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Abstract

This research investigates the impact of the digital economy on high-quality agricultural
development, specifically its impact on Agricultural Green Total Factor Productivity (AGTFP). The
research combines Dynamic Qualitative Comparative Analysis (QCA) and Necessary Condition
Analysis (NCA) methods on data from 31 provinces in China between 2011 and 2023. The study
produces the following results, (1) A single element of the digital economy is not a necessary
condition for improving AGTFP. The driving effect relies on the interactions of multiple elements.
Configuration analysis indicates viable driving paths to AGTFP, resulting in four effective driving
paths, including financial-government dual-driver model path, infrastructure-government dual-
driver model path, financial-resource dual-driver model path and industry-led driver model path.
(2) The paths to achieving high-quality agricultural development vary among different regions. The
eastern region places more emphasis on the integration of finance and policy, while the central and
western regions stress the synergy between infrastructure and the government. (3) The pathways are
stable with respect to time. The most notable realization is that digital finance pathways show higher
overall constancy for the years of study and have a temporal stability of greater than 0.85 in most
years. This study combines the TOE framework with configuration analysis, expanding the
theoretical framework of agricultural digitalization, revealing the key paths for the digital economy
to promote the development of green agriculture, and providing empirical evidence for formulating
differentiated digital agriculture policies.

Keywords: digital economy; agricultural green total factor productivity; dynamic qualitative
comparative analysis; TOE; necessary condition analysis

1. Introduction

As the world experiences increasing pressures related to food security, growing climate
challenges, and continuing changes in global trade flows, the digital economy has become a central
force of change and high quality development in the global agricultural system. In this context, China
sees the digital economy as a key driver of agricultural and rural modernization and high quality
agricultural development. The report of the 20th National Congress of the Communist Party of China
explicitly called for accelerating the construction of a “Digital China”; deep integration of the digital
economy and real economy; and empowerment of traditional industries through digitalization and
intelligent transformation. The 2023 Overall Layout Plan for Building Digital China, elevated the
construction of a “green and intelligent digital ecological civilization” goal to a national strategic
priority. The report emphasized the deep integration of the digital economy and green economy,
which provides policy direction and institutional support for leveraging digitization to drive the
high-quality development of agriculture. In agriculture, the digital economy presents opportunities
not only for the intelligent upgrading of production modes but also for systematic changes in
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resource allocation mechanisms, organizational, and ecological governance systems [1]. From a
theoretical perspective, the substance of high quality agricultural development is to decouple
economic growth from resource consumption and environmental degradation. Agricultural Green
Total Factor Productivity (AGTFP) is a methodology used to assess agricultural efficiency and
sustainability by incorporating resource consumption and environmental pollution as undesirable
outputs into traditional efficiency and productivity assessments [2]. Consequently, AGTFP is viewed
as an important indicator of high-quality agricultural development, with improvements indicating
enhanced production efficiency and coordinated improvements in resource conservation and
environmental protection [3]. However, there exists an imbalance between the level of digital
economy development and the progress of high-quality agricultural across regions in China, which
constrains capacities for high quality agricultural progress in two ways. First, it poses a risk of further
widening the regional “digital divide” - in turn undermining its overall effects of enabling digital
empowerment for agricultural green transformation. Second, it inscribes indicative development
trajectories that are not reliant on region-specific contexts [4,5]. Thus, it is crucial to articulate how
the digital economy impacts AGTFP, in degrees of combinations and synergies of key factors, and
including representative regional development trajectories to address gaps between implementation
and national strategic objectives.

Scholarly research on the association between the digital economy and high-quality agricultural
development has generated multi-dimensional, multi-level findings. At the macro level, research has
concentrated on studying the overall impact of the digital economy on agricultural productivity and
the transition to green agricultural production [1]. For example, Ma et al. (2025) [6] utilized provincial
panel data to establish evidence for the claim that the digital economy has profound benefits for
agricultural productivity because it enhances resource allocation efficiency and facilitates the
dissemination of technological innovation. Cai and Wang (2025) [7] found that the digital economy
can indirectly promote high-quality agricultural development through the mediating effect of green
agriculture. Ma et al. (2024) [8] similarly demonstrated that the development of digital economy
significantly suppresses agricultural carbon emission intensity - thereby demonstrating a beneficial
role in supporting green transformation. At the meso level, research has examined the digitalisation
of industrial chains and the impacts of industrial clustering [4,10]. Many scholars have explored how
digital technologies are reshaping essential stages of agricultural production, distribution, and
marketing. Xu et al. (2024) [11] showed that digital integration of agricultural value chains can
effectively reduce transaction costs and improve coordination efficiency. Teng et al. (2024) [12]
employed a simulation model to explore the process of digital transformation and found that
different types of industrial clusters should adopt differentiated digital transformation paths to
achieve optimal transformation performance.Similarly, Li et al. (2024) [13] have shown that digital
industrial clusters have promoted structural upgrading of regional agricultural industries through
knowledge spillovers and innovation network effects. At the micro level, research has considered the
mechanisms of individual factors such as digital infrastructure, digital finance, and smallholder
adoption of digital technologies [14-16]. Zhang et al. (2025) [17] provide broadband expansion helps
smallholder farmers adopt new agricultural technologies and enhance productivity, while Gou et al.
(2024) [14] showed that digital inclusive finance alleviates credit constraints and considerably
improves green productivity of new agricultural entities. Overall, whilst there has been considerable
progress, there are three limitations to the existing research. First, analytical perspectives remain
fragmented; most scholarship has segregated individual factors from studying the interactions and
synergies impacting technological, organizational, and environmental factors. Secondly, most of the
existing analyses remain at a static level and fail to fully demonstrate how the digital economy
continuously drives the dynamic process of agricultural transformation. Third, traditional
econometric methods have limitations in their ability to examine complex type multi-factor
interactions, and restrictions in examining how various regions may follow different pathways to
achieve similar development outcomes.
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The marginal contributions of the contribution are three-fold. (1) Theoretical contribution:
Supported by the Technology-Organization—-Environment (TOE) framework, this research
systematically integrates the technological, organizational, and environmental orientations to
provide a holistic analytical perspective to understand the multiple and complex mechanisms of
agricultural green development. (2) Methodological contribution: Combining necessary condition
and dynamic analyses together discover the synergetic mechanisms and evolutionary trajectory of
the influence of the digital economy on joint AGTFP. (3) Empirical contribution: Analysis hued in on
several factor configurations that enhance AGTFP, or find the empirical evidence that high-quality
agricultural development is achieved from various, context-based pathways.

