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seedling age for the outstanding
yield performance of Japonica
rice using crop straw boards for
seedling cultivation
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Crop straw boards, a novel nursery material, has proven effective for cultivating
dense, young rice seedlings suitable for mechanized transplanting, thereby
saving labor. However, under high-density nursery conditions, the biomass
accumulation and yield formation in rice vary with different seedling ages,
necessitating exploration of optimal seeding densities and seedling ages to
achieve high yields. This study aims to determine the appropriate seeding
densities and seedling ages using crop straw boards to maximize rice yield.
Over two years, field studies were conducted using crop straw boards for rice
cultivation at seeding densities of 150, 200, 250, 300, and 350 g/tray (labeled as
D1, D2, D3, D4, and D5) and seedling ages of 10, 15, 20, and 25 days (labeled as A1,
A2, A3, and A4).The results indicated that D4A2 significantly enhanced tiller
number, dry matter accumulation, and photosynthetic capacity, resulting in a
yield increase of 2.89% compared to the conventional method of D1A3. High-
density and short-aged seedlings cultivated with crop straw boards can enhance
rice yield by improving photosynthetic capacity and crop quality. This study
emphasizes the importance of using crop straw boards for rice nursery practices,
as well as selecting the appropriate seeding densities and seedling ages for
optimizing rice production.
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1 Introduction

Rice is the predominant staple crop in Asia, with about 60% of
China’s population depending on it as their primary source of
sustenance (Wu et al., 2013; Hu et al., 2018). With rising demands
for rice and an aging demographic trend (Ren et al., 2021; Tang and
Chen, 2022), achieving high rice yields is crucial for ensuring food
security. Mechanical transplanting is well-regarded for its stability
and high-yield potential (Zhang et al., 2014). However, the success
of mechanical transplantation significantly depends on factors such
as seeding density and seedling age, which affect growth, material
accumulation, and thus overall field yield (Qiong et al., 2014; Li
et al, 2020, 2021). Therefore, understanding the growth and
development of rice seedlings and yield formation under various
seeding densities and transplanting ages post-field transplanting is
essential for effective rice field management and optimal
yield achievement.

The conventional cultivation of japonica rice seedlings typically
involves a seeding rate of 120-150 g/tray and transplantation at an
age of 20-25 days (Liu et al, 2017). In response to the declining
agricultural workforce, increasing the seeding rates presents a
potential solution by reducing the number of trays required for
transplantation and minimizing labor demand during cultivation
and transplanting (Long et al., 2021; Ren et al,, 2023). However, a
higher seeding density can result in a reduction in the optimal age
for transplantation, potentially leading to decreased yield if
transplanted beyond the preferred seedling age (Li et al., 2014; Fei
et al, 2015; Lampayan et al., 2015). Rice yield is heavily reliant on
the number of tillers during the mature stage, which impacts leaf
area and photosynthetic efficiency (Hao et al., 2017; Wang et al,,
2018; Adachi et al., 2019; Silva et al., 2020). After rice heading, a
higher leaf area index becomes crucial as it indicates a greater
potential for converting dry matter into grain yield (Baloch et al,
2006; Fan et al., 2017). The findings of previous studies suggest that
transplanting rice seedlings at an optimal age has minimal impact
on rice tillering and dry matter accumulation. However, reducing
the transplanting age can lead to increased tillering and dry matter
accumulation, ultimately resulting in higher yields (Brar et al., 2012;
Lampayan et al, 2019). This phenomenon is attributed to the
vigorous activity and tillering capacity of rice seedlings under
shorter seedling age transplant conditions (Xiong et al., 2009; Liu
et al,, 2015). However, due to the short age of seedlings, traditional
rice seedlings exhibit a low lever of root entwining force and are
unable to form a cohesive blanket-like structure, posing challenges
for mechanical transplantation (Lin et al., 2015; Zhou et al., 2018).
To address this issue, the utilization of crop straw boards is
recommended due to their fiber-rich composition that aids in
root connectivity. This approach enhances seeding density and
strengthens root entwining force, thereby facilitating the
cultivation of seedlings with reduced age suitable for mechanical
transplantation (Ling et al., 2023).

This study specifically addresses the impact of varying seeding rates
and seedling ages on the yield of japonica rice when using crop straw
boards for seedling cultivation. Given the essential role of optimal
seeding density and appropriate seedling age in maximizing yield,
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particularly in mechanical transplantation systems, we aim to
determine the most effective strategies for rice cultivation under these
conditions. The research focuses on understanding how different
seeding densities and ages influence the physiological development of
rice seedlings and their subsequent yield outcomes when integrated
with crop straw board technology. By optimizing these variables, this
study not only seeks to enhance yield and dry matter accumulation but
also aims to provide actionable insights for field management, thus
modernizing rice production and addressing workforce efficiency
challenges. The outcomes of this investigation are expected to
contribute significantly to theoretical and practical advancements in
rice cultivation, emphasizing ‘light simplification’ and ‘reduced
manpower requirements’, thereby laying the foundation for
enhancing the efficiency of mechanized rice seedling transplantation.

