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Abstract

Although numerous studies have evaluated the effects of agronomic practices on either rice
yield or grain quality, a comprehensive assessment of potential synergies and trade-offs
between these traits across multiple management strategies remains limited, which is of
great importance to simultaneously improving rice yield and quality in the future. In the
present study, a meta-analysis was conducted with paired observations of rice yield and
quality when various agronomic practices, including altering sowing date, alternate wetting
and drying, growth regulator application, nitrogen application, potassium application, or-
ganic fertilizer application, increased planting density, silicon application, variety selection
and zinc application, are employed. We found that applications of growth regulator and
potassium fertilizer can improve rice yield, milling and appearance quality simultaneously.
Enhanced rice yield and milling quality can be achieved through variety selection and
organic fertilizer application. Additionally, enhanced rice yield and appearance quality
can also be achieved through silicon application. However, though increased planting
density and altered sowing date can improve rice yield and milling quality, they cause
lower appearance quality. By contrast, though nitrogen application can improve rice yield
and milling quality, it comes at the expense of appearance and eating quality. Therefore,
our results indicate that there are indeed complex synergistic relationships and trade-offs
between rice yield and various aspects of grain quality. Integrated agronomic technique
packages should be employed to simultaneously improve rice yield and grain quality in
the future.

Keywords: rice yield; head rice rate; chalkiness degree; chalky rice rate; protein content;
amylose content; tasting value

1. Introduction

As one of the most important staple food crops around the world, rice (Oryza sativa L.)
plays a critical role in meeting the growing demand of calories for the ever-increasing
population and thus ensuring global food security [1,2]. Over the last several decades, rice
yield has been greatly increased, which is attributed to the great efforts exerted by rice
breeders and the improved cultivation management strategies [3]. However, as people’s
living standards continue to rise, the quality of rice has been attracting increasing attention
by both producers and consumers, because grain quality has important impacts on the
commercial value and product competitiveness of rice [4,5]. Therefore, one of the top
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priorities is to enhance grain quality while sustaining its yield, as well as an even more
challenging yet crucial task: to boost both rice yield and quality simultaneously.

The quality of rice primarily encompasses milling quality, appearance quality, nutri-
tional quality, and eating quality. Numerous studies have examined the possible relation-
ships between rice yield and quality from the perspective of variety selection. For example,
Huang et al. [6] found that though rice yield was significantly increased in early indica
rice with the released years in southern China, grain quality was not significantly changed.
However, Zeng et al. [7] and Wang et al. [8] suggested that grain yield and appearance
quality of high-quality indica rice were significantly improved with the released years
in southern China, though accompanied by a decreased head rice rate. These contrast-
ing results indicate that there may be a large scope to simultaneously improve rice yield
and quality through variety selection, which still needs further examination with field
experiments at a large scale.

In addition to variety selection, effects of agronomic practices such as nitrogen (N)
application and altering sowing date on rice yield and quality have also been reported
by many previous studies [9-11]. For instance, Zhu et al. [9] found that rice yield and
milling quality generally increased with growing N application rates, while appearance
and eating quality showed adverse responses, indicating both synergy and trade-off rela-
tionships between rice yield and quality were observed. Similar results were also found
by Meng et al. [11]. However, other studies found that early sowing could improve rice
yield and eating and cooking quality simultaneously [10]. Therefore, the relationship
between rice yield and quality may largely depend on the agronomic practices employed.

—11 combined with

Recently, it was shown that applying a moderate N rate of 165 kg ha
an increased proportion of basal N application, can simultaneously enhance both rice yield
and eating quality [12]. Notably, this approach has negligible impact on the milling and ap-
pearance quality of rice [12], suggesting that rice yield and quality could be simultaneously
improved through optimal agronomic practices. Moreover, Zhang et al. [13] demonstrated
that combinations of reducing N rate, increasing plant density, alternate wetting and drying
and applying rapeseed cake fertilizer could improve rice yield and most grain quality
concurrently, indicating that there is a great potential to achieve both high rice yield and
quality through integrating different agronomic practices.

