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Managing livestock farm size to reduce nitrogen loss in China

Abstract

The livestock farm size influences management strategies, affecting nitrogen use efficiency
(NUE) and nitrogen losses. Using data from 360,000 farms across China in 2017, covering four
major livestock types, the relationship between NUE, nitrogen losses, and farm size is examined.
Results show that NUE increases and nitrogen loss intensity decreases as farm size grows for
all livestock types, despite manure recycling ratios differ among livestock types, underscoring
the need for tailored strategies to manage farm size. Managing farm size for only 16% of
intensive farms nationwide could reduce nitrogen losses by 121 Gg (1 Gg=10° g), increase
production by 21 Gg, and enhance manure recycling by 100 Gg. This strategy would yield a
24% reduction in nitrogen losses, a 9% increase in livestock production, and a 40% rise in
manure recycling in smaller-size farming regions, highlighting the critical role of livestock farm
size in achieving significant environmental and food security benefits.

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

1. Introduction

China plays a prominent role in global livestock production and consumption, contributing 22%
of global meat and 7% of global milk production. The country raises nearly half of the world’s
pigs, 20% of layer chickens, and 30% of broiler chickens (FAO, 2022). With rising living
standards, the demand for livestock products in China is projected to double by 2050
(Alexandratos and Bruinsma, 2012). This growing demand presents substantial challenges in
terms of environmental pollution, climate change mitigation, and food security (Du et al., 2018;
Fang et al., 2023). Furthermore, China’s livestock sector contributes 22% of global livestock-
related reactive nitrogen (N) emissions (Cheng et al., 2022), accounting for one-third of total
anthropogenic N emissions (Uwizeye et al., 2020). These emissions have detrimental effects on
the environment, climate, and human health (Erisman et al., 2013; Galloway et al., 2008; Gu et
al., 2021). Consequently, identifying effective and practical strategies to reduce livestock N
emissions in China while ensuring a sustainable supply of livestock products is of critical
importance.

In recent years, intensive farming has become as a key strategy for advancing national livestock
production in China (Pan et al., 2019), offering improved economic benefits and reduced
resource waste compared to traditional farming methods (Bai et al., 2018; Wei et al., 2018). By
2017, the proportion of intensive farming (measured by the share of intensive farms among all
farms) had risen to 45%, up from 31% in 2007 (Zhu et al., 2022). The proportions of intensive
farming for pigs, dairy cattle, layer chickens, and broiler chickens were 41%, 49%, 64%, and
72%, respectively. The 14" Five-Year Plan for the Development of the National Animal
Husbandry and Veterinary Industry aims to further promote livestock farming intensification
(China, M.O.A.A. 2021). Intensification is widely regarded as central to the modernization of
the livestock industry, facilitating the adoption of more efficient production techniques (Li et
al., 2017), improving production efficiency (McAuliffe et al., 2017; Wang et al., 2016), and
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enhancing labor productivity. As a result, the shift towards intensive farming has become a
national priority in China’s livestock sector with the implementation of scientifically grounded
intensive management practices viewed as essential for advancing livestock production
modernization.

However, without proper management, the transition to intensive farming may lead to manure
nutrient losses, and a spatial mismatch between crop and livestock farming, resulting in
substantial environmental damages (Jin et al., 2021; Zhu et al., 2022). Beyond environmental
impacts, changes in farm structure are also closely associated with animal welfare outcomes.
While poorly managed intensification may increase stocking density and stress, well-managed
intensive systems can provide more controlled housing conditions and stronger disease
prevention, potentially improving animal health compared to poorly resourced small-scale
systems (Mench et al., 2011). Small-scale livestock systems are often constrained by limited
technical capacity, higher labor inputs, and lower product output. Large farms typically require
substantial investments in management, disease prevention, and manure handling (HOU and
ZHANG, 2022), but may also deliver higher production efficiency (Wang et al., 2016), and
stronger disease control capacity (Li et al., 2017). Small farms are more likely to adopt land-
and labor-intensive manure management practices (Pan et al., 2021), while medium- and
large-scale farms tend to implement more capital- and knowledge-intensive methods, such as
biogas production and composting (Hou and Zhang, 2022), which can reduce N pollution (Wei
etal., 2018) and greenhouse gas emissions (McAuliffe etal., 2017). Nevertheless, it is important
to recognize that excessively large-scale livestock operations can pose considerable
environmental challenges, especially due to the lack of sufficient agricultural land for effective
manure application (Liu et al., 2017; Wang et al., 2016), and may also raise animal welfare
concerns if scale expansion is not accompanied by appropriate space allocation, management
capacity, and regulatory oversight.

While large-scale, standardized livestock farming has become a dominant trend driven by
market and policy incentives, larger farm sizes do not necessarily guarantee better outcomes
from a marginal benefit perspective (Soliman and Djanibekov, 2021; Zigtek-Kwasniewska et
al., 2022). Instead, there is an optimal scale at which both production efficiency and
environmental benefits are maximized (Liu et al., 2017; Wei et al., 2018; Xiaoxia, 2020).
Therefore, it is essential to identify the optimal farm size for livestock production, aiming to
improve feed utilization, strengthen the spatial match between livestock and cropland, and
minimize pollution. However, quantitative evidence on the interaction between livestock
nitrogen management and farm size remains limited. This study addresses this gap by analyzing
data from nearly 360,000 intensive farms sampled in the Second National Pollution Census of
2017. Our goal is to explore these interactions and determine an evidence-based and policy-
feasible approach to managing farm size through policy-constrained adjustments, with the aim
of enhancing livestock production and reduce environmental damage.

2. Data and methods
This study first compiled and harmonized data from approximately 360,000 intensive livestock
farms across China, obtained from the 2017 Second National Pollution Census. It then
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examined the relationships between farm size and three key N-related indicators, N use
efficiency (NUE), N emission intensity and manure N recycling ratio, for pig, dairy cattle,
broiler, and layer chicken production systems. Building on these relationships, the study
developed scenario-based analyses to identify policy-feasible farm-size targets for each system
under these adjustment conditions. Lastly, a cost-benefit analysis was conducted to evaluate the
economic feasibility of implementing farm size management. The methodological procedures
are described in detail in the following subsections.

2.1 Data Sources

The 2017 Second National Pollution Census. Data on geographical coordinates, livestock
numbers, and manure removal management methods were derived from the Second National
Pollution Census data (Zhu et al., 2022), which included approximately 360,000 intensive farm
surveys conducted in 2017. The survey provides detailed information on manure cleaning
methods, including manure dry manure removal, mechanical dry manure removal, bedding
materials, raised bed farming, water-flushed manure, and blistered manure. It also reports
manure treatment process and utilization, including composting, organic fertilizer production,
biogas production, bedding material production, cultivation substrate production, and others, as
well as data on N loss to water and air. Overall, the Census data provide the foundational farm-
level data required for the analysis. When combined with information on livestock species and
manure cleaning methods, it enables a detailed characterization of farm-scale management
practices, which in turn underpins the calculation of N losses across different pathways.
Information on manure treatment and utilization explicitly provides manure N returned to
cropland (such as composting and organic fertilizer production), forming the basis for
subsequent N balance calculations. The animal production data were primarily extracted from
the literature rather than directly obtained from the farm survey data, which was necessary due
to the lack of detailed production data (e.g., milk yield per cow, egg production per hen, or live
weight gain per pig) in the survey dataset. The literature provided national and regional averages
for production outputs (e.g., nitrogen in milk, meat, and eggs), which were applied across farm
size categories to estimate nitrogen yields. A summary of the production data has been compiled
and added to Table S40.

The National Compilation of Information on Costs and Benefits of Agricultural Products
yearbook (Cost and Benefit Yearbook,
https://navi.cnki.net/knavi/yearbooks/YNCSY/detail 7uniplatform=NZKPT) was used to gather
data on livestock yields and concentrate feed intake in 2017. The definition of intensive farms
is taken from the Cost and Benefit Yearbook, referring to farms larger than backyard scale,
specifically those with more than 30 pigs (slaughtered), more than 10 dairy cattle (stock), more
than 300 layer chickens (stock), and more than 300 broiler chickens (slaughtered). The main
product of dairy cattle is milk, the main product of pigs (including only finishing pigs) broiler
chickens are meat, and the main product of layer chickens is eggs. The crude protein content of
the feed intake and the percentage of concentrate feed were described in Table S2. The N
content of all livestock products was obtained from Bai et al. (Bai et al., 2016). Climate data
containing temperature and precipitation data were from the China Meteorological Data Web
(http://data.cma.cn/) and the literature (Fick and Hijmans, 2017), respectively. Per capita GDP
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and per capita disposable income data at the county scale were derived from province statistical
yearbooks of 2017 (https://data.cnki.net/Yearbook/). Data on crop farm size was from the
literature (Wang et al., 2022).