2. Theoretical Model Construction

The TOE framework serves as a systematic theoretical lens to study the complex mechanisms in
which the digital economy influences high-quality agricultural development. The framework was
initially proposed by DePietro et al. (1990) [18] to study the adoption and implementation of
technological innovations in organizations. The TOE framework posits that technology is only
effective if it can be effectively adopted, used, and utilized, which relies on a joint consideration of
the characteristics of the technology itself, organizational characteristics, and the technology’s context
or environment. As research into the TOE framework and technology adoption evolved, Zhu et al.
(2006) [19] extended the framework into the digital transformation space, demonstrating its
theoretical value in understanding the complexity of technology adoption into organizations. In
studies of the digitalization of agriculture, the practical application of the TOE framework has been
amply demonstrated, integrating the full chain of influencing factors, from technological application
micro-level context, organizational capability meso-level context, to the issue of policy environment
at the macro-level context. Recent empirical studies contributed to enrich the application of the TOE
framework. For example, Zhao et al. (2024) [20] demonstrated that the synergy of the three
dimensions explained the outcome of digital economy better than solely relying on each dimension.
Gao et al. (2023) [21] stated that there were significant resource allocation strategies across
agricultural entities at different operational scale. Nagy et al. (2025) [22] pointed out that the TOE
framework has a direct positive relationship with the performance of agricultural SMEs.These studies
collectively validated the explanatory power of the TOE framework to understand the agricultural
space, but also contributed to further our understanding of the digital economy ability to influence
high-quality agricultural development, and offers a theoretical lens for this study.

A crucial aspect of the digital economy is the technological dimension. The technological
dimension consists of two primary elements: digital infrastructure and digital technology talent,
which together constitute the material and intellectual foundation of the digital economy. As outlined
in the 14th Five-Year Plan for National Agricultural and Rural Informatization from the Ministry of
Agriculture and Rural Affairs, a critical national project has been identified that involves building an
integrated “sky-space-ground” agricultural observation network as part of its aim to promote the
digital transformation of agricultural production. There is evidence that digital infrastructure enables
the real-time monitoring of farm environments and threshold-specific data collection for farm
management decisions, which can be the foundation for deploying green technologies such as water-
saving irrigation [23]. In a related way, the key points for the digital rural development work in 2023
focus on the adoption of a “digital rural talent reform program” to address the need for human
resources that are sufficiently skilled in agricultural production tasks in rural areas. Similarly, studies
show that digital technology workers not only maintain and run smart agricultural equipment, but
also help with data analytics and decision optimization, thereby improving the AGTFP [24].

The organizational dimension provides crucial resource support for the digital economy, and
has two components which further exemplify the concept: digital resource investment and digital
government construction. Regarding the investment in digital resources, continued investments in
finance and equipment represents the material underpinning of high-quality development. The
extent of investment directly associates with the extent of exploitation and adoption of technology
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[25]. Case studies show that for leading agricultural enterprises, organizational structure
reorganization and management innovation are the keys to achieving digital transformation. These
investments not only expand the application scope of intelligent devices, but also promote the
systematic accumulation and intelligent analysis of agricultural data through the synergy of
technology and organization. This process can optimize production decisions, reduce the use of
chemical fertilizers and pesticides, and ultimately enhance AGTFP [26]. In terms of digital
government construction, the government plays a crucial role in creating an institutional
environment conducive to the high-quality development of agriculture [27]. Specifically, digital
government promotes the development of green agriculture through two major paths: First,
construction of agricultural data and digital public service infrastructural sharing reduces the cost of
information and transaction costs of agricultural producers [28]. Secondly, through the construction
of digital regulatory, the government monitors for the environmental impacts of agricultural
production through precise monitoring individuals, and executes institutional protection for green
and sustainable practices [29].

The environmental dimension represents the external ecological basis of digital economy, which
consists of two main elements: the promotion of digital finance and the development of the digital
industry. For digital finance, digital inclusive finance mitigates the financing constraints faced by
agricultural producers through big data—driven risk control and online credit services [14]. In
particular, credit evaluation models that rely on digital technologies are more accurately able to
assess agricultural operational risks, providing financing to sectors traditionally eschewed by
financial institutions [30]. Digital finance also leads to green agricultural transformation by providing
new insurance products and service models that provide risk coverage and financial security [31].
The development of the digital industry relates to the regional level of digital industrialization and
directly affects the accessibility and multiplicity of technological resources for digital economy.
Regions with highly developed digital industries can provide agricultural sectors with more
advanced digital solutions and professional technical service teams. The spillover effects of
technology do not end with access to hardware but also with the introduction of modern
management concepts and innovative thinking [32]. Also, with the expansion of the digital industry
has also led to the development of specialized digital service companies dedicated to serving
agriculture. These companies provide customized high-quality development solutions for
agriculture, significantly reducing the technological and financial risks associated with digital
agricultural transformation, decreasing implementation costs while increasing technological
transformation efficiency for agricultural producers [33].

Thus, this research provides a framework of analysis to explore how the digital economy
generates high-quality agricultural development. This study adopts a TOE framework, guided by the
following six antecedent conditions: Digital Infrastructure (DI), Digital Technology Talent (DTT),
Digital Resource Investment (DRI), Digital Government Development (DGD), Digital Finance
Development (DFD), and Digital Industry Development (DID), which corresponds to the
technological, organizational, and environmental aspects to which they relate. The overall framework
can be shown in Figure 1.
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Figure 1. Theoretical framework of the digital economy driving high-quality agricultural development.
2. Research Design
2.1. Research Method

2.1.1. NCA and Dynamic QCA Method

This paper employs an integrated model of Necessary Condition Analysis (NCA) and Dynamic
Qualitative Comparative Analysis (QCA) as a systematic approach to understand the layered
mechanisms underlying high-quality agricultural development. The QCA model, founded on set
theory and Boolean algebra, is appropriate for analyzing complex, many-faceted, causally
asymmetric, and equifinal relationships. It identifies the various configurations of antecedent
conditions that lead to subsequent outcomes, which generate a relatively moderate-sized sample [34].
Since high-quality agricultural development is dynamic and cumulative by nature, conventional
static QCA is unable to capture the evolution of the high-quality agricultural development processes.
The dynamic QCA framework overcomes that shortcoming by revealing how causal configurations
that lead to successful high-quality agricultural development evolve [35]. While QCA can be used to
test for necessity of conditions, QCA’s requisite conditions are typically a more robust threshold.
NCA entails a more precise measure of determining the degree of necessity of conditions and
quantifying other important thresholds of conditions to determine whether the condition is necessary
or not. Regardless, one can easily see the harmony of utilizing both NCA and dynamic QCA to
capture various advantages: NCA is centered on articulating or identifying requisite conditions while
dynamic QCA emphasizes sufficient configurations and how those sufficient configurations vary
over time [36]. The explicit comparison of both methods enables a more thorough understanding of
the multiple driving mechanisms behind high-quality agricultural development, through the dual
lenses of necessity vs sufficiency and static vs dynamic analyses.