Although numerous studies have delved into the impacts of agronomic practices
on rice production [14-16], there are still few studies exploring the effects of agronomic
practices on both rice yield and quality at a large scale, especially using paired observations
under field conditions. For example, trade-offs between grain yield and quality may arise
from competition for assimilates during grain filling, altered nitrogen partitioning, and
differential regulation of starch and protein biosynthesis. Therefore, in this study, a meta-
analysis was conducted with paired observations of rice yield and quality under field
conditions aiming to examine the simultaneous effects of agronomic practices on rice yield
and quality and whether the relationship between them differs among various agronomic
practices. By synthesizing the available evidence from a wide range of field studies, we
anticipate identifying patterns and trends of the relationship between rice yield and quality
that cannot be observed from individual studies. Furthermore, our present study can give
valuable insights into the controversial relationship between rice yield and quality and
provide useful information for simultaneously enhancing rice yield and quality through
optimal agronomic practices.
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2. Materials and Methods
2.1. Data Collection

In the present study, we collected a comprehensive dataset of the simultaneous re-
sponses of rice yield and quality to various agronomic practices using the Web of Science
Core Collection on (http:/ /www.isiknowledge.com/) and China National Knowledge
Infrastructure (http:/ /www.cnki.net/) to source English and Chinese articles, respectively,
before January 2024. The search terms were “rice yield” and (“head rice rate” or “chalki-
ness degree” or “chalky rice rate” or “protein content” or “amylose content” or “tasting
value”). Studies included in the further meta-analysis had to meet the following criteria:
(1) experiments should be conducted in field conditions, and the paired observations of rice
yield and at least one of head rice rate, chalkiness degree, chalky rice rate, protein content,
amylose content and tasting value were reported; (2) treatments should be replicated at
least three times; (3) the means and sample replicates should be given, and the standard
deviation or standard error for each dataset should also be recorded if available; (4) there
should be at least 5 independent studies and 20 paired observations of rice yield and
quality for a single agronomic practice; and (5) any mutants and transgenic rice plants
were excluded. Finally, 10 agronomic practices with sufficient data were included in this
research including variety selection, zinc application (mainly as ZnO or ZnSQy), silicon
application (mainly as SiO,), increased planting density, organic fertilizer application,
potassium application (mainly as KCI or K,504), nitrogen application (mainly as urea),
growth regulator application, alternate wetting and drying and altering sowing date. It
should be noted that for variety selection, the rice cultivar with the lowest rice yield was
taken as the control [17]. Similarly, for altering sowing date, the sowing date with the lowest
rice yield was also taken as the control, while for fertilizer (i.e., Zn, Si, organic fertilizer, K,
and N) and growth regulator applications, the treatment without application of fertilizers
or growth regulators was taken as the control, respectively. In addition, conventional
flooding and the lowest planting density were taken as the control for alternate wetting and
drying and increased planting density, respectively. In total, 294 published studies with
10,543 paired observations of rice yield and quality were included (Table 1). The locations
of field experiments included in this meta-analysis are shown in Figure 1. The raw data
used in this study were either directly obtained from tables or extracted from figures using
the GetData Graph Digitizer (https://getdata-graph-digitizer.com/).

Table 1. Number of paired observations of rice yield and quality with different agronomic practices.

Agronomic Practices Head Rice Chalkiness Chalky Protein Amylose Tasting
Rate Degree Rice Rate Content Content Value

Altering sowing date 171 171 171 154 158 NA
Alternate wetting and drying 22 NA NA 22 22 NA
Growth regulator application 159 147 163 157 174 NA
N application 465 348 406 452 415 226

K application 51 45 49 40 47 NA
Organic fertilizer application 28 27 22 27 29 NA
Increased planting density 194 188 187 155 183 74

Si application 56 38 55 47 56 NA
Variety selection 1039 830 874 652 1035 340
Zn application NA NA NA 77 95 NA
Total 2185 1794 1927 1783 2214 640

NA, not available. N, K, Si, and Zn indicate nitrogen, potassium, silicon and zinc fertilizers, respectively.
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Figure 1. Experimental sites included in this meta-analysis.

