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Abstract

The progress of agricultural green technology is an important means and fundamental way to achieve high-quality develop-
ment of agriculture. The current study takes the panel data of 31 provinces in China from 1998 to 2018 and uses the Epsilon
Based Measure-Global Malmquist-Luenberger (EBM-GML) model to measure China’s agricultural green technological
progress (AGTP) and discusses its dynamic evolution characteristics in the spatiotemporal dimensions. Finally, we analyze
the spatial spillover effects of AGTP by the spatial Dubin model. The results show that China’s AGTP showed a trend of
first rising and then falling, and the average value is 1.0525. AGTP has obvious regional unbalanced development, and the
regional differences are expanding. It shows that AGTP between adjacent areas is closely linked. The Moran’s I index shows
that AGTP has a significant positive spatial correlation. The local Moran’s I index shows that AGTP is concentrated in North-
west, Northeast, and North China, and green technological is degraded in East and South China. From the spatial spillover
effects of AGTP, the level of agricultural economic development, real GDP per capita, and urbanization have significantly
promoted AGTP in the local and neighboring areas, while the agricultural internal structure and the level of labor inhibit
AGTP in the local and neighboring areas. In addition, the administrative environmental policy (ENVP) and the economic
environmental policy (ECOP) have negative impacts in neighboring areas, while the policy has negative spillover effects and
positive spillover effects in the local area, respectively. Therefore, we should adhere to the concept of green development,
pay attention to the regional exchange of green technology, concentrate policies on low-low concentration areas, and increase
the follow-up tracking and supervision mechanism of the policy design and implementation process.
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exceeds 1/3 of the global total, and the average application
intensity exceeds 440 kg/ha, which is 2.8 times the aver-
age global fertilizer application intensity. The annual pes-
ticide application rate has exceeded 300,000 tons, and the
application intensity has reached 25 kg/ha, which is three
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times the world average (Guo et al. 2020). Agricultural water
accounts for more than 60% of total water use in the national
economy, and agricultural irrigation water efficiency is only
75% of that of developed countries (Wang et al. 2018a). The
excessively intense factor production technique has not only
resulted in significant pollution of water and agrochemicals
but has also resulted in a double-constraint dilemma on
water and soil resources. The progress of agricultural green
technology is an important means and fundamental way to
achieve high-quality development of agriculture. Building
a market-oriented green technology innovation system and
promoting green development has become an important
means to solve these problems.

After Acemoglu et al. (2000, 2007, 2011, 2012) proposed
the endogenous theory of technological development and the
theory of technological progress deviations. It has become
the focus of many academic circles to investigate whether
technological progress is biased toward saving resources and
energy input and reducing pollution emissions. Based on
this, the academic community extended the idea to the envi-
ronment (Acemoglu et al. 2012) and put forward the concept
of green technological progress. In addition, according to
incomplete statistics, terms related to green technological
progress include: environment biased technical progress
(Yang et al. 2020a), environmental technology innovation,
green technology innovation (Razmi 2013), cleaner technol-
ogy progress (Fischer and Heutel 2013), and their essence is
not much different. They are progress activities that are only
oriented to improve environmental performance or can bring
significant environmental performance improvement results.
Academic circles mostly adopt the substitution method of
scientific publication data or patent indicators (Doranova
et al. 2010; Popp 2004). Total factor productivity (TFP)
(Fischer and Heutel 2013), DEA-Malmquist, and SBM-
Malmgquist methods (Kou et al. 2016) measure the progress
of green technology.

In the field of agriculture, academic circles mainly involve
green technological progress or environmental technological
progress based on agricultural green technology efficiency
or environmental technology efficiency research. There are
few papers on the progress of agricultural green technol-
ogy. From the related research of China’s AGTP, it can be
found that ignoring environmental factors will overestimate
the growth of China’s agricultural productivity. Under envi-
ronmental constraints, agricultural technological progress
in various areas of China is increasing while showing the
descending characteristics of eastern areas, western areas,
and central areas, the northeast area showed a technologi-
cal decline, and the progress of non-environmental tech-
nology decreased from east to west areas (Li 2014; Shuqin
et al. 2019) studied China’s agricultural green productivity
under the dual constraints of resources and the environment,
and found that the cutting-edge technological progress in
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1978-1984, 1985-1991, 1992-1996, 1997-2001, and
2002-2008 contributed 10.23%, 2.9%, 5.03%, 8.29%, and
5.01%, respectively. At the same time, some studies have
pointed out that green technological progress has an evi-
dent path dependence characteristic, and the rate of green
technology progress at the early stage can affect the rate
at the later stage (Yang et al. 2020b). In addition, Ren and
Zeng (2021) evaluated the suitability of green technologi-
cal progress in the mariculture industry and concluded that
nearly half of the provinces have chosen a direction of green
technological progress that is not consistent with their factor
endowments.

In addition to the measurement of green technological
progress and the analysis of temporal and spatial differences,
the socio-economic factors leading to the differences in
green technological progress are also a new research direc-
tion. Relevant scholars have studied environmental regula-
tions (Xu 2021; Zhang et al. 2018), trade (Lovely and Popp
2011), market pull (Horbach et al. 2012), wave destruction
(Yang et al. 2020b), industrial structure (Yang et al. 2020a),
average green patents in transportation, industrial scale, and
local government financial expenditure (Zhang et al. 2020)
on green technological progress or green technology innova-
tion. Although the research fields are different, these studies
also provide important analytical ideas for the in-depth dis-
cussion of agricultural green technological progress. In the
agriculture industry, Li. and Z. (2020) found that the level of
income, the level of agricultural human capital, the propor-
tion of grain sown area, the income gap between urban and
rural areas, and the support of agricultural policy can help
to increase AGTP, whereas increasing the level of urbaniza-
tion and fertilizer application will hinder its development.
According to Ji and Li (2019), the major variables influenc-
ing the growth of green technology in the marine aquacul-
ture sector are technological promotion and development
scale, while the influence of science and education input
elements is insignificant. He et al. (2021) found Agricultural
technologies’ diffusion, absorption, implementation, the
level of informatization, the number of agricultural techni-
cians in enterprises and institutions, average education level
of residents, and the level of agricultural mechanization,
absorption, and implementation of agricultural innovation
technology can significantly influence the green efficiency
of agricultural innovation.

