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Abstract

Promoting manure-based fertilizer substitution is important for nutrient recycling
and agricultural carbon mitigation under China’s Rural Revitalization Strategy and dual-carbon agenda.
Using provincial panel data for 31 provinces in mainland China from 2017 to 2024, this study develops
an integrated framework to estimate livestock manure resources, manure-borne nutrient supply,
and the technical carbon-mitigation potential of mineral fertilizer substitution. Dagum Gini
decomposition, global Moran’s I, and a Spatial Durbin Model are used to examine inequality,
spatial dependence, and driving factors. Results show that national manure resources and nutrient
supply followed a decline—rebound pattern, while carbon-mitigation potential increased after 2019
and remained relatively high. Interprovincial inequality was moderate to high, and mitigation outcomes
exhibited significant positive spatial dependence. Manure resource intensity was the main local driver
of mitigation, whereas the effects of fertilizer intensity and mechanization showed clear regional
heterogeneity. By linking nutrient cycling with carbon mitigation in a spatial framework, this study
provides evidence for differentiated regional policies on manure resource utilization in China.
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potential, Dagum Gini decomposition, spatial autocorrelation, Spatial Durbin Model

Introduction

Livestock production provides essential foods such
as meat, eggs, and dairy, but it also generates massive
quantities of manure every year. When improperly
managed, livestock manure becomes a major source of
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agricultural non-point pollution, posing serious threats to
air, water, and soil environments [1]. Its adverse impacts
include increased greenhouse gas (GHG) emissions,
land degradation, eutrophication of water bodies, and
public health risks [2]. Evidence suggests that in low-
and middle-income countries, pollution associated with
livestock waste has become an important contributing
factor to gastrointestinal diseases among rural residents
[3]. Therefore, the safe handling and effective utilization
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of livestock manure have emerged as a critical
bottleneck for advancing green agricultural development
and strengthening environmental governance.

At the same time, livestock manure is rich in organic
matter as well as key nutrients, and thus represents
a valuable agricultural resource [4]. A growing body of
research shows that, after appropriate treatment, manure
can partially replace mineral fertilizers as a nutrient
source for crop growth and can also be converted into
clean energy through technologies such as anaerobic
digestion [5]. For example, biogas produced by co-
digesting livestock manure with crop residues can be used
for rural cooking and electricity generation, reducing
the consumption of firewood and coal while lowering
direct methane emissions and reducing dependence on
fossil energy [6]. In this sense, transforming livestock
manure from “waste” into “resource” is of substantial
significance for improving agro-ecological quality and
promoting circular nutrient use [7]. This approach is
also closely aligned with the goals of China’s Rural
Revitalization Strategy, particularly those related
to ecological livability and green development [8].
The Chinese government has attached great importance
to manure resource utilization. It has treated this issue
as a key component of rural environmental remediation
and sustainable agricultural policy, and has issued
a series of policy documents to promote implementation
[9]. According to the Ministry of Agriculture and
Rural Affairs, the national comprehensive utilization
rate of livestock manure reached 75% by 2020 [6].
However, as the world’s largest producer of livestock
products, China still faces considerable environmental
pressure due to the enormous annual volume of manure
generated. The government has set a target of increasing
the manure resource utilization rate to 80% by 2025,
yet substantial efforts are still required to achieve this
goal [3]. Therefore, under the Rural Revitalization
Strategy, accelerating the harmless treatment and
resource-oriented utilization of livestock manure is
of great practical importance. It can improve rural
living environments, support the green transition in
agriculture, and promote the development of a circular
rural bioeconomy.

Manure resource utilization is also closely connected
to China’s “dual-carbon” targets [10]. Agricultural
activities constitute an important source of GHG
emissions, and methane (CHa) and nitrous oxide (N,O)
emissions arising from enteric fermentation and manure
management exert particularly pronounced climate
impacts [11]. It has been estimated that the global food
system contributes roughly one-third of anthropogenic
GHG emissions, and emissions associated with livestock
products are approximately twice those from plant-based
foods [12]. Livestock production plays a pivotal role
in agricultural and rural GHG mitigation. It accounts
for about half of the technical mitigation potential
in the land-use sector. Emissions can be reduced
through sustainable husbandry practices, enhanced
grassland carbon sequestration, and improved manure

management [13]. Some studies have emphasized that
accelerating cleaner production in the livestock sector
and strengthening manure emission reduction are crucial
for achieving China’s strategic targets of peaking carbon
emissions by 2030 and reaching carbon neutrality by
2060 [14, 15]. More specifically, promoting manure
nutrients as substitutes for mineral fertilizers represents
an important mitigation pathway in agriculture [16].
On the one hand, the use of organic fertilizers can
reduce reliance on the energy-intensive production of
synthetic fertilizers, thereby lowering CO, emissions
at the source. On the other hand, organic amendments
can improve soil nutrient use efficiency and reduce N,O
emissions following fertilizer application [17]. Research
indicates that in double-cropping rice systems and
similar settings, partial substitution of mineral fertilizers
with organic fertilizers can reduce soil N,O emissions
by approximately 70% [18]. Moreover, improved manure
treatment and utilization can directly curb methane
leakage during manure storage and stockpiling. For
example, anaerobic digestion of manure not only avoids
direct methane emissions but also produces renewable
energy. Data show that by 2018 China had built nearly
40 million biogas projects of various scales, generating
more than 11 billion cubic meters of biogas annually for
cooking, electricity generation, and heating[6]. Biogas
utilization helps mitigate GHG emissions, substitutes
for part of fossil fuel consumption, and enables effective
treatment of livestock manure and crop residues.
Therefore, manure resource utilization has substantial
potential for agricultural emission reduction and carbon
sequestration. Recent carbon-assessment studies also
suggest that evaluating mitigation-related outcomes at
broader spatial scales requires appropriate modeling
frameworks and careful attention to spatial heterogeneity
and data quality. For example, Drygval et al. assessed
organic carbon stocks at the landscape level using the
InVEST model and highlighted the importance of spatial
scale, temporal coverage, and input-data quality in
carbon-related evaluations [19]. This potential extends
from fertilizer substitution to bioenergy development.
It is therefore widely regarded as a key pathway for
advancing the “dual-carbon” agenda in agriculture and
rural areas.

Over the past five years, resecarch and practice
related to livestock manure resource utilization have
advanced rapidly both domestically and internationally.
Globally, there is growing consensus that “manure
should no longer be treated as waste but as a resource,”
and the concepts of circular agriculture and the
bioeconomy have gained traction [20]. Many studies
have focused on diversified technologies and models
for manure utilization. For example, livestock manure
can be combined with urban organic wastes to produce
biomethane and organic fertilizers, thereby linking
energy generation with nutrient cycling [21]. Common
approaches include composting, anaerobic digestion,
solid—liquid separation, land application of digestate,
and nutrient recovery technologies. For example,
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recovering phosphorus from livestock wastewater via
chemical precipitation to produce struvite fertilizer is
considered an advanced option for improving nutrient
recycling efficiency. Meanwhile, governments in
many countries are establishing incentive policies and
regulatory frameworks to facilitate the safe circulation
of manure-derived fertilizer products as market
commodities. Under the dual drivers of policy and
technological innovation, manure resource utilization
rates in developed countries have increased markedly
in recent years, and some regions have achieved near-
zero discharge with full return-to-land use. Developing
countries are also drawing on these experiences to
explore locally appropriate circular agriculture models.
The literature widely emphasizes that efficient manure
nutrient recycling requires coordinated efforts across
technological, economic, social, and policy dimensions.
Karakulov et al. showed that the adoption of climate-
smart technologies can simultaneously improve yields,
farm income, and resource-use efficiency, while also
supporting environmentally sustainable agricultural
development, highlighting the importance of integrated
policy, technology, and management interventions
[22]. Sadeghpour et al. comprehensively reviewed the
critical role of livestock manure in the circular economy,
highlighting major recent progress in technologies
for producing fertilizers and energy from manure, as
well as policy initiatives encouraging manure return-
to-land and bioenergy utilization [23]. Notably, some
researchers have proposed incorporating manure-related
emission reductions into market-based mechanisms
such as carbon trading, using carbon-credit incentives
to further stimulate manure resource utilization [23].
In terms of nutrient cycling efficiency, the intensification
and regional concentration of livestock production
have increasingly led to the decoupling of crop and
livestock systems, making it difficult to utilize manure
locally and resulting in declining nutrient use efficiency.
Consequently, an expanding body of research advocates
re-integrating cropping and livestock production and
strengthening nutrient balance management at regional
scales. Some estimates suggest that more than 90% of
cropland nutrients in China came from organic fertilizers
in the 1950s, whereas mineral fertilizers dominate today.
Given the still-low manure utilization rate, stronger
crop—livestock integration is needed to improve nutrient
recycling efficiency [24]. In China, since launching the
national action plan for manure resource utilization in
2017, the government has invested heavily in manure
treatment facilities and socialized service systems
nationwide, promoting nearby and local land application
of livestock waste [2]. Many studies evaluating these
measures report that pollution emission intensities
from livestock manure have declined in recent years,
and that policy-driven adoption of supporting manure
treatment infrastructure among large-scale farms has
increased substantially. Meanwhile, field experiments
and modeling studies have expanded to explore how to
further enhance fertilizer substitution effects and reduce

GHG emissions. Related field evidence also shows that
organic amendments can generate persistent agronomic
and soil-quality benefits. Wijitkosum et al. reported
that a one-time application of biochar, either alone or
combined with compost, improved soil properties and
maize yield across five consecutive cultivation cycles,
suggesting that organic inputs can provide sustained
support for nutrient retention and crop performance
[25]. For instance, He et al. analyzed 137 experimental
sites worldwide and found that replacing mineral
fertilizers with organic fertilizers can significantly
reduce soil N,O emissions. However, such substitution
may increase CH, emissions in anaerobic environments
such as paddy fields. Therefore, organic fertilizer types
and substitution rates should be optimized to avoid
increasing overall warming effects [17]. Overall, existing
research has explored manure resource utilization from
engineering technologies and management models to
policy mechanisms. This body of work provides robust
scientific support for reducing agricultural waste and
promoting resource recycling, and it also indicates the
considerable potential of manure resource utilization
to improve nutrient use efficiency, reduce mineral
fertilizer use, alleviate environmental pollution, and
advance rural sustainable development. However, most
of this literature either emphasizes resource accounting
and utilization performance or focuses on emission
outcomes alone, without jointly examining substitution-
based carbon mitigation and its spatial heterogeneity at
the national scale.

