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Abstract: Inner Mongolia operates using integrated agropastoral systems comprising crop and livestock production
subsystems. To evaluate the efficiency of these interconnected subsystems, we develop an innovative parallel-bounded
adjusted measure (BAM) model with shared inputs and outputs. Unlike conventional data envelopment analysis (DEA)
models, this approach explicitly accounts for parallel structures with shared inputs and outputs, allowing for a more
precise and nuanced assessment of efficiency. Our results are as follows: (i) regional efficiency disparities: Hohhot City,
Ordos City, and Wuhai City are efficient, whereas Ulanqab City performs the worst; (if) subsystem performance: crop
production subsystems generally outperform livestock production subsystems; (iii) inefficiencies: we observe signifi-
cant input slacks in cultivated land area, total agricultural machinery power, and initial livestock numbers, whereas the
disposable income of rural residents requires significant improvement.
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Agriculture plays a vital role in national development
and economic stability. A robust agricultural system serves
as the cornerstone of building a modern socialist country.
For China, a nation with a population exceeding 1.4 bil-
lion, agriculture is of critical strategic significance. It en-
sures a stable and sufficient supply of essential agricultural
commodities and also underpins national security. Inner
Mongolia is renowned as China's meat production hub,
dairy heartland, and granary. It ranks first nationwide
in beef and mutton production, dairy cattle inventory,
and milk production; it is also a leading grain sown area

with its total grain output (National Bureau of Statistics of
China, 2025). This pivotal role creates significant pressure
to sustain high productivity, especially amid growing re-
source constraints and environmental challenges. There-
fore, enhancing the efficiency of the agricultural system
in Inner Mongolia is critical to ensure regional and na-
tional food security and sustainable development.

Inner Mongolia's distinctive geoeconomic profile es-
tablishes it as a quintessential agropastoral transition
zone, where crop farming and livestock production
coexist and interact synergistically. In other words,
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agropastoral systems comprise crop and livestock pro-
duction subsystems. These two subsystems operate
independently and in close proximity. The crop pro-
duction subsystems require inputs such as cultivated
land and agricultural machinery to produce crops;
the livestock production subsystems rely on livestock
inputs to generate outputs, including meat, eggs, and
milk. However, the two subsystems share common
inputs, such as the agricultural and livestock work-
force, and shared outputs, such as gross agricultural
production value and rural residents' disposable in-
come. Based on these characteristics, this study defines
a configuration as a Parallel Structure of Subsystems
with Shared Inputs and Outputs (PSSSIO) (Figure 1).
Evaluating only one subsystem in isolation or neglect-
ing the sharing mechanism between them may intro-
duce bias into the efficiency results and undermine
the reliability of the policy recommendations. There-
fore, it is essential to construct an efficiency evaluation
framework that is capable of accurately representing
this integrated agropastoral structure.

Nevertheless, existing literature reveals substantial lim-
itations in evaluating the efficiency of such complex paral-
lel systems. First, mainstream studies have predominantly
focused on single agricultural production systems, typi-
cally oriented toward regions where crop farming is the
dominant activity, making them ill-suited for analysing
regions where crop and livestock subsystems coexist with
markedly different resource endowments (Zhao et al
2019; Cheng et al. 2025; Wang et al. 2025). Second, con-
ventional parallel or network data envelopment analysis
(DEA) models often assume homogeneity across subsys-
tem structures and limited interaction among resources.
This prevents them from capturing pervasive resource
competition and synergistic relationships within Inner
Mongolia's agropastoral system. For example, the agricul-
tural and livestock workforce exhibits clear competition

between the two subsystems. Moreover, both the gross
agricultural production value and disposable income
of rural residents are jointly generated by crop production
and livestock production subsystems. Their input—output
structures differ markedly from those of a conventional
stand-alone crop production system.

To address these gaps, our study develops a paral-
lel-bounded adjusted measure (BAM) model based
on DEA tailored to the PSSSIO structure. This model
can depict the shared input—output mechanisms, out-
put heterogeneity, and structural interdependencies
between crop and livestock subsystems, thereby ena-
bling a more precise measurement of both overall sys-
tem efficiency and subsystem-specific efficiency.

An accurate efficiency measurement framework
for such a system is not merely a methodological ex-
ercise but has direct economic and policy relevance.
For policymakers in Inner Mongolia, understanding
where and how inefficiencies arise within and between
crop and livestock production subsystems is crucial for
evidence-based decision-making. These findings can
directly guide more effective resource allocation, such
as prioritising investments in agricultural machinery,
irrigation, or pasture improvement, to yield the great-
est synergistic returns. They can also guide targeted
interventions in livestock management and infrastruc-
ture planning that benefit both subsystems equitably.
Ultimately, this precise efficiency assessment provides
a scientific basis for formulating policies that enhance
overall productivity, sustainability, and resilience of the
regional agropastoral economy.

Accordingly, this study aims to answer the following
research questions: () How can a parallel DEA model
integrating the BAM approach and shared resource al-
location be formulated to accurately assess the efficiency
of agropastoral systems characterised by PSSSIO?; (i)
What are the overall and subsystem-specific efficiency
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Figure 1. Conceptual framework of the parallel agropastoral system

Source: Compiled by the authors
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levels of agropastoral systems across different prefec-
tures in Inner Mongolia, and how do they compare? and
(iii) What are the primary sources of inefficiency, and
what specific policy implications do they yield for re-
source management and subsystem development?

To contextualise this study, we present a comprehen-
sive overview of relevant prior research.

Efficiency evaluation of agriculture. The challenges
confronting agricultural systems, particularly in pas-
toral-agropastoral transition zones, transcend simple
yield metrics. As Thornton et al. (2024) emphasised, en-
acting local and effective changes in these zones must
account for complex socioeconomic factors. Spatial
analyses have revealed that these transition zones are
often characterised as complex coupling ecosystems
(CCEs), where socioeconomic and natural systems in-
teract intensely, concentrating drastic shifts in land use,
economy, and ecology, thereby heightening their vulner-
ability and management complexity (Zhang et al. 2026).
Furthermore, the success of adaptation and transforma-
tion in these regions is significantly influenced by policy
interventions (Zhong et al. 2025). This multidimensional
complexity, encompassing socioeconomic, spatial, and
policy sensitivities, underscores why agricultural ef-
ficiency measurements have remained a central focus
in global agricultural research. Consequently, scholars
have extensively studied agricultural efficiency using
both parametric and nonparametric methods.

Among parametric approaches, stochastic frontier
analysis (SFA) is widely employed to evaluate tech-
nical and energy efficiency in agriculture (e.g. Yang
et al. 2020; Hajihassaniasl 2022; Khan et al. 2023; Mou-
lay et al. 2024; Song et al. 2024), largely because of its
ability to distinguish between managerial inefficiency
and random disturbances. However, the SFA requires
a predefined production function and relies on a com-
putationally-intensive maximum-likelihood estimation.
More importantly, it is better suited to single-output
or limited-output settings, making it less ideal for multi-
input and multi-output agricultural systems.