2 Materials and methods
2.1 Experimental site and cultivars

The experiment was conducted at the off-campus base of Yangzhou
University in Shiji Township, Sihong County, Jiangsu Province in 2021
and 2022(118°16'N, 33°22’E). The wheat was previously planted at this
experimental site. At the initiation of the experiment, the topsoil
horizon (0-20 cm) with a pH of 6.64 contained 23.52 gkg' of
organic matter, 1.34 g-kg' of total nitrogen, 16.34 mgkg' of
available phosphorus, and 127 mgkg' of available potassium.
Nanjing 5718 is a conventional medium-maturing japonica rice. As a
high-quality and tasty rice from Jiangsu, Nanjing 5718 was selected as
the tested variety in the experiment. Crop straw boards were provided
by the Jiangsu Academy of Agricultural Sciences with a size of 57.5 cm
X 27.5cm x 2 cm.

2.2 Experimental design and management

Plastic seedling trays were used for cultivating rice seedlings. In
this study, treatment consists of two parts: the first half represents
the seeding density per tray, and the second half represents the
seedling age. There are a total of 20 treatments (Table 1). The
treatment’s name consists of two parts: the first half represents the
seeding density per tray, and the second half represents the seedling
age. The experiment for all treatments was repeated in triplicate.
Then, these seedlings were transplanted to a paddy field on 18 June
in 2021 and 2022. The Yangma high-speed transplanting machine
(Model 2ZGQ-60D (G4) (YR60D)) was applied for transplantation.
The planting density was 30 cm x 11.8 cm and 4 seedlings per hill
for Nanjing 5718. The plot size for the field experiments was 316.8
m” (7.2 m x 44 m), and the plots were also arranged in triplicate.
The application of pure nitrogen was 270 kg-ha™! in total, which was
applied to the fields in the form of slow/controlled-release mixed
fertilizer (Zhidaodi, Moith Corporation, China) one day before the
seeding or the transplantation of seedlings. The element formula of
the fertilizer can be expressed as N: P,0s: K,0=30:7:13. Water
management and pest control were carried out in compliance with
the prescribed local management protocols. For the convenience of
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TABLE 1 Design of experimental treatments.

10.3389/fpls.2024.1431687

. 1000-
Seeding rate Seed density Seedling age grain weight Seeding date Transplant date
(g tray™ (Grains cm3) (d) (m/d) (m/d)
10 289 06/07 06/18
15 289 06/02 06/18
150 3.20
20 289 05/28 06/18
25 289 05/23 06/18
10 289 06/07 06/18
15 289 06/02 06/18
200 426
20 289 05/28 06/18
25 289 05/23 06/18
10 289 06/07 06/18
15 289 06/02 06/18
250 533
20 289 05/28 06/18
25 289 05/23 06/18
10 289 06/07 06/18
15 289 06/02 06/18
300 6.39
20 289 05/28 06/18
25 289 05/23 06/18
10 289 06/07 06/18
15 289 06/02 06/18
350 7.46
20 289 05/28 06/18
25 289 05/23 06/18

illustration, seeds of 150, 200, 250, 300, and 350g in density at 3.20,
4.26, 5.33, 6.39, and 7.46 grains/cm’ respectively are designated as
D1, D2, D3 D4 and D5. Transplanted seedling age: Days 10, 15, 20,
and 25, denoted as Al, A2, A3 and A4.

2.3 Sampling and measurements

2.3.1 Growth Stages Identification

Jointing Stage (JS): JS was determined when over 50% of rice
plants had the first internode elongated over 1 cm, without
adventitious roots in the upper internodes.

Heading Stage (HS): HS was marked by the emergence of the
midsection of the young panicle from the flag leaf sheath,
recognized when 50% of the plants displayed this trait.

Maturity Stage (MS): MS was indicated when over 95% of the
panicles’ husks turned yellow, and grains became firm
and translucent.

2.3.2 Dry Matter Accumulation

At each identified growth stage (JS, HS, MS), the number of
tillers was counted for 60 hills per plot. For the purpose of
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measuring dry matter, one intact plant was sampled from five
representative hills, selected based on the average tiller count. Each
part of the plant was oven-dried at 105°C for 30 minutes, followed
by 80°C until a constant weight was obtained, enabling the
calculation of dry matter accumulation per unit area.

2.3.3 Leaf Area Measurement

Leaf area was quantified using a LI-3100 leaf area meter (LI-
COR, USA). Samples were collected based on the arithmetic mean
tiller number at each stage, with each sample categorized into
leaves, stem-sheaths, and panicles. The leaf areas were specifically
recorded for green leaves, and the effective leaf area index was
calculated as the leaf area per unit area of effective tillers,
emphasizing the top three leaves as the most effective leaf area.