2.2 Nitrogen balance in livestock system
In this study, we describe the comprehensive impact of farm size on the N budget. NUE is used
to represent production efficiency and can be used to evaluate the performance of N input in
terms of resource use and environmental impact. The analysis of N loss and manure N recycling
is used to explore the environment and resource utilization performance of livestock systems.
Feed N intake was the N input (Nfeeq) to the livestock system. The N output included livestock
products (Nproguct)> N 10ss (Nyog5, including NH3-N, N20-N, N loss to water, other N loss),
manure N recycled to the field (Nyecycre). Nrecycie 18 €xcluded from N loss, as it is recovered
and reused as fertilizer for agricultural land. Manure excreted by dairy cattle and beef cattle
during grazing period was directly deposited on grasslands and was included in the calculation
of manure recycling N. The definition of NUE was derived from Gu et al. (Gu et al., 2015), as
shown in Eq. (1).
NUE = Nproduct (1)
Nfeed
The quantity of manure N recycled to the field for each farm was determined using data from
the Second National Pollution Census. This Census provided detailed statistics information on
manure treatment methods, including manure cleaning methods, urine and wastewater disposal,
and manure treatment disposal such as composting, biogas production, standard emissions,
unused manure (discarded), and other utilization (including bedding material production,
substrate production, use as fuel, and aquaculture). Biogas production primarily generates
methane, and the remaining digestate can be recycled as organic fertilizer for cropland. Both
composting and biogas production are considered for recycling manure. Further details are
provided in the “Basic Information of Intensive Livestock and Poultry Farms” questionnaire
(Table S3). The manure recycling ratio was defined as the proportion of manure N that is
actually applied to the agricultural land out of total N excretion. Subsequently, according to the
principle of mass conservation, N loss was calculated by subtracting the sum of product N
output and manure recycled N from the feed N intake, as illustrated in Eq. (2). N loss and
manure N recycling are from both solid and liquid manure.
Nloss = Nfeed - Nproduct - Nrecycle (2)
Then, the quantities of different forms of N loss were estimated, including NH3-N, N20O-N, N
loss to water, and Other N loss (including N2, discarding N and manure utilized as fuel). Here,
N2 is also categorized as N loss. Although N2 does not directly harm the environment, reducing
N2 can enhance NUE. Therefore, comprehensive reductions in total N loss reflect improvements
in resource use efficiency while supporting environmental protection and food security.
Emission estimates explicitly account for spatial and managerial heterogeneity across livestock
systems, emission factors (NH3-N and N2O-N emissions) are differentiated by livestock species
and manure management pathways, with pathway-specific coefficients across various
provinces adopted from literature (Tables S20-27). Farm-level information from the Second
National Pollution Survey on manure management practices allows emissions to be calculated
at the farm scale and aggregated while preserving underlying spatial variation. Grazing-based
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dairy systems are explicitly considered, with manure excreted during grazing assumed to be
returned to grassland systems, based on (Wei et al., 2018a; Wei et al.,2018b). N loss to water
was derived from data from the Second National Pollution Survey, and the quantity of other N
loss forms was calculated based on the law of mass conservation (i.e., N loss minus the sum of
NH3-N, N20O-N, and N loss to water). While emission coefficients are derived from the literature
due to data and technical constraints that preclude direct measurement of farm-specific emission
factors, uncertainty analysis (2.5 Uncertainty analysis and Table S29) was applied to key
emission parameters to assess the robustness of emission estimates, thereby mitigating potential
bias arising from the use of representative emission factors.

Because the data for all farms are extensive and dispersed, farm size was grouped to examine
the relationship of NUE, unit N input, unit yield, manure recycling ratio, and N loss intensity
in relation to farm size, respectively. The detailed process of grouping and statistical analysis
are provided in the Supplementary Methods (S1.1 Statistical analysis) and Tables S4-7.

2.3 Scenario setting

2.3.1 Regression analysis

Regression analysis was employed to examine the relationships between farm size and both
production and environmental performance across pig, dairy cattle, broiler, and layer systems.
The regression specifications are grounded in agricultural production theory and bioeconomic
considerations, including economies of scale and diminishing marginal returns. The theoretical
rationale underlying scale effects and the associated regression hypotheses is described in
Supplementary Methods (S1.1.1 Hypothesis on farm size and livestock production and
environmental impacts).

These theoretical considerations motivate the comparison of linear and quadratic functional
forms. A linear specification captures the average scale effect, while a quadratic specification
allows for nonlinear responses consistent with diminishing returns. Accordingly, for each
livestock type, both linear models including farm size and quadratic models including farm size
and its squared term were estimated. The quadratic specification was retained only when the
squared term was statistically significant (two-sided t-test, p < 0.05) and improved goodness of
fit as measured by adjusted R2. Otherwise, the linear specification was adopted to maintain
model parsimony. Details of the regression implementation are provided in Supplementary
Methods (S1.1.3 Regression analysis).

Given the large sample size and potential intra-group similarities within livestock categories, a
preliminary grouping of each livestock type was performed prior to regression modelling.
Detailed grouping criteria are provided in Supplementary Methods (S1.1.2 Data grouping
criteria) and Tables S4-7. Rather than dichotomizing farms into simplistic “small” and “large”
categories, farms were classified into multiple livestock-specific size classes. This grouping
approach enables a detailed examination of production and environmental performance from
small-scale to very large-scale operations, allowing heterogeneity and potential nonlinear
responses across the full farm size spectrum to be assessed. Model robustness was further
assessed using alternative grouping strategies, yielding consistent results. Details of these
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alternative classifications are provided in Tables S12-15. Based on the regression outcomes,
optimal farm size scenarios were identified for each livestock system. Comprehensive statistical
procedures are detailed in Supplementary Methods (S1.1 Statistical analysis).

2.3.2 Policy-constrained adjustment scenario

In Business as Usual (BAU) scenario, there are issues as follows: In some regions, the low
availability of cropland for manure application, which limits the potential for organic
fertilization. The high levels of manure discharge into water bodies and the associated
environmental impacts, particularly in regions where small-scale farms are concentrated. Based
on this observation, the Policy-constrained adjustment scenario (PCA) was developed.

The concept of moderate-scale farming has gained broad recognition in previous studies and is
increasingly supported by policy frameworks. In this study, regression relationships between N
loss intensity and farm size were established to characterize how N loss varies across farm sizes
for different livestock types (Table S8-S11). These relationships were used as an analytical basis
for defining PCA scenario, and to inform the identification of farm-size thresholds associated
with lower N loss intensity. Therefore, the PCA was defined by managing farm size to reduce
N loss. Managing farm size refers to consolidating excessively small farm sizes. Meanwhile,
farming NUE showed a significant correlation with farm size, implying that optimizing farm
size would have an impact on the quantity of feed N intake and product outputs. To investigate
the impacts of the PCA on N loss, production, and manure recycling, total feed N input was
held constant.

In PCA scenario, the adjusted strategy is consolidating small farm sizes to align with the farm
size corresponding to the national average N loss intensity level. Setting the optimal scenario
at the largest possible farm size may lead to diminishing returns to scale and was therefore not
adopted. Large farms may face difficulties in sourcing sufficient agricultural land to absorb
manure, posing significant risks to the surrounding land and environment. Previous research
findings (Liu et al., 2017; Wei et al., 2018; Xiaoxia, 2020) and national policies (China
M.O.A.A., 2021) suggest that moderate-scale farming is more beneficial. This approach
prioritizes the aggregation of smaller farms, ensuring they achieve improved NUE and reduced
N loss intensity, as observed in farms operating near the national average size. For farms
exceeding this optimal size, no changes will be made. To ensure the feasibility of this approach
and to avoid risks associated with decoupling cropland cultivation and livestock farming, all
farm consolidations are implemented at the county level. Specifically, corresponding
consolidation strategies were applied for each livestock species within individual counties. The
specific adjustment approach is outlined below.

Increasing farm size can reduce N emissions as the N loss intensity would decrease as farm size
expand. To achieve moderate-scale farming and avoid the issue of insufficient agricultural land
for manure absorption associated with overly large farms, we adjust the farm size of each
livestock species to the farm size corresponding to the national N loss intensity level. For farms
exceeding the optimal farm size, no changes will be made. Therefore, the adjusted strategy is
to combine farms with N loss intensity higher than the national average intensity (NLcountry)
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and farm size smaller than the corresponding farm size (Sizecpynery) t0 Sizecopynery. County
boundaries were used for this analysis. First, the NL;oynsry, Was calculated based on BAU
(Business as Usual) data, and Size qynsry Was then estimated using the regression relationship
between N loss intensity and farm size. Secondly, screen out the farms whose N emission
intensity above NL;oyntry, and farm size below Sizecyyniry. Thirdly, farms within the same
county were merged, and the adjusted farm size (Sizeyptimizeq) Was calculated as the total
livestock numbers divided by the adjusted numbers of farms. The corresponding adjusted N
loss intensity (NLgptimizea) Was then estimated based on the regression curves. Fourthly, the
adjusted livestock production (T Ny, —production) Was calculated using the NUE function (the
regression curve between NUE and farm size), as shown in Eq. (3). The total N loss (T Ny, —10ss)
under the PCA are estimated by multiplying TNy, _prodguction 80d NLoptimizeq» as indicated
in Eq. (4). Finally, the manure recycled N (TNyp,_recycie) Was calculated using total feed N
intake TNfeeq minus TNyp_1o5s and TNy _proguction)- The detailed calculation procedure
diagram is shown in Fig. S15.

_ InSizegptimi i
TNop—production,i - efNUE( optimized,i) X TNfeed,i (3)

— InSizeoptimi i
TNop—loss,i - efNL( optimized,i) X TNop—production,i (4)

where i represent the livestock types, the fyyp(InSize,ptimizeq) 1s the function of NUE and
farm size for pig and layer chickens, and the fy, (InSize,ptimizeq) is the function of N loss
intensity and farm size for pig and layer chickens. TNfgeq,; is the total feed N input, which
remains unchanged in the PCA scenario.

2.4 Cost-benefit assessment framework

2.4.1 Implementation cost. To implement the adjustment scenario, the first step involves
dismantling farms with unreasonable farm size that have high N loss. The second step is to
build new farms to support appropriate-sized livestock operations. Therefore, the first step is to
calculate the dismantling cost of the farms (Cost g;smantie ;)» and the second step is to calculate
the cost of rebuilding the farms (main routine costs), which include feed costs, depreciation
costs of fixed machinery, labor costs, newborn animal costs, and other costs. The base scenario
also includes main routine costs.

