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Can the digital economy help
reduce agricultural carbon
emissions? An empirical test
based on the moderated
mediating effect model
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Considering agriculture’s substantial carbon emissions, it is essential to examine
how the digital economy can stimulate green innovation and low-carbon
development by impacting these emissions. This article employs panel data from
31 provinces in China, covering the period from 2011 to 2020, to empirically
analyze the effects of digital economy development on agricultural carbon
emissions. The results indicate that: (1) Agricultural green total factor productivity
has a partial mediating effect in the impact of the digital economy on agricultural
carbon emissions, and green finance has a negative regulatory effect. (2) Green
finance positively regulates the inhibitory effect of agricultural green total factor
productivity on agricultural carbon emissions. (3) The development of the digital
economy can inhibit agricultural carbon emissions, and this negative inhibitory
effect follows a "U” shape. Our research offers a scientific foundation for the
promotion of green and low-carbon development within Chinese agriculture,
while also providing valuable references and insights for the global integration
and advancement of agricultural emissions reduction alongside the digital
economy.

KEYWORDS

digital economy, agricultural green total factor productivity, green finance, agricultural
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1 Introduction

Agriculture is an significant contributor to carbon emissions, yet it also plays a
crucial role in achieving peak carbon neutrality. China is a big agricultural country
with a long history of agricultural production and planting. Under the traditional
agricultural production model, problems such as the use of fertilizers and pesticides
in agricultural production have led to more agricultural carbon emissions, resulting
in a series of climate issues. Consequently, reducing carbon emissions and promoting
low-carbon development have become primary objectives in contemporary agricultural
policies. Document No. 1 of the CPC Central 2023 continues to focus on the
development of green agriculture in the overall promotion of rural revitalization. In
this context, the rapid development of the digital economy emerges as a vital driver
for agricultural carbon emission reduction. Factors such as the enhancement of green
total factor productivity and the expansion of green finance also play essential roles in
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facilitating this reduction. Therefore, as efforts to establish a robust
agricultural nation intensify, the pursuit of low-carbon agricultural
development must be supported by advancements in the digital
economy, improvements in green total factor productivity, and
the promotion of green finance. The selection of China as the
subject of the study is of great value and significance globally.
China’s expansive and diverse agricultural sector, along with its
innovative approaches to green and low-carbon policies, positions
it as a crucial player in global climate change mitigation. The
rapid development of its digital economy and its application in
agriculture serves as a model for the integration of the digital
economy and agricultural practices worldwide. Thus, analyzing
China as a case study not only aids in advancing the green
transformation of its agriculture but also offers valuable insights for
global strategies that seek to align agricultural emission reductions
with digital economy development.

The academics’ research on the relationship between the
digital economy, agricultural green total factor productivity,
green finance and agricultural carbon emissions focuses on
the following.

The first is the impact of the digital economy on agricultural
carbon emissions. Liu and Xu (2024) found that the impact of the
digital economy on carbon emissions varies in different regions
and at different levels of carbon emissions. Wang and Mei (2024)
used a spatial Durbin model to empirically demonstrate that
with the evolution of the digital economy, agricultural carbon
emissions have significantly decreased. The second is the impact
of agricultural green total factor productivity on agricultural
carbon emissions. Wang et al. (2023) found that the agricultural
green total factor productivity in the Dongting Lake area is
relatively high, and the total agricultural carbon emissions are in
a declining state. Xu et al. (2019) constructed a global Malmquist
Luenberger index to consider agricultural carbon emissions as
an unexpected output, and measured agricultural development
efficiency based on green total factor productivity. The third is
the impact of green finance on agricultural carbon emissions.
Li et al. (2024) empirically demonstrated that green finance and
green innovation can suppress carbon emissions. Wang et al.
(2024) used spatial effects and found that improving the level of
green finance can significantly suppress carbon emissions in the
Pearl River Delta region. The fourth is the impact of the digital
economy on the green total factor productivity of agriculture.
Chen et al. (2023) concluded using a fixed effects model that the
digital economy can enhance agricultural total factor productivity
and that green technology innovation positively regulates the
relationship between the digital economy and agricultural green
total factor productivity. Zhang et al. (2023) believe that the
development of the digital economy has a significant positive
effect on improving agricultural GTFP. The fifth is the regulatory
effect of green finance. The research by Che and Shen (2022)
shows that green finance promotes the integration of digital
technology with traditional agriculture by providing financial
support for agricultural green technology, thereby improving
agricultural green total factor productivity. He (2024) green finance
promotes the improvement of green total factor productivity of
enterprises and suppresses carbon emissions by enhancing the
efficiency of green technology innovation and optimizing resource
allocation structure.
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While domestic and international scholars have achieved
significant advancements in the areas of digital economy,
agricultural carbon emissions, agricultural green total factor
productivity, and green finance, further research is needed.
Few studies integrate these elements into a single framework,
particularly regarding the mediating role of green total factor
productivity and the regulatory role of green finance. This article
argues for the necessity of expanding research in this area and
develops a mediating effect model to analyze the direct impact of
the digital economy on agricultural carbon emissions, as well as the
mediating effect of agricultural green total factor productivity and
the regulatory influence of green finance.

