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Abstract: Agricultural farming problems are the main concerns for states and local governments in
stabilizing and increasing food production. Agricultural mechanization is an important element in
this scenario. Thus, we conduct a systematic analysis to examine the agricultural mechanization
level and its effect on grain production by using panel data and scientific literature mining for the
last two decades in northeastern China. For this purpose, the autoregressive distributed lag model,
the stochastic frontier model, and bibliometric analysis are employed. The results show that the
development level of agricultural mechanization is stable in the region. In terms of scientific research
progress in agricultural mechanization, researchers are mainly studying to solve problems related to
carbon emissions, green energy, and environmental protection, and overall, a 4.39% growth rate for
research publications was found. Also, the statistical analysis shows that variables such as fertilizers
(9.808) and agricultural machinery (0.003) have a significant positive impact on the agricultural
industry, which indicates that the development of agricultural mechanization has a certain impact on
the efficiency of food production. Thus, technological innovation in climate agricultural practices
and small-scale farming could be more beneficial to fulfilling the future food demand.
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1. Introduction

The issues related to agriculture, rural areas, and farmers are among the significant
challenges in the process of a country’s rapid economic development [1-5]. Developing
agriculture, the rural economy, boosting farmers’ income, expanding farmers’ employment
channels, and enhancing farmers’ overall quality have emerged as critical to limiting issues
related to agriculture, rural areas, and farmers [6]. To fundamentally solve the problems of
rural areas and farmers, we must rely on agricultural mechanization [7]; change the tradi-
tional production method in agriculture, which mainly relies on manual labor; change the
underdeveloped state whereby the agricultural population accounts for a large proportion;
and realize the transformation from traditional agriculture to modern agriculture, from
extensive management to intensive management, and from over-utilization of resources to
sustainable utilization.

Agricultural mechanization is very important for agricultural science and technology
in the agricultural field. Without agricultural mechanization, many advanced technologies
that improve agricultural grain production capacity, save costs, increase efficiency, and
protect the environment cannot be realized. Agricultural mechanization has replaced man-
ual labor and has become an indispensable and important input factor in food production.
Its role in stabilizing food production and increasing food output is becoming more and
more obvious [8-10]. The contribution of agricultural mechanization to the growth of grain
production in the context of labor loss has been unanimously recognized by the academic
community. Verma, 2006 found a similar scenario whereby farm mechanization helps to
increase crop intensity and enhance income [11]. In Benin (2015), it was documented that
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agricultural mechanization reduces unit labor input, increases productivity, and reduces
labor hours, thereby increasing output [12]. The authors in Yamauchi (2016) found that to
cope with the problem of rising labor costs in Indonesia, most farmers in Indonesia will
expand the scale of planting and choose to replace manual labor with machinery, so large
farms have more advantages than small farms [13]. In Gollin et al., (2014), the authors
studied the grain production efficiency of eighty countries and showed that the difference
in production efficiency is mainly caused by agricultural mechanization [14]. The study
Camarena et al., (2004) took five large farms growing wheat and sorghum in Mexico as
examples to study the impact of the number of working days required for tractors and
implements and the values that change over time on machinery costs [15]. They found that
increasing the use density of agricultural machinery can maximize the value of agricul-
tural production. The authors of Po-Chi et al., (2008) used panel data from twenty-nine
provinces in China and applied the maximum likelihood estimation method to analyze
the main factors and their components that affected the improvement in agricultural total
factor productivity and found that the government’s agricultural tax cuts, research and
development, public investment in infrastructure, mechanization, and other aspects have
provided great assistance to the progress of agricultural technology [16]. Likewise, previous
studies [7,17] found that China’s agricultural mechanization level continues to improve. The
total power of China’s agricultural machinery has grown from 117.496 million kilowatts to
1027.583 million kilowatts from 1990 to 2018 [18]. On the other hand, the continuous
improvement in the level of agricultural mechanization has made up for the adverse im-
pact of agricultural labor shortage on grain production. From 1978 to 2019, China’s grain
output still increased by 1.17 times despite the substantial reduction in agricultural labor
workforce [19,20]. In grain production, agricultural machinery provides power to improve
grain production efficiency, thereby stabilizing grain production and increasing grain
output [21]. Previous researchers Liu et al., (2014) and Tian et al., (2020) documented that
agricultural mechanization is an important measure to improve comprehensive agricultural
production capacity and achieve increases in grain output [22,23]. Even though agricultural
mechanization has made great progress, there is still a gap among the requirements for
taking the lead in achieving agricultural modernization. To improve the management
decision-making level, there are still some outstanding issues in the field of agricultural
mechanization management that need to be solved, such as how to evaluate the develop-
ment level of agricultural mechanization scientifically and comprehensively to accurately
grasp the development status and achievements of the agricultural mechanization level,
providing a scientific basis for guiding development in different regions. Furthermore, there
are environmental factors that are affecting the development of agricultural mechanization,
so it is necessary to determine how to integrate the environment with the development of
agricultural mechanization to promote the coordinated development of agricultural mecha-
nization and the environment. The solution to these problems is related to understanding
agricultural modernization and the new development levels. The existing literature re-
search studies on agricultural mechanization have a certain scope and depth. However,
there are great differences due to changes in the practice of agricultural mechanization
development in various regions. Regional research on agricultural mechanization is mostly
general countermeasure research. There are more qualitative analyses and fewer quan-
titative analyses. Moreover, few documents directly study the relationship between the
development of agricultural mechanization and the grain output and sown area. Therefore,
it is important to study the development of agricultural mechanization and its impact on
grain production.

