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Abstract

In the context of increasing beef import dependence, global feed-market volatility, climate
risks, and sustainability-oriented livestock transformation, strengthening the resilience
of China’s beef cattle industry is essential for food security, rural livelihoods, and green
livestock development. Using panel data from 31 Chinese provinces from 2012 to 2022, this
study constructs a four-dimensional resilience evaluation system covering foundational,
resistance, recovery, and sustainability capacities, and applies the entropy weight method,
kernel density estimation, the Dagum Gini coefficient, spatial autocorrelation analysis, and
an obstacle degree model. The results show that the national resilience index of China’s
beef cattle industry increased from 0.105 in 2012 to 0.167 in 2022, although the overall level
remained relatively low. Sustainability capacity exhibited a shallow U-shaped trajectory,
while foundational, resistance, and recovery capacities improved more steadily. The av-
erage Dagum Gini coefficient was 0.277, indicating persistent regional imbalance in beef
cattle industry resilience. Provincial disparities widened, positive spatial agglomeration
weakened, and local spatial heterogeneity became more pronounced. The key constraints
included insufficient forage supply, a low level of production scale, weak breeding in-
frastructure, and lagging innovation capacity, with clear spatial heterogeneity. This study
develops a resilience evaluation framework for long-cycle livestock industries and provides
empirical evidence and policy implications for the sustainable development of the beef
cattle industry in China and other developing livestock systems.

Keywords: beef cattle industry resilience; Dagum Gini coefficient; regional disparity;
spatio-temporal evolution; obstacle degree model

1. Introduction

The report to the 20th National Congress of the Communist Party of China clearly
proposed accelerating the building of an agricultural powerhouse. Enhancing industrial
resilience is an important support for consolidating the foundation of agricultural mod-
ernization, strengthening agricultural risk-response capacity, and promoting sustainable
agricultural development [1]. As a pillar sector of China’s specialized animal husbandry, the
beef cattle industry is not only a livelihood-related industry that ensures the effective supply
of high-quality livestock products and optimizes the dietary structure of urban and rural
residents [2], but also an important support for revitalizing rural planting and breeding
resources, expanding income channels for farmers and herders, advancing comprehen-
sive rural revitalization, and promoting integrated urban-rural development. Therefore,
strengthening the resilience of the beef cattle industry is of great strategic significance for

Sustainability 2026, 18, 7014

https:/ /doi.org/10.3390/su18147014


https://crossmark.crossref.org/dialog?doi=10.3390/su18147014&domain=pdf&date_stamp=2026-07-09
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0009-0008-4741-7758
https://doi.org/10.3390/su18147014

Sustainability 2026, 18, 7014

2 of 30

safeguarding national food security, stabilizing the livestock product supply system, and
promoting the green and low-carbon transformation of animal husbandry [3].

Against the background of global economic restructuring, frequent geopolitical con-
flicts, and intensifying climate change, China’s beef cattle industry is facing significantly
increasing external uncertainty, and the stable operation of the entire industrial chain is
being challenged by multiple shocks [4]. From the perspective of the external environment,
imbalances in global agricultural trade patterns, sharp fluctuations in international bulk
feed prices, and intensified competition in cross-border livestock-product circulation have
not only increased the overall costs of domestic forage production, storage, transportation,
and processing, but also continuously disturbed the stability of the upstream raw-material
supply system of the beef cattle industry [5]. Meanwhile, the frequent occurrence of ex-
treme climate events has further aggravated the instability of high-quality forage supply,
increased the risk of animal disease transmission [6], and exerted persistent pressure on
the risk resistance and production recovery capacity of the beef cattle breeding chain [7].
Domestically, the structural contradiction between supply and demand in China’s beef
cattle market has become increasingly prominent in recent years [8]. The continuous de-
cline in live cattle prices has compressed breeding profit margins, caused frequent losses
among large-scale farms and small- and medium-sized farmers, directly reduced the stock
of breeding cows, and weakened the domestic breeding capacity of the beef cattle indus-
try [9]. At the same time, China’s beef cattle industry still faces structural constraints such
as a low proportion of large-scale breeding, insufficient industrial organization, spatial
mismatch between forage resources and breeding demand, and an incomplete animal
disease prevention and control system. These internal and external shocks, together with
structural weaknesses, are transmitted to the industrial system through supply, cost, cir-
culation, prevention and control, and environmental channels. This indicates that the
resilience evaluation of the beef cattle industry should not be limited to output growth,
efficiency improvement, or policy effects, but should further focus on the industrial op-
erating foundation, risk-buffering capacity, production recovery capacity, and long-term
adaptive capacity.

A systematic review of the existing literature shows that resilience theory initially em-
phasized the ability of a system to return to its original state after external disturbances, and
was later gradually extended to ecological systems, social-ecological systems, regional eco-
nomic systems, urban systems, and industrial systems. Its connotation has also expanded
from simple recovery to a comprehensive capacity involving shock resistance, function
maintenance, adaptive adjustment, and structural transformation. Raza et al. examined
the impacts of climate change on agricultural production and crop adaptation, pointing
out that climate change threatens agricultural production and food security through rising
temperatures, changing precipitation patterns, extreme weather events, pests and diseases,
and ecosystem changes, while emphasizing the importance of developing climate-resilient
agriculture [10]. Hirth et al. explored leverage points for improving agri-food supply chain
resilience from the perspectives of civil food resilience and food sovereignty, arguing that
short-term recovery alone is insufficient to cope with long-term pressures such as climate
change, biodiversity loss, and economic crises, and that food-system resilience should pay
greater attention to deeper systemic transformation [11]. Peng analyzed regional economic
resilience in the context of the COVID-19 shock and argued that regional economic de-
velopment is continuously exposed to external disturbances, making the enhancement
of economic resilience and adaptive mechanisms an important pathway for sustainable
regional development [12]. Du et al. assessed the economic and innovation resilience of
regional city networks from a city-industry perspective and revealed the differentiated
impacts of the 2008 financial crisis and the COVID-19 pandemic on different industrial sec-
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tors and urban networks [13]. These studies have broadened the application boundaries of
resilience theory. However, most existing research remains concentrated on macro-regional
systems, urban systems, or food supply chains, while relatively limited attention has been
paid to the beef cattle sector. In addition, compared with pig and poultry industries, the
beef cattle industry is characterized by a long biological production cycle, high capital
investment, slow recovery of breeding cow inventories, and strong sensitivity to resource
constraints. These attributes determine the particularity of its risk transmission process,
production capacity recovery speed, and long-term adjustment path, and therefore require
analysis based on its specific development characteristics.

Current research still has three main limitations. First, a specialized analytical frame-
work that matches the development characteristics of the beef cattle industry has not yet
been fully established for evaluating its resilience. Second, empirical evidence remains
insufficient regarding the long-term spatiotemporal evolution and spatial association ef-
fects of beef cattle industry resilience at the provincial scale. Third, there is still a lack of
systematic diagnosis of the core obstacle factors restricting resilience improvement. To
address these research gaps, this study makes three main contributions. First, by integrating
resilience theory, the resource-based view, and adaptive capacity theory, this study con-
structs a four-dimensional resilience evaluation framework covering foundational capacity,
resistance capacity, recovery capacity, and sustainability capacity, thereby providing a theo-
retical basis for research on beef cattle industry resilience. Second, this study applies kernel
density estimation, Dagum Gini coefficient decomposition, and spatial autocorrelation
analysis to reveal the distribution dynamics, regional disparities, and spatial agglomeration
characteristics of provincial beef cattle industry resilience in China from 2012 to 2022. Third,
based on the obstacle degree model, this study identifies the key factors restricting resilience
improvement in different regions and translates the empirical findings into operable and
region-specific policy implications.

2. Literature Review
2.1. Research on Sustainable and High-Quality Development of Beef Cattle Industry

The sustainable and high-quality development of the beef cattle industry consti-
tutes an important foundation for understanding industrial resilience. Existing studies
have conducted relatively systematic discussions from the perspectives of development
performance, resource allocation, efficiency improvement, and policy governance, pro-
viding the necessary theoretical basis and empirical references for further introducing a
resilience perspective.

Regarding industrial competitiveness, Zhao et al. [14], guided by competitive advan-
tage theory and the Porter diamond model, constructed a comprehensive evaluation index
system for China’s beef cattle industry competitiveness from the dimensions of production
factors, market demand, related supporting industries, firm strategy and competition,
and the role of government. They further used principal component analysis to examine
regional differences and temporal evolution characteristics at the provincial level. Their
study suggested that strengthening grassland ecological protection, improving beef cattle
breeding and breed improvement systems, developing high-quality forage resources, and
promoting inter-regional industrial coordination are important pathways for enhancing
the core competitiveness of the beef cattle industry. In terms of high-quality development,
Zhang measured the high-quality development level of China’s beef cattle industry using
the entropy weight method and identified its influencing factors through a two-way fixed
effects model. The results showed that the high-quality development level of China’s
beef cattle industry generally exhibited a slow and fluctuating upward trend, but with
significant regional heterogeneity. Quality supervision capacity and the application of agri-
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cultural technological innovation were identified as key drivers of high-quality industrial
development [15]. These studies reveal the basic conditions for beef cattle industry upgrad-
ing from the perspectives of development level and competitive capacity, but pay relatively
insufficient attention to industrial stability and recovery capacity under shock scenarios.

Regarding sustainable development, Li constructed an evaluation system for the sus-
tainable development of the beef cattle industry, analyzed its spatiotemporal differentiation
characteristics, and further explored relevant influencing factors. The study showed that
technological investment and the policy environment are important supports for improving
the sustainable development capacity of the beef cattle industry [16]. Related international
studies have also expanded discussions on livestock sustainability from the perspectives
of farm system design, resource recycling, red meat supply, and production costs. Medic
et al. [17], taking a farm in Vojvodina, Serbia, as a case study, examined the design of
a sustainable farm complex and emphasized the supporting role of farm spatial layout,
resource recycling, and environmentally friendly production models in the sustainable
development of animal husbandry. Ghanem et al. [18] analyzed the impact of livestock
development on local red meat production and food security in Saudi Arabia, arguing that
enhancing local red meat supply capacity helps strengthen regional food security. Wang
et al. [19], based on survey data from grass-fed organic milk production in the northeastern
United States, found that forage supply, labor input, breeding costs, and market prices
are important factors affecting the sustainable operation of grass-fed livestock farming.
These studies indicate that the sustainable development of animal husbandry involves not
only the improvement of production efficiency, but also resource allocation, environmental
governance, cost control, and food security.

