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Abstract: Increasing plant density is a key measure to close the maize (Zea mays L.) yield gap
and ensure food security. However, there is a large plant density difference in the fields sown by
agronomists and smallholders. The primary cause of this phenomenon is the lack of an effective
methodology to systematically analyze the density loss. To identify the plant density loss processes
from experimental plots to smallholder fields, a research methodology was developed in this study
involving a farmer survey and measurements in a smallholder field. The results showed that the
sowing density difference caused by farmer decision-making and plant density losses caused by
mechanical and agronomic factors explained 15.5%, 5.5% and 6.8% of the plant density difference,
respectively. Changing smallholder attitudes toward the value of increasing the plant density could
help reduce this density loss and increase farm yields by 12.3%. Therefore, this methodology was
effective for analyzing the plant density loss, and to clarify the primary causes of sowing density
differences and plant density loss. Additionally, it was beneficial to identify the priorities and
stakeholders who share responsibility for reducing the density loss. The methodology has wide
applicability to address the sowing density differences and plant density loss in other areas to narrow
crop yield gaps and ensure food security.

Keywords: agronomic practice; farmer decision-making; mechanical precision; plant density differ-
ence; risk awareness

1. Introduction

The maize (Zea mays L.) yield must increase greatly to meet the growing demands
for food, feed, fiber and biofuels from a growing global population [1]. However, the
yield has been stagnating in China, which currently produces more than a fifth of the
world’s maize [2]. Farmers only achieve 58–65% of the yield potential [3]. There is a
significant gap between the yield potential and actual yields due to climate, soil and
poor agronomic practices, especially in areas where smallholders dominate agricultural
production [4–7]. Smallholders (cultivated area <0.7 ha) comprise 70% of the country’s
arable land [8]. Therefore, closing this yield gap for smallholders is of great significance for
food security in China and the rest of the world [9,10].

It has been demonstrated previously that optimizing agronomic practices [11], espe-
cially the sowing density [6,10,12], was a priority to close the crop yield gap. Increasing the
plant density within a certain range can maximize the use of light, water and heat [13,14]
and significantly increase the leaf area index and dry matter accumulation in maize [15,16],
achieving the maximum grain yield per unit area. Through developing hybrids of density-
tolerant genotypes, and optimized water and fertilizer management, agronomists have
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improved the potential of increasing the plant density [1,17]. However, the current average
plant density in China is less than 60,000 plants ha−1, which is far below the optimal range
of 75,000 to 120,000 plants ha−1 [1,12,18,19]. Closing the gap could substantially improve
the maize yield [10]. This requires understanding the process and causes of plant density
loss in order to develop targeted solutions.

From sowing to harvest, there are many factors that can lead to plant density losses.
Before sowing, farmers usually advise the seeder driver of their desired sowing density.
Then, the driver sets the interplant distance by adjusting the seeder before sowing. In this
process, farmer decision-making, the type and quality of the seeder and the experienced
operator affect the final sowing density [20]. In addition, soil factors (e.g., water content),
seed quality (e.g., germination rate) and the use of herbicides also affect seedling emergence
after sowing [19,21]. Finally, poor management practices in water and fertilizer applications
and plant protection can further reduce the final plant density [22].

However, at present, there were only a few individual aspects attempts to improve
the sowing quality. For example, Huang et al. [20] developed a straw displacement
and anti-blocking maize precision direct seeder, which reduced the density loss in the
process of sowing. The density differences and losses caused by farmer decisions and
poor management practices were ignored [19]. In addition, there were great differences
in the psychological determinants and management practices of smallholders due to the
variations of individual characteristics and household characteristics [23,24]; the soil and
seeder types were different in different areas. Therefore, the main loss paths and root
causes of density losses were different in different regions and farmers. This requires that
the whole process must be diagnosed and analyzed to clarify the priorities reducing density
loss. Unfortunately, there is a lack of an effective method to demonstrate the impact of
contributors to the sowing density difference and plant density loss from sowing to harvest
and to systematically analyze the primary cause of the sowing density difference and plant
density loss. The application of this method is very important for reducing the density loss
and increasing the yield.