Northeastern China is a major agricultural grain base in China (Figure 1). It is the largest
main grain production area. Its grain output accounts for on-fifth of China’s total output [24].
The total population is 98.51 million, and the total land area is 791,826 km?, accounting for
8.25% of the country’s total land area. The cultivated land is 35.87 x 10° hectares [25]. The
major cultivated area is concentrated in Heilongjiang Province and is about 78.3% of the
province’s cultivated land. The cultivated land in the region is flat, which is suitable for
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mechanized farming. Northeastern China has excellent conditions for realizing agricultural
mechanization. The development of agricultural mechanization has made important contri-
butions to ensuring national food security and improving comprehensive grain production
capacity. Therefore, it is important to conduct a systematic analysis of the recent development
of agricultural mechanization and its effect on grain production in the region. The specific
objective of the current study is to examine the development of agricultural mechanization
by using bibliometric analysis and establish a panel data model to determine the effects of
agricultural machinery and other variables, such as fertilizer, labor, and effective sown area,
on grain output in the region. Furthermore, in this study, we only consider crop production,
in particular grain production, and do not evaluate or study livestock production.
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Figure 1. Location map of the study area including other features. Four northern providers (Hei-

longjiang, Jilin, Liaoning, and Inner Mongolia) were considered to study the development of agricultural
modernization and its effect on crop production.

2. Material and Methods
2.1. Datasets

In this study, the China Agricultural Statistical Yearbook, China Statistics Yearbook,
and Agricultural Professional Knowledge Service System (https:/ /www.pwsannong.com/
booklib/database?SiteD=123) (accessed on 15 December 2023) were consulted to obtain
the data. The most recent year’s statistical indicator data were not freely available; thus,
we used 21 years of data from 2000 to 2020 for this analysis. Furthermore, we used provin-
cial panel data to study the effect of agricultural mechanization on grain production. To
examine the recent developments in agricultural mechanization, the dataset was concen-
trated between 2000 and 2017 due to non-availability. The specific definitions of the main
variables are mentioned in Section 3.3.1. In addition, the Scopus database was searched
to study the scientific research progress in the field of agricultural mechanization. For
this purpose, different keywords under TITLE-ABS-KEY were examined in the database,
such as agricultural mechanization, sustainable agriculture, farm machinery, mechanized
farming, precision agriculture, agricultural automation, sustainable development goals
(SDGs), and agricultural economy from 1990 to 2023.
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Ratio of large- and medium-sized agricultural machinery (1) =