In terms of industrial efficiency and policy support, Li et al. [20] used a PVAR model
to empirically analyze the dynamic impacts of agricultural mechanization, high-quality
forage production, and large-scale breeding on the total factor productivity of the beef
cattle industry. The results showed that total factor productivity in the beef cattle industry
exhibited significant regional imbalance, and that different regions varied in resource
endowments, production organization, and technological conditions, providing a new
research perspective for the green and efficient development of the beef cattle industry. Liu
et al. [21] employed a multivariate logistic model to evaluate the implementation effects of
beef cattle-related subsidy policies and found that breeding cow subsidies could effectively
stabilize the existing breeding scale, but had no significant effect on expanding breeding
scale. This study provides empirical evidence for optimizing support policies for the beef
cattle industry and improving policy precision and sustainability.

Overall, the above studies have deepened the understanding of the development
foundation, efficiency improvement, and policy optimization of the beef cattle industry.
However, most of them take development performance, efficiency changes, or policy
effects as their main explanatory objects, while paying insufficient attention to function
maintenance, risk absorption, supply recovery, and long-term adjustment under uncertain
shocks. Therefore, it is necessary to further introduce an industrial resilience perspective
on the basis of existing research on beef cattle industry development.

2.2. Research on Animal Husbandry Industry Resilience

Research on resilience in the field of animal husbandry is usually closely related to
major animal diseases, input price fluctuations, tightening environmental constraints, and
circulation bottlenecks. Among these areas, domestic research on pig industry resilience is
relatively mature. Zheng et al. [22] constructed a pig industry resilience evaluation system
covering resistance capacity and recovery capacity, and conducted empirical analysis using
the obstacle degree model and coupling coordination model. Their results showed that high
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obstacle degrees in resistance capacity and recovery capacity were the main bottlenecks re-
stricting the improvement of pig industry resilience. Ma measured the resilience of China’s
pig feed industrial chain using the entropy weight method and analyzed its influencing
factors with a two-way fixed effects model, verifying that economic development, techno-
logical innovation, financial development, and transportation accessibility can significantly
enhance industrial chain resilience [23]. These studies indicate that livestock industry
resilience depends not only on production capacity itself, but is also closely associated with
forage supply, disease prevention and control, technological innovation, transportation
and logistics, policy support, and industrial organization.

From a micro-level perspective, research on the anti-disturbance capacity of individual
animals also provides a supplementary perspective for understanding livestock industry
resilience. Wang et al. [24] used feed intake data and genome-wide association analysis
to identify the genetic basis of porcine resilience traits. They noted that animal resilience
usually refers to the ability of an individual animal to be less affected by disturbances
or to rapidly return to its pre-disturbance state, thereby providing evidence for improv-
ing animal production performance and anti-disturbance capacity from the genetic level.
However, individual-level animal resilience mainly focuses on the physiological response
and recovery performance of biological organisms under disturbance, and cannot directly
explain supply stability, chain coordination, and long-term adjustment of the industrial
system under external shocks. Therefore, livestock industry resilience still needs to be
comprehensively analyzed at the industrial system level by integrating micro-level anti-
disturbance capacity with meso-level industrial organization, resource allocation, and
market response.

3. Research Design
3.1. Construction of Evaluation Index System for Beef Cattle Industry Resilience

Industrial resilience refers to the capacity of an industrial system to maintain essential
functions, absorb disturbances, restore production and circulation, and achieve sustain-
able development through adaptive adjustment under external shocks [25]. To clarify the
theoretical foundation of the beef cattle industry resilience evaluation framework, this
study integrates resilience theory, the resource-based view, adaptive capacity theory, and
systems thinking. The resource-based view argues that resource endowments, production
conditions, infrastructure, and organizational assets constitute important support for in-
dustrial stability and competitive advantage [26]. Adaptive capacity theory emphasizes
the ability of an industry to enhance its continuous response capacity through structural
adjustment, resource reconfiguration, and capability improvement under changing external
environments [27]. Systems thinking further suggests that the beef cattle industry is not
a single production link, but a complex industrial system composed of interconnected
elements such as production foundations, factor supply, circulation networks, disease
prevention and control, market demand, environmental constraints, and organizational
coordination [28].

Based on the above theoretical logic, this study follows the dynamic process of “pre-
shock foundational support—shock-period resistance and buffering—post-shock recov-
ery and reconstruction—long-term sustainable transformation” and constructs a four-
dimensional evaluation framework comprising foundational capacity, resistance capacity,
recovery capacity, and sustainability capacity. Specifically, foundational capacity mainly
reflects the resource endowments, production base, and infrastructure support emphasized
by the resource-based view; resistance capacity reflects the shock-absorption and risk-
buffering functions emphasized by resilience theory; recovery capacity reflects the resource
reconfiguration, production restoration, and expectation-stabilizing processes emphasized
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by adaptive capacity theory; and sustainability capacity reflects the long-term adaptive
transformation of the industrial system under resource, environmental, and market con-
straints, as highlighted by systems thinking and resilience transformation research [29].
This theoretical linkage provides a logical basis for subsequent indicator selection and
empirical measurement.

Foundational capacity reflects the resource endowments, production base, and infras-
tructure conditions that support the normal operation of the beef cattle industry before
shocks occur. Year-end beef cattle stock (C1), beef output (C2), and beef cattle industry
output value (C3) are used to characterize current supply potential, actual production
capacity, and economic scale, respectively. Among them, C1 refers to the total year-end
beef cattle stock and mainly reflects the existing production scale and supply base of the
industry; therefore, it is assigned to the foundational capacity dimension rather than the
recovery capacity dimension. Highway freight turnover (C4) is used to measure regional
logistics carrying capacity, because the cross-regional movement of live cattle, feed grain,
forage, and slaughtered products relies heavily on the transportation system. Broadband
access ports per 10,000 people (C5) are used as a proxy for regional digital infrastructure
availability and network access capacity. Although C5 does not directly measure the digital
application level of beef cattle farms, digital infrastructure provides basic support for
information acquisition, production-marketing matching, remote technical services, online
veterinary consultation, logistics coordination, market-risk monitoring, and early-warning
information transmission.

Resistance capacity reflects the ability of the beef cattle industry to absorb, buffer,
and respond to external disturbances before its core production and supply functions are
seriously impaired. The number of township animal husbandry and veterinary stations (C6)
reflects grassroots disease monitoring, immunization and prevention, technical services,
and emergency response capacity, and is therefore an important indicator for measuring
the industry’s ability to resist disease risks. Granted patent applications (C7) are used to
characterize regional innovation capacity, especially technological reserves related to breed
improvement, feeding management, disease prevention and control, manure treatment, and
smart livestock farming. Annual soybean output (C8), annual corn output (C9), and forage
sown area (C10) measure the supply capacity of protein feed, energy feed, and roughage,
respectively. Corn is included not as an indicator of residents’ food consumption, but as
an important energy-feed and concentrate-feed input in beef cattle fattening. Together,
soybean, corn, and forage indicators reflect regional feed-security conditions. A stable
feed supply helps enhance the buffering capacity of the industry when facing feed price
fluctuations, transport disruptions, and external supply shocks.

Recovery capacity reflects the ability of the beef cattle industry to restore its breeding
foundation, stabilize development expectations, and resume supply after shocks occur.
Year-end breeding cattle stock (C11) is used to characterize the biological foundation for
future supply recovery. Because beef cattle herd expansion is constrained by the biological
production cycle and supply restoration depends heavily on the reproductive base, C11
differs conceptually from total year-end beef cattle stock (C1): C1 mainly reflects current
production scale, whereas C11 more directly determines the potential for future supply
restoration. Government support (C12), measured by fiscal expenditure on agriculture,
forestry, and water affairs, reflects public support related to the improvement of agricultural
production conditions, disaster relief, infrastructure construction, and livestock services.
The proportion of farms raising more than 100 beef cattle annually (C13) reflects the level of
standardized and large-scale operation, which helps improve capital turnover, management
capacity, disease prevention and control, credit access, and post-shock recovery capacity.
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Sustainability capacity reflects the ability of the beef cattle industry to maintain long-
term competitiveness and achieve green transformation under resource and environmental
constraints. Beef cattle carbon emissions (C14) and carbon-emission economic loss inten-
sity (C15) are included as negative indicators to capture environmental pressure and the
degree of carbon constraints in industrial development. Per capita beef consumption of
urban and rural residents (C16) is used to characterize the stability of market demand,
because stable consumption demand helps maintain industrial-chain operation and long-
term development expectations. The number of beef cattle cooperatives (C17) reflects
the level of industrial organization, production standardization, risk sharing, and benefit
linkage. Cooperatives play an organizational and coordinating role in technology extension,
centralized procurement, product sales, quality control, and risk sharing, and therefore
constitute an important organizational support for enhancing the long-term adaptation
and transformation capacity of the beef cattle industry.

Thus, the four-dimensional evaluation framework constructed in this study clarifies
the theoretical basis of beef cattle industry resilience evaluation and forms an indicator-
selection logic that extends from foundational support and risk buffering to supply restora-
tion and sustainable transformation. The detailed indicator system is presented in Table 1.

Table 1. Evaluation index system for the resilience of the beef cattle industry.