Despite substantial progress in the literature,
important gaps remain in existing national-scale
assessments. Most previous studies have focused on
manure generation, nutrient-resource accounting,
agricultural emissions, or policy evolution separately.
Although these studies provide valuable evidence on
manure utilization and environmental performance, they
rarely integrate manure resource endowment, manure-
borne nutrient supply, and the carbon-mitigation
potential of mineral fertilizer substitution within a
single analytical framework. In addition, national-
scale evidence remains limited on how such mitigation
potential varies across provinces, how large the resulting
regional disparities are, and whether these differences
are shaped by spatial dependence and spillover effects.
As a result, the nationwide mitigation contribution of
manure-based fertilizer substitution and its spatially
differentiated policy implications are still not fully
understood.

To address these gaps, this study uses provincial
panel data for 31 provinces in mainland China from
2017 to 2024 and makes three main contributions.
First, it moves beyond separate assessments of manure
resources or agricultural emissions by integrating
manure generation, manure-borne nutrient supply, and
carbon-mitigation potential from mineral fertilizer
substitution into one unified framework. Second, it goes
beyond aggregate national accounting by identifying
interprovincial inequality and spatial clustering through
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Dagum Gini decomposition and Moran’s 1. Third,
it extends existing national-scale assessments by
applying a Spatial Durbin Model to reveal both local
drivers and spatial spillover effects of manure-based
fertilizer substitution. By linking nutrient cycling with
carbon mitigation in a spatially explicit framework, this
study provides new evidence for region-specific policies
under China’s Rural Revitalization Strategy and dual-
carbon agenda.

Data Sources and Methods
Study Area and Data Sources

This study covers 31 provincial-level administrative
units in mainland China (provinces, autonomous
regions, and municipalities) over the period 2017-2024.
The study period begins in 2017 because this year marks
an important policy turning point in China’s nationwide
promotion of livestock manure resource utilization.
Therefore, the 2017-2024 window is particularly suitable
for examining the recent evolution of manure-based
fertilizer substitution and carbon-mitigation potential
under the combined context of the Rural Revitalization
Strategy and the strengthening of green agricultural
policies. All data were obtained from official and publicly
available statistical sources in China. Livestock data,
including the stocks and slaughter numbers of major
livestock and poultry categories, were collected from the
China Rural Statistical Yearbook (2018-2025 editions).
Crop production data, mainly crop planting areas, were
obtained from the China Statistical Yearbook (2018—
2025 editions). Other coefficients required for indicator
accounting were taken from authoritative domestic and
international studies and are reported with citations in
the subsequent calculation steps (Table 1).

Accounting for Livestock Manure, Nutrient
Resources, and Carbon Mitigation Potential

In terms of accounting boundary and objects, the
total livestock manure resource in this study refers to the
annual amount of manure excreted by major livestock
and poultry categories in each province, measured on

a fresh-weight basis. The nutrient resources refer to the
contents of nitrogen (N), phosphorus (P), and potassium
(K) contained in the above manure, quantified as pure
nutrients. The carbon-mitigation potential refers to
the avoided carbon emissions from mineral fertilizer
production and application under a nutrient-equivalent
substitution scenario, in which recoverable manure
nutrients are assumed to substitute the same amounts
of mineral fertilizer nutrients. This scenario is intended
to measure the technical potential or upper-bound
mitigation space of manure-based fertilizer substitution,
rather than the actually realized mitigation under current
logistical, behavioral, and agronomic constraints.
To ensure consistency across provinces and years, all
nutrient contents and emission factors were converted
and expressed in terms of N, P,O,, and K, O, and the
same accounting conventions were applied throughout
the interprovincial and intertemporal comparisons.

Total Manure Resource

The total manure resource was estimated based on
livestock and poultry populations and corresponding
manure generation coefficients. Let i denote province,
t denote year, and s denote livestock type. The major
livestock and poultry categories considered in this study
include cattle, horses, donkeys, mules, pigs, sheep, and
poultry. The total manure excretion in province i and
year ¢, denoted as M,, can be expressed as the sum over
livestock types:

Mie = ) (Cius % ds X )
s m

where M, is the total livestock manure resource (t); C, _is
the population of livestock type s in province i and year
¢ (10* head or 10* birds); d_ is the daily manure excretion
of livestock type s (kg'd '); and A _is the feeding (raising)

cycle of livestock type s (days).
Nutrient Resources

Nutrient resources were calculated by linking
manure production to nutrient content coefficients. Let

Table 1. Feeding cycle, daily manure excretion, and nutrient contents of different livestock categories[27].

Livestock type Feeding cycle (days) Daily excretion (kg/day) N (%) P (%) K (%)
Cattle 300 18.00 0.38 0.10 0.23
Horse 365 10.20 0.44 0.13 0.38

Donkey 365 8.56 0.49 0.19 0.54
Mule 365 8.56 0.31 0.16 0.23
Sheep 365 2.00 1.01 0.22 0.53

Pig 180 2.44 0.55 0.25 0.30
Poultry 55 0.12 1.03 0.37 0.72
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0X, 0", and 0 ¥ denote the unit content coefficients of N,
P and K in manure from livestock type s, respectively.
Then the N, P, and K nutrient resources in province i
and year ¢ can be estimated as:

Niz = Z(Qits ’ 65) : 95N
S

(2)

Py = Z(Qits : 63) : esp X 2.29
s (3)

Kit = Z(Qits : 65) : QSK x 1.20
$ 4)

To ensure consistency with mineral fertilizer
substitution accounting, phosphorus and potassium were
converted into effective nutrient amounts expressed as
P,O;and K,O. Specifically, 2.29 is the conversion factor
from elemental P to P,O,, and 1.20 is the conversion
factor from elemental K to K,O [26]. In the above
equations, O, denotes the livestock quantity basis used
in the calculation, and & represents the corresponding
conversion factor used to align the livestock quantity

with annual manure production for type s.

Carbon Mitigation Potential from
Mineral Fertilizer Substitution

This study treats manure recycling as a nutrient-
equivalent substitution scenario for mineral fertilizer
nutrients. Specifically, the pure nutrients N, P20S5,
and K20 contained in manure are assumed to replace
the same amounts of effective nutrients in nitrogen,
phosphate, and potash fertilizers, respectively. This
assumption is used to construct a standardized technical-
potential benchmark, rather than to imply that full
substitution is achieved in practice. In reality, the extent
of substitution may be constrained by manure collection
and transport costs, farmer adoption, treatment capacity,
and spatial mismatches between manure supply and
cropland nutrient demand. The emission factors for N,
P, and K fertilizers are set to 2.116, 0.636, and 0.180,
respectively [27]. Therefore, the carbon mitigation
potential in province i and year ¢, denoted by ER,, can
be calculated as:

ER;; = N;y X 2.116 + P; X 0.636 + K;; x 0.180
)

where ER, represents the carbon mitigation potential.
This accounting framework reflects the marginal
contribution of “substitution as mitigation” under the
technical-potential scenario: each additional unit of
recoverable manure nutrient, if used to substitute an
equivalent unit of mineral fertilizer nutrient input,
avoids the corresponding carbon emissions generated
during mineral fertilizer production, transportation,
and application.

Dagum Gini Decomposition and Identification
of the Sources of Regional Disparities

This study measures interprovincial inequality
in carbon-mitigation potential and decomposes its
sources. The aim is to reveal the extent of spatial
imbalance and its structural determinants in China’s
livestock-manure  fertilization  pathway.  Although
the conventional Gini coefficient can quantify the
magnitude of overall inequality, it cannot clearly
distinguish whether such inequality mainly stems from
within-region differences or between-region differences.
Moreover, when regional distributions overlap, standard
decomposition approaches may lead to interpretational
bias. Therefore, this study adopts the Dagum Gini
coefficient and its decomposition framework, which
allows for distributional overlap and rigorously
decomposes overall inequality into three components:
within-region inequality, net between-region inequality,
and transvariation intensity [28]. This structured
decomposition helps identify the dominant contributors
to overall inequality and provides a basis for subsequent
heterogeneity analysis and policy discussion.

The inequality object is provincial carbon mitigation
potential. Let CE_ denote the carbon mitigation potential
in province i in year ¢, n the number of provinces, and x,
the national mean of CE, in year . The overall Dagum
Gini coefficient in year ¢ is defined as:

n n
=1 =1

This index captures the relative dispersion of
provincial carbon mitigation potential normalized by
the national mean; a larger value indicates greater
interprovincial inequality. To examine dynamic
evolution, this study computes G, annually and further
decomposes it to identify how the sources of inequality
change over time.

To enhance the structural and policy relevance of
inequality interpretation, the 31 provinces are grouped
into three macro-regions-eastern, central and western
China. Suppose the sample is partitioned into K regional
groups. Group k contains n,_ provinces and has group
mean u, . Then the overall Gini coefficient can be
decomposed as:

Gr = Zn2
(6)

Ge = Gue + Gnpe + Gee @)

where G, denotes the contribution of within-region
inequality, G , the contribution of net between-region
inequality, and G, the contribution of transvariation
intensity. Within-region inequality reflects the average
disparity among provinces within the same region.
It is computed by first obtaining the within-group Gini
coefficient for each region and then aggregating them
using weights that account for regional size and mean
level. The within-group Gini coefficient for region £ is:
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G ZZ CE;; — CE;
kt = an.ukt | it jt |

IEk jEk (8)

Accordingly, the within-region contribution is:

K

z: Ny Ut
Gyt = ( n )th
v Ut

where the weight nnk_ztkt jointly reflects the region’s
population share (number of provinces) and its mean
mitigation level relative to the national total, ensuring
comparability and additivity of regional contributions to
overall inequality.