2.1.2. SBM-GML Model

In this research, we quantify AGTFP by taking into account both the Slack-Based Measure (SBM)
of efficiency model and the Global Malmquist-Luenberger (GML) index. The SBM efficiency model
addresses two important methodological issues. First, it accounts for the efficiency of production
processes when undesirable outputs are present. Second, it also allows for the results to be
comparable across time [37]. Assume there are N decision-making units (DMUs) in the sample. For
each DMU, the input vector in period t is denoted as XERY', the desirable output as YER?, and the
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undesirable output as beR]. Based on undesirable outputs, the SBM efficiency model is specified as
follows:

1fym Si
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In this model, the variables s;, s;, and s]b indicate slack variables associated with inputs,

ming=

(M

desirable outputs, and undesirable outputs, respectively. The symbol p represents overall the
efficiency score of the decision-making unit. A lower score indicates that the decision-making unit is
closer to the production frontier, reflecting a higher level of green efficiency. On this basis, the
Malmquist-Luenberger index is used to study the dynamic change in Green Total Factor
Productivity. The Malmquist-Luenberger index is given as follows:

-1
GMLt,t+1 — [% (Dt(xt, yt’ bt) + Dt(xt+1’yt+1’bt+1)) x G (Dt+1(Xt’ yt’ bt)Dt+1(Xt+1’yt+1’bt+1))) ] )

A value of the index GML"*'>1 indicates an improvement in green total factor productivity
whereas a value below 1 signifies a decline.

2.2. Data Sources

2.2.1. Outcome Variable

This study uses agricultural development quality as the outcome variable, and AGTFP as the
measurement indicator to operationalize this outcome variable, following the general approach set
forth by Zhou et al. (2023) [38]. The AGTFP is computed based on the User-Oriented SBM-Global
Malmquist (SBM-GML) model, which alleviates the measurement biases presented by other
traditional radial models of productivity. This model incorporates undesired outputs into the
efficiency evaluation system, ensuring both the accuracy of the results and achieving comparability
across time dimensions [37]. Based on previous research and taking into account the availability of
data and the characteristics of agricultural production, an input-output indicator system was
constructed, which specifically includes the following input indicators: (1) number of agricultural
laborers(10,000 persons), (2) total sown crop area (thousand hectares), (3) total agricultural machinery
power (kW), (4) Fertilizer consumption (tons), (5) pesticide consumption (tons), (6) agricultural
plastic film consumption (tons), and (7) effectively irrigated area (thousand hectares). These
indicators comprehensively capture the major factors of agricultural production: labor, land, capital,
and technology. Desirable output is defined as the gross value of agricultural output, while
undesirable output is defined as total agricultural carbon emissions, which were calculated using the
coefficient method. Thus, the input-output indicator framework is designed to capture the essential
relationship between agricultural economic growth and its associated costs of output, resources and
the environment.

2.2.2. Condition Variables

Using the TOE framework, this study creates a configurational analytical framework that
embodies six element conditions. Theoretical analysis suggests that digital infrastructure, digital
technology talent, digital resource input, digital government development, digital financial
development, and digital industry development have complex interrelationships. The factors have
direct paths toward AGTFP, and also act synergistically through three levels (technological
empowerment, organizational support, and environmental facilitation). These paths could be
constructed and unified to encourage sustainable agricultural development. In our study, the
multidimensional coupling of factors serves as a systematic analytical approach to explore the
pathways related to AGTFP. Among these various factors, we also quantify four composite variables
representing (i) digital infrastructure, (ii) digital industry development, (iii) digital resource input,
and (iv) digital government development, based on the entropy-weight method to create unified
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composite indices. The specific measurement indicators, data sources, and calculation methods can
be found in Table 1.

Table 1. Description of indicators for antecedent conditions.

Antecedent
Dimension " ec-e . ®™ " Measurement indicator Indicator description Data source
condition
Number of Int t
Internet penetration tmber of Terne China Statistical
users / total
rate . Yearbook
population
China
Number of broadband Communication
Broadband access rate Internet subscribers / Statistical Yearbook,
DI [39] total population China Statistical
Y k
Technological eg;z?:
conditions Number of broadband . .
orts Direct data Communication
P Statistical Yearbook
L h of long-di hi istical
engt' of long d}stance Direct data China Statistica
optical cable lines Yearbook
Number of employees
DTT in 1.r1f.ormat10n Direct data China Statistical
transmission, software, Yearbook
and IT services
China Statistical
Education expenditure Direct data ta satstica
Yearbook
DRI [40] Science and t.echnology Direct data China Statistical
expenditure Yearbook
hi stical
R&D investment Direct data China Statistica
Yearbook
China Statistical
Organizational GDP per capita Direct data ma >ratstica
conditions Yearbook
Number of industrial . .
. . China Statistical
enterprises above Direct data Yearbook
DGD [41] designated size
Total foreign enterprise Regional GDP /total = China Statistical
investment resident population Yearbook
Total retail sales of . China Statistical
Direct data
consumer goods Yearbook
Peking University
Digital Inclusive . Digital Finance
DEFD [42 Direct dat
[42] Finance Index et data Research Center
[42]
Total
Per capita o . China
. telecommunications ..
telecommunications . Communication
. . business volume / total o
Environmental business volume . Statistical Yearbook
conditions population
. Number of mobile China
Mobile phone .
DID [43] . phone users / total Communication
penetration rate . ..
population Statistical Yearbook
Number of legal entities
in information . China Statistical
o Direct data
transmission, software, Yearbook

and IT services
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. China Statistical
E-commerce sales Direct data
Yearbook
Number of enterprises

Share of enterprises . P . L.

o od in e-c orce with e-commerce China Statistical

nga in e-commer .