The implementation cost was calculated by accounting for the expense associated with farm
demolition and the difference in the main routine costs between BAU and PCA, including the
feed costs, depreciation costs of fixed machinery, labor costs, newborn animal costs, and other
costs. Firstly, the cost of farm demolition was calculated using data on the cost of demolition
per unit of floor area (Unit g;smantie)> Obtained from the bidding information of farm demolition
on the websites of all provincial government procurement networks and public trading centers.
For provinces lacking bidding notices of livestock farm demolition, information from the
dismantling of other buildings was adapted to be used. Detailed data on Unitismantie by
province can be found in the Supplementary Data 13 and 14. The unit floor area data (Unity;,or)
for all livestock are obtained from the national farming construction standards (NY/T 1568-
2007; NY/T 2969-2016; NY/T 1567-2007). (Unitsoor) multiplied by Unitgismantie to get the
cost of demolishing farms (Cost;smantie)> Calculating as Eq. (5).
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_ Unitfipor,i X Unitgismantle,i X Ni
COStdismantle,i - 20 (5)

where N; is the total numbers for livestock i, and 20 is referred to the dismantling cost
discounted to annual data based on 20 years.

Data on the unit main routine cost (COStRgptimizeq) for all livestock was derived from Cost and
Benefit Yearbook. The Cost and Benefit Yearbook provides provincial data on unit main routine
cost, which include feed costs (comprising feed purchasing fees and feed processing expenses),
depreciation of fixed machinery, labor costs, costs of newborn animals, and other costs (such
as technical service fees, etc.). The depreciation of fixed assets refers to buildings, structures,
machines, and transportation equipment with a useful life of more than one year. The reference
depreciation rates for different types of fixed assets are as follows: 8% for special production
houses and permanent bar sheds, 25% for simple sheds, 12.5% for equipment such as machinery
and transportation tools, and 20% for all other fixed assets. The difference in the routine cost
between the BAU and Optimized scenarios was calculated using the following Eq. (6).
CostRoptimized,i = UNitRoptimizeai X Ni — UnitRpay; X N; (6)

where N; is the total numbers for livestock i, UnitRoptimizeai and UnitRpyy,; are the unit
routine costs for PCA and BAU scenario, respectively, which conclude the feed costs,
depreciation costs of fixed machinery, labor costs, newborn animal costs and other costs. Dairy
cattle are not counted in the costs of newborn animals.

2.4.2 Economic benefits assessment. The Economic benefit assessment was conducted to
evaluate the variations in the output values of livestock products between BAU and PCA. This
benefit does not include the use of other technology or other mitigation option, but solely
reflects the product output benefits resulting from the changes in technology and equipment
due to the adjustment of farm size. The output values are from main products (meat, milk and
eggs) as well as by-products. Firstly, the overall economic output of each farm under the BAU
scenario was computed by multiplying the unit output value by the total number of livestock i.
Then, the total economic output under PCA was quantified based on the new farm size of
Scaleyptimizeq- Finally, the net economic benefits were estimated following Eq. (7).
NetEconomicopimized = UnitEOptimized,i X NL' - UnitEBAU,i X Ni - COStROptimized,i

(7)
where UnitEgp,timizeq; and UnitEg,y,; are uniteconomic value from main products and by-
products under the Optimized and BAU scenarios, respectively.

2.4.3 Societal benefits assessment. The societal benefits of managing farm size are the benefits
from avoiding damage costs of decreasing N emissions (NH3-N, N2O-N and NO3™-N), including
ecosystem benefits (Epepfi¢), human health benefits (Hpenesir) and climate mitigation benefits
(Cpenerit), as calculated using Eq. (8). Ecosystem benefits were estimated using unit N damage
costs derived from the European Nitrogen Assessment and adjusted to the Chinese context by
accounting for differences in willingness to pay (WTP) and purchasing power parity (PPP).
Human health benefits were quantified based on avoided premature mortality resulting from
PM..s reduction, using unit health damage costs for N emissions that link emission abatement
to population exposure, income level, and years of life lost. Climate benefits were estimated by
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combining the cooling effect of N-O abatement with the warming effect associated with reduced
NH; emissions, using literature-based unit climate benefit coefficients. Climate mitigation
benefits are limited to those arising from changes in N-related emissions under the adjustment
scenario, and do not include carbon-dioxide or methane-related emissions. Detailed calculation
procedures are provided in Supplementary Methods (S1.3 Societal benefits assessment).

SObenefit = Ebenfit + Hbenefit + Cbenefit (3

2.5 Uncertainty analysis

Given that the Second National Pollution Census data (Census data) comprise over 360,000
points, it is challenging to quantify detailed data on feed intake, emission parameters, and yield
for every farm due to difficulties in obtaining such information directly from farm owners.
Census data provides detailed information on manure treatment methods, including manure
cleaning methods, urine and wastewater disposal, and manure treatment disposal such as
composting, biogas production, standard emissions, discarded manure, and other utilization
(including bedding material production, substrate production, use as fuel, and aquaculture),
which can be obtained from the survey questionnaires for every farm (Table S3, Fig. S1).
Consequently, each province’s survey data includes only representative points, which may not
comprehensively cover the full farm size information for all livestock types (small-, medium-,
and large-sizes). This limitation constrains the ability to fully elucidate the variations in farm
characteristics across different livestock scales. To address this, the Census data were
supplemented with Cost and Benefit Yearbook data and literature to enhance the dataset on
livestock production system performance. For instance, the crude protein content of feed (in
Table S2), were not directly available from the survey and were instead sourced from other
literature. This may introduce a degree of error, as feeding practices can vary significantly
within farms of similar size. However, these data were the best available for the study, and
uncertainty analyses were conducted to assess how variations in feed quality assumptions might
affect the model results.

To quantify this, 10,000 Monte Carlo simulations were performed in Matlab 2021b to assess
uncertainties in livestock production and environmental performance, as well as in the cost-
benefit analysis under PCA scenario. We calculated the 95% confidence intervals for all results
(Fig. S21-22 and Supplementary Data 1-12). Table S29 provides the coefficients of variation
(CV) for activity data and parameters related to livestock production, environmental
performance, and cost-benefit analysis. The CVs exceeding 30% in our Monte Carlo analysis
indicate moderate to high levels of uncertainty, reflecting the intrinsic variability in livestock
systems, spatial heterogeneity, and parameter uncertainty associated with literature-derived
inputs. CVs within the 30-50% range are frequently observed in environmental modeling and
benefit valuation studies (Chang et al., 2021; IPCC, 2019), especially those that incorporate
empirical data and large-scale assumptions. Despite this variability, the directional trends and
relative improvements, such as N loss reduction and increased NUE, remain consistent across
simulations. As such, while the absolute magnitudes of economic and environmental benefits
carry uncertainty, the results should be interpreted as indicative of potential outcomes, with
emphasis placed on the robustness of relative patterns rather than precise numerical estimates.
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2.6 Sensitivity analysis

The nation average N loss intensity was selected as the adjustment threshold for several reasons.
First, the regression curves did not exhibit a distinct empirical inflection point to define an
optimal farm size, and extrapolating toward the theoretical minimum N loss intensity could lead
to unrealistic or unattainable farm size targets. Second, the national average provides a practical
and policy-relevant benchmark, suitable for setting national mitigation targets and guiding
resource allocation strategies. Third, this average was derived from a comprehensive dataset
encompassing 360,000 livestock farms, offering a robust representation of typical performance
across China. Finally, due to limited availability of disaggregated regional data and considerable
spatial heterogeneity in factors such as climate and land availability, it is not currently feasible
to define region-specific optimal farm size with sufficient confidence.

To assess the robustness of the adjusted (PCA) scenario, a sensitivity analysis was conducted
using a one-at-a-time (OAT) approach (Hamby, 1994), focusing on the threshold of N loss
intensity used to determine farm-size target. In the baseline PCA scenario, farms were adjusted
to achieve national average N loss intensity, assuming this represents a policy-feasible and
broadly applicable target.

To test the sensitivity of this assumption, an alternative adjustment scenario was introduced
using the national median N loss intensity as the threshold. This more conservative benchmark
captures a lower emission intensity level and reflects potential variability in policy stringency
or implementation flexibility. The stability of environmental and production outcomes under
different levels of adjustment ambition was evaluated by comparing the resulting changes in N
losses, manure recycling, and livestock production between the two scenarios. Detailed results
of this sensitivity analysis are provided in the Supplementary Discussion and Fig. S23.

3. Results and Discussion

3.1 Nitrogen use efficiency and farm size

In this study, we analyzed four livestock production systems: pig, dairy cattle, layer, and broiler
chicken. NUE increases significantly with farm size for all livestock, particularly in pig and
dairy cattle systems (Fig. 1). In the pig systems, larger farms demonstrate more efficient feed
use with lower crude protein levels, while excessively large farms experience a decline in
livestock yield (Fig. S2). Small-scale pig farms often rely on locally sourced corn, bran, and
byproducts mixed with commercial premixes, leading to nutrient excess and resource wastage
(Fang and Fuller, 1998). Additionally, the use of the same feed throughout the entire growth
period on most small farms results in nutrient surplus, as crude protein levels should be decrease
progressively from the growing to fattening stages (NRC, 2012; Presto Akerfeldt et al., 2019).
Larger farms tend to adopt more advanced feeding technologies and equipment, enabling stage-
specific rationing that better matches animals’ changing nutritional requirements across
production phases and thereby reduces feed intake per head (Presto Akerfeldt et al., 2019)
(Table S8). Medium-scale farms dominate the pig production sector, making up 66% of the total
(Fig. S3), while super-large farms with over 10,000 heads remain relatively rare. The Southeast
region raises more pigs than the Northwest region (Fig. S4). The distribution of pig farm sizes
across regions shows limited variation, except in Xinjiang, where large-scale farming is more
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prevalent due to the availability of extensive land and abundant crop feed. The NUE for pigs in
Xinjiang is relatively high, reaching 25%, supported by policies and funding that promote large-
scale farming (Fig. S2i). Pig NUE is also high in central and southern regions, such as Sichuan,
where pig production systems exhibit higher yields (Fig. S2a). Sichuan, as a national hub for
high-quality commercial pigs, has a higher degree of modernization and intensification.
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Fig. 1. NUE changes with farm size in all livestock systems. a-d, Average farm size of the
county for pig, dairy cattle, layer, and broiler chickens, respectively. e-h, NUE of the county
for pig, dairy cattle, layer, and broiler chickens, respectively. i-1, Relationship between livestock
NUE and farm size in pig, dairy cattle, layer, and broiler chicken production systems,
respectively. Each dot in i-1 represents the mean of variables within a specific farm size group
for each livestock type (Grouping criteria for each livestock production system are provided in
Tables S4-7). The shaded area in the figure represents the 95% confidence interval. The base
map was applied from the Database of Global Administrative Areas (GADM; https://gadm.org/).