Dimensions Level 1 Ind. Level 2 Ind. Unit Attr. Wt.
Year-end beef cattle inventory 10* head + 0.0420
Industrial Foundation Beef production 10% t + 0.0444
Foundational Output value of beef cattle industry 103 CNY + 0.0510
Capacity Transportation Infrastructure Highway freight turnover 108 ton-km + 0.0430
4
Digital infrastructure availability Broadband access ports per ports/10 + 0.0327
10,000 people persons
Disease Prevention and Control =~ Township veterinary stations station + 0.0258
Innovation Output Granted patent applications item + 0.0882
Resistance . 4
capacity Annual soybean production 10* t + 0.0732
Resource Endowment Annual corn production 10% t + 0.1192
Green-fodder sown area 10% ha + 0.1025
Population Retention Year-end breeding cattle inventory 10* head + 0.1015
Recovery Government Support Annual. agriculture-related fiscal 108 CNY N 0.0193
Capacit expenditure
pacity
Scale of Operation Share of farms raising 100+ beef o N 01171
cattle
Beef cattle carbon emissions 10* t COy-eq — 0.0071
G Devel t -emissi i
Sustainability reen Developmen Carbop emission economic loss o B 0.0069
. intensity
capacity
Market Environment Per capita beef consumption kg/person + 0.0647
Industrialization Beef cattle cooperatives unit + 0.0614

3.2. Research Methods
3.2.1. Entropy Weight Method

Following the method proposed by Li Jieyi and Hu Jinglan [30], this study adopts the
entropy weight method to determine the objective weights of the evaluation indicators and
to calculate the comprehensive resilience score of the beef cattle industry. Compared with
subjective weighting methods, the entropy weight method assigns weights according to
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the degree of variation and information contained in each indicator, thereby reducing the
influence of subjective judgment.

To ensure temporal and cross-provincial comparability, all indicators are standardized
based on the pooled province-year panel covering 31 provincial-level regions from 2012 to
2022, rather than being standardized separately by year. Let X;; denote the original value of
indicator j for province-year observation i, and let Xj;* denote the standardized value. The
standardization formulas are as follows.

For positive indicators:

Xi]' — min (X])

i~ max(Xj) —min(Xj

1
] (1)

For negative indicators:

max (X]) — Xij

X;* =
max (X]-) — min (X]-

g

2
] (2)

where max(X;) and min(X;) represent the maximum and minimum values of indicator
j in the full pooled sample, respectively. After standardization, all indicators are trans-
formed into dimensionless values within the interval [0, 1], and a larger standardized value
consistently indicates a more favorable condition for beef cattle industry resilience.

The proportion of province-year observation i under indicator j is calculated as:

Xij *

Py = —
j N
Yisg X"

)

where N denotes the total number of province-year observations. In this study, N = 341,
corresponding to 31 provincial-level regions over 11 years. The entropy value of indicator j

is calculated as:
1 N

When Pj; = 0, Pijln(Pij) is treated as 0 according to the limiting rule. The difference
coefficient of indicator j is calculated as:

d] =1- g (5)

Then, calculate the index weight w;j.
_ 4
1t dj

where m denotes the number of evaluation indicators. In this study, m = 17. Finally, the

Wj

(6)

comprehensive resilience score of province-year observation i is calculated as:
m
*
Ri = Zl Xij X W] (7)
=

where R; represents the comprehensive resilience score of province-year observation i. A
higher value of R; indicates stronger beef cattle industry resilience.

To improve reproducibility, this study reports the attribute direction and entropy-
derived weight of each indicator in Table 1. The raw data, standardized values, entropy
weights, and calculated resilience scores were checked using the same pooled standard-
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ization benchmark and calculation procedure to ensure that the reported results can
be reproduced.

3.2.2. Kernel Density Function

Following Liu Zhanwei [31], this study adopts the Gaussian kernel density function to
analyze the distribution dynamics of beef cattle industry resilience. The Gaussian kernel
is selected because the resilience index is a continuous variable after normalization and
is suitable for non-parametric distribution estimation. To reduce the subjectivity of curve
smoothing and ensure the comparability of the estimation results, the bandwidth h is
selected using Silverman’s normal-reference rule commonly applied in Gaussian kernel
density estimation, h = 1.06GN*%, where o denotes the standard deviation of the resilience
scores and N denotes the number of observations. The kernel density estimator and
Gaussian kernel are specified as follows:

1Y X —x
f(x) = —Y K(=—= 8
) = REKCR) ®)
2
K(u) = ——ep(~ 5) o)

To avoid overinterpreting results that depend on a single smoothing parameter, the
interpretation focuses on distributional features that remain stable when the bandwidth
is moderately adjusted. In these formulas, f(x) denotes the density function of the beef
cattle industry resilience index, N is the number of observations; X; is the observed value;
x is the evaluation point; h is the bandwidth; u = (X; — x)/h denotes the standardized
distance between the observed value and the evaluation point; and K(.) is the Gaussian
kernel. The kernel-density results are interpreted as distributional evidence rather than
causal evidence.

3.2.3. Dagum Gini Coefficient and Its Decomposition Method

Following He Jiaxin and Li Haiyang [32], this study adopts the Dagum Gini coefficient
and its decomposition method to examine regional disparities and the main sources of
differences in beef cattle industry resilience. Compared with the traditional Gini coefficient,
the Dagum Gini coefficient can decompose overall regional inequality into within-region
disparity, net between-region disparity, and transvariation density, thereby providing a
more detailed explanation of the sources of spatial imbalance.

The overall Dagum Gini coefficient is calculated as follows:

2]1(:1 Zﬁ:l Ziil o Yi = Ynhr
G = 5= (10)
2n°y
The decomposition form is:
G =Gy + Gy + Gt (11)

where G denotes the overall Dagum Gini coefficient; k denotes the number of regions;
n denotes the total number of provinces; nj and ny, denote the number of provinces in
regions j and h, respectively; y; denotes the beef cattle industry resilience index of province
iin region j; y;, . denotes the beef cattle industry resilience index of province r in region
h; and ¥ denotes the average resilience index of all provinces. G, G, and G; represent
the within-region disparity component, net between-region disparity component, and
transvariation density component, respectively.
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3.2.4. Spatial Autocorrelation Estimation

Before estimating spatial autocorrelation, two spatial weight matrices are constructed
to improve the robustness of the spatial analysis. The first is a binary queen-contiguity
weight matrix, which captures direct geographical adjacency among provinces. If province
i and province j share a common boundary or vertex, a; = 1; otherwise, a; = 0. The
diagonal elements are set as aj; = 0. For provinces without direct contiguous neighbors, the
corresponding row in the contiguity matrix is retained as zero rather than being assigned
an artificial spatial link. This treatment avoids unsupported adjacency assumptions while
keeping the provincial sample complete.

The second is an economic-geographic weight matrix, which incorporates both geo-
graphical adjacency and economic proximity. Compared with the pure contiguity matrix,
the economic-geographic matrix can capture not only spatial associations caused by ge-
ographical adjacency, but also potential associations related to similarities in regional
economic development conditions. In this study, the economic-geographic weight matrix
is constructed by combining the binary queen-contiguity relationship with the economic
distance between provinces. Its general form is as follows:

w;g = ay ¥ |Yi_1Yj|+€li #j (12)
where wiejg denotes the element of the economic-geographic weight matrix; a;; denotes the
binary queen-contiguity element between provinces i and j; Y; and Y;j denote the average
real per capita GDP of provinces i and j during the study period; and ¢ is a very small
positive constant used to avoid a zero denominator. After construction, nonzero rows in
both spatial weight matrices are row-standardized to reduce the influence of differences in
the number of neighboring provinces and to ensure comparability across provinces. For
zero-neighbor rows in the contiguity matrix, the corresponding row is retained as zero
after standardization.

Based on the above two spatial weight matrices, this study calculates the global
Moran’s I values of beef cattle industry resilience from 2012 to 2022 and reports the corre-
sponding z-scores and p-values to test the statistical significance of spatial autocorrelation.
If Moran’s I is positive and statistically significant, it indicates positive spatial autocorrela-
tion, suggesting that provinces with similar resilience levels tend to be spatially clustered.
If Moran’s I is negative and significant, it indicates spatial dispersion. If Moran’s I is
insignificant, it suggests that there is no obvious global spatial correlation. The formula of
the global Moran’s I index is presented as follows [33]:

_on XL 5L wi(i —X) (5 —X)
So Y (i —%)°

where I denotes the global Moran’s I index; n denotes the number of provincial-level

(13)

regions; x; and x; represent the beef cattle industry resilience values of province i and
province j, respectively; X represents the average beef cattle industry resilience value of all
provinces; wjj denotes the element of the spatial weight matrix w; and Sy = Yl Zjn:1 Wij
denotes the sum of all spatial weights. The local Moran’s I index is further used to identify
the spatial association pattern of each province and to reveal local spatial agglomeration or
spatial heterogeneity. Its calculation formula is as follows:
I’I(Xi —X) Z]nzl Wi (X] — f)
I = - — (14)
ko1 (i —X)
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In the formula, I; denotes the local Moran’s I index of province i, and the other variables
have the same meanings as above.

3.2.5. Obstacle Degree Model

Following Yan Hua and Li Xinyue et al. [34], this study adopts the obstacle degree
model as a descriptive diagnostic tool to identify the relative obstacle indicators associated
with beef cattle industry resilience within the constructed evaluation system. Specifically,
the entropy weight method is first used to determine the weights of the evaluation indica-
tors. Then, the standardized deviation of each indicator from its ideal state is combined
with its entropy-derived weight to calculate the obstacle degree of each indicator. A higher
obstacle degree indicates that the corresponding indicator represents a more prominent
relative obstacle to the improvement of the evaluated resilience level, whereas a lower ob-
stacle degree indicates a less prominent relative obstacle. The specific calculation formulas
are as follows:

Zi = 1-Xy" (15)

__ Zixh
VN (2 x )

In the formulas, Xij* represents the standardized index value; Z;; is the index deviation

o x 100% (16)

degree; Oij denotes the index obstacle degree; and f]- stands for the contribution degree of
obstacle factors, Negative indicators are first converted through reverse standardization
before obstacle calculation so that a larger standardized value consistently represents a
more favorable resilience condition.