538 activities / total Yearbook

transactions .
enterprises

2.2.3. Data Calibration

To conduct a fuzzy-set qualitative comparative analysis, the raw data must be transformed into
fuzzy-set membership scores ranging from 0 to 1. This study applies the direct calibration method,
setting calibration anchors based on both theoretical knowledge and the empirical distribution of the
sample data. Following widely adopted academic practice, the upper quartile (75%), median (50%),
and lower quartile (25%) of each variable are defined as the thresholds for full membership, crossover
point, and full non-membership, respectively [44]. The specific calibration anchor values for each
variable are presented in Table 2 on the following page.

Table 2. Variable calibration and descriptive statistics.

Calibration anchors Descriptive statistics
Variable type Full Crossover Full non- .
5 Rk A Mean SD Min Max
membership point membership
, AGTF
Outcome variable P 1.083 1.034 1.000 1.038 0.154 0.415 1.782
DI 0.447 0.344 0.231 0.346 0.152 0.466 0.768
107.40
DTIT 13.450 6.600 4.400 12.878 17.441 0.200
Antecedent 253.51 110.70 16.22 498.28
. DFD 340.735 267.800 173.190

conditions 1 1 0 0
DID 0.215 0.112 0.061 0.154 0.132 0.008 0.720
DRI 0.179 0.083 0.043 0.136 0.154 0.001 0.936
DGD 0.157 0.089 0.044 0.119 0.108 0.002 0..571

3. Data Analysis and Empirical Results

3.1. Necessary Condition Analysis

NCA aims to identify antecedent conditions that are essential for the occurrence of an outcome —
that is, conditions that must be present whenever the outcome exists. To enhance the robustness of
the findings, both NCA and QCA were employed in this study. First, using the NCA method, two
estimation techniques—-ceiling regression (CR) and ceiling envelopment (CE)—were applied to
calculate the effect size (d) and significance level (p-value) of each condition. As indicated in Table 3,
all effect sizes are below the threshold of 0.1, suggesting that none of the variables were necessary for
higher levels of AGTFP. These findings are additionally supported by the NCA scatterplot (Figure 2),
which shows significant dispersion below the ceiling line without an observable “corner-shaped”
concentration or clear bounding constraint area. The scatterplot shows that no singular condition
needs to be at a sufficient level in order to achieve high AGTFP. Second, the bottle neck levels
presented in Table 4 indicate that all conditions are non-necessary (NN) at lower levels of outcomes
(e.g., Y < 20). As levels of outcomes increase, conditions begin to exhibit bottleneck levels. For
instance, when Y = 100, bottleneck levels for DI, DFD, DID, and DGD are 0.4, 0.2, 0.2, and 0.4
respectively and remain at 0 for DTT and DRI. These findings demonstrate that while some
conditions are going to need to reach a moderate level in order to achieve high AGTFP, there are
overall low threshold levels.
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Condition Method Accuracy (%) Ceiling zone Scope Effect size (d)  p-value

DI CR 98.5% 0.001 1.000 0.001 0.013
CE 100% 0.000 1.000 0.000 0.000

DIT CR 99.5% 0.000 1.000 0.000 0.235
CE 100% 0.000 1.000 0.000 0.109

DED CR 97.3% 0.001 1.000 0.001 0.002
CE 100% 0.002 1.000 0.002 0.000

DID CR 99.3% 0.001 0.997 0.001 0.011
CE 100% 0.002 0.997 0.002 0.000

DRI CR 100% 0.000 0.998 0.000 0.146
CE 100% 0.000 0.998 0.000 0.006

DGD CR 99.5% 0.002 0.997 0.002 0.014
CE 100% 0.003 0.997 0.003 0.002

Note: A permutation test with 10,000 replications was used.

NCA Plot : DI - AGTFP

NCA Plot : DTT - AGTFP

NCA Plot : DFD - AGTFP
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Figure 2. NCA scatterplot.
Table 4. Bottleneck level analysis.

Y DI DTT DFD DID DRI DGD

0 NN NN 0.0 0.0 NN NN

10 NN 0.0 0.0 0.0 0.0 0.0

20 NN 0.0 0.0 0.0 0.0 0.0

30 NN 0.0 0.0 0.0 0.0 0.1

40 NN 0.0 0.1 0.1 0.0 0.2

50 0.0 0.0 0.1 0.1 0.0 0.2

60 0.1 0.0 0.2 0.1 0.0 0.2

70 0.2 0.0 0.2 0.2 0.0 0.3

80 0.2 0.0 0.2 0.2 0.0 0.3

90 0.3 0.0 0.2 0.2 0.0 0.4

100 0.4 0.0 0.2 0.2 0.0 0.4

3.2. Analysis of Single-Condition Necessity

In addition, the study employs QCA to understand the need for each individual condition. Table
5 suggests that the consistency levels of all of the individual conditional variables fall well below the
threshold of 0.9 and, thus establishes that there is no single antecedent condition that is necessary for
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the outcome. This is consistent with the findings from the NCA. In general, both the quantitative
NCA and qualitative QCA perspectives demonstrate predict that the antecedent conditions involve
the outcome through combinatorial configurations and not through any isolated condition. This logic
reinforces the aim of exploring multiple concurrent causal pathways with subsequent analyses. After
performing an inter-temporal analysis for configurations with adjusted inter-group consistency
distance > 0.2, the analysis tested whether any configuration combine of causal conditions might
constitute a necessary condition. As shown in Table 6, in most years, the inter-group consistency
values for Cases 1-7 remain below the 0.9 threshold. Although in 2023, Cases 1-4 exhibited inter-
group consistency above 0.9, their coverage values were all below 0.1. The extremely low coverage
suggests that these causal relationships occur only sporadically in a few cases and thus lack
generalizability. Taken together, the results indicate that none of the antecedent conditions in this
study —whether associated with high or low AGTFP—can be regarded as a single necessary
condition.

Table 5. Necessity test of single conditions.