2.3.4 Yield Measurement During Maturity Stage
Before harvesting, the panicle count was conducted using the
same methodology as the tiller count. During the maturity stage, all
plants in a 2 m by 2 m area in the center of each plot were manually
harvested. The grain yield was then measured and adjusted to a
moisture content of 14.5%. The spikelet count per panicle, the
percentage of filled grains, and the 1000-grain weight were
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determined from the harvested samples. Afterwards, the grains
from each plot were dried at 35°C until their moisture content
reached 14.5%.

2.4 Methods for calculating indicators

Decreasing rate of leaf area (LAI d™h

= (LAl — LAlyg)/Days from HS — MS
Crop growth rate (g m >d™") = (W — Wys)/Days from HS — MS

Net assimilation rate (g m2d™Y)
= [(Ln (LAIys) - Ln (LAIHS)/ (LALys - LAIHS)}

X [(Wys — W)/ Days from HS — MS]

2.5 Statistical modeling

To analyze the influence of seeding density and seedling age on
rice yield, a Gaussian function model was utilized, accounting for
interactions between these two factors. The model is expressed as

follows:
(Ing)? (In%)?
z=z0+Bexp{— 2DCZ }+Eexp{ 252 }
(In%)* (Ink)*
+Hexp{ ZDCZ - 252 }

where x represents seeding density, y represents seedling age,
and z is the estimated yield. The parametersz0,B,C,D,E,F,G, and H
encapsulate the model’s intercept and the effects of seeding density
and seedling age, including their interactive effects.

10.3389/fpls.2024.1431687

2.6 Data calculation and statistical analysis

Excel 2016 (Microsoft Corporation, Redmond, WA, USA) was
utilized for data processing. Statistical analyses were conducted
using IBM SPSS Statistics 20.0 (IBM Corp., Armonk, NY, USA), a
statistical analysis software, employed for the analysis of variance
(ANOVA). The images were generated using Origin 2021
(OriginLab Corporation, Northampton, MA, USA).

3 Results

3.1 Leaf age and days of the
regreening stage

Under consistent seeding conditions, older rice seedlings
exhibited prolonged leaf aging and required extended periods to
regain their green coloration. Notably, in both 2021 and 2022,
seedlings from treatment D1A4 demonstrated a regreening time
that was 4 days longer than those from D1A1. Furthermore, with
increased seeding densities, seedlings of equivalent age displayed
reduced leaf aging, yet necessitated an additional 2 to 3 days for
regreening, as depicted in Figure 1.

3.2 Growth stage

The growth stages of rice cultivation in paddy fields, when
planted with young seedlings, consistently exhibited a delayed
progression in both observed years, contrasting with fields
containing older seedlings (Tables 2, 3). As the rice plants
continued to mature, this temporal gap gradually diminished. It is
noteworthy that the field growth phase (FGP) for younger seedlings
demonstrated an extended duration compared to their older
counterparts. Importantly, throughout the whole growth phase
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Leaf age and days of the regreening stage of rice affected by increased seeding density and seedling age with crop straw boards for seedling
cultivation. (A) Leaf age and days of the regreening stage of rice in 2021. (B) Leaf age and days of the regreening stage of rice in 2022.
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TABLE 2 Growth stages of rice affected by increased seeding density and seedling age with crop straw boards for seedling cultivation (2021).

Seeding ceedll ST TS JS HS MS FGP  ST-JS
density eedling age
(m/d)  (m/d) (m/d) (m/d) (m/d) (m/d) ()]
D1 Al 06/07 06/18 08/02 09/02 10/30 134 56 31 58 145
A2 06/02 06/18 08/02 09/02 10/29 133 61 31 57 149
A3 05/28 06/18 08/01 09/01 10/28 132 65 31 57 153
A4 05/23 06/18 07/31 08/31 10/27 131 69 31 57 157
D2 Al 06/07 06/18 08/02 09/02 10/30 134 56 31 58 145
A2 06/02 06/18 08/02 09/02 10/30 134 61 31 58 150
A3 05/28 06/18 08/01 09/01 10/29 133 65 31 58 154
A4 05/23 06/18 07/31 08/31 10/28 132 69 31 58 158
D3 Al 06/07 06/18 08/02 09/02 10/30 134 56 31 58 145
A2 06/02 06/18 08/02 09/02 10/30 134 61 31 58 150
A3 05/28 06/18 08/01 09/01 10/29 133 65 31 58 154
A4 05/23 06/18 08/01 09/01 10/29 133 70 31 58 159
D4 Al 06/07 06/18 08/03 09/03 11/01 136 57 31 59 147
A2 06/02 06/18 08/03 09/03 10/31 135 62 31 58 151
A3 05/28 06/18 08/02 09/02 10/30 134 66 31 58 155
A4 05/23 06/18 08/01 09/01 10/29 133 70 31 58 159
D5 Al 06/07 06/18 08/04 09/04 11/02 137 58 31 59 148
A2 06/02 06/18 08/04 09/04 11/01 136 63 31 58 152
A3 05/28 06/18 08/03 09/03 10/31 135 67 31 58 156
A4 05/23 06/18 08/02 09/02 10/30 134 71 31 58 160

ST, seeding time; TS, transplanting stage; JS, jointing stage; HS, heading stage; MS, maturing stage; FGP, field growth phase (from transplanting to harvesting); WGP, whole growth phase (from
seeding in the seedbed to harvesting in the paddy field).