The North China Plain is one of the largest maize-producing areas in China, producing
one-third of the country’s maize, and it is also a typical area where smallholders predom-
inate in the agricultural landscape [25]. The aim of this paper is to propose a systematic
analysis methodology (Figure 1) for the sowing density difference and plant density loss
assessment in order to facilitate a comprehensive understanding of the process of density
loss. In this framework, the sowing density difference and plant density loss was divided
into three categories: the difference caused by decision-making and the loss caused by
mechanical and agronomic factors. The sowing density difference and plant density loss
pathways of maize were quantified by combining experimental and farmer field data on
the North China Plain to verify the applicability and effectiveness of the methodology. The
primary causes of the differences and loss in each path were analyzed. These findings will
help to develop specific measures to reduce the density loss, improve the average yields
and narrow the maize yield gap.
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Figure 1. Research conceptual framework for sowing the density difference and plant density loss assessment. The upper 
layer shows the primary causes of and assessment methods for density loss. The middle layer shows the process of density 
loss. The lower layer shows the methods of data collection. ODRA, MSD, TSD, ASD, ED, MPD and NME represent the 
optimal density recommended by agronomists, mechanical set density, theoretical seed density, actual seed density, emer-
gence density, mature plants density and number of maize ears, respectively. DIFFERENCE 1 refers to the sowing density 
difference between ODRA and MSD; LOSS 1, LOSS 2, LOSS 3, LOSS 4 and LOSS 5 refer to the plant density losses from 
MSD to TSD, TSD to ASD, ASD to ED, ED to MPD and MPD to NME, respectively; INC. 2 represents INCREASE 2 and 
refers to plant density increase due to multiple seedlings in one position. 

2. Materials and Methods 
2.1. Study Area 0′27″ 

The study was conducted in representative counties that mainly produce wheat (Trit-
icum aestivum L.) and maize on the North China Plain: Kangcheng Village, Yuzhou 
County, Henan Province (34°27′ N and 113°34′ E, 66.8 masl) (Figure 2). The climate in this 
area is a semihumid and semiarid monsoon climate. Maize is planted in early June, har-
vested in late September and, then, wheat is planted. The soil type is Calcaric Cambisols 
[26]. The basic properties of the surface layer soil (0–20 cm) are pH 8.2, 25 g kg−1 for organic 
matter, 1.2 g kg−1 for total N, 15 mg kg−1 for available P and 150 mg kg−1 for available K. 

Figure 1. Research conceptual framework for sowing the density difference and plant density loss assessment. The upper
layer shows the primary causes of and assessment methods for density loss. The middle layer shows the process of density
loss. The lower layer shows the methods of data collection. ODRA, MSD, TSD, ASD, ED, MPD and NME represent
the optimal density recommended by agronomists, mechanical set density, theoretical seed density, actual seed density,
emergence density, mature plants density and number of maize ears, respectively. DIFFERENCE 1 refers to the sowing
density difference between ODRA and MSD; LOSS 1, LOSS 2, LOSS 3, LOSS 4 and LOSS 5 refer to the plant density losses
from MSD to TSD, TSD to ASD, ASD to ED, ED to MPD and MPD to NME, respectively; INC. 2 represents INCREASE 2
and refers to plant density increase due to multiple seedlings in one position.

2. Materials and Methods
2.1. Study Area 0′27′′

The study was conducted in representative counties that mainly produce wheat
(Triticum aestivum L.) and maize on the North China Plain: Kangcheng Village, Yuzhou
County, Henan Province (34◦27′ N and 113◦34′ E, 66.8 masl) (Figure 2). The climate
in this area is a semihumid and semiarid monsoon climate. Maize is planted in early
June, harvested in late September and, then, wheat is planted. The soil type is Calcaric
Cambisols [26]. The basic properties of the surface layer soil (0–20 cm) are pH 8.2, 25 g kg−1

for organic matter, 1.2 g kg−1 for total N, 15 mg kg−1 for available P and 150 mg kg−1 for
available K.

