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Diagnosing spatial decoupling of manure
and crop nutrients in China: drivers and
multi-objective optimization for
sustainable redistribution
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China’s uneven farming distribution creates significant mismatches between manure nutrients and
crop demands, causing pollution in surplus areas and deficits in agricultural heartlands. This study
diagnosed the distribution and drivers of nitrogen (N) and phosphorus (P) nutrient mismatches, and
developed a Non-dominated Sorting Genetic Algorithm Il (NSGA-II) optimization model for
interprovincial manure redistribution, which minimizes transport distance and application-phase
greenhouse gas (GHG) emissions while respecting ecological thresholds across China. Chinashows a
regional N/P imbalance, with surpluses in the west and deficits in densely populated and grain-
producing regions, dominated by a nitrogen gap. Nutrient surpluses are jointly driven by regional
socio-economic development, cropping structure, and manure management efficiency. Strategic
redistribution of 0.300 x 10° tons of N and 0.047 x 10° tons of P to recipient provinces reduced land
carrying capacity saturation rates (LCCSRs) of surplus regions to safe levels and decreased the
national average LCCSRs by 39.3% for N and 24.1% for P. Simultaneously, the increase in GHG
emissions was controlled to within 8.5%. This study offers theoretical and practical optimization tools
for sustainable manure management under China’s carbon neutrality, advancing nutrient goals and
establishing quantitative bases for regional circular agriculture and ecological sustainability.

China’s livestock sector has expanded significantly, supporting 8.26 x 10’
heads and generating 3.80 x 10° tons of manure by 2023-half of the global
total'~*. However, the resource utilization rate remains below 60% in many
regions"**, creating both challenges and opportunities: while the abundant
manure nutrients could serve as valuable crop fertilizers, their potential is
undermined by significant spatial disparities in production and utilization.
Approximately 70% of China’s breeding industry is concentrated in 10 out
of 34 provinces, creating a mismatch with crop production areas that
exacerbates manure allocation difficulties™. This imbalance has led to
regional over-application, resulting in environmental pollution through soil
and water contamination™”’. In response, national policies have set ambi-
tious targets, such as achieving over 80% manure utilization by 2025'.

However, significant barriers remain in achieving sustainable manure
management. Key knowledge gaps persist regarding the spatial distribution
of nutrient flows between livestock production and crop demand systems,
along with an insufficient understanding of the drivers behind these
imbalances. The challenges are compounded by wide regional variations in
manure treatment efficiency (ranging from <30% to >70% nutrient recov-
ery) and divergent crop nutrient needs shaped by heterogeneous climatic
conditions, diverse topography, and uneven economic development’™.
Collectively, these factors generate a complex agricultural dichotomy:
intensive livestock production regions exhibit nutrient surpluses with
associated environmental pollution, while crop cultivation areas suffer from
nutrient deficiencies leading to soil degradation and yield constraints**"*.
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Three aspects are crucial for optimizing manure redistribution. First,
assessing land carrying capacity is essential to avoid exceeding ecological
limits'**. Second, accurate quantification of regional manure nutrient
availability is needed. While baseline manure output can be readily calcu-
lated from statistical data""*'**’, actual nutrient content varies significantly
by livestock species, breeding scale, manure treatment methods, and
application patterns*~>. The National Pollution Survey data, which pro-
vides spatially explicit information on breeding details and manure man-
agement practices across China’s counties and districts™, currently serves as
the most comprehensive dataset for such analysis. Third, agricultural and
food systems are major drivers of global climate change, with the Food and
Agriculture Organization reporting that greenhouse gas (GHG) emissions
from agricultural land account for over 30.0% of total anthropogenic
emissions globally”. Thus, the variation in GHG emissions from manure
application, influenced by diverse crop and soil types across regions’*”,
must be integrated to ensure low-carbon sustainability.

Despite recognition of these aspects, current manure allocation
practices remain fragmented, often relying on single indicators or manual
distribution approaches. While several studies have sought to enhance
manure management at the household or farm scale—for instance,
through targeted subsidies for organic fertilizer use or standardization of
management techniques™***’—these interventions remain constrained by
the lack of regional data on nutrient demand and application. As a result,
practices default to local disposal, failing to resolve the fundamental
spatial mismatch between livestock production and cropland availability,
let alone incorporate low-carbon manure application practices. Indeed,
improving feed conversion efficiency, advancing manure treatment
technologies, and adjusting livestock production structures can reduce
GHG emissions from the livestock sector’>*”. However, such strategies
focus mainly on emissions during manure generation and collection,
overlooking both the GHG impacts from field application and the need for
region-specific management’*”’. Overall, approaches that address only
one or two dimensions prove inadequate for managing the complexity of
interregional nutrient flows or balancing multiple objectives such as
nutrient equilibrium and ecological constraints. This analysis underscores
a critical research gap: the absence of an integrated spatial optimization
framework that can jointly address nutrient balance, land carrying
capacity, and GHG trade-offs across provinces. Such a framework is
essential to move beyond localized or single-objective solutions and
achieve system-level sustainability” .

With technological advancements, sophisticated algorithms such as
the Non-dominated Sorting Genetic Algorithm IT (NSGA-II) have emerged
as an effective tool for tackling the complexity of resource distribution
problems. The NSGA-II, with its mechanisms of fast non-dominated
sorting and crowding distance calculation, can efficiently identify and
maintain the Pareto front and thereby achieve dynamic balance across
multiple objectives ™. This algorithm has been extensively applied to
multi-objective optimization problems across various domains, including
agricultural yield optimization and irrigation system design™*'. Notably, its
effectiveness in handling spatial distribution problems has been well-
documented®*. These capabilities render NSGA-II particularly well-suited
for regional manure allocation.

Table 1 | Nutrient supply from livestock manure in China

Type Nitrogen Phosphorus
Supply Proportion Supply Proportion
(10° tons) (%) (10° tons) (%)

Pig 2.04 29.4 0.348 29.6

Beef cattle 1.97 28.4 0.300 25.6

Dairy cattle 0.468 6.70 0.089 7.60

Poultry 2.46 35.5 0.437 37.2

Total 6.94 100.0 1.18 100.0

Thus, this study aims to diagnose the spatial decoupling of manure
nutrients and crop demand across China, and then to explore optimization
strategies to balance national nutrients employing the NSGA-II algorithm.
For this purpose, the study seeks to: (1) quantify provincial-scale livestock
manure nutrient availability and crop demand; (2) analyze the spatial pat-
terns and driving mechanisms of nutrient surpluses and deficits; and (3)
build an NSGA-II model to determine optimal spatial allocation pathways
that efficiently transfer manure nutrients from surplus to deficit regions,
minimizing transport distance and associated GHG emissions while opti-
mizing land carrying capacity nationwide. This research provides scientific
knowledge for manure management and a systematic data-driven approach
to support sustainable livestock-agricultural systems through improved
nutrient recycling.