3.3. Data Sources

This study selects 2012-2022 as the research period mainly for three reasons: policy
background, data availability, and industrial shocks. First, 2012 was the first complete
statistical year after the implementation of the 12th Five-Year Plan framework. During
this period, livestock modernization, agricultural structural adjustment, and subsequent
rural revitalization policies were gradually promoted, making 2012 an appropriate starting
point for observing the long-term evolution of the beef cattle industry. Second, 2022 was
the latest year for which the main indicators from various statistical yearbooks, livestock
yearbooks, provincial statistical yearbooks, and relevant databases could be consistently
matched when the provincial panel dataset was constructed. Extending the sample period
to 2023 or later would lead to missing values or inconsistencies in the statistical coverage
of some livestock-related and provincial indicators, which may weaken the comparability
of the comprehensive evaluation results. Third, the period 2012-2022 covers important
external shocks and market adjustment stages in China’s livestock sector. The African swine
fever outbreak that began in 2018 had a significant impact on pig production capacity and
pork prices in 2019. The contraction of pork supply and the rise in pork prices may have
increased substitution demand for beef and other animal proteins. In 2020, the COVID-19
pandemic further disrupted logistics, market circulation, feed transportation, slaughtering
and processing, and livestock-product consumption. Therefore, the period 20122022 not
only reflects the long-term structural transformation of the beef cattle industry, but also
covers a stage in which the industry’s resistance, recovery, and sustainable transformation
capacities were tested under external shocks.

All indicator data are collected from the China Statistical Yearbook, the China Ani-
mal Husbandry and Veterinary Yearbook, the China Rural Management Annual Report,
the China Rural Statistical Yearbook, provincial statistical yearbooks, and the CSMAR
Database. Specifically, year-end beef cattle stock, broadband access ports, soybean output,
corn output, forage sown area, and fiscal expenditure on agriculture, forestry, and water
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affairs are derived from the China Statistical Yearbook and provincial statistical year-books.
Beef output, beef cattle industry output value, township animal husbandry and veterinary
stations, and per capita beef consumption are sourced from the China Animal Husbandry
and Veterinary Yearbook. Patent authorizations and highway freight turn-over are ob-
tained from the CSMAR Database; breeding cattle stock and the proportion of large-scale
beef cattle farms are collected from the China Rural Statistical Yearbook; and beef cattle
cooperatives are obtained from the China Rural Management Annual Report.

Referring to Chen Weihong et al. [35], this study calculates beef cattle carbon emission
equivalent and corresponding economic losses. Because the available inventory data are
reported as year-end beef cattle stock, this study uses the average of the current and
previous year-end beef cattle stock to represent the inventory scale in carbon emission
accounting. The calculation formula for beef cattle carbon emission equivalents is as follows:
Cy = A X ((pit + (pi(t,l)) /2, where C;; refers to total beef cattle carbon emissions of
region i in year t; A denotes the carbon emission coefficient of beef cattle; and ¢;; and
®j(t—1) represent year-end beef cattle stock of regioniin year t and year t — 1, respectively.
The greenhouse gas emission coefficient of beef cattle follows the IPCC greenhouse gas
emission guidelines.

The formula for economic losses caused by beef cattle carbon emissions is
ELi = Cj;/AGDP;;, where EL;; stands for economic losses caused by beef cattle carbon
emissions in region i in year t, and AGDP; is the total output value of animal husbandry at
constant prices with 2012 set as the base year. In addition, individual missing observations
were supplemented using linear interpolation only when the values for adjacent years were
available. Specifically, for a missing value of indicator (j) in region (i) and year (t), the value
was estimated based on the arithmetic mean of the corresponding values in years (t — 1)
and (t + 1). All interpolated data were checked against the original yearbook data before
standardization to ensure the consistency and integrity of the balanced panel dataset.

4. Measurement Results and Spatiotemporal Characteristic Analysis of
Beef Cattle Industry Resilience

4.1. Overall Measurement and Evaluation of Beef Cattle Industry Resilience

The entropy weight method was used to measure the resilience level of the beef cattle
industry in 31 provincial-level regions of China from 2012 to 2022 (Table 2). Overall, the
national mean resilience index increased from 0.105 in 2012 to 0.167 in 2022, with an average
value of 0.135 during the study period. This indicates that the resilience of China’s beef
cattle industry improved gradually, although the overall level remained relatively low. It
should be noted that the years 2020-2022 coincided with the COVID-19 pandemic, during
which beef cattle production, transportation, market circulation, feed supply, and recovery
processes may have been affected by extraordinary external disturbances. Therefore, the
upward trend observed during the full sample period should not be interpreted as a
smooth development path unaffected by external shocks. Rather, it reflects the measured
evolution of beef cattle industry resilience under both long-term development conditions
and short-term shock exposure. The continued increase in the national mean resilience
index after 2020 suggests that the industry maintained a certain degree of resilience under
the pandemic shock, but the relatively low absolute level also indicates that its foundational
support, risk-response capacity, and recovery system still need to be strengthened.

In terms of provincial spatial patterns, the top five provinces in the comprehensive
ranking were Inner Mongolia, Heilongjiang, Shandong, Henan, and Hebei, respectively.
These regions generally possess solid resource endowments and industrial foundations.
Relying on superior grass-livestock resources and large-scale breeding advantages, Inner
Mongolia, Heilongjiang, and other northern provinces can easily form a complete indus-
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trial supporting system, thus possessing stronger risk buffering and industrial recovery
capacity [36]. By contrast, Shandong, Henan, and Hebei maintain high resilience levels due
to huge market demand, mature processing and circulation systems, and sound industrial
organization foundations.

Table 2. Measurement results of the resilience development level of the beef cattle industry in
31 provinces of China.

Province 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 Mean Rank
Inner Mongolia 0200 0230 0253 0353 0273 0281 0318 0341 0369 0401 0411 0.312 1

Heilongjiang 0232 0231 0244 0260 0266 0269 0278 0312 0336 0326 0358 0.283 2
Shandong 0214 0216 0216 0227 0.232 0243 0248 0252 0250 0.280 0292 0.243 3
Henan 0224 0230 0233 0244 0245 0.184 0205 0209 0219 0226 0242 0.224 4
Hebei 0.167 0178 018 0.190 019 0202 0208 0214 0225 0236 0237 0.203 5
Jilin 0.159 0176 0.183 0.186 0.195 0.183 0.180 0.199 0.198 0220 0.281 0.196 6
Sichuan 0.139 0152 0.167 0.179 0191 0.190 0.202 0.205 0218 0.229 0231 0.191 7
Yunnan 0.111 0121 0.131 0.140 0154 0.164 0174 0187 0204 0217 0224 0.166 8
Liaoning 0.134 0.147 0.145 0.154 0.162 0.142 0.149 0.158 0.168 0.178 0.183 0.156 9
Gansu 0.101 0120 0.132 0.188 0161 0.163 0.149 0.155 0.169 0.182 0.197 0.156 10
Xinjiang 0.09¢ 0110 0.124 0.142 0141 0.149 0150 0.163 0.182 0.211 0220 0.153 11
Guangdong 0.090 0.097 0104 0132 0125 0135 0.155 0.159 0172 0.184 0.188 0.140 12
Anhui 0.120 0124 0.135 0.142 0155 0.128 0.133 0.125 0.135 0.148 0.156 0.137 13
Jiangsu 0.090 0.096 0105 0.122 0120 0.127 0144 0156 0.166 0178 0.180 0.135 14
China mean 0.105 0111 0.119 0.133 0135 0129 0.135 0.141 0150 0.159 0.167 0.135 -
Beijing 0.124 0135 0.138 0.143 0157 0.113 0.108 0120 0.137 0125 0.122 0.129 15
Hunan 0.097 0104 0109 0.116 0194 0.114 0123 0.121 0.131 0138 0.142 0.126 16
Hubei 0.094 0108 0.118 0.120 0.135 0.118 0.121 0.120 0125 0.136 0.142 0.122 17
Shanxi 0.071 0.083 0.091 0.097 0107 0.109 0.124 0122 0.132 0135 0.146 0.111 18
Guizhou 0071 0.076 0.082 0.092 0106 0.109 0109 0.121 0.124 0124 0.138 0.105 19
Xizang 0.118 0114 0.107 0.101 0.096 0.088 0.098 0.100 0102 0.109 0.114 0.104 20
Shaanxi 0.078 0.080 0.094 0.097 0.096 0.098 0.099 0.098 0.105 0.107 0.111 0.096 21
Jiangxi 0.070 0.076 0.082 0.114 0.094 0.090 0.095 0.098 0.103 0.113 0.118 0.096 22
Zhejiang 0.064 0.068 0.069 0.081 0.080 0.086 0.092 0.098 0.104 0.114 0.119 0.089 23
Guangxi 0.061 0.064 0.063 0.074 0.080 0.081 0.091 0.091 0.09 0104 0.106 0.083 24
Tianjin 0.070 0.048 0.057 0.067 0.092 0.101 0.084 0.092 0.103 0.095 0.105 0.083 25
Qinghai 0.052 0.056 0.062 0.066 0.070 0.075 0.080 0.079 0.098 0.107 0.104 0.077 26
Chongging 0.057 0.060 0.087 0.069 0.068 0.069 0.069 0.070 0.074 0.076 0.078 0.070 27
Ningxia 0.043 0.044 0075 0.076 0.080 0.053 0.058 0.058 0.067 0.070 0.074 0.063 28
Fujian 0.044 0.048 0.052 0.077 0.060 0.058 0.059 0.060 0.065 0.069 0.073 0.060 29
Shanghai 0.032 0.032 0.033 0.034 0.035 0.039 0.040 0.046 0.048 0.050 0.049 0.040 30
Hainan 0.022 0.023 0.024 0.028 0.031 0030 0.032 0.034 0.037 0.036 0.035 0.030 31

Note: Values are rounded to three decimal places. China mean represents the arithmetic mean of the 31 provincial-
level regions.