2.2. Statistical Analysis

The effect sizes of agronomic practices on rice yield and quality were assessed using
the natural logarithm of the response ratio (LnRR) following Liao et al. [18]. LnRR was
calculated as the natural logarithm of the ratio between the means of the control (X.) and
agronomic practices (Xt), with the following equation:

X
LnRR = LnX—t = LnX; — LnXc 1)
C

Pearson linear regression and graphs were conducted using R (https://www.R-
project.org/) and Sigmaplot 15 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Overall Relationships Between Rice Yield and Quality

When the data of all agronomic practices was pooled, there were positive relationships
between the yield and quality for head rice rate (R? = 0.0479, p < 0.0001) and protein
content (R? = 0.0991, p < 0.0001) (Figure 2). In contrast, a negative (R? =0.1247, p < 0.0001)
correlation was observed between rice yield and tasting value. However, our analysis did
not reveal any significant correlation between the yield and chalkiness degree, chalky rice
rate, or amylose content.
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Figure 2. Overall relationship between rice yield and grain quality. LnRR, natural logarithm of the
response ratio. Relationships between rice yield and head rice rate (A), chalkiness degree (B), chalkey
rice rate (C), protein content (D), amylose content (E) and tasting value (F).
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3.2. Relationships Between the Effects of Agronomic Practices on Rice Yield and Head Rice Rate

We found that there were positive relationships between the yield and head rice
rate responses to variety selection (R? = 0.0425, p < 0.0001), increased planting density
(R? = 0.0333, p < 0.05), organic fertilizer application (R? = 0.1407, p < 0.05), K application
(R? =0.0907, p < 0.05), N application (R? = 0.0327, p < 0.0001), growth regulator application
(R? =0.6112, p < 0.0001) and alternate wetting and drying (R? = 0.4245, p < 0.01) (Figure 3).
However, no significant relationship between the yield and head rice rate responses to Si
application or altering sowing date was found.
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Figure 3. Relationships between rice yield and head rice rate under different agronomic practices.
LnRR, natural logarithm of the response ratio. N, K, and Si indicate nitrogen, potassium and silicon
fertilizers, respectively. For variety selection, the rice cultivar with the lowest rice yield was taken as
the control. Similarly, for altering sowing date, the sowing date with the lowest rice yield was also
taken as the control, while for fertilizer (i.e., Si, organic fertilizer, K, and N) and growth regulator
applications, the treatment without application of fertilizers or growth regulators was taken as the
control, respectively. In addition, conventional flooding and the lowest planting density were taken
as the control for alternate wetting and drying and increased planting density, respectively.

3.3. Relationships Between the Effects of Agronomic Practices on Rice Yield and Appearance Quality

There were positive relationships between the yield and chalkiness degree responses
to increased planting density (R? = 0.0727, p < 0.001), N application (R? = 0.0708, p < 0.0001)
and altering sowing date (R? = 0.0920, p < 0.0001), but negative relationships between their
responses to growth regulator application (R? = 0.3137, p < 0.0001) (Figure 4). However,
there was no significant relationship between the yield and chalkiness degree responses
to the remaining agronomic practices including variety selection, and Si, organic fertilizer
and K applications (Figure 4).