In contrast, non-parametric DEA does not assume
a functional form and can handle multiple inputs and
outputs directly, rendering it particularly suitable
for complex agricultural systems (Fang 2016). Com-
monly applied DEA models include radial approach-
es such as the Charnes—Cooper—Rhodes (CCR) and
Banker—Charnes—Cooper (BCC) models, which have
been used extensively in regions such as the Europe-
an Union and China (Rybaczewska-Blazejowska and
Gierulski 2018; Zhao et al. 2019; Wang et al. 2025).
However, a key limitation of radial models is that they
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may identify decision-making units (DMUs) as effi-
cient, even when certain inputs or outputs can be im-
proved. This condition is known as 'weak efficiency'.
To overcome this problem and provide a more com-
prehensive assessment, non-radial DEA models have
been introduced, allowing for non-proportional ad-
justments to inputs and outputs. A widely adopted
non-radial model is the slacks-based measure (SBM),
which has been frequently applied in agricultural ef-
ficiency studies (Kuang et al. 2020; Han et al. 2024; Liu
and Li 2024; Wang et al. 2025).

The bounded adjusted measure (BAM) is a weighted
additive model developed to address boundary issues
in traditional DEA and offers higher discriminatory
power. As a non-radial model, BAM allows DMUs
to optimise inputs and outputs at different rates, there-
by avoiding the issue of weak efficiency often associ-
ated with radial DEA models. More importantly, BAM
was formulated as a linear programming model. This
linear structure provides easier and more stable solu-
tions, particularly when complex factors are incorpo-
rated. In contrast, other prevalent non-radial models,
such as the SBM, become nonlinear programming
problems under these conditions. Even after applying
the Charnes—Cooper transformation, they often re-
main nonlinear, making it challenging to obtain a glob-
ally optimal solution. Furthermore, the BAM provides
stronger economic interpretability. It directly uses slack
as a shadow price and offers clear insights into the mar-
ginal value of resources. In SBM models, slack requires
additional mathematical transformations to gain prac-
tical meaning, complicating the interpretation process.
Therefore, BAM presents a methodologically robust
and computationally tractable framework for efficien-
cy evaluation in complex systems such as agriculture.
However, based on our review of the literature primar-
ily sourced from Web of Science using keywords such
as 'DEA' and 'agricultural efficiency’, few if any studies
appear to have applied the BAM model to evaluate the
efficiency of agricultural systems. This methodological
lacuna was further illustrated by analysing the models
and indicators used in literature. Table 1 confirms the
absence of a BAM approach in this domain.

Efficiency evaluation of the agropastoral sys-
tems in Inner Mongolia. As a key agricultural region
in China, Inner Mongolia is responsible for develop-
ing a nationally important agricultural and livestock
production base, and plays a crucial role in advancing
national agricultural development and policy formu-
lation. He et al. (2019) used CCR and BCC to assess the
economic, social, and ecological efficiency of modern
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Table 1. The literature on the data envelopment analysis (DEA) efficiency evaluation of the agricultural sector

Reference Input Output DEA model
. energy; water consumption;
ka-Bt !
Rybac?ews ca-blazejowsia chemical fertiliser; pesticides; GDP BCC
and Gierulski (2018) .
air pollutants; waste
1 ; agricultural i ; .
Zhao et al. (2019) abour; agricultura machmery power grain output CCR
water consumption; sown area
sown area of crops; effective irrigation
Cheng et al. (2025) area; agricultural water use; production of major crops, gross BCC
J ’ agricultural plastic film use; agricultural output value
power of agricultural machinery
sown area; labour; agricultural gross agricultural output value;
Kuang et al. (2020) maCh”;err)i,Cz(f;:;i:l Cl;:;ntilccz;lllfrerrtlhser; grain output; agricultural SBM
& irrigaticf’n area ’ carbon emissions
crop planting area; labour; mechani- gross agricultural output value;
sation level; green technology; rural shared prosperity;
Han et al. (2024) innovation; digitalisation of agricultural pollution; SBM
agricultural economy agricultural carbon emissions
labour; capital; land; chemical ferti- ross aericultural output value:
. . liser; pesticide; agricultural plastic 8! & Py .
Liu and Li (2024) flm: irrieation area: aericultural agricultural carbon emissions; agri- SBM
’ n%achinery l;ov%er cultural non-point source pollution
sown area of crops, rural employ-
ees, discounted fertiliser applica- rain production: CO. emissions:
Wang et al. (2025) tion amount, power of agricultural gramp N ’ SBM

machinery, effective irrigated area,

pesticide usage

CH, emissions; NO, emissions

BCC - Banker—Charnes—Cooper; CCR — Charnes—Cooper—Rhodes; SBM — slacks-based measure

Source: Compiled by the authors

agriculture in Inner Mongolia. Zhao et al. (2019) fo-
cused on 12 prefecture-level divisions within Inner
Mongolia and employed the BCC model to evalu-
ate the sustainable agricultural production efficien-
cy. Qimuge et al. (2023) employed the super-SBM
model to evaluate the livelihood efficiency of herders
in typical grassland areas of Inner Mongolia. Zhang
et al. (2024) systematically analysed agricultural pro-
duction efficiency and its influencing factors in Inner
Mongolia using a three-stage DEA model.

However, research on the efficiency of agropastoral
systems in Inner Mongolia is limited. The limitations
of the current research can be summarised in two key
aspects. First, existing studies have overlooked the al-
location of shared inputs and outputs within agropas-
toral systems. Second, the research methodology relies

predominantly on traditional DEA models while ne-
glecting the advantages of non-radial DEA approaches,
particularly the BAM method.

DEA for parallel systems. In traditional efficien-
cy evaluation methods, a system is typically treated
as an indivisible whole, overlooking the interdependen-
cies and interactions between its internal components.
However, many systems consist of multiple interrelated
subsystems, where one subsystem utilises the output
of another as an input while simultaneously generating
outputs for other subsystems. Such systems are referred
to as series systems (Kao 2014). For example, in the
medical waste recycling subsystem, the collection and
transportation subsystem supplies the recovered medi-
cal waste to the disposal subsystem. In addition, various
types of parallel systems exist (Kao 2009), as illustrated

543



Original Paper

Agricultural Economics — Czech, 72, 2026 (9): 540-558

in Figure 2. Some systems, such as a hospital's medi-
cal service system, consist of two independent parallel
subsystems (Figure 2A). They can be divided into out-
patient and inpatient subsystems, both of which func-
tion separately to address distinct healthcare demands.
Other systems not only have their own inputs and out-
puts but also share certain inputs or outputs (Figure 2B).
For example, multiple production lines within a factory
may share specific equipment or resources that are con-
sidered intermediate resources, whereas each produc-
tion line maintains its own distinct inputs and outputs.
Furthermore, some systems exhibit the characteristics
of both series and parallel structures, forming complex
hybrid network structures (Phung et al. 2020; Stefaniec
et al. 2020; Arya and Singh 2021; Zhang et al. 2022).
A typical example is a supply chain system consisting
of procurement, production, and sales subsystems ar-
ranged in series, whereas the production subsystem
itself may comprise multiple parallel production lines
(Figure 2C). Neglecting the operational dynamics of in-
ternal components in system efficiency evaluations may
lead to misleading results. Given the presence of shared
inputs and outputs between the crop and livestock pro-
duction subsystems, this study reviews parallel systems
with shared inputs and outputs to provide a more com-
prehensive analytical framework.