Ratio of small-sized agricultural machinery (Is) =

Degree of irrigation mechanization (I3) =

2.2. Methods
2.2.1. Agricultural Mechanization Level Evaluation Indicators

The core of evaluating the development level of agricultural mechanization is to
conduct a scientific and reasonable evaluation of the degree of agricultural mechanization
operations. The setting of the indicator system should be based on actual needs and be
reliable according to the requirements of agricultural modernization. This study established
an evaluation index system to examine the development level of agricultural mechanization
based on agricultural machinery operations and objectively determined the actual roles
of agricultural mechanization and agricultural machinery personnel in grain production
and rural development. Below are the evaluation indicators used to assess the level of
agricultural mechanization in the study area.

Mechanical tillage area

Degree of mechanization of land preparation (I;) = x 100%

" Total cultivated land area

Mechanical planting area

1 9 o
Total planting area X 100%

Degree of mechanization of planting (I) =

Mechanical and electrical irrigation area
chanic ana electrica 1rr1g 1 re. « 1000/0

Total cultivated land area

Supporting agricultural tools for large- and medium-sized tractors
Agricultural large- and medium-sized tractors

Supporting agricultural tools for small-sized tractors
Agricultural small-sized tractors

2.2.2. Scientific Research Progress in Agricultural Mechanization

VOSviewer vs 1.6.20 [26] was used to assess and visualize the knowledge background
and research progress in agricultural mechanization. This software program creates visual
bibliometric knowledge maps based on Scopus extracted data, in addition to providing
text mining capabilities [27]. High-frequency-keyword co-occurrence cluster visualization
analysis was carried out with VOSviewer. A threshold of 10 occurrences was used to
identify high-frequency keywords. Each circular node in the keyword co-occurrence
clustering graph represents a keyword, and the size of the node indicates how frequently
it occurs. Co-occurrence associations between two terms are shown by lines, where the
strength of the link is indicated by the line’s length and thickness. The cluster that a
keyword belongs to is indicated by the node color.

2.3. Statistical Analysis

Prior to performing regression, we used the unit root test Levin et al., (2002) to
determine whether the variables were stationary in the long run by using the panel
data autoregressive distributed lag pool mean group technique [28]. This allowed us
to determine whether the variables were either first-order or stationary in level. In addi-
tion, to avoid endogeneity between the variables, the two-stage least square method was
also employed.

Basic Model for Effect Assessment

As an important statistical model, linear mixed models have been widely used in data
analysis in agriculture, and economics [29]. The model contains both fixed effects and
random effects. So why is a linear mixed model needed? Because some realistic complex
data cannot be processed by traditional linear models. These data contain both random
noise caused by individual repeated experiments and random effects caused by individual
differences. These random factors cannot be processed. They are observed but cannot
be ignored. Therefore, a linear mixed model is needed to predict and regress this type
of data, which contain both fixed effects and random effects. This study also examines



Sustainability 2024, 16, 5055

50f12

the impact of agricultural mechanization on grain production in northeastern China. It
involves both fixed influencing factors such as agricultural mechanization and random
influencing factors of region and time, so choosing a linear mixed model can better explain
the actual situation. The basic form of the model is as follows:

Y; = B1v1i + Bavai + B3vsi + Pavai + ...+ BuUpi + UnZ1i + UinZoi + . UinZpi + (1)