On the contrary, the bottom five provinces were Chongqing, Ningxia, Fujian, Shanghai,
and Hainan. Restricted by breeding resource endowments and spatial carrying capacity,
these regions face insufficient forage supply, a low degree of large-scale operation and
industrial organization, and weak coordination in slaughtering, processing, and cold chain
logistics links, resulting in poor stable supply capacity and slow industrial recovery ability
when facing external shocks.

Restricted by complex terrain, Chongqing and Fujian feature a scattered breeding
layout and weak grass-livestock matching conditions, and insufficient industrial chain
support further limits scale effect and risk-sharing capacity. Ningxia is constrained by
water resource shortages and strict ecological governance requirements, leading to weak
anti-risk capacity of the beef cattle industry. With a high urbanization level, tight land
supply, and stringent environmental regulations, Shanghai mainly performs consumption
and circulation functions rather than breeding and production links. Confined by island-
type market characteristics and ecological redline policies, Hainan has a relatively short
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industrial chain and high external resource dependence, which further weakens its risk
resistance and industrial resilience recovery capacity.

4.2. Multi-Dimensional Measurement and Evaluation of Beef Cattle Industry Resilience

Origin 2024b was used to visualize the evolutionary trends of each dimension. As
shown in Figure 1, the overall resilience index of China’s beef cattle industry showed a
continuous upward trend from 2012 to 2022, with accelerated growth after 2018. This
indicates that industrial resilience continued to improve during the study period, although
the growth patterns differed across dimensions.
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Figure 1. Overall resilience of the beef cattle industry and levels of various indicators from 2012
to 2022.

The sustainability dimension followed a shallow U-shaped trajectory, declining first
and then rising. In the early period (2012-2016), sustainability remained higher than the
other dimensions and fluctuated only slightly. This may be associated with the relatively
dispersed and less intensive production pattern of beef cattle farming at that stage. Under a
lower-intensity production mode, the measured pressures on ecological resources, manure
treatment, and carbon emissions were relatively limited, resulting in a higher sustain-
ability score. However, this does not necessarily indicate that the industry had achieved
an advanced level of green transformation during this period; rather, it mainly reflects
lower environmental constraints under a less intensive production pattern. As the beef
cattle industry gradually shifted toward scaled, standardized, and stall-feeding production
systems, the expansion of breeding scale and the increase in production intensity placed
higher requirements on manure treatment, resource recycling, carbon-emission control,
and organizational support. When green supporting systems lagged behind production
expansion, sustainability experienced a phased decline. In the later period (2018-2022),
sustainability showed a slight rebound, which may be related to the gradual advancement
of green production practices, crop-livestock integration, agro-pastoral circulation, and ma-
nure resource utilization. Therefore, the shallow U-shaped trajectory should be understood
as a stage-specific adjustment between production expansion pressure and sustainability
governance capacity in the beef cattle industry.

By contrast, foundational capacity, resistance, and recovery capacity improved more
markedly. Starting from relatively low levels, these three dimensions increased steadily
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during the study period and accelerated after 2017, reaching approximately 0.85 by 2022.
This trend is consistent with the broader policy environment following the 19th National
Congress of the Communist Party of China, after which the rural revitalization strategy
was continuously promoted as a major national strategy [37]. Improvements in rural and
pastoral infrastructure, standardized barn renovation, forage reserve systems, breeding
services, and epidemic-prevention mechanisms jointly strengthened the production foun-
dation, risk-response capacity, and post-shock recovery ability of the beef cattle industry.

Overall, the dimensional evolution during the study period shifted from an early
pattern mainly supported by sustainability to a later pattern more strongly driven by
foundational capacity and resistance, together with the synchronous growth of recovery ca-
pacity. This multidimensional evolution jointly contributed to the continuous improvement
of overall resilience.

4.3. Regional Differences in Beef Cattle Industry Resilience
4.3.1. Overall Regional Differences and Evolutionary Trends

As shown in Table 3, the average overall Gini coefficient of China’s beef cattle industry
resilience stood at approximately 0.277 from 2012 to 2022, revealing prominent spatial
disparities in industrial resilience during the research period. In terms of evolution, the
overall Gini coefficient dropped from 0.290 in 2012 to 0.267 in 2016 and remained stable at
this low level in 2017, before rebounding moderately to 0.282 in 2022. Generally, it followed
an evolutionary path of initial convergence and subsequent slow fluctuating growth.

Table 3. Dagum Gini coefficient and decomposition of beef cattle industry resilience.

Within-Region Gini Between-Region Gini Contribution Share (%)
E C W NE E-C E-W E-NE C-W C-NE W-NE Gw Gy G¢

2012 0290 0.122 0.228 0.241 0.346 0.275 0.324 0.355 0.250 0.306 0.305 25.840 32.070  42.090
2013  0.294 0.099 0206 0.254 0.359 0.258 0.315 0.359 0.244 0.316 0.322 26.017 34.385  39.598
2014 0277 0.114 0.195 0.230 0.347 0.243 0.287 0.353 0.222 0.303 0.307 26.137 35.803  38.060
2015 0.281 0.116 0.165 0.287 0.314 0.228 0.294 0.322 0.252 0.270 0.313 27.677  30.928  41.395
2016 0267 0.110 0.186 0.244 0.318 0.195 0.281 0.325 0.238 0.282 0.291 26.668 37.236  36.097
2017 0267 0.141 0266 0.118 0.316 0.281 0.244 0.322 0.220 0.302 0.243 27.868 26500 45.632
2018 0.271 0.140 0.122 0271 0325 0.231 0.281 0.321 0.224 0.260 0.306 28.031 26.251  45.718
2019 0276 0.151 0.282 0.120 0.313 0.300 0.272 0.330 0.231 0.305 0.250 27.719  28.089 44.192
2020 0.271  0.157 0.278 0.121 0.300 0.293 0.268 0.322 0.230 0.299 0.241 27.851  29.099 43.050
2021 0276 0.135 0.285 0.112 0.317 0.284 0.249 0.318 0.234 0.312 0.252 28.164  28.887  42.948
2022 0282 0.140 0.282 0.118 0.317 0.311 0.284 0.351 0.235 0.311 0.252 27.061  32.850 40.089
Note: G denotes the overall Dagum Gini coefficient. Gy, Gp,, and G denote the contribution shares of within-

region disparity, between-region disparity, and transvariation, respectively. E, C, W, and NE represent East,
Central, West, and Northeast, respectively.

Year G

4.3.2. Characteristics of Intra-Regional Differences

In terms of intra-regional gaps, Northeast China consistently registered the highest
intra-regional Gini coefficient with mild fluctuations, which indicates distinct and stable
internal divergence in local industrial resilience. Eastern China had the smallest intra-
regional disparity, with its coefficient fluctuating narrowly between 0.099 and 0.157, and
Central and Western China presented obvious periodic fluctuations. The Gini coefficient
of Central China climbed to 0.266 in 2017, declined to 0.122 in 2018, and stayed within
0.278-0.285 from 2019 to 2022. Western China’s coefficient hit a periodic peak of 0.287 in
2015, fell to 0.118 in 2017, rebounded to 0.271 in 2018, and finally leveled off between
0.112 and 0.121, showing a noticeable trend of phased convergence.
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4.3.3. Inter-Regional Differences and Formative Causes

Significant hierarchical disparities existed across different regional combinations. The
average Gini coefficient between Eastern and Northeast China reached 0.334, far higher
than other groupings, which reflects long-standing and substantial imbalance in beef cattle
industry resilience between the two regions. Such a gap originates from systematic differ-
ences in industrial development modes and factor endowments. Northeast China focuses
on beef cattle breeding and forage supply, featuring large-scale farming and superior re-
source endowments, thus possessing strong foundational capacity and risk resistance at
the production end. Restricted by land scarcity, environmental carrying pressure, and high
urbanization rates, Eastern China lacks sufficient breeding scale and forage support, and its
industry is mainly driven by processing, circulation, and market demand with a relatively
weak production-end resilience foundation. Marked differences in resource endowments,
industrial chain division, and resilience support mechanisms further widen their long-term
resilience gap.

By contrast, the Central-Western China grouping had the lowest average value, im-
plying similar industrial resilience levels and narrow inter-regional gaps between the
two regions. In addition, the disparity between Eastern and Central China expanded
continuously from 0.195 in 2016 to 0.311 in 2022. In the later stage, Eastern China relied
on abundant capital and technological advantages to develop intelligent breeding and
brand-based operation, enhancing its capacity to cope with market fluctuations. Never-
theless, Central China was still constrained by traditional factors such as environmental
regulations and land resources, resulting in a widening gap in the improvement speed of
industrial resilience.

4.3.4. Decomposition Results of Contribution Rates to Regional Differences

The decomposition results indicate that the overall regional differences are mainly
driven by both inter-regional differences and hypervariable density contributions. The
contribution rate of the former clearly fluctuated within the range of 26% to 37% during
2012-2022, presenting a trend of rising, sharply declining, and recovering. Specifically,
the inter-regional contribution rate rose from 32.070% to 35.803% between 2012 and 2014,
dropped to 30.928% in 2015, and surged to the peak of 37.236% in 2016, while the hyper-
variable density contribution decreased to 36.097%, suggesting weakened overlapping
characteristics of cross-regional distribution.

From 2017 to 2018, the inter-regional contribution rate plunged to 26.5% and 26.251%,
while the hypervariable density contribution increased to 45.632% and 45.718%, demon-
strating that the cross-distribution of resilience levels among provinces in different regions
became increasingly prominent, which weakened the influence of net inter-regional differ-
ences. The inter-regional contribution rate rebounded gradually and reached 32.850% in
2022, accompanied by eased cross-regional overlap and restored influence of inter-regional
disparities, and remained relatively stable throughout the study period.