In the Dagum framework, between-region
inequality is further decomposed into net between-
region inequality and transvariation intensity. Net
between-region inequality captures the separable
differences in mean levels and relative positions across
regions, whereas transvariation intensity captures the
additional inequality generated by distributional overlap
between regions. To implement this split, the cross-
group inequality between any two regions k and 4 is
first calculated. The between-group Gini coefficient is
defined as:

G ZZ | CEy, — CE;, |
kht = nknh(.ukt'l'.uht) i t

i€k jeh (10)

)

Dagum’s method further introduces a relative impact
coefficient D,, to measure the degree of overlap and
net dominance between the two regional distributions.
Intuitively, when the distributions of two regions overlap
less and the disparity is largely attributable to differences
in overall levels, D,, tends to be larger and the between-
region inequality is primarily explained by the net
difference. Conversely, when the distributions overlap
substantially and mean gaps alone cannot explain the
disparity, D,, tends to be smaller and the contribution
of transvariation intensity increases. Accordingly, net
between-region inequality and transvariation intensity
can be expressed as:

K K
ey (ke + Hae)

Gnpt = 2 Gint Dine

k=1 h=Th#k (11)

K K ( n )

NNy Ukt T Unt
Gee = 2 Gine (1 — Dipe)
n-pe
k=1 h=Lh=k

(12)

This decomposition enables not only the
quantification of overall inequality, but also a structured
interpretation of whether inequality is dominated by
within-region disparities or net between-region gaps,

and how much is attributable to distributional overlap
(transvariation). In turn, it provides more informative
evidence for understanding the mechanisms behind the
spatial disparities in carbon mitigation potential from
livestock manure fertilization.

Spatial Autocorrelation Analysis

To test whether the carbon mitigation potential
generated by livestock manure fertilization exhibits
spatial clustering or dispersion across provinces, this
study conducts a global spatial autocorrelation test at
the provincial scale [29]. Global spatial autocorrelation
measures the overall strength of spatial dependence
in the study variable across the entire spatial domain
and helps determine whether high (or low) values
tend to co-occur in geographically adjacent areas.
The results provide a statistical basis for whether
a spatial econometric specification should be introduced
and how such models should be formulated. Carbon-
mitigation potential is strongly influenced by regional
resource endowments. In addition, policy diffusion and
factor mobility may induce cross-provincial linkages.
Therefore, global spatial autocorrelation tests are used
to identify spatial dependence more rigorously.

The spatial autocorrelation test is performed on
provincial carbon mitigation potential in year ¢, denoted
as ER,. To maintain comparability across years and
reduce scale effects, the global spatial autocorrelation
index is computed using the mean-centered variable.
Moran’s I is adopted as the global indicator. Let n be
the number of provinces, E-R the sample mean in year
Lw, the (7)) element of the spatlal weight matrix, and
So=21~ 121 1 W;j- Then the global Moran’s I in year
tis defined as:

n Z 12 =1 Wij (Eth ERt)(E E_Rt)
So X iy (ERi—ER,)?

It =
(13)

When />0, carbon mitigation potential exhibits
positive spatial autocorrelation, implying spatial
clustering where high values are adjacent to high values
and low values are adjacent to low values. When /<0,
the pattern indicates negative spatial autocorrelation,
i.e., spatial dispersion where high values tend to be
adjacent to low values. When / is close to zero, there is
no evident overall spatial dependence.

The spatial weight matrix W = [w] is used to
characterize the interprovincial spatial linkage
structure. The baseline specification adopts a geographic
contiguity (adjacency) matrix: w, = 1 if provinces i
and j share a common border, and w, = 0 otherwise,
with w, = 0. To avoid incomparability caused by
differences in the number of neighbors across provinces,
the matrix is row-standardized so that the weights
in each row sum to one. This ensures a consistent
interpretation of spatial lag terms. Considering that
spatial dependence may be sensitive to weight-matrix
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design, this study further employs an economic— The baseline panel SDM is specified as:
geographic distance weight matrix as an alternative n n
specification for robustness and comparison.
ERit = IDZ Wij ER]t + Xitﬁ + z Wij the
Spatial Durbin Model j=1 j=1
+ U + T+ g (14)

Building on the global spatial autocorrelation tests,
this study employs a Spatial Durbin Model (SDM) to
identify the determinants and spatial spillover effects
of carbon-mitigation potential associated with livestock
manure fertilization [30]. The choice of SDM is
motivated by both the research objective and the likely
data-generating process. This study is concerned not
only with whether mitigation outcomes in one province
are affected by those in neighboring provinces, but
also with whether neighboring provinces’ explanatory
variables — such as manure resource intensity, fertilizer
input intensity, and agricultural development conditions
— generate cross-provincial spillover effects. Compared
with the SAR model, which mainly captures spatial
dependence in the dependent variable, and the SEM
model, which mainly addresses spatial correlation in the
error term, the SDM allows both the spatial lag of the
dependent variable and the spatial lags of explanatory
variables to be estimated simultaneously. It is therefore
more appropriate for examining the spatial transmission
mechanisms  underlying manure-based fertilizer
substitution.

In addition, the preceding Moran’s I results confirm
significant spatial dependence in provincial carbon-
mitigation potential, and the empirical setting suggests
that policy diffusion, factor mobility, service-network
extension, and cropping-pattern linkages may all operate
across provincial boundaries. Under such conditions,
restricting the model to SAR or SEM may overlook
relevant explanatory spillovers. The SDM therefore
provides a more flexible and informative framework for
this study.

The dependent variable is the provincial carbon
mitigation potential generated by manure nutrient
recycling in year ¢, denoted as ER,. The key explanatory
variable is manure resource intensity, which captures
the manure resource supply per unit of cropland and
thus reflects the potential mitigation endowment
from nutrient substitution. Control variables are
consistent with those in the non-spatial specifications,
accounting for fertilizer input intensity, economic
scale, agricultural production conditions, industrial
structure, and urbanization. To reduce distortions
caused by scale differences and extreme values, the
dependent variable and selected control variables are
transformed into logarithmic form where appropriate.
The transformation depends on variable distributions
and model specifications. All spatial models and
benchmark (non-spatial) models are estimated under
consistent definitions and transformations to ensure
comparability.

where n denotes the number of provinces; W, is the
(j) element of the spatial weight matrix; p is the spatial
autoregressive coefficient of the dependent variable,
capturing the overall transmission from neighboring
provinces’ mitigation levels to the focal province; X,
is a vector of explanatory variables including manure
resource intensity and all controls; f measures the
local (within-province) effects of explanatory variables;
ZjWyij denotes the spatially lagged explanatory
variables; and @ captures spatial spillover effects, i.e.,
how changes in neighboring provinces’ covariates affect
local mitigation outcomes. x, represents province fixed
effects controlling for time-invariant unobserved factors
such as geographic endowments, long-run institutional
environments, and agricultural baseline conditions. ,
denotes year fixed effects absorbing nationwide common
shocks including macro policies, technological progress,
and market fluctuations. ¢, is the idiosyncratic error
term.

The spatial weight matrix W = (w,] characterizes
interprovincial spatial connectivity. The baseline
specification uses a geographic contiguity (adjacency)
matrix, while an economic-distance-based weight
matrix is used as an alternative for comparison to
examine the robustness of spatial effects.

Regional Classification

For the Dagum Gini decomposition and regional
heterogeneity analysis, this study adopts the widely used
three-region classification of China — eastern, central,
and western China — to reflect structural differences
in resource endowments, livestock production layout,
agricultural production conditions, and socio-economic
development stages.

The eastern region includes Beijing, Tianjin,
Hebei, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong,
Guangdong, and Hainan. The central region includes
Shanxi, Anhui, Jiangxi, Henan, Hubei, Liaoning,
Jilin, Heilongjiang, and Hunan. The western region
includes Inner Mongolia, Guangxi, Chonggqing, Sichuan,
Guizhou, Yunnan, Tibet, Shaanxi, Gansu, Qinghai,
Ningxia, and Xinjiang.

Results and Discussion

National Livestock Manure Resources
and Nutrient Supply in China

Based on the accounting results for 2017-2024,
China’s total livestock manure resources remained at
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a relatively high level nationwide and exhibited a clear
“decline-rebound-slight fallback at the end” trajectory.
Total manure resources decreased from 12.09x10° t in
2017 to a period low of 10.98x108 t in 2019, then increased
year by year and reached a stage peak of 13.24x10% t in
2023, before slightly declining to 12.80x10% t in 2024.
Overall, fluctuations were relatively limited during
the study period. However, the observed phase-based
swings suggest that changes in the scale and structure
of livestock production had a non-negligible effect on
manure resource supply (Fig. 1a).

From a regional perspective, manure resource
supply displays a stable gradient pattern, with the
Western region consistently contributing the largest
share, followed by the Eastern and Central regions.
Using the 2017-2024 mean shares, the West accounts
for 45.72% of national manure resources, while the East
and Central regions contribute 30.76% and 23.52%,
respectively. This distribution implies substantial
spatial concentration of manure resource supply: major
resource-producing provinces are more heavily clustered
in the West, whereas the Central and Eastern regions
occupy intermediate positions in terms of total volumes.
The practical use of manure resources is constrained
by cropland nutrient absorption capacity, transport
radius, and treatment infrastructure. Therefore, this
pattern of resource concentration underscores the need
to strengthen both cross-regional coordination and local
absorption capacity.

With respect to nutrient resources, the national stock
of manure-borne nutrients (N+P+K) follows a trajectory
broadly consistent with that of total manure resources,
also showing a “decline—rebound—slight end-of-period
fallback” pattern. Total nutrient resources decreased
from 16.77x10° t in 2017 to 15.22x10° t in 2019, rebounded
markedly after 2020, and peaked at 18.36x10° t in 2023,
before declining to 17.85x10° t in 2024. In terms of
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composition, the national nutrient structure is relatively
stable over the study period: nitrogen accounts for
approximately 40.10%, while phosphorus and potassium
contribute about 31.59% and 28.31%, respectively. This
indicates that livestock manure provides a relatively
balanced composite nutrient supply, with nitrogen
maintaining a persistent comparative advantage (Fig. 1b;
Fig. lc).