Beasley (1995) introduced a fractional multi-ac-
tivity DEA (MDEA) model to evaluate the efficiency
of DMUs with shared inputs across multiple activi-
ties. Molinero (1996) later linearised Beasley's MDEA

https://doi.org/10.17221/359/2025-AGRICECON

model using the Shephard distance function. Cook
et al. (2000) applied the MDEA model to evaluate the
efficiency of banking subsystems. Subsequently, Tsai
and Molinero (2002) improved the model by incor-
porating variable returns to scale (VRS) and analysed
the scale efficiency of multi-activity DMUs. Kao (2012)
proposed a network DEA model for parallel systems.
However, this model did not consider the allocation
of shared inputs. Chen et al. (2013) introduced an en-
hanced MDEA model capable of handling shared in-
puts in parallel systems.

Currently, an increasing number of DEA models
are being applied in various fields to address issues
related to shared inputs and outputs. Ma (2015) pro-
posed a two-stage network DEA model that incorpo-
rates intermediate outputs and shared inputs to assess
hospital operational efficiency. Lozano (2015) de-
veloped a non-radial slacks-based measure (NSBM)
model with shared inputs to evaluate the efficiency
of production and pollution generation technologies
in coal-fired power plants in EU and OECD coun-
tries. Lei et al. (2019) proposed a ratio-based parallel
DEA approach that considers shared inputs and un-
desirable outputs to assess the efficiency of the trans-
portation sector. Stefaniec et al. (2020) decomposed
a transportation system into three parallel parts — so-
cial, economic, and environmental sustainability — and
developed a hybrid-network DEA model with shared
inputs to address the efficiency of the transportation
system. Phung et al. (2020) used a hybrid network

Subsystem 1 1 Subsystem 1 | — —
-------
e »
Subsystem 2 > Subsystem 2 —
[ | I »
,,,,,,, - B e e
b} »
Subsystem P Subsystem P ——»
(A) (B)
—  Subsystem 1.1 |—— = ~
7777777 777”‘\—————. —————J’iﬁ . g
Subsystem 1.2 | 2
e — " A
_______ Sy et =
Subsystem 1.P

©

Figure 2. Parallel systems: (A) Parallel structure of independent subsystems. (B) Parallel structure of subsystems with

shared inputs and outputs. (C) Complex hybrid network structure with series and parallel subsystems.

Source: Compiled by the authors
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structure with shared inputs to evaluate the efficiency
of banking systems, focusing on processes such as fun-
draising, lending, investment, and non-interest income
services. Bian et al. (2015) proposed a centralised DEA
approach to evaluate the operational efficiency of rail-
way companies with two parallel subsystems: passen-
ger transport and freight transport. These subsystems
share common inputs (e.g. the number of railway
employees), dedicated inputs (e.g. the number of pas-
senger dispatchers or freight-handling machinery),
and shared outputs (e.g. other incomes). To evaluate
the environmental efficiency of Chinese airlines, Li
et al. (2022) developed a novel parallel range-adjusted
measure (PRAM) method using shared inputs, desir-
able and undesirable outputs.

However, most existing studies on shared inputs and
outputs have overlooked the role of non-radial mod-
els, and no study has applied BAM to address shared
inputs and outputs. Moreover, the application of the
BAM in parallel agropastoral systems with shared in-
puts and outputs has not yet been explored.

To evaluate the efficiency of agropastoral systems
more accurately, this study proposes an innovative
parallel BAM model with shared inputs and out-
puts.
by considering system interdependence, thus pro-
viding a new approach to assessing the performance
of agropastoral systems.

The model enhances efficiency assessment

MATERIAL AND METHODS

As outlined previously, the BAM avoids the weak
efficiency issue associated with radial DEA models.
It also offers advantages over SBM and its extensions
(e.g. network SBM) for two main reasons. First, its lin-
ear programming form ensures computational trac-
tability. Second, it directly interprets slack variables
as shadow prices, thereby providing stronger interpret-
ability than the SBM approach, which requires com-
plex mathematical transformation to yield meaningful
economic interpretations. Moreover, compared to the
range adjusted measure (RAM), BAM provides strong-
er discriminatory power and remains feasible under
any returns-to-scale assumption, whereas RAM may
lack a feasible solution under constant returns to scale
(CRS). Hence, we selected BAM for this study.

Similar to other DEA-based approaches, the ap-
plication of the BAM relies on several key assump-
tions that inform the interpretation of our results.
First, our analysis adopts the VRS assumption, which
is appropriate for heterogeneous and constrained

agropastoral systems because it does not require
them to operate at an optimal scale. Second, we as-
sume the free disposability of inputs and outputs, im-
plying that excess inputs can be discarded and that
output reduction is always possible. This assumption
is justified because our study focuses on production
and economic efficiency and excludes environmental
externalities. Third, DEA is a deterministic frontier
method that does not consider measurement errors
or random noise. Thus, any estimated inefficiency can
be attributed entirely to managerial practices or sys-
temic factors, potentially overstating true inefficiency
in the presence of data noise. Finally, BAM treats each
agropastoral system as an independent DMU, imply-
ing that the efficiency of one unit is evaluated with-
out considering possible spillovers or technological
dependencies among the observed units. This implies
that our results should be interpreted as relative tech-
nical efficiency within the observed sample, rather
than as an absolute measure of productivity.

The traditional BAM model for black box systems.
Classical BAM is an advanced DEA efficiency evalua-
tion model based on the additive DEA model (Cooper
et al. 2011). However, similar to other traditional DEA
models, it can only be used to evaluate the efficiency
of an agropastoral system when the entire system is re-
garded as a black box (Figure 3). Under the assump-
tion of variable returns to scale, the classical BAM can
be represented as Equation (1):

s )

mlm 1

E =minl-

=Xp0 =Sy M=1,2,.,M

}L].,S;n,S; >0, for all j,m,t

where: DMU;(j=1,2,...,]) - the agropastoral system
of a region in Inner Mongolia, and it consumes M
T (teT) outputs;
% = (X1 j50%y;) and - ¥y =(91j5--0Y75) — the inputs
and outputs, respectively; 7»1« — the intensity vari-
able associated with the j" DMU; S, and S, - the
slack variables of inputs and outputs, respectively;
B, =x,,
B, = max(ytj)— ¥,0 — the scope of outputs.