2.2. Measurement Methods of Density Loss and Data Collection

To quantify the processes involved in the plant density loss in maize and to explore
the causes of plant density differences from the density recommended by agronomists to
the harvest plant density in smallholder fields, 50 farmer fields were randomly selected
in Kangcheng Village from June to October in 2019 for the research samples. Three plots
(2.4 m × 5 m) were measured as subsamples in each field. Based on a density assessment
framework, the density was divided into seven stages (Figure 1)—namely, the optimal
density recommended by agronomists (ODRA), mechanical set density (MSD), theoretical
seed density (TSD), actual seed density (ASD), emergence density (ED), mature plant
density (MPD) and number of maize ears (NME). The methods for measuring these were:

Optimal density recommended by agronomists. Asseva et al. [27] showed that the
relationship between maize yield and plant density follows a quadratic curve. Therefore,
the density under the highest yield demonstrated by agronomists in the plant density
experiments was taken as the optimal density. The experimental results of Zhao et al. [28]
in Kangcheng Village were adopted. The results of the two cultivars in 2015 and 2016
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showed that the yield was the lowest when the density was 45,000 plants ha−1. With the
increase of the density, the yield increased gradually and reached the maximum yield when
the density was 75,000 plants ha−1. The yield of cv. WK702 reached 13.0 t ha−1 in 2015
and 12.4 t ha−1 in 2016, respectively; the yield of cv. ZD909 reached 11.7 and 12.5 t ha−1,
respectively. With increasing the density, the yield did not increase significantly (WK702)
and even decreased (ZD909). Therefore, the optimal density recommended for ODRA was
set at 75,000 plants ha−1.

Mechanical set density. The type of seeder was a dibbling machine. Mechanically
set density was adjusted by changing the hole spacing while the row spacing was nonad-
justable. Before sowing, the seeder was set to the plant spacing according to the farmer
requirements (Figure 3a). Therefore, a face-to-face questionnaire was conducted imme-
diately after sowing to obtain information on the mechanical plant spacing settings used
of each farmer. The row spacing of all seeders was confirmed by measurement at 60 cm.
Then, the MSD was calculated according to the row and plant spacing.
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experiment location. Maps were adopted from the Resource and Environment Data Cloud Platform (http://www.resdc.cn
(accessed on 7 January 2021)) and Earth Online (https://www.earthol.com/ (accessed on 7 January 2021)).

Theoretical seed density. There will be errors between the set distance of the ma-
chinery and the actual distance, due to the quality of the machinery and the experience
of the operator (such as driving speed). Therefore, one month after sowing, when all
the emergence was complete, the number of seedlings in the subplot was counted on the
assumption that there were no missing seedlings and there was only one plant in each
position. The density calculated in this way was designated TSD.

Actual seed density and emergence density. In practice, seeders did not sow in the
ideal way of one seed per position (Figure 3c). Therefore, all the positions in each plot
where there were no seedlings were dug up to explore the primary causes. They were
classified into two categories: the first was that there were no seed in this position due to
mechanical reasons (LOSS 3; Figure 3d); the second was that there was a seed in the position
but no germination/emergence due to the seed quality or soil environmental factors (LOSS
3). In addition, sometimes more than one seed will be sown in some positions, resulting in

http://www.resdc.cn
https://www.earthol.com/
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two or more seedlings in that positions. Thus, the actual seedling density also increased
(INCREASE 2). The ASD and ED were calculated as follows:

ASD = TSD − LOSS 2 + INCREASE 2 (1)

ED = ASD − LOSS 3 (2)

where ASD, TSD and ED are as defined above. LOSS 2 and LOSS 3 are the loss of density
from TSD to ASD and ASD to ED, respectively.

