Chilean J. Agric. Anim. Sci., ex Agro-Ciencia (2025) 41(1):59-75. 59
https://doi.org/10.29393/CHJ A AS41-7PDEM50007

v/
A )

ISSN 0719-3890 online

ASSESSMENT OF PLANT DENSITY AND INTERACTIONS WITH SOIL
TYPES AND TRANSPLANTING METHODS IN RICE CULTIVATION

Ebrahim Rezaei'?, Morteza Sam Daliri'®>, Hamid Reza Mobasser**, Amir Abbas Mousavi
Mirkolaei's, and Morteza Moballeghi'

12 Department of Agronomy, Faculty of Agriculture, Chaloos Branch, Islamic Azad University, Chaloos,
Iran. https://orcid.org/0009-0008-6892-8549

» Department of Agronomy, Faculty of Agriculture, Chaloos Branch, Islamic Azad University, Chaloos,
Iran. https://orcid.org/0000-0002-7216-6937

2 Department of Agronomy, Faculty of Agriculture and Natural Resources, Qaemshahr Branch, Islamic
Azad University, Qaemshahr, Iran. https://orcid.org/0000-0002-6724-3045

!c Department of Agronomy, Faculty of Agriculture, Chaloos Branch, Islamic Azad University, Chaloos,
Iran. https://orcid.org/0009-0001-4429-6056

!4 Department of Agronomy, Faculty of Agriculture, Chaloos Branch, Islamic Azad University, Chaloos,
Iran. https://orcid.org/0000-0002-7346-5453

* Corresponding author: drmobasser.neg@gmail.com

ABSTRACT

Soil properties play a critical role in determining rice yield by influencing both belowground
and aboveground parts of the plant, while also affecting optimal plant density. This study aimed to
evaluate the effects of plant density and its interactions with two distinct soil types under manual
and mechanical transplanting across two growing seasons of rice cultivation. A split-split plot
arrangement was employed within a randomized complete block design with four replications.
Two soil types with distinct properties (first soil type and second soil type) were considered as the
main factor, planting methods (manual and mechanical transplanting) as the sub-factor, and plant
densities (15.9, 20.8, and 27.8 plants m™) as the sub-sub-factor. Phenological traits, root characteristics,
yield, and yield components were assessed. In 2022, at panicle initiation, the longest root length
(23.93 cm) was observed at a density of 27.8 plants m?, while the highest root fresh weight (66.23 g)
was recorded in the second soil type. At maturity, the second soil type with manual transplanting
had the longest root length (22.43 cm) and, with a density of 15.9 plants m-2, exhibited the highest
fresh root weight (86.40 g). Regarding number of spikelets per panicle, in 2021, the highest values
were observed in the first and second soil types at 27.8 and 15.9 plants m?, reaching 122.7 and 122.1
spikelets, respectively; in 2022, the second soil type with 27.8 plants m? recorded the highest value
of 122.4 spikelets. The second soil type with 27.8 plants m? achieved the highest number of panicles,
with values of 554.6 and 547.4 under mechanical and manual transplanting, respectively. Grain yield
was indirectly influenced by yield components, being 8.7% higher in the second soil type compared
to the first soil type (8048 kg ha™), peaking at 8687 kg ha™ at a density of 27.8 plants m™. A density of
27.8 plants m? increased the number of spikelets per panicle in the first soil type, while it increased
the number of panicles per m?in the second soil type. Accordingly, a density of 27.8 plants m? is
recommended for both soil types.
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INTRODUCTION

Rice (Oryza sativa L.) is a globally important
food crop (Pengetal.,2023). Global rice production
in 2022/23 reached 513.7 million metric tons,
marking a decrease compared to the previous
year (USDA, 2023). Therefore, increasing yield
and sustainable production of rice is essential for
food security (Peng et al., 2023).