Similar to chalkiness degree, positive correlations were found between the yield and
chalky rice rate responses to increased planting density (R? = 0.0378, p < 0.01), N application
(R? = 0.0448, p < 0.0001) and altering sowing date (R%2=0.1221, p <0.0001) (Figure 5). In addi-
tion, negative relationships between their responses to Si application (R? = 0.0947, p < 0.05),
K application (R? = 0.2624, p < 0.001) and growth regulator application (R? = 0.0294, p < 0.05)
were observed. However, there was no significant relationship between the yield and chalky
rice rate responses to variety selection or organic fertilizer application.
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Figure 4. Relationships between rice yield and chalkiness degree under different agronomic practices.
LnRR, natural logarithm of the response ratio. N, K, and Si indicate nitrogen, potassium and silicon
fertilizers, respectively. For variety selection, the rice cultivar with the lowest rice yield was taken as
the control. Similarly, for altering sowing date, the sowing date with the lowest rice yield was also
taken as the control, while for fertilizer (i.e., Si, organic fertilizer, K, and N) and growth regulator
applications, the treatment without application of fertilizers or growth regulators was taken as the
control, respectively. In addition, the lowest planting density was taken as the control for increased
planting density.
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Figure 5. Relationships between rice yield and chalky rice rate under different agronomic practices.
LnRR, natural logarithm of the response ratio. N, K, and Si indicate nitrogen, potassium and silicon
fertilizers, respectively. For variety selection, the rice cultivar with the lowest rice yield was taken as
the control. Similarly, for altering sowing date, the sowing date with the lowest rice yield was also
taken as the control, while for fertilizer (i.e., Si, organic fertilizer, K, and N) and growth regulator
applications, the treatment without application of fertilizers or growth regulators was taken as the
control, respectively. In addition, the lowest planting density was taken as the control for increased
planting density.

3.4. Relationships Between the Effects of Agronomic Practices on Rice Yield and Eating Quality

Positive relationships was found between the yield and protein content responses to Zn
application (R? = 0.2903, p < 0.0001), organic fertilizer application (R? = 0.5413, p < 0.0001),
K application (R? = 0.1763, p < 0.01), N application (R? = 0.0665, p < 0.0001) and altering
sowing date (R? = 0.1219, p < 0.0001), while negative relationships were observed between
their responses to increased planting density (R?> = 0.0330, p < 0.05), growth regulator
application (R? = 0.1953, p < 0.0001) and alternate wetting and drying (R? = 0.1947, p < 0.05)
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(Figure 6). No significant relationship between the yield and protein content responses to
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R =0.0109, P<001 R =0.2903, P < 0.0001 RO \ﬁnfh P <005 < R = 05413, P < 0.0001

arity selection B ° Zn application c i application D Increased planting density E Organic fertilizer application
=]

)
o
%_%&6Q77 0.15 5 /0 01 o
ogh

0.30 0.3 03 0.4

025
g &6 024 o 0.2
0.20 o o . o

& o sl o1
© =} B, Q="
0107 ©, 8 g2 0.0 o, - 0.0

0.05 T o g°®
= ° %8 0.1 o ® -0
0001 3o °

-0.05 -0.2 -0.2

00 02 04 06 08 1.0 1.2 1.4 02 00 02 04 06 08 -0.1 0.0 0.1 0.2

08 04 -02 00 02 04 06 02 00 02 04 06 08 1.

° o

o

° o

o
o .
a° 6

K application
o

Q

2850 o

')oogg

o

o

o A 3 o .
R =0.1763, P < 0.01 R = 00665, < 0.0001 R =0.1953, P < 0.0001 R =0.1947, P < 0.05 R =0.1219. £ <0.0001

o
-

H Growth regulator application 1 Altemate wetting and drying J Altering sqwing date
o 2 T g
& oy o E%%é

S

06
04
02
0.0
0.2 & Akl

6g2e o
o =
o

o
(-]
[}
o

0.1

0.0 0.1

0.2

03

-0.4 -0.2 -0.15 -0.3
04 -03 00 03 06 09 12 L5 -1.0 -0.5 0.0 0.5 0.6 -04 -02 00 02 04 0.0 02 04 0.6
LnRR of rice yield

Figure 6. Relationships between rice yield and protein content under different agronomic practices.
LnRR, natural logarithm of the response ratio. N, K, Si, and Zn indicate nitrogen, potassium, silicon
and zinc fertilizers, respectively. For variety selection, the rice cultivar with the lowest rice yield was
taken as the control. Similarly, for altering sowing date, the sowing date with the lowest rice yield
was also taken as the control, while for fertilizer (i.e., Zn, Si, organic fertilizer, K, and N) and growth
regulator applications, the treatment without application of fertilizers or growth regulators was taken
as the control, respectively. In addition, conventional flooding and the lowest planting density were
taken as the control for alternate wetting and drying and increased planting density, respectively.