4.4. Temporal Evolution Analysis of Beef Cattle Industry Resilience

From a national perspective (Figure 2a), the main peak of the kernel density curve
clearly shifted rightward from 2012 to 2022. This pattern is consistent with continuous
improvement in the overall level of beef cattle industry resilience, a prominent upward
trend that may be related to national policies advancing animal husbandry modernization.
Meanwhile, the peak height declined, the tail extended, and the curve width widened
slightly, which may be linked to gradually enlarged inter-regional resilience gaps; a plau-
sible explanation for this pattern is the superposition of external shocks and uneven
factor agglomeration.
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Figure 2. Kernel density map of the resilience development level of the national and regional beef
cattle industry from 2012 to 2022: (a) China; (b) Eastern China; (c) Central China; (d) Western China;
(e) Northeastern China. Note: The color gradient is used to distinguish the height of the kernel
density surface; warmer colors indicate higher kernel-density values, whereas cooler colors indicate

lower kernel-density values.

From a sub-regional perspective, the peak of Eastern China (Figure 2b) moved right-
ward with gradually decreasing density in the low-value area on the left side, a feature
consistent with relatively balanced internal development. This pattern may be associated
with its solid industrial foundation, strong market demand, and mature cold chain logistics
system [38]. Nevertheless, the right tail extended and the peak width expanded after 2019,
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a trend consistent with the observation that some provinces in Eastern China took the lead
in industrial upgrading and internal regional disparities gradually widened.

For Central China (Figure 2c), the main peak steadily shifted rightward with rising
peak height in the early stage, a feature consistent with overall growth and preliminary
convergence of industrial resilience. After 2017, the curve expanded markedly and a
secondary peak emerged, a pattern consistent with intensified internal divergence, whereby
several advantaged provinces stepped into the medium-to-high resilience rank. A plausible
explanation for this shift is the implementation of the Grain-for-Forage policy, which may be
related to expanded high-quality forage supply and an optimized grass-livestock matching
layout [39].

Western China (Figure 2d) presented a multi-peak kernel density structure with a
declining peak height and widening distribution range, a characteristic consistent with
the most prominent internal development disparities across all regions. In the middle and
later periods, the peak value fell continuously, the distribution range further expanded,
and a high-value tail appeared on the right; this pattern aligns with the observation that
resilience improved in a few provinces while most regions saw slow progress.

Such divergence may be related to huge differences in natural geographical conditions
and socioeconomic foundations within Western China. Pastoral grassland areas enjoy stable
forage supply and mature breeding traditions, a feature consistent with the formation of
clusters with medium and high industrial resilience. In contrast, high-altitude and remote
areas are restricted by inconvenient transportation and underdeveloped market conditions,
relying heavily on external forage supply. Weak circulation, processing, and cold chain
support, together with imperfect industrial chain cooperation and a low organizational
level, may be linked to the sustained low resilience of these regions. Improvements in
transportation infrastructure and the new round of the Western Development Strategy
launched in 2019 may be associated with optimized market connection capacity and
industrial supporting systems in some provinces, a pattern consistent with rapid growth in
industrial resilience within these areas.

The kernel density curve of Northeast China (Figure 2e) fluctuated noticeably, while
its main peak shifted rapidly to the right, indicating a relatively prominent improvement
in beef cattle industry resilience in this region. This may be associated with the region’s
favorable resource base and industrial conditions. Heilongjiang, Jilin, Liaoning, and other
northeastern provinces have strong corn production capacity and abundant straw resources,
which provide a relatively stable foundation for energy feed and roughage supply in beef
cattle farming. Meanwhile, Northeast China has favorable crop-livestock integration con-
ditions and a certain development foundation for large-scale fattening and standardized
breeding, which may help improve forage utilization efficiency, production organization
capacity, and risk-buffering ability. In recent years, the continuous promotion of straw feed
utilization, black soil protection, livestock structure adjustment, and support for large-scale
breeding may also have improved regional ecological breeding conditions and industrial
supporting capacity, which is consistent with the relatively rapid improvement in beef cattle
industry resilience in this region. However, differences in resource conditions, industrial
foundations, and organizational levels still exist within Northeast China; therefore, its ker-
nel density curve also shows certain fluctuations and phased differentiation characteristics.

4.5. Spatial Evolution Characteristics of Beef Cattle Industry Resilience
4.5.1. Spatial Pattern Characteristics

Using ArcGIS 10.5 software and adopting the natural breakpoint classification
method, the beef cattle industry resilience levels of 31 provinces in China are divided into
five grades [40]: low-resilience areas (0.023039-0.047738), relatively low-resilience areas
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(0.047739-0.083232), medium-resilience areas (0.083233-0.135078), relatively high-resilience
areas (0.135079-0.178424), and high-resilience areas (0.178425-0.411417). In this study, 2013,
2016, 2019, and 2022 are selected as typical years to analyze the spatial distribution pattern
of this resilience in China (Figure 3).
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Figure 3. Spatiotemporal evolution comparison of the resilience of the beef cattle industry: (a) 2013;
(b) 2016; (c) 2019; (d) 2022. Note: The colors from light to dark represent low resilience, relatively low
resilience, medium resilience, relatively high resilience, and high resilience, respectively. The dashed
lines denote the South China Sea boundary lines shown in the China base map.

Overall, from 2013 to 2022, beef cattle industry resilience presented a distinct spatial
pattern: northern pastoral areas, northeastern regions, and superior southwestern regions
boasted relatively high resilience, while that of southeast coastal areas and Hainan Province
remained at a low level. High-resilience areas showed zonal agglomeration in northern
China and gradually diffused in a multi-polar manner; low-resilience areas kept shrinking,
and relatively low-resilience areas remained stable along the southeast coast.

In 2013, high-resilience areas were mainly concentrated in Inner Mongolia, Hei-
longjiang, Shandong, and Henan. Liaoning, Jilin, Hebei, and Sichuan in southwest China be-
longed to relatively high-resilience areas. Medium-resilience areas covered nine provinces
and municipalities including Xinjiang, Xizang, and Yunnan in Western China, as well as
Anhui, Jiangsu, and Hubei in the middle and lower reaches of the Yangtze River. Eight
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provincial-level regions such as Shanxi and Shaanxi in central inland areas fell into rela-
tively low-resilience areas, while Ningxia, Fujian, Shanghai, and Hainan were classified as
low-resilience areas. Provinces with medium and relatively low resilience accounted for
the largest proportion in this period.

In 2016, the scope of high-resilience areas expanded remarkably and included superior
producing areas in northern and southwestern China. Hebei, Sichuan, and Jilin were
upgraded from relatively high resilience to high resilience, and Hunan was promoted
from medium resilience to high resilience, forming a contiguous high-value zone across
northern China. Hubei, Anhui, Yunnan, Gansu, and Beijing rose from medium resilience to
relatively high resilience, and the coverage of relatively low-resilience and low-resilience
areas further narrowed, with only Shanghai and Hainan staying at the low-resilience level.

In 2019, the number of regions at each resilience grade tended to be stable. Yunnan
was upgraded from relatively high resilience to high resilience, Hunan dropped from high
resilience to medium resilience, and Guangdong and Jiangsu were elevated from medium
resilience to relatively high resilience. A total of 10 provincial-level regions belonged to
medium-resilience areas, taking up the largest proportion among all grades.

As shown in Table 4, in 2022, high-resilience areas further expanded towards northwest
and southern China. Xinjiang, Gansu, Liaoning, Jiangsu, and Guangdong were promoted
from relatively high resilience to high resilience; provincial-level regions in the middle and
lower reaches of the Yangtze River including Anhui, Hunan, and Hubei also moved up
from medium resilience to high resilience.

Table 4. Moran'’s I of the overall resilience of the beef cattle industry during 2012-2022.

Y Contiguity Weight Matrix Economic-Geographic Weight Matrix
e Moran’s 1 z-Score p-Value Moran’s 1 z-Score p-Value
2012 0.331 3.064 0.002 *** 0.120 3.136 0.002 ***
2013 0.316 2.935 0.003 *** 0.103 2.762 0.006 ***
2014 0.330 3.062 0.002 *** 0.106 2.836 0.005 ***
2015 0.245 2.424 0.015 ** 0.087 2.532 0.011 **
2016 0.249 2.362 0.018 ** 0.073 2.144 0.032 **
2017 0.239 2.312 0.021 ** 0.077 2.248 0.025 **
2018 0.203 2.021 0.043 ** 0.077 2.282 0.023 **
2019 0.226 2.228 0.026 ** 0.076 2.264 0.024 **
2020 0.208 2.082 0.037 ** 0.066 2.069 0.039 **
2021 0.187 1.897 0.058 * 0.066 2.067 0.039 **
2022 0.255 2.491 0.013 ** 0.074 2.218 0.027 **

Note: ** p < 0.01, ** p < 0.05,* p < 0.1.

On the whole, the beef cattle industry resilience in China has achieved steady improve-
ment accompanied by continuous optimization of spatial layout. Superior producing areas
should fully exploit their advantages in large-scale breeding and industrial chain agglomer-
ation, strengthen radiating and driving effects, and promote coordinated improvement in
industrial resilience in surrounding regions.

4.5.2. Spatial Correlation Characteristics

In terms of the magnitude of Moran’s I, the values range from 0.187 to 0.331 under
the contiguity weight matrix, whereas they are only between 0.066 and 0.120 under the
economic-geographic weight matrix. This indicates that the spatial correlation of provin-
cial beef cattle industry resilience is mainly reflected in limited clustering under direct
geographic adjacency. When economic similarity is further incorporated into the spatial
relationship, the overall degree of spatial dependence becomes weaker. The beef cattle
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industry is highly dependent on natural resources and regional production conditions,
and its development is closely related to grassland resources, feed and forage supply,
breeding foundations, epidemic prevention capacity, and transport distance. Therefore,
neighboring provinces are more likely to exhibit certain similarities in resilience levels. By
contrast, after economic similarity is incorporated into the economic-geographic weight
matrix, the Moran’s I values decline markedly, suggesting that the spatial distribution of
beef cattle industry resilience is not determined solely by economic similarity, but is more
strongly shaped by differences in natural resource conditions, industrial foundations, and
production functions.

From the perspective of temporal evolution, Moran’s I shows an overall fluctuating
downward trend under both weight matrices. This suggests that although provinces with
similar resilience levels still exhibit a certain degree of spatial association, the intensity of
spatial clustering weakened during the study period.