In Equation (1), i represents different provinces of northeastern China, Y is a dependent
variable which represents the proportion of specific crop production (in 10,000 tons), and
v is the fixed effect independent variable. The fixed effect independent variables include
the core independent variable of large and small agricultural machinery (No.), as well as
agricultural labor force, reflected by the size of the rural population. Rural labor flow data
at the provincial level are difficult to obtain, and the increase or decrease in the size of the
rural population can reflect the flow of rural labor to a certain extent. The size of the rural
population indicates the transfer of rural labor force, which is calculated as the data of
rural permanent population/(1 + natural population growth rate) at the end of the year to
measure rural labor transfer. Moreover, there are other variables, like fertilizer (10,000 tons),
effective area (hectares), and irrigation rate (%). Z represents the random effect variable,
specifically representing the province and year, and ¢ represents the random error term.
In addition, stochastic frontier analysis (SFA) was used to measure technical efficiency
in grain production. In the actual estimation process, a more flexible translogarithmic
production function was selected, and time trend variables were used to reflect the impact
of institutional changes and technological progress. Different from the Cobb—Douglas
production function, the transcendental logarithmic production function obeys a normal-
truncated normal distribution, which can better fit the data and reflect the interaction of
the explanatory variables on the explained variables. The specific form is as follows:

InOG;; = Bo + Pec INECjt + BLrInLE; + BpInFy + Brm L In FM_Ly

2
+Brm s INFM_S;it + Brar mIn Har_M;; + By InTrry + v + uyy @

where i represents the province and t is a time variant. v;; + u;; are random error terms.
Technical efficiency in grain production is affected by a variety of exogenous factors.
By referring to the relevant literature, we selected the irrigation rate when constructing the
influencing factors of the technical efficiency equation. The specific efficiency loss model is
as follows:
Ujp = zj0 + Cjy (3)

zit0 = 0 + 61 Inirr 4)

3. Results and Discussion
3.1. Evaluation of Development Level of Agricultural Mechanization in Northeastern China

The established indicator system and calculation methods for each indicator were compiled
by consulting the relevant literature (China Statistical Yearbook 2018; China Agricultural Mecha-
nization Information Network, 2023 (www.pwsannong.com) (accessed on 15 December 2023)).
The results show that the development level of agricultural mechanization in northeastern
China shows stable growth. The evaluation value of the indicator for the development level
of agricultural mechanization shows that the level of agricultural mechanization operation in
Heilongjiang Province is relatively high compared with other provinces, with a fast growth rate.
The level of agricultural mechanization operation (I4 and I5) is the highest among the three
primary indicators, indicating that Heilongjiang Province has achieved certain goals in replacing
human labor with agricultural mechanization, which is the core part of the development of
agricultural mechanization (Table 1). The development of agricultural mechanization from
2000 to 2006 was very slow. The main reason is that agricultural machinery research and
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manufacturing technology cannot keep up, and some operational processes do not have cor-
responding and reasonable machinery, such as rice live broadcast machines, corn harvesters,
potato harvesters, water-saving irrigation machinery, etc., resulting in a low degree of mecha-
nization. From 2007 onward, the level of mechanization showed an upward trend, especially
in small-sized machinery in Jilin and Heilongjiang Provinces. A previous study conducted a
detailed review of small-scale agricultural mechanization and documented that China began
its broad mechanized development of agricultural productivity in 2015. This suggests that
China’s mechanization had progressed to the point where it was pushing the entire farming
operation forward. The Chinese government accelerated the adoption of the household respon-
sibility system in 1995, allowing agricultural machinery private firms to enter the agricultural
machinery industry. As a result, the amount of mechanization expanded considerably between
2004 and 2013. In 2004, the establishment of agricultural mechanization regulations and the
agricultural machinery purchase subsidy policy were two important driving reasons for this
rapid increase [30].

Table 1. Evaluation index values from 2000 to 2017.