In conclusion, past studies have expanded research ideas
for the advancement of agricultural green technology and
established a theoretical framework for future study, but
there were some research gaps or limitations. Firstly, the
advancement of green technology serves as an impor-
tant support for the green development of the agriculture
industry. In-depth comments on the advancement of green
technologies for the agriculture sector are lacking in exist-
ing research. There are few analyses on the progress of
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agricultural green technology. What is the changing trend
of these green technologies? Has the progress of green
technology enhanced over time? The regional differences
and dynamic characteristics of AGTP need to study. Sec-
ondly, the factors affecting the progress of agricultural green
technology may also show temporal and spatial heterogene-
ity. In particular, China has a vast territory, and there are
obvious regional differences in the endowment of agricul-
tural production factors. Influencing factors may also show
spatiotemporal heterogeneity. With the development of the
economy and the transfer and diffusion of technology, the
spatial spillover effect of green technological progress in
China’s agriculture industry needs to document.

When compared to previous studies, this study has
improved in two major areas. First, the EBM-GML model
is used to assess the advancement of agricultural green
technology, and the efficiency value’s divergence is recti-
fied. Second, in this work, the spatial correlation of green
technological advancement via ESDA is employed, and the
spatial spillover impact of agriculture green technological
progress (AGTP) under diverse regional backgrounds have
also been proven. Finally, this article takes the agriculture
industry as the research object, and the status quo and chal-
lenges of AGTP in the agriculture industry are confirmed.
To some extent, the findings of this study may be utilized to
develop relevant green technology utilization strategies and
management systems in various areas of China.

The specific objectives of this study are as follows: to
explore and verify the changing trend of green technology
in China since 1998-2018 and whether the elapsed time has
been improved, exploring and studying the spatial difference
of AGTP, expecting to master the spatial change dynamics of
the level of AGTP among regions in China after the transfer,
and the diffusion of green technology. Grasp the spatial and
temporal pattern and influencing factors of green technol-
ogy progress so that policy designers in different regions
can adopt green technology progress strategies according
to local conditions, which is of great significance to provide
lessons for further promoting China’s agricultural green
development policy.

The theoretical contributions of this study are as follows:
compared with the traditional agricultural environmental
protection and governance, agricultural green development
is a benign development strategy and development model
that integrates environmental sustainability into economic
and social sustainable development. Targeted research
on green technological progress can enrich the theory of
China’s green agriculture, green technological progress,
and ecological environment. In addition, the study of spa-
tial-temporal heterogeneity of green technological progress
from the perspective of geospatial interaction also enriches
the value of spatial heterogeneity theory. The practical
contributions of this study are as follows: the space—time

dimension is an important way to describe the informa-
tion and development rules of things. The analysis of the
time—space dynamic evolution of green technological pro-
gress in this study can better reflect the reality of agricultural
green technological progress. At the same time, analyzing
the spatial spillover effects of various factors on the progress
of agricultural green technology is also more conducive to
the formulation and implementation of regional technology
progress policies.

The rest of this study is organized as follows. The mate-
rial and method section introduces methods and data, includ-
ing (EBM-GML) and the spatial Dubin model. The results
and discussion section introduces the temporal and spatial
characteristics of agriculture green technological progress
(AGTP) and the estimated results of dynamic evolution. We
also provided the test results of direct and indirect effects
under the spatial Dubin model. The conclusion and sug-
gestions section is the conclusion and policy implications.

Material and methods
Measurement method and index selection

Epsilon-based measure-global Malquist-Luenberger
(EBM-GML)

Since technological progress is an intangible variable, it is
difficult to measure directly. Therefore, the measurement
research on the progress of green technology has always
been a key problem in this field. The first is the index sub-
stitution method. Use scientific publication data, patent data,
etc. to measure the progress of green technology (Doranova
et al. 2010; Popp 2004), but Liu et al. (2020) believe that
the number of patents reflects the direct impact of green
technology innovation. Evaluation of green technology inno-
vation capabilities will produce bias. Secondly, using TFP
to comprehensively reflect the green technological progress
index (Feng and Serletis 2014). However, their findings
on “total factor productivity with consideration of energy
input and pollution emission factors” do not reflect the true
connotation of biased technological progress (Ji and Wang
2014; Song et al. 2016). Finally, a nonparametric estima-
tion method was commonly used to measure the progress
of green technology and included DEA-ML and SBM-ML
methods to measure it (Kou et al. 2016). But DEA model
assumes that the return on the scale is unchanged, which is
contrary to the real economic phenomenon, and the SBM
model loses the original proportional information of the
front projection value of efficiency, and when the optimal
relaxation takes 0 and positive value, the results will be sig-
nificantly different. To solve these problems effectively, this
study refers to Tone (2001) and constructs a mixed distance
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function EBM model with radial and non-radial character-
istics, and its expression is as follows:

m WS,

miny* = H—ExZ (1)
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where E represents input, L represents output, and
Si~ represents input relaxation vector; y* is the value of agri-
cultural green total factor productivity in each province; 0 is
the radial component in y" €, is a key parameter with a value
of [0, 1], which represents the importance of the non-radial
part in the calculation of the efficiency value. When it is set
to 0, it is equivalent to the radial model, and when it is set to
1, it is equivalent to the SBM model.