Mature plant density and number of maize ears. Some seedlings failed to grow to
mature plants (Figure 3e) due to diseases and pests, poor water or fertilizer applications
or weather events; additonally, some mature plants did not produced ears (Figure 3f).
Therefore, at maturity, the number of mature plants and ears in each plot were measured
again to obtain the MPD and NME.
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Figure 3. Seeder used and schematic diagrams of density loss. (a) The control lever used to adjust the interplant distance of
the seeded; (b) the seeder in the field; (c) a representative image of seedling emergence in the field; (d–f) diagrams of LOSS
2, INCREASE 2, LOSS 3, LOSS 4 and LOSS 5. LOSS 2, LOSS 3, LOSS 4 and LOSS 5 refer to the plant density losses from TSD
to ASD, ASD to ED, ED to MPD and MPD to NME, respectively. INCREASE 2 (INC. 2) refers to a plant density increase due
to multiple seedlings in one position.

Therefore, the sowing density difference and plant density loss were divided into one
difference pathway, five loss pathways and one increase pathway (Figure 1). DIFFERENCE
1 refers to the difference between ODRA to MSD; LOSS 1, LOSS 2, LOSS 3, LOSS 4 and
LOSS 5 refer to the loss of density from MSD to TSD, TSD to ASD, ASD to ED, ED to MPD
and MPD to NME, respectively; INCREASE 3 refers to the increase of density from TSD to
ASD. The loss rate and increase rate of each pathway was calculated as:

DIFFERENCE 1 rate (%) = DIFFERENCE 1/ODRA × 100 (3)

LOSS n rate (%) = LOSS n/ODRA × 100 (4)

INCREASE 2 rate (%) = INCREASE 2/ODRA × 100 (5)

where n is the pathway of density loss from 1 to 5, and ODRA is optimal density recom-
mended by agronomists.
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2.3. Theory of Planned Behavior

The Theory of Planned Behavior (TPB) was used in this paper to analyze the barrier
and drive the factors of farmer decisions on sowing density [29]. The Theory of Planned
Behavior postulates that human behavior is directly affected by (1) attitude toward the
outcome of the suggested behavior, (2) subjective norm by social referents and (3) perceived
behavior control and those indirectly affect behavior. A semi-structured interview was first
conducted to determine the specific impact indicators of smallholder attitude cognition,
subjective norms and perceived behavioral control on increasing the plant density. Twenty-
four factors (9 outcomes, 8 social referents and 7 control factors) affecting the decisions
of farmers to increase the density were identified (Table S1) through interviews with
10 farmers, two agricultural experts and two officers of the local agricultural bureau.

According to these 24 indicators, a questionnaire was designed to quantify farmer
attitudes toward outcomes and belief strength, their perceptions of referents and treaties
to comply and their perceptions of controlling factors and the control strength. For each
indicator, two questions were asked, with both questions to be answered using a Likert
five-point scale. For each identified outcome, farmers were asked: (1) to which degree a
farmer expects a certain outcome (belief strength) and (2) how is the outcome valued on
a scale from ‘bad’ to ‘good’ (outcome evaluation). For example, one possible outcome of
increasing the density is to increase the lodging risk. In the survey, farmers were first asked
to what degree they thought the increased density increased the lodging risk (1–5: highly
likely, likely, neutral, unlikely and highly unlikely) and, secondly, how they evaluated the
improvement of lodging (1–5: not very important, not important, neutral, important and
very important). For each identified referent, farmers were asked: (1) to which degree the
referent is positive or negative towards a practice (normative belief) and (2) how motivated
they are to comply with the referent view (motivation to comply). For each identified
control factor, farmers were asked: (1) to which degree that control factor is valid for
the farm (control strength) and (2) to which degree the control factor makes the practice
attractive or difficult (control power). Values for the outcome valuations, normative belief
and control power were lowered by three points to give a negative-to-positive scaling
(−2 to +2). Finally, the values for each pair of questions were multiplied to obtain a score
(scores ranging from −10 to +10) for attitude, subjective norm and perceived behavioral
control; see Equations (6)–(8) [30]:

Attitudei = belief strengthi × (outcome valuationi − 3) (6)

Subjective normk = motivation to complyk × (normative beliefk − 3) (7)

Perceived behavioral controlm = control strengthm × (control powerm − 3) (8)

For each attitude, subjective norm and perceived behavioral control, the mean value
and standard across all the respondents were calculated. Positive values were classified as
drivers. Negative values were classified as barriers.