Notably, the regional shares of “total manure volume”
and “nutrient resources” are not fully aligned, reflecting
differences in livestock species composition and manure
nutrient contents across regions. The East contributes
30.76% of total manure resources but accounts for
33.67% of total nutrient resources; in contrast, the West
contributes 45.72% of manure resources but only 41.96%
of nutrient resources. Further, using “nutrient load
intensity per unit manure” to measure nutrient density,
the national average is approximately 13.90 kg/t,
compared with about 15.20 kg/t in the East, 14.40 kg/t
in the Central region, and 12.80 kg/t in the West. These
results suggest that the East does not dominate in total
manure volume, but it has a higher nutrient density per
unit of manure. By contrast, the West contributes more
to the national supply mainly through larger manure
volumes, while its nutrient density is comparatively
lower.

Carbon Mitigation Potential from Livestock
Manure Fertilization in China

National carbon mitigation decreased from 1.84x107 t
in 2017 to a period low of 1.68x107 t in 2019, representing
a 9.06% decline relative to 2017. It then entered an
upward trajectory, increasing continuously during
2021-2023 and reaching a peak of 2.02x107 t in 2023,
which is 20.47% higher than the 2019 level. In 2024,
mitigation slightly fell to 1.96x107 t, a 2.89% decrease

I Westera region
Contrl regiom

I istorn rogion

Tolal NPK amount/10%
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2017 2018 2019 2020 20M
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Fig. 1. Total Manure Resources and Total Nutrient Content from Livestock and Poultry.
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compared with 2023.  Overall, carbon mitigation
remained at a relatively high level throughout the study
period, and fluctuations were modest. This pattern
indicates that year-to-year changes in national mitigation
outcomes were jointly shaped by manure nutrient supply
and the substitution space for mineral fertilizers.

From a regional perspective, carbon mitigation
exhibits a stable spatial gradient pattern characterized
by “high in the West, second in the East, and moderate
in the Central region.” In cumulative terms over 2017—
2024, the Western region contributed 6.40x107 t,
the Eastern region contributed 4.99x107 t, and the
Central region contributed 3.63x107 t. Across all years,
the Western region consistently provided the largest
contribution, suggesting that both the scale of manure
resource supply and the spatial alignment between
manure-derived nutrients and mineral fertilizer
substitution opportunities are more concentrated in the
West. Meanwhile, although the Eastern region may not
dominate in total manure resources, its relatively higher
agricultural input intensity and stronger substitution
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demand still translate into a stable and non-negligible
mitigation contribution.

At the interprovincial level, carbon mitigation
displays pronounced clustering and differentiation.
High-mitigation provinces are mainly concentrated
in Southwest China, South China, and several major
agricultural  provinces, = whereas  low-mitigation
provinces tend to be municipalities or regions with
relatively smaller livestock sectors. Taking 2024 as an
example, the top five provinces in terms of mitigation
were Guangxi, Sichuan, Shandong, Yunnan, and Hubei,
while the bottom five were Beijing, Tianjin, Inner
Mongolia, Zhejiang, and Ningxia. In the same year, the
gap between the highest and lowest values exceeded
two orders of magnitude. The top five provinces
accounted for 32.49% of the national total, and the top
ten contributed 55.86%. These figures indicate that
mitigation potential is highly concentrated in a small
subset of provinces (Fig. 2).
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Fig. 2. Carbon Emission Reduction from Fertilizer-Oriented Utilization of Livestock and Poultry Manure across 31 Provinces in China.
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Dagum Gini Coefficient and
Decomposition of Inequality Sources

Interprovincial disparities in carbon mitigation from
fertilizer-oriented utilization of livestock manure in
China during 2017-2024 are generally moderate-to-high
and remain relatively stable. The overall Dagum Gini
coefficient fluctuates slightly between 0.347 and 0.353,
reaching a stage high of 0.353 in 2018 and declining
to 0.347 in 2024. This indicates a mild convergence
in interprovincial differences toward the end of the
study period, while the overall unequal pattern has not
fundamentally changed.

Decomposition results show that the overall
inequality is jointly determined by within-region
inequality (G ), net between-region inequality (G,),
and transvariation intensity (G), and the contribution
structure of these components remains broadly stable
over time. Within-region inequality contributes
G, = 0.121-0.122, staying at a nearly fixed level across
years, suggesting strong persistence in the internal
disparity structure among provinces within the Eastern,
Central, and Western regions. In contrast, net between-
region inequality exhibits more pronounced phase-based
variation, with G, = 0.093-0.103; it rises to 0.102 and
0.103 in 2019 and 2021, respectively, but equals 0.093 in
both 2017 and 2024. This pattern implies a temporary
widening of interregional gaps in the middle of the study
period, followed by a subsequent narrowing, returning
by the end of the period to a level broadly comparable
to the beginning. Transvariation intensity (G) also
shows slight fluctuations, peaking in 2017 and reaching
its lowest value in 2021. This result indicates a certain
degree of cross-overlap in the regional distributions of
mitigation outcomes. In other words, some provinces
have mitigation levels that are above or below the typical
level of their own region. Therefore, regional boundaries
do not fully separate provincial distributions, and
overlap persists.

A further comparison of the within-region Gini
coefficients across the three major regions reveals
marked differences in internal inequality and clear
evolutionary directions. Within the Eastern region,

the Gini coefficient is relatively high and increases
steadily from 0.361 in 2017 to 0.387 in 2024, indicating
intensifying divergence in mitigation potential among
eastern provinces and a widening gap between leading
and lagging provinces. Within the Western region,
the internal Gini coefficient remains high but declines
gradually from 0.386 to 0.372, suggesting a modest
convergence in internal disparities. Within the Central
region, internal inequality declines most substantially,
falling from 0.165 in 2017 to 0.123 in 2024, indicating
that differences in mitigation potential among central
provinces have narrowed markedly over the study period
and the internal distribution has become more balanced
(Table 2).

Global Spatial Autocorrelation

Global Moran’s I tests based on provincial carbon
mitigation data for 2017-2024 indicate that carbon
mitigation from fertilizer-oriented utilization of
livestock manure exhibits significant positive spatial
autocorrelation at the national scale. In other words,
provinces with high mitigation levels tend to be
geographically adjacent to, or more closely connected
(in an economic-geographic sense) with, other high-
mitigation provinces, while low-mitigation provinces
display similar clustering patterns. Using a spatial
contiguity (adjacency) matrix, Moran’s I fluctuates
between 0.222 and 0.247. For all years, the z-statistics
are positive and fall within 2.154~2.364, with p-values
ranging from 0.016 to 0.009; thus, the null of spatial
randomness is rejected at conventional significance
levels. This suggests that mitigation is not randomly
distributed, but instead follows a stable spatial
clustering pattern. Under contiguity weights, Moran’s
I reaches a stage high of 0.247 in 2019 and, although
it declines thereafter, remains at a relatively high
level (0.226~0.244), implying that clustering intensity
persists throughout the study period with only minor
fluctuations.

Under the economic—geographic weight matrix,
Moran’s I is also positive and significant in most years.
This suggests that spatial dependence in mitigation

Table 2. Dagum Gini coefficient, decomposition components, and within-region inequality by macro-region.

Year Overall G, G, G, Eastern Central Western
2017 0.351 0.121 0.093 0.137 0.361 0.165 0.386
2018 0.353 0.122 0.097 0.134 0.368 0.167 0.385
2019 0.351 0.121 0.102 0.128 0.376 0.142 0.377
2020 0.352 0.122 0.099 0.131 0.378 0.136 0.377
2021 0.351 0.121 0.103 0.127 0.377 0.148 0.374
2022 0.351 0.121 0.101 0.128 0.379 0.142 0.374
2023 0.350 0.122 0.097 0.131 0.384 0.133 0.373
2024 0.347 0.121 0.093 0.133 0.387 0.123 0.372
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outcomes is shaped not only by geographic proximity, but
also by interprovincial linkages such as factor mobility,
industrial connections, regional coordination, and policy
diffusion. Notably, the magnitude of spatial correlation
under economic—geographic weights is generally lower
than that under contiguity weights, yet significance
remains robust. This implies that spatial clustering in
mitigation is driven primarily by geographic proximity,
while a non-negligible component can also be attributed
to correlation along interprovincial linkage networks. By
2024, Moran’s I under the economic—geographic matrix
declines to 0.032; although it still passes the significance
test, the strength of spatial dependence weakens, which
may indicate that the synchrony of mitigation outcomes
associated with interprovincial linkages diminishes
toward the end of the period, or that rising within-region
heterogeneity partially dilutes the statistical strength of
cross-provincial associations.

Taken together, results from both weight matrices
confirm that carbon mitigation from fertilizer-oriented
utilization of livestock manure in China exhibits
significant and persistent spatial clustering over 2017—
2024, jointly shaped by geographic adjacency and
economic—geographic linkages. This finding provides
essential statistical justification for employing spatial
econometric models to identify determinants and
spatial spillover effects. When spatial dependence is
present, ignoring the spatial correlation structure may
lead to underestimation or misinterpretation of the
marginal effects of key drivers and their cross-provincial
transmission pathways (Table 3).

Spatial Durbin Model Estimation and
Decomposition of Spatial Spillover Effects

The SDM specification is particularly useful in this
context because it allows the analysis to distinguish
local effects from explanatory spillovers transmitted
through neighboring provinces. The Spatial Durbin
Model (SDM) estimates indicate that carbon mitigation
is shaped not only by local determinants but also by

significant spatial dependence and spatial spillovers
for selected covariates. The spatially lagged dependent
variable term (Wy) is 0.167 and significantly positive,
implying that a province’s mitigation level increases
with higher mitigation in neighboring provinces.
This confirms a clear positive spatial dependence in
mitigation outcomes, consistent with the preceding
global Moran’s I tests.