Deficiencies in the physical and chemical
properties of soil affect plant growth and
morphology (Mangosongo et al, 2019). For
instance, soil pH determines alkalinity and
chemical reactions between water and minerals
(Imran et al., 2010). Soil texture also influences
root penetration, as well as the movement of
water and nutrients (Landon, 1991). Therefore,
assessing soil conditions for rice cultivation based
on these characteristics is essential (Safitri et al.,
2021).

Rice planting can be performed on nursery beds
or seedling trays, with seedlings transplanted
either manually or mechanically (Ebrahimi et al.,
2020). The mechanical method requires less land
for the seedbed and offers high efficiency as it
can cover a larger area in less time (Zhang and
Gong, 2014). However, land scarcity and poor
financial constraints pose significant barriers
to the adoption of this technology (Saha et al.,
2021). Furthermore, seedlings may be weak and
susceptible to damage during transplantation
(Xing et al., 2017).

Determining the optimal planting density for
high-yield rice is crucial (Hu et al., 2020) and
can help maximize crop yield (Afa et al., 2023).
Plant density creates competition among plants
(Pithaloka et al., 2015), which, when properly
managed, allows for the efficient use of growth
factors and increases yield (Kulig et al., 2019).

A study on loamy soil with 2.70-2.82% organic
matter showed that increasing plant density
in manual transplanting enhances rice grain
yield (Yahyazadeh et al., 2023). Dou et al. (2021)
examined various plant densities in mechanical
transplanting on soil with 35.6 g kg™ of organic
matter, and found that reducing plant density
decreases the number of panicles and grain yield
per hectare.

Rice paddy soils in various rice-growing
regions worldwide exhibit considerable variation
in their physical and chemical properties,
resulting in differences in their capacity to meet
the requirements of plant populations. Since
rice transplanting in these regions is carried out
both manually and mechanically, with varying
proportions, this study was designed based on
two hypotheses: i) Soil properties, by influencing
root characteristics and yield components, play

a key role in determining optimal plant density;
and ii) Optimal grain yield is influenced by soil
properties and plant density. Therefore, this study
aimed to evaluate the effects of plant density
and its interactions with two distinct soil types
under manual and mechanical transplanting
of rice cultivation across two growing seasons.
To achieve this, phenological traits, root
characteristics, yield, and yield components were
assessed.

MATERIALS AND METHODS

The experiment was conducted using a split-
split plot arrangement within a randomized
complete block design with four replications,
across two growing seasons (2021 and 2022)
at the Faculty of Agriculture and Natural
Resources, Islamic Azad University, Qaemshahr
Branch (36°29'N, 52°50'E; 29 m above sea level)
in Mazandaran Province, along the Caspian Sea’s
coastal strip (Fig. 1).

Meteorological parameters of the experimental
site, including average temperature, total
precipitation, and total hours of sunlight, were
measured for the rice-growing period in 2021 and
2022. The average temperatures for the months
of May, June, July, and August in 2021 were
recorded as 19.9°C, 26.0°C, 27.7°C, and 27.5°C,
respectively. In 2022, the corresponding values
were 20.5°C, 26.0°C, 29.3°C, and 29.6°C. The total
precipitation for the same months in 2021 was
33.4 mm, 4.0 mm, 16.6 mm, and 39.2 mm, while
in 2022, it amounted to 40.6 mm, 26.4 mm, 25.5
mm, and 27.9 mm, respectively. Additionally, the
total hours of sunlight recorded were 182.5, 297.0,
255.5, and 134.7 hours in 2021, compared to 150.0,
219.5,231.5, and 231.7 hours in 2022, respectively.
The treatments consisted of two soil types with
different physicochemical properties (first soil
type and second soil type) as the main factor,
planting methods (manual transplantation and
mechanical transplantation) as the sub-factor,
and plant densities (15.9, 20.8, and 27.8 plants m?,
corresponding to spacings of 30 x 21 cm, 30 x 16
cm, and 30 x 12 cm, respectively) as the sub-sub-
factor. The soil types corresponded to two fields
located 400 meters apart, and their properties are
detailed in Table 1.