Results and discussion

Nutrient supply from livestock manure in provinces of China

In 2020, livestock manure from 31 provinces in China provided substantial
nutrient supplies, yielding 6.94 x 10° tons of N and 1.17 x 10° tons of P. The
N supply was significantly higher than that of P, consistent with previous
research results'®"’. Among all livestock types, as shown in Table 1, poultry
manure contributed the highest amounts of both N and P nutrients, with
supplies of 2.46 x 10° and 0.437 x 10° tons, respectively, representing 35.5%
and 37.2% of respective totals. Pig and beef cattle manure were the dominant
nutrient sources, contributing 29.4% and 28.4% of total nitrogen (N), and
29.6% and 25.6% of total phosphorus (P), respectively. Dairy cattle manure,
however, supplied the least-only 0.468 x 10° tons of N (6.75% of total N) and
0.089 x 10° tons of P (7.61% of total P). This ranking of nutrient con-
tributions across livestock categories aligns with previous studies**”. To
quantitatively compare their nutrient contributions, this study normalized
the livestock populations into pig-equivalent units based on standard
manure excretion coefficients, which account for these species-specific
differences. The results showed that poultry and pigs constituted the largest
shares, at 37.0% and 34.7% of the total pig-equivalent units, respectively,
followed by beef cattle (23.4%) and dairy cattle (4.80%). This indicates that
the difference in manure nutrient contributions is largely proportional to the
relative breeding scale of each livestock type, with poultry and pigs dom-
inating in most provinces. Beyond scale, nutrient composition per unit
manure also varies significantly: poultry excreta are typically more con-
centrated due to high-efficiency feed and unique physiology, whereas dairy
cattle-often raised in extensive systems with higher roughage intake and
lower feed conversion efficiency-produce manure with lower nutrient
density”.

The provincial-scale analysis identified clear geographic concentra-
tions in nutrient supply patterns (Fig. 1). Three provinces, including
Shandong, Sichuan, and Henan, emerged as dominant nutrient hotspots,
collectively contributing 22.2% (N) and 22.4% (P) of national totals, with
individual nutrient supply substantially exceeding regional averages. This
discrepancy is closely related to the agricultural structure and the breeding
industry scale in these provinces*. Notably, Shandong and Sichuan lead in
poultry and pig breeding volumes, respectively, while Henan ranks among
China’s top four for both pig and poultry categories (Supplementary Table
1). In contrast to major agricultural provinces, urban-focused munici-
palities, including Beijing, Shanghai, and Tianjin, maintain minimal con-
tributions (0.583% N and 0.599% P), aligning with their limited livestock
production. Other provinces exhibited varying nutrient outputs commen-
surate with their production scales. For example, Hebei’s elevated outputs
reflect its large operations, while Yunnan’s substantial contribution stems
from its leading beef cattle inventory. Overall, the regional disparity in
nutrient supply not only reflects the varying scales of livestock farming
across provinces but also underscores the profound influence of agricultural
structure on manure nutrient availability.

Nutrient demand of crops in provinces of China
In 2020, the total nutrient demand of crops in China for N and P
reached 24.3 and 6.46 x 10° tons, respectively (Table 2), reflecting an
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Fig. 1 | Nutrient supply from livestock manure in provinces of China in 2020. A is for nitrogen and B is for phosphorus.

Table 2 | Nutrient demand for different types of crops in China

Crop type Nitrogen Phosphorus
Demand (10° tons) Proportion (%) Demand (10° tons) Proportion (%)

Food crop Rice 4.66 19.2 1.69 26.3
Wheat 4.03 16.6 1.34 20.8
Maize 6.00 24.7 0.782 121
Millet 0.088 0.360 0.0100 0.160
Sorghum 0.057 0.240 0.0150 0.240
Beans 1.59 6.54 0.165 2.55
Potato 0.143 0.590 0.0250 0.390
Other 0.112 0.460 0.0540 0.830

Economic crop and vegetable Peanut 1.28 5.26 0.157 2.44
Rapeseed 0.604 2.49 0.379 5.87
Other 0.192 0.79 0.070 1.09
Cotton 0.691 2.85 0.180 2.78
Sugar crops 0.252 1.04 0.025 0.380
Tobacco leaves 0.081 0.340 0.011 0.170
Tea leaves 0.188 0.770 0.026 0.400
Vegetables 2.74 11.3 0.754 1.7
Melons and fruits 0.365 1.50 0.218 3.37
Garden fruits 0.973 4.01 0.330 5.12
Planted woodland 0.217 0.900 0.217 3.37

Total 24.3 100 6.46 100

increase of 3.68 and 1.9 x 10° tons compared with 2017*. Food crops,
including rice, wheat, and maize, accounted for the majority of these
demands. Specifically, the N and P demands from these crops con-
stituted 68.7% (16.7 x 10° tons) and 63.3% (4.09 x 10° tons) of the
total, respectively. Maize had the highest N demand at 6.00 x 10° tons
(24.7% of the national total), followed by rice (19.2%) and wheat
(16.6%). This nutrient demand structure highlights the dominant role
of staple crops in China’s agricultural system. Moreover, the extensive
cropland area of three major grain crops, approximately
41.3 x 10°ha*, further emphasizes their critical dependence on ferti-
lizer resources for food security. Economic crops and vegetables also
exhibited considerable nutrient demand, accounting for about one-
tenth of the total (Table 2). This reflects the dual trends of agricultural
diversification and farmers’ economic optimization strategies.

The spatial distribution of agricultural planting structures, defined by
the composition and layout of major crop types, significantly influences
regional disparities in nutrient demand. Major grain-producing provinces,
including Heilongjiang, Sichuan, and Henan, exhibit substantially higher N
and P requirements compared to other regions. As shown in Fig. 2, Hei-
longjiang had the highest nutrient demand nationwide, with N and P
reaching 1.55 and 0.331 x 10° tons, respectively, accounting for 9.92% and
8.70% of the national totals. Sichuan and Henan follow closely in nutrient
requirements. This pronounced demand pattern primarily stems from two
key factors: the extensive cropland area in these provinces and their grain-
centric agricultural systems, where intensive crop production drives sub-
stantial nutrient consumption. In contrast, provinces with highly urbanized
areas like Beijing and Shanghai show considerably lower N and P demands
(0.035x 10° tons N and 0.009 x 10° tons P) due to limited cropland.
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Fig. 2 | Crop nutrient demand in provinces of China in 2020. A is for nitrogen and B is for phosphoros.
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Fig. 3 | Nutrient surplus and deficit status in provinces of China in 2020. A is for nitrogen and B is for phosphorus.

Notably, these urbanized regions exhibit distinct nutrient utilization pat-
terns characterized by both reduced total demand and enhanced land-use
efficiency through specialized cultivation of high-value crops such as
vegetables and fruit trees. This is reflected in their nutrient demand per unit
cropland area (128.5-151.9 kg/ha for N; 25.2-31.1 kg/ha for P), which
exceeds that of grain-producing provinces (67.3-139.4kg/ha for N;
15.1-22.2 kg/ha for P), consistent with the findings reported by Zhu et al.”.
Such pronounced regional disparities not only reflect fundamental differ-
ences in agricultural systems but also underscore the tight coupling between
production patterns and nutrient requirements. Therefore, region-specific
and crop-specific fertilizer application protocols should be developed
according to differentiated nutritional requirements.

Spatial patterns and driving mechanisms of nutrient surpluses
and deficits

Regional imbalance in nutrient surpluses and deficits analysis. The
spatial heterogeneity of regional nutrient balance in China reveals a
significant mismatch between livestock manure nutrient supply and crop
demand, characterized by distinct regional surpluses and deficits (Fig. 3).
Western provinces such as Qinghai and Tibet exhibit notable advantages
in livestock industry development due to their vast land areas, low
population density, and abundant grassland resources™'. These

conditions facilitate large-scale livestock farming and the accumulation
of manure-derived nutrients. However, the plateau continental climate
prevailing in this region, marked by persistently low temperatures, lim-
ited annual precipitation, and a sparse, fragmented distribution of
cropland—significantly restricts grain production capacity” . Taking
Qinghai as a representative case, cropland accounted for only 0.8% of the
province’s total land area in 2020, and agricultural productivity was
markedly below the national average™°. As a result, crop nutrient uptake
remained minimal, leading to substantial nutrient surpluses—0.144 x 10°
tons for N and 0.016 x 10° tons for P. A similar pattern was observed in
Tibet, which reported N and P surpluses of 0.146 x 10° tons and
0.013 x 10° tons, respectively. These figures reflect a typical “high supply-
low demand” structural surplus pattern. A parallel nutrient surplus
pattern was observed in Fujian Province, a southeastern coastal region
with extensive livestock production (1.04 x 10° heads, ranking 6th
nationally). Despite its relatively high level of economic development,
Fujian has limited cropland resources, and crop nutrient demand
remains low (0.234 x 10° tons, ranking 23rd nationally). The province
exhibits a modest N nutrient surplus of 0.010 x 10° tons.