Among all livestock, dairy cattle exhibit the lowest NUE at 12%. This is mainly due to their
low feed conversion efficiency, as they consume substantial amounts of cellulose-rich feed like
as grass and straw. The low NUE of dairy cattle arises from their high feed conversion rate (the
amount of feed required to produce a unit of product) (Mottet et al., 2017), with 80% of their
feed being cellulose-based, and their feed’s relatively low crude protein content (FAO, 2022b).
Additionally, only milk production was considered as the output in the dairy cattle system,
excluding meat production from the analysis. Large-scale dairy cattle operations exhibit
considerably higher productivity than small- and medium-scale farms, due to increased inputs
such as concentrate feed, fixed assets, and expenses related to medical care and vaccinations
(Yu and Peixin, 2021). Dairy cattle constitute 34% of large farms, encompassing the Large,
Very Large, and Super Large farm categories (Table S1, and Fig. S3b). However, the Northern
and Northwest regions show relatively high percentages of large dairy farming (40% and 37%,
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respectively). This is due to the abundant forage resources, favorable climate, and substantial
dairy cattle populations in these regions. Furthermore, national policies and financial support
have fostered the development of high-quality, standardized grazing areas, promoting large-
scale dairy farming in these regions.

The NUE of chicken (37%) is substantially higher compared to pig (22%) and dairy cattle
(12%), largely (2018; Mottet et al., 2017) due to the high proportion of easily digestible
concentrate crops in their feed composition. Broiler chicken systems exhibit the highest NUE
and the largest proportion (91%) of large-scale farming, indicating that broilers are particularly
suited for large-scale and standardized farming practices, especially in the Northern region,
where super-large farms account for 16% of production. In contrast, the proportion of large-
scale farming in layer production systems is relatively low (22%, Fig. S3c). Despite the
Northern region being the primary egg-producing area in China, with provinces such as
Shandong, Hebei, Henan, and Hubei contributing to 40% of the country’s egg production (Table
S33), the average size of layer farms in these areas remains small (Fig. 1c¢ and Fig. S3c¢). This
is primarily due to high population density, limited and fragmented land availability, and
smaller farming areas, which constrain the farm size in these regions.

Livestock farm sizes exhibit regional variations, influenced by rearing practices and socio-
economic indicators (Pan et al., 2021). There is a positive relationship between rural per capita
disposable income, urbanization rate, and farm size at the county level (Fig. S4). Higher levels
of economic development and urbanization provide the necessary support to large-scale
equipment, technology, and other operational costs. Increased investment in equipment,
technology, and management expertise facilitates the development of high-quality, large-scale
livestock farms (Hu and Yu, 2022). Additionally, the relationship between livestock farm size
and cropland farm size follows an inverted-U shape, suggesting that an appropriate cropland
farm size may benefit the expansion of livestock farm size at the county level. Given that the
recoupling of crops and livestock also follows an inverted-U shape with cropland farm size (Jin
et al., 2021), an optimal cropland farm size would not only enhance NUE in livestock
production but also improve manure recycling for crops.

3.2 Manure recycle

The manure recycling ratios for different livestock types show distinct patterns with respect to
farm size (Fig. 2). For pigs and broiler chickens, manure recycling ratios increase significantly
with farm size, with the change being more pronounced for pigs and relatively minor for broiler
chickens. The manure recycling ratio for broiler chickens is high (49%) and exhibits minimal
variation across farm sizes. The distribution of broiler farms (Fig. 1d) aligns closely with the
main distribution of cropland in the Northern and Northeast regions (Fig. S5), where abundant
cropland resources make it easier to absorb the manure produced by broilers. Dairy cattle also
have a high manure recycling ratio (49%), with farming concentrated in regions with abundant
cropland and grassland, facilitating manure recycling. While the relationship between farm size
and manure recycling ratio for dairy cattle is not strong, there is a trend of increased recycling
as farm size increases. Additionally, manure produced by grazing dairy cattle is directly
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deposited on grasslands, contributing to the recycling process. In contrast, the manure recycling
ratio for layer chickens is relatively low (39%) and does not show a significant relationship
with farm size. This is due to the scattered distribution of layer farms, with large-scale farming
concentrated in the Central and Southern regions (Fig. 1¢), where cropland resources are limited
(Fig. S6), resulting in insufficient agricultural land for effective manure recycling.
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Figure 2. Ratio of manure recycled as organic manure and being used for biogas under
different farm sizes. a-d, the manure recycling ratio for pig, dairy cattle, layer and broiler
chickens, respectively. e-h, the relationship between manure recycling ratio, biogas ratio and
farm size for pig, dairy cattle, layer and broiler chickens, respectively. The green and blue lines
represent the manure recycling ratio and the biogas ratio, respectively. The shaded area in the
figure represents the 95% confidence interval. The shaded area in the figure represents the 95%
confidence interval. The base map was applied from the Database of Global Administrative
Areas (GADM; https://gadm.org/).

For pigs, the manure recycling ratio (38%) increases significantly with farm size. As farm size
grows, pig farms tend to invest more in manure treatment infrastructure, leading to higher
manure resource utilization (Jing et al., 2020; Wang and Yang, 2017; Yu et al., 2012). Large
farms produce more concentrated manure, and government policies emphasize the importance
of proper manure management (GOSC, 2013): It is recommended that livestock farms, based
on their size and pollution control needs, establish facilities such as composting, organic
fertilizer production, and biogas generation to ensure comprehensive manure utilization. Farms
that outsource these tasks to third parties are not required to set up their own facilities. Biogas
production primarily relies on anaerobic fermentation technology, which converts organic
waste into methane. The digestate produced during fermentation can still be used as organic
fertilizer, which can be recycled to agricultural land.

The proportion of manure bio-gasification across all livestock production systems increase
notably with farm size. This increase is largely due to the substantial initial investment required
for anaerobic fermentation technology, which demands high technical expertise (Pan et al.,
2021), which are more accessible to medium- and large-scale farms. Larger farms are more
likely to invest in such technologies and infrastructure, enabling centralized manure treatment
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and energy recovery (Wei et al., 2016). Specifically, pig manure is the primary feedstock for
biogas production in China, exhibiting the highest bio-gasification ratios (Fig. S7). By contrast,
dairy cattle farms show lower and dispersed biogas utilization, partly due to the greater
prevalence of grazing-based production. Bio-gasification ratios for broiler and layer chickens
are also relatively low. Additionally, significant regional variations are observed, with higher
biogas utilization ratios in the central and southern regions (Fig. S8), while the northern regions
show lower ratios. For instance, in pig production systems, the biogas utilization ratio is much
higher in the Southwest (32.4%), Central and Southern (14.4%), and Eastern China (15.1%)
regions, compared to the Northwest (6.6%), Northeast (1.7%), and Northern (6.8%) regions.
The colder climate in the northern region is not conducive to biogas generation, while the
warmer temperatures in the southern region are more suitable for anaerobic biogas fermentation
(Dongmei et al., 2019). The promotion of rural biogas energy development and utilization has
led to the widespread adoption of anaerobic biogas digesters on farms in the southern region.

3.3 Nitrogen loss from livestock production

In 2017, the four main livestock production types in China resulted in a total N loss of 2.3 Tg
(1 Tg = 10'* g), which includes NH3-N, N20-N, N loss to water, and other forms of nitrogen.
The contributions from pigs, dairy cattle, layer chickens, and broiler chickens were 1.0, 0.5, 0.5,
and 0.3 Tg, respectively (Fig. S9). The distribution of N loss was as follows: 1.2 Tg from NH3-
N, 0.1 Tg from N20-N, 0.3 Tg N from N loss to water and 0.6 Tg from other sources. The
Eastern, and Central and Southern regions exhibited the highest N losses, with totals of 0.66 Tg
and 0.63 Tg, respectively, substantially higher than losses in other regions (Fig. S10a). This
pattern is primarily driven by the concentration of intensive livestock production in these
regions. At the provincial level, Henan, Guangdong, and Shandong provinces bear a large
portion of the manure burden and have the highest N losses (Fig. S10), reflecting their roles as
major livestock-producing provinces, particularly for pigs and chickens. However, regional
differences in manure recycling capacity reflect structural constraints in crop-livestock
integration, which are closely associated with variations in manure handling pressure and N
loss intensity. Henan and Shandong, as major crop-growing provinces, have relatively high
manure recycling ratios (55% and 50%, respectively), which help mitigate the N load by
meeting the demand for organic fertilizer. In contrast, Guangdong has a relatively lower manure
recycling ratio (32%) and thus experiences higher N losses. Therefore, effective manure
treatment techniques must be urgently implemented in Guangdong to address this issue.