2.4. Statistical Analysis

Structural Equation Modeling (SEM) is well-suited to quantitatively analyze the causal
structure of multivariate relationships [31]. To evaluate the causal relationship between
maize yield and density loss and increase in the present study, the relationships between
density losses, increase and yield were founded based on previous studies. Factors used
to assess the impact of yield included INCREASE 2, LOSS 4, LOSS 5, total agronomic
losses and NME. Then, an a priori model of structural relationships that included direct
and indirect causal pathways was proposed. Finally, SEM was used to verify whether the
survey data conformed to the proposed model; thus, the direct and indirect relationships
between the variables were obtained. Path coefficient was used to explain the relationship
between the variables in the model, and the R2 value was used to indicate the proportion of
variance explained by each variable. SEM was performed with SPSS AMOS 21.0 software.
The adequacy of the models was tested by using the maximum likelihood-ratio chi-square
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(χ2, p > 0.05) goodness-of-fit test and the root mean square error of the approximation index
(RMSEA < 0.08) [32]. LOSS 1 and LOSS 2 were classified as density loss paths directly
caused by mechanical factors, and INCREASE 2 was classified as the density increase path
directly caused by mechanical factor. Loss 3, LOSS 4 and LOSS 5 were classified as density
loss paths directly caused by agronomic factors. However, INCREASE 2 resulted in partial
LOSS 4 and LOSS 5. The proportion of the LOSS 4 and LOSS 5 caused by INCREASE 2 can
be calculated according to the results of the SEM. Therefore, the real density loss caused by
mechanical factors and agronomic factors, and the density differences caused by farmer
factors were calculated by Equations (9)–(11):

Density loss caused by mechanical factors = LOSS 1 + LOSS 2 − INCREASE 2 + LOSS A (9)

Density loss caused by agronomic factors = LOSS 3 + LOSS 4 +LOSS 5 − LOSS A (10)

Density difference caused by farmer factors = DIFFERENCE 1 (11)

where LOSS A represents the loss of agronomic density caused by INCREASE 2. Four
scenarios were used to analyze the yield changes after different density loss paths were
controlled. In the first three scenarios, only the density differences caused by farmer
decision-making and density loss caused by mechanical and agronomic factors were
respectively controlled, while other losses still existed. In the fourth scenario, all the
density difference and losses were controlled. The simulated yield of the different scenarios
was calculated according to the equation by fitting the linear relationship between the
density and yield achieved by farmers.

3. Results
3.1. Sowing Density Difference Caused by Farmer Factors and Other Causes

There were different degrees of differences and losses from the density recommended
by agronomists to the harvest density achieved by farmers (Figure 4). The sowing density
adopted by farmers was 63,400 plants ha−1, lower than the optimal density recommended
by agronomists. Additionally, this was the largest difference (11,600 plants ha−1), with a
different rate of 15.5%.

The results of the theory of planned behavior (Figure 5) showed that the main in-
fluencing factors for smallholder farmers to adopt the plant density recommended by
agronomists was the attitude toward the outcome of high density, while subjective norms
and behavior control had little influence. Although farmers believed that high density
can improve the yield and economic income, it is also deemed to contribute to some nega-
tive outcomes, such as increasing the rate of empty stalk (−2.7), improving the bald tip
proportion of maize ears (−3.1), reducing ear sizes (−3.4) and, especially, increasing the
risk of maize lodging (−7.4). These factors impede the willingness of farmers to adopt the
recommendations of agronomists.