Y(High AGTFP) ~Y(Low AGTFP)

Inter-group Intra-group

Inter-group Intra-group

OverallOverall
Condition variable Overall consistency- consistency- . consistency- consistency-
. Overallcoverge . . consit- covera- . .

consist-ency adjusted adjusted adjusted adjusted

distance distance ney e distance distance
DI 0.649 0.635 0.555 0.350 0448 0.454 0.727 0.426
~DI 0.442 0.436 0.671 0.449 0.639 0.654 0.667 0.280
DTIT 0.586 0.600 0.141 0.788 0455 0483 0.181 0.805
~DTT 0.496 0.467 0.358 0.776 0.623  0.609 0.153 0.642
DFD 0.657 0.640 0.768 0.193 0453 0.458 0.804 0.268
~DFD 0.443 0.439 0.788 0.292 0.643  0.660 0.776 0.198
DID 0.648 0.650 0.559 0.333 0424 0.441 0.687 0.566
~DID 0.443 0.426 0.647 0473 0.664 0.661 0.575 0.350
DRI 0.638 0.653 0.137 0.695 0425 0450 0.257 0.782
~DRI 0.463 0437 0.382 0.735 0.673  0.658 0.197 0.572
DGD 0.620 0.623 0.149 0.695 0453 0471 0.273 0.759
~DGD 0.473 0.455 0.354 0.724 0.638 0.635 0.245 0.607

Note: “~” denotes the logical operator “NOT.”.

Table 6. Causal combinations with inter-group consistency adjustment distance greater than 0.2.

Causal Combina-tion Indicator Year
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Case 1 Inter-group Consistency 0.94 0.74 0.50 0.52 045 047 050 053 046 045 046 044 0.99
~DTT
- Inter-group Coverage 0.07 041 044 033 032 054 053 079 077 0.61 0.75 0.68 0.04
AGTFP
Case 2 Inter-group Consistency 0.30 0.20 0.17 0.33 039 0.39 065 0.88 097 0.10 0.64 0.76 1.00
DIL
- Inter-group Coverage 0.19 0.73 057 057 051 075 0.72 0.81 0.81 0.64 082 0.82 0.03
AGTFP
Case 3 Inter-group Consistency 0.95 0.68 0.67 0.60 0.49 055 044 047 042 035 035 031 0.85
~DRI
- Inter-group Coverage 0.06 0.38 0.47 032 031 0.60 047 0.76 0.76 053 0.69 0.59 0.05
AGTFP
Case 4 Inter-group Consistency 0.89 0.69 0.66 0.60 0.44 0.55 045 050 046 039 035 031 0.86
~DGD
- Inter-group Coverage 0.06 0.39 047 033 0.28 059 046 076 0.78 059 0.76 0.65 0.06
AGTEP
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Case 5 Inter-group Consistency 0.25 031 0.39 0.39 038 046 0434 057 048 046 045 0.44 0.66
DRI-
~ Inter-group Coverage 0.99 0.62 059 0.67 057 041 041 027 017 029 017 020 0.99
AGTFP
Case 6 Inter-group Consistency 0.30 0.34 040 041 036 044 039 053 046 051 0.61 056 0.72
DGD-
~ Inter-group Coverage 0.98 0.64 059 0.68 0.53 040 0.39 0.27 0.17 033 021 0.24 1.00
AGTFP
Case 7 Inter-group Consistency 0.74 0.79 0.72 0.73 0.75 071 0.74 0.62 0.68 052 043 058 0.29
~f§§:—1} Inter-group Coverage 098 0.73 0.64 0.83 0.84 0.52 0.67 032 028 045 027 047 098

3.3. Analysis of Sufficiency for Condition Configurations

Building on the necessity analysis, this study employs R software to perform condition
configuration analysis, aiming to uncover how multiple antecedent conditions interact to drive both
high and low AGTFP. Given that this study is based on a medium-sized sample, a case frequency
threshold of 1 is set, with an original consistency threshold of 0.8 and a PRI consistency threshold of
0.6 [45]. Following the analysis of the software output, we obtain results corresponding to complex,
simplified, and intermediate solutions. Core and peripheral conditions are drawn from the prior
established academic conventions: core conditions appear in both the simplified and intermediate
solutions, indicating a strong causal relationship between core conditions and outcome, whereas
peripheral conditions appear only in the intermediate solution, indicating a weaker causal
relationship [46]. The intermediate solution served as a basis of analysis with the simplified solution
identifying core conditions. This process allows for systematically identifying the multiple,
concurrent causal pathways to outcome. The analysis is in Table 7 and lists the configurations for
high and low AGTFP. Utilizing the combination of condition variables, five configuration types are
identified: the financial-government dual-driver, the infrastructure-government dual-driver, the
financial-resource dual-driver, the industry-led driver, and the talent-island trap.

Table 7. Configural Analysis Results of High and Low AGTFP.

High AGTFP Low AGTFP
Fi ial- Inf -
Condition tnancia nirastructure Financial-Resource Industry-led Talent
. Government Government dual- . .
variable . . dual-driver driver Island Trap
dual-driver driver
Hla Hi1b H2a H2b H3 H4 NH1
DI 8] 8] . ° U 8] U
DTT U U ° ° U °
DFD ° ° U U ° U U
DID ° U ° ° U
DRI ° ° ° U U
DGD ° ° ° ° U U
Consistency 0.869  0.895 0.846 0.801 0.843 0.801 0.806
PRI 0.74 0.784 0.663 0.626 0.726 0.625 0.679
Coverage 0285  0.287 0.210 0.352 0.297 0.292 0.250
Unique o011 0013 0013 0.036 0.021 0.038 0.250
Coverage
Intergroup
comsiStency 17 0225 0261 0297 0.229 0.165 0.342
adjusted
distance
INfragroup 551 0294 0290 0328 0.293 0.257 0.293
consistency
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adjusted
distance
Overall 0.843 0.806
Consistency
Overall PRI 0.645 0.679
Overall 0.424 0.250
Coverage

Note: ® denotes high levels of antecedent conditions, U denotes low levels of antecedent conditions; large circles
represent core conditions, small circles represent peripheral conditions; “blank” indicates that the presence or

absence of the condition has no significant impact on the outcome.