In order to further decompose the progress of green tech-
nology, we draw on the research ideas of (Oh 2010), and
on the basis of calculating the green TFP, the GML index
decomposition method (global Malmquist-Luenberger)
is introduced to obtain the AGTP index. The GML index
method is obtained by constructing a global production pos-
sible set, and its formula is as follows:
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is the bandwidth. The bigger w, the smoother the density
function curve of AGTP, the estimation accuracy will
decrease accordingly. Therefore, a smaller w is generally
selected in actual research.

2
Kx) = exp(— E) )
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According to the different expression forms of the Kernel
density function, the kernel function can be divided into
uniform kernel density method, quadratic kernel density
method, and Gaussian kernel density method (Gerber 2014).
We choose the Gaussian kernel density function to estimate
the distribution dynamics of China’s AGTP. The function
expression of the Gaussian kernel is shown in Eq. (4). Since
there is no definite functional expression for nonparametric
estimation, it is necessary to compare the position, shape,
and ductility of the graph distribution to investigate the
change of the distribution.

The method of spatial autocorrelation (ESDA)

Moran’s I and Anselin Local Moran’s I are an analysis

= GMLEC"*" x GMLTC""*! 2

E(;J(quyl’bt) EG: t(xl )t bt)

EG”(x’,y’,b’)/E'(x’,y b

EG™*! represents the overall efficiency value in ¢+ 1
period. The GML index is the green total factor produc-
tivity index, which can be decomposed into green technol-
ogy efficiency (GMLEC) and green technological progress
(GMLTC). When the value is greater than 1, it represents
green technological progress; when the value is less than 1,
it means that the green technology has regressed; the value
equal to 1 means that the level of green technology remains
unchanged. The green technological progresses in this study
are all completed with MaxDEA 7.12 version.

Kernel density estimation method

Because the nonparametric estimation of the Kernel density
estimation method has a weak dependence on the model
and is robust, it has become a common method for study-
ing unbalanced distribution (Qin and Xiao 2018b, a). This
article uses this method to analyze the dynamic distribution
characteristics of China’s AGTP. The specific formula is

— 1 N X;
FR) = %= > K

In Eq. (3), F( ;( ) represents the density function of AGTP,

)_( is the mean, N indicates the number of observations, X; is

independent and identically distributed observations, and w

3
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method widely used to study spatial correlation (Pan et al.
2015). The current study uses two methods to verify the
spatial correlation of China’s AGTP. The specific equation

is as follows:
nZiZjWij<Xi —)_()(Xj —)_()
I= )

ZiZjW,.j<Xj—)_()

n(X; - X) _
i=S—sz:/(Xj—X) ©®)
X
Equation (5) is Moran’s /, n is the total number of cities,
W;; is the spatial weight, X; and X; are the attributes of the
01ty i and j, respectively, and X is the mean value of the
attribute. Equation (6) is Moran’s /. S2 is the variance of the
observations, the formula 1sS2 Z W i (XJ -X)/n.

Spatial Dubin model

At present, the mainstream research methods of spatial
metrology include the spatial lag model (SLM), spatial error
model (SEM), and spatial Dubin model (SDM). Compared
with the SLM and SEM models, the SDM model consid-
ers the spatial correlation of the dependent variable and the
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spatial correlation of the independent variables. At the same
time, it also has spatial autocorrelation and spatial interac-
tion effects. In addition, for endogenous problems, the SDM
model can be used to get the estimated value that is not
amplified and biased (Elhorst and Paul 2014, Lesage and
Pace 2008; Wang et al. 2018b). Therefore, we use this model
to examine the impact of each variable on the progress of
agricultural green technology and the spatial spillover effect.
The model is set as follows:

Y=0+pWy+pX+WXy+e )

Y is the dependent variable, f is the spillover effect of
neighboring provinces, X is the independent variable, f and
y are the parameters to be estimated, and W is weight. In
order to increase the robustness of the model, we refer to the
study of Wang et al. (2018b) to construct three spatial weight
matrices, including spatial adjacency weight matrix, geo-
graphic distance weight matrix, and geographic economic
distance spatial weight.

Data sources

This study takes the narrow agriculture industry as the
research object, including the data of 31 provinces (cit-
ies and autonomous regions) of China (excluding Hong
Kong, Macao, and Taiwan) from 1998 to 2018. The data
used includes input data including employees of agriculture
industry, chemical fertilizers, pesticides, agricultural film,
agricultural diesel, total power of the agricultural machinery
and agriculture area, the output includes the expected output
of the agriculture industry total output value, and undesired
output carbon emissions. The data used are from the “China
Rural Statistical Yearbook,” “China Agricultural Statistical
Yearbook,” and “China Fishery Statistical Yearbook.” In
addition, the total power data of agriculture machinery is
obtained by subtracting the total power of forestry, animal
husbandry, and fishing machinery from the total power of
farming, forestry, animal husbandry, and fishery machin-
ery in the current year. The data of agriculture industry
employees is calculated by multiplying the number of peo-
ple employed in agriculture, forestry, animal husbandry, and
fishery that year by the ratio of the total output value of the
agriculture industry and the total output value of agriculture,
forestry, animal husbandry, and fishery that year.

Index selection

Green agriculture is an agricultural development model
based on technological progress, integrating energy conser-
vation, protecting and improving the agricultural ecologi-
cal environment, and advocating a green consumption life-
style (Wanzenboeck et al. 2016). According to the literature

summary and research results, if the market subject and
regional environment are taken as the mainline, the inter-
nal promotion mechanism of AGTP can be attributed to the
level of agricultural development, interregional interaction,
and regional policy environment (Vocke and Heady 1978;
Zhang et al. 2021). The internal mechanism of these three
aspects will effectively promote green sustainable produc-
tion and promote the progress of agricultural green technol-
ogy. On this basis, learn from the research of scholars (Li
2014, Li, 2020, Li. and Z. 2020, Vocke and Heady 1978,
Zhang et al. 2021), and based on the availability of data.
We choose the research of relevant scholars (in Table 1, the
detailed description of index selection is provided in the sup-
plementary file) and select indicators to explore the spatial
spillover effect of green technological progress and its role
in green technological progress. The descriptive statistical
analysis results of specific indicators are shown in Table 1.