3.2. Density Loss Caused by Mechanical Factors and Agronomic Factors

The values for LOSS 1, LOSS 2, INCREASE 2, LOSS 3, LOSS 4 and LOSS 5 were 3219,
5144, 5078, 317, 1686 and 3926 plants ha−1, respectively (Figure 4). LOSS 2 was the second
density loss pathway, with a loss rate of 6.9%, while INCREASE 2 had a similar increase
rate of 6.8%. The loss rate of LOSS 3 was the lowest at only 0.4%. The harvest plant density
achieved by the farmers only reached 72.3% of the optimal density.

The overall goodness-of-fit of the constructed SEM met each threshold condition
(p > 0.05, EMSEA < 0.1), which indicated that the relationship between the variables was
well-explained (Figure 6a). The results showed that INCREASE 2 had direct and positive
effects on LOSS 4 and LOSS 5. INCREASE 2 explained 24% of LOSS 4 and 11% of LOSS 5,
respectively. Meanwhile, LOSS 4 and LOSS 5 also had direct and positive impacts on the
total agronomic losses. As a result, INCREASE 2 actually resulted in 1.1% of the agronomic
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density loss, and the actual density losses caused by the mechanical factors and agronomic
factors were 5.5% and 6.8%, respectively.
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Figure 4. Pathways of the sowing density difference and plant density losses in smallholder maize crops. The cylinder
represents the progress of density difference and loss. The upper exits are the density dif-ference and loss path and quantity
and the lower entrance is an increase path and quantity; the values in parentheses are the ratio of the differences and losses
to ODRA. The values inside the cylinder were the average densities at different stages with the loss or increase of density,
and the values in white round brackets were the ratios of the current density to ODRA; the values in black round brackets
were the coefficient of variations of density of 50 farmers. The ODRA, MSD, TSD, ASD, ED, MPD and NME represent
the optimal density recommended by agronomists, mechanical set density, theoretical seed density, actual seed density,
emergence density, mature plants density and number of maize ears, respectively. DIFFERENCE 1 refers to the sowing
density difference between ODRA and MSD; LOSS 1, LOSS 2, LOSS 3, LOSS 4 and LOSS 5 refer to the plant density losses
from MSD to TSD, TSD to ASD, ASD to ED, ED to MPD and MPD to NME, respectively. INCREASE 2 refers to the plant
density increase due to multiple seedlings in one position.

3.3. Effects of Density Loss on Yield and Scenario Analysis Results

The results of the SEM showed INCREASE 2 had a direct and positive effect on
NME; on the contrary, the total agronomic losses had a direct and negative effect on NME
(Figure 6a). INCREASE 2, LOSS 4, LOSS 5, total agronomic losses and NME all had direct
or indirect effects on the yield (Figure 6b), and the 38.0% variation of the maize yield was
explained. The NME had direct and positive effects (standardized total path coefficient:
0.61) on the maize yield; INCREASE 2 had indirect and positive effects (0.19) on the maize
yield and LOSS 4 (−0.18), LOSS 5 (−0.09) and total agronomic losses (−0.21) had indirect
and negative effects on the maize yield (Figure 6). The results of the scenario analysis
showed that the yield increased by 12.3%, 4.7% and 6.2% after controlling the density
differences and losses caused by farmer decisions and the mechanical and agronomic
factors, respectively (Figure 7). If all the density loss pathways are controlled, the yield
increase would be up to 25.2%.
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Figure 7. The maize yield according to the business as usual (BAU) scenario and four other scenarios.
Scenario 1 (S1) represents the yield after controlling the sowing density difference caused by farmer
decision-making, Scenario 2 (S2) and Scenario 3 (S3) after controlling the plant density losses caused
by the mechanical and agronomic factors, respectively, and Scenario 4 (S4) after controlling all causes
of the density differences and losses.
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4. Discussion
4.1. Systematic Methodology of Analyzing the Primary Causes for Density Difference and Loss