(meM)inputs to produce

—min(x,,;) - the scope of inputs, while
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Figure 3. The black box system
o " Subsystem 1 % . Source: Compiled by the authors
X . " Vi .
i : Subsystem 2 % -

When the optimal value of the model's objective
function is E, =1, it means that the DMU, is effi-
cient. When the optimal value of the model's objec-
tive function is 0< E:) <1, it means that the DMU,,
is inefficient. It should be noted that, to ensure that the

*

model has a solution, it is necessary to make 7 —

m
when x,,9 = min(xmj) . Similarly, it is necessary to make
s
' =0 when y,, = max(y,).
t

However, treating the agropastoral system as a sin-
gle black box is inadequate in regions such as Inner
Mongolia. Ignoring its internal structure may obscure
heterogeneous production processes, mask resource
competition and synergies between the two subsys-
tems and ultimately lead to biased efficiency estimates.

The parallel BAM model with shared inputs and
outputs. In this section, we divide agropastoral sys-
tems into crop production and livestock production
subsystems, exploring their internal structure to iden-
tify components that need improvement.

We assume that a system (Figure 2B) is composed
of non-homogenous subsystems p=(1,2,..,P) oper-
ating independently and utilises M inputs to produce
T outputs. The subsystem P of the DMU ; applies
inputs xf:,j to generate outputs yf; , where me M(p),
M(p)cM, teT(p), T(p)T .Hence, M(p)denotes
the set of inputs consumed by the subsystem p, and
T(p) represents the set of outputs generated in the
subsystem p. Thus, each subsystem uses its own set
of inputs to produce its own set of outputs.

Figure 4 presents the network system with the paral-
lel subsystems with their specific shares of inputs and
outputs. The shares of input %,,; are denoted by pa-
rameters (Xf assigned to each input m accordingly.
The shares of output ¥; are denoted by parameters yf-’
assigned to each output ¢ accordingly. The parameters
may take values from O to 1. The input %,,; is allocat-
ed completely across the subsystems. Hence, the sum
of parameters ocf]’.’ assigned to each input m for all the

P

subsystems must be equal to 1 (ZOL;? =1). The out-
p=1

put ¥y is allocated completely across the subsystems.

x1j Cultivated land area

x2j Total power of agricultural machinery

KXmj , M = 1.2

Crop production
subsystem
(Subsystem 1)

y1j Crop production output
> Yy, t=1

a’j, x3j ¥, ¥ : y2j Gross agricultural
! production value
x3j Agricultural and livestock Vo Y3 | 3 Disposable income
workforce E of rural residents
T . : . . -+ 95.6=23
Vi Y2y 1
|
acj, x3j . i
___""7 | Livestock produc- | Y77¥ |
Ko 11 = 4  tion subsystem > Vs t=4

x4j Livestock inventory
(Beginning of the year)

(Subsystem 2)

y4j Animal products output

Figure 4. The parallel structure of agropastoral systems

Source: Compiled by the authors
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Therefore, the sum of parameters yf assigned to each sr P
m for all the subsystems must be equal to 1 ~ £=minl- Z z z
output y q I+ T [9)

P
(ZYj =1
p=1

Z
Compared to the traditional black-box BAM mod- /
el, introducing a parallel structure substantially en- Z
hances the discriminatory power of the proposed  /=!
model, even when the number of DMUs is limited. Z]:x
This is because decomposing each agropastoral sys-
tem into crop and livestock subsystems increases the J
variability in the observed production behaviour, Z%)’U Yo +SPT, for =1, p=1

and the endogenous allocation of shared inputs and 17 (4)

2

A%, =xbo =Sk, for m=12, p=1

Ajolx,, =xb,—ShT, for m=3, p=1,2

— P QP - -
Xy =X =Sy s Jor m=4, p=2

outputs further differentiates the DMUs through
subsystem-level slack. Consequently, inefficiencies
that would otherwise be masked in an aggregate ]
black-box setting can be detected more precisely zk,yt, ylo +SPT, for t=4,p=2
in the parallel BAM framework. j=1
According to Kao (2009, 2012), the overall effi- i
ciency is the weighted average of the efficiency of the
subsystems. Moreover, the weight of the subsystem P
is the total resources consumed by the subsystem out
of the resources consumed by all subsystems, which
is expressed by W,. W, and W, can be expressed
as Equations (2 and 3), respectively:

X.y‘;ytj =yl +SF", for t=2,3, p=1,2

~.
Il
—

1

M~
I
I

1

S
|

P
(x. =ny =1, for all j

=1 p=1
of ,y?,8k7,SE" >0, for all j,mt, p

Mw

>

1’}

Equation (2)

ER"‘
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+
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1.1 1 1
Xyt Xy +0 X3+ Y1 +Y02; 1Y )35
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m=1 t=1

=

1l
Mz M=
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+
M=t
M-
<
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Equation (3)

§N
+
MN}

M
RS
74 iy 1 1 4
W, = m=1 t=1 J73) Ay T ViR 4j73) T A (3)
27 2 M 2 T M T
PIDRADIPN 2%+ 2y
p=1 m=1 p=1 t=1 m=1 t=1

where: DMU,, — the evaluated DMUs. The efficiency score of agropastoral systems can be obtained by combining
the efficiency scores of subsystems 1 and 2 on a weighted average. Therefore, the parallel BAM model with shared
inputs and outputs can be expressed as Equation (4).
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It is necessary to consider lower-sided ranges for in-
puts and upper-sided ranges for outputs when using the
BAM approach. The lower-sided range for the m™
put at (xy,y) is determined by Bl =x,, —min(x;,),
while the upper-sided range for the # output at
(%9,7,) is determined by B =max(y;) - v/,

If we consider only subsystem 1 and ignore subsys-
tem 2, the corresponding model is given by Equation (5):
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Ey= minl— z z
J
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j=1
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1Y)y St 20, for all jmt

If we consider only subsystem 2 and ignore subsystem
1, the corresponding model is given by Equation (6):
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Data. We applied the proposed parallel BAM
model with shared inputs and outputs to evaluate
the efficiency of 12 agropastoral systems in Inner
Mongolia. This study explored the factors and com-
ponents that influence their development, thereby
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providing theoretical insights and practical recom-
mendations for decision-making.