In contrast, central China (Henan, Hubei), eastern China (Jiangsu,
Anhui), and northeastern China (Heilongjiang, Jilin) face widespread
nutrient deficits exacerbated by high population densities and substantial

npj Sustainable Agriculture | (2026)4:11


www.nature.com/npjsustainagric

https://doi.org/10.1038/s44264-025-00120-x

Article

Fig. 4 | Principal component loadings of driving
factors related to nutrient surpluses. A is for
nitrogen and B is for phosphorus. NNS N nutrient
surplus, PNS P nutrient surplus, NNUE N nutrient
utilization efficiency, PNUE P nutrient utilization
efficiency, PGCO Proportion of grain crops output,
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agricultural demands. Henan Province, a critical national grain production
base, sustains extensive cereal cultivation, with wheat and maize yields
ranking among the highest nationwide”", driving substantial nutrient
demand. Similarly, Hubei Province’s prevalent double-cropping rice sys-
tems exhibit high N and P uptake throughout the growth cycle**®.
However, limited land resources restrict livestock development in these
regions, hindering effective organic fertilizer supplementation and wor-
sening nutrient supply-demand imbalances®'. In northeastern China, Hei-
longjiang and Jilin provinces-key national commodity grain bases-maintain
vast croplands with high yields but face persistent nutrient shortage'>*.
However, chronic over-cultivation of chernozem soils under unsustainable
“high extraction-low replenishment” practices has degraded soil fertility and
exacerbated erosion”*™, increasing reliance on external nutrient inputs.
Concurrently, the decoupling of planting and breeding industries has
drastically reduced manure application™, exacerbating regional N-P deficits.
Notably, Heilongjiang exhibits the most severe deficits nationwide, with N
and P deficits reaching 1.28 x 10° tons (14.3% of the national total) and
0.286 x 10° tons (10.7% of the national total), respectively.

From a national perspective, the imbalance between supply and
demand of N and P is highly consistent, but the spatial gap of nitrogen is
more prominent. Calculations reveal total national deficits of 8.69 x 10° tons
for N and 2.66 x 10° tons for P, with the N exceeding P by 6.05 x 10° tons.
This disparity primarily stems from provincial variations in cropping sys-
tems and agricultural structures. Crop-specific nutrient acquisition patterns
exhibit marked divergence, particularly in N and P use efficiency. As China’s
predominant staple crops, rice and wheat have high nitrogen requirements
and exhibit strong yield dependence on N availability”*. In contrast,
phosphorus is more closely associated with early-stage physiological pro-
cesses such as root development and cell division, making its demand more
prominent in certain vegetables and cash crops'>*’. In 2020, the planting
area of cereal crops in China accounted for 69.7% of the total cropland area
for all crops, far exceeding that of cash crops and vegetables, and thereby
driving a much greater national demand for N than for P*°. Moreover, soils
exhibit a measurable P accumulation effect, which further explains why the
national N deficit generally surpasses that of P*’. These findings suggest that
nutrient imbalances in China have evolved beyond isolated regional issues
and now represent a systemic phenomenon. The coexistence of nutrient
surpluses and deficits across regions not only exacerbates environmental
risks but also poses structural challenges to the country’s green agricultural
transition. This widespread pattern indicates that the drivers of nutrient
surpluses extend well beyond natural resource constraints and are deeply
rooted in broader socio-economic structures, agricultural production sys-
tems, and manure management practices.

Analysis of the driving factors of nutrient surpluses and deficits. To
identify the key drivers of nutrient surpluses and deficits across Chinese
provinces, this study applied principal component analysis (PCA) to
evaluate the socio-economic, agricultural, and management-related
factors influencing N and P surpluses (negative values were used to

denote nutrient deficits). Despite regional variations in natural condi-
tions and development models, the results revealed strong consistency in
the dominant controlling factors at the national scale (Fig. 4). The first
principal component (PC1), representing “economic development and
agricultural scale,” exhibited high positive loadings (>0.7) for agricultural
and livestock output values, GDP, population, livestock inventory and
intensity, and cropland area. Notably, both N and P surpluses exhibited
negative loadings on PC1, indicating that provinces with more developed
and intensive agricultural systems tend to have lower nutrient surpluses
or even structural deficits. This pattern is particularly evident in pro-
vinces like Jiangsu, where high GDP corresponds to substantial N and P
deficits, at —0.947 x 10° tons and —0.272 x 10° tons, respectively. The
second principal component (PC2) was defined by high loadings of the
proportion of primary industry and grain crops output, forming a “tra-
ditional cropping structure” dimension. PC2 is also negatively correlated
with nutrient surpluses, indicating that regions dominated by grain
crops, which typically have high nutrient uptake capacity, tend to exhibit
lower nutrient surplus levels. For instance, Heilongjiang, with grain crops
accounting for 89.9% of cultivation, faces significant N and P deficits,
underscoring long-term cropland depletion and soil degradation con-
cerns. Further analysis revealed distinct drivers for N versus P surpluses
and deficits: N surpluses were highly sensitive to “manure recycling
efficiency,” with N nutrient utilization efficiency loading strongly (0.842)
on the third principal component (PC3) as an independent driver
(Supplementary Table 2). In contrast, P surpluses were jointly influenced
by P nutrient utilization efficiency (PCI loading: —0.750) and the pro-
portion of grain crops output (PC2 loading: 0.700). This is closely related
to their distinct characteristics: N is prone to migration with water and
has diverse loss pathways, whereas P is prone to enrichment in soil"".

To elucidate the underlying mechanisms through which various
driving factors influence manure nutrient surpluses, we conducted Spear-
man correlation analyses and used R* to quantify the strength of these
associations. As shown in Fig. 5, although some correlations were not sta-
tistically significant (p > 0.05), a consistent trend was observed. Livestock
intensity (LI) showed strong positive correlations with POP (R*=0.643,
p<0.001) and GDP (R*=0.598, p <0.001), indicating that economically
developed and densely populated regions are more likely to adopt more
intensive livestock production systems. However, LI exhibited a weak
positive correlation with the manure nutrient resource utilization ratio of N
(R*=0.371, p=0.040), and was negatively correlated with the P nutrient
utilization efficiency PNUE (R* = —0.465, p < 0.001). These findings suggest
that while intensive livestock systems may promote manure collection and
treatment, they tend to lower overall PNUE, likely owing to excessive
manure generation and constrained nutrient assimilation capacity. There-
fore, the impact of LI on nutrient surpluses is largely indirect-mediated
through factors such as management capability, land limitations, and
infrastructure development, rather than through direct enhancements in
manure recycling. Moreover, both N and P surpluses were generally
negatively associated with MNRUR, yet positively correlated with MNDDR.
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These patterns imply that unregulated disposal is a key pathway con-
tributing to nutrient surplus. Provincial-scale observations further sub-
stantiated these findings. For instance, Jiangsu, one of China’s most
economically developed provinces, exhibited high MNRUR (58.1% for N
and 67.9% for P), accompanied by substantial nutrient deficits, reflecting a
typical “high recycling-low surplus” pattern. In contrast, less developed
provinces such as Qinghai and Tibet, where the MNDDR reached 20.2%
and 32.0%, respectively, reported large nutrient surpluses (0.144 x 10° tons
N and 0.146 x 10° tons P), highlighting the risks associated with limited
treatment capacity. Notably, GDP showed a strong positive correlation with
MNRUR (R*=0.747 for N and R* = 0.621 for P), and a negative correlation
with MNDDR (R*= —0.623 for N and R*=—0.611 for P), highlighting
economic development’s role in enabling infrastructure and management
improvements that structurally mitigate nutrient surpluses’”".