Inner Mongolia Liaoning

Year I1 12 I3 14 I5 Il 12 I3 14 I5

2000 / / / 1.5 1.3 / / / 1.4 1.2
2001 / / / 13 13 / / / 14 1.2
2002 / / / 14 13 / / / 14 13
2003 / / / 1.4 1.4 / / / 1.3 1.2
2004 0.06 0.94 0 1.5 14 0.03 0.22 0 1.4 13
2005 0.06 0.83 0 15 15 0.02 0.22 0 1.1 14
2006 0.06 0.88 0 1.4 1.6 0.03 0.19 0 1.3 14
2007 / / / 15 1.6 / / / 13 15
2008 / / / 1.6 1.7 / / / 1.2 1.6
2009 / / / 1.6 1.9 / / / 1.3 1.6
2010 / / / 1.6 19 / / / 13 1.6
2011 0.07 0.97 0 1.6 2 0.03 0.39 0.01 1.3 15
2012 0.08 0.97 0 1.6 21 0.03 0.5 0.02 1.3 15
2013 0.07 0.96 0.01 1.6 21 0.03 0.53 0.01 1.3 15
2014 / / / 1.6 2.1 / / / 1.3 15
2015 0.07 0.98 0.01 1.6 2.3 0.03 0.67 0.01 1.3 15
2016 0.07 0.98 0.01 1.6 2.3 0.03 0.71 0.01 1.3 15
2017 0.07 0.96 0.01 1.7 2.4 0.03 0.83 0.01 1.3 15

Jilin Heilongjiang

Year I1 12 I3 14 I5 I1 12 I3 14 I5

2000 / / / 2.1 2.1 / / / 2.3 1

2001 / / / 21 2.5 / / / 2 1.1
2002 / / / 21 2.6 / / / 1.7 1.2
2003 / / / 1.9 2.7 / / / 15 12
2004 0.01 0.52 0 1.9 2.8 0.18 0.89 0.01 0.01 0.01
2005 0.01 0.5 0 1.2 3 0.18 0.86 / 1.2 15
2006 0.01 0.42 0 1.9 2.9 0.2 0.9 / 1.2 1.6
2007 / / / 1.9 2.8 / / / 1.2 1.6
2008 / / / 2 29 / / / 1.2 1.7
2009 / / / 1.9 2.9 / / / 1.3 1.8
2010 / / / 1.9 2.9 / / / 1.3 1.8
2011 0.07 0.58 0.01 1.9 2.8 0.24 0.98 0.05 1.3 1.8
2012 0.08 0.6 0 1.8 2.8 0.24 0.99 0.05 14 1.8
2013 0.07 0.84 0 1.8 2.8 0.18 0.98 0.04 1.4 1.8
2014 / / / 1.7 29 / / / 1.4 1.8
2015 0.07 0.91 0 1.6 2.9 0.18 0.97 0.05 14 19
2016 0.07 091 0 1.6 3 0.18 0.98 0.05 1.4 1.9
2017 0.07 0.93 0 1.6 3 0.18 0.98 0.05 1.4 2.0
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3.2. Scientific Research Progress in Field of Agricultural Mechanization

According to the Scopus database, 93385 papers were published under the searched
keywords (agricultural mechanization, sustainable agriculture, farm machinery, mecha-
nized farming, precision agriculture, agricultural automation, sustainable development
goals, and agricultural economy) from 2022 to 2023 (Figure 2). The database was searched
for overall China mainland due to Scopus database limitations on data extraction. The
extracted data indicated that most of the published documents were research articles
(93.9%). From 2000 to 2014, the number of published articles was 24881, while in the last
10 years, the number exceeded 65,734, with a growth rate of 4.39%. The recent increment
in agricultural mechanization research is mostly due to an increased emphasis on studies
linked to energy efficiency and lower carbon emissions. Figure 3 presents keyword co-
occurrence and associations. It was observed that sustainable development, economics,
green economy, emission control, energy efficiency, and sustainable agriculture were the
main concerns for researchers from 2000 to 2023. These topics were mainly studied to
solve problems related to carbon emissions, green energy, and environmental protection
by using different models and methodologies, like life cycle assessment, carbon footprint
calculation, and trade-off between environmental benefits and economic costs. During the
analysis, it was also found that sustainable development had the highest occurrence (491)
and was linked with economies (729 links), with a total association strength of 3725, and
to study these links, life cycle assessment (444 links) was employed. Many publications
discussed the topic of agricultural robots in the field of agricultural mechanization as
of 2019. This was a development of research and tactics that began in 2002 to address
the topic of digital agriculture [31]. Several years of study and technological integration
have allowed the solutions to mature, which are now being evaluated and enhanced in
real-world scenarios [32,33]. The studies published in 2020 and 2019, with almost 485 [34]
and 336 citations [35], focused on deep learning in precision farming, which indicates that
now, researchers in China mostly focus on automation and robotics. Since 2016, academic
and research institutes have been promoting artificial intelligence and automation for more
advanced technology in agricultural mechanization [30].