Guided by established literature on agricultural pro-
ductivity and regional characteristics, we selected four
input and four output indicators to evaluate the effi-
ciency of these systems. In the crop production subsys-
tem, the input indicators included cultivated land area,
total power of agricultural machinery, and agricultural
and livestock workforce. The output indicators includ-
ed crop production output, gross agricultural produc-
tion value, and the disposable income of rural residents.
In the livestock production subsystem, the input indica-
tors included the livestock inventory (beginning of the
year) and agricultural and livestock workforce. The out-
put indicators included animal product output, gross ag-
ricultural production value, and the disposable income
of rural residents. The agricultural and livestock work-
force is a shared input across both subsystems, whereas
the gross agricultural production value and disposable
income of rural residents are shared outputs.

i) Cultivated land area (crop subsystem input). As the
primary fixed production factor in crop farming, culti-
vated land determines the scale of planting activities and
constrains potential output volume. It directly reflects
land-use intensity and regional differences in arable
land endowment, which are both fundamental drivers
of crop production efficiency.

ii) Total power of agricultural machinery (crop subsys-
tem input). Agricultural machinery power captures the
degree of mechanisation, technological adoption, and
capital input in crop farming. In regions such as Inner
Mongolia, mechanisation has substantially improved
labour productivity, expanded the operational scale
of farming, and mitigated labour shortages. Therefore,
this indicator reflects the levels of capital and techno-
logical investment.

iii) Livestock inventory (livestock subsystem input).
Livestock inventory represents the core productive as-
set of livestock operations and determines meat, milk,
and egg production capacity. This reflects both bio-
logical capital and herd management strategies, which
correspond directly to the production technology
of livestock husbandry.

iv) Agricultural and livestock workforce (shared in-
put). Labour is a shared production resource in agropas-
toral regions, where households often simultaneously
engage in farming and livestock raising. Labour alloca-
tion decisions, such as how workdays are distributed
between cropping and herding, strongly affect subsys-
tem-specific output levels. Therefore, treating the work-
force as a shared input is essential to accurately model
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the joint nature of agricultural labour markets and com-
petition for labour between the two subsystems.

v) Crop production (crop subsystem output). This in-
dicator reflects the economic and physical performance
of crop farming, which is a direct consequence of land,
machinery, and labour utilisation. This captures the pri-
mary market-oriented output of the crop subsystem.

vi) Animal product output (livestock subsystem out-
put). Animal product output represents the physical
production of livestock including meat, milk, and eggs.
It is determined by livestock inventory, feeding practic-
es, and labour input and therefore reflects the biologi-
cal and economic behaviour of the livestock subsystem.

vii) Gross agricultural production value (shared out-
put). Gross agricultural production value aggregates the
monetary value generated by both crop and livestock
operations. It captures the economic contribution of the
entire agropastoral system and is co-determined by the
efficiency of both subsystems. As a shared output, it re-
flects how subsystem-level productivity jointly shapes
the regional agricultural economic performance.

viii) Disposable income of rural residents (shared out-
put). Disposable income of rural residents is a compre-
hensive welfare indicator that reflects overall livelihood
improvement derived from both crop and livestock
production. In agropastoral regions, household in-
come commonly results from a combination of crop
sales, livestock products, and associated employment.
Including this variable as a shared output highlights the
socioeconomic outcomes of the agropastoral system
beyond purely production-oriented metrics.

Because prices internalise land quality, labour scar-
city and capital opportunity cost, the share of output
value is a widely accepted proxy for resource use in-
tensity in mixed-farming systems where physical in-
put flows are non-separable (Thomassen et al. 2008;
Low et al. 2023). Following this convention, we calcu-
lated the contribution of each subsystem to the total
agropastoral output value, which was 56% for crop
production and 44% for livestock production. These
proportions were then directly applied as weights to al-
locate the shared resources between the two subsys-
tems. Therefore, we assigned a weight of 0.56 to shared
resources in the crop production subsystem and
a weight of 0.44 in the livestock production subsystem,
ie af=7}=056, aj =y} =0.44.

The data for the remaining indicators were ob-
tained from the Inner Mongolia Statistical Yearbook
2023 (Table 2). There were no missing data. Accord-
ing to the statistical standards of China's National
Bureau of Statistics, the Agricultural and Livestock

Workforce indicator is a comprehensive annual ag-
gregate. It aims to capture the total labour input over
the course of the year. By definition, it encompasses
all individuals whose primary economic activity falls
within this sector. Consequently, this aggregate fig-
ure inherently includes contributions from full-time,
part-time, and seasonal labour. The 'gross agricultural
production value' and 'disposable income of rural resi-
dents' data were originally reported in Chinese Yuan
(CNY). To present the results in more internationally
accessible units, these values were converted to U.S.
dollars (USD) using the 2022 annual average exchange
rate of 1 USD = 6.726 1 CNY, as reported in the Sta-
tistical Communique of the People's Republic of China
on 2022 National Economic and Social Development.
This choice is methodologically sound and does not
affect the efficiency evaluation results. The DEA ap-
proach satisfies the property of unit invariance, which
means that a proportional transformation of all data
(applying the same exchange rate to all monetary
values) does not alter the relative efficiency scores.
Therefore, the conversion was performed solely for the
convenience of readers, and all comparative conclu-
sions remain valid. Given that the data set is confined
to 2022 and does not involve intertemporal compari-
sons, an inflation adjustment is not applicable.

RESULTS AND DISCUSSION

Results

Overall efficiency. We evaluated the overall efficien-
cy of the 12 agropastoral systems using both traditional
and parallel BAM models with shared inputs and out-
puts. As Table 3 shows, the two approaches produce
markedly different efficiency patterns, indicating that
the choice of modelling structure significantly affects
the assessment of regional performance.

Under the traditional BAM model, most regions re-
ceive an efficiency score of 1.000, which reflects the
well-known limitation of black-box DEA models in dis-
tinguishing between DMUs when structural heteroge-
neity is ignored. After decomposing each agropastoral
system into crop and livestock subsystems and account-
ing for shared inputs and outputs, the parallel BAM
model yields a considerably greater dispersion in effi-
ciency scores. For instance, Baotou City, Hulunbuir City,
Hinggan League, Tongliao City, and Xilingol League,
which were previously assessed as efficient, experienced
a substantial decline when subsystem interactions were
incorporated (efficiency scores ranging from 0.724
to 0.855). This demonstrates that the parallel structure
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Table 3. Comparison of efficiency results between the traditional BAM model and the parallel BAM model with shared

inputs and outputs

DMUs Traditional BAM model Parallel BAM model with shared inputs and outputs
efficiency ranking efficiency ranking

Hohhot City 1.000 1 1.000 1
Baotou City 1.000 1 0.807 5
Hulunbuir City 1.000 1 0.855 4
Hinggan League 1.000 1 0.729 7
Tongliao City 1.000 1 0.766 6
Chifeng City 0.791 9 0.717 9
Xilingol League 1.000 1 0.724 8
Ulanqgab City 0.623 12 0.523 12
Ordos City 1.000 1 1.000 1
Bayannur City 0.670 11 0.594 11
Wuhai City 1.000 1 1.000 1
Alxa League 0.746 10 0.705 10
Average 0.9025 - 0.785 -

BAM - parallel-bounded adjusted measure; DMUs — decision-making units

Source: Authors' own calculation

uncovers inefficiencies masked by the aggregation
of inputs and outputs. In the lower-ranked regions,
Ulangab City and Bayannur City consistently appear
to be the weakest performers, but the parallel BAM
model further widens the efficiency gaps (0.523 and
0.594, respectively).