Collectively, integrated analysis reveals that China’s nutrient surplus
dynamics are shaped by complex interactions among multiple driving
factors. Economic development establishes the fundamental capacity for
waste treatment infrastructure and regulatory implementation, while
cropping systems determine nutrient assimilation potential. The manure
resource utilization efficiency emerges as a critical control variable that
directly regulates surplus magnitude. Importantly, manure management
represents a pivotal nexus connecting socio-economic development with
environmental performance, uncovering an efficiency-driven transforma-
tion mechanism essential for agricultural sustainability. Nevertheless,
localized improvements in manure treatment capacity cannot fully address
the fundamental spatial disconnection between livestock production and
crop cultivation. With severe nutrient overloads in less-intensive livestock
regions coexisting with chronic deficits in major grain belts, implementing
coordinated interregional manure redistribution systems becomes
imperative to achieve optimal spatial allocation and enhance circular
resource efficiency.

Manure redistribution and assessment of land carrying capacity
By conducting an in-depth analysis of nutrient status across Chinese pro-
vinces, Tibet, Qinghai, and Fujian were identified as major nutrient source
provinces. Their nutrient confluent provinces were Xinjiang-Gansu-
Sichuan-Yunnan, Gansu-Sichuan-Xinjiang-Yunnan, and Zhejiang-Jiangxi-
Guangdong, respectively (Fig. 6A1, A2). These regions face severe nutrient
overload as livestock manure production substantially exceeds local crop-
land assimilation capacity, potentially causing environmental hazards such
as water eutrophication and also increasing the risk of accumulation of
heavy metals in soils—notably copper (Cu) and zinc (Zn)>*"*. These metals

primarily originate from livestock manure application, as they are com-
monly introduced through animal feed supplements'*”. The implementa-
tion of nutrient transfer strategies has proven highly effective, as shown in
Fig. 6B1, B2. For Tibet, transferring 0.146 x 10° tons of N and 0.023 x 10°
tons of P to the confluent provinces of Xinjiang, Gansu, Sichuan, and
Yunnan reduced its land carrying capacity saturation rate (LCCSR) of N
from 7.58 to 1.00 and its LCCSR of P from 1.91 to 0.252. Similarly, by
transferring 0.144 x 10° tons of N and 0.022 x 10° tons of P to Gansu,
Sichuan, Xinjiang, and Yunnan, Qinghai reduced its LCCSR of N and P
from 6.03 to 1.00 and from 2.58 to 0.428, respectively. As a province with a
mild N surplus, Fujian managed to reduce its LCCSR of N from 1.04 to 1.00
through livestock manure redistribution and appropriate nutrient transfers,
thereby significantly mitigating potential environmental risks.

Our analysis reveals increased but acceptable nutrient carrying capacity
across recipient provinces through interprovincial manure redistribution.
Sichuan Province, a major nutrient sink, received a total of 0.081 x 10° tons
of N.and 0.013 x 10° tons of P from Tibet and Qinghai (15.1% of its original
supply), increasing its LCCSR of N and P from 0.390 to 0.449 and from 0.409
to 0.471, respectively. Yunnan showed similar improvements, with total
nutrients increasing from 0.397 to 0.444x 10° tons N and 0.066 to
0.074 x 10° tons P, raising its LCCSR from 0.760/0.451 to 0.851/0.505 for N/
P. Notably, Gansu exhibited the highest proportional reception (25.0% of
original supply), with LCCSR increasing by 0.107 (N) and 0.0729 (P) to
0.537 and 0.365, demonstrating robust soil nutrient reception potential. The
nutrient redistribution strategy yielded significant improvements across all
recipient provinces, though with varying effectiveness. While all confluent
provinces maintained LCCSR within acceptable limits post-transfer, several
exhibited indices below 0.5 (half the balanced threshold of 1.00), revealing
considerable remaining assimilation potential. The optimized spatial allo-
cation reduced national average LCCSR substantially—N from 0.932 to
0.566 and P from 0.486 to 0.369, effectively mitigating regional nutrient
imbalances and enhancing manure utilization efficiency.

However, the GHG emissions resulting from manure application for
interprovincial nutrient transfer are significant and cannot be overlooked.
This study found that, following nutrient receipt, the global warming
potential (GWP) of confluent provinces varied between 6.09 x 10~° and
3.72 Mt CO,-eq (Supplementary Table 3). Sichuan exhibited the most pro-
nounced increase, with GWP rising from 44.1 to 47.8 Mt CO,-eq—an
increment representing 8.44% of the province’s total agricultural GHG
emissions. Yunnan ranked second, with its GWP increasing from 33.1 to
35.3 Mt CO,-eq, representing 6.64% of its total agricultural GHG emissions.
Given the data limitations, this study assumed that the manure nutrients
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received by Sichuan and Yunnan were fully applied to paddy fields. As rice
cultivation is a major contributor to CH, emissions in agricultural
systems’®”’, these two provinces showed relatively greater GWP increases.
Nevertheless, this generalized assumption introduced uncertainty into GHG
estimates, highlighting the need for future studies to incorporate field-
specific manure application data for Sichuan and Yunnan to enable more
reliable assessments. In contrast, the GWP increases in other confluent
provinces remained under 1% relative to their total agricultural carbon
emissions, demonstrating the scheme’s overall efficiency. While this study
prioritizes the minimization of GHG emissions during manure redistribu-
tion and application, additional emissions derived from interprovincial
transport also represent a critical component. A more accurate accounting of
the associated carbon footprint and total GWP would require detailed data
on vehicle types, transport routes, and distances, and potential multi-stage
transportation processes related to commercial organic fertilizer distribution.

In contrast to previous national-scale nutrient management studies,
such as Bai et al.”®, which proposed relocating approximately 10 billion
livestock to mitigate N pollution exposure, our research results quantita-
tively incorporate land carrying capacity constraints and GHG trade-offs
into the optimization framework. While their work emphasized the spatial
decoupling of livestock and cropland along with the potential health benefits
of animal relocation, our analysis demonstrates that a strategic

redistribution of manure nutrients, rather than physical livestock transfer,
can achieve comparable nutrient surplus reductions with only limited car-
bon costs. This nutrient-centered approach offers a complementary path-
way toward sustainability, avoiding the socio-economic disruptions
inherent in large-scale livestock relocation. Accordingly, from a policy
standpoint, these results stress the need for coordinated interprovincial
nutrient governance, supported by targeted measures such as organic fer-
tilizer subsidies, investments in manure recycling technologies, and
mechanization support for smallholders. These steps are essential to over-
come technical and economic barriers to manure use and promote crop-
livestock reintegration’”". Furthermore, the implementation of a national
nutrient balance monitoring system, along with the integration of manure
management into China’s carbon accounting framework, would strengthen
policy coherence between nutrient recycling and carbon neutrality
objectives.