Results and discussion

The spatiotemporal characteristics and dynamic
evolution of AGTP

The spatiotemporal characteristics of AGTP

According to the EBM-GML model, we calculated the
AGTP index of each province in China’s agriculture industry
from 1998 to 2018. Table 2 only shows the AGTP index of
1998, 2005, 2012, and 2018. Other data can be found in the
supplementary file. From the perspective of time, there were
14 provinces in 1998 and 2005 that saw green technological
progress. In 2012 and 2018, the decline of green technology
decreased significantly, but the extent of the decrease was
not obvious, it is even lower in 2018 than in 2012. From a
spatial perspective, the 5 provinces, including Shandong,
Jilin, Zhejiang, Beijing, and Hainan always in a state of
AGTP, this has played a role in demonstrating and driving
AGTP. According to the average value of the AGTP index in
Table 1, all regions demonstrated a state of green technology
advancement from 1998 to 2018. This demonstrates that the
general growth of green technology in China’s agriculture
industry is increasing; however, there are some variations
across provinces. As a result, additional research into the
dynamic changes of AGTP in China’s agriculture sector is
required.

We develop a line chart of time-series changes to compare
and assess the time-series features of AGTP in the three key
areas of Central, East, and West (Fig. 1). It can be observed
that the progress of agricultural green technology in the
three key areas is dynamic and increasing, and the chang-
ing pattern is essentially the same. It can be divided into
three stages, the first stage is the continual optimization and
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Table 1 Descriptive statistics of related variables

Variable Index description Minimum Maximum Average SD References
Green technological progress The index of EBM-GML (%) 0.51 2.41 1.05 0.13 (Oh 2010)
(AGTP)
Agricultural economic develop- The gross production value of ~ 22.40 4973.70 1071.50 1035.19 (Levain et al. 2015)
ment level (eco) agriculture industry (100 mil-
lion yuan)
GDP per capita (rjgdp) The total output value of 0.00 11.00 2.64 2.01 (Nyam et al. 2021)
agriculture industry/total
agricultural population
The level of labor (labor) The employed population of 16.97 2277.09 508.29  404.78 (Emilio et al. 2018)
agriculture industry (million
people)
The level of urbanization (city) The urbanized population/total 0.04 0.90 0.45 0.18 (Morya and Punia, Onanuga
population (%) et al. 2021)
Internal structure of agriculture  The gross production value 0.30 1.85 0.53 0.10 (LiJ2020)
(agst) of agriculture industry/the
production value of agricul-
tural (%)
The environmental policy of The number of environmental 0.00 388.00 25.56 39.87 (Xu2021; Zhang et al. 2018)
administrative (ENVP) regulation policies imple-
mented at the provincial level
in the year (pieces)
The environmental policy of Pollution control project com- 0.33 99.19 16.33 13.88 (Xu 2021; Zhang et al. 2018)
economic (ECOP) pleted investment this year/
GDP (%)
Table2 The index of Province 1998 2005 2012 2018 Mean Province 1998 2005 2012 2018 Mean
agriculture green technological
progress (AGTP) in China’s Eastern areas Henan 0.972 0.847 1.080 1.000 1.065
agriculture industry Beijing 1.057 1.091 1.102 1.000 1.052 Hubei 1.020 0.987 1.051 1.000 1.065
Tianjin 0.528 1.088 1.135 1.293 1.018 Hunan 0.924 0.960 1.023 1.062 1.064
Hebei 0.949 0.771 1.159 1.056 1.061 Guangxi 1.069 0.892 1.056 0.980 1.053
Shanghai 0.766 1.184 0.997 1.138 1.045 lJilin 1.247 1.103 1.048 1.076 1.068
Jiangshu 0.985 0.887 1.054 1.000 1.055 Heilongjiang 0.901 0.981 1.195 1.000 1.050
Zhejiang 1.046 1.017 1.082 1.000 1.057 Western areas
Fujiang 0.987 1.035 1.073 1.000 1.057 Chongqing 0.947 0.946 1.067 1.089 1.049
Shandong 1.095 1.149 1.167 1.111 1.112 Sichuan 0.978 0.964 1.029 1.000 1.055
Hainan 1.000 1.001 1.135 1.000 1.010 Guizhou 1.029 0.902 1.083 1.000 1.041
Guangdong  0.941 1.007 1.081 1.000 1.041 Yunnan 1.080 1.056 1.060 1.119 1.058
Liaoning 1.147 0943 1.062 1.075 1.068 Tibet 1.000 1.086 0.952 1.000 1.002
Central areas Shaanxi 1.036 0.941 1.081 1.000 1.053
Shanxi 0.884 1.014 1.076 1.050 1.055 Gansu 1.057 1.041 1.055 1.143 1.053
In. Mongolia 1.104 1.056 1.078 1.091 1.064 Qinghai 1.045 1.215 1.056 1.000 1.030
Anhui 0956 1.011 1.057 0.990 1.063 Ningxia 1.244 1462 1.090 1.000 1.045
Jiangxi 0.879 0.871 1.025 1.064 1.062 Xinjiang 1.327 1.269 1.028 1.000 1.057

enhancement of AGTP from 1998 to 2008, which seems to
be a period of rapid economic development and urban—rural
convergence. Rural surplus workforce entering the city, a
rise in high agricultural scientific research, and more market
potential have enhanced agricultural production efficiency
and fueled the agricultural economy’s rapid expansion.
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AGTP The overall performance is the improvement of
AGTP. Second, agricultural green technology progress
remained mostly constant between 2011 and 2014. Because
large-scale production aided the growth of the agricultural
economy in the early stages, the efficiency of green invest-
ment and factor allocation briefly approached the optimal
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Fig. 1 Time series charac-
teristics of AGTP in China’s
agriculture industry
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allocation state. As a result, the external market potential
was largely saturated during this time period. Third, agricul-
tural green technology progress slowed somewhat between
2015 and 2018. During this time, the issue of capital accu-
mulation in the external market became apparent, resulting
in a reduction in green investment efficiency and a diversion
of factor allocation, which hampered the progress of green
technology. Nevertheless, because the government promotes
the green development idea of “adjusting structure, trans-
forming techniques, and encouraging modernization,” the
problem of agricultural green technology deterioration is
not severe.