Positive relationships were found between the yield and amylose content responses
to Zn application (R? = 0.1989, p < 0.0001), Si application (R? = 0.0737, p < 0.05), organic
fertilizer application (R? = 0.8264, p < 0.0001), growth regulator application (R? = 0.1926,
p < 0.0001) and alternate wetting and drying (R? = 0.7850, p < 0.0001) while a negative
association between their responses to variety selection (R? = 0.0090, p < 0.01) were observed
(Figure 7). In contrast, there was no significant relationship between the yield and amylose
content responses to the remaining agronomic practices. In addition, there was negative
correlation between the yield and tasting value responses to N application (R? = 0.1117,
p < 0.0001), whereas no significant relationship between their responses to variety selection
or increased planting density was found (Figure 8).
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Figure 7. Relationships between rice yield and amylose content under different agronomic practices.
LnRR, natural logarithm of the response ratio. N, K, Si, and Zn indicate nitrogen, potassium, silicon
and zinc fertilizers, respectively. For variety selection, the rice cultivar with the lowest rice yield was
taken as the control. Similarly, for altering sowing date, the sowing date with the lowest rice yield
was also taken as the control, while for fertilizer (i.e., Zn, Si, organic fertilizer, K, and N) and growth
regulator applications, the treatment without application of fertilizers or growth regulators was taken
as the control, respectively. In addition, conventional flooding and the lowest planting density were
taken as the control for alternate wetting and drying and increased planting density, respectively.

https://doi.org/10.3390/agronomy16151398


https://doi.org/10.3390/agronomy16151398

Agronomy 2026, 16, 1398 8 of 14
W Variety selection ks B Increased planting density i (8 [e] o Napplication
= 0.02 0.1 4
= 0.00 9 @%‘7
z @ - 08 ° g o o 0.0 197
=} -0.02 L) o J
g o 0.04 - 011
s N = 021 8 R
- -0.06 4 o : O of o
= (9%
S| -0.08 4 5 -0.3 o o
T T -0.10 T T T T -0.4 T T .R 7(.)“'7.‘,;'41?“001
06 08 1.0 -04 -02 00 02 04 06 00 02 04 06 08 1.0 1.2 14

LnRR of rice yield

Figure 8. Relationships between rice yield and tasting value under different agronomic practices.
LnRR, natural logarithm of the response ratio. N indicates nitrogen fertilizer. For variety selection,
the rice cultivar with the lowest rice yield was taken as the control. For N application, the treatment
without application of N fertilizers was taken as the control. In addition, the lowest planting density
was taken as the control for increased planting density.

4. Discussion
4.1. Relationship Between Rice Yield and Quality

In the present study, we found that there was a positive (R*> = 0.0479, p < 0.0001)
relationship between rice yield and head rice rate (Figure 2A), indicating that rice yield
and head rice rate could be simultaneously improved by agronomic practices. Consistent
with our present results, numerous studies have reported concurrently enhanced rice
yield and head rice rate when various agronomic practices were employed [19,20]. These
findings suggest that improvements in rice yield do not necessarily compromise milling
quality under the agronomic conditions included in our dataset. In addition, there was
no significant relationship between rice yield and either chalkiness degree or chalky rice
rate (Figure 2), which was similar to previous research [21,22], suggesting that agronomic
practices could enhance rice yield while having little effect on appearance quality.

Interestingly, we did observe a positive (R? = 0.0911, p < 0.0001) relationship between
rice yield and protein content, which may be highly related to the increased N input, as
evidenced by Figure 6G. This correlation should be responsible for the negative (R? = 0.1247,
p < 0.0001) relationship between rice yield and tasting value observed in Figure 2F, because
increased protein content usually prevents hydration of the rice grain and thus causes a bad
texture of the cooked rice [9]. However, there was no significant relationship between rice
yield and amylose content. Therefore, it is promising to achieve the goal of maintaining the
amylose content unchanged in rice grains while increasing rice yield through agronomic
measures. In total, our results demonstrate that there is not necessarily trade-off between
rice yield and quality; on the contrary, they could be simultaneously improved by means
of agronomic practices in some cases. Therefore, the discussion below will first focus
on which agronomic practices can maximize both rice yield and quality simultaneously,
followed by an analysis of those agronomic practices that improve rice yield and quality
but compromise other quality traits.