This study comprehensively diagnosed the spatial decoupling of
manure nutrients and crop demand across China, revealed the driving
mechanisms of nutrient surpluses, and developed an NSGA-II-based
optimization model to redistribute manure nutrients under ecological and
GHG emission constraints. China exhibits distinct regional disparities in
nutrient supply-demand patterns across provinces, primarily driven by
socio-economic structures, agricultural production systems, and manure
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management practices. Livestock-intensive western provinces face severe
surpluses from limited cropland, while major grain-producing regions
suffer deficits due to intensive cultivation and inadequate manure recycling.
Economically developed areas demonstrate reduced surpluses through
efficient manure utilization, while less-developed regions have a structural
oversupply from high direct discharge rates. The proposed optimization
strategy successfully mitigated these imbalances, reducing surplus pro-
vinces’ indices to optimal levels and narrowing national nutrient deficits by
24-39%, while limiting the increase in GHG emissions to within 8.5%. This
study provides a spatially explicit analytical framework that supports
coordinated nutrient management and sustainable agricultural transfor-
mation in China, offering a viable pathway toward regional circular agri-
culture and ecological sustainability.

Methods

The nutrient demand, manure supply, and land carrying capacity for crop
fields across 31 provinces in China in 2020 were initially calculated using the
methodology outlined in the Technical Guidelines for Calculating Land
Carrying Capacity of Livestock and Poultry Manure issued by the Ministry of
Agriculture and Rural Affairs of China (hereafter referred to as “the
Guidelines”)*'. Following this initial calculation, the analysis primarily
addressed the spatial redistribution of livestock manure exceeding pro-
vincial land carrying capacity. The NSGA-II multi-objective optimization
algorithm was employed to derive efficient interprovincial manure alloca-
tion pathways under the dual constraints of recipient provinces’ ecological
thresholds and minimal transport costs, while simultaneously minimizing
GHG emissions associated with the application of surplus manure. The
specific calculation steps are as follows.

Nutrient supply estimation from livestock manure

According to the calculation method of the Guidelines and considering the
primary cultivated and raised species in China, the N and P nutrient supply
data from four types of livestock manure (pig, beef cattle, dairy cattle, and
poultry) and the N and P nutrient demand data for plants in each province
were analyzed. The pollutant coefficient method was employed to calculate
the N and P resources derived from livestock manure, incorporating sys-
tematic adjustments for nutrient losses occurring during manure collection,
storage, and treatment processes. The coefficients were sourced from the
statistical data of China’s Second National Pollution Source Census (http://
www.mee.gov.cn), which provided the most recent provincial-level data and
is considered authoritative for this purpose"*****. Among them, plants
mainly involve food crops (rice, wheat, maize, millet, sorghum, beans,
potatoes, and other grains), oil crops (peanuts, rapeseeds, and other oil
crops), cotton, sugar crops (sugarcane, beet), tobacco leaves, tea leaves,
vegetables, melons and fruits, orchard fruits, and planted woodland. Crop
yields came from provincial statistical yearbooks, livestock populations
from the China Animal Husbandry and Veterinary Yearbook 2021, and
artificial woodland data from the China Forestry and Grassland Statistical
Yearbook 2020 (Supplementary Table 1). The specific calculation formulas
and parameters are detailed in the Supplementary Text 1 and Tables 4-11.

Nutrient requirements estimation for crops

Based on the recommended N and P uptake rates per 100 kg of crop yield
(Supplementary Table 12), the nutrient demand for various crops in pro-
vinces of China was first calculated by multiplying crop yield by the corre-
sponding nutrient uptake value. Subsequently, key parameters, including the
proportion of manure-supplied nutrients, the fraction of manure applied, and
the seasonal utilization rate of livestock manure, were collected from various
publications, as summarized in Supplementary Table 13. Finally, the nutrient
demand from the livestock manure was calculated using Eq. 2:

A= "(P;xX)+ D (GxY) (1)

D = (A xFP x MP)/MR )

Where i represents all plant species included in the calculations. A denotes
the total nutrient demand of all plant species within the region, kg. P;
represents the annual yield of the ith crop, 10° kg. X; denotes the nutrient
requirement per 100 kg of yield for the ith crop, kg. G and Y refer to the yield
(m®) and nutrient demand (kg/m’) of artificial woodland. D is the amount of
nutrients that plants in the region need from manure, kg. FP indicates the
proportion of the total crop nutrient demand that must be met through
fertilization, %. MP represents the share of manure in the total fertilization
volume, %. MR denotes the livestock manure seasonal utilization, %.

Land carrying capacity estimation for livestock manure

The land carrying capacity for livestock refers to the maximum livestock
population that can be sustained on agricultural lands and woodlands under
conditions that support terrestrial ecosystem stability'”***. In this study,
livestock manure was assumed to be evenly applied across all agricultural
land within each recipient province, without altering local cropping patterns
or cultivation scales. Because the calculation of manure nutrient supply
involves multiple animal species and manure treatment methods, the “pig
equivalent” was adopted as a standard unit following the methodology in the
Guidelines. All actual livestock populations were standardized into pig
equivalents. Subsequently, Eqgs. (3) and (4) were employed to calculate the
manure nutrient supply per unit of pig equivalent and the theoretical
maximum livestock population, respectively. To evaluate the land carrying
capacity status, this study employed Eq. (5) to calculate the ratio of the actual
livestock population to the theoretical maximum population.

PD = S/RE 3)
CA =D/PD 4
I=RE/CA 5)

Where S represents the nutrient supply from livestock manure, kg. RE is the
number of livestock in the region converted to pig equivalent, head. PD is
the nutrient supply per pig equivalent, kg. CA indicates the maximum
number of pig equivalent livestock that can be maintained in the region,
head. I represents the LCCSR. The LCCSR exceeding 1.0 indicates that the
regional livestock population has surpassed the land’s carrying capacity. The
specific values for all parameters mentioned above are provided in Sup-
plementary Table 4.

Statistical analysis

PCA was used to identify dominant factors explaining variations in N and P
surpluses and deficits across provinces of China. The input dataset included
variables related to socio-economic conditions (GDP, population, propor-
tion of primary industry), agricultural production output (gross output
value of animal husbandry, gross output value of agriculture), agricultural
production structure (cropland area, proportion of grain crops output, total
livestock inventory, LI and proportion of poultry) and manure utilization
efficiency (nutrient utilization efficiency for N and P). Spearman’s corre-
lation analysis was performed to assess monotonic associations between
nutrient surpluses and deficits and key indicators, including manure
management factors (manure nutrient utilization efficiency, direct dis-
charge ratio, and resource utilization ratio), spatial distribution factors of
livestock (LI), and socio-economic factors (population and GDP). Corre-
lation coefficients with p-values less than 0.05 were considered statistically
significant. The manure management factors were calculated by the ratio of
the nutrient content collected under different treatment methods to the
nutrients excreted by livestock. All other data were collected from China
Statistical Yearbook", and detailed values are summarized in Supplemen-
tary Table 14. All statistical analyses were conducted using Python 3.11.

GHG emissions estimation from manure application to crop
Based on the preceding calculations, this study quantified the GHG emis-
sions generated from the application of surplus manure to the croplands of
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Fig. 7 | Process flow for spatially optimized alloca-
tion of livestock manure nutrients based on the
NSGA-II method.
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recipient provinces, where surplus manure is defined as the amount
exceeding the land carrying capacity of the source province. These emissions
include both direct and indirect sources. Due to data limitations, GHG
emissions were estimated according to the dominant cropping systems of
the recipient provinces, with manure assumed to be applied primarily to the
major crop types having the most extensive cultivation areas. The specific
correspondence between provinces and applied crop types is detailed in
Supplementary Table 15. Both calculation methods were grounded in a
synthesis of empirically derived experimental data from prior studies con-
ducted in China.