Differences in resource endowments and economic
development levels have caused certain differences in the
level of AGTP in various provinces. In order to reflect the
spatial spillover laws and spatial gradient effects of AGTP
in China’s agriculture industry, we use ArcGIS software to
draw a spatial distribution map of China’s AGTP in 1998,
2005, 2012, and 2018, as shown in Fig. 2. In 1998, it can be
seen that the progress of green technology was not obvious,
accounting for only 55%. Northwest, Northeast, and North
China are the main gathering areas of AGTP. East China
and South China are the main areas where green technology
has degraded. The possible reason is that in the 1990s, high
agricultural yields and maximizing economic benefits were
the main goals pursued in East China and South China. It
ignores the protection of the ecological environment to a
certain extent, blindly invests in work and fertilizer, and has
seen the phenomenon of green technology regressing. In
2005, there were 24 progresses in agricultural green tech-
nology, accounting for 78.5%. The decline of green tech-
nology was mainly concentrated in the southwest. During
this period, the development of the market economy and
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the professionalization of the agriculture industry’s science
and technology teams accelerated the promotion of green
production technology, and other achievements enhanced the
awareness of ecological environment protection. In 2012, the
proportion of AGTP in 31 provinces reached 96.78%, and
the AGTP index reached 1.1768, which was the best year
for AGTP. The main reason is that the government gradu-
ally implements the coordinated development of alternative
technologies and improved technologies. In 2018, 64.52%
of provinces have maintained the same level of green tech-
nology in China’s agriculture industry. The main reason is
that the efficiency of green investment and the allocation
of factors in the early stage have reached the optimal allo-
cation state. In addition, the progress of green technology
in the northwestern area was significantly higher than that
in the eastern area in 1998, 2005, and 2012. The possible
reason is that due to the constraints of natural and economic
conditions, the northwestern area is an area with a fragile
ecological environment and underdeveloped economy, and
its agriculture industry has always paid attention to green
ecological environmental protection.

The dynamic evolution of AGTP in China’s agriculture
industry

In order to intuitively understand the dynamic evolution
characteristics of AGTP in China’s agriculture industry, we
take 1998, 2005, 2012, and 2018 as the survey years, and
use the Kernel density estimation method to analyze the time
dynamic evolution trend of AGTP, as shown in Fig. 3. It can
be seen that the dynamic evolution of AGTP in China’s 31
provinces from 1998 to 2018 has the following character-
istics: (1) from the perspective of location distribution, the
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Fig.2 The spatial distribution
characteristics of AGTP in
China’s agriculture industry
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center of the national overall distribution curve has experi-
enced a “right shift-left shift” trend. Among them, the den-
sity distribution curve from 1998 to 2012 shifts to the right.
It shows that the agriculture industry’s AGTP is showing
an upward trend. The distribution curve from 2012 to 2018
shifts slightly to the left. This shows that the progress of
green technology has declined at this stage, showing a trend
of technological decline. (2) From the perspective of the
distribution pattern, the wave crest changed from a single

@ Springer

peak in 1998 to a double peak in 2018. The width of the
main peak is characterized by the transition of “broad peak-
sharp peak-broad peak.” Among them, the period from 1998
to 2012 was dominated by a single peak, and the kurtosis
decreased year by year. The peak shape changes from “broad
peak” to “sharp peak,” and the horizontal span of the density
distribution curve is reduced. It shows that each province
is at a high level of AGTP and the degree of concentration
has increased, and regional differences have narrowed. From
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a single peak to a double peak in 2012-2018, the kurto-
sis decreased year by year. The peak shape changes from a
weak “spike” to a “broad peak,” and the horizontal span of
the density distribution curve becomes wider. This means
that with the development of the economy and the gradual
improvement of the level of agricultural modernization,
the differences between areas are gradually widening. The
gradual “outdated” level of AGTP in some provinces has led
to a decline in the overall level of technology concentration
and widening regional differences. The above analysis also
shows that there is an uneven regional development in the
Chinese agriculture industry’s AGTP.

Empirical results and analysis

The “spillover effect” alludes to the notion that when a par-
ticular group or organization engages in a specific activity, in
addition to the expected effects it might create, it could have
an unexpected impact on groups other than the organization.
In the context of this research, the spillover effect indicates
that within a certain location, the development of green
technology in the agriculture industry in the local region
may promote or inhibit the growth of green technology in
the immediate neighborhood. From the temporal and spatial
dynamic evolution characteristics of AGTP, we can see that
AGTP has obvious temporal and spatial heterogeneity in
China’s agriculture industry. As a result, an in-depth assess-
ment of the mechanisms causing this difference and whether
it has spatial spillover advantages is required.

Spatial autocorrelation test

In order to analyze the relevance of AGTP between regions,
we use the global Moran’s I and the Local Moran’s [ to test
their spatial relevance. The results are shown in Table 3 and
Fig. 4.