In modern agricultural production, the highest maize yield per unit area is mostly
achieved in high density plantings [32,33]. However, the current average density is far
below the optimal density, which limits the yield increase [1,12]. This problem is more seri-
ous on the North China Plain, where smallholders predominate in maize production [11].
Many attempts have been made to improve the density management practices of farmers.
For example, the precision of seeders has been optimized by the addition of straw-shifting
anti-blocking devices, thereby reducing the plant density loss [20] and improving the
awareness of farmers about increasing the plant density through training [10]. Although
these methods are useful, they have minimal effects, because the plant density differences
between experiments to farmer fields are driven by the whole process of farmer decision-
making and agricultural production. Therefore, in order to identify the key problems to be
solved, it is necessary to diagnose and analyze the whole process, rather than individual
aspects. In this paper, a systematic analysis method of the whole process was constructed
by combining farmer decision-making, sowing machinery and agronomic management.
It was demonstrated earlier that both mechanical and agronomic factors can cause plant
density loss [19], but the specific contribution of each factor remains unclear. In this study,
the density difference caused by farmer decision-making was clarified. In addition, given
that the theory of planned behavior can provide a theoretical basis for explaining the
decision-making process of individual behaviors [34], it was included in this study to fur-
ther analyze the main factors that affect the decision-making of the density of smallholders
(Figure 5). The SEM was used to quantify the direct and potential relationships between
different density loss paths (Figure 6). The results showed that this method was effective in
identifying the primary cause of the sowing density differences and plant density losses
and determining the priority of reducing the density loss.

The research framework, as well as the methodology in the process of analyzing the
causes of density loss, could serve as references for other areas. For example, there is
also a large density loss from sowing to harvest in Northeast China, and those farmers
have a limited awareness of density loss [19]. The demonstration and causes analysis of
the density difference and loss throughout the whole process from production decisions
to practices were helpful for identifying the priorities and stakeholders who share the
responsibility for reducing the density loss to effectively address the issue. Other countries,
such as India [2], have some agricultural production and social economy conditions that
are similar to China (for example, smallholder-dominant crop production, the stagnation
of maize yield growth and a large crop yield gap). In Africa, such as Ethiopia, there is
more space and demand for smallholders to increase the maize yield; however, the maize
productivity is limited by low plant populations and poor agronomic management [35,36].
The adaptive adjustment and application of the research framework and methodology in
local areas could help to formulate specific solutions for reducing the density loss, narrow
the crop yield gap and ensure national food security.

4.2. Density Difference between Agronomists and Smallholders

In practice, affected by many factors such as conservative concepts of farmers, the
risks associated with technology, the social and economic factors and the acquisition and
utilization of resources [34,37], there is a big gap between farmer willingness towards sow-
ing density and the optimal sowing density recommended by agronomists. In the present
study, the decision-making of farmers directly led to a 15.5% sowing density difference.
This was mainly due to their perception that an increased plant density was associated
with a higher risk of lodging (Figure 5), rather than a restriction on action. Sher et al. [38]
and Shao et al. [39] also reported that a higher sowing density (>75,000 plants ha−1) will
lead to poor light interception by individual plants, a limited carbohydrate supply and
increased internode elongation and plant height. It also increases the remobilization of dry
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matter from stem to ear, which, in turn, weakens the stem strength and increases the risk of
lodging [40].

However, the plant density achieved by farmers on the North China Plain is not
excessive [41]. The cause of maize lodging is not unique. The characteristics of the cultivar
and management practices of the farmers are closely related to its occurrence [42,43].
For example, excessive nitrogen input can significantly increase the plant height and ear
height, reduce the stem diameter and, thus, increase the lodging rate of maize, and it can
also increase the bald tip length of ears [27]. Farmers may attribute all of these causes
of lodging to a higher plant density. Although a high plant density can also increase
competition among plants for resources and reduce the yield per plant, the negative effects
of competition can be overcome by increasing the number of ears [44]. Therefore, the maize
yield per unit area will not decrease. Farmers may be unaware of this, so that a reduced
size of maize ears could also be seen as a limiting factor for them.