2 Literature review and hypothesis
development

2.1 The direct utility mechanism of digital
economy to agricultural carbon emissions

The digital economy affects agricultural carbon emissions
through the following aspects: First, the digital economy can
enhance agricultural production processes and optimize resource
allocation efficiency. By improving production and transportation
logistics, the digital economy facilitates more effective information
transmission, reduces the costs associated with information
collection and transactions, and fosters a more rational structure
within the agricultural industry, ultimately enhancing agricultural
carbon emission efficiency (Jin and Xu, 2022; Goldfarb and Tucker,
2019). Second, the digital economy can advance agricultural
technological innovation. As a new economic paradigm, the
development of the digital economy drives the continuous
evolution of agricultural technologies and facilitates the transition
from traditional to green agriculture, thereby improving resource
utilization efficiency and enhancing productivity while maintaining
the same input levels, which in turn increases carbon emission
efficiency. Third, the deep integration of the digital economy
across various industries and sectors fosters the creation of digital
platforms. These platforms indirectly reduce agricultural carbon
emissions by consolidating technology, information, and resources,
enabling farmers to stay informed about agricultural practices
and enhance resource efficiency, agricultural carbon emission
efficiency. Therefore, hypothesis 1 is proposed.

Hypothesis 1: the development of digital economy has a
significant negative impact on agricultural carbon emissions.

2.2 The intermediary mechanism of green
total factor productivity in agriculture

The enhancement of agricultural green total factor productivity
(GTFP) is
development and mitigating agricultural carbon emissions.

crucial for promoting sustainable agricultural
Existing literature indicates that improvements in GTFP facilitate
the flow of various states within regional green total factor
productivity, optimizing resource allocation and increasing

energy utilization efficiency, thereby leading to a reduction in
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agricultural carbon emissions. Furthermore, advancements in
agricultural GTFP also serve as a catalyst for the influence of
the digital economy on agricultural carbon emissions. The rapid
evolution of digital technology enables the continuous integration
of data as a production factor within agricultural production and
management practices, fostering the synergy between data and
traditional production inputs. By thoroughly considering the input
of production factors alongside energy resource consumption,
the widespread application of green production technologies has
markedly improved GTFP and, in turn, contributed to the indirect
reduction of agricultural carbon emissions. Moreover, enhancing
agricultural GTFP raises awareness of green and sustainable
development principles, thereby minimizing resource waste
and further promoting agricultural carbon reduction initiatives.
Therefore, hypotheses 2 and 3 are proposed.

Hypotheses 2: The improvement of agricultural green total
factor productivity has a significant negative inhibitory effect on
agricultural carbon emissions.

Hypotheses 3: Agricultural green total factor productivity
plays an intermediary role in the impact of digital economy on
agricultural carbon emissions.

2.3 The mechanism of green finance on
agricultural carbon emissions

As a critical instrument for rural financing and credit
relationship management, green finance serves as a significant
financial leverage in the advancement of low-carbon agriculture.
Increased financial support for low-carbon agricultural technology
innovation not only fosters the progress of green technologies but
also reduces energy consumption, which indirectly contributes
to the reduction of agricultural carbon emissions. Furthermore,
green finance facilitates the development of green agriculture by
alleviating financing pressures. By providing essential financial
support, green finance enhances the efficiency of agricultural
financing, promotes the green transformation of agricultural
practices, and aids in the transition from traditional to sustainable
agriculture, thereby minimizing energy waste and further
decreasing agricultural carbon emissions. Additionally, green
finance plays a vital role in risk sharing for the development of
green agriculture, thereby enhancing the engagement of principal
agricultural entities. During the transition from conventional to
green agricultural practices, stakeholders—including cooperatives
and family farms—face various potential risks. The development of
green finance encourages those with lower risk tolerance to adopt
and integrate low-carbon agricultural technologies effectively.
Therefore, hypothesis 4 is proposed.

Hypotheses 4: The development of green finance has
effect on

a significant negative

carbon emissions.

inhibitory agricultural

2.4 The regulatory effect of green finance

Green finance is a vital tool for rural financing and credit
management, playing a significant role in advancing low-carbon

Frontiers in Sustainable Food Systems

10.3389/fsufs.2024.1454636

agriculture. By providing increased financial support for low-
carbon agricultural technology innovations, green finance fosters
green technology development and reduces energy consumption,
thereby indirectly lowering agricultural carbon emissions.
Additionally, green finance alleviates financing pressures for the
development of green agriculture, improving the efliciency of
agricultural financing and aiding the transition from traditional
to sustainable practices. This transition minimizes energy waste
and further decreases carbon emissions. Moreover, green finance
enhances risk-sharing for agricultural stakeholders, encouraging
entities such as cooperatives and family farms to adopt low-carbon
technologies during their shift to green agriculture, particularly
those with lower risk tolerance Therefore, hypotheses 5 and 6
are proposed.

Hypotheses 5: Green finance plays a regulatory role in the
impact of the digital economy on the total factor productivity of
green agriculture.

Hypotheses 6: Green finance plays a moderating role in the
impact of agricultural green total factor productivity on agricultural
carbon emissions.

Based on the above assumptions, the research framework of this

paper is shown in Figure 1.