Direct emissions were calculated using the emission factor (EF)
method, following the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories”. Through an extensive literature review (Supplementary Text
2), the experimental results on the GHG emissions from crops applied with
livestock manure were collected. Based on these data, by using the local EF
formula (Supplementary Text 3), the N,O EFs for manure applied to
agricultural soils in provinces of China were estimated (Supplementary
Table 15). For indirect GHG emissions, the calculation methodology
involved: (1) determining N nutrient input per unit cropland area for target
crops based on manure nutrient allocation in the confluent province; (2)
establishing organic fertilizer application proportions by comparing these
inputs with regionally recommended N application rates; and (3) estimating
CH, emissions using empirical relationships between organic fertilizer
application ratios and emission rates from published provincial studies.
Where local experimental data were unavailable, emissions were calculated
using data from neighboring provinces with similar agroecological char-
acteristics, following the proximity principle. If the proportion of organic
fertilizer application after manure transfer was below 0.1% in some

provinces, the resulting CH, emissions were considered negligible. The
relevant literature data are detailed in Supplementary Tables 16 and 17.

Agricultural soil CO, emissions were excluded from analysis since
farmland ecosystems typically function as carbon sinks, with photosynthesis
outweighing respiration®**’. Therefore, the final GHG emissions in this
study include CH, and N,O emissions. Given their different warming
potentials-where 1 kg of CH, has a warming potential 25 times that of 1 kg
of CO,, and 1 kg of N,O has 298 times the warming effect of 1 kg of CO,",
the combined GWP of these GHGs was calculated as the evaluation index
for GHG emissions.

Spatial allocation of livestock and poultry under multi-objective
optimization

The NSGA-II is a multi-objective optimization algorithm that efficiently
handles multiple objectives through strategies such as elitism and non-
dominated sorting. Figure 7 illustrates the methodological framework for
spatial livestock and poultry allocation developed in this study, which
employs a multi-objective optimization approach. The objective is to
achieve a balanced allocation of manure resources while minimizing
transportation distances and the GHG emissions associated with manure
application.

Initially, manure supply provinces were identified based on land car-
rying capacity results. Provinces exceeding their capacity were designated as
supply regions, while neighboring provinces were classified as confluent
regions. The interprovincial transportation priority was determined using
the Euclidean distance between the centroids of provincial cropland areas.
Shorter Euclidean distances were assumed to correspond to lower trans-
portation costs and GHG emissions; thus, provinces in closer proximity
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were assigned higher priority and received larger manure allocations. To
balance and sustain nutrient distribution, the nutrient load per pig
equivalent (NLPE) was calculated as the ratio of excess manure nutrients to
the manure nutrient supply per pig equivalent (calculated by Eq. 3). The
NLPE serves as the unit for spatial reallocation, which maintains consistency
in nitrogen-to-phosphorus ratios and facilitates computational efficiency in
the modeling process. The algorithm began with the random initialization of
a population comprising 100 individuals, each representing a potential
manure allocation plan. Within these individuals, genes denote the pro-
portion of manure allocated to recipient provinces, with higher priority
regions receiving larger proportions. Each iteration involves: (1) evaluating
manure allocation plans for transportation distance and GWP, excluding
infeasible plans exceeding recipient land carrying capacity; (2) sorting
solutions via non-dominated sorting, prioritizing those with superior multi-
objective performance; (3) maintaining population diversity through
crowding distance calculations. Subsequent steps include elite selection,
uniform crossover, and adaptive mutation. Mutation rates dynamically
adjust based on fitness trends to avoid local optima and reinforce promising
solutions. After 1000 iterations, the algorithm converged, yielding an opti-
mal manure allocation scheme that minimizes emissions while enhancing
resource efficiency. To verify the robustness and stability of the optimization
outcomes, the NSGA-II procedure was independently repeated 60 times
under identical parameter settings. The resulting minimum total GHG
emissions exhibited a low average coefficient of variation (CV =0.0097),
confirming the process’s high stability and convergence reliability. The
manure redistribution plan with the lowest emissions was thus identified as
the optimal solution for further analysis. All processes related to the data
processing and model construction were conducted utilizing Python 3.11.

Data availability

Datasets used in this study were accessed from publicly available sources. All
the data supporting the findings of this study are referenced within the
manuscript and in Supplementary Information.

Code availability
The Python scripts used in the analyses are available from the corresponding
author on reasonable request.

Received: 28 August 2025; Accepted: 15 December 2025;
Published online: 31 January 2026

References

1. He, T. et al. Estimation of manure emissions issued from different
Chinese livestock species: potential of future production. Agriculture
13, 2143 (2023).

2. ljaz, M. U. et al. Mitigating Nutrient Pollution from Livestock Manure:
Strategies for Sustainable Management (Springer, 2025).

3. National Bureau of Statistics. The agricultural economic situation in
2023 is generally good. https://www.stats.gov.cn/xxgk/jd/sjjd2020/
202401/t20240118_1946723.html (2023).

4. Pan, F. H. et al. Temporal and spatial trends in livestock manure
discharge and water pollution risk in Chaohu Lake Basin.
Sustainability 16, 2396 (2024).

5.  Qi, J. M. et al. State-of-the-art on animal manure pollution control and
resource utilization. J. Environ. Chem. Eng. 11, 110462 (2023).

6. Zhu, Z. P. et al. Integrated livestock sector nitrogen pollution
abatement measures could generate net benefits for human and
ecosystem health in China. Nat. Food 3, 161-168 (2022).

7. Frey, L. et al. Antibiotics residues in pig slurry and manure and its
environmental contamination potential. A meta-analysis. Agron.
Sustain. Dev. 42, 31 (2022).

8. Ministry of Ecology and Environment. The action plan for the battle of
agricultural and rural pollution control (2021-2025). https://www.mee.
gov.cn/xxgk2018/xxgk/xxgk03/202201/t20220129_968575.html
(2022).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Chen, B. H. et al. Drivers of livestock manure nitrogen recycling on
county scale in China. J. Environ. Manag. 380, 125075 (2025).

Chen, B. H. et al. Driving forces of nitrogen use efficiency in Chinese
croplands on county scale. Environ. Pollut. 316, 120610 (2023).
Liao, G. T. et al. Nutrient use efficiency has decreased in southwest
China since 2009 with increasing risk of nutrient excess. Commun.
Earth Environ. 4, 388 (2023).

Liu, X. et al. Uncovering the spatio-temporal dynamics of crop-
specific nutrient budgets in China. J. Environ. Manag. 340, 117904
(2023).

Zhang, Q. S. et al. Comprehensive assessment of the utilization of
manure in China’s croplands based on national farmer survey data.
Sci. Data 10, 223 (2023).

Liu, W. R. et al. Comparisons of pollution characteristics, emission
situations, and mass loads for heavy metals in the manures of different
livestock and poultry in China. Sci. Total Environ. 734, 139023 (2020).
Sun, Z. et al. Effects of nutrient deficiency on crop yield and soil
nutrients under winter wheat-summer maize rotation system in the
North China Plain. Agronomy 14, 2690 (2024).

Yang, R. L. et al. The impact of nutrient deficiency on the structure of
soil microbial communities within a double-cropping system. Front.
Plant Sci. 16, 1487687 (2025).

Yang, N. et al. The land carrying capacity and environmental risk
assessment of livestock and poultry breeding considering crop
planting. Environ. Sci. Pollut. Res. 28, 51356-51368 (2021).

Zheng, L. et al. Spatiotemporal characteristics of the bearing capacity
of cropland based on manure nitrogen and phosphorus load in
mainland China. J. Clean. Prod. 233, 601-610 (2019).

Wang, B. et al. Returning excrement from livestock, poultry, and
humans to farmland as nutrient resources for crop growth:
Assessment of rural China. Process Saf. Environ. Prot. 146, 412-423
(2021).

Wu, S. X. et al. Analysis on the amount and utilization of manure in
livestock and poultry breeding in China. Strateg. Study CAE 20,
103-111 (2018).