3.3.1. Summary of Results Analysis

(1) Configuration Analysis of High-Quality Agricultural Development

According to the analysis results in Table 7, the consistency of the overall solution for high
AGTFP reaches 0.843, exceeding the threshold of 0.75, indicating that the selected condition
combination can fully explain the phenomenon of high AGTFP. The overall coverage rate of 0.424
and the PRI consistency of 0.645 both meet the standard requirements of the QCA method. Further
examination of the inter-group and intra-group consistency adjustment distances of each pathway
revealed that most values were within 0.3, indicating that different combinations of preconditions
can effectively drive the formation of high AGTFP.

The Financial-Government dual-driver pathway is composed of two configurations, Hla and
Hib. In configuration Hla, a high level of digital financial development, high level of digital
government development, low level of digital infrastructure, and low level of digital technology
talent are all selected as core conditions. The supporting condition used in this configuration is a high
level of digital industry development . These conditions together create a high-enhancing effect on
AGTFP. Jiangxi Province is a representative case of the pathway where the high-quality development
of agriculture clearly expresses a government-driven process. The provincial government has
legitimized the strategic priority of green ecology agriculture through top-level documents, such as
the “No. 1 Document”, and established the direction to deploy financial resources to areas of green
transformation. For instance, Yichun City incentivized low-carbon oil tea garden projects by
promoting a full-chain mechanism that allocated 140 million RMB in loans. Additionally, Jizhou
District financed the agricultural low-carbon transition of agricultural enterprises through the
“Agricultural Low-Carbon Loan” program at 2.05% interest rate. This example demonstrates the
successful coupling of policy-driven (government) direction and market-driven finance. The second
configuration, H1b, shares the same core conditions as Hla, except in H1b high level of digital
resource input is used as a supporting condition instead of digital industry development. The
consistency of Hlb is 0.895, and 0.287 coverage, both of which confirm the robustness and
explanatory power of the Financial-Government dual-driver pathway.

The Infrastructure-Government dual-driver pathway indicates that the effective interaction of
digital infrastructure and government governance can promote AGTFP even if support from digital
finance is weak. This pathway is represented by a pair of highly similar configurations, H2a and H2b,
each of which has high digital infrastructure, high governmental governance, and low digital
financial development as core conditions. The differ in that H2a has low digital industry development
as a supporting condition, while H2b has low digital resource input as a supporting condition. An
exemplary illustration of the H2a pathway is Hebei Province. The Province has actively promoted
the development of the national integrated computing power network with a hub node in the Beijing-
Tianjin-Hebei region and the construction of the Zhangjiakou Data Center Cluster, to promote the
synergistic development of data centers and renewable energy. On the policy side, the provincial
government released the “Action Plan for Accelerating the Construction of Digital Hebei (2023—
2027),” which identifies specific goals and tasks relative to the development of digital infrastructure.
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The plan seeks to promote the deep integration of digital technology with the real economy by
implementing six special actions and 20 key projects.

Configuring H3 within the Financial-Resource dual-driver pathway reflects a scenario with
intense capital development associated with digital finance and high relationship intensity with
digital resource input. High intensity is also supported by high development within the digital
industry pathway suggesting that there is solid infrastructure related to the digital industry, but
digital infrastructure and digital government development were relatively weak. The logic for this
type of configuration relates to financial capital identifying viable opportunities required for
investment in agricultural green transformation, towards digitized solutions to improve resource
allocation and efficiency in agricultural production. Guizhou Province is an illustrative example of
how growth and intensity occurs in digital financial development as a first major driver. Within the
province of Guizhou financial institutions have actively developed online methods to enhance
financial product delivery, with the example of the “Qian Nong e-Loan” that utilizes big data risk
control as mechanisms to enhance the accessibility of credit for farmers and agricultural enterprises.
As a second driver, Guizhou Province has developed green financial products specific to green /
organic industries such as tea and medicinal herbs. All of these products aim to ensure the efficacious
allocation of certified funds for green and organic agricultural production.

The industry-led driver pathway, depicted by configuration H4, demonstrates an agricultural
green transformation that relies on industrial upgrading as opposed to technology and capital-
intensive high-quality development of agriculture pathways. This pathway is advanced by high
levels of digital industry development and takes advantage of mechanisms such as large-scale
production, specialization of business entities, and industry chain integration, to effectively offset
disadvantages in digital technology development (including brand development, financial
investment, infrastructure, and government governance). The Shaanxi Province “Luochuan Apple”
has been established as a representative of this pathway. In terms of creating a highly organized
industry model and unified green production standards, the industry has effectively promoted
agricultural green development with improved efficiency through industrial upgrading.

(2) Configuration Analysis of Low-Quality Agricultural Development

The Talent Island Trap configuration (NH1) exemplifies a structural mismatch between the
supply of digital technology talent and the supply of industrial development. The structure of this
configuration consists of excess digital technology talent, with a deficit supporting industrial
development infrastructure, investment resources, and compatible financing resources to adequately
apply the skills of digital technology talent into an effective real driver of high-quality development
of agriculture. The Xizang Autonomous Region can be regarded as a typical representative of this
configuration. Although a large number of digital technology talents have been introduced through
the aid Xizang policy, the relatively single agricultural industrial structure of the region, the limited
application scenarios of digital technology and the insufficient investment in digital resources have
led to the difficulty in effectively matching talents with industrial demands. This phenomenon of
disconnection between talents and industries hinders digital technology talents from fully realizing
their potential in enhancing AGTFP. Similarly, the Ningxia Hui Autonomous Region also presents
different manifestations of this problem. Although the region has a certain reserve of digital talents,
due to environmental factors such as incomplete coverage of digital infrastructure and limited digital
financial services, the application of digital technology in agricultural production still faces
significant obstacles. Furthermore, the local digital industry development level is insufficient, and it
is unable to provide the necessary technical support and service infrastructure for the high-quality
development of agriculture of agriculture. This eventually led to digital technology talents falling
into a predicament of “having talents but no platforms”. This phenomenon of talent silos highlights
the limitations of simply introducing digital technology talents. To fully unleash the potential of such
talents, it is necessary to simultaneously promote the construction of the industrial environment,
improve digital infrastructure, strengthen financial service support, and build an ecosystem
conducive to the effective application of digital technology talents.
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3.3.2. Inter-group Consistency Analysis

Inter-group consistency analysis is used to assess whether the prior configuration of the driving
outcome systematically changes over time, thereby evaluating the temporal stability of the driving
path. As shown in Figure 3, driving pathways, remain fairly stable from 2011-2023, although slight
changes are apparent. More specifically, digital finance (H1lb, H3) configurations show higher
temporal stability (consistently=0.85) as the result of market capital’s foundational role in agricultural
green transformation persists (in most years). On the other hand, the digital infrastructure (H2b)
pathway has experienced growth from low to high, suggesting that the interactive effects of digital
infrastructure and government governance require a longer accumulation of resources to realize their
potential. It is observe that all pathways experience a reduction in consistency in 2023, which may
indicate a systematic change in the agricultural green development environment.