As shown in Table 3, the global Moran’s [ statistics are
significant under the 10% level of significance, and both are
greater than zero. This shows that there is a positive spatial
correlation in the progress of agricultural green technology
in various provinces in China. From the local autocorre-
lation LISA cluster map of the AGTP index in 1998 and
2018 (Fig. 4), it can be seen that the AGTP of China’s 31
provinces shows an obvious spatial imbalance. The over-
all cluster is “high-high” and “low-high.” This shows that
there is a strong positive spatial correlation between the
progress of green technology in China’s provinces. That is,
most provinces are adjacent to the location, or the economic
development level is close to the provinces showing similar
agglomeration characteristics. The provinces belonging to
the “high-high” agglomeration area are located in the south-
west (1998) and northeast (2018) and have special advan-
tages in agricultural resource endowments. In particular, the

Table3 The Moran’s I statistics of Chinese agriculture industry’s
AGTP in 1998-2018

Year Moran’s]  Z-value Year Moran’s/  Z-value
1998  —0.02066 0.171612 2009 —-0.07644 —0.73133
1999  0.095506 1.654413 2010 0.021197 0.719458
2000  0.00417 0.490302 2011 —0.05971 —-0.34177
2001  0.324151 4.771178*% 2012  —0.0304 0.039725
2002  0.087163 1.709623* 2013  0.186519 2.887275%
2003  —0.02919  0.055367 2014  0.001333 0.500758
2004  0.03857 0.939415 2015  0.050896 1.297294
2005 0.072932 1.378816 2016  0.227033 3.323797*
2006  0.046953 1.039502 2017  0.228646 3.502269*
2007  0.001238 0.444126 2018  —0.03629  —0.04085
2008  —0.0059 0.592876

industrial advantages of the Northeast area can provide good
technical support for the progress of green technology. The
provinces belonging to the low—high agglomeration area are
located in the northwest (1998) and the western area (2018).
It can be seen that the AGTP in the southwest has less driv-
ing effect on the western area. It has yet to establish a com-
pletely competitive agricultural economic system and needs
enough scientific and technical assistance, in particular, so
the “low-high” agglomeration effect of AGTP is significant.

Selection of spatial econometric model

Before measuring and analyzing the model, we should judge
the rationality of the model. The commonly used test meth-
ods are the Lagrange multiplier test (LM test), likelihood
ratio test (LR test), and Wald test. From the test results in
Table 4, it can be seen that the Lagrange test value (LM test
value) and robust Lagrange test value (robust LM) of the
spatial lag model and spatial error model under the eco-
nomic weight matrix are positive at the significance level
of 1%, indicating that the spatial Doberman model (SDM)
should be used. Meanwhile, the LR value and Wald test
denied the original hypothesis is rejected at the significance
level of 1%, indicating that the SDM model should be the
best choice compared with the SAR model and SEM model.

Model selection of spatial spillover effects and analysis
of results

It can be seen from the above test that AGTP has significant
spatial autocorrelation, so the current study uses a spatial
measurement model to estimate the spatial spillover effects.
Since the Hausman test values under the three spatial weight
matrices are all significant at the 1% level, the null hypoth-
esis that “random effects are better than fixed effects” is
rejected. And the estimation result of the spatial fixed effect
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Fig.4 The LASA cluster map
of Chinese agriculture indus-
try’s AGTP in 1998 and 2018
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is the best under fixed time, fixed space, and dual fixed.
Therefore, we use the spatial Doberman model based on
fixed space to test and use the partial differentiation method
of the SDM model to decompose the total effects under the
three spatial weight matrices into direct effects and indirect
effects. The results are shown in Table 5.

The results in Table 5 portray that the level of agricul-
tural economic development has a positive impact on the
progress of green technology in the area. GDP per capita,
as part of the level of agricultural economic development,
has also substantially aided the progress of green technology
in the area. In terms of economic development, it is widely
assumed that an area’s economic growth may effectively
support innovative activities, offer a material foundation for
innovation, establish a suitable innovation environment, and
increase information exchanges. This promotes the consoli-
dation of technology, knowledge, and skills, as well as the
enhancement of innovative consciousness and the develop-
ment of innovation ambition (Yang et al. 2019). Therefore,
we should focus on the research and promotion of green
production technologies with market application value that
has emerged as the primary driving force for agriculture to
enhance profitability (Nelms et al. 2007). Simultaneously,
Table 5 also reveals that the two indicators of the level of

Table4 LM, LR, and Wald test results

Model Index Value

SAR LM 246.531 5%
Robust LM 107.238 7
LR 149.8000%3
Wald 55.6360%*

SEM LM 275.6583 %
Robust LM 77.6370%%
LR 106.9900%3
Wald 59.6569%*

##% %% and * represent the significance levels of 1%, 5%, and 10%,
and the Z-value is in parentheses.
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agricultural economic development inhibited the spatial
spillover effect of AGTP in the adjacent area, and the level of
agricultural economic development in the adjacent area also
has a negative impact on the spatial spillover effect of AGTP
in the area, but both are not obvious. This demonstrates that
the greater the level of agricultural economic development
in the locality, the more evident it will be to encourage the
progress of green technology in the area, but the influence on
surrounding areas is non-significant. The reason is that with
the development of the economy, organic fertilizers have
replaced chemical fertilizers, green prevention, and control
technologies such as biological control and physical con-
trol have gradually replaced pesticides, thereby promoting
the progress of local green technologies. Nevertheless, the
cropping industry’s cross-regional market competitiveness
is low, and its geographical radiation range is restricted. This
might also explain why there is not a clear spatial spillover
impact of green technological improvement between areas
(Shen et al. 2021).