4.2. Growth Regulator and K Applications Can Improve Rice Yield, Milling and Appearance
Quality Simultaneously

Importantly, we found that growth regulators and K applications have great potentials
to simultaneously improve rice yield, milling and appearance quality (Figures 3-5), which
is important for both farmers and enterprises because rice yield, milling and appearance
quality are key factors determining rice commercial value [4]. Consistent with our present
findings, Luo et al. [23] found that foliar application of ornithine could significantly improve
both rice yield and appearance quality. Similarly, foliar application of brassinolide was
also reported to have positive effects on both rice yield and head rice rate [24]. Therefore,
growth regulator application is a useful agronomic practice to simultaneously improve rice
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yield and quality. Regarding the K application, its role in regulating rice yield and quality
has also been investigated by previous studies. For example, Zhang et al. [25] suggested
that K application with optimal rate could significantly increase rice yield and head rice
rate while decreasing chalky rice rate. Consistently, Wang et al. [26] and Zhang et al. [27]
also found that optimal application of K could improve rice yield and head rice rate while
decreasing both chalky rice rate and chalkiness degree. Therefore, K application, similar to
growth regulator application, is also a feasible approach that can be adopted by farmers to
simultaneously improve rice yield, milling and appearance quality.

Due to the unavailable data regarding the paired effects of growth regulators or K
applications on both rice yield and tasting value, it is hard to conclude whether or not rice
yield and tasting value could be improved simultaneously through these two agronomic
practices. However, if we suspect a negative impact of protein content on tasting value, as
suggested by previous studies [9,28], then K application may cause decreased tasting quality
because there was a positive (R? = 0.0991, p < 0.0001) relationship between rice yield and
protein content under K application conditions (Figure 6F), as observed by Wang et al. [26].
However, as we suggested previously, if protein content is more important than amylose
content in regulating tasting value, then growth regulator application may also have a
positive impact on tasting value, because there was a negative (R? = 0.0991, p < 0.0001)
correlation between rice yield and protein content when growth regulators were applied
(Figure 6H). Therefore, it is necessary to examine the possible effects of K and growth
regulator applications on rice tasting quality, which may give us useful information for
simultaneously improving rice yield, milling, appearance and tasting quality in the future.

4.3. Enhanced Rice Yield and Milling Quality Can Be Achieved Through Variety Selection and
Organic Fertilizer Application at No Expense of Appearance Quality

In this study, we found that rice yield and head rice rate could be simultaneously
enhanced by variety selection and organic fertilizer application while they had little impact
on appearance quality (Figures 3-5), indicating that rice yield and milling quality could be
improved in unison while maintaining appearance quality unaltered.

In fact, numerous studies have investigated whether rice yield and milling quality
could be simultaneously improved through cultivar replacement. For instance, our pre-
vious study found that though rice yield of early indica rice was significantly improved
with the released years in southern China, its head rice rate did not significantly change.
Similarly, Zeng et al. [7] and Wang et al. [8] suggested that grain yield of high-quality
indica rice was significantly improved with the released years in southern China while
head rice rate significantly decreased. However, it should be noted that different growth
conditions across years may compromise their results [6-8]. Recently, by means of a field
experiment, Meng et al. [11] suggested that both yield and head rice rate of japonica in-
bred rice significantly increased with the released years, suggesting that rice yield and
milling quality could be improved through variety selection. Consistent with the results of
Meng et al. [11], Yang et al. [29] discovered that among the 22 selected rice varieties, three
varieties consistently exhibited higher yields and head rice rates compared to the remaining
varieties in a ratooning rice system. Therefore, it can be concluded that variety selection is
a viable approach to achieve both high rice yield and head rice rate.

