For operators of larger farms, investment in technical 768 

capacity building and the adoption of best management practices are critical to ensure that 769 

scaling up yields both environmental and socioeconomic benefits (Chadwick et al., 2015). 770 

 771 

While structural adjustment and the expansion of large-size farms can enhance productivity and 772 

environmental outcomes, such strategies must be accompanied by inclusive transition 773 

mechanisms to prevent the marginalization smallholders (Berdegué et al., 2025). Beyond policy 774 

design, the social and institutional feasibility of farm size management warrants careful 775 

consideration. Consolidation may lead to the displacement or exit of small-scale farmers who 776 

lack capital, access to credit, or the capacity to comply with increasing technical and regulatory 777 

requirements, potentially exacerbating rural inequality if not adequately managed (Hazell et al., 778 

2010). At the same time, effective implementation of coordinated consolidation requires 779 

substantial governance capacity, including cross-sectoral coordination, monitoring, and 780 

enforcement, which may vary considerably across regions (Pretty et al., 2018). Differences in 781 

local administrative capacity, infrastructure, market access, and extension services further 782 

imply that the feasibility and outcomes of farm size management are likely to be spatially 783 

heterogeneous. Consequently, policy approaches should be adapted to regional conditions and 784 

institutional readiness, rather than assuming uniform implementation potential. To promote 785 

equitable participation, we propose several policy instruments to promote equitable 786 

participation: (1) Incentivizing cooperatives and contract-based partnerships to enable shared 787 

manure management and resource utilization (Shi et al., 2023); (2) Expanding training and 788 

extension services to improve smallholders’ access to circular agriculture technologies  (Jin et 789 

al., 2021). Enhancing livestock N efficiency and environmental performance should not come 790 

at the expense of rural social stability. Policies must be designed to align environmental goals 791 

with social equity, ensuring that vulnerable stakeholders are supported throughout the transition 792 

toward adjusted farm structures. 793 

 794 

The inclusion of N₂ in total nitrogen loss follows a mass-balance and NUE perspective 795 

commonly applied in livestock systems (Oenema et al., 2006; Neysari et al., 2023), in which N 796 

loss is defined as nitrogen no longer available for productive use. From this perspective, N₂ 797 

represents a terminal loss of nitrogen from the agro-food system that reduces NUE, although it 798 
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does not cause direct environmental harm. Accordingly, the aggregation of different nitrogen 799 

pathways into a single N loss intensity indicator is intended to reflect system-level nitrogen 800 

efficiency rather than equivalent environmental impacts. Reactive nitrogen forms (e.g., NH₃, 801 

N₂O, and nitrate) have well-documented environmental consequences, whereas N₂ is 802 

environmentally benign. Therefore, reductions in total N loss should not be interpreted as 803 

proportional reductions in environmental damage, and potential trade-offs among nitrogen loss 804 

pathways should be considered when interpreting mitigation outcomes. 805 

 806 

It is important to clarify that emphasizing farm size in this study does not imply that scale 807 

expansion or further intensification should be regarded as a desirable mitigation strategy. From 808 

a planetary health perspective, recent literature highlights that efficiency gains alone are 809 

insufficient to reduce environmental pressures without constraints on aggregate production 810 

(Willett et al., 2019) (Clark et al., 2020). Accordingly, the PCA scenario is designed as a 811 

benchmark-based, policy-constrained adjustment rather than a formal adjustment in the strict 812 

sense. It focuses on consolidating excessively small farms toward a farm size associated with 813 

the national average N loss intensity, which serves as a pragmatic policy reference reflecting 814 

prevailing regulatory norm, rather than a theoretical system optimum. In this context, farm size 815 

should be interpreted as a structural proxy capturing a suite of co-varying factors, including 816 

capital intensity, access to technology, management capacity, regulatory compliance, and spatial 817 

organization, rather than as a purely causal management variable (Herrero et al., 2020). The 818 

observed relationships between larger farm size, higher NUE, and lower N loss intensity 819 

therefore reflect the combined effects of these underlying factors, such as improved feeding 820 

practices, manure management infrastructure, and environmental control technologies, rather 821 

than farm size alone. Importantly, environmental benefits arise when structural consolidation is 822 

accompanied by appropriate technological, managerial, and institutional support (Pretty et al., 823 

2018). Farm size should thus be viewed as an emergent characteristic of broader system-level 824 

transformations, rather than a standalone policy lever for nitrogen mitigation. 825 