TABLE 3 Growth stages of rice affected by increased seeding density and seedling age with crop straw boards for seedling cultivation (2022).

Seeding Sy ST TS Js HS MS  FGp ST-JS
density eedling age
(m/d) (m/d) (m/d) (m/d) (m/d) (m/d) (d)
D1 Al 06/07 06/18 08/04 09/01 11/03 138 58 28 63 149
A2 06/02 06/18 08/04 09/01 11/02 137 63 28 62 153
A3 05/28 06/18 08/03 08/31 11/01 136 67 28 62 157
A4 05/23 06/18 08/02 08/29 10/30 134 71 27 62 160
D2 Al 06/07 06/18 08/04 09/01 11/03 138 58 28 63 149
A2 06/02 06/18 08/04 09/01 11/03 138 63 28 63 154
A3 05/28 06/18 08/03 08/31 11/02 137 67 28 63 158
A4 05/23 06/18 08/02 08/29 10/31 135 71 27 63 161
D3 Al 06/07 06/18 08/04 09/01 11/04 139 58 28 64 150
A2 06/02 06/18 08/04 09/01 11/04 139 63 28 64 155
(Continued)
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TABLE 3 Continued

10.3389/fpls.2024.1431687

Seeding Seedling age TS Js HS MS  FGP ST-JS
density (mid) | (m/d) | (mid) | (m/d) | (mid) | (mid) | (d)
A3 05/28 06/18 08/03 08/31 11/03 138 67 28 64 159
A4 05/23 06/18 08/02 08/30 11/02 137 71 28 64 163
D4 Al 06/07 06/18 08/04 09/02 11/05 140 58 29 64 151
A2 06/02 06/18 08/04 09/02 11/05 140 63 29 64 156
A3 05/28 06/18 08/04 09/01 11/04 139 68 28 64 160
A4 05/23 06/18 08/03 08/31 11/03 138 72 28 64 164
D5 Al 06/07 06/18 08/04 09/03 11/06 141 58 30 64 152
A2 06/02 06/18 08/04 09/02 11/05 140 63 29 64 156
A3 05/28 06/18 08/04 09/01 11/04 139 68 28 64 160
A4 05/23 06/18 08/03 08/31 11/03 138 72 28 64 164

ST, seeding time; TS, transplanting stage; JS, jointing stage; HS, heading stage; MS, maturing stage; FGP, field growth phase (from transplanting to harvesting); WGP, whole growth phase (from

seeding in the seedbed to harvesting in the paddy field).

(WGP), older seedlings remained in cultivation for an extended
period of approximately 11-14 days longer than their younger
counterparts. Furthermore, under controlled transplantation and
uniform seedling age conditions, an increase in seeding density
resulted in a shorter growth period while simultaneously
prolonging the overall growth duration.

3.3 Number of stems and tillers

The investigation establishes a robust correlation between the
age of transplanted seedlings and the percentage of productive
tillers, with the effect becoming more evident at elevated seeding
densities, as shown in Figure 2. For the years 2021 and 2022, D1A1
boasted a 4.02% and 2.64% higher proportion of productive tillers
than D1A4, respectively. At the highest seeding density (D5), the
variance further widened, with D5A1 leading D5A4 by 21.94% and
27.80%. Specifically, during the jointing stage of 2021, D5A1 had
487.98x10%ha’!, slightly above D1A1’s 474.02x10*ha’’. However,
D5A4 displayed a significant decrease to 400.17x10*ha™", which is
17.99% lower than D5A1l. The trend where the percentage of
productive tillers initially increases with the age of the seedlings
and then diminishes was observed, peaking with A2-aged seedlings
across all seeding densities. Remarkably, the D4A2 treatment
exhibited the highest percentages of productive tillers in both
years, recording 344.18x10"ha™" and 336.97x10"ha™".

3.4 Leaf area index

Tables 4 and 5 reveal the trends in the Leaf Area Index (LAI).
During the Jointing Stage (JS), LAI gradually decreased with the
increasing age of transplanted seedlings. For seeding densities
between D1 and D4, LAI initially increased and then decreased
with seedling age during the Heading Stage (HS) and Maturity Stage
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(MS). Notably, except for the D5 treatment, the highest LAI was
consistently observed at seedling age A2 across all seeding density
treatments during both the HS and MS stages. The 2021 data
indicates that the peak LAI value for A2 seedlings at D4 seeding
density was 7.14 during HS and 3.98 during MS, which were 19.60%
and 40.64% higher, respectively, compared to D4A4 during the
same periods.