Organic fertilizer application is now widely accepted as having numerous positive
impacts on soil quality and thus crop growth, and fertilizer effects on rice yield and quality
have also been examined by previous studies. For example, Wu et al. [30] found that,
compared with chemical fertilizer, organic fertilizer application could significantly increase
rice yield though it had no significant effect on either brown rice rate, milled rice rate or
broken rice rate. Meanwhile Ruan et al. [31] suggested that organic fertilizer application
could significantly improve rice yield and head rice rate when compared with inorganic
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fertilizer treatment. Similarly, significantly enhanced rice yield and milling quality were also
observed under organic fertilizer treatment relative to no fertilizer treatment [32], which
was further confirmed by our present results (Figure 3D). Therefore, similar to variety
selection, organic fertilizer application may also be adopted by farmers to simultaneously
improve rice yield and milling quality.

Though we found that increased rice yield and decreased protein (R? = 0.0109, p < 0.05)
and amylose (R? = 0.0090, p < 0.05) contents could be achieved through variety selection,
there was no significant relationship between rice yield and tasting value (Figures 6-8).
One possible reason for this is that the protein and amylose contents and tasting value are
not paired observations, which may reduce their internal relationships. Another factor is
likely that to what extent the changes in protein and/or amylose contents can reflect the
real changes in tasting value remains elusive, which deserves further research.

4.4. Enhanced Rice Yield and Appearance Quality Can Be Achieved Through Si Application

Rice is a typical silicon-loving crop, and it needs to absorb a large amount of silicon
from the soil throughout its life cycle to maintain its normal growth and development [33].
In the present study, we observed a negative (R? = 0.0947, p < 0.05) relationship between rice
yield and chalky rice rate under Si application conditions (Figure 5B), indicating that Si ap-
plication has great potential to simultaneously improve rice yield and appearance quality.

Consistent with our present findings, Jiang et al. [34] found that Si addition could
significantly increase rice yield while significantly decreasing chalkiness degree and chalky
rice rate under dry cultivation conditions. In addition, Mo et al. [35] also suggested that
Si application with an optimal rate could improve both rice yield and appearance quality,
and similar results were also demonstrated by Deng et al. [36]. Therefore, based on the
previous studies and our present findings, Si application can be recommended to farmers
for the simultaneous enhancements of rice yield and quality.

4.5. Increased Planting Density and Altering Sowing Date Can Improve Rice Yield and Milling
Quality but at the Expense of Appearance Quality

Different from the agronomic practices discussed above, we found that though rice
yield and milling quality could be improved by increased planting density and altering
sowing date, they inevitably decreased appearance quality (Figures 3-5), suggesting that
there to be trade-off relationships between rice yield and quality under specific conditions,
which should be given further consideration in future research.

Numerous studies have investigated the effects of increased planting density on rice
yield and quality. For example, Hu et al. [37] found that with increasing planting density,
rice yield usually increases with it before reaching an optimal density, though accompanied
with deteriorated appearance quality. Moreover, Duan et al. [38] suggested that increased
planting density not only reduced rice yield but also caused a significantly increased chalky
rice rate and chalkiness degree, which was also observed by Chen et al. [39]. In support
of our present results, Wu et al. [40] demonstrated that increasing planting density within
an optimal range could significantly increase both rice yield and head rice rate. Therefore,
when increasing the planting density to achieve high rice yield, careful attention should be
paid to overcome its adverse effects on appearance quality.

Altering sowing date is a commonly adopted strategy to improve rice yield by means
of efficiently utilizing the temperature and light resources [41]; however, its impacts on
grain quality are also significant. For instance, Li et al. [10] found that early sowing could
significantly improve the rice yield and eating quality of machine-transplanted rice while
they did not report milling or appearance quality. Consistent with our present results,
numerous studies confirmed that rice yield and milling quality could be simultaneously
improved by altering sowing date [42,43]. Moreover, Zhao et al. [44] suggested that, across
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the different sowing dates, head rice rate showed positive correlations with chalky rice rate
and chalkiness degree, which was in line with our present results (Figures 3-5). Therefore,
our present findings indicate that appearance quality should be taken into account when
altering sowing date to improve rice yield and milling quality.