 826 

The data presented in this study primarily focus on intensive farms, rather than traditional 827 

backyard livestock farms, which hold even greater potential for management. In 2017, 828 

traditional farming still accounted for a substantial portion of livestock farming, with the 829 

products of backyard livestock comprising 55% of the total. For instance, backyard pig 830 

production represented 59% of the overall pig production, a significantly higher percentage 831 

than in advanced countries like America (Robinson et al., 2014), where it is just 2%. Traditional 832 

farming practices generally lack modern manure treatment equipment, resulting in inefficient 833 

manure storage with higher N losses. However, due to the limited available data on traditional 834 

farms, this study was unable to comprehensively analyze the N loss on traditional farms. The 835 

second pollution census of traditional livestock data is only available at the county level, posing 836 

constraints on conducting the extensive analysis. Moreover, the adjustment strategy in this 837 

study focused on county boundaries, without considering adjustment between countries and 838 

within regions, which may limit the potential for N loss reduction. However, this strategy 839 

remains viable and beneficial as it enhances resource allocation within counties, reduces 840 

transportation costs, mitigates the risk of cross-regional pollution transfer, and guarantees a 841 

stable supply of local livestock products. Meanwhile, the adjustment strategy focused on county 842 
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boundaries can help avoid the issue where excessive manure production in a particular area 843 

may exceed the capacity of surrounding agricultural land to absorb. 844 

 845 

3.6 Limitations 846 

This study relies on questionnaire-based information from the national pollution census, which 847 

involves large-scale manual reporting and may introduce reporting or estimation uncertainty, 848 

particularly for manure management practices and their relative proportions (Table S3). While 849 

these data reasonably capture overall patterns and trends in livestock management, uncertainty 850 

remains at the individual-farm level; this limitation is addressed through uncertainty analysis 851 

to enhance the robustness of the results. The assumption of constant total feed N input between 852 

the BAU and PCA scenarios is a deliberate constraint designed to isolate the effects of structural 853 

consolidation and efficiency improvement from changes in aggregate production or market 854 

dynamics. In addition, restricting consolidation to the county level reflects administrative 855 

feasibility and likely results in conservative estimates of mitigation potential, as cross-county 856 

reallocation could further reduce N losses but faces institutional barriers. Together, these 857 

assumptions frame the PCA scenario as a realistic policy benchmark, and the results should be 858 

interpreted as achievable improvements under current governance conditions rather than upper-859 

bound mitigation potentials. Moreover, this study focuses on nitrogen flows and does not 860 

explicitly account for co-existing contaminants in livestock manure, such as antibiotics or heavy 861 

metals, which may interact with nitrogen management and pose additional environmental risks. 862 

Addressing these co-contaminants would require additional data and modeling frameworks 863 

beyond the scope of this study, but represents an important direction for future research. 864 

 865 

4. Conclusion 866 

In this study, we found that increasing farm size substantially improved NUE and decreased N 867 

loss intensity across all livestock categories, while the manure N recycled varies between 868 

different livestock types. While increasing farm size could enhance feed utilization efficiency, 869 

it also poses certain risks, such as increasing the spatial mismatch between cropland areas and 870 

livestock. Hence, pursuing farm size expansion without an underlying strategy is not advisable. 871 

Instead, it is imperative to develop an adjusted approach based on a comprehensive analysis of 872 

N utilization characteristics and N emission features for each specific livestock category. 873 

Optimizing farm size according to the N loss intensity function, which is derived from the 874 

regression relationship between N emissions and farm size, could achieve a synergistic 875 

improvement by combining reduction in N losses, increased production, and enhanced manure 876 

N recycling ratios. We emphasize the importance of assessing N utilization indicators while 877 

considering food security and environmental protection to optimize farming levels in each 878 

region. Furthermore, livestock farm size is constrained by natural and economic factors, 879 

showing an inverted U-shaped relationship with cropland farm size. Therefore, promoting an 880 

appropriate farm size should be tailored to local conditions and aligned with the corresponding 881 

cropland farm size to foster sustainable agricultural development. 882 

 883 

Data availability 884 
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Highlights: 

1. Livestock NUE rises and N loss intensity decreases with farm size. 

2. Manure recycling ratios vary with farm size across different livestock types. 

3. Optimizing farm size for 16% of intensive farms could reduce N losses by 1.2 Tg. 

4. Farm size optimization improves societal and environment benefits. 
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