T T L k | ! 1 '
B Article ‘ Total No. of Documents

Review Article —

| ,DDDJ,DDDDDDDD . f

2005 2010 2015 2020 2025
Year

Figure 2. No. of documents and their types published from 2000 to 2023.
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Figure 3. Keyword occurrence and associations from 2000 to 2023. The Scopus database was used to
generate this figure by using VOSviewer software. Cluster colors and keywords in the same shade
show publishing occurrence.

3.3. Statistical Analysis of Agricultural Mechanization Effect on Crop Production
3.3.1. Stationarity and Long-Run Cointegration of Variables

The unit root test was conducted before performing regression for dependent and
independent variables and found that variables were stationary in first- and second-level
differences. The output of total grain (including wheat, maize, and rice) (OG), farm
machinery (large and small), irrigation, and the effective area were stationary in the first
difference, while the rest of the variables were stationary in the second difference (Table 2).
Therefore, the panel data autoregressive model (ARDL) was selected for establishing a
long-run relationship among the variables.
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Table 2. Stationarity of data using unit root test.

Variable Variable Description Unit Root Test (Levin—-Lin—Chu) Statistics Remarks
oG Output of total grain (including wheat, maize, and rice) —4.867 *** 1(1)
LF Labor force —7.791 *** 1(2)

F Fertilizer —8.466 *** 1(2)
FM_L Farm machinery (Large) —1.707 *** 1(1)
FM_S Farm machinery (Small) —1.942 *** 1(1)

Har M Harvest machinery —4.411 * 1(2)
Irr Irrigation —4.794 *** 1(1)
EC Effective area —1.858 *** 1(1)

Note: *** indicates the significance level at 0.01.

The panel ARDL model was utilized to examine the long-term cointegration among
the variables. The dependent variable is the total amount of grain produced per hectare.
The explanatory factors of the study include effective area, farm machinery (small and
large) (a proxy for mechanization), irrigation percentage, fertilizer kilogram per hectare,
and labor force in millions. All explanatory variables were regressed on the dependent
output of total grain per acre. The findings show that labor force (—30.857), irrigation
(—1.242), and effective area (—0.637) all had a negative but non-significant relationship
with total grain output per hectare. This demonstrates that every 1% increase in these
variables may result in a 1% decrease in average crop output. This indicates a low return
on cultivated land per capita. However, in the region, fertilizer kilogram per hectare (9.808)
and large farm machinery (0.003) showed a favorable link with total grain. Because all

these variables are indicators related to technological improvement, the natural return has
declined (Table 3).

Table 3. Long-run cointegration among variables (dependent variable: OG).

Variable Coefficient t-Statistic Prob.**
LG —25.124 —1.557 0.129
Irr —1.242 —0.965 0.341

FS_S 0.007 1.538 0.134
FS 9.808 3.462 0.001
FM_L 0.003 2.155 0.038
EC —0.637 —0.790 0.435

Note: ** indicates the significance level at 0.05.