Xu, D. et al. Spatial optimization of manure and fertilizer application
strategies to minimize nutrient surpluses and acidification rates in
croplands of a typical Chinese county. J. Clean. Prod. 503, 145401
(2025).

Rayne, N. & Aula, L. Livestock manure and the impacts on soil health: a
review. Soil Syst. 4, 64 (2020).

Zhao, Z. et al. Scenario analysis of livestock carrying capacity risk in
farmland from the perspective of planting and breeding balance in
Northeast China. Land 11, 362 (2022).

Xu, Y. X. et al. Spatial patterns in pollution discharges from livestock
and poultry farm and the linkage between manure nutrients load and
the carrying capacity of croplands in China. Sci. Total Environ. 901,
166006 (2023).

Crippa, M. et al. Food systems are responsible for a third of global
anthropogenic GHG emissions. Nat. Food 2, 198-209 (2021).

Tang, Y. et al. Assessing the impact of climate and crop diversity on
regional greenhouse gas emissions and water demand of cropland.
Agric. For. Meteorol. 355, 110119 (2024).

Zhang, J. et al. Increased greenhouse gas emissions intensity of major
croplands in China: Implications for food security and climate change
mitigation. Glob. Change Biol. 26, 6116-6133 (2020).

Lin, H., Jiao, H., Lin, H. & Xu, X. The evolution of policies for the resource
utilization of livestock manure in China. Agriculture 15, 153 (2025).
Fan, P. F. et al. The effect of agricultural subsidies on chemical
fertilizer use: Evidence from a new policy in China. J. Environ. Manag.
344, 118423 (2023).

Bilotto, F. et al. Costs of transitioning the livestock sector to net-zero
emissions under future climates. Nat. Commun. 16, 3810 (2025).
Herrero, M. et al. Greenhouse gas mitigation potentials in the livestock
sector. Nat. Clim. Change 6, 452-461 (2016).

npj Sustainable Agriculture | (2026)4:11

10


https://www.stats.gov.cn/xxgk/jd/sjjd2020/202401/t20240118_1946723.html
https://www.stats.gov.cn/xxgk/jd/sjjd2020/202401/t20240118_1946723.html
https://www.stats.gov.cn/xxgk/jd/sjjd2020/202401/t20240118_1946723.html
https://www.mee.gov.cn/xxgk2018/xxgk/xxgk03/202201/t20220129_968575.html
https://www.mee.gov.cn/xxgk2018/xxgk/xxgk03/202201/t20220129_968575.html
https://www.mee.gov.cn/xxgk2018/xxgk/xxgk03/202201/t20220129_968575.html
www.nature.com/npjsustainagric

https://doi.org/10.1038/s44264-025-00120-x

Article

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Mohammed, A. A. et al. Mitigating greenhouse gas emissions and
enhancing composting efficiency using biochar, used oil, and
compost inoculum amendments. Sci. Rep. 15, 35020 (2025).

Sun, J. J. et al. Analytic method for optimizing the allocation of manure
nutrients based on the assessment of land carrying capacity: A case
study from a typical agricultural region in China. Agronomy 13, 1064
(2023).

Yan, B. J. et al. Estimation of carrying capacity of livestock farm based
on maximum phosphorus load of farmland and GIS spatial analysis
technology. Curr. Sci. 112, 1931-1936 (2017).

Spiegal, S. et al. Manuresheds: advancing nutrient recycling in US
agriculture. Agric. Syst. 182, 102813 (2020).

Ma, H. P. et al. Acomprehensive survey on NSGA-Il for multi-objective
optimization and applications. Artif. Intell. Rev. 56, 15217-15270
(2023).

Ding, X. E. et al. The application of genetic algorithm in land use
optimization research: a review. Land 10, 526 (2021).

Deb, K. & Jain, H. An evolutionary many-objective optimization
algorithm using reference-point-based nondominated sorting
approach, Part I: solving problems with box constraints. [EEE Trans.
Evolut. Comput. 18, 577-601 (2014).

Wu, H. W. et al. Enhancing agricultural sustainability: Optimizing crop
planting structures and spatial layouts within the water-land-energy-
economy-environment-food nexus. Geogr. Sustain. 6, 100258 (2025).
Qi, P. et al. Optimal allocation of water and land resources considering
crop water demand process from the perspective of water-carbon-
economy nexus. J. Hydrol. 654, 132831 (2025).

Zhou, S.T. etal. Rice yield prediction in Hubei province based on deep
learning and the effect of spatial heterogeneity. Remote Sens. 15,
1361 (2023).

Krityakierne, T. et al. GIS spatial optimization for agricultural crop
allocation using NSGA-II. Inf. Process. Agric. 12, 139-150 (2024).
Rahman, M. M. & Szabd, G. Multi-objective urban land use
optimization using spatial data: a systematic review. Sustain. Cities
Soc. 74, 103214 (2021).

Shaygan, M. et al. Spatial multi-objective optimization approach for
land use allocation using NSGA-II. IEEE J. Sel. Top. Appl. Earth Obs.
Remote Sens. 7, 906-916 (2014).

Zhu, N. et al. Analysis of land carrying capacity of livestock and poultry
breeding in China from the perspective of combination of planting and
raising. In Proc. 2020 6th International Conference on Energy,
Environment and Materials Science 28-30 August 2020, Hulun Buir,
China (IOP Conference Series: Earth and Environmental Science) Vol.
585, 012085 (IOP Publishing, 2020).

Han, Z. et al. Rebuilding the crop-livestock integration systemin China
—based on the perspective of circular economy. J. Clean. Prod. 393,
136347 (2023).

Zhang, C. Z. et al. Rebuilding the linkage between livestock and
cropland to mitigate agricultural pollution in China. Resour. Conserv.
Recycl. 144, 65-73 (2019).

Yang, F. et al. Inequity in environmental pollution of China’s livestock
and poultry industry: a frontier applications of spatial models.
Sustainability 14, 11671 (2022).

National Bureau of Statistics. National Bureau of Statistics China
Statistical Yearbook https://www.stats.gov.cn/sj/ndsj/2021/indexch.
htm (National Bureau of Statistics, 2021).

Guo, J. et al. Dynamic change and driving force of natural capital in
Qinghai Province based on the three-dimensional ecological
footprint, China. Ecol. Indic. 145, 109673 (2022).

Luo, G. Y. & Cui, J. N. Exploring high quality development of animal
husbandry in Qinghai province from the perspective of the Tibetan
sheep industry. Sci. Rep. 14, 21500 (2024).

Liu, Y. X. et al. Driving forces of cultivated land evolution in agro-
pastoral areas on the Qinghai-Tibet Plateau based on ecological niche
theory. J. Clean. Prod. 313, 127899 (2021).

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Wang, J. et al. Evaluation of farmland production potential in key
agricultural production areas on the Qinghai-Tibet Plateau under
multi-scenario simulation. Sci. Total Environ. 951, 175741 (2024).
Wang, J. et al. Identifying and monitoring of abandoned farmland in key
agricultural production areas on the Qinghai-Tibet Plateau: A case
study of the Huangshui Basin. J. Environ. Manag. 354, 120380 (2024).
Jiang, M. L. Sustainable agriculture and food production in Qinghai:
Analysis based on grey correlation model. In Proc. 2021 7th
International Conference on Advances in Energy, Environment and
Chemical Engineering 9-11 July 2021, Chengdu, China (IOP
Conference Series: Earth and Environmental Science) Vol. 831,
012040 (IOP Publishing, 2021).

NBS. National Bureau of Statistics China Statistical Yearbook (NBS,
2021).