Regarding local explanatory variables, manure
resource intensity exerts a significantly positive
effect on carbon mitigation, suggesting that stronger
manure resource endowment expands the scope for
mineral fertilizer substitution and thus increases
realizable mitigation at the provincial level — making
it a key driver of higher mitigation outcomes. Mineral
fertilizer application intensity is also significantly
positive, indicating that, conditional on resource
availability, provinces with higher fertilizer input
intensity have greater potential substitution volumes and
therefore larger mitigation space. Among the control
variables, only In (agricultural GDP) shows a weakly
significant negative local effect, whereas agricultural
mechanization, urbanization rate, and cropping
structure are not statistically significant in their local
terms. This suggests that once spatial interactions are
explicitly modeled, the marginal explanatory power
of these factors for local mitigation is limited, or their
effects may operate through more complex indirect
transmission channels.

Turning to the spatially lagged explanatory
variables, several covariates show significant spillover
effects. The spatial lag of fertilizer application intensity
has a significantly positive effect on local mitigation.
This suggests that higher fertilizer input intensity in
neighboring provinces raises mitigation in the focal
province. This may operate through mechanisms
such as regional convergence in input-use patterns,
technology diffusion, and policy coordination, whereby
fertilizer substitution and manure utilization advance
in a spatially synchronized manner. In contrast, the
spatial lag of In(agricultural GDP) is significantly

Table 3. Global Moran’s I of provincial carbon mitigation potential under different spatial weight matrices.

Contiguity Matrix Economic—geographic Matrix
vear Moran’s | z-value p-value Moran’s 1 z-value p-value
2017 0.222 2.154 0.016 0.045 2.263 0.012
2018 0.233 2.245 0.012 0.048 2.365 0.009
2019 0.247 2.364 0.009 0.053 2.496 0.006
2020 0.244 2.344 0.010 0.048 2.353 0.009
2021 0.238 2.291 0.011 0.047 2322 0.010
2022 0.231 2.229 0.013 0.046 2282 0.011
2023 0.234 2.260 0.012 0.042 2.191 0.014
2024 0.226 2.191 0.014 0.032 1.898 0.029
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negative, suggesting that expansion of agricultural
economic scale in surrounding areas may suppress
local ~manure-substitution  mitigation, potentially
via resource ‘‘siphoning,” reallocation of production
factors, or changes in input structures. The spatial
lag of cropping structure is significantly positive,
indicating that regional linkages in cropping patterns
shape the spatial distribution of mitigation. This
suggests that cross-provincial externalities may arise
through converging crop layouts, changes in grain—
cash crop composition, and related shifts in organic
fertilizer demand. By comparison, W (manure resource
intensity) is not significant, indicating that manure
resource endowment is more locally supplied and
locally absorbed, with relatively weak cross-provincial
diffusion. W(mechanization) is weakly significant and
negative, while W (urbanization rate) is not significant
(Table 4).

Because coefficients in spatial models cannot be
interpreted directly as marginal effects, we further
decompose the impacts of core variables into direct,
indirect (spillover), and total effects. Results show
that the direct effect of manure resource intensity
is 0.173 and significantly positive. Its indirect effect
is 0.086 and not significant, while the total effect is
0.259 and significantly positive. This indicates that
the positive contribution of manure resource intensity
operates primarily through local mechanisms, with
limited spillover—consistent with the strong “place-
based supply and utilization constraints” of manure
resources. For fertilizer application intensity, the direct
effect is 13.692 and significantly positive; however, the
indirect effect is only 0.080 and not significant, and the
total effect (13.773) is not statistically significant. This

suggests that fertilizer intensity clearly promotes local
mitigation, but its cross-provincial spillover is unstable.
After spatial feedback is taken into account, the overall
statistical significance becomes weaker. This implies
that fertilizer intensity mainly operates through within-
province substitution space rather than through a robust
interprovincial transmission channel.

Effect decomposition for In (agricultural GDP)
indicates that its influence is more pronounced at the
spatial level: the direct effect is 0.248, the indirect effect
is 0.530, and the total effect is 0.777, all significantly
positive. This implies that expansion of agricultural
economic scale enhances local capacity to implement
manure substitution and realize mitigation gains. It also
generates significant positive spillovers to neighboring
provinces. Potential mechanisms include regional
agri-industrial chain collaboration, diffusion of input
factors, and spillovers in service networks for manure
treatment and application. In contrast, agricultural
mechanization shows an overall significantly negative
effect, with a direct effect of —0.284, an indirect effect
of —0.957, and a total effect of —1.241. This suggests that,
under current conditions, rising mechanization does
not necessarily improve the accessibility or substitution
efficiency of manure application to cropland. Instead,
it may be associated with higher input intensity, scale-
oriented production practices, or continued dependence
on mineral fertilizers. Moreover, the strong spatial
linkage implies that mechanization-related impacts
are regionally connected, and should be interpreted in
conjunction with regional machinery structure and the
availability of organic fertilizer application services in
subsequent discussion. Finally, the direct, indirect, and
total effects of urbanization rate and cropping structure

Table 4. Baseline Spatial Durbin Model (SDM) Estimates (Coefficient Results).

Variable Coef Std. Err. z-value p-value
Constant 0.167 0.022 7.704 0.000
Manure resource intensity 13.687 2.630 5.204 0.000
Chemical fertilizer intensity 0.212 0.082 2.594 0.009
In Agricultural GDP -0.219 0.125 -1.751 0.080
Mechanization level 0.422 0.303 1.393 0.164
Urbanization rate -0.283 0.439 -0.643 0.520
Cropping structure -0.005 0.039 -0.128 0.898
W(Manure resource intensity) -5.065 6.168 -0.821 0.412
W(Chemical fertilizer intensity) 0.275 0.126 2.191 0.028
W(In Agricultural GDP) -0.559 0.263 -2.125 0.034
W (Mechanization level) -0.871 0.465 -1.872 0.061
W (Urbanization rate) 0.090 0.989 0.091 0.927
W(Cropping structure) 0.374 0.072 5.183 0.000
Wy 0.167 0.022 7.704 0.000
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are not statistically significant. This suggests that, after
controlling for spatial dependence and other covariates,
their measurable contributions to mitigation are limited.
It may also indicate that their effects are mediated
through mechanisms not explicitly captured in the
model (Table 5).

Robustness Checks: Variable Substitution,
Alternative Spatial Weights, and Sample Exclusion

To verify the robustness of the baseline Spatial
Durbin Model (SDM), this study conducts three
robustness checks. First, we replace the core explanatory
variable by using nutrient resource intensity instead
of the baseline core variable. Second, we replace the
spatial weight matrix by using an economic—geographic
hybrid matrix in place of the baseline weighting scheme.
Third, we replace the dependent variable by using
carbon emission intensity instead of the baseline carbon
mitigation indicator. Overall, the results indicate that the
main conclusions remain consistent across alternative
specifications, suggesting that the model identification is
reasonably robust.

Under check (1), where the core explanatory variable
is replaced, the coefficient on nutrient resource intensity
is positive and statistically significant. This implies
that whether the supply foundation is characterized
by “manure resources” or by the “nutrient resources”

Table 5. Decomposed Spatial Effects.

embodied in manure, it significantly increases the
realized mitigation performance associated with
fertilizer-oriented manure utilization. Meanwhile,
the spatially lagged dependent variable (Wy) remains
significantly positive, confirming a stable spatial
linkage in mitigation outcomes — i.e., mitigation changes
in neighboring provinces co-move with mitigation
performance in the focal province. By contrast, the
spatial lag of the core explanatory variable (W(core
explanatory variable)) is positive but not statistically
significant, indicating that the effect of the core
resource endowment still operates mainly through local
mechanisms and that cross-provincial spillovers are not
stable. This is consistent with the baseline inference that
“resource-side effects are primarily within-province.”
Under check (2), where the weight matrix is replaced
with an economic—geographic hybrid matrix, the core
explanatory variable remains significantly positive,
indicating that the baseline conclusion does not depend
on a particular spatial weighting choice. Notably,
W(core explanatory variable) becomes significantly
positive in this specification. This suggests that cross-
provincial association effects of resource endowments
are more easily detected when spatial relationships are
represented by economic—geographic linkages rather
than pure geographic contiguity. It further implies that
resource-utilization capacity may generate externalities
through regional coordination, factor mobility, and the

Variable Effect Estimate Std. Err. z-value p-value

Direct 0.173 0.022 7.875 0.000

Manure resource intensity Indirect 0.086 0.057 1.514 0.130
Total 0.259 0.064 4.045 0.000

Direct 13.692 2.535 5.402 0.000

Chemical fertilizer intensity Indirect 0.080 8.999 0.009 0.993
Total 13.773 9.377 1.469 0.142

Direct 0.248 0.081 3.058 0.002

In Agricultural GDP Indirect 0.530 0.170 3.123 0.002
Total 0.777 0.177 4.394 0.000

Direct -0.284 0.134 -2.121 0.034

Mechanization level Indirect -0.957 0.418 -2.293 0.022
Total -1.241 0.481 -2.583 0.010

Direct 0.349 0.303 1.151 0.250

Urbanization rate Indirect -1.066 0.743 -1.435 0.151
Total -0.717 0.897 -0.799 0.424

Direct -0.284 0.445 -0.639 0.523

Cropping structure Indirect -0.023 1.465 -0.016 0.988
Total -0.307 1.708 -0.180 0.857
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diffusion of service networks. In this setting, Wy is not
significant, indicating that the statistical significance
of spatial dependence differs across weight matrices:
geographic contiguity better captures synchronized
clustering of mitigation, whereas economic—geographic
linkages better reflect cross-regional transmission of
resources and structural variables. This aligns with the
earlier finding that Moran’s I differs in magnitude across
the two types of weights.