4.6. N Application Can Improve Rice Yield and Milling Quality but at the Expense of Appearance
and Eating Quality

In the present study, we found that though rice yield and head rice rate could be
improved by N application, the appearance and eating quality showed adverse changes
(Figures 3-5 and 8). Therefore, studying how to alleviate or even avoid the unfavorable
impacts of N on grain quality while maintaining high rice yield is necessary in the near
future considering the large contribution of N inputs to the total rice production in China.

Consistent with our present results, numerous studies have reported positive effects
of N application on rice yield and milling quality but negative impacts on rice appearance
and eating quality. For example, Zhu et al. [9] found that rice yield, head rice rate, chalky
rice rate and chalkiness degree significantly increased with the N application rate while
tasting value significantly decreased. Similarly, Meng et al. [11] also suggested that N
application could significantly increase rice yield, chalky rice rate and chalkiness degree
but significantly decreased tasting value while it had no significant impact on head rice rate.
The positive effects of N application on milling quality observed in previous studies may
be related to the increased gliadin content in grains as suggested by Zhu et al. [9], while
negative impacts of N application on appearance and eating quality should be related to
the poor grain filling degree and increased protein content of grains, respectively, especially
under high N inputs [9,11]. Therefore, achieving both high rice yield and quality under N
application conditions is challenging.

Fortunately, several studies have pointed out that optimal N management, which was
not included in our present meta-analysis, can improve rice yield and quality simultane-
ously. For instance, Fei et al. [45] found that, compared with farmers’ fertilization practice,
optimizing N fertilizer management could increase rice yield, milling, appearance and
eating quality concurrently. More recently, Huang et al. [12] demonstrated that applying a
moderate N rate alongside an increased ratio of basal N rate and a decreased ratio of N rate
at panicle initiation could improve rice yield and eating quality while having no significant
effect on milling and appearance quality. Therefore, it is possible to achieve high rice yield
and quality with a relatively high N input by optimizing the management and application
of N fertilizer. Additionally, whether N rate and N management strategy could produce
fundamentally different yield-quality responses remains largely unknown.

4.7. Potential Limitations of This Study and Future Outlooks

It should be noted that the sites included in this meta-analysis are mainly located
in China; thereby the findings presented in this study should be extrapolated to regions
other than China with great caution. In addition, due to the limited data reported, some
agronomic practices such as no-tillage, phosphorus fertilizer application, and N fertilization
timing, etc., are not included in our present research. Lastly, but of equal importance, many
studies used some physical and chemical properties such as protein and amylose contents
to characterize the tasting value, instead of actually measuring it, especially through the
method of human tasting; however, it should be noted that the physicochemical properties
of rice grains cannot truly reflect its eating quality. Further studies should pay more
attention to integrated agronomic technique packages and the interaction of different
agronomic practices on rice yield and grain quality [13].
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5. Conclusions

Our meta-analysis, based on paired field experiments, found that while rice yield
and head rice rate could be simultaneously improved yield increases of rice are usually
associated with higher protein content and thus lower tasting value due to agronomic
practices. However, we did not observe any significant relationship between the responses
of rice yield and either appearance quality or amylose content and agronomic practices.
Specifically, growth regulator and K applications can improve rice yield, milling and appear-
ance quality simultaneously, and enhanced rice yield and milling quality can be achieved
through variety selection and organic fertilizer application. Additionally, enhanced rice
yield and appearance quality can also be achieved through Si application. However, we
also found that increased planting density and altering sowing date can improve rice yield
and milling quality at the expense of appearance quality and, moreover, N application can
improve rice yield and milling quality at the expense of appearance and eating quality.
Further studies should pay more attention to simultaneous improvements of rice yield and
quality through attempting to integrate multiple existing agronomic techniques.
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