3 Research design
3.1 Model setting

3.1.1 Benchmark model and mediating effect
model

In order to explore the direct effect of the digital economy on
agricultural carbon emissions and the mediating effect of green
total factor productivity in agriculture, this paper draws on the
research of Xie et al. (2022) and He et al. (2021) by constructing
a model of mediating effects, to test the mediating effect of green
total factor productivity. The construction model is as follows:

Clin = ap + a1 DEDI;y; + a2 Xiy + €in (1)
GTFPi, = Bo + B1DEDIiy + B2 Xin + Oin (2)
Clin = yo + y1DEDIy, + y2 GTFPiyy3Xin + Iin (3)

In this context, i and n respectively represents the province
and the year; CI;, represents the agricultural carbon emissions
of i province in n years, DEDI;, represents the digital economic
development level of i province in n years, GTFP;, represents
the agricultural green total factor productivity of i province in
n years; Xj, is the control variable group, including industrial
structure (IS), economic development level (GDP), urbanization
level (URBAN), government intervention level (GID), innovation
level (INN); €in, Oin> [in are random perturbation terms; &g, Bo, Yo
are constant terms.

Equation 1 is the total effect model of DEDI on CI, and « is the
total effect level. If «; is significant, the total effect of DEDI on CI is
significant, Equation 2 is the direct effect model of DEDI on GTFP,
and B is the direct effect level of both. If B is significant, the direct
effect of DEDI on GTFP is significant. Equation 3 is the direct effect
model of DEDI on CI, y1 is the direct effect level of DEDI on CI,
and y; is the direct effect level of GTFP on CI. If the coeflicient of y;
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FIGURE 1

Assumes model (Zhao et al., 2021).

is not significantly reduced or reduced, when the y; is significant,
GTP acts as a complete or partial mediator.

3.1.2 Regulatory effect model

To test whether the digital economy has an impact on the
green total factor productivity of agriculture through the role
of green finance, and whether agricultural green finance has an
impact on agricultural carbon emissions through the role of green
finance, this paper draws on the research of Jiang (2022), and
adds the interaction terms of digital economy and green finance
(DEDIx GFI) and green total factor productivity and green finance
(GTFPxGFI) on the basis of the benchmark model (1), the
following models of moderating effects were constructed:

GTFP;, = by + biDEDI;, + byGFI;, + bsDEDI, x GFIjy,

+ AXin + win (4)
Cliy, = ¢9 + aGTFP;;, + ¢« GFIl, + c3GTFP;, x GFI;,
+AXin + ;in (5)

Among them, b3 reflects the regulatory role of green finance
in adjusting the impact of digital economy on green total factor
productivity; ¢3 reflects the regulatory role of green finance
in adjusting the impact of green total factor productivity on
agricultural carbon emissions.

3.2 Select variables

3.2.1 The interpreted variable

This article defines the explanatory variable as the intensity of
Agricultural carbon emissions (CI). The calculation method used
in this article is based on the coefficient indicators in IPCC and
the method proposed by Li and Zhang (2012), and the following
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TABLE 1 Agricultural carbon emission sources and carbon emission
coefficients.

Carbon Carbon Reference sources
sources emission
coefficient
Diesel fuel 0.593 kg-kg~! IPCC, 2013
Fertilizer 0.896 kg»kg’1 Oak Ridge National Laboratory
(Ma, 2011)
Pesticides 4.934 kgkg™! Oak Ridge National Laboratory

(Ma, 2011)

Agricultural film 5.180 kgkg™! Institute of Agricultural Resources
and Nanjing Agricultural
University (Wang and Zhang,
2016)

Irrigation 25 kg-hm=2 Duan et al., 2011

Plowing 312.600 kg-km—2 Li and Zhang, 2012

formula for calculating agricultural carbon emissions is established:

C=) Ci=) Tiesi (6)

Among them, Ci is the total carbon emissions from agriculture,
is the carbon emissions from various carbon sources, Ti is the
carbon emissions from various carbon sources, §i carbon emission
coeflicients from various carbon sources are shown in Table 1. After
calculating the total agricultural carbon emissions of each province,
divided by the total agricultural output value of each province, the
agricultural carbon emission intensity CI of each province (10,000
tons/100 million yuan) was obtained.

According to the Equation4, we can calculate the total
agricultural carbon emissions of each province (city and district)
from 2011 to 2020, divide the total agricultural output value of each
province, and get the agricultural carbon emission intensity of each
province as shown in Figure 2. The top 10 provinces were Jilin,
Inner Mongolia, Anhui, Gansu, Ningxia, Xinjiang, Xizang, Shanxi,
Hebei, and Tianjin, there are five in Gharbia Governorate, three in
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FIGURE 2
Total agricultural carbon intensity by province (city, district) from 2011 to 2020.

TABLE 2 Development index system of digital economy.