During the experimental period (2021 and
2022), the fields were exclusively used for rice
cultivation and remained fallow at other times.
Soil chemical analysis was conducted only during
the first year.

Shiroudi rice, the cultivar studied, is a high-
yielding, late-maturing, and short-statured
variety. This cultivar is known for its high
yielding potential, good cooking quality, high
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B Mazandaran Province
® Qaemshahr

Fig. 1. Study area in Qaemshahr County, Mazandaran Province, Iran.

Table 1. Physicochemical properties of the studied soils (0 to 30 cm depth).

Soil properties Unit First soil type Second soil type
Physical
Sand % 19.84 23.84
Silt % 30.86 38.86
Clay % 49.30 37.30
Soil texture - Clay Clay Loam
Chemical
pH - 7.29 7.24
Electrical conductivity d.Sm™ 1.70 1.60
Organic matter % 2.63 3.31
Organic carbon % 1.53 1.92
Available P Mg kg 30.45 27.93
Available K Mg kg 451.61 435.69

marketability, and resistantance to pests and
diseases (Rice Research Institute of Iran, 2015).
To prepare seedlings for manual transplanting,
healthy seeds were first soaked in water for
24 hours and then in a 0.2% solution of the
fungicide carboxin thiram for another 24
hours. This fungicide, commercially known as
Vitavax, is used to control brown spot disease
(Cochliobolus ~ miyabeanus) and rice seedling
blight (Gibberella fujikuroi). The disinfected seeds
were kept in a warm room at 26°C for 72 h to
germinate. The germinated seeds (2 to 3 mm)

were then planted in a nursery that had been
prepared a week in advance. The seedlings used
for mechanical transplanting were obtained
from the seedling bank on the scheduled date.
The age of the seedlings was set at 30 days for
manual transplanting and 25 days for mechanical
transplanting. In mechanical transplanting,
the seedlings need to be younger to prevent
thick stems from causing issues during the
transplanting process.

The experimental fields were cultivated
with rice in 2020. Plowing, rotavating, leveling,
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and smoothing were carried out to prepare
the seedbed. The fields were divided into four
replications, with a two-meter gap between them.
Each replication consisted of six plots (4 m x 5
m), separated by ridges 20 cm high and 50 cm
wide. Transplanting was done on May 3 in both
years, with each plot containing four seedlings.
Manual transplanting was performed by laborers
using marked wooden boards (400 cm long, with
widths of 21, 16, and 12 cm). For mechanical
transplanting, a four-row transplanter (Yanmar,
made in Korea) with a planting depth of 4 cm was
used. After transplanting, flooding was applied
gradually.

Base fertilizers rates were determined
according to the results of soil analysis (Table 1).
Forbothsoil types, 46 kg ha™ of pure nitrogen from
urea fertilizer (46% N) and 34.5 kg ha' of pure
phosphorus from triple superphosphate fertilizer
(46% P,0,) were applied. No potassium fertilizer
was required. The fertilizers were calculated
based on the area of each plot and applied
manually. Phosphorus fertilizer was applied
before transplanting, while nitrogen fertilizer
was applied at the basal, panicle initiation, and
full heading stages (Mobasser et al., 2005). To
prevent the loss of water and urea fertilizer, the
plots were covered with plastic sheets to a depth
of 30 cm. Additionally, the water channels to the
plots were blocked for 48 hours after fertilization
to ensure complete absorption. Insects, weeds,
and diseases were also controlled as needed.