The level of labor has a negative impact on the pro-
gress of green technology in the area. All three types of
weight matrix models pass the significance test, and their
coefficients are all —0.0001. The possible reason is that
the labor factor has become relatively cheap, and the price
distortion has destroyed the market principle of allocating
labor resources to green technologically advanced farmers
or agricultural enterprises. Simultaneously, conventional
production techniques offer minimal risks, thus farmers or
agricultural enterprises rely heavily on original production
technology and equipment and extensively utilize unskilled
and low-skilled labor for extended output. This is the path
dependency of the extended development model of input of
tangible components such as labor, which impedes green
technological growth and has a low-end lock-in impact (Zou
et al. 2018). Therefore, creating more adequate employment
opportunities, providing a more stable employment envi-
ronment, and a complete social security system will help
provide an important guarantee for the green and high-
quality development of agriculture (Xu and Wu, 2020).
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Table 5 The results of direct and indirect effects of the SDM model under spatial fixation

Variables Spatial adjacency weight matrix Geographic distance weight matrix Geographic economic distance weight
matrix
Direct effect Indirect The total Direct effect Indirect The total Direct effect Indirect The total
effect effect effect effect effect effect
Eco 0.0957"  0.0197 0.1154™" 0.1127" —-0.0194 0.0933 0.1083"" —-0.0187 0.0896"
(3.15) (0.43) (2.76) (3.93) (—0.26) (1.35) (3.68) (=0.39) (2.43)
rjgdp —0.0105"  —0.0234"  —0.0339"" -0.0121" —0.0209 —0.0330°  —0.0096 -0.0271"  —0.0367""
(-1.71) (-1.75) (—2.70) (-2.57) (-1.13) (-1.67) (- 1.55) (=2.16) (—2.98)
Labor —0.0001"  —0.0001 —0.0002°  —0.0001"""  —0.0002 —0.0003 —0.0001""  —0.0002 —0.0003"
(-1.92) (-1.11) (—1.85) (-2.35) (-0.87) (-1.14) (-2.50) (-1.20) (-1.67)
City 0.0136 0.0002 0.0139 0.0264" 0.0016 0.0281 0.0033 0.0516 0.0548
(1.09) (0.01) (0.44) (1.68) (0.03) (0.46) (0.33) (1.03) (1.18)
agst —0.0373 —0.2588""  —0.2960"" —0.0024 —0.2808 —0.2832 0.0068 —0.2905""  —0.2837"
(-0.58) (—2.86) (-2.87) (-0.03) (-1.52) (-1.49) (0.10) (—2.88) (-2.25)
ENVP —0.0001 —0.0003 —0.0004 —0.0001 —0.0008 —0.0009 0.0000 —0.0002 —0.0003
(—0.88) (=0.75) (=0.85) (= 1.06) (~1.50) (-1.58) (-0.63) (-1.18) (-1.31)
ECOP 0.0036 —0.0282"  —0.0246 0.0041 —0.0538""  —0.0498  0.0025 —0.0324 —0.0298
0.47) (=2.04) (—1.48) 0.54) (=2.59) (=2.06) (0.36) (- 1.62) (-=1.35)
Rho 0.3794™ 0.3949"" 0.2952""
9.46 6.35 3.90
sigma’_e 0.0116™ 0.0118™" 0.0123™
3.74 3.88 3.89
log-likeli-  514.9778 510.9499 502.4969
hood
0.1911 0.2047 0.2004
N 651 651 651 651 651 651 651 651 651

Furthermore, there is no significant spatial spillover impact
of labor level on AGTP in surrounding locations. The major
reason for this is that rural excess labor is typically shifted to
the urban areas in search of greater job possibilities (Knight
et al. 2011). As a result, the influence on the progress of
green technology in adjacent areas is non-significant.

The level of urbanization has a positive impact on the
progress of green technology in the area, but only in the
terms of geographic distance. The loss of labor force and
economic development in the process of urbanization will
bring crisis and opportunities to agriculture and will encour-
age the improvement of agricultural technology to some
extent, although not significantly. The loss of rural human
capital, on the other hand, limits the growth of agricultural
mechanization and the development of the agricultural
industrial chain. Simultaneously, due to land urbanization
or the disposal of a large number of lands, non-agricul-
tural employment demand growth is constrained. All these
directly restrict the progress of green technology in the local
area (Jiang et al. 2020). In particular, the construction of the
ecological environment will be emphasized in the process of
urbanization, which will further promote the spillover effect

. and " represent the significance levels of 1%, 5%, and 10%, and the Z-value is in parentheses.

of green technology. Finally, the spatial spillover effect of
the level of urbanization on the progress of green technology
in neighboring areas is not significant. The possible reason
is that economic development resources such as population
and land in rural areas tend to be in the urban sector. There
is not much influence on the economic and technological
development of other rural places (Shang et al. 2018).

The direct effect of agricultural internal structure on
the progress of green technology is —0.0373, and the
indirect effect is — 0.2588. This shows that for every 1%
increase in the agriculture industry in the internal struc-
ture of agriculture, the probability of AGTP in local and
foreign agriculture industries will decrease by 0.0373 and
0.2588, respectively. The reason is that compared with
other agricultural agriculture industries such as forestry
and animal husbandry, agriculture production will increase
the input of fertilizers, pesticides, machinery, and other
carbon source products. With the popularization of agri-
cultural mechanization and chemical products, ordinary
farmers tend to be extensively managed, and there is little
demand for green technologies that require a large amount
of labor (Jiang et al. 2020). The agriculture industry is
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more suitable for large-scale agriculture to obtain higher
economic profits. These intensified the extensive man-
agement mode of farmers and reduced the possibility of
farmers’ green technology. In addition, the agricultural
internal structure in neighboring areas also has a signifi-
cant negative impact on the progress of green technology
in the area. The main reason is that foreign areas face
the mode of obtaining market profits based on chemical
and mechanization in the face of local technological pro-
gress and will conform to the market model (Zhou et al.
2021). As a result, a condition of “bad money pushing
away good money” has emerged, reducing the likelihood
of green technology adoption and AGTP by farmers out-
side the area.