Level 1 Level 2 Level 3 indicator Meaning of the indicator Indicator weight
indicators indicators (%)
Comprehensive The development of the Internet penetration rate Number of internet users per 100 people 74.94
development index of internet

digital economy

The number of professionals in the Proportion of computer service and software 7.859
internet industry industry personnel
Internet-related outputs Per capita total amount of 0.019

telecommunications services

The number of mobile internet Number of mobile phone users per 100 0.328
users people
Financial inclusion Digital finance promotes inclusive China digital HP Financial Index 16.854
through digitalization development

Midlands Province and two in Eastern Province, mainly in the less TABLE 3 Agricultural green total factor productivity measurement

system.
developed areas of western China.
Indicator Indicator Meaning of the Unit
3.2.2 Core explanatory variables ki AR {eicator
The core explanatory variable is the level of igital economy f;‘:j’fj:;j?t Land input Area sown for crops Eﬁ:::d

development (DEDI). Based on the research of Zhao et al. (2020)
and Sidorov and Sencehnko (2020), this paper constructs the index Labor input Number of agricultural | Ten thousand
system of digital economy development, as shown in Table 2. The employees people
weight of each index is calculated by entropy method, and the data Mechanical Total Power of Thousands of
is standardized by principal component analysis. power agricultural machinery Kilowatts

Amount of Agricultural chemical Ten thousand

chemical fertilizer application fold tons
3.2.3 Mediating variable fertilizer pure quantity

In this paper, the intermediate variable is green agricultural applied

total factor productivity (GTFP). Based on the research results of Agricultural Water consumption for | Ten thousand
Guo and Liu (2023) and Ye et al. (2023), this paper constructs water use agriculture tons
an agricultural green total factor productivity measurement system Output Expected Actual agricultural total 100 million
with the integration of economy, resources and environment indicators output output value yuan
as shown in Table 3, and the SBM-GML index method is used Undesired Carbon emissions from Ten thousand
to calculate. output agriculture tons
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TABLE 4 Green finance index measurement system.

Level 1

indicators

Level 2
indicators

Level 3
indicators

Meaning of the
indicator

10.3389/fsufs.2024.1454636

TABLE 5 Variable description.

Comprehensive
evaluation
index of Green
Finance

Green credit

Share of green
projects in credit

The total amount of
credit for
environmental
protection projects in
the province/The total
amount of credit in the
province.

Green investment | The proportion of | Environmental
investment in pollution control
environmental investment/GDP
pollution control to
GDP

Green Insurance | Extent of Environmental
promotion of pollution liability
environmental insurance
pollution liability | income/Total premium
insurance income

Green bonds The level of Total Green bond
development of issuance/Total bond

green bonds

issuance

Green support The proportion of | Fiscal environmental
environmental protection
protection expenditure/Fiscal
expenditure in the | general budget
fiscal environment | expenditure

Green Fund Proportion of The total market value
Green Funds of green funds/The

total market value of all
funds

Green rights

Depth of
development of
green rights

Carbon trading, energy
rights trading, emission
rights trading/Total
trading volume of
equity markets

3.2.4 Adjustable variable

The regulatory variable of this article is Green Finance
(GFI). This article draws on the research results of Lin et al.
(2024) and Uche et al. (2024), and constructs a measurement
system for the Green Finance Index as shown in Table 4. The
comprehensive evaluation index of Green Finance is calculated
using the entropy method.

3.2.5 Control variables

To ensure the validity of the estimates, other factors affecting
agricultural carbon emissions were introduced into the model
as control variables (shown in Table 5), including (1) Industrial
structure (IS), as measured in terms of the ratio of second or
tertiary sector of the economy output to GDP; (2) The level of
economic development (GDP) is expressed in the form of natural
logarithm of GDP; (3) The level of urbanization (URBAN) is
expressed by the ratio of URBAN population; (4) The degree
of government intervention (GID) is measured by the ratio of
fiscal expenditure to GDP. (5) The innovation level (INN) is
measured by the logarithm of the acceptance of domestic invention
patent applications.

Frontiers in Sustainable Food Systems

Variable Operationalization Data References
source

Agricultural Calculate the total Statistical Li and Zhang,
carbon agricultural carbon Yearbook 2012
emissions emissions for each of China
(@) province (city, district)

from 2011 to 2020, and

then divide it by the total

agricultural output value of

each province.
Level of Constructing a system of Peking Zhao et al,,
igital indicators for the University 2020; Sidorov
economy development of the digital Digital and
development economy, using the Inclusive Sencehnko,
(DEDI) entropy method to Finance 2020

calculate the weight of each | Index

indicator.
Green Construct a comprehensive Statistical Guo and Liu,
agricultural agricultural green total Yearbook 2023; Yeetal,
total factor factor productivity of China 2023
productivity measurement system
(GTFP) integrating “economy-

resource-environment.”
Green The data of green finance Statistical Lin etal,
Finance index for various Yearbook 2024; Uche
(GFI) prefecture-level cities in of China et al., 2024

China is calculated using

entropy method.

3.3 Data sources

This paper selects the balance panel data of 31 provinces
(Excluding Hong Kong, Macao and Taiwan) China from 2011 to
2020.The sample data were collected from Statistical Yearbook of
China, China Rural Statistical Yearbook, Peking University Digital
Inclusive Finance Index, and statistical yearbooks from provinces
such as Jilin, Inner Mongolia, Anhui, etc. The descriptive statistical
analysis of the main variables is shown in Table 6.