3.5 Crop growth indicators

Figure 3 indicates that during the Transplanting Stage (TS) to
TS-JS, variations in rice photosynthetic potential were relatively
minor. Under the same seeding rate, a declining trend was observed
in the photosynthetic potential from JS-HS with increasing
transplanting seedling age, which then showed a pattern of initial
increase followed by a decrease during HS-MS. This trend became
more pronounced with increased seeding density. For instance, in
2021, during the JS-HS period, the photosynthetic potential of
D1A1 was 8.77% higher than D1A4, whereas D5A1 exceeded
D5A4 by 30.73%; this changed to 8.39% and 25.26%, respectively,
in the HS-MS period. The crop growth rate followed a similar
pattern, with DIA1 exceeding D1A4 by 4.83% and D5Al
outperforming D5A4 by 9.50% during the JS-HS period, and
3.48% and 77.65%, respectively, during the HS-MS period.
Notably, under high seeding densities, the net assimilation rate
significantly increased with transplanting seedling age during the
JS-HS period but decreased during the HS-MS period.

3.6 Biomass accumulation and ratio to
total during the main stages

The analysis of Figure 4 indicates that during the JS, there was
minimal variation in biomass accumulation among the treatments.
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FIGURE 2

Tillers and percentage of productive tillers of rice affected by increased seeding density and seedling age with crop straw boards for seedling
cultivation. (A) Tillers and percentage of productive tillers of rice in 2021. (B) Tillers and percentage of productive tillers of rice in 2022

However, in the MS, the D5 seeding density treatment showed a
decline in biomass accumulation with increasing age of
transplanted seedlings, while other seeding densities followed a
pattern of an initial increase and then a decrease. Notably, under
high seeding densities and older transplant ages, biomass
accumulation during MS significantly dropped. For instance, in
2021 and 2022, biomass accumulation for D5A1 was 7.32 tha™ and
7.16 tha™, respectively, whereas D5A4 dropped to 4.05 tha™ and
3.24 tha''. Further research revealed that the ratio of dry matter
accumulation in rice gradually diminished with the increase in
seeding density and age of transplanted seedlings. This effect was
particularly significant at seeding densities of D4 and D5, where the
dry matter accumulation ratio at seedling age A4 was considerably
lower compared to other treatments in similar conditions.
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3.7 Dry matter weight per stem and
population during the main stages

During the TS, as evidenced by Figure 5, the dry matter weight
per stem was at its peak for seedlings at age A4, and the total dry
matter weight of the rice population also peaked at this stage.
However, with increasing seeding densities, these values began to
decline. During the JS and the HS, the differences between
treatments were minimal. As shown in Figure 3, by the MS, an
increase in seedling age and seeding density led to a reduction in dry
matter weight, particularly noticeable at higher densities. For
instance, in 2021 and 2022, the dry matter weight per stem for
D1A1 was 3.31 g and 5.24 g higher, respectively, than for D5A4.
Excluding the D5 density, with changes in seeding density, the
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TABLE 4 Leaf area index (LAI) affected by increased seeding density with crop straw boards for seedling Cultivation (2021).

HS
%zﬁii?g Seedling age Effective High effective leaf area index
LAI LAI (%)

Al 4.52a 6.89a 3.78a 54.96a 3.24ab

A2 4.36ab 7.01a 3.83a 54.65a 3.38a

D1 A3 4.19bc 6.69ab 3.72ab 55.59a 3.18ab
A4 4.02¢ 6.47b 3.61b 55.86a 3.04b

Mean 4.27a 6.77a 3.73a 55.27a 3.21b

Al 4.67a 6.93ab 3.87a 55.85a 3.38b

A2 4.39ab 7.05a 3.98a 56.51a 3.63a

D2 A3 4.16bc 6.61bc 3.64b 55.11a 3.09¢
A4 3.98¢c 6.38¢ 3.53b 55.42a 2.96¢
Mean 4.3a 6.74a 3.76a 55.72a 3.26ab