Gao, L. L. et al. Arisk assessment method for phosphorus loss in
intensive agricultural areas—a case study in Henan Province, China.
Agriculture 14, 1681 (2024).

Feng, X. J. et al. Spatial variability analysis of wheat nitrogen yield
response: a case study of Henan Province, China. Agronomy 13, 1796
(2023).

Ye, C. et al. Effect of soil texture on soil nutrient status and rice nutrient
absorption in paddy soils. Agronomy 14, 1339 (2024).

Che, S. G. et al. Nutrient uptake requirements with increasing grain
yield for rice in China. J. Integr. Agric. 15, 907-917 (2016).

Li, J. G. et al. Development and environmental impacts of China’s
livestock and poultry breeding. J. Clean. Prod. 371, 133586 (2022).
Ma, C. F. et al. Evolution and divers of production patterns of major
crops in Jilin Province, China. Land 13, 992 (2024).

Duan, X. W. et al. Effects of soil erosion on long-term soil productivity
in the black soil region of northeastern China. CATENA 87, 268-275
(2011).

Wang, W. X. et al. Black soil conservation will boost China’s grain
supply and reduce agricultural greenhouse gas emissions in the
future. Environ. Impact Assess. Rev. 106, 107482 (2024).

Kasemsap, P. & Bloom, A. J. Breeding for higher yields of wheat and
rice through modifying nitrogen metabolism. Plants 12, 85 (2023).
Zhou, W. et al. Optimized nitrogen application increases rice yield by
improving the quality of tillers. Plant Prod. Sci. 25, 311-319 (2022).
Bouchet, A. S. et al. Nitrogen use efficiency in rapeseed. A review.
Agron. Sustain. Dev. 36, 38 (2016).

Liang, H. Y. et al. Dynamic changes in soil phosphorus accumulation
and bioavailability in phosphorus-contaminated protected fields. Int.
J. Environ. Res. Public Health 19, 12262 (2022).

Liu, X. P. et al. Increased risk of phosphorus and metal leaching from
paddy soils after excessive manure application: insights from a
mesocosm study. Sci. Total Environ. 666, 778-785 (2019).

Li, X. N. et al. Loss of nitrogen and phosphorus from farmland runoff
and the interception effect of an ecological drainage ditch in the North
China Plain—a field study in a modern agricultural park. Ecol. Eng.
169, 106310 (2021).

Hu, C. X. et al. Trends in the research on soil nitrogen leaching from
farmland: a bibliometric analysis (2014-2023). Clim. Smart Agric. 1,
100026 (2024).

Khoshnevisan, B. et al. A critical review on livestock manure
biorefinery technologies: sustainability, challenges, and future
perspectives. Renew. Sustain. Energy Rev. 135, 110033 (2021).
Zhang, L. Impacts of livestock manure resource utilization on soil
health and crop yield: mechanisms, effects, and future perspectives.
Theor. Nat. Sci. 81, 119-126 (2025).

Kumar, R. R. et al. Application and environmental risks of livestock
manure. J. Korean Soc. Appl. Biol. Chem. 56, 497-503 (2013).

Cai, Y. J. et al. Environmental impacts of livestock excreta under
increasing livestock production and management considerations:
implications for developing countries. Curr. Opin. Environ. Sci. Health
24, 100300 (2021).

npj Sustainable Agriculture| (2026)4:11

11


https://www.stats.gov.cn/sj/ndsj/2021/indexch.htm
https://www.stats.gov.cn/sj/ndsj/2021/indexch.htm
https://www.stats.gov.cn/sj/ndsj/2021/indexch.htm
www.nature.com/npjsustainagric

https://doi.org/10.1038/s44264-025-00120-x

Article

76. Qian, H. et al. Greenhouse gas emissions and mitigation in rice
agriculture. Nat. Rev. Earth Environ. 4, 716-732 (2023).

77. Duan, Y. et al. Agricultural methane emissions in China: inventories,
driving forces and mitigation strategies. Environ. Sci. Technol. 57,
13292-13303 (2023).

78. Bai, Z.H. et al. Relocate 10 billion livestock to reduce harmful nitrogen
pollution exposure for 90% of China’s population. Nat. Food 3,
152-160 (2022).

79. Zhang, T. et al. Replacing synthetic fertilizer by manure requires
adjusted technology and incentives: a farm survey across China.
Resour. Conserv. Recycl. 168, 105301 (2021).

80. Zhou, Y. et al. Factors affecting farmers’ willingness to pay for
adopting vegetable residue compost in North China. Acta Ecol. Sin.
38, 401-411 (2018).

81. Ministry of Agriculture of the People’s Republic of China. Technical
Guide for Measuring the Land Carrying Capacity of Livestock and
Poultry Manure https://www.moa.gov.cn/govpublic/XMYS/201801/
t20180122_6135486.htm (2018).

82. Kang, J. et al. Optimized crop-livestock coupling to reduce
agricultural manure-N surplus and greenhouse gas emissions in
China. J. Clean. Prod. 467, 142835 (2024).

83. IPCC. 2006 IPCC guidelines for national greenhouse gas inventories.
Volume 4: agriculture, forestry and other land use. (eds Eggleston H.S.
et al.) (IGES, 2006).

84. Min, J. S. & Hu, H. Calculation of greenhouse gases emission from
agricultural production in China. Chin. J. Popul. Resour. Environ. 22,
21-27 (2012).

85. Tang, H. X. et al. Agriculture and Forestry Greenhouse Gas Emissions
and Control Technology (Chemical Industry Press, 2009).

86. Ramaswamy, V. et al. Radiative Forcing of Climate Change
(Cambridge University Press, 2001).

Acknowledgements

The authors would like to acknowledge the financial support from the
Guangdong Natural Science Funds for Distinguished Young Scholars
(2022B1515020088), National Natural Science Foundation of China (NSFC
U1701242), Guangzhou Basic and Applied Basic Research Project
(2025A04J3821), and Guangdong Science & Technology Programme of
China (2024A1111120007).

Author contributions
Ke Xu prepared the first draft and contributed to the research design and
write-up. Qian-Qian Zhang conceived the idea and designed the study. Ya-

Ya Cai performed the research and analyzed the data. Xu-Jie Luo and Yun-
Qiu Zhai conducted the data analysis. Guang-Guo Ying and Wang-Rong Liu
originated the idea and contributed to research execution. All authors wrote
the paper.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s44264-025-00120-x.

Correspondence and requests for materials should be addressed to
Qian-Qian Zhang, Wang-Rong Liu or Guang-Guo Ying.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material
is notincluded in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2025

npj Sustainable Agriculture | (2026)4:11

12


https://www.moa.gov.cn/govpublic/XMYS/201801/t20180122_6135486.htm
https://www.moa.gov.cn/govpublic/XMYS/201801/t20180122_6135486.htm
https://www.moa.gov.cn/govpublic/XMYS/201801/t20180122_6135486.htm
https://doi.org/10.1038/s44264-025-00120-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/npjsustainagric

	Diagnosing spatial decoupling of manure and crop nutrients in China: drivers and multi-objective optimization for sustainable redistribution
	Results and discussion
	Nutrient supply from livestock manure in provinces of China
	Nutrient demand of crops in provinces of China
	Spatial patterns and driving mechanisms of nutrient surpluses and deficits
	Regional imbalance in nutrient surpluses and deficits analysis
	Analysis of the driving factors of nutrient surpluses and deficits

	Manure redistribution and assessment of land carrying capacity

	Methods
	Nutrient supply estimation from livestock manure
	Nutrient requirements estimation for crops
	Land carrying capacity estimation for livestock manure
	Statistical analysis
	GHG emissions estimation from manure application to crop
	Spatial allocation of livestock and poultry under multi-objective optimization

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