Overall, the parallel BAM model offers a more re-
alistic depiction of Inner Mongolia's agropastoral
efficiency landscape by capturing the structural heter-
ogeneity, resource competition, and joint output gen-
eration that traditional black-box models fail to reflect.
The effectiveness of our model in revealing inefficien-
cies is further supported by a comparison with existing
studies. Li et al. (2022) applied a parallel RAM model
to evaluate airline efficiency and reported high aver-
age scores (> 0.98), with more than half of the airlines
deemed efficient. By contrast, our parallel BAM model
yields a markedly lower average efficiency (0.785) and
identifies only three efficient DMUs. This pronounced
difference underscores the stronger discriminatory
power of the BAM-based approach than that of the
RAM-based approach. Given that BAM inherently of-
fers advantages over radial DEA, SBM, and RAM, our
parallel BAM model has a comparative advantage over
the parallel models derived from these methods.

The allocation of weights to shared resources
in the parallel BAM may influence efficiency results.
To test the sensitivity of these results, we conducted

a robustness analysis using five alternative weight-
ing schemes alongside our baseline (Crop : Live-
stock = 0.56: 0.44): scenario 1 (0.5:0.5), scenario 2
(0.6 : 0.4), scenario 3 (0.7 : 0.3), scenario 4 (0.4 : 0.6),
and scenario 5 (0.3 : 0.7). Table 4 presents the corre-
sponding efficiency scores and rankings.

The results in Table 4 demonstrate a high degree
of robustness in the relative performance evaluation.
The top-performing DMUs, such as Hohhot City, Ordos
City, and Wuhai City, remained fully efficient across all
scenarios, whereas the poorest performers (i.e. Ulanqab
City and Bayannur City) consistently ranked at the bot-
tom. For the DMUs in the middle of the distribution,
we only observed marginal shifts in ranking.

These findings indicate that although precise effi-
ciency scores are sensitive to the choice of weights, the
overall classification of DMUs is robust. This finding
supports the credibility of the baseline analysis. How-
ever, to facilitate more nuanced and precise resource
allocation decisions, we recommend that decision
makers adopt a scientifically grounded approach when
determining these weights.

The efficiency of subsystems. Figure 5 illustrates the
relationship between the overall efficiency of each re-
gion and the efficiencies of its crop and livestock pro-
duction subsystems. Clear differences are observed
between the two subsystems. In several regions with
a strong overall performance, the two subsystems
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Table 4. Sensitivity analysis with different weighting schemes for shared resources

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
PMUs efficiency ranking efficiency ranking efficiency ranking efficiency ranking efficiency ranking
Hohbhot City 1.000 1 1.000 1 1.000 1 1.000 1 1.000 1
Baotou City 0.782 5 0.825 5 0.869 5 0.738 5 0.694 5
Hulunbuir City 0.836 4 0.869 4 0.902 4 0.804 4 0.771 4
Hinggan League 0.694 9 0.755 7 0.816 7 0.633 9 0.571 9
Tongliao City 0.736 6 0.789 6 0.842 6 0.683 7 0.630 8
Chifeng City 0.704 7 0.726 9 0.749 9 0.681 8 0.658 7
Xilingol League 0.688 10 0.750 8 0.813 8 0.626 10 0.563 10
Ulanqab City 0.510 12 0.532 12 0.554 12 0.488 12 0.466 12
Ordos City 1.000 1 1.000 1 1.000 1 1.000 1 1.000 1
Bayannur City 0.579 11 0.605 11 0.632 11 0.553 11 0.526 11
Wuhai City 1.000 1.000 1 1.000 1 1.000 1.000
Alxa League 0.701 8 0.707 10 0.713 10 0.695 6 0.689 6
Average 0.769 - 0.797 - 0.824 - 0.742 - 0.714 -

DMUs — decision-making units
Source: Authors' own calculation

exhibit balanced efficiency. However, subsystem dis-
parities are pronounced in many other areas such
as Ulanqgab City, Bayannur City, Hinggan League, and
Xilingol League. For example, Xilingol League achieves
an efficiency score of 1.000 in its crop production
subsystem, but only 0.376 in its livestock production

Hohhot City

Alxa League

Wuhai City
Bayannur
City
Ordos City
Ulangab City

Xilingol League

552

subsystem, indicating that weaknesses in livestock
production significantly constrain its overall agropas-
toral efficiency. Generally, crop-production subsys-
tems display higher efficiencies and stabilities across
regions. Eight DMUSs were efficient in crop production,
with the lowest performer reaching 0.620. In contrast,

Figure 5. Efficiency of Inner Mongolia's

Baotou City agropastoral systems

Source: Authors' own calculation

Hulunbuir City

] Hinggan League

Tongliao City

Chifeng City

\ Efficiency of the agropastoral systems
Efficiency of the crop production subsystems

|Efficiency of the livestock production subsystems
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livestock production subsystems exhibited greater
variability, with efficiency scores ranging from 1.000
to 0.376. This variability underscores the role of live-
stock production as a primary source of inefficiency
in many regions.

These disparities can be attributed to several factors.
First, crop farming benefits from higher mechanisation
levels, standardised cultivation practices, and more ma-
ture technological inputs, which collectively enhance
productivity. In contrast, livestock production is more
susceptible to natural constraints such as grassland car-
rying capacity, climate variability, and disease risks, all
of which reduce operational stability. Second, policy sup-
port in the region has historically favoured crop farming
through machinery subsidies, irrigation investment, and
grain-oriented programs. Livestock policies essential
for ecological restoration often impose grazing bans
or stocking-density restrictions, which may suppress
short-term production efficiency. Third, crop produc-
tion is better integrated into established supply chains
with relatively predictable market demand and pricing
mechanisms. In contrast, livestock products face more
fragmented market channels and higher transportation
costs, particularly in remote grassland areas. These con-
straints limit market efficiency and undermine livestock
operation productivity.

These interrelated technological, ecological, policy,
and market constraints collectively explain the lower
efficiency observed in livestock production subsystems,
which represents a critical bottleneck for improving
the overall agropastoral efficiency of Inner Mongolia.
Therefore, addressing these structural challenges is es-
sential for enhancing regional development outcomes.

Policy recommendations. Slack analysis of crop and
livestock production subsystems provides targeted direc-
tions for improving the efficiency of agropastoral systems
in Inner Mongolia. The results reveal that the inefficien-
cies stem primarily from input redundancy, output short-
falls, and imbalanced resource allocation between the two
subsystems. These findings offer actionable insights for
formulating region-specific optimisation strategies.

These observed efficiency patterns and slack values
can be interpreted as an interplay of three key struc-
tural factors: agroecological conditions, investment
patterns, and prevailing policy frameworks. First,
agroecological conditions fundamentally constrain
potential: regions with better water and land endow-
ments (e.g. Hohhot City) show higher crop efficiency,
whereas arid pastoral leagues (e.g. Xilingol League)
exhibit massive livestock inventory slack, indicating
overstocking beyond ecological carrying capacity.