4.3. Density Loss Caused by Mechanical and Agronomic Factors

During crop production, the flatness of the ground, the unevenness of wheat straw
crushing and distribution will all affect the precision of the seed metering device, which
leads to the gaps between the mechanical set plant spacing and the actual plant spacing.
The results of this study showed that this gap was a loss (−4.3%) on the whole (Figure 4),
which was consistent with the results of Zhao et al. [19]. In addition, all the wheat straw
returned to the field resulted in a large amount of soft and damp straw in the field. This can
easily lead to the blockage of the seeder when sowing and increase the possibility of missed
seeding, seeds leaving the seedbed and seed aggregation [20]. Seed aggregation will lead
to poor ventilation and reduce the transmission of light and exacerbate leaf senescence,
thereby reducing the net photosynthetic rate [14,45]. Additionally, it will lead to a strong
competition for water, nutrients and other resources, causing resource stress, resulting in a
variety of molecular, biochemical and physiological changes in the plants, thus affecting
the growth and development of maize [46–48] and resulting in the loss of plant density
and decreased yield (Figure 6).

Additionally, many agronomic factors directly lead to plant density loss (Figure 4).
For example, seed quality, soil type, sowing depth and soil moisture content all directly
affect seed germination and growth [21,49,50], thereby leading to the loss of seedlings.
During the growth of maize, pests, diseases on the ground and underground and poor
water and fertilizer management practices seriously limit the growth and development
of plants, resulting in the loss of mature plants and ears and limiting the yield (Figure 6).
Above and belowground insect pests and diseases, as well as poor water and fertilizer
management practices, can severely limit maize growth and development [22,44], resulting
in the loss of mature plants and ears, which limit the increase in yield (Figure 6).

4.4. Potential Optimization Approach of Reducing Density Loss

Reducing the density loss, especially caused by farmer decision-making, can sig-
nificantly increase the yield (Figure 7). Overall, the key to reduce the density loss lies
in changing farmer attitudes and understanding, especially their risk awareness. This
requires the participation of different stakeholders [10,34]. For the government, it should
strengthen the construction of a technology extension service system, improve the service
functions of different subjects and enhance the impact of social referents on farmer be-
haviors, which is relatively small at present (Figure 5). Additionally, the government can
provide corresponding insurance services or subsidies to encourage small farmers to face
risks. There is a need to enhance smallholder awareness and competencies and increase
farmer confidence and willingness [10]. For example, it is important to improve farmer
adoption of the optimal water and fertilizer management, pest control, chemical control
and lodging prevention through field demonstration, education and training [51] in order
to optimize the growth and development of maize and reduce the risk of lodging [28,52].
At the same time, this can reduce the plant density loss caused by other agronomic factors.
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5. Conclusions

In order to identify the plant density loss in existing production systems and its
primary causes and narrow yield gap, this paper presents a research methodology for
diagnosing the process contribution to plant density difference between the experimental
optimum and that achieved in farmer fields. The application of the framework showed
that plant density achieved by smallholders was, at best, 72.3% of the optimal density. The
greatest difference (15.5%) was caused by farmer attitude, especially the fear of lodging risk.
In contrast, the density losses caused by mechanical and agronomic factors were 5.5% and
6.8%, respectively. Therefore, improving farmer attitudes and perceptions, especially their
risk awareness, should be a priority for reducing the density loss. Overall, the methodology
effectively demonstrated the relatively contribution of different factors across the whole
process of sowing density difference and plant density loss from production decision to
practices. This comprehensive and systematic analysis could help to identify the priorities
and stakeholders who share the responsibility for reducing the density loss. Additionally,
this methodology could also be applied in other areas and crops to address plant density
losses and narrow the yield gap to ensure food security.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agriculture11060480/s1, Table S1: The factors that may affect farmer decisions to increase the
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