4.5.3. Local Spatial Autocorrelation Test

As shown in Figure 4, in terms of local spatial autocorrelation, the spatial pattern of
China’s beef cattle industry resilience was mainly dominated by HH and LL agglomeration
types from 2012 to 2022. As seen from the scatter distribution, more provinces converged
towards the coordinate axes and the origin in 2022.
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Figure 4. Scatter plot of local Moran’s I for specific years: (a) 2012; (b) 2022.

In 2012, HH-type high-value agglomeration areas were formed in Northeast and North
China, with Heilongjiang, Jilin, and Liaoning acting as the core of high-value clusters; this
pattern was generally maintained in 2022 and became more concentrated within Northeast
China. LL-type low-value agglomerations were mainly distributed in the southeast coastal
areas and parts of southwest China in both periods, forming a low-value belt covering
Shanghai, Fujian, Zhejiang, Jiangxi, Chongging, and other provincial-level regions.

Meanwhile, an increasing number of provinces belonging to LH and LL types clustered
closer to the coordinate axes and the origin in 2022, which indicates that the intensity of spa-
tial agglomeration has gradually declined, with more prominent local spatial heterogeneity
and transitional characteristics emerging.
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5. Diagnosis of Obstacle Factors Affecting Beef Cattle
Industry Resilience
5.1. Analysis of Obstacle Factors at the National Level

As shown in Table 5, at the national level, the main obstacle factors restricting the
improvement of China’s beef cattle industry resilience remained highly stable from 2012 to
2022. The top five obstacle factors were consistently concentrated in annual total corn
output (C9), the degree of large-scale breeding (C13), forage sown area (C10), year-end
breeding cow inventory (C11), and the number of authorized patents (C7).

Table 5. Main factors hindering the resilience of the beef cattle industry (Unit: %).

Obstacle Year
Factors 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
1 C9 C9 C9 C9 C9 C9 C9 C9 C9 C9 C9
st 12.707 12.858 12.963 13.202 13.162 12963 13.027 12997 13.054 13.405 13.301
ond C13 C13 C13 C13 C13 C13 C13 C13 C13 C13 C13
I 12.408 12.524 12494 12.762 12.621 12.649 12.841 12.849 12.803 12.902 12.939
3rd C10 C10 C10 C11 C11 C10 C10 C10 C10 C10 C10
T 11.204 11.287 11.391 11.363 11.298 11536 11.610 11.696 11.826 11.901 12.026
h C11 C11 C11 C10 C10 C11 C11 C11 C11 Cl11 C11
4t 11.100 11.135 11.159 10.547 11.137 11.267 11.276 11.268 11.282 11.147 10.979
5th Cc7 Cc7 Cc7 Cc7 Cc7 Cc7 Cc7 Cc7 Cc7 Cc7 Cc7
t 9.456 9.466 9.495 9.665 9.600 9.425 9.365 9.350 9.292 9.242 9.251

Annual total corn output (C9) ranked as the primary obstacle factor, which is closely
related to the cost structure and feeding characteristics of beef cattle production. Feed cost
is one of the largest components of beef cattle farming costs. Public production surveys
indicate that feed costs can account for more than 70% of total beef cattle farming costs, sug-
gesting that fluctuations in feed supply and feed prices directly affect breeding profitability
and operational stability [41]. Corn is an important energy feed in beef cattle fattening.
In commonly used beef cattle fattening concentrate formulas, corn usually accounts for
approximately 50-58% of the concentrate mixture; in stage-specific fattening rations, corn
accounts for approximately 30-45% of the diet [42]. Therefore, corn output not only reflects
regional feed-grain supply capacity, but also affects the stability of fattening costs, feed
conversion efficiency, and risk resistance capacity. When corn supply is insufficient or
its price fluctuates substantially, the shock can be rapidly transmitted to concentrate feed
costs and fattening expenditures, thereby increasing uncertainty in breeding income and
weakening beef cattle industry resilience.

The degree of large-scale breeding (C13) consistently ranked second from 2012 to 2022,
with its obstacle degree increasing slowly from 12.408% to 12.939%. This result indicates
that, under the established indicator system and weighting structure, the insufficient level
of large-scale and standardized breeding remains an important weakness in improving
the resilience of the beef cattle industry. Moderate-scale operation usually helps improve
production efficiency, epidemic prevention capacity, technology adoption, and market
bargaining power [43]. However, in practice, the expansion of large-scale breeding is
still affected by factors such as land availability, financing constraints, environmental
regulations, and investment in breeding facilities. Therefore, the persistently high obstacle
degree of C13 reflects, to some extent, that the organizational and standardized production
capacity of the beef cattle industry still has room for improvement.
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Forage sown area (C10) and year-end breeding cow inventory (C11) alternated between
the third and fourth positions, indicating that the relative importance of forage-resource
constraints and breeding-foundation constraints varied across different periods. From
2012 to 2014, C10 ranked third, suggesting that insufficient forage supply exerted a strong
constraint on the resilience of the beef cattle industry in the early stage of the study period.
In 2015 and 2016, C11 rose to third place, while C10 dropped to fourth place, indicating
that as forage-resource pressure was relatively alleviated, the shortage of cattle sources
and weak breeding foundations became more prominent. After 2017, C10 returned to third
place and remained relatively stable, with its obstacle degree increasing from 11.536% in
2017 to 12.026% in 2022. This change may be related to the expansion of breeding scale, the
growth of fattening demand, and the increasing pressure on high-quality forage supply.
Meanwhile, the obstacle degree of C11 declined to 10.979% in 2022, but it remained among
the top four obstacle factors over the long term, indicating that breeding cow inventory
and breeding foundations are still important factors related to industrial recovery capacity.

The number of granted patent applications (C7) remained in fifth place throughout
the study period, with its obstacle degree ranging from 9.242% to 9.665%. This result
indicates that technological innovation is not the most prominent obstacle factor, but its
supporting role in improving the resilience of the beef cattle industry still needs to be
further strengthened. The enhancement of beef cattle industry resilience depends not only
on resource inputs and the expansion of breeding scale, but also on technological support in
improved-breed breeding, feeding management, epidemic prevention and control, manure
resource utilization, smart livestock farming, and carbon-emission reduction [44]. The long-
term presence of C7 among the top five obstacle factors indicates that the transformation of
technological innovation capacity into resilience improvement remains insufficient.

Overall, the obstacle factors are mainly characterized by a relatively prominent feed-
grain supply constraint, the persistent weakness of large-scale operation, the stage-specific
alternation between forage-resource constraints and breeding-foundation constraints, and
the need to further strengthen technological innovation support.

5.2. Analysis of Obstacle Factors at Regional Level

As shown in Table 6, the regional ranking of obstacle factors further reveals clear
heterogeneity in the constraints affecting beef cattle industry resilience. In Eastern China,
annual total corn output (C9) ranked as the primary obstacle factor in all selected years,
while forage sown area (C10) also remained highly ranked, ranking third in 2013 and
second in 2016, 2019, and 2022. This indicates that constraints on feed-grain and forage
supply are persistent bottlenecks for improving beef cattle industry resilience in Eastern
China. This may be related to relatively limited land resources, high urbanization levels,
and strong competition among grain crops, cash crops, and non-agricultural land uses in
the region. Against this background, improving beef cattle industry resilience in Eastern
China may depend more on the stability of external feed procurement, feed-use efficiency,
and interregional supply-chain coordination.

In Central China, the leading obstacle factors shifted between the degree of large-scale
breeding (C13) and annual total corn output (C9). In 2013, the degree of large-scale breeding
(C13) ranked first, followed by annual total corn output (C9) and year-end breeding cow
inventory (C11). In 2016 and 2022, annual total corn output (C9) rose to become the
primary obstacle factor, while the degree of large-scale breeding (C13) ranked second. This
change suggests that while Central China has improved breeding organization and large-
scale operation through the construction of standardized farms, leading enterprises, and
industrial alliances, the expansion of breeding and fattening activities may have increased
pressure on feed-grain supply. Therefore, the main constraints in Central China are not
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only related to the expansion of breeding scale itself, but also to the coordination between
scaled production and stable feed-grain supply.

Table 6. Main barriers to the resilience of the beef cattle industry in the four major regions (unit: %).

Year
Region 2013 2016 2019 2022
1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd
East C9 C13 C10 c9 C10 C11 C9 C10 C13 C9 C10 C11
Central C13 C9 C11 C9 C13 C11 C13 C9 C10 C9 C13 C10
West c9 C13 C10 C9 C13 C10 C13 C9 C10 C13 C9 C10

Northeast C13

C10 C11 C13 C10 C11 C13 C10 C11 C13 X10 c7

In Western China, the ranking of obstacle factors shifted from being dominated by
feed-grain constraints to being dominated by scale-operation constraints. In 2013 and
2016, annual total corn output (C9) ranked first, followed by the degree of large-scale
breeding (C13) and forage sown area (C10). However, in 2019 and 2022, the degree of
large-scale breeding (C13) rose to first place, while annual total corn output (C9) ranked
second and forage sown area (C10) remained third. This indicates that insufficient large-
scale and standardized breeding had become the most prominent constraint in Western
China in the later stage of the study period. Although Western China has certain grassland
resources and ecological breeding advantages, beef cattle production may still be affected
by scattered farming entities, weak standardization, insufficient infrastructure, and limited
industrial-chain coordination [45]. Under market fluctuations and external shocks, these
weaknesses may reduce production efficiency, risk-sharing capacity, and the ability to
transform resource advantages into stable industrial resilience.

In Northeastern China, the obstacle structure was relatively stable. The degree of
large-scale breeding (C13) ranked first in all selected years, and forage sown area (C10)
ranked second throughout 2013-2022. Year-end breeding cow inventory (C11) ranked third
in 2013, 2016, and 2019, indicating that the breeding foundation was also an important
constraint during most of the study period. By 2022, the number of authorized patents (C7)
had risen to third place, suggesting that insufficient technological innovation and weak
transformation of research achievements were emerging as new constraints.