The Central and Southern region is responsible for large N losses from pig production (Figs.
S9-10). Guangdong, as a major pig farming province, produced 46 Gg N (1 Gg=10° g) from
meat production, resulting in 120 Gg of N losses and placing considerable environmental
pressure on surrounding terrestrial and aquatic ecosystems. In contrast, N losses in dairy
farming are more evenly distributed, with no significant regional differences, which is
consistent with a more spatially dispersed production structure of dairy farms. In layer chicken
production, the sector is highly concentrated in key egg-producing provinces such as Henan,
Shandong, Hubei, and Hebei, which are also experiencing substantial N losses. These provinces
collectively account for 37% of the country’s total egg-laying N losses, producing 50, 48, 48,
and 41 Gg of N losses, respectively. Although these provinces are characterized by large
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production volumes, their average farm sizes are predominantly small to medium, with
relatively moderate levels of mechanization and management. Their N loss intensities are close
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
N, respectively. Among these provinces, Shandong exhibits a slightly larger average farm size
than Henan, Hubei, and Hebei (Fig.1c), which is associated with a lower N loss intensity.
Overall, these provinces present hotpots for N loss mitigation, where reductions in total N losses
are constrained by production scale but could be effectively achieved through improvements in
farm size and associated improved management.

N loss intensities differ substantially across livestock systems, reflecting inherent differences
in production efficiency and management requirements. N loss intensities in both layer and
broiler chicken production systems are relatively low, at 1.0 and 0.7 kg N per kg product N,
respectively, owing to their higher NUE. In contrast, dairy farming exhibits the highest N loss
intensity, at 3.9 kg N per kg product N, which is attributed to lower feed conversion efficiency
and longer production cycles (Uwizeye et al., 2020). Across all livestock systems, N loss
intensity decreases as farm size increases. This pattern is primarily driven by improvements in
management efficiency and technology adoption on larger farms. Larger farms typically b
investment more in mechanical equipment, technology, and veterinary services (Fig. S11),
which can replace labor (Fig. S12), improve farm efficiency, and reduce N losses (Wei et al.,
2016; Wei et al., 2018). In pig, layer chicken and broiler chicken systems, N loss intensity
stabilizes as farm size grows larger, particularly in the pig and layer chicken production systems.
Beyond a certain farm size, further expansion does not lead to significant reductions in N losses,
and excessively large farms may experience diminishing net profits (Fig. S13). For dairy
farming, increasing farm size significantly reduces N loss intensity and enhances farming
efficiency. However, because dairy farming often involves grazing, excessively large farms may
strain grassland carrying capacities, potentially leading to land degradation (Bardgett et al.,
2021; Bilotta et al., 2007). Overall, these results indicate that reductions in N loss intensity are
driven by scale-related improvements in management and technology rather than farm size
alone, and that maintaining an appropriate farm size by balancing efficiency gains against
environmental and land constraints is critical for sustainable livestock production.

3.4 Optimizing farm size for different livestock systems

Optimizing farm size based on the emission characteristics of livestock can substantially
improve resource efficiency. The adjustment strategy aims to minimize total N loss, including
N2 emissions. Although N2 does directly threaten the environment or ecosystem, reducing its
emissions can enhance the effectiveness of N components in resource utilization. The
adjustment strategy for the Optimized scenario (PCA) recommends consolidating farm sizes
for all livestock production systems, as N loss intensity decreases with increasing farm size (Fig.
3). However, excessively large farm sizes may lead to diminishing net profits or pose the risk
of manure accumulation, so maintaining an optimal farm size is crucial for ensuring sustainable
agricultural production. Under the PCA scenario, consolidation is recommended for farms that
exceed the national average N loss intensity while falling below the corresponding optimal farm
size. This approach avoids the risks associated with excessively large farms. Farm size
consolidation is implemented at the county level to ensure practical feasibility, avoid cross-
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regional management complexities, and mitigate challenges associated with excessive livestock
waste concentration. Detailed information on the adjustment scheme can be found in the
Methods section.
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Figure 3. N losses in all livestock systems. a-d, the relationship between N loss intensity and
farm size for pig, dairy cattle, layer and broiler chickens, respectively. N loss contains NH3-N,
N20-N, N loss to water and other N loss. The shaded area in a-b represents the 95% confidence
interval. e, Adjusted strategy framework for all livestock. All numbers are in 10® kg N. BAU
(business as usual) represents the baseline scenario before the consolidation of small-scale
farms, whereas PCA represents the policy-constrained adjustment scenario after consolidation.

The green line highlights the amount of manure returned to agricultural land, indicating
enhanced and efficient manure recycling.

v N loss to water

Based on the PCA scenario, implementing an adjusted farm size strategy would yield several
benefits. With a constant feed N input, livestock N production would increase by 22 (14~29)
Gg and manure N recycling to the field would rise by 100 (80~120) Gg, resulting in a 122
(109~134) Gg N reduction in N loss (Fig. 4). The reductions in NH3, N2O, N loss to water and
other N losses would be 55, 2, 25, and 4 Gg N, respectively. Since the PCA scenario is
implemented at the county level and adjusted only to the national average level, it adjusts just
16% of the intensive farms nationwide (Fig. S16). Nevertheless, this strategy would reduce
national N loss by 6%, increase livestock N production by 2%, and improve manure recycling
ratio by 5%. In the adjusted regions (Fig. 4), N loss would decrease by 24%, livestock N
production would increase by 9%, and manure recycling would rise by 40%. The adjustment is
most effective in the Central and Southern, Eastern, and Northeast regions, where N losses
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would be reduced by 52 Gg, 30 Gg, and 23 Gg, respectively, corresponding to reduction rates
of 23%, 25%, and 24%. Among these, Henan and Guangdong provinces have the largest
potential for N loss reduction, with reductions of 17 Gg and 15 Gg, respectively (Table S41).
These regions, characterized by large and concentrated livestock populations, high population
densities, and fragmented agricultural land, are particularly well-suited for farm size adjustment.
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Figure 4. Changes of N losses, livestock production and manure recycle between BAU and
Optimized (PCA) scenario. a-c, changes in N losses, livestock production and manure
recycling under the PCA scenario. N losses include NH3-N, N20O-N, N loss to water, and Other
N loss (including N2, discarding N and manure utilized as fuel). Here, N2 is also categorized as
N loss. Livestock production refers to the total output of livestock products. Manure recycle
denotes the amount of manure returned to agricultural land, including cropland and grassland.
d-f, change ratio of N losses, livestock production and manure recycling under the PCA scenario.
The shaded areas represent regions with livestock production but without adjustment. The base
map was applied from the Database of Global Administrative Areas (GADM; https://gadm.org/).

Due to variations in livestock distributions, the adjustment areas vary notably among systems,
primarily focusing on regions where small-scale livestock farming is predominant. For pig
production, the PCA scenario could achieve the greatest N loss reduction (51 Gg, 19%). The
adjustment is concentrated in the Eastern region (Fig. S17), where pig farming is predominant,
but the farm sizes are relatively small (Fig. 1a), necessitating scientific consolidation. For dairy
farming, the PCA scenario would lead to a smaller N loss reduction of 21 Gg (26%), while also
increasing livestock production by 1.4 Gg (9%) and enhancing manure recycling by 19 Tg
(41%). The adjustment area for dairy farming is relatively small, primarily in Northern regions
(Fig. S18). For layer chicken production, adjustment is concentrated in the Central and Southern
China region (Fig. S19), with reduction rates reaching 33%. In the case of broiler chicken
production, adjustment primarily focuses on the Central and Southern China region (Fig. S20),
where small farm sizes (Fig. 1¢), low NUE (Fig. 1¢), and low livestock output (Fig. S2d) prevail.
Optimizing farm sizes in these regions could substantially enhance farming efficiency, reducing
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N loss by 37%, while increasing livestock production by 22%, and improving manure recycling
by 17%.

A comprehensive cost-benefit analysis was conducted to assess the feasibility and effectiveness
of policy changes based on optimizing farm size. The cost analysis includes expenses related
to dismantling old farms, constructing new ones, and the comparative difference in feed costs,
newborn animal costs, fixed asset depreciation, labor, and other factors between the PCA and a
“Business as Usual” (BAU) scenario (see Methods). The benefits of the PCA scenario
encompass both economic and environmental aspects, including increased livestock product
value and improvements in ecosystem, health, and climate. The cost-benefit analysis results
show substantial economic and environmental benefits from implementing the PCA strategy.
The total implementation cost was estimated at just 19 (14~25) million USD, while the benefits
amounted to $1.7 (1.2~2.2) billion USD (Fig. 5). These ranges indicate variability around the
central estimates, rather than precise point values. Moreover, the climate benefits considered in
this analysis are limited to nitrogen-related emission changes and exclude CO: and CHa
emissions. The pig production system has the highest abatement benefits with a net benefit of
1.2 billion USD. Optimizing farm size leverages scale effects, reducing rearing costs while
simultaneously enhancing product output, yielding economic benefits of 0.9 billion USD. The
PCA strategy for all livestock types results in improvements in environmental benefits, with
ecosystem and health benefits increasing by 0.6 billion USD and 0.3 billion USD, respectively.
However, one limitation of our assessment is that the climate benefits considered in this study
are based solely on N loss reductions, while variations related to carbon emissions not
accounted for. Overall, the cost-benefit analysis demonstrates that implementing PCA would
be both economically and environmentally advantageous.

ol ] . -
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Dairy IH Economic benefit
- ® Ecosytem benefit
Health benefit
Layer i .
y ._H Climate benefit

e Net benefit

-0.8

. | ® Implementation cost
Broiler P
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Cost and benefit (US billion yrt)

Figure 5. Costs and benefits for the PCA scenario. Data with error bars are presented as mean
value with 95% confidence intervals. Economic benefits refer to the additional economic gains
from increased production under the PCA scenario. Ecosystem, Health, and Climate benefits
represent the benefits arising from reduced N emissions Implementation cost denotes the costs
associated with consolidating small-scale farms. Net benefits are calculated as total benefits
under the PCA scenario minus implementation costs.
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3.5 Policy implications