Second, investment patterns revealed by input slack
show distinct biases: significant machinery redun-
dancy (e.g. Bayannur City) suggests potential over-
mechanisation, whereas excessive herd size coupled
with low output (e.g. Baotou City) indicates that capi-
tal is tied to scale rather than productive efficiency. Fi-
nally, these patterns are shaped by policy frameworks
that support crop standardisation. Grassland con-
servation policies may limit scale-intensive livestock
production; income support policies appear insuffi-
cient to fully translate production into rural welfare.
Guided by this interpretive framework, we examine
subsystem-specific slack values, which reveal how
these structural factors manifest concrete inefficien-
cies at the regional level.

Table 5 shows the slack values for the crop production
subsystems, which reflect either input excess or output
shortfall. Chifeng City demonstrates output-oriented
inefficiencies, requiring substantial increases in both
crop production output (+46.445) and rural disposable
income (+811.926), alongside a moderate reduction
in cultivated land (-16.351). This highlights the need
to enhance land productivity by improving agronomic
practices and farmer income support policies. Ulan-
qab City, one of the weakest performers, exhibits large
slack in cultivated land (-350.667), machinery power
(—62.238), and labour (-13.115), accompanied by signif-
icant shortfalls in rural disposable income (+889.435).
This combination indicates a structural over-input cou-
pled with low production benefits. Therefore, optimisa-
tion strategies should consolidate farmland, eliminate
outdated machinery, and promote income-enhancing
diversification. Bayannur City needs to reduce redun-
dant machinery power (-192.046) and labour (—11.253)
while increasing crop production output (+25.448) and
rural disposable income (+181.578). This indicates in-
efficiencies in mechanisation, labour matching, and in-
sufficient value-added production. Alxa League shows
overinvestment in cultivated land (-29.966), machinery
power (—5.256), and labour (-6.199), highlighting the
need to optimise resource allocation given its arid ag-
ricultural conditions.

Overall, the crop subsystem results suggest that re-
gions should strengthen precision land management,
optimise labour mechanisation structures and expand
high-value crop production to enhance the economic
contribution of agriculture.

The slack values presented in Table 6 demonstrate the
prevalent inefficiencies in livestock production subsys-
tems, with the most salient issues being excessive live-
stock inventory and inadequate output generation.
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Table 5. The slack variables of the crop production subsystems obtained from the parallel BAM model with shared

inputs and outputs

Total power Agricultural Gross Disposable
. Cultivated land P BrX Crop production agricultural . P
Region of agricultural  and livestock . income of rural
area ) . output production .
machinery workforce* . residents®
value

Hohhot City 0 0 0 0 0 0
Baotou City 0 0 0 0 0 0
Hulunbuir City 0 0 0 0 0 0
Hinggan League 0 0 0 0 0 0
Tongliao City 0 0 0 0 0 0
Chifeng City 16.351 0 0 46.445 0 811.926
Xilingol League 0 0 0 0 0 0
Ulangab City 350.667 62.238 13.115 0 0 889.435
Ordos City 0 0 0 0 0 0
Bayannur City 0 192.046 11.253 25.448 0 181.578
Wuhai City 0 0 0 0 0 0
Alxa League 29.966 5.256 6.199 0 0 0

*shared inputs or outputs; BAM — parallel-bounded adjusted measure

Source: Authors' own calculation

Baotou City and Chifeng City need to reduce their
livestock inventory (-75.634 and —103.268, respec-
tively) and increase animal product output (+141.619
and +114.185). This highlights the low productiv-
ity of existing herds and underscores the necessity
of improving breeding efficiency and disease preven-
tion systems. Hinggan League and Xilingol League,

major pastoral regions, show very large slack in live-
stock inventory (—433.633 and —396.431) and labour
(-12.833 and -8.116), together with animal products
output shortfalls (+153.008 and +141.967). This im-
plies overstocking relative to the ecological carrying
capacity and insufficient modernisation of animal
husbandry. Targeted interventions should include

Table 6. The slack variables of the livestock production subsystems obtained from the parallel BAM model with shared

inputs and outputs

Livestock inventory Agricultural and

Animal products

Gross agricultural Disposable income

Region (beginning of year) livestock workforce* output production value* of rural residents*
Hohbhot City 0 0 0 0 0
Baotou City 75.634 0.892 141.619 0 165.135
Hulunbuir City 0 0 80.844 0.449 393.563
Hinggan League 433.633 12.833 153.008 0 770.107
Tongliao City 0 2.018 88.662 6.626 455.215
Chifeng City 103.268 0.783 114.185 0 691.640
Xilingol League 396.431 8.116 141.967 0 296.642
Ulangab City 126.821 14.973 203.103 0 757.667
Ordos City 0 0 0 0 0
Bayannur City 242.508 11.118 99.130 0 154.678
Wauhai City 0 0 0 0 0
Alxa League 61.252 5.515 8.507 0 0

*shared inputs or outputs; BAM — parallel-bounded adjusted measure

Source: Authors' own calculation
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rotational grazing, smart livestock management, and
improved forage quality. Ulanqab City and Bayannur
City require reductions in both livestock inventory
and labour, alongside significant increases in animal
product output (+203.103 and +99.130). These re-
gions should prioritise increasing productivity per
animal through improved feed conversion ratios and
genetic improvement techniques. Despite its rich
natural pasture resources, Hulunbuir City shows gaps
in animal product output (+80.844) and rural dis-
posable income (+393.563), suggesting underutilised
production potential.

In summary, efforts to improve livestock subsystems
should focus on (i) reducing redundant and ecologi-
cally unsustainable stocking levels, (if) improving out-
put efficiency through upgraded breeding and feeding
systems, and (iii) enhancing the link between livestock
production and rural household income.

Across both subsystems, the slack analysis demon-
strates that efficiency enhancements require address-
ing both factor redundancy and output insufficiency
with tailored interventions for different regional re-
source endowments. Therefore, enhancing the overall
performance and sustainability of Inner Mongolia's
agropastoral economy requires integrated strategies
that simultaneously address agroecological constraints,
rationalise investment incentives, and refine the policy
frameworks identified in our analysis. Specifically, this
entails strengthening technology adoption, optimising
labour structures, maintaining an ecological balance
in livestock activities, and ensuring that agricultural
policies effectively translate production gains into rural
household income.

Discussion

Inner Mongolia is a typical agropastoral transition
zone in which crop and livestock production subsys-
tems operate independently and interdependently.
To evaluate the efficiency of such complex systems, this
study proposed an innovative parallel BAM with shared
inputs and outputs. The empirical analysis revealed
significant regional efficiency disparities, identified
livestock production as the primary constraint on the
overall system performance, and derived policy impli-
cations directly from each subsystem's specific input
redundancies and output shortfalls. Compared to exist-
ing studies on agropastoral efficiency in Inner Mongolia
(He et al. 2019; Qimuge et al. 2023; Zhang et al. 2024;
Zhong et al. 2025), our study offered greater practical
value. Previous studies have overlooked the allocation
of shared inputs and outputs in agropastoral systems.