Under check (3), where the dependent variable
is replaced with carbon emission intensity, the core
explanatory variable remains significantly positive,
and its spatial lag W(core explanatory variable) is also
significantly positive. This indicates that manure or
nutrient resource endowments are closely associated
with both mitigation levels and emission-intensity
outcomes. The relationship also shows a non-negligible
spatial linkage. In addition, Wy becomes significantly
negative, implying that under an “intensity-based”
metric, changes in neighboring provinces’ emission
intensity exert an opposite effect on the focal province.
This may reflect substitution and competition effects
across regions in terms of industrial division of labor,
factor mobility, and governance intensity — i.e.,
improvements in one province may be accompanied by
relative pressure or structural spillovers in neighboring
areas. This result further suggests that spatial
transmission directions may differ between mitigation
“scale” indicators and emission “intensity” indicators,
and the economic interpretation should be elaborated by
considering the substantive meaning of each metric.

Regarding control variables, fertilizer application
intensity is generally significant across the three

Table 6. Robustness checks.

robustness specifications, indicating that fertilizer
input intensity remains an important determinant
of  mitigation-related  outcomes.  In(agricultural
GDP) is significantly positive in checks (1) and (2)
but becomes insignificant in check (3), suggesting
that agricultural economic scale is more closely
associated with mitigation “scale” than with emission
“intensity.” Agricultural mechanization is significantly
negative in check (3), and cropping structure is also
significantly negative in check (3), indicating that when
an intensity-based metric is used, the roles of
production modes and crop-structure adjustments in
improving emission intensity are more readily detected
(Table 6).

To further validate the stability of “local effects
versus spillovers,” we decompose the spatial effects of
the core explanatory variable in the robustness tests into
direct, indirect, and total effects. The results show that
across all three robustness settings, the direct effect of
the core explanatory variable is significantly positive,
and some identifiable spatial spillovers are present,
indicating that the baseline conclusion is robust not
only in terms of coefficient significance but also in the
interpretable marginal-effect structure.

Specifically, under setting (1), the direct effect of the
core explanatory variable is 0.136 (P<0.01), the indirect
effect is 0.319 (P<0.05), and the total effect is 0.455
(P<0.01). This indicates that when the supply foundation
is measured using an alternative resource metric, its
positive role in increasing local mitigation remains
clear, and a measurable cross-provincial spillover
emerges — i.e., changes in neighboring regions’ resource
supply are associated with a sizable impact on local

Variable

(1

)

3)

Constant

13.473 (8.770)**

0.135 (7.529)**

0.013 (63.505)**

Core explanatory variable

-11.233 (-0.183)**

10.094 (3.879)**

0.117(4.524)%*

Chemical fertilizer intensity

0.396 (12.976)**

0.476 (7.298)**

-0.001 (-1.006)

In Agricultural GDP

-0.191 (-1.634)

-0.121 (-1.038)

-0.006 (-4.696)**

Mechanization level

0.186 (1.140)

0.375 (1.269)

-0.001 (-0.325)

Urbanization rate

-0.166 (-5.570)

-0.613 (-1.482)

-0.015 (-3.431)%*

Cropping structure

3.891 (1.255)

0.300 (2.017)*

0.004 (2.905)**

W(Core variable) -1.934 (-0.324) -13.27 (-0.757) -0.054 (-0.884)
W(Chemical fertilizer
intensity) 0.132 (1.211) -0.351 (-1.098) 0.001 (0.997)
W(In Agricultural GDP) -0.329 (-1.359) 0.794 (1.200) -0.004 (-1.561)

W(Mechanization level)

-0.685 (-1.504)

0.358 (0.236)

0.003 (0.624)

W (Urbanization rate)

0.785 (0.953)

8.504 (4.014)**

-0.007 (-0.671)

W(Cropping structure)

0.276 (3.609)**

0.119 (0.736)

-0.284 (-3.069)**

Note: *P<0.05, **P<0.01; (1) Replace core variable: Nutrient resource intensity; (2) Alternative weights: Economic—geographic
composite; (3) Replace dependent variable: Carbon emission intensity
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mitigation. Combined with the spatial-term patterns
in the regressions, this can be interpreted as follows:
beyond local resource constraints, resource utilization
capacity may also generate externalities through cross-
regional treatment and utilization systems, diffusion of
technical services, and policy coordination, although
the magnitude of such externalities is weaker than local
effects.

Under setting (2) (alternative weight matrix), the
direct effect is 13.51 (P<0.01), the indirect effect is
4.506 (P>0.05), and the total effect is 18.016 (P<0.01).
This suggests that within the spatial linkage structure
captured by the economic—geographic hybrid matrix,
the core explanatory variable still primarily operates
through local mechanisms, while the overall impact
remains significant and robust. In other words, changing
the weight matrix does not alter the core conclusion
that the resource supply foundation is a key driver of
mitigation differences. Meanwhile, the insignificant
indirect effect implies that cross-provincial transmission
represented by economic—geographic linkages is not
necessarily stable; spillovers may materialize only under
specific regional coordination contexts.

Under setting (3) (dependent variable replaced by
carbon emission intensity), the direct effect is 0.013
(P<0.01), the indirect effect is 0.000 (P>0.05), and
the total effect is 0.013 (P<0.01). This indicates that
after shifting from a “mitigation-scale” metric to an
“emission-intensity” metric, the core explanatory
variable still exerts a stable influence on local intensity
outcomes, but cross-provincial spillovers are not
evident. This suggests that intensity-based indicators
more strongly reflect within-province outcomes driven
by production modes, input structures, and governance
constraints, and their spatial diffusion is weaker than
that of scale-based indicators (Table 7).

Regional Heterogeneity: Comparing
Direct and Spillover Effects across
Eastern, Central, and Western China

To identify regional differences in the drivers of
carbon mitigation from fertilizer-oriented utilization of
livestock manure, we conduct subgroup estimations for
the eastern, central, and western regions. The results
reveal clear regional heterogeneity.

Table 7. Summary of Robustness Results.

Robustness setting (N 2) 3)
Direct effect 0.136%** 13.510%* 0.013**
Indirect effect 0.319* 4.506 0.000

Total effect 0.455%* 18.016%* 0.013**

Note: *P<0.05, **P<0.01. (1) Replace core variable: Nutrient
resource intensity; (2) Alternative weights: Economic—
geographic composite; (3) Replace dependent variable:
Carbon emission intensity

Manure resource intensity has a significantly
positive effect in all three regions, indicating that
manure resource endowment is a common driver of
mitigation. The effect is strongest in the central region,
suggesting that increases in resource intensity there
are more readily translated into fertilizer substitution
and mitigation gains. By contrast, chemical fertilizer
intensity is significantly positive only in the eastern
region, implying that substitution space in high-input
agricultural systems is more effectively converted into
mitigation potential there.

The effect of In(agricultural GDP) differs across
regions: it is significantly positive in the eastern and
western regions, but significantly negative in the
central region. Agricultural mechanization is negatively
associated with mitigation in all three regions and is
significant in the central and western regions, with
the strongest negative effect in the west. In addition,
urbanization rate and cropping structure are significant
only in the western region, where urbanization shows a
positive effect and cropping structure shows a negative
effect. Overall, these results suggest that the drivers
of manure-based carbon mitigation vary substantially
across regions, and that differentiated regional policies
are therefore needed (Table 8).

Sensitivity Analysis of Key Accounting
Coefficients

To further assess the stability of the accounting
results, a sensitivity analysis of key coefficients was
conducted by adjusting manure-generation coefficients
and nutrient-content coefficients by £10% under separate
and joint perturbation scenarios. The results show that
coefficient perturbation mainly affects the absolute scale
of carbon-mitigation potential, but does not materially
alter its main temporal and spatial patterns.

Taking 2024 as an example, the baseline national
carbon-mitigation potential was 2248.170. Under the
nutrient-coefficient and manure-coefficient perturbation
scenarios, the estimate increased to 2472.987 when the
coefficients were adjusted upward by 10% and decreased
to 2023.353 when they were adjusted downward by
10%. Under the joint perturbation scenario, the estimate
increased to 2720.286 under the +10% adjustment and
decreased to 1821.018 under the -10% adjustment. These
results indicate that the accounting outcomes respond
proportionally to coefficient changes in magnitude.

However, the core conclusions remain stable across
all scenarios. The national carbon-mitigation potential
still follows the same decline—rebound—slight fallback
trajectory over 2017-2024, and the peak and trough
years remain unchanged. At the spatial level, the
broad regional gradient is consistent with the baseline
results, and the top-ranking provinces in 2024 remain
unchanged. Overall, moderate perturbations in key
accounting coefficients do not change the main findings
regarding the national evolution trend, the broad regional
pattern, or the interprovincial concentration of carbon-
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Table 8. Regional Heterogeneity: SDM Effect Decomposition by Macro-Region.

Variable East Central West
Chemical fertilizer intensity 0.167 (5.292)** 1.396*%*(9.512) 0.176**(6.388)
In Agricultural GDP 9.000 (2.073)* 1.370(0.239) 3.099(0.824)

Mechanization level

0.602 (3.831)**

-0.137%(-2.390)

0.532%%(7.544)

Urbanization rate

-0.562 (-2.306)*

-0.632%(-2.447)

-0.778%*(-5.543)

Cropping structure

0.645(1.171)

-0.372(-0.716)

1.444%*(3.647)

Note: *P<0.05, **P<0.01.

Table 9. Coefficient sensitivity analysis of national carbon-mitigation potential and pattern stability in 2024.

Scenario mﬁ?;?jj} (I:;)rtt::(::tli-al Change vs. baseline Regional ranking Top 5 provinces in 2024
Baseline 2248.170 0.0% West>Central>East SI}?;EOI;A;HSZE:;’S;?;?;tg
Nutrient +10% 2472.987 +10.0% West>Central>East Unchanged
Nutrient -10% 2023.353 -10.0% West>Central>East Unchanged
Manure +10% 2472.987 +10.0% West>Central>East Unchanged
Manure -10% 2023.353 -10.0% West>Central>East Unchanged
Joint +10% 2720.286 +21.0% West>Central>East Unchanged
Joint -10% 1821.018 -19.0% West>Central>East Unchanged

Note: Nutrient £10% indicates a £10% perturbation in manure nutrient-content coefficients. Manure +10% indicates a +£10%
perturbation in manure-generation coefficients. Joint £10% indicates simultaneous +10% perturbation in both sets of coefficients.

mitigation potential, indicating that the accounting
results are reasonably robust (Table 9).