1
—_ S~~~
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07
_F-Zj 0.6
205
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O 04

0.3

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
year
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Figure 3. Trend of inter-group consistency changes in high-quality agricultural development.

3.3.3. Regional Differences Analysis of High-Quality Agricultural Development Pathways

To better examine the spatial distribution patterns and regional applicability of driving
pathways, this study builds layers on the configuration analysis by averaging the coverage of each
driving pathway developed across four regions in China, which can be identified as the Eastern,
Central, Western, and Northeastern areas of the country. The findings identified in Figure 4 reveal
substantial regional differences in the pathways concerning high-quality agricultural development.
First, the Eastern region is a clear leader in the Financial-Government dual-driver pathway (coverage
=0.45), highlighting the synergy advantages of its mature financial market and efficient government
governance. Second, in the case of the Western region, the Infrastructure-Government dual-driver
pathway is the predominant driver (coverage= 0.52), demonstrating the strong government-led push
in developing the region’s digital infrastructure to catch up and improve. Both the Central and
Northeastern regions have relatively high coverage in the Infrastructure-Government pathway.
However, the unique performance of the northeastern region in the industry-led path (coverage=0.20)
highlights the supporting role of its traditional industrial base in the high-quality development of
agriculture. This spatial pattern indicates that the High-quality development of China’s agriculture
shows obvious path dependence and regional adaptability. Therefore, policy design must fully take
into account the comparative advantages and resource endowments of each region and implement
differentiated and targeted promotion strategies.
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Figure 4. Radar chart of regional adaptability for different high-quality agricultural development pathways.

3.4. Robustness Test

To test the reliability of the research conclusions, this study referred to the robustness test
method proposed by Du et al. (2022) [47], raising the case frequency threshold from 1 to 2 and
increasing the PRI consistency threshold from 0.60 to 0.65. After re-conducting the configuration
analysis, two robust configurations S1 and S2 were obtained, as shown in Table 8. Their core
condition structures are highly consistent with the original high AGTFP configuration: S1
corresponds to the Financial-Resource dual-driver, and S2 corresponds to the Infrastructure-
Government dual-driver driven type. The two configurations still maintained a high consistency
under the adjusted parameters, with an overall consistency of 0.871 and an overall coverage of 0.36.
This indicates that the original configuration structure still has explanatory power under different
threshold Settings, and the research results have good robustness.

Table 1. Results of Robustness Test.

High configuration analysis

Condition variable

S1 52
DI U .
DTIT U .
DFD ° 8}
DID ° U
DRI ° .
DGD .
Consistency 0.895 0.856
PRI 0.795 0.672
Coverage 0.294 0.306
Overall consistency 0.871
Overall PRI 0.744
Overall Coverage 0.36
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4. Discussion and Implications

4.1. Research Conclusions

This study focuses on the core issue of digital economy-driven agricultural high-quality
development and systematically reveals the multiple pathways and dynamic mechanisms for
enhancing AGTFP under the collaborative interaction of technological, organizational, and
environmental factors. Based on panel data from 31 Chinese provinces from 2011 to 2023 and
incorporating dynamic QCA and NCA methods, the study finds that no single necessary condition
can independently lead to high AGTFP. Instead, multiple equivalent configurations exist, including
financial-government dual-drive, infrastructure-government dual-drive, financial-resource dual-
drive, and industry-led drive, as well as the talent island trap leading to low-quality development.

In the necessity analysis, the NCA method was used to test the antecedent conditions, and the
results indicated that the effect size of all conditions was below the 0.1 threshold, suggesting that no
single condition is necessary for the enhancement of high AGTFP. Specifically, conditions such as DI,
DTT, DFD, DIL, DRI, and DGD all showed that they are not essential individual factors. This result
further emphasizes the collaborative role of multiple factors in agricultural high-quality development,
indicating that the roles of these factors are complementary, not isolated.

Within the context of assessing sufficiency, QCA was employed to unpack the ways conditions
combined to generate the sufficient conditions that lead to high AGTFP. The analysis highlighted
multiple pathways resulting in high AGTFP constructed from synergies between conditions, rather
than one single condition. Some of these pathways were formed as sufficient conditions generated
by the combination of conditions, such as the financial-resource dual-drive model, as a sufficient
condition describing the combination of digital finance and resource investment, specifically in areas
with low levels of digital industry. Additionally, the study conducted a configuration analysis for
low AGTFP pathways, describing the “talent island trap” model as a pathway that illustrates the
imbalance between demand and supply of digital technology talent, often characterized as a location
with an abundance of digital technology talent without a supportive industry or directed investment
in resources and finances to support the transformation of talent into a high-quality agricultural
development driving force.

The consistency analysis demonstrated the dynamic stability of each driving path, emphasizing
a high degree of stability across multiple years. For example, pathways based on digital finance
awareness, including financial-government dualway and financial-resource dualway, exhibited a
high degree of stability in several years, reflecting the enduring nature of financial capital in high-
quality development of agriculture. Conversely, pathways based on infrastructure, such as
infrastructure-government dualway, had been initially performing poorly but eventually became
more stable, signifying durability associated with infrastructure construction in the long term.

The findings of this study are consistent with those of Zhang et al. (2025) [5] and Ma et al. (2026)
[6] on the link between the digital economy and agricultural development, in particular, the interplay
between digital finance and government actions. Notably, Zhang et al. (2025) [5] advocate for the
importance of a digital government infrastructure in enhancing agricultural management efficiency
and better resource allocation, and according to Ma et al. (2026) [6], digital finance can improve
agricultural productivity and assist with high-quality development of agriculture via improved fund
allocation. However, this study differs from some of the literature in some details. Unlike the “single
factor influence model” proposed by luo et al. (2022) [48] and Qin et al. (2025) [49], this study
emphasizes that high-quality agricultural development is not driven by a single factor, but by a path
composed of multiple conditions, with substitution and complementarity relationships among these
paths.