Al 4.71a 7.02a 3.91b 55.76a 3.58a

A2 4.53a 7.12a 4.13a 57.99a 3.77a

D3 A3 3.89b 6.48b 3.57¢ 55.12a 3.03b
A4 3.81b 6.11b 3.43d 56.17a 2.92b

Mean 4.23a 6.68ab 3.76a 56.26a 3.33a

Al 4.76a 7.08a 3.99b 56.44a 3.79b

A2 4.6la 7.14a 4.17a 58.44a 3.98a

D4 A3 3.72b 6.29b 3.52¢ 55.99a 2.85¢
A4 3.23c 5.97b 3.37d 56.57a 2.83¢

Mean 4.08b 6.62ab 3.76a 56.86a 3.36a

Al 4.83a 6.97a 3.82a 54.81a 3.64a

A2 4.57a 7.01a 3.73a 53.23a 3.51a

D5 A3 3.61b 6.12b 3.44b 56.25a 2.79b
A4 3.14c 5.89b 3.31b 56.27a 2.73b

Mean 4.04b 6.5b 3.58b 55.14a 3.17b

TS, Transplanting stage; JS, Jointing stage; HS, Heading stage; MS, Maturity stage. LAI, Leaf area index. Different letters indicate statistical significance at the 0.05 probability level.
The bold values represent the average values of all treatments under the same sowing density.

population’s dry matter weight initially increased and then  observed as the seedling age increased to A3-A4. The treatments with

decreased, reaching the highest value at age A2. Specifically, as
indicated by Figure 3, in 2021, D1A2 was 1.21% and 5.39% higher
than D1A1 and D1A4, respectively, while D4A2 was 2.00% and
23.35% higher than D4A1 and D4A4.

3.8 Grain yield

The fitted parameters are presented along with their standard
errors, which quantify the uncertainty associated with these estimates.
The reduced chi-squared value of 0.05116 and the adjusted R-squared
value of 0.87433 indicate a strong fit to the observed data. The impact
of seedling age on rice yield was found to be less pronounced when
transplanted within A1-A2, but a significant decrease in yield was
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D1-D4 exhibited a trend of increasing and then decreasing yields,
with the highest yield observed when the transplanted seedling age
was A2. Among these treatments, the highest yield was obtained in
the D4A2 treatment. By optimizing the seeding density, age of
transplanting seedlings, and the yield, it was determined that the
high-density seeding model (D3-D5) can effectively maximize yield
potential for Al and A2 seedling ages.

The maximum yield was observed in the D4A2 treatment,
which was 2.89% higher than the conventional combination of
D1A3. However, as the transplanting age of seedlings increases,
there is a significant decline in yield. Conversely, with a
conventional seeding density of D1, the impact of transplanting
seedling age on rice yield is relatively minimal (Figure 6).
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TABLE 5 Leaf area index (LAI) affected by increased seeding density with crop straw boards for seedling Cultivation (2022).

HS
Sdeeidsii?)? Segggng Effective High effective leaf area
LAI LAI (%)

Al 4.51a 6.81ab 3.71ab 54.49a 3.15ab

A2 4.22b 6.99a 3.79a 54.26a 3.29a

D1 A3 4.15bc 6.77ab 3.66ab 54.09a 3.13ab
A4 4.03c 6.52b 3.59b 55.11a 2.98b

Mean 4.23a 6.77a 3.69a 54.49a 3.14a

Al 4.55a 6.86a 3.74ab 54.56a 3.25ab

A2 4.25b 7.06a 3.83a 54.30a 342a

D2 A3 4.09¢ 6.52b 3.62bc 55.55a 3.09bc
A4 3.98¢ 6.33b 3.54¢ 56.03a 2.92c

Mean 4.22a 6.69a 3.68a 55.11a 3.17a

Al 4.59a 6.91a 3.79a 54.86a 3.33b

A2 4.32b 7.14a 3.88a 54.35a 3.64a

D3 A3 3.93¢ 6.41b 3.53b 55.09a 3.04c
A4 3.72d 6.17b 3.47b 56.24a 2.89¢

Mean 4.14b 6.66a 3.67a 55.13a 3.22a

Al 4.64a 6.97a 3.82a 54.82a 3.36b

A2 4.44b 7.25a 3.96a 54.64a 3.76a

D4 A3 3.78¢ 6.28b 3.48b 55.42a 2.95¢
A4 3.53d 5.94c 3.32b 5591a 2.84¢

Mean 4.1b 6.61a 3.64a 55.21a 3.23a

Al 4.73a 6.82a 3.77a 55.32a 3.26a

A2 4.34b 6.93a 3.72a 53.69a 3.12a

D5 A3 3.67¢ 6.12b 3.41b 55.75a 2.84b
A4 3.22d 5.81b 3.28b 56.45a 2.65¢

Mean 3.99¢ 6.42b 3.55b 55.29a 2.97b

TS, Transplanting stage; JS, Jointing stage; HS, Heading stage; MS, Maturity stage. LAI, Leaf area index. Different letters indicate statistical significance at the 0.05 probability level.

The bold values represent the average values of all treatments under the same sowing density.

3.9 Correlation analysis

The correlation analysis revealed a positive association between
all four aspects of yield components and grain yield. Specifically,
grain yield exhibited a negative relationship with dry weight per
stem during the joining stage and the net evaluation rate from
jointing to heading stages. However, there was a significant positive
correlation between grain yield and the net assessment rate from the
heading stage to the maturity stage (Figure 7).