Overall, the regional ranking of obstacle factors indicates that different regions face
different combinations of bottlenecks. Eastern China is mainly constrained by feed-grain
and forage supply; Central China faces dual pressures from breeding-scale expansion
and increasing feed-grain demand; Western China is increasingly constrained by in-
sufficient large-scale and standardized operation; and Northeastern China continues
to face constraints in scale operation and forage supply, with technological innovation
becoming more prominent in the later period. These results suggest that policies for
improving beef cattle industry resilience should not adopt a uniform regional approach,
but should instead be aligned with regional resource endowments, production-system
characteristics, and industrial-chain functions. It should also be noted that the four-
region classification is insufficient to fully capture internal heterogeneity and may mask
differences among beef cattle production systems within the same region. Future re-
search could further compare these results with classifications based on agro-ecological
zones or production systems.
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6. Conclusions and Promotion Paths
6.1. Main Research Conclusions

Based on panel data from 31 provincial-level administrative regions in China from
2012 to 2022, this study constructs a four-dimensional resilience evaluation framework for
the beef cattle industry, covering foundational capacity, resistance capacity, recovery capac-
ity, and sustainability capacity. By integrating the entropy weight method, kernel density
estimation, Dagum Gini coefficient decomposition, spatial autocorrelation analysis, and an
obstacle degree model, this study identifies the temporal evolution, regional disparities,
spatial associations, and relative bottlenecks of beef cattle industry resilience. The main
conclusions are as follows.

(1) The comprehensive resilience index of China’s beef cattle industry increased from
0.105 in 2012 to 0.167 in 2022, but the overall level remained relatively low. Founda-
tional capacity, resistance capacity, and recovery capacity improved steadily, whereas
sustainability capacity exhibited a shallow U-shaped trajectory. This indicates that
the short- and medium-term supporting and recovery conditions of the beef cattle
industry have improved, but long-term green transformation remains a weak link.

(2) Regional imbalance persisted during the study period. The average overall Dagum
Gini coefficient was 0.277, showing an evolutionary pattern of initial convergence
followed by renewed expansion. The difference between Eastern and Northeastern
China was the largest, while the gaps between Eastern and Western China and
between Northeastern and Western China were also evident. Therefore, national
imbalance cannot be attributed to a single regional pair; rather, it reflects multiple
gaps in resource endowments, production functions, technological conditions, and
market organization.

(8) The kernel density estimation results show that the national distribution curve shifted
rightward while the distribution range widened, indicating that beef cattle industry
resilience improved overall but became more differentiated. Eastern China improved
relatively steadily, Central China showed hierarchical differentiation in the later
period, Western China exhibited multi-polar differentiation, and Northeastern China
improved rapidly but with stronger fluctuations.

(4) The spatial autocorrelation results indicate that beef cattle industry resilience showed
positive but relatively limited spatial association. High-resilience clusters were mainly
distributed in northern pastoral areas, northeastern production-advantage areas, and
some southwestern agro-pastoral ecotone areas, whereas several southeastern coastal
and southern provinces remained low-resilience areas. The decline in Moran’s 1
suggests that local heterogeneity has become increasingly important.

(5) From the perspective of obstacle constraints, insufficient feed and forage supply, a
low level of large-scale and standardized breeding, an incomplete improved-breed
breeding system, and lagging innovation in green breeding and smart livestock tech-
nologies are the core common obstacles restricting the steady improvement of beef
cattle industry resilience. Meanwhile, the degree of influence and priority of these con-
straints vary significantly across Eastern, Central, Western, and Northeastern China.
Different regions face distinct development bottlenecks, weak links, and upgrading
difficulties, making unified and homogeneous industrial support policies less effec-
tive. Therefore, differentiated resilience improvement paths should be formulated
according to regional resource endowments and industrial foundations.

6.2. Promotion Paths

First, corresponding to the weakness in sustainability capacity, a green, low-carbon,
and circular breeding system should be accelerated. Priority should be given to crop—
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livestock integration, manure resource utilization, straw feed conversion, silage feed supply,
and carbon-emission management. By improving resource recycling efficiency and envi-
ronmental governance capacity, the beef cattle industry can enhance its adaptive capacity
under long-term resource constraints and green transformation requirements.

Second, corresponding to persistent regional imbalance, differentiated policies should
be designed according to regional resource endowments and industrial functions. Eastern
China should focus on improving the stability of external feed procurement, processing and
circulation efficiency, and technical service capacity. Central China should strengthen grain—
feed coordination, slaughtering and processing, and cold-chain logistics systems. Western
China should develop ecological grassland breeding and green brands under ecological
constraints. Northeastern China should consolidate its foundation as a high-quality beef
cattle production and breeding-stock base.

Third, corresponding to the widening inter-provincial differentiation revealed by
kernel density estimation, a hierarchical and categorized resilience improvement mech-
anism should be established. For low-resilience provinces, priority should be given to
improving basic production conditions, epidemic prevention and control, feed and forage
security, and financial support, so as to prevent long-term low-level development. For
medium-resilience provinces, efforts should focus on improving coordination among forage
production, improved-breed breeding, large-scale farming, slaughtering and processing,
and market circulation, so as to prevent further structural differentiation. For high-resilience
provinces, their resource or scale advantages should be transformed into systematic ad-
vantages through technology diffusion, standard promotion, and industrial cooperation,
thereby forming gradient improvement paths suited to different resilience levels.

Fourth, corresponding to the limited spatial association and increasing local hetero-
geneity, cross-regional industrial coordination should be strengthened to enhance the
driving role of high-resilience regions. A more stable regional cooperation network should
be built through cross-regional feed and forage allocation, breeding-stock supply, joint
epidemic prevention and control, shared technical services, and cold-chain logistics connec-
tions. In particular, functional complementarity among major production areas, fattening
areas, processing areas, and consumption areas should be strengthened to improve interre-
gional industrial-chain coordination.

Fifth, corresponding to the core bottlenecks identified by the obstacle degree model,
targeted improvements should be made in feed and forage supply, moderate-scale opera-
tion, breeding foundations, and technological innovation. On the one hand, the stability
of feed and forage supply should be enhanced by promoting the Grain-for-Forage policy,
constructing silage corn bases, utilizing straw as feed, and improving cross-regional feed
and forage supply systems. On the other hand, moderate-scale operation supported by
standardized barns, cooperatives, and leading enterprises should be encouraged, while
breeding cow protection, improved-breed expansion, and basic cow herd development
should be strengthened to enhance industrial recovery capacity. In addition, research,
development, and extension of key technologies, including improved-breed breeding,
smart livestock farming, epidemic prevention and control, manure resource utilization, and
low-carbon breeding, should be strengthened to enhance the contribution of technological
innovation to beef cattle industry resilience.

6.3. Research Limitations and Future Prospects

This study still has several limitations. First, the analysis is mainly based on provincial-
level macro data, which makes it difficult to fully reveal the differences among farmers,
cooperatives, leading enterprises, and other types of production and business entities.
Second, some indicators, such as broadband access ports, patent authorizations, highway
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freight turnover, and fiscal support, are provincial-level proxy indicators rather than
beef-cattle-specific indicators. Although their theoretical logic and proxy basis have been
explained in this study, these indicators may still be insufficient to fully reflect the actual
operating characteristics within the beef cattle industry. Third, the methods used in this
study mainly focus on comprehensive evaluation, spatial association identification, and
obstacle-factor diagnosis. They do not further distinguish the independent effects of policy
shocks, market fluctuations, pandemic-related disturbances, and other factors through
causal identification models. Fourth, unobserved institutional factors, local implementation
capacity, and market organization may also affect industrial resilience, but these factors are
difficult to measure consistently at the provincial scale.

Future research can be further extended in several directions. First, micro survey data
and enterprise panel data can be incorporated to examine resilience differences among
entities with different breeding scales, organizational forms, and business models. Second,
fixed-effects models, difference-in-differences models, and spatial econometric methods
such as the spatial Durbin model can be used to further identify the causal determinants
and spatial transmission mechanisms of beef cattle industry resilience. Third, scenario
simulation methods can be introduced to evaluate changes in beef cattle industry resilience
under climate shocks, feed price increases, animal disease outbreaks, and trade disruptions.
Fourth, more refined ecological production-zone classifications can be adopted and com-
pared with the four-region economic classification used in this study, so as to improve the
explanatory power of regional disparity analysis.

From the perspective of international applicability, the contribution of this study does
not lie in proposing China-specific policy instruments that can be directly replicated by other
countries. Rather, it provides a diagnostic approach for evaluating resilience and identifying
bottlenecks in long-cycle livestock industries. For beef cattle-producing countries that also
face feed price volatility, animal disease risks, ecological and environmental constraints,
market uncertainty, and uneven regional development, this approach can help identify key
weaknesses within the industrial system and provide comparative references for industrial
adjustment under different development stages and resource endowment conditions.

It should be noted that the Chinese evidence is embedded in a specific institutional
and industrial context. Provincial governance structures, fiscal support mechanisms, policy
arrangements such as the Grain-for-Forage policy, regional economic differentiation, and
the structure of beef cattle production and consumption may all affect the specific empirical
results. Therefore, the conclusions of this study are more suitable as an analytical reference
for international comparison. A more general implication is that resilience building in
long-cycle livestock industries requires the coordination of resource supply, producer
organization, market connections, technological support, and regional collaboration, as
well as adaptive adjustment according to local resource conditions and development
constraints. Specifically, for regions with abundant grassland resources but relatively weak
market organization capacity, such as parts of South America, Central Asia, and Africa,
resilience enhancement may focus on the coordinated development of grassland resource
utilization, ecological breeding, disease prevention and control, and product branding. For
regions with strong consumer markets but limited land resources and feed supply, such as
parts of Southeast Asia and densely populated developing economies, greater attention
should be paid to processing capacity, cold-chain logistics, financial services, digital market
information, and cross-regional feed-security systems. In this sense, the Chinese case does
not provide a single policy template, but offers a comparative diagnostic reference for
optimizing resource allocation, strengthening regional coordination, and enhancing system
adaptability in different livestock development contexts.
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