According to Table 6, it can be seen that there is a large gap
in the development level of green finance among 31 provinces,
cities, and districts in China from 2011 to 2020, with a maximum
value of 10.758 and a minimum value of 0.489. Similarly, the
maximum value of green total factor productivity is 2.363, and the
minimum value is 0.755; the maximum value of innovation level
is 12.285, and the minimum value is 4.394. This indicates that
there is a certain gap in the development level of green finance,
green total factor productivity, and innovation level among various
provinces and cities in China. In addition, the mean value of
agricultural carbon emission intensity is 0.198, and the mean value
of digital economic development level is 0.594, indicating that
China attaches great importance to agricultural carbon reduction
and digital economy development.

4 Empirical analysis

4.1 Steady return

According to Table 7, it can be seen that the variable “digital
economic development level? “green total factor productivity

frontiersin.org
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TABLE 6 Results of descriptive statistical analysis of variables.

10.3389/fsufs.2024.1454636

Variable Sample size Maximum  Minimum Average Median Variance
deviation
cl 310 0.399 0.049 0.198 0.062 0.193 0.004
DEDI 310 0.886 0.486 0.594 0.065 0.58 0.004
GTFP 310 2362 0.755 1.074 0.109 1.062 0.012
GFI 310 10.758 0.489 4.292 2355 4389 5.548
Iy 310 5.297 0518 1.225 0.686 1.073 0.47
GDP 310 9.298 2.199 4.737 1.261 4.606 1.59
URBAN 310 0.896 0.228 0.581 0.131 0.57 0.017
GID 310 1.334 0.11 0.281 0.195 0.229 0.038
INN 310 12285 4394 9.429 1.587 9.565 2519

TABLE 7 Linear regression analysis results.

Variable Non-standardized coefficients Standardized Adjust R?
coefficients
Standard
Constant 0.552 0.039 14.117 0.402 0.386 F=253
DEDI —0.292 0.096 —0.306 —3.052 0.002%** P = 0.000"**
GTFP —0.080 0.023 —0.140 ~3.470 0.001%**
GFI —0.007 0.002 —0.258 —3.966 0.000%**
IS —0.016 0.007 —0.178 —2.468 0.014**
GDP —0.014 0.003 —0.289 —5.599 0.000%**
URBAN 0.136 0.034 0.289 4.031 0.000%**
GID —0.003 0.022 —0.010 —0.150 0.881
INN —0.006 0.004 —0.162 ~1.791 0.073*

Dependent variable: CI.
k¥ represent significance levels of 1, 5, and 10%, respectively.

of agriculture,” and “significance p-value of green finance” are
0.002***, 0.001***, and 0.000*** respectively, indicating that they
all have a significant impact on agricultural carbon emissions. In
addition, the overall significance p-value of the model is 0.000***,
and all VIF values are <10, indicating that the model does not have

multicollinearity problems and is well-constructed.

4.2 Test of mediating effect

In order to explore the impact of digital economy on
agricultural carbon emissions, this paper selects agricultural green
total factor productivity as an intermediary variable to test. Table 8
shows the test results of agricultural green total factor productivity
as an intermediary variable. Model 1 was the direct effect of
digital economy (DEDI) on agricultural carbon emissions (CI),
Model 2 was the direct effect of green total factor productivity
(GTFP) on agricultural carbon emissions (CI), and Model 1 was
the direct effect of digital economy (DEDI) on agricultural carbon
emissions (CI) Model 3 is the indirect effect model of DEDI
on CL

Frontiers in Sustainable Food Systems

The empirical results from Table 8 show that the P-value
of DEDI in Model 1 is 0.009, and the P-value of DEDI in
Model 2 is 0.002, the P-values of DEI and GTFP in Model
3 were 0.034 and 0.006, respectively, which indicated that
they all passed the 1% level significance test. The standardized
coeflicient of DEDI in Model 1 was —0.307, and the regression
coeflicient was negative, which indicated that the development
of DEDI had a negative significant inhibitory effect on CI. The
standardized coefficient of DEDI in Model 2 was 0.447, and
the positive regression coefficient indicated that DEDI could
promote GTFP, and thus indirectly affect CI. The results of
Model 3 indicate that the standardized coefficient of GTFP
is —0.13. The negative regression coefficient suggests that
GTFP has a significant inhibitory effect on CI, confirming
Hypothesis 2.

4.3 Bootstrap mediation effect test

Green total factor productivity in agriculture can significantly
curb carbon emissions from agriculture. Can green total factor
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TABLE 8 Results of mediation analysis.

Variable

Coefficient Standardized  Coefficient Standardized  Coefficient Standardized

coefficients coefficients coefficients

Constant 0.527 13.078 0.000%* - 0.762 8.951 0.000%** - 0.583 13.012 0.000%* -
DEDI —0.292 —2.647 0.009%* —0.307 0.747 3.201 0.002%+* 0.447 —0.237 —2.135 0.034* —0.249
IS —0.017 —2.247 0.025* —0.19 —0.026 —~1.595 0.112 —0.162 —0.019 —2.513 0.013* —0.211
GDP —0.012 —3.851 0.000%** —0.236 0.006 0.941 0.348 0.069 —0.011 —3.739 0.000%** —0.227
URBAN 0.122 3.092 0.002%* 0.259 —0.112 —1.34 0.181 —0.135 0.114 2,905 0.004*** 0.242
GID —0.03 —1.202 0.230 —0.096 —0.019 —0.354 0.724 —0.034 —0.032 —1.271 0.205 —0.1
INN —0.015 —4.77 0.000%* —0.384 —0.006 —0.938 0.349 —0.091 —0.015 —4.962 0.000%* —0.396
GTFP —0.074 —2.747 0.006"* —0.13
R 0.37 0.087 0.385
Adjust R* 0.357 0.066 0.369
F F(6.303 = 29.625, P = 0.000*** Fie303) = 4.826, P = 0.000*** F(7.300) = 27.02, P = 0.000***