As farm size increases, investments in machinery, technology, management, and disease control
tend to rise (Fig. S11), enabling more scientific feed allocation and management (Hu and Yu,
2022; Wei et al., 2016). Such investments in technology and equipment are significantly
negatively correlated with feed costs (Fig. S14), suggesting that technological upgrading
contributes to lower input costs. Larger-scale operations generally rely on more advanced
equipment and management systems, which can improve production efficiency, increase feed-
use efficiency and labor productivity (Hu et al., 2017), and thereby reduce feed costs while
releasing labor constraints (Fig. S12).These findings directly address the research question by
demonstrating that improvements in NUE and reductions in N loss intensity are driven by scale-
associated gains in management and technology, rather than farm size expansion alone. The key
to expanding farm size lies in replacing manual labor with mechanization to improve
productivity and profits (Wang et al., 2016) (Fig. S13). Thus, policies promoting biogas and
composting initiatives are more effective for medium and large-scale farms, where knowledge
of these practices is higher (Hu et al., 2022), as smaller farms typically have lower levels of
policy awareness (Kuhn et al., 2020). Additionally, the state tends to subsidize medium and
large farms to support specialized livestock and waste management facilities, increasing
productivity and reducing pollution (Pan et al., 2016). Entrepreneurial decision-making is
critical for resource allocation and the adoption of innovative solutions, enabling farms to better
adapt to market demands and environmental challenges (Burton, 2014). However, excessive
investment in machinery and infrastructure can lead to inefficiencies, including wasted
productivity and lower cost efficiency (Xiaoxia, 2020), underscoring the importance of regions
developing an optimal scale based on local advantages. This reinforces the conclusion of this
study that environmental and economic benefits arise not from unlimited scale expansion, but
from achieving an appropriate farm size that balances efficiency gains with management
complexity and local resource constraints. Regions scale pathways aligned with their specific
production conditions, institutional capacity, and development stage.

Effective disease management is crucial, as the cost of prevention is markedly lower than the
economic losses, treatment expenses, and mortality costs associated with outbreaks (Hu and
Yu, 2022). Large-size farms often own higher levels of technical knowledge and invest more
in management and disease control (Fig. S11), and advanced manure processing technology
also helps mitigate pollution and environmental risks (Kaufmann, 2015). Government policies
typically offer subsidies to larger farms, encouraging the establishment of standardized
operations that meet higher environmental health standards and undergo stricter regulatory
oversight (Pei et al., 2021). Furthermore, large-size farming tends to focus on animal welfare
by providing safer and more controlled housing conditions s to enhance animal health and
product quality (Hu and Yu, 2022). However, due to their density and concentration, large-
size farms are vulnerable to significant losses if faced with highly contagious diseases like avian
flu, which may impact a wide area (Liu et al., 2020; Piao et al., 2024). Though the farm size
itself is not the cause of disease outbreaks, the potential for large losses becomes more apparent.
To combat pathogens effectively, large farms require advanced monitoring and disinfection (Hu
et al., 2017), which involves substantial costs. Accordingly, scaling up livestock production
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must be accompanied by robust biosecurity and animal welfare safeguards, including strict
disinfection protocols, personnel management, adequate space allocation, safe disposal of
diseased animals and integrated waste treatment systems (Chadwick et al., 2020).

Implementing farm size management necessitates coordinated engagement across stakeholders.
Government agencies should actively promote cooperative models and provide both policy and
financial support to facilitate the transition from small-size to larger-size livestock farming.
Target policies are required to support displaced smallholder farmers through employment
transition programs and social safety nets (Pan et al., 2016). Concurrently, large-scale farms
need stricter oversight and policies that support efficient manure use, transport, and application
to arable lands (Feng et al., 2023). However, manure recycling also entails potential health and
environmental risks, including pathogen transmission, nutrient runoff, and groundwater
contamination, if manure is improperly treated or applied. Addressing these risks is therefore a
prerequisite for sustainable scaling. For operators of larger farms, investment in technical
capacity building and the adoption of best management practices are critical to ensure that
scaling up yields both environmental and socioeconomic benefits (Chadwick et al., 2015).

While structural adjustment and the expansion of large-size farms can enhance productivity and
environmental outcomes, such strategies must be accompanied by inclusive transition
mechanisms to prevent the marginalization smallholders (Berdegué et al., 2025). Beyond policy
design, the social and institutional feasibility of farm size management warrants careful
consideration. Consolidation may lead to the displacement or exit of small-scale farmers who
lack capital, access to credit, or the capacity to comply with increasing technical and regulatory
requirements, potentially exacerbating rural inequality if not adequately managed (Hazell et al.,
2010). At the same time, effective implementation of coordinated consolidation requires
substantial governance capacity, including cross-sectoral coordination, monitoring, and
enforcement, which may vary considerably across regions (Pretty et al., 2018). Differences in
local administrative capacity, infrastructure, market access, and extension services further
imply that the feasibility and outcomes of farm size management are likely to be spatially
heterogeneous. Consequently, policy approaches should be adapted to regional conditions and
institutional readiness, rather than assuming uniform implementation potential. To promote
equitable participation, we propose several policy instruments to promote equitable
participation: (1) Incentivizing cooperatives and contract-based partnerships to enable shared
manure management and resource utilization (Shi et al., 2023); (2) Expanding training and
extension services to improve smallholders’ access to circular agriculture technologies  (Jin et
al., 2021). Enhancing livestock N efficiency and environmental performance should not come
at the expense of rural social stability. Policies must be designed to align environmental goals
with social equity, ensuring that vulnerable stakeholders are supported throughout the transition
toward adjusted farm structures.

The inclusion of N2 in total nitrogen loss follows a mass-balance and NUE perspective
commonly applied in livestock systems (Oenema et al., 2006; Neysari et al., 2023), in which N
loss is defined as nitrogen no longer available for productive use. From this perspective, N2
represents a terminal loss of nitrogen from the agro-food system that reduces NUE, although it



799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842

does not cause direct environmental harm. Accordingly, the aggregation of different nitrogen
pathways into a single N loss intensity indicator is intended to reflect system-level nitrogen
efficiency rather than equivalent environmental impacts. Reactive nitrogen forms (e.g., NHs,
N:0, and nitrate) have well-documented environmental consequences, whereas N is
environmentally benign. Therefore, reductions in total N loss should not be interpreted as
proportional reductions in environmental damage, and potential trade-offs among nitrogen loss
pathways should be considered when interpreting mitigation outcomes.

It is important to clarify that emphasizing farm size in this study does not imply that scale
expansion or further intensification should be regarded as a desirable mitigation strategy. From
a planetary health perspective, recent literature highlights that efficiency gains alone are
insufficient to reduce environmental pressures without constraints on aggregate production
(Willett et al., 2019) (Clark et al., 2020). Accordingly, the PCA scenario is designed as a
benchmark-based, policy-constrained adjustment rather than a formal adjustment in the strict
sense. It focuses on consolidating excessively small farms toward a farm size associated with
the national average N loss intensity, which serves as a pragmatic policy reference reflecting
prevailing regulatory norm, rather than a theoretical system optimum. In this context, farm size
should be interpreted as a structural proxy capturing a suite of co-varying factors, including
capital intensity, access to technology, management capacity, regulatory compliance, and spatial
organization, rather than as a purely causal management variable (Herrero et al., 2020). The
observed relationships between larger farm size, higher NUE, and lower N loss intensity
therefore reflect the combined effects of these underlying factors, such as improved feeding
practices, manure management infrastructure, and environmental control technologies, rather
than farm size alone. Importantly, environmental benefits arise when structural consolidation is
accompanied by appropriate technological, managerial, and institutional support (Pretty et al.,
2018). Farm size should thus be viewed as an emergent characteristic of broader system-level
transformations, rather than a standalone policy lever for nitrogen mitigation.

The data presented in this study primarily focus on intensive farms, rather than traditional
backyard livestock farms, which hold even greater potential for management. In 2017,
traditional farming still accounted for a substantial portion of livestock farming, with the
products of backyard livestock comprising 55% of the total. For instance, backyard pig
production represented 59% of the overall pig production, a significantly higher percentage
than in advanced countries like America (Robinson et al., 2014), where it is just 2%. Traditional
farming practices generally lack modern manure treatment equipment, resulting in inefficient
manure storage with higher N losses. However, due to the limited available data on traditional
farms, this study was unable to comprehensively analyze the N loss on traditional farms. The
second pollution census of traditional livestock data is only available at the county level, posing
constraints on conducting the extensive analysis. Moreover, the adjustment strategy in this
study focused on county boundaries, without considering adjustment between countries and
within regions, which may limit the potential for N loss reduction. However, this strategy
remains viable and beneficial as it enhances resource allocation within counties, reduces
transportation costs, mitigates the risk of cross-regional pollution transfer, and guarantees a
stable supply of local livestock products. Meanwhile, the adjustment strategy focused on county
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boundaries can help avoid the issue where excessive manure production in a particular area
may exceed the capacity of surrounding agricultural land to absorb.

3.6 Limitations

This study relies on questionnaire-based information from the national pollution census, which
involves large-scale manual reporting and may introduce reporting or estimation uncertainty,
particularly for manure management practices and their relative proportions (Table S3). While
these data reasonably capture overall patterns and trends in livestock management, uncertainty
remains at the individual-farm level; this limitation is addressed through uncertainty analysis
to enhance the robustness of the results. The assumption of constant total feed N input between
the BAU and PCA scenarios is a deliberate constraint designed to isolate the effects of structural
consolidation and efficiency improvement from changes in aggregate production or market
dynamics. In addition, restricting consolidation to the county level reflects administrative
feasibility and likely results in conservative estimates of mitigation potential, as cross-county
reallocation could further reduce N losses but faces institutional barriers. Together, these
assumptions frame the PCA scenario as a realistic policy benchmark, and the results should be
interpreted as achievable improvements under current governance conditions rather than upper-
bound mitigation potentials. Moreover, this study focuses on nitrogen flows and does not
explicitly account for co-existing contaminants in livestock manure, such as antibiotics or heavy
metals, which may interact with nitrogen management and pose additional environmental risks.
Addressing these co-contaminants would require additional data and modeling frameworks
beyond the scope of this study, but represents an important direction for future research.