They also relied on traditional DEA models while
neglecting the advantages of non-radial approaches
such as BAM.

In terms of the overall efficiency assessment, we ob-
served regional efficiency disparities: Hohhot City,
Ordos City, and Wuhai City were efficient, whereas
Ulanqgab City performed the worst. The results also
demonstrated that our parallel BAM model offered
clear advantages over alternative approaches (Cooper
etal. 2011; Li et al. 2022), underscoring its stronger dis-
criminatory power as a more nuanced tool for evaluat-
ing complex multi-subsystem production systems.

Our finding that livestock production subsystems
consistently underperformed compared to crop
production subsystems aligns with that of Qimuge
et al. (2023), who identified significant efficiency
losses at the herder household level in Inner Mongo-
lia's typical steppe areas. While Qimuge et al. (2023)
attributed these losses primarily to social capital re-
dundancy at the household level, our results suggested
that systemic constraints, including grassland-carry-
ing capacity, climate variability, and grazing restric-
tions under ecological conservation policies, played
a more fundamental role. This interpretation aligns
with the characterisation of agropastoral transition
zones as multidimensional complex systems (Thornton
et al. 2024; Zhong et al. 2025; Zhang et al. 2026).

Beyond identifying aggregate inefficiencies, our study
offered granular, region-specific policy recommenda-
tions that previous studies have not provided. By analys-
ing the subsystem-level slack variables, we identified the
exact input redundancies and output shortfalls for each
region. The identified redundancies, particularly in cul-
tivated land areas and agricultural machinery power, are
consistent with the results of He et al. (2019) and Zhang
etal. (2024). However, by decomposing these redundan-
cies at the subsystem level, our model revealed a more
nuanced pattern: in regions such as Bayannur and Ulan-
qab, land and machinery redundancies were concentrat-
ed in the crop subsystem, whereas in pastoral leagues
such as Hinggan and Xilingol, livestock inventory re-
dundancy was the dominant issue. This subsystem-level
diagnostic capacity represents a significant advance-
ment in aggregate-level analysis.

This study has limitations that highlight promising
avenues for future research. First, while the current
model focused on economic efficiency, the exclusion
of undesirable outputs (e.g. carbon emissions) lim-
ited its capacity to assess environmental sustainability
and eco-efficiency. Future research could extend this
framework to incorporate such variables for a more
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comprehensive efficiency evaluation. Second, the
cross-sectional design based on the 2022 data captured
only a static snapshot. Applying the model in a dynam-
ic setting with panel data would enable the tracking
of efficiency changes over time and the identification
of key drivers. Third, because the analysis was confined
to Inner Mongolia, the generalisability of the find-
ings remains untested. Adapting the model to other
agropastoral regions would allow for cross-regional
comparisons and validation. Fourth, although the mod-
el accounted for shared inputs and outputs, it did not
explicitly consider spatial spillover effects or climatic
variables. Integrating these factors can better capture
the geographical and environmental heterogeneity.
Addressing these research directions will deepen our
understanding of agropastoral system performance
and support more nuanced policymaking.

This study advances the existing literature in two
ways. Theoretically, we developed a novel parallel BAM
model with shared inputs and outputs that captures the
structural interdependencies between crop and live-
stock subsystems, a feature overlooked in traditional
DEA studies in Inner Mongolia. In practice, by quanti-
fying the exact input redundancies and output shortfalls
of each region's subsystems, we provided locally tailored
strategies that move beyond the generic recommenda-
tions of conventional efficiency analyses. This study
demonstrated that conventional black-box models mask
critical inefficiencies within subsystems. Therefore, the
parallel BAM approach is not merely a methodological
refinement but a necessary tool for accurately diagnos-
ing and addressing the structural constraints that limit
agropastoral performance.

CONCLUSION

This study developed and applied an innovative par-
allel BAM model that incorporates shared inputs and
outputs to evaluate the efficiency of agropastoral sys-
tems in Inner Mongolia.

Methodologically, the proposed model makes a sig-
nificant contribution by explicitly representing the
parallel structure of crop and livestock production sub-
systems and their shared critical resources: the agricul-
tural and livestock workforce as a common input and
gross agricultural production value and rural residents'
disposable income as shared outputs. This framework
overcomes the key limitations of conventional 'black-
box' DEA approaches, enabling a more nuanced,
accurate, and structurally coherent assessment of in-
terconnected systems.
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The empirical analysis yielded substantive insights.
First, we observed clear regional efficiency disparities,
with Hohhot, Ordos, and Wuhai operating efficiently
and Ulanqgab performing the least efficiently. Second,
crop production subsystems generally outperformed
livestock production subsystems, indicating that the lat-
ter acts as a primary constraint on overall agropastoral
efficiency. Third, the model identified specific sources
of inefficiency, highlighting widespread underutilisation
or surplus in key inputs such as cultivated land area, to-
tal agricultural machinery power, and initial livestock
numbers across multiple regions. Meanwhile, rural resi-
dents' disposable income was flagged as an output, re-
quiring substantial improvements in most prefectures.

These findings have significant policy implications.
For policymakers in Inner Mongolia, the efficiency meas-
ures and slack variables generated by this model provide
a practical evidence-based toolkit for targeted resource
management and subsystem development. Specifically,
the analysis suggested three strategic actions:

i) Strengthen the livestock subsystem. Policies and
investments should prioritise strengthening the live-
stock production subsystem, which has been identified
as a primary weakness.

ii) Reallocate resources according to local needs.
Resource allocation should be tailored to the ineffi-
ciencies of each region. For instance, policies should
encourage the rationalisation of cultivated land use
in Chifeng, Ulanqab, and Alxa, optimise herd struc-
ture and size in regions with significant livestock in-
ventory surpluses, such as Hinggan, Xilingol, Ulanqab,
and Bayannur, and rationalise agricultural machinery
power in areas such as Ulanqab and Bayannur to elimi-
nate excess capacity.

iii) Increase rural residents' income. Boosting rural
residents' disposable income is crucial. Efforts should
be intensified in regions with significant income gaps
such as Ulangab, Chifeng, Hinggan, and Tongliao.

We recommend that future research focus on the fol-
lowing topics. First, extending the model by incorpo-
rating undesirable outputs, such as carbon emissions,
could provide a more comprehensive evaluation of envi-
ronmental sustainability and eco-efficiency. Second, ap-
plying the framework in a dynamic setting using panel
data would enable the tracking of efficiency changes
over time and identify the drivers of productivity growth
or decline. Third, adapting and testing the model to oth-
er agropastoral regions would examine its broader ap-
plicability and facilitate cross-regional comparisons.
Finally, integrating spatial factors or climatic variables
can further enhance the ability of the model to account
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for geographical and environmental heterogeneity.
These research directions will improve our understand-
ing of agropastoral system performance and support
more nuanced, sustainability-oriented policymaking.
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