4 Discussion

The aging population and labor shortages in agriculture pose
significant barriers to the traditional, labor-intensive methods of
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rice seedling cultivation and transplanting, thus impeding the
adoption of mechanical techniques. The use of crop straw boards
in high-density seedling cultivation reduces labor dependency and
accelerates the formation of blanket seedlings, which are well-suited
for mechanical transplanting. This research delves into the
synergistic effects of seeding density and transplanting age on rice
yield optimization.

4.1 Effects of seeding density and seedling
age on the growth stage and tiller number
of rice with crop straw board

Research indicates that the growth and regreening stages in rice
are significantly influenced by leaf age (Ling et al., 1983; Jaffuel and
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FIGURE 3

Crop growth indicators of rice affected by increased seeding density and seedling age with crop straw boards for seedling cultivation. (A) Photosynthetic
potential of rice in 2021. (B) Photosynthetic potential of rice in 2022. (C) Crop growth rate of rice in 2021. (D) Crop growth rate of rice in 2022. (E) Net

assimilation rate of rice in 2021. (F) Net assimilation rate of rice in 2022.

Dauzat, 2005; Ye et al,, 2008). While dense planting indeed
exacerbates competition for resources such as light, water, and
nutrients, thus affecting the regreening speed and growth of
seedlings, other factors should also be considered, such as soil
quality, moisture management, and root competition. Additionally,
the impact of seeding density and seedling age on yield is
pronounced, as higher seeding densities often lead to increased
competition among seedlings, which can reduce overall yield unless
managed with precise nutrient and water supplementation strategies.
These factors can influence plant growth responses. For example, the
space available for seedling root development may decrease with
increasing planting density, further affecting root development and
water use efficiency, thus impacting the overall health and growth rate
of the plants (Shi et al., 2017; Lee et al., 2021). Reducing the age at
which seedlings are transplanted can indeed accelerate their post-
transplantation growth, primarily due to the higher growth vigor and
adaptability of younger plants. However, very young seedlings might
be more vulnerable during mechanical transplanting, more
susceptible to damage from mechanical operations. The optimal
transplanting age, which balances seedling robustness with growth
potential, critically influences yield; younger seedlings, while quicker
to establish, may not achieve their full yield potential due to
insufficient root development and lower stress resilience.
Additionally, the root systems of younger seedlings may not be
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sufficiently developed, which could impact their ability to establish
themselves in new environments, especially in terms of water and
nutrient absorption (Pasuquin et al., 2008; Li et al.,, 2017; Yang et al,,
2019; Yuan et al,, 2022; Ling et al,, 2023). Older seedlings, with a
higher leaf age at transplantation, experience about a 4-day delay in

regreening and extend the overall growth phase by 11 to 14 days
(Figure 1; Tables 2, 3). Younger seedlings benefit from longer
vegetative stages due to vigorous root activity that enhances root
development post-transplantation and improves nutrient uptake,
thus prolonging the vegetative phase. Additionally, previous studies
have indicated that tiller numbers post-transplantation vary
significantly with seeding densities and seedling ages,
demonstrating that higher densities typically promote increased
tillering, particularly when combined with optimal seedling ages
that balance youthful vigor with resilience to transplanting stresses
(Zhang et al., 2008; Cheng et al., 2019; Ling et al., 2023). For instance,
during the 2021 jointing stage, D5A1 had a tiller count of
487.98x10%ha™", slightly higher than D1A1’s 474.02x10*ha", while
D5A4 only had 400.17x10*ha™", 17.99% less than D5A1 (Figure 2).
Tiller numbers at maturity increase with seeding density, peaking
with 15-day-old seedlings (Figure 2). Thus, selecting the appropriate
transplanting age is critical for high-density cultivation to avoid
premature or delayed transplanting, which aids in developing more

effective tillers and an appropriate growth period.
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FIGURE 4

Biomass accumulation and ratio of dry matter accumulation of rice affected by increased seeding density and seedling age with crop straw boards
for seedling cultivation. (A) Biomass accumulation of rice in 2021. (B) Biomass accumulation of rice in 2022. (C) Ratio of dry matter accumulation in

2021. (D) Ratio of dry matter accumulation in 2022.