4. Conclusion

In this study, we found that increasing farm size substantially improved NUE and decreased N
loss intensity across all livestock categories, while the manure N recycled varies between
different livestock types. While increasing farm size could enhance feed utilization efficiency,
it also poses certain risks, such as increasing the spatial mismatch between cropland areas and
livestock. Hence, pursuing farm size expansion without an underlying strategy is not advisable.
Instead, it is imperative to develop an adjusted approach based on a comprehensive analysis of
N utilization characteristics and N emission features for each specific livestock category.
Optimizing farm size according to the N loss intensity function, which is derived from the
regression relationship between N emissions and farm size, could achieve a synergistic
improvement by combining reduction in N losses, increased production, and enhanced manure
N recycling ratios. We emphasize the importance of assessing N utilization indicators while
considering food security and environmental protection to optimize farming levels in each
region. Furthermore, livestock farm size is constrained by natural and economic factors,
showing an inverted U-shaped relationship with cropland farm size. Therefore, promoting an
appropriate farm size should be tailored to local conditions and aligned with the corresponding
cropland farm size to foster sustainable agricultural development.

Data availability
Data supporting the findings of this study are available within the article, a separate source data
file and its supplementary information files. Any additional data required for reanalysis are



887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931

available from the corresponding author upon reasonable request.

Declaration of competing interest
All authors have no conflicts of interest to report.

Supporting Information

The Supporting Information is available.

Supplementary Methods of statistical analysis, Supplementary Discussion of intrinsic
mechanism of farm size impacting on livestock production and environmental performances,
and additional figures and tables mentioned in the text (PDF). Supplementary Data of
uncertainty results analysis and unit livestock farm demolition cost in Dataset (XLSX).

References

Alexandratos, N., Bruinsma, J., 2012. World agriculture towards 2030/2050: the 2012 revision.
in. FAO, Rome. https://openknowledge.fao.org/handle/20.500.14283/ap106e

Bai, Z., Ma, L., Jin, S.et al., 2016. Nitrogen, Phosphorus, and Potassium Flows through the
Manure Management Chain in China. Environ. Sci. Technol. 50 (24), 13409-13418.
https://doi.org/10.1021/acs.est.6b03348

Bai, Z., Ma, W., Ma, L.etal., 2018. China’ s livestock transition : Driving forces, impacts, and
consequences. Sci. Adv. 4 (7), eaar8534. https://doi.org/10.1126/sciadv.aar8534

Bardgett, R.D., Bullock, J.M., Lavorel, S.etal., 2021. Combatting global grassland degradation.
Nature reviews. Earth & environment 2 (10), 720-735. https://doi.org/10.1038/s43017-
021-00207-2

Berdegué, J.A., Trivelli, C., Vos, R., 2025. Employment impacts of agrifood system
innovations and policies: A review of the evidence. Glob. Food Sec. 44100832.
https://doi.org/10.1016/j.gfs.2025.100832

Bilotta, G.S., Brazier, R.E., Haygarth, P.M., 2007. The impacts of grazing animals on the
quality of soils, vegetation, and surface waters in intensively managed grasslands. Adv.
Agron. 94237-280.

Burton, R.J.F., 2014. The influence of farmer demographic characteristics on environmental
behaviour: A review. J. Environ. Manage. 13519-26.
https://doi.org/10.1016/j.jenvman.2013.12.005

Chadwick, D., Wei, J., Yan'An, T.etal., 2015. Improving manure nutrient management towards
sustainable agricultural intensification in China. Agric. Ecosyst. Environ. 20934-46.
https://doi.org/10.1016/j.agee.2015.03.025

Chadwick, D.R., Willams, J.R., Lu, Y.et al., 2020. Strategies to reduce nutrient pollution from
manure management in China. Front. Agric. Sci. Eng. 7 (1), 45. https://doi.org/10.15302/J-
FASE-2019293

Chang, J., Ciais, P., Gasser, T.et al., 2021. Climate warming from managed grasslands cancels
the cooling effect of carbon sinks in sparsely grazed and natural grasslands. Nat. Commun.
12 (1). https://doi.org/10.1038/s41467-020-20406-7

Cheng, L., Zhang, X., Reis, S.et al., 2022. A 12% switch from monogastric to ruminant
livestock production can reduce emissions and boost crop production for 525 million
people. Nat. Food 3 (12), 1040-1051. https://doi.org/10.1038/s43016-022-00661-1



932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975

China, M.O.A.A., 2021. The 14th Five-Year Plan for the Development of the National Animal
Husbandry and Veterinary Industry. in. Ministry of Agriculture and Rural Affairs of the
Pepple's Republic of China.

Clark, M.A., Domingo, N.G.G., Colgan, K.et al., 2020. Global food system emissions could
preclude achieving the 1.5° and 2°C climate change targets. Science 370 (6517), 705-708.
https://doi.org/10.1126/science.aba7357.

Dongmei, H., Jin, S.H.Y., Wu, T.et al., 2019. Environmental risks and precautions in pig
husbandry relocation in China. Chin. J. Eco-Agric. 27 (06), 951-958.

Du, Y., Ge, Y., Ren, Y.et al., 2018. A global strategy to mitigate the environmental impact of
China ’~ s ruminant consumption boom. Nat. Commun. 9 (1).
https://doi.org/10.1038/s41467-018-06381-0

Erisman, J.W., Galloway, J.N., Seitzinger, S.et al., 2013. Consequences of human modification
of the global nitrogen cycle. Philos. Trans. R. Soc. B-Biol. Sci. 368 (1621), 20130116.
https://doi.org/10.1098/rstbh.2013.0116

Fang, C., Fuller, F.H., 1998. Feed-grain consumption by traditional pork-producing households
in China. CARD Working Paper 98-WP 203, CARD, Ames, IA.
https://doi.org/10.22004/ag.econ.18339

Fang, Q., Zhang, X., Dai, G.et al., 2023. Low-opportunity-cost feed can reduce land-use-related
environmental  impacts by about one-third in  China. Nat. Food.
https://doi.org/10.1038/s43016-023-00813-x

FAO, 2022a. FAOSTAT: FAO Statistical Databases. https://www.fao.org/faostat/en/#data

FAO, 2022b. Global Livestock Environmental Assessment Model. Version 3. Data Reference

Year: 2015. (FAO, 2022);
https://www.fao.org/fileadmin/user_upload/gleam/docs/GLEAM_3.0_Model_description.p
df

Feng, D.; Mao, K.; Yang, Y. et al., 2023. Crop-livestock integration for sustainable agriculture

in China: The history of state policy goals, reform opportunities and institutional constraints.
Front. Agric. Sci. Eng. 10 (4), 518-529. https://doi.org/10.15302/J-FASE-2023525

Fick, S.E., Hijmans, R.J., 2017. WorldClim 2: new 1 - km spatial resolution climate surfaces
for global land areas. Int. J. Climatol. 37 (12), 4302-4315. https://doi.org/10.1002/joc.5086

Galloway, J.N., Townsend, A.R., Erisman, J.W.et al., 2008. Transformation of the nitrogen
cycle: recent trends, questions, and potential solutions. Science 320 (5878), 889-892.
https://doi.org/10.1126/science.1136674

GOSC, 2013. Regulations on the prevention and control of pollution from large-scale livestock

and poultry farming. in. General Office of the State Council. https://www.gov.cn/flfg/2013-
11/26/content_2535095.htm

Gu, B., Ju, X., Chang, J.et al., 2015. Integrated reactive nitrogen budgets and future trends in
China. Proc. Natl. Acad. Sci. U.S.A. 112 (28), 8792-8797.
https://doi.org/10.1073/pnas.1510211112

Gu, B., Zhang, L., Van Dingenen, R.et al., 2021. Abating ammonia is more cost-effective than
nitrogen oxides for mitigating PM2.5 air pollution. Science 374 (6568), 758-762.
https://doi.org/10.1126/science.abf8623

Hamby, D.M., 1994. A review of techniques for parameter sensitivity analysis of environmental
models. Environ. Monit. Assess. 32 (2), 135-154. https://doi.org/10.1007/BF00547132



976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019

Hazell, P., Poulton, C., Wiggins, S.et al., 2010. The Future of Small Farms: Trajectories and
Policy Priorities. World Dev. 38 (20), 1349-1361.
https://doi.org/10.1016/j.worlddev.2009.06.012

Herrero, M., Thornton, P.K., Mason-D Croz, D.et al., 2020. Innovation can accelerate the
transition towards a sustainable food system. Nat. Food 1 (5), 266-272.
https://doi.org/10.1038/s43016-020-0074-1

Hou, Y., Zhang, C., 2022. Analysis of manure resource utilization behavior of beef cattle
farmers based on Logit-ISM model. J. Arid Land Resour. Environ. 36 (01), 33-40.