The environmental policy of administrative (ENVP)
has a negative impact on the progress of green technology
in the local area and neighboring areas, and they are not
significant. However, the “innovation-induced hypothesis”
considers that environmental policies (such as emission
fees/taxes and trading permits), as an external compulsory
factor, make products more expensive explicitly or implic-
itly, thereby promoting technological innovation (Hicks
1963). The explanation might be that China’s mandatory
environmental laws are insufficient or ineffective in pro-
moting the progress of agricultural green technologies.
Thus, the government should through green environmental
regulations and system design, implement a macro-layout
for the green growth of area agriculture.

The environmental policy of economic (ECOP) has a
positive impact on the progress of green technology in
the area, but they are not significant. This is inconsistent
with the result of the “innovation-induced hypothesis.”
The possible reason is that this study selected pollution
control fees as an economic environmental policy. How-
ever, pollution control fees only control the pollution that
has already occurred, which does not support the pro-
gress and innovation of green technology. On the con-
trary, due to the increased investment in pollution control
costs, farmers or agricultural enterprises have “financial
dependence.” In other words, it is not important whether
farmers or agricultural enterprises carry out technological
innovation and green, because pollution will have funds,
and it will even cause more pollution (Jiang and Li 2021).
The government should provide greater policy assistance
in the form of rules, funding, and platforms by defining
the essential tasks of agricultural green development. This
tends to increase the supply of agricultural green develop-
ment policies, lowers the disguised and emphatic costs
of agricultural green development, boosts the profitability
of agricultural green development and boosts agricultural
energy savings, emission reduction, and consumption
reduction enthusiasm and initiative (Verweij et al. 2019).
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Conclusions and suggestions
Conclusions

The dynamic monitoring of the advancement of green
technology has garnered broad attention as the idea of
green development has matured. The key to effectively
establishing green development strategies and imple-
menting environmental protection measures is to analyze
its temporal and spatial dynamic evolution features and
influencing factors. Taking the agriculture industry as an
example, this study uses the EBM-GML model to measure
the AGTP index and analyzes the temporal and spatial
dynamic evolution characteristics of AGTP from 1998
to 2018 in 31 provinces in China. Finally, discussed its
spatial spillover effects from three aspects: direct effects,
indirect effects, and total effects. The main conclusions
and inspirations are as follows:

(1) From the perspective of the temporal characteristics of
AGTP, the development of AGTP in China’s agricul-
ture has a phased characteristic of “rising first and then
falling,” and there is obvious regional unevenness in
development. At the same time, the kurtosis decreased
year by year, the width expanded year by year, and the
number of peaks gradually changed from a single peak
to a double peak. The degree of regional concentration
of AGTP has declined, and regional differences have
widened.

(2) From the perspective of the spatial distribution char-
acteristics of AGTP, the spatial autocorrelation test
results of AGTP at the global level are significantly
positively correlated. While the regional level of inter-
provincial AGTP in agriculture shows agglomeration
characteristics in space. Among them, the provinces in
the “high-high” agglomeration area are located in the
southwest (1998) and northeast (2018). The provinces
in the “low-high” agglomeration area are located in the
northwest (1998) and western area (2018). In particu-
lar, the progress of green technology in the southwest
has little effect on the surrounding areas.

(3) From the perspective of the spatial spillover effects
of AGTP, the difference in spatial spillover effects
of AGTP under different spatial weights is relatively
small. The level of agricultural economic development,
GDP per capita and the level of urbanization have sig-
nificantly promoted the progress of agricultural green
technology in the local and adjacent areas. Agricultural
internal structure and the level of labor have inhibited
the progress of green agricultural technology in the
local and neighboring areas. In addition, both the envi-
ronmental policies of administrative (ENVP) and eco-
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nomic environmental policies (ECOP) have a negative
impact on the progress of green technology in neigh-
boring areas. The imperative environmental policies
(ENVP) and economic environmental policies (ECOP)
have negative spillover effects and positive spillover
effects on the progress of agricultural green technology
in the area, respectively.

Policy suggestions

The above conclusions are of great significance at the policy
level. Firstly, according to the previous conclusions, differ-
ent regions have different levels of green technology, so we
should improve the level of agricultural economic develop-
ment, per capita GDP, and urbanization. At the labor level,
we must use the corresponding technology to adjust the
capital and labor input in the production process, realize the
optimal allocation of rural labor resources and optimize the
relationship between man and land. At the same time, the
government should improve the positive role of economic
and environmental policy (ECOP), avoid the obstructive
effect of mandatory environmental policy (ENVP), improve
the policy implementation system, and mobilize the pub-
lic to participate in environmental governance. Secondly,
regional heterogeneity of green technological progress indi-
cates that policy should tend to low-low concentration areas
and narrow the labor productivity gap between them and
high-high concentration areas. At the same time, we can
try to establish a bilateral or multilateral regular exchange
system and further strengthen technical exchange and dif-
fusion as well as institutional arrangements. The AGTP
developed areas should play the role of model pacesetter
and actively promote the technological progress of surround-
ing areas through technology diffusion. At the same time,
the AGTP underdeveloped areas need to improve their own
technology promotion system and create a favorable pro-
motion environment to avoid the further widening of the
inter-provincial gap caused by blocked technology promo-
tion. Finally, the government should actively develop a com-
pensation mechanism for ecological environment damage,
an effective resource management system, and a later track-
ing and oversight mechanism during the policy design and
implementation process.

In addition, agricultural economic activities in the back-
ground of novel coronavirus will also have a significant
impact. The new coronavirus urgently needs to restore the
livelihood activities of affected farmers, which requires the
role of technology. Adhere to the concept of agricultural
green progress, improve farmers’ green production technol-
ogy, and reduce pollution. Respecting nature, loving nature,
conforming to nature, and coexisting in harmony with all
things in nature is an important part of preventing the inva-
sion of viruses, and it is the long-term survival of mankind.
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