4.2 Effects of seeding density and seedling
age on the photosynthesis production and
dry matter weight of rice with crop

straw board

Leaf area significantly influences rice photosynthesis, crucial for
plant growth and overall dry matter production. Increasing leaf area
correlates positively with higher photosynthetic rates, which in turn
boosts rice yield. Optimal seedling age and density ensure that leaf
expansion maximizes photosynthesis without encountering
diminishing returns from excessive crowding. Studies show that
increasing leaf area within a reasonable range can enhance the
photosynthetic capacity of rice, thereby increasing dry matter
accumulation (Xiong et al., 2015; Tian et al., 2017). Leaf area in
seedlings aged A1 to A4 expands initially then contracts, peaking at
A2 (Tables 4, 5). This dynamic change in leaf area affects yield, with
peak leaf area at A2 corresponding to optimal photosynthetic
efficiency and maximum yield potential. Extensive research has
documented that prolonging the transplanting age from A2 to A4
leads to diminished stress resistance in seedlings, primarily
attributed to the reduced enzymatic activities such as POD and
CAT. These changes in enzymatic activity can delay the plant’s
recovery from transplant shock, potentially reducing yield. A
shorter recovery period facilitates quicker resumption of growth
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and can lead to higher overall yield. These enzymatic changes
directly impact cellular processes critical for stress adaptation and
recovery, thus affecting overall plant resilience and growth (Zhang
et al, 2008; Liu et al., 2015; Shehata et al., 2022). This enzymatic
reduction affects seedling quality, delays recovery, slows tillering,
and ultimately reduces the leaf area index (Sui et al., 2013; Wang
etal, 2019). As a result, under the same seeding density, an increase
in seedling age is associated with a significant reduction in
photosynthetic potential and growth rate during the HS and MS
stages (Figure 3). To counter these effects, mechanically
transplanted rice should be transplanted at the optimal age to
achieve a larger leaf area, thereby enhancing photosynthetic
capacity and laying the groundwork for increased biomass
accumulation (Liu et al., 2017). Additionally, the accumulation of
dry matter from the heading to maturity stages significantly dictates
rice yield (Huang et al., 2019; Zhang et al,, 2023). Under the same
seeding density, dry matter weight trends upward initially then
declines with seedling age during the HS-MS period (Figures 4, 5),
consistent with the trends observed in photosynthetic potential and
growth rates (Figure 3). This is primarily because a higher leaf
photosynthetic potential accelerates the conversion of carbon
dioxide and water into carbohydrates such as glucose and
synthesizes starch in the leaves to support the formation and
development of grains (Takai et al., 2010; Gu et al,, 2017). Our
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LAI-HS, Leaf area index during heading stage; LAI-MS, Leaf area index during mature stage; PPT-TS to JS, Photosynthetic potential from
transplanting stage to jointing stage; PPT-JS to HS, Photosynthetic potential from jointing stage to heading stage; PPT-HS to MS, Photosynthetic
potential from heading stage to mature stage; CGR-TS to JS, Crop growth rate from transplanting stage to jointing stage; CGR-JS to HS, Crop
growth rate from jointing stage to heading stage; CGR-HS to MS, Crop growth rate from heading stage to mature stage; NAR-TS to JS, Net
assimilation rate from transplanting stage to jointing stage; NAR-JS to HS, Net assimilation rate from jointing stage to heading stage; NAR-HS to MS,
Net assimilation rate from heading stage to mature stage; PN, Panicle number; GY, Grain yield.

study indicates a positive correlation between dry matter weight and
photosynthetic potential and growth rates (Figure 7). Thus, under
high-density conditions, rice yield initially increases then decreases
with transplanting age, with extended ages seeing more significant
yield drops (Figure 6).

This study underscores the importance of optimizing the leaf area
index (LAI) and seeding density to maximize photosynthesis and dry
matter accumulation in rice, significantly impacting yield. It reveals
that A2-aged seedlings at D4 density perform best from heading to
maturity, highlighting the need for careful management of seedling
age and density. Additionally, the use of crop straw boards as seedling
material reduces labor for mechanical transplanting and enhances
production efficiency. Further research is needed to explore the
interaction between seeding density and transplanting age, and how
they affect the occurrence of tillers at different leaf positions in rice.
This will enable the analysis of the impact of tillers at different leaf
positions on rice leaf area. Moreover, studying the mechanisms of
photosynthate transfer across different densities and ages will
contribute to enhancing rice yield and efficiency.

5 Conclusion

Increasing the seeding density in rice seedling cultivation
prolongs the total growth phase by an estimated 3-4 days.
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Conversely, reducing the transplantation age can substantially
shorten the growth phase by approximately 12-13 days. Compared
to the traditional method of transplanting at 150 g/tray (3.2
grains-cm ) after 20 days, an optimized approach using 300 g/tray
(6.4 grains.cm™) and transplanting at an earlier age of 15 days not
only reduces the total growth phase but also significantly enhances
dry matter accumulation, photosynthetic capacity, and yield. For
instance, preliminary data suggest an increase in yield by up to 20%
when using the optimized method. The use of crop straw boards for
seedling cultivation further accentuates these benefits, possibly by
improving root development and nutrient uptake. This study
underscores the importance of optimizing seeding density and
transplantation age to boost productivity, which could substantially
decrease the costs associated with seedling cultivation. Furthermore,
it lays a theoretical foundation for simplifying the production of
mechanically transplanted rice in the future. To further explore high-
yield rice models, future research should investigate the impact of
different seeding densities on rice tillering number and quality, and
how these factors influence overall plant health and yield.
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