Hu, Y., Cheng, H., Tao, S., 2017. Environmental and human health challenges of industrial
livestock and poultry farming in China and their mitigation. Environ. Int. 107111-130.
https://doi.org/10.1016/j.envint.2017.07.003

Hu, Y., Li, B., Zhang, Z.et al., 2022. Farm size and agricultural technology progress: Evidence
from China. J. Rural Stud. 93417-429. https://doi.org/10.1016/j.jrurstud.2019.01.009

Hu, Y., Yu, Y., 2022. Scale Difference from the Impact of Disease Control on Pig Production
Efficiency. Animals 12 (19), 2647. https://doi.org/10.3390/ani12192647

IPCC, 2019. 2019 Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories.  https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-
for-national-greenhouse-gas-inventories/

Jin, S., Zhang, B., Wu, B.et al., 2021. Decoupling livestock and crop production at the
household level in China. Nat. Sustain. 4 (1), 48-55. https://doi.org/10.1038/s41893-020-
00596-0

Jing, M., Jiang, D., Kai, C.et al., 2020. Analysis on the influencing factors of livestock and
poultry fecal recycling behavior based on Logit-ISM model. J. Shandong Agric. Univ.
(Soc. Sci. Ed.) 22 (03), 81-88

Kaufmann, T., 2015. Sustainable livestock production: Low emission farm - The innovative
combination of nutrient, emission and waste management with special emphasis on
Chinese pig production. Anim. Nutr. 1 (3), 104-112.
https://doi.org/10.1016/j.aninu.2015.08.001

Kuhn, L., Balezentis, T., Hou, L.et al., 2020. Technical and environmental efficiency of
livestock farms in China: A slacks-based DEA approach. China Econ. Rev. 62101213.
https://doi.org/10.1016/j.chieco.2018.08.009

Li, Y., Wu, N., Xu, R.et al., 2017. Empirical analysis of pig welfare levels and their impact on
pig breeding efficiency—Based on 773 pig farmers' survey data. PLoS One 12 (12),
€190108. https://doi.org/10.1371/journal.pone.0190108

Liu, S., Zhuang, Q., Wang, S.et al., 2020. Control of avian influenza in China: Strategies and
lessons. Transbound. Emerg. Dis. 67 (4), 1463-1471. https://doi.org/10.1111/tbed.13515

Liu, Y., Ji, Y., Shao, S.et al., 2017. Scale of Production, Agglomeration and Agricultural
Pollutant Treatment: Evidence From a Survey in China. Ecol. Econ. 14030-45.
https://doi.org/10.1016/j.ecolecon.2017.04.016

McAuliffe, G.A., Takahashi, T., Mogensen, L.et al., 2017. Environmental trade-offs of pig
production systems under varied operational efficiencies. J. Clean. Prod. 1651163-1173.
https://doi.org/10.1016/j.jclepro.2017.07.191

Mench, J.A., Sumner, D.A., Rosen-Molina, J.T., 2011. Sustainability of egg production in the
United States — The policy and market contextl. Poult. Sci. 90 (1), 229-240.



1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063

https://doi.org/https://doi.org/10.3382/ps.2010-00844

Mottet, A., de Haan, C., Falcucci, A.etal., 2017. Livestock: On our plates or eating at our table?
A new analysis of the feed/food debate. Glob. Food Secur. 141-8.
https://doi.org/10.1016/j.gfs.2017.01.001.

NRC, 2012. Nutrient requirements of swine. National Academies Press, Washington, DC.

Pan, D., Tang, J., Zhang, L.etal., 2021. The impact of farm scale and technology characteristics
on the adoption of sustainable manure management technologies: Evidence from hog
production in China. J. Clean. Prod. 280124340.
https://doi.org/10.1016/j.jclepro.2020.124340

Pan, D., Yang, J., Guo, Q.et al., 2019. Toward better environmental performance in hog
production in China: Is intensification the answer? Ecol. Indic. 105347-354.
https://doi.org/10.1016/j.ecolind.2017.11.001

Pan, D., Zhou, G., Zhang, N.et al., 2016. Farmers' preferences for livestock pollution control
policy in China: a choice experiment method. J. Clean. Prod. 131572-582.
https://doi.org/10.1016/j.jclepro.2016.04.133

Pei, J., Hanli, Z., 2021. Study of the large-scale pig industry's environmental risks. Chin. J.
Agric. Resour. Reg. Plann. 42 (12), 23-31. https://doi.org/10.7621/cjarrp.1005-
9121.20211204

Piao, S., Jin, X., Hu, S.et al., 2024. The Impact of African Swine Fever on the Efficiency of
China °~ s Pig Farming Industry. Sustainability 16 (17), 7819.
https://doi.org/10.3390/su16177819

Presto Akerfeldt, M., Lindberg, J.E., Géransson, L.et al., 2019. Effects of reducing dietary
content of crude protein and indispensable amino acids on performance and carcass traits
of single-phase- and 2-phase-fed growing-finishing pigs. Livest. Sci. 22496-101.
https://doi.org/10.1016/j.livsci.2019.04.014

Pretty, J., Benton, T.G., Bharucha, Z.P.et al., 2018. Global assessment of agricultural system
redesign for sustainable intensification. Nat. Sustain. 1 (8), 441-446.
https://doi.org/10.1038/s41893-018-0114-0

Robinson, T.P., Wint, G.R., Conchedda, G.et al., 2014. Mapping the global distribution of
livestock. PL0oS One 9 (5), €96084. https://doi.org/10.1371/journal.pone.0096084

Shi, Z., Li, J., Hu, X., 2023. From Large to Powerful: International Comparison, Challenges
and Strategic Choices for China’ s Livestock Industry. Agriculture 13 (7), 1298.
https://doi.org/10.3390/agriculture13071298

Soliman, T., Djanibekov, U., 2021. Assessing dairy farming eco-efficiency in New Zealand: A
two-stage data envelopment analysis. N. Z. J. Agric. Res. 64 (3), 411-428.
Uwizeye, A., de Boer, 1.J.M., Opio, C.l.et al., 2020. Nitrogen emissions along global livestock
supply chains. Nat. Food 1 (7), 437-446. https://doi.org/10.1038/s43016-020-0113-y.
Wang, C., Duan, J., Ren, C.et al., 2022. Ammonia Emissions from Croplands Decrease with
Farm Size in  China. Environ. Sci. Technol. 56 (14), 9915-9923.
https://doi.org/10.1021/acs.est.2c01061

Wang, G., Yang, Y., 2017. Analysis on farmers”  resource utilization of swine excrement and
influencing factors: Based on the survey from Jilin province and comparison of breeding
scale. J. Hunan  Agric. Univ. (Soc. Sci.) 18  (03), 13-18.
https://doi.org/10.13331/j.cnki.jhau(ss).2017.03.003



1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100

Wang, X., Wu, X., Yan, P.et al., 2016. Integrated analysis on economic and environmental
consequences of livestock husbandry on different scale in China. J. Clean. Prod. 1191-12.
https://doi.org/10.1016/j.jclepro.2016.01.084

Wei, S., Bai, Z.H., Chadwick, D.et al., 2018. Greenhouse gas and ammonia emissions and
mitigation options from livestock production in peri-urban agriculture: Beijing - A case
study. J. Clean. Prod. 178515-525. https://doi.org/10.1016/j.jclepro.2017.12.257

Wei, S., Bai, Z.H., Qin, W.et al., 2016. Environmental, economic and social analysis of peri-
urban pig production. J. Clean. Prod. 129596-607.
https://doi.org/10.1016/j.jclepro.2016.03.133

Wei, S., Bai, Z.H., Qin, W.et al., 2018. Nutrient use efficiencies, losses, and abatement
strategies for peri-urban dairy production systems. J. Environ. Manage. 228232-238.
https://doi.org/10.1016/j.jenvman.2018.09.016

Willett, W., Rockstrom, J., Loken, B.et al., 2019. Food in the Anthropocene: the EAT - Lancet
Commission on healthy diets from sustainable food systems. The Lancet 393 (10170),
447-492. https://doi.org/https://doi.org/10.1016/S0140-6736(18)31788-4

Xiaoxia, L.H.P.H., 2020. Comparative analysis of dairy farming efficiency in different dairy
production areas in China - Based on survey data from 266 farms. Chin. J. Agric. Resour.
Reg. Plann. 41 (12), 110-119

Weli, Z., Bai, Z., Ma, L., Zhang, F., 2018a. Spatial characteristics of nitrogen and phosphorus
flow in cultivated grassland of China. Sci. Agric. Sin. 51 (03), 523-534. https://doi.
10.3864/j.issn.0578-1752.2018.03.012

Wei, Z., Bai, Z., Ma, L., Zhang, F., 2018b. Spatial characteristics of nitrogen and phosphorus
flow in natural grassland of China. Sci. Agric. Sin. 51 (03), 535-555.
https://doi.org/10.3864/j.issn.0578-1752.2018.03.011

Yu, S., Peixin, Y., 2021. Analysis of the cost-benefit of dairy cow breeding of different scale
in China. China Dairy Industry 49 (10), 44-48. https://doi.org/10.19827/j.issn1001-
2230.2021.10.009

Yu, Y., Zhang, H., Hu, H., 2012. Study on the factors affecting breeding farmers ‘environmental
investment in the perspective of pollution subsidies: Based on the survey of farmers from
Shanghai, Jiangsu and Zhejiang. China Popul. Resour. Environ. 22 (02), 159-163

Zhu, Z., Zhang, X., Dong, H.et al., 2022. Integrated livestock sector nitrogen pollution
abatement measures could generate net benefits for human and ecosystem health in China.
Nat. Food 3 (2), 161-168. https://doi.org/10.1038/s43016-022-00462-6

Zigtek-Kwasniewska, K., Zuba-Ciszewska, M., Nucinska, J., 2022. Technical Efficiency of
Cooperative and Non-Cooperative Dairies in Poland: Toward the First Link of the Supply
Chain. Agriculture 12 (1), 52. https://doi.org/10.3390/agriculture12010052



Highlights:

1.

2
3.
4

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

Manure recycling ratios vary with farm size across different livestock types.
Optimizing farm size for 16% of intensive farms could reduce N losses by 1.2 Tg.
Farm size optimization improves societal and environment benefits.
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