R, K, * represent significance levels of 1, 5, and 10%, respectively.
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TABLE 9 Bootstrap mediation effect test summary results.

a(pValue)

b(pValue)

a*b
(zValue)

a*b

(PValue)

a*b

10.3389/fsufs.2024.1454636

(95%BootCl)

DEDI=>
GTFP=>
CI

0.747

0.002***

—0.074

0.006™**

—0.055

0.027

—2.028

0.043**

—0.12 to —0.01

—0.237

sk ok ok
s

represent significance levels of 1, 5, and 10%, respectively.

TABLE 10 Regulation effect analysis results (1).

Variable Model A Model B Model 4
Coefficient t Coefficient t Coefficient t
Const 0.762 8.951 0.000%* 0.717 8.075 0.000* 0.47 3.096 0.002*
I —0.026 —1.595 0.112 —0.021 —1.28 0.202 —0.018 —1.122 0.263
GDP 0.006 0.941 0.348 0.005 0.819 0.413 0 0.064 0.949
URBAN —0.112 —1.34 0.181 —0.087 —1.026 0.306 —0.103 —1.215 0.225
GID —0.019 —0.354 0.724 0.003 0.062 0.950 —0.001 —0.01 0.992
INN —0.006 —0.938 0.349 0.004 0.423 0.672 0 0.034 0.973
DEDI 0.747 3.201 0.002%* 0.677 2.863 0.004** 1.187 3.424 0.001%*
GFI —0.007 —1.691 0.092* 0.046 1.711 0.088*
DEDI*GFI —0.085 —2.003 0.046*
R 0.087 0.096 0.108
Adjust R* 0.069 0.075 0.084
F F3106) = 4.826, P = 0.000*** F(730) = 4.57, P = 0.000*** Fig301) = 4.54, P = 0.000***

Dependent variable: GTFP.
k¥ represent significance levels of 1, 5, and 10%, respectively.

productivity in agriculture be used as an intermediary variable
for the impact of the digital economy on carbon emissions
from agriculture? Based on this, this paper uses Bootstrap
sampling to further test the significance of mediating effect
of agricultural green total factor productivity. The empirical
results from Table 9 show that, where C represents the regression
coefficient (when there is no mediator variable GTFP in the
model) for DEDI vs. CI in Model 1, that is, the total effect;
A represents the regression coefficient for DEDI vs. GTFP in
Model 2; B represents the regression coefficient for GTFP vs.
CI in Model 3, and a*b is the product of a and b, that is, the
mediating effect.

95% BootCI represents the 95% confidence interval obtained
by Bootstrap sampling, which is —0.12 to —0.01. The interval does
not include 0, indicating significance. “c” represents the regression
coefficient of DEDI on CI in model 3 (when there is a mediator
variable GTFP in the model), that is, the direct effect. Because
a and b are significant, ¢ is significant, and a*b has the same
sign as ¢, it indicates that the inhibitory effect of DEDI on CI
is reduced after adding GTFP to the regression equation, which
has a partial mediating effect. Through the intermediary effect of
Bly2/al, that is, a*b/c, it can be known that the intermediary
effect of GTFP is 18.84%, that is, in the process of DEDI inhibiting
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CI, GTFP played an intermediary effect of 18.84%, thus verifying
hypothesis 3.

4.4 Test for regulatory effect

4.4.1 The role of green finance in regulating the
comprehensive productivity of green agriculture
in the digital economy

The results of Table 10 show that based on the interaction term
of digital economy level (DEDI)* Green Finance (GFI), the P-value
is 0.046™, the regression coeflicient is —0.085, and the interaction
term of Model 4 is significant This implies that the regulatory
variable GFI has a negative moderating effect on the impact of
DEDI on green total factor productivity in agriculture (GTFP),
thereby validating the hypothesis 5.The digital economy has a
positive effect on green total factor productivity in agriculture, and
green finance has a positive effect on green total factor productivity
in agriculture, the reason may be that when green finance is added
to the green total factor productivity of agriculture, some of the
investment in the digital economy may have gone to green finance,
indirectly, the digital economy is investing less in green total factor
productivity in agriculture.
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TABLE 11 Regulation effect analysis results (2).