Discussion

This study reveals pronounced spatial disparities in
the fertilizer-oriented utilization of livestock manure in
China, a finding that is consistent with conclusions from
recent international research. Some studies have noted
that nearly 70% of China’s livestock production capacity
is concentrated in a limited number of provinces,
which is not well aligned with the spatial distribution
of cropping systems [31]. This mismatch results in
nutrient surpluses in “manure-rich regions” and nutrient
deficits in major grain-producing areas. Such cross-
regional imbalance leads to excessive accumulation
and over-application of manure in certain locations,
thereby causing soil and water pollution; meanwhile, in
other agricultural regions, mineral fertilizer application
intensity remains high while inputs of soil organic
matter and nutrients are insufficient, undermining soil
fertility and long-term production sustainability [32].
The interregional differences in manure utilization rates
identified in this study corroborate the “crop—livestock
decoupling” phenomenon and underscore the need to
alleviate it through cross-regional nutrient reallocation
and coordination.

Interregional differences in manure utilization are
also shaped by natural endowments and development
levels. County-level analyses indicate that nitrogen
recycling rates from manure are generally higher in
northern China than in the south, which is closely
related to the larger cropland base in northern regions
and a stronger degree of crop—livestock integration
[33]. By contrast, in southern regions characterized
by high temperature and abundant rainfall,
nutrient losses induced by runoff and accelerated
volatilization/decomposition tend to be greater,
resulting in lower manure utilization rates. In addition,
regional socio-economic conditions contribute to
heterogeneous manure utilization patterns across areas
such as eastern China and the Northeast: regions with
larger cropland scales, higher urbanization levels, and
a greater share of poultry production typically exhibit
higher recovery rates of manure nutrients; conversely,
regions dominated by pig production often display lower
utilization rates because of the substantial volume of
waste generated and the greater difficulty of treatment
and management. The results of this study are broadly
consistent with these patterns, indicating that region-
specific strategies are required for manure resource
utilization. This spatial heterogeneity implies that
uniform policy instruments may not be sufficiently
effective; instead, improving manure utilization
efficiency and achieving agricultural nutrient balance
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require policy designs that explicitly account for
regional differences.

Accelerating the fertilizer-oriented utilization of
livestock manure can deliver multiple mitigation benefits
for agricultural carbon emissions through several
mechanisms [17]. First, partial substitution of mineral
fertilizers with organic fertilizers can directly reduce
energy consumption and CO, emissions associated
with fertilizer production and transportation [34].
Mineral fertilizer manufacturing is widely recognized
as energy intensive, whereas the preparation and use
of organic fertilizers typically entail lower energy
demand. Thus, at the level of agricultural inputs,
manure-based substitution can reduce the “embedded”
industrial carbon footprint. Second, organic fertilizer
application can enhance soil nutrient use efficiency
and reduce nitrous oxide (N,O) emissions driven by
excessive nitrogen inputs [35]. In double-cropping rice
experiments, for example, substituting mineral fertilizers
with organic fertilizers has been found to significantly
reduce soil N,O emissions, with reductions of up to 70%
[36]. From the perspective of crop production and soil
processes, returning manure to cropland can mitigate
farmland GHG emissions by improving soil quality and
facilitating nutrient cycling.

It should be emphasized that the mitigation estimates
in this study represent technical substitution potential
under a standardized accounting scenario, rather
than fully realized net mitigation under real-world
implementation conditions. However, the mitigation
effects of manure utilization depend on specific
application conditions; across regions and management
systems, outcomes may differ and can involve trade-
offs. Recent meta-analyses show that replacing chemical
nitrogen fertilizer with organic nitrogen fertilizer can,
on average, significantly reduce soil N O emissions; yet,
because decomposition of organic matter releases CO,
and CHa, the overall global warming potential (GWP)
of farmland systems may sometimes increase [17]. This
phenomenon is particularly evident in highly humid
environments, where high-carbon organic inputs can
stimulate methanogenic activity and trigger substantial
CHa4 emissions. In contrast, in upland systems, net GWP
can be reduced if the C:N ratio and substitution rate
of organic fertilizer are appropriately controlled. For
instance, some studies have optimized organic fertilizer
carbon content, C:N ratio, and nitrogen substitution
rates, achieving lower net GWP relative to mineral
fertilizer regimes under upland conditions. These
findings suggest that it is insufficient to focus solely
on the average benefits of manure substitution; rather,
application technologies must be optimized according
to regional agro-climatic conditions to prevent potential
rebounds in GHG emissions.

Further, circular utilization technologies such as
anaerobic digestion can help maximize the mitigation
benefits of manure management. For example, small-
scale biogas systems can convert livestock manure
from “waste” into ‘“resource” while producing both

organic fertilizer and biogas. This not only provides
clean energy but also effectively limits direct methane
leakage. Eco-circular agricultural practices in regions
such as Jiangxi demonstrate substantial mitigation
outcomes: centralized treatment of livestock waste
with outputs of biogas and organic fertilizer can yield
significant emission reductions — for instance, processing
300,000 tons of manure annually and producing
5 million m® of biomethane can substitute part of mineral
fertilizer and fossil energy use, delivering an annual
reduction of approximately 18,000 tons CO,-equivalent.
Therefore, the “agricultural circular economy” model
— integrating manure resource utilization with clean
energy production — offers a technological pathway
that delivers co-benefits in both carbon mitigation and
waste pollution control. This approach is consistent
with internationally promoted nutrient-cycling concepts,
whereby innovative technologies transform organic
wastes such as livestock manure from environmental
burdens into multi-purpose resources, thereby reducing
emissions across the agri-food system [20].

The determinants of manure fertilizer utilization
and its carbon mitigation effects are multifaceted, and
the strength of these drivers varies considerably across
regions. Using data from 2017-2024, this study finds
that the interplay of natural conditions, agricultural
structure, and socio-economic factors jointly shapes
manure utilization patterns. International research
supports this multi-factor perspective: at the national
county scale, manure nutrient recycling rates are closely
associated with cropland scale, modes of agricultural
operation, and demographic structure [33]. Regions with
larger cropland areas can more readily absorb locally
generated manure nutrients and thus tend to have higher
recycling rates. Higher urbanization often implies
the coexistence of scaled livestock production and
specialized cropping, which can increase the feasibility
of manure reallocation through markets or cooperative
arrangements and thereby support higher utilization
rates. By contrast, regions with high livestock intensity
but insufficient land for nutrient absorption are prone
to manure surpluses, particularly where pig production
dominates; in such cases, high treatment costs and
strong odor concerns may reduce farmers’ willingness
to apply manure, lowering recycling rates. Rural labor
aging has also been found to weaken manure utilization,
potentially because older farmers are less likely to
adopt new technologies and organizational modes and
because labor inputs may be insufficient. The complex
interactions among these factors imply that improving
manure utilization requires integrated policy packages,
combining technical support with behavioral guidance
and incentives.

Importantly, dominant drivers differ significantly
across regions, reflecting clear regional heterogeneity.
Evidence suggests that in southern versus northern
China — where natural conditions diverge sharply
— climatic factors exert more pronounced impacts on
manure utilization[33]; for example, in warm and humid
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southern regions, manure nutrients are more difficult to
preserve and utilize effectively. In regions with large
socio-economic contrasts, such as eastern China and
the Southwest, socio-economic factors — including land
scale and market conditions — play more prominent roles
[2]. Consistent with this, the present study suggests
that regional heterogeneity necessitates differentiated
management strategies: in areas where natural
constraints are particularly binding, policies should
prioritize locally suitable small-scale manure treatment
solutions and the commercialization of organic fertilizer
supply; in areas where socio-economic factors dominate,
policy incentives and market mechanisms should be
strengthened to facilitate manure movement across farms
and across regions, thereby balancing nutrient supply
and demand. This finding aligns with international
experience, as many countries are exploring regionally
tailored agricultural waste management approaches. For
example, the European Union has advocated establishing
regional nutrient-trading and information platforms to
encourage nutrient transfer from surplus areas to deficit
areas [20]. Hence, stronger interregional cooperation
and coordinated governance are essential to overcoming
spatial mismatches in manure utilization.

The findings of this study carry important policy
implications that resonate with the goals of ecological
livability and industrial prosperity under the Rural
Revitalization Strategy [37]. First, improving the
fertilizer-oriented utilization rate of livestock manure
is an effective pathway for reducing agricultural
non-point pollution and GHG emissions, consistent
with China’s green development agenda [38]. In its
updated Nationally Determined Contributions (NDC)
and key policy documents on agricultural green
development, China identifies reductions in chemical
fertilizer and pesticide use, enhanced carbon sinks, and
the resource utilization of wastes as priority measures,
emphasizing the role of manure return-to-land in
agricultural mitigation. Accordingly, the government
has introduced a series of policies in recent years. For
instance, the 2017 Guiding Opinions on Accelerating the
Resource Utilization of Livestock and Poultry Farming
Wastes set a target of achieving a comprehensive
manure utilization rate above 75% by 2020; subsequent
guidance in 2019 further raised the targets to 80% by
2025 and 90% by 2035 [9]. These policy measures
were progressively implemented during the 2017-
2024 period covered by this study. Our analysis also
observes improved national manure utilization levels
and a narrowing of regional disparities, reflecting the
effectiveness of policy drivers.

Comparisons with international experience further
indicate distinctive features of China’s approach.
On the one hand, China sets explicit quantitative
targets and performance assessment mechanisms at
the national level, mobilizing local governments and
production entities to participate. On the other hand, it
integrates manure resource utilization with rural eco-
environmental remediation and energy substitution

to achieve multiple co-benefits. For example, through
government subsidies and public—private collaboration,
some major livestock-producing provinces have
established third-party manure treatment centers to
enable centralized processing, biogas-based power
generation, and organic fertilizer production. Such
models not only alleviate livestock-related pollution
but also supply local farmers with affordable organic
fertilizers, thereby balancing economic returns with
environmental benefits.