3.3.2. Estimation of Effect of Agricultural Mechanization with Different Models

In the estimation results of the stochastic frontier models, the coefficients of the linear
terms of effective area, fertilizer, and large agricultural machinery are significantly positive,
indicating that the expansion of the effective area and the improvement in agricultural
mechanization contributed to the improvement in technical efficiency in grain production.
At the same time, the coefficients of labor force in Model 2 and Model 4 are significantly
negative, which shows that in the long run, as the grain effective area continues to ex-
pand and agricultural machinery continues to increase, there will be a negative effect on
technical efficiency in grain production. The coefficients of agricultural chemical fertilizer
application amount in all models are significantly positive, indicating that the rational
application of chemical fertilizers can promote the improvement in technical efficiency in
grain production, while the excessive application of chemical fertilizers is not conducive
to improving technical efficiency in grain production. Judging from the parameters of the
technical efficiency equation, the coefficient of irrigation is significantly positive, indicating
that better irrigation conditions can reduce the technical loss rate, that is, improve food
production technology efficiency. This also confirms this research study, that is, the de-
velopment of agricultural mechanization has a certain impact on technical efficiency in
food production, paving the way for the following discussion on how the development
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of agricultural mechanization can improve efficiency in food production. At the same
time, we can also see that the coefficient of small agricultural machinery indicates that the
greater the total number of agricultural machines, the greater the impact they have on food
production, but this will also bring negative impacts, such as idle agricultural machinery
and waste of resources. To test the suitability of the model settings, this study constructed
three optional models for testing, as shown in Table 4. Model 4 verifies an inefficiency term
in the stochastic frontier model.

Table 4. Estimation results of different models.

. Stoc. Frontier Time-Varying Decay Stoc. Frontier
Fixed Effect (OLS) Random Effect (OLS) Model (Truncated-Normal) Normal/Half-Normal Model
Variables Model 1 Model 2 Model 3 Model 4
log_EC 0.04 (0.67) 0.066 (0.67) 0.019 (0.3) 0.221(4.32) ***
log_LF 0.43 (3.57) *** —0.47557 (—3.39) *** 0.37 (3.03) *** —0.665 (—6.32) ***
log_F 0.35 (8.07) *** 0.41 (6.92) *** 0.40 (7.42) *** 0.421 (8.29) ***
logFM_L 0.11 (5.25) *** 0.182 (6.04) *** 0.073 (2.6) *** 0.231 (8.31) ***
logFS_S —0.06 (—2.05) ** —0.00013 (0) —0.068 (—2.47) *** —0.009 (—0.3)
log_Har_M 0.01 (0.68) —0.029 (—1.7) 0.016 (1.22) —0.06 (—4.45) ***
log_Irr 0.09 (1.33) *** —0.010 (—0.13) 0.118 (1.71)
_cons 1.63 (2.93) 5.95 (7.45) **** 2.50 (4.18) *** 5.87 (10.11) ***
sigma_u 0.33 0 0.114
sigma_e 0.12 0.118
rho 0.88 0
lambda 4.38
Inefficiency model
log_Irr 1.702 (3) ***
sigma_v 0.5 0.14

Note: In brackets, there is the t-value, while ** and *** indicates the significance level at 0.05 and 0.01, respectively.
OLS: ordinary least square regression.

4. Conclusions

This study attempted to assess the degree of mechanized progress and its impact on
grain output by using a panel dataset spanning the years 2000 to 2021 in northeastern
China. The results indicate that the development level of agricultural mechanization in
the region shows stable growth. The evaluation value of the indicator shows that the
level of agricultural mechanization operation in Heilongjiang Province is relatively high
compared with other provinces, with a fast growth rate. Scientific research progress in
the field of agricultural mechanization shows that researchers are mainly studying to
solve problems related to carbon emissions, green energy, and environmental protection.
We also estimated the results with different statistical models to examine the effect of
agricultural mechanization on grain production efficiency. The results show that variables
such as fertilizers, irrigation, and machinery are examples of agricultural inputs that have
a positive impact on the agricultural industry, which indicates that the development of
agricultural mechanization has a certain impact on efficiency in food production.

Based on the study’s findings, the key to accelerating the growth of mechanization
in agriculture is having a suitable mechanization theory. The decision to deploy agri-
cultural machinery could be influenced by machines that are appropriate for the local
environment, including soil characteristics, crop type, and cost effectiveness for farmers.
Additionally, machines with reduced emission rates could also be considered. In addition,
the land-labor-machine nexus must be included in new plans or programs promoting
mechanization development because the size of farms and the availability of labor are
crucial for this process. Furthermore, there is also a need for innovative climate-smart
agricultural techniques that stem from the uneven strain on the population in rural and
urban areas, related food demands, and the phenomenon of climate change.
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