Harvesting was conducted after physiological
maturity on August 15 in both years. Sampling
was performed by eliminating the edge effect in
each plot. The number of days from transplanting
to flowering and from flowering to physiological
maturity were examined as phenological traits,
determined based on the BBCH scale. Root
characteristics were assessed at the early tillering
stage, panicle initiation, and physiological
maturity. For this purpose, five plants, along
with the surrounding soil (20x20x30 cm), were
removed from each plot and washed (Qi et al,,
2012). Subsequently, root length and root fresh
weight were measured (Mobasser et al., 2024).
The number of panicles m? was determined by
counting all the panicles in a 1 m? area of each
plot. The total number of spikelets was calculated
by averaging 20 panicles. The thousand-grain
weight was determined by counting 10 samples
of 100 grains each and weighing them. To
calculate yield, all plants from the middle of each
plot, covering an area of 4 m?, were harvested and
kept in an oven until they reached zero moisture.
Subsequently, the grains were separated from
the straw and weighed as grain yield and straw
yield, expressed in kg ha’. The harvest index

was calculated as the ratio of grain yield to
biological yield (grain + straw) and expressed as a
percentage. The moisture content of the grains at
the time of measuring the thousand-grain weight
and grain yield was 14% (Alipour Abookheili et
al., 2024).

After the Bartlett test, the combined analysis
of variance of the data was performed using SAS
version 9.2 and MSTAT-C statistical software.
Means were compared using Tukey’s test at the
5% probability level. If the interaction effects
between treatments were significant, the main
effects were ignored. Tables and figures were
drawn using Word 2007 and Excel 2007.

RESULTS AND DISCUSSION

Phenological traits

The number of days from transplanting to
flowering and from flowering to maturity were
significantly affected by the main effects of
year (F = 50.84, p < 0.0001; F = 9.10, p = 0.0041,
respectively), planting method (F = 2583.31, p <
0.0001; F = 19.64, p < 0.0001, respectively), and
the interaction of year x soil type (F = 86.94, p <
0.0001; F = 9.10, p = 0.0041, respectively) at the
1% probability level. Furthermore, the number
of days from transplanting to flowering was
significantly influenced by the main effect of
soil type (F = 40.95, p < 0.0001), as well as the
interaction effects of soil type x planting method
(F = 22,60, p < 0.0001) and year x soil type x
planting method (F = 10.83, p = 0.0019) at the 1%
probability level. The interaction effect of soil
type x planting method also showed a statistically
significant difference in the number of days from
flowering to maturity (F = 4.70, p = 0.0351) at the
5% probability level (Table 2).

Fig. 2 shows that the minimum number of
days from transplanting to flowering in 2021
was achieved in the first soil type with manual
transplanting (52.08 days). In contrast, the
maximum number of days in 2022 was observed in
the same soil type with mechanical transplanting
(68.50 days). The higher total precipitation
and fewer sunlight hours in the early months
of 2022, along with the delay in initial seedling
establishment in mechanical transplanting, could
explain this difference.

Table 3 indicates that the shortest period from
flowering to maturity in 2022 was observed in
the first soil type (41.33 days) and in the first soil
type with manual transplanting (41.21 days).
Meanwhile, the highest number of days were
recorded for both the first and second soil types
with mechanical transplanting, at 44.13 and 44.00
days, respectively.

Phenology plays a

crucial role in the
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B Manual transplanting

Transplanting to flowering (days)

First soil type

2021

Second soil type

B Mechanical transplanting

First soil type Second soil type

2022

Fig. 2. Interaction effect of year, soil type, and planting method on the number of days from
transplanting to flowering. Bars represent the mean of four replicates, with error bars
indicating the standard error of the mean. Means with different letters are statistically different

according to Tukey's test (P < 0.05).

Table 3. Comparison of mean days from flowering to maturity (FTM) under the interac-
tion effects of Year x Soil type and Soil type x Planting method.