The spatial spillover effects identified in this
study can be interpreted through several practical
mechanisms. First, policy diffusion likely plays an
important role. Since the promotion of livestock manure
resource utilization in China has been strongly policy-
driven, neighboring provinces often learn from each
other in the design of subsidy schemes, treatment
standards, and manure return-to-land programs. As
a result, improvements in one province may induce
similar adjustments in surrounding provinces,
generating spatially correlated mitigation outcomes.
Second, technology and service-network diffusion
may also contribute to the observed spillovers. The
treatment, processing, and field application of livestock
manure increasingly rely on socialized service systems,
specialized equipment, and third-party organizations.
Once such technologies and service networks expand
in one province, their influence may extend across
provincial boundaries through demonstration effects,
cross-regional business expansion, and the diffusion
of technical experience, thereby affecting neighboring
provinces’ mitigation performance. Third, factor
mobility and interprovincial production linkages provide
another channel for spillovers. Changes in agricultural
development conditions, input-use patterns, and the
organization of crop—livestock systems in one province
may influence surrounding provinces through capital
flows, labor mobility, and the reallocation of production
and treatment capacity. This may help explain why
agricultural economic scale shows a notable spatial effect
in the model. Finally, the positive spillover associated
with cropping structure suggests that interprovincial
similarities in crop layout and fertilizer demand also
matter. When neighboring provinces exhibit converging
crop patterns, they may face similar demand for manure-
based fertilizers and similar constraints on substitution,
which in turn produces cross-provincial externalities in
mitigation outcomes. Taken together, these mechanisms
suggest that manure-based carbon mitigation is shaped
not only by local resource endowment, but also by
broader regional coordination, market interaction, and
technology diffusion processes.

A brief province-level comparison further helps
illustrate the regional heterogeneity identified above.
For example, Guangxi, Sichuan, Shandong, Yunnan,
and Hubei ranked among the highest provinces in
carbon-mitigation potential in 2024. These provinces
generally combine relatively strong livestock-manure
resource endowment with substantial cropland demand
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or stronger agricultural production capacity, allowing
manure nutrients to be translated more effectively into
fertilizer substitution and mitigation gains. By contrast,
Beijing and Tianjin remained at the lower end of the
distribution, which is closely related to their relatively
limited livestock sector and smaller agricultural land
base. Such province-level differences suggest that the
broad east—central-west pattern is useful, but it does not
fully capture the diversity of local resource conditions,
agricultural structures, and substitution capacity.
Therefore, regional analysis should be complemented
by province-specific interpretation when formulating
targeted manure-utilization policies.

The empirical findings of this study have several
important policy implications. First, the significant
positive spatial autocorrelation and the positive spatial
dependence identified by the SDM indicate that manure-
based fertilizer substitution is not only a local issue,
but also a regional one. Therefore, policy should move
beyond isolated provincial actions and strengthen
cross-regional coordination mechanisms, including
interprovincial information-sharing platforms, joint
manure-treatment cooperation, and regional service
networks for manure processing, transport, and
field application. Such measures would help reduce
fragmentation in manure utilization and improve the
regional matching of nutrient supply and cropland
demand.

Second, the results show that manure resource
intensity is the most important local driver of carbon-
mitigation potential. Policy should therefore continue to
strengthen manure collection, storage, treatment, and
fertilizer-oriented utilization, especially in provinces
with strong livestock and poultry resource endowments.
In practical terms, this requires improving county-level
treatment capacity, promoting standardized manure
products, and enhancing the local conversion of manure
nutrients into effective fertilizer inputs so that resource
advantages can be translated into actual mitigation
gains.

Third, the strong regional heterogeneity suggests
that a uniform policy approach would be inefficient.
In the eastern region, where fertilizer intensity plays a
more significant role, policy should focus on high-input
agricultural systems by promoting precision substitution
of mineral fertilizers, improving quality standards
and certification for manure-derived fertilizers, and
strengthening market channels for organic fertilizer
products. In the central region, where manure resource
intensity has the strongest positive effect, greater
attention should be given to improving the linkage
between manure supply and cropland demand,
supporting county-level crop—livestock integration, and
expanding local treatment and return-to-land capacity
so that manure resources can be more effectively
converted into realized mitigation potential. In the
western region, where mechanization shows a stronger
negative association, policy should prioritize investment
in transport infrastructure, storage facilities, specialized

manure-application machinery, and socialized service
systems adapted to longer transport distances and more
complex terrain, thereby reducing practical constraints
on fertilizer substitution.

Finally, the decomposition of interprovincial
inequality suggests that both within-region disparities
and cross-regional overlap remain important. This
means that policy design should not rely solely on
broad east—central-west classification. Instead, macro-
regional strategies should be combined with province-
specific diagnosis and targeted intervention, especially
for provinces whose mitigation performance deviates
substantially from the typical level of their region.
Provinces with relatively strong performance within
otherwise lagging regions may serve as demonstration
arcas for policy learning, technology diffusion, and
service-network expansion. In this sense, transvariation
does not merely describe statistical overlap; it also
signals the need for more flexible, layered, and fine-
grained policy design. Such a differentiated policy
framework would better support the goals of nutrient
recycling, agricultural carbon mitigation, and rural
revitalization in China.

Limitations

It should also be noted that this study has several
limitations, which point to directions for future
improvements. First, methodologically, our assessment
of manure-based mitigation is a technical-potential
estimate derived from statistical data and a nutrient-
equivalent substitution scenario, rather than a measure
of realized substitution under actual production
conditions. In practice, the extent to which manure
nutrients can replace mineral fertilizers depends on
multiple constraints, including manure collection
and transport costs, treatment and storage capacity,
farmer willingness to adopt organic fertilizers, market
acceptance of manure-derived fertilizer products,
and spatial mismatches between manure supply and
cropland nutrient demand. These behavioral, logistical,
and agronomic constraints are difficult to quantify
consistently at the provincial scale and were therefore
not explicitly modeled in this study.

Second, the analysis primarily focuses on emission
reductions in fertilizer production and application
under the nutrient-equivalent substitution scenario,
i.e., a technical potential assessment. However, manure
collection, treatment, storage, and transportation also
consume energy and generate emissions, and large-
scale manure return-to-land may shift environmental
pressure toward CH,, NH,, and other pollutants under
certain conditions. Therefore, the estimates reported
here should not be interpreted as a full life-cycle net
mitigation effect across all emission types. Future
research should combine substitution accounting
with life cycle assessment (LCA) and region-specific
management scenarios to evaluate the net trade-offs



20

0i Qi

among different greenhouse gases and other pollutant
emissions more comprehensively.

Third, this study does not provide an extensive
discussion of environmental risks and supporting
measures associated with manure fertilizer utilization.
For example, long-term manure application may lead to
the accumulation of heavy metals, residues of veterinary
pharmaceuticals, and pathogen transmission in soils,
which need to be controlled through pretreatment and
standards-based regulation. This study focuses on
macro-level nutrient and carbon effects and does not
investigate these localized environmental impacts in
depth; future work should complement the analysis
with risk assessment and mitigation strategies. Finally,
this study relies on national statistical data and findings
synthesized from the literature to infer manure
utilization benefits. Although this approach offers
broad representativeness, manure nutrient content,
soil responses, and mitigation outcomes can vary
across regions, cropping systems, and crop types. The
regional applicability of our conclusions requires further
validation and refinement. For example, optimal manure
substitution rates and management practices may differ
substantially between humid southern regions with high
nitrogen leaching risks and northern dryland regions
with low soil organic matter. These differences imply
that implementation should follow a “place-based”
approach, and future studies should strengthen region-
and crop-specific experiments and modeling.

In addition, the time span of this study is designed
to capture the policy-intensification period after 2017.
Although this window is well suited to examining
recent structural changes, extending the analysis
backward would help identify longer-term evolution and
path dependence in manure utilization and mitigation
outcomes. This should be explored in future research,
subject to data comparability and parameter consistency
across longer time periods.

Overall, despite these limitations, this study provides
a useful reference for quantitatively understanding
the mitigation potential of livestock manure fertilizer
utilization in China. With the accumulation of richer
data and the improvement of analytical models, further
methodological refinement is feasible, enabling more
scientifically robust evidence for decision-makers and
supporting China’s green and low-carbon agricultural
transition as well as the strategic goals of rural
revitalization.

Conclusions

This study quantifies China’s livestock-manure
nutrient supply and the associated carbon mitigation
potential from nutrient-equivalent substitution of
mineral fertilizers over 2017-2024, and demonstrates
that both resources and mitigation benefits are spatially
uneven. National manure resources and nutrient supply
exhibit a “decline—rebound—slight fallback™ trajectory,

while nutrient composition remains stable, indicating
that manure constitutes a reliable composite nutrient
source for supporting fertilizer reduction and nutrient
cycling. The estimated mitigation potential rebounds
after 2019 and is highly concentrated across a small
number of provinces, implying that prioritizing key
regions and key links of the manure collection—
treatment—application chain can yield sizable marginal
mitigation gains.

Spatial diagnostics and SDM estimates further
confirm that mitigation outcomes display significant
positive spatial dependence, highlighting the relevance of
interprovincial linkages and potential policy/technology
diffusion. Manure resource intensity is a robust driver
of mitigation, dominated by local effects, consistent
with the place-based nature of manure supply and on-
site nutrient absorption constraints. Strong regional
heterogeneity underscores the need for differentiated
policy packages: manure effects are stronger in
Central China; fertilizer intensity is significant mainly
in the East, reflecting larger substitution room; and
mechanization tends to depress mitigation, especially
in Central and Western regions. Accordingly, advancing
crop—livestock integration, strengthening manure
treatment and socialized application services, and
improving cross-regional nutrient coordination are
essential to translating technical potential into realizable
mitigation under the Rural Revitalization and dual-
carbon agendas.
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