Notably, these findings lend credence to the validity of applying the TOE framework in
researching high-quality development of agriculture and reveal the centrality of multi-factor
synergies in agricultural green transformation. New perspectives are disclosed in exploring regional
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differentiated development mechanisms. It provides practical implications for local governments to
develop differentiated and precise rural digital development strategies.

4.2. Practical Significance

For policymakers in China and other developing countries, it is important to construct policies
that effectively leverage the digital economy to advance high-quality agricultural development,
taking into account the unique characteristics of these nations, such as the level of economic
development, disparities in digital infrastructure, resource endowments, farmers’ digital skills or
literacy, and development level imbalances.

(1) Differentiated Regional Strategies Based on Path Characteristics

Policies to support high-quality agricultural development should be made according to the
driving modes identified by regional characteristics. For the financial-government dual-drive type
found in the eastern areas, suitable policies should enhance the deep coordination of financial capital
and policy guidance to promote innovation in green financial products, including green loans and
green bonds, to support the financing of green agricultural projects. Local government agencies
should make use of tax incentives and subsidies to direct financial and agricultural resources to green
agriculture, thus facilitating the dual-agenda for digital agricultural development and green
agriculture. For the infrastructure-government dual-drive type found in the western areas of the
regions, adequate policies should focus on strengthening infrastructure development related to
digital agriculture and agricultural production, as well as promoting the adoption of digital
agricultural technologies, with the government as an “investor.” An adequate policy should aim to
invest in infrastructure, including IoT and smart agricultural machinery, while also providing for the
management of data and public administration efficiency in relation to agricultural production. In
the northeast, the industry-led drive type should have policies to support and facilitate traditional
agriculture to integrate into a digital transformation. Policies should promote and encourage
partnerships between agricultural enterprises and technology companies to facilitate the digital
processing and marketing of agricultural products. Additionally, to strengthen the digital capacities
of agricultural enterprises, government should offer adequate technical support and training related
to agricultural enterprises. Finally, to guarantee that adequate policies are adequate, a “regional
digital agriculture development type identification system” should be established by the agricultural
sector to scientifically designate the dominant development path based on regional natural resources
and development type.

(2) Differentiated Evaluation Mechanisms Based on Path Characteristics

To facilitate the green transformation of agriculture, an established evaluation mechanism
should be based on different dimensions of each pathway. For financial-government dual-drive
regions, an assessment should emphasize the ratio of green loans and efficiency of policy
coordination, in terms of assessing whether financial support is mobilized for agricultural green
discourse and how well policy can coordinate and allocate resources to benefit agricultural green
development. For infrastructure-government dual-drive regions, an assessment should highlight the
coverage and utilization efficiency of digital infrastructure, notably relating to the breadth and depth
of construction of infrastructure and also the extent and actual use and utilization of key
infrastructures, such as the internet of things (IoT) and smart agricultural equipment. For industry-
led drive regions, the assessment should concern the degree of digitalization in the industrial chain
and the green benefits as an outcome. This includes what a deeper application of digital agriculture
could take place in traditional agriculture and the efficacy of those transformations. For reliable
assessment, it is preferable to establish a digital agriculture policy lab, using digital twins to create a
simulated environment with diverse policy combinations in multiple scenarios, using policy to adapt
to conditions and to begin to optimize policy; thus achieving “monitoring-evaluation-feedback-
optimization” dynamic governance.

(3) Differentiated Talent Development Mechanisms
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Establishing a differentiated talent development mechanism is pivotal for promoting high-
quality development of agriculture. In areas with a dual driving force of finance-government, the
objective is to cultivate composite talents with expertise in both digital finance and policy design.
These composite talents not only must master digital finance technologies, but also must understand
the core components of policy design and execution to serve as a bridge or consortium member
between government entities and financial institutions and promote innovation and execution for
green financial products and policies. In regions with a dual driving force of infrastructure-
government, talent development should concentrate on cultivating talent who are taught, trained,
and educated in the operation and management of digital infrastructure projects. These individuals
must possess the knowledge base of modern digital infrastructure construction and management that
enables them to plan and execute agricultural digital transformation infrastructure projects to ensure
efficient operational construction of the projects. In regions that are driven by the industry, talent
development must focus on cultivating people who are capable of digitally integrating the
agricultural industry chain by responding to a key factor of positive industry outcomes that is needed
to engage and deliver the desired outcomes for the otherwise traditional and modern agriculture
industry. These individuals should have established basic industry knowledge and will also have a
track record of applying digital technology to enhance traditional processes in innovative ways to
support productive outcomes for the entire industry as a whole. Finally, to ensure that the relevant
talents are aligned with the developmental needs of their region, a path-talent matching mechanism
should be built. This type of mechanism of regional focus provides a framework for designing a talent
development framework specific to the dominant paths of development along with industry needs,
which provides valid and viable talent development to ensure there is a targeted and functional
workforce that can ultimately support the high-quality development of agriculture.

4.3. Limitations and Prospects

Although this study has made certain progress in method integration and path identification,
there are still certain limitations. First, this research examines the AGTFP levels across 31 provinces
in China, but we have not adequately explored the county or enterprise-level. The coverage of cases
is limited. Future studies should incorporate micro-level data, examining counties or enterprises,
while still examining the unique practices and effects of high-quality development throughout
varying regions and agricultural scales. The case studies will facilitate insights into the enhance
understanding of the true transformation processes, in addition to connecting to the impact of
changes in regional differences on agricultural digitalization, by doing so this research will be more
applicable and richer in terms of findings.

Additionally, the research does not include cross-national comparisons with other countries
where digital economies are rapidly growing. Future research could expand its scope by including
emerging digital countries such as Brazil, South Africa, and South Korea to conduct cross-national
comparisons, which would help explore commonalities and differences in promoting green
innovation and high-quality development of agriculture thus provide additional international
experiences and lessons for policy development in China and other developing countries.

Finally, the research examines AGTFP in aggregate, possibly ignoring variation across
agricultural sub-sectors. For example, there are important distinctions in production methods,
resource inputs, and technology requirements that exist between crop production and animal
husbandry. Future research could further disaggregate AGTFP by analyzing the high-quality
development and green innovation paths of different sub-sectors respectively, thus allowing for a
nuanced policy response for different agricultural industries.
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