10.3389/fsufs.2024.1454636

Model C Model D Model 5

Coefficient t Coefficient t Coefficient t
Const 0.539 13.473 0.000* 0.499 11.964 0.000* 0.564 11.544 0.000*
I —0.03 —5.612 0.000%** —0.029 —5.433 0.000% —0.03 —5.651 0.000%*
GDP —0.015 —6.269 0.000*** —0.016 —6.81 0.000** —0.016 —6.923 0.000%**
URBAN 0.067 2.055 0.041% 0.077 2361 0.019* 0.087 2.694 0.007+*
GID —0.048 —2.026 0.044™* —0.034 —1414 0.158 —0.03 —1.273 0.204
INN —0.018 —6.057 0.000*** —0.01 —2.65 0.008** —0.01 —2711 0.007***
GTFP —0.084 —3.167 0.002%* —0.094 —3.555 0.000* —0.158 —4.31 0.000%*
GFI —0.006 —2.963 0.003* —0.023 —3.211 0.001%*
GTFP*GFI 0.016 2.498 0.013*
R 0.376 0.393 0.406
Adjust R? 0.363 0.379 0.39
F Fis106) = 30.406, P = 0.000*** F(7302) = 27.986, P = 0.000%** Fga01) = 25.693, P = 0.000%**

Dependent variable: CI.
kR %

represent significance levels of 1, 5, and 10%, respectively.

4.4.2 Green finance plays a regulatory role in the
relationship between agricultural green total
factor productivity and agricultural carbon
emissions

The results in Table 11 show that Model D is the indirect effect
of green finance (GFI) on agricultural carbon emissions (CI) with
a P-value of 0.003*** and a regression coeflicient of —0.006, the
results showed that GFI had a significant negative inhibitory effect
on CI, which verified hypothesis 4. Based on the interaction of
agricultural green total factor productivity (GTFP)* Green Finance
(GFI), the P-value was 0.013**, the regression coeflicient was 0.016,
and the interaction of Model 5 was significant The implication is
that the regulatory variable GFI positively regulates the effect of
GTFP on CI, thus validating hypothesis 6.

4.5 Quantile regression

This article further explores the inhibitory effect of the digital
economy on agricultural carbon emissions. It adopts quantile
regression analysis to investigate its differential performance
under different levels of agricultural carbon emissions. The SPSS
27.0 software is used for analysis, estimating the corresponding
parameter values of agricultural carbon emissions at different
quantiles. The regression results are shown in Table 12.

The results of Table 12 show that the impact of digital economy
from low to high quantile on agricultural carbon emissions is
significantly inhibited, and with the increasing of agricultural
carbon emission intensity, the inhibition of digital economy on
agricultural carbon emissions is U-shaped.

The digital economy appears to incentivize businesses and
farmers to adopt new production methods and enhance green
innovation aimed at reducing agricultural carbon emissions,
particularly when the intensity of these emissions is low. At this
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stage, the existing digital economy sufficiently meets the needs
for agricultural carbon emission reduction, leading enterprises
and farmers to allocate resources to their production operations,
thereby diminishing the inhibitory effect of the digital economy
on agricultural carbon emissions. Conversely, as the intensity
of agricultural carbon emissions rises, enterprises and farmers
face increased pressure to reduce emissions, prompting greater
reliance on the digital economy to stimulate green innovation.
Consequently, the role of the digital economy becomes more
pronounced under these conditions. In this study, the coefficient
for green total factor productivity (GTFP) as an intermediary
variable was not significant at lower quantiles; however, it exhibited
significant effects at higher quantiles, with a negative regression
coefficient that displayed an upward trend in absolute value.
This suggests that the impact of GTFP on agricultural carbon
emissions strengthens as carbon intensity increases, indicating
that GTFP becomes increasingly effective at inhibiting emissions.
Additionally, green finance, serving as an adjustment variable in
this analysis, showed no significant effect on agricultural carbon
emissions at lower quantiles, but demonstrated significant effects
at higher quantiles. This trend indicates that the inhibitory effect
of green finance on agricultural carbon emissions intensifies
as emissions increase. Moreover, when control variables were
included, both industrial structure and economic development
levels were found to significantly contribute to agricultural carbon
emissions, exhibiting clear negative inhibitory effects.

5 Conclusions and recommendations

5.1 Research conclusion
This article analyzes the impact of the digital economy

on agricultural carbon emissions using provincial panel data
from 31 provinces in China covering 2011 to 2020. It finds

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1454636
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Xu et al.

TABLE 12 Quantile regression results.

10.3389/fsufs.2024.1454636

Quantile Quantile Quantile Quantile Quantile
0.30 0.40 0.50 0.60 0.80

const 0.467 (0.000%**) 0.502 (0.000%**) 0.507 (0.000%**) 0.553 (0.000%**) 0.603 (0.000**) 0.652 (0.000**) 0.654 (0.000**)
DEDI —0.265 (0.010*) | —0.255 (0.007**) | —0.190 (0.050**) —0.205 (0.040") | —0.385(0.001%**) | —0.458 (0.000*) | —0.554 (0.000%**)
GTFP —0.007 (0.683) —0.079 (0.000*) | —0.063 (0.003**) | —0.069 (0.004***) | —0.080(0.003**) | —0.096 (0.001***) | —0.102 (0.006"**)
GFI —0.002 (0.181) —0.006 (0.000*) | —0.007 (0.000**) | —0.008 (0.000***) | —0.010(0.000**) | —0.012(0.000**) | —0.012 (0.000%**)
IS —0.020 (0.023*) | —0.020 (0.005**) | —0.019 (0.007**) | —0.016 (0.022**) —0.006 (0.403) 0.008 (0.314) 0.014 (0.111)
GDP —0.018 (0.000***) —0.018 (0.000***) —0.017 (0.000***) —0.019 (0.000***) —0.012 (0.000***) —0.005 (0.144) —0.001 (0.779)
URBAN 0.108 (0.004***) 0.127 (0.000%**) 0.099 (0.004***) 0.107 (0.002***) 0.131 (0.002**) 0.102 (0.021*) 0.128 (0.011*)
GID —0.088 (0.000**) 0.015 (0.511) —0.014 (0.526) —0.027 (0.242) —0.015 (0.563) —0.027 (0.309) —0.014 (0.646)
INN —0.007 (0.055*) —0.003 (0.350) —0.007 (0.058*) —0.008 (0.025**) —0.005 (0.250) —0.005 (0.293) —0.002 (0.756)
R 0.312 0.315 0.311 0.306 0.293 0.285 0.266

Dependent variable: CI.
k¥ represent significance levels of 1, 5, and 10%, respectively.

that the development of the digital economy significantly
reduces agricultural carbon emissions directly and indirectly
by enhancing the level of socialized services in agriculture.
Additionally, total productivity
partially mediates this relationship, while green finance exerts

agricultural ~ green factor
a negative regulatory effect. Specifically, the digital economy
improves agricultural green total factor productivity, promoting
sustainable agricultural practices and reducing emissions.
facilitates  the
of industrial structure, enhancing the development of the
digital
Heterogeneity analysis reveals that the negative impact of the

Furthermore, green finance rationalization

economy and improving agricultural productivity.
digital economy on agricultural carbon emissions follows a “U”
shape, indicating that as agricultural carbon emissions increase,
the inhibitory effect of the digital economy first weakens and
then strengthens.

5.2 Policy recommendations

5.2.1 Establish and improve the digital economy,
perfect the mechanism for green development in
agriculture

First, support for advanced technologies like big data
and the internet should be strengthened to integrate digital
technology with traditional agriculture, advancing green
agriculture. Technologies such as sensors and drones can
help farmers optimize fertilization, reduce reliance on
chemicals, and lower carbon emissions. Continued research
and development of green agricultural technologies are
also crucial. Second, the government should improve talent
acquisition policies and increase financial support for training,
establishing educational institutions focused on agricultural
technology while providing subsidies for high-tech skills. This
approach will promote the development of green agricultural
technologies and reduce emissions. Lastly, enhancing the

promotion of green agricultural technologies will facilitate their
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adoption, improve production efficiency, and further decrease
carbon emissions.

5.2.2 Developing a differentiated development
strategy to promote the coordinated
development of the digital economy

First, the government should enhance the promotion of digital
technology in agriculture, focusing on increasing agricultural
digitization in the western region by deploying technical personnel
and popularizing agricultural technology to reduce carbon
emissions. Second, economically developed regions, like the
central and eastern areas, should be encouraged to support
the development of the western regions, thereby narrowing
economic disparities and fostering a coordinated economic
environment for sustainable agricultural growth. Additionally,
the government should strengthen digital learning platforms,
allowing farmers to freely access knowledge and improve their
skills. By disseminating information on planting techniques,
farmers in areas with lower educational levels can enhance their
production capabilities, facilitating the integration of agricultural
technology with traditional practices and promoting low-carbon
agricultural development.

5.3 Theoretical contribution

Our research empirically investigates the direct impact of the
digital economy on agricultural carbon emissions by constructing
a mediation effect model. It further explores the mediating role of
agricultural green total factor productivity and the regulatory effect
of green finance. Based on the research findings, the article proposes
effective strategies for reducing agricultural carbon emissions,
offering a fresh perspective and theoretical reference for the
scientific formulation of agricultural carbon reduction policies.
Additionally, this study addresses a significant gap in existing
literature regarding the mediating role of agricultural green total
factor productivity and the regulatory role of green finance.
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5.4 Discussion

Liu and Liu (2022), Xin (2023), and Zhongwei and Can
(2023) all studied the impact of various variables on agricultural
carbon emissions from a single perspective. This article empirically
examines the direct impact of the digital economy on agricultural
carbon emissions through a mediation effect model, focusing
on the roles of agricultural green total factor productivity and
green finance. The findings suggest effective pathways for reducing
agricultural carbon emissions, providing a new perspective for
formulating carbon reduction policies. Additionally, this study
addresses the gap in research concerning the mediating role of
agricultural green total factor productivity and the regulatory
function of green finance.

5.5 Limitations and prospects

The shortcomings of this study primarily relate to sample
data selection and indicator calculation. Firstly, the research is
constrained by the availability of raw data for each variable,
resulting in a limited time span of China, which produces a
small overall sample size. Secondly, the calculation of agricultural
carbon emissions is based on only six main carbon sources,
omitting other significant categories and leading to a lack of
comprehensiveness. Future research should consider more detailed
survey data or narrow the cross-sectional focus to other city or
county levels to enhance reliability. Additionally, improvements in
calculating agricultural carbon emissions should incorporate life
cycle theory and account for a broader range of carbon sources to
increase representativeness.
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