Year x Soil type FTM (days) Soil type x Planting method FTM (days)
FST 44.00 a MAT 4121 ¢

2021 SST 43.50 ab FST MET 44.13 a
FST 41.33Db MAT 43.00b

2022 SST 43.50 ab SST MET 44.00 a

Means with the same letters are not significantly different according to Tukey’s test (P < 0.05).
Abbreviations: FST; First soil type, SST; Second soil type. MAT, Manual transplanting; MET, Mechanical

transplanting.

interception of radiation by the rice canopy
(Katsura et al., 2008) and significantly affects
grain yield (Guo et al., 2021; Guo et al., 2020;
Katsura et al, 2008). In agreement with our
findings, studies conducted by Mobasser et al.
(2024; 2007) demonstrated that plant density
does not significantly affect phenological traits.
In their most recent study, the authors evaluated
different plant densities in three types of soil with
varying physical and chemical properties (fertile,
semi-fertile, and infertile) and reported that the
number of days from flowering to maturity was
not influenced by soil type. However, the highest
number of days from transplanting to tillering
and the lowest number of days from tillering
to flowering were observed in infertile soil
(Mobasser et al., 2024). In contrast to our findings,
Jiang et al. (2019) demonstrated that soil fertility
levels do not significantly affect the growth
period of different rice varieties. Regarding rice

planting methods, our results are consistent with
the finding of previous studies. Specifically, the
growth stages in mechanical transplanting are
delayed compared to manual transplanting (Liu
et al., 2015; Huo et al., 2012). This delay may be
attributed to the negative effects of mechanical
transplanting on seedling roots, which take
approximately 10 to 14 days to recover (Liu et al.,
2015).

Root characteristics

The combined analysis of variance from
the data in Table 2 indicated that root length
at the tillering and panicle initiation stages
was significantly affected by the main effect
of the year (F = 12.95, p = 0.0008; F = 7.63, p =
0.0081, respectively) at the 1% probability level.
Additionally, all root characteristics, including
root length at the tillering, panicle initiation, and
maturity stages, as well as root fresh weight at the
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same stages, showed significant differences under
the main effect of soil type (F = 101.64, p < 0.0001;
F =121.86, p < 0.0001; F = 31.18, p < 0.0001; F =
23.49, p <0.0001; F =22.57, p <0.0001; F =21.89, p
<0.0001, respectively) at the 1% probability level.
Root length at the tillering, panicle initiation, and
maturity stages, as well as root fresh weight at the
tillering stage, were significantly influenced by
the main effect of planting method (F=213.37, p <
0.0001; F = 64.10, p < 0.0001; F = 41.05, p < 0.0001;
F = 62,59, p < 0.0001, respectively) at the 1%
probability level. The root length at the panicle
initiation stage under the interaction of year x
soil type (F =4.11, p = 0.0482), and at the maturity
stage under the interaction of soil type x planting
method (F=4.78, p=0.0338), showed a statistically
significant difference at the 5% probability level.
Root fresh weight at the tillering and panicle
initiation stages was also significantly influenced
by the interaction effect of year x soil type (F =
6.06, p =0.0174; F = 4.69, p = 0.0353, respectively)
at the 5% probability level. The main effect of
plant density significantly influenced root length
at the tillering and maturity stages (F =22.12, p <
0.0001; F=10.54, p=0.0002, respectively), and root
fresh weight at the panicle initiation and maturity
stages (F =20.14, p < 0.0001; F = 44.54, p < 0.0001,
respectively) at the 1% probability level. Root
length at the panicle initiation stage (F = 8.36, p =
0.0008) and root fresh weight at the tillering stage
(F = 4.80, p = 0.0126) were significantly affected
by the interaction effect of year x plant density
at the 1% and 5% probability levels, respectively.
Root length at the tillering and maturity stages (F
=8.28, p=0.0008; F =7.88, p=0.0011, respectively)
at the 1% probability level, and root fresh weight
at the maturity stage (F=4.08, p=0.0230) at the 5%
probability level, were significantly influenced by
the interaction effect of soil type x plant density.
Only root length at the tillering stage showed a
significant difference under the interaction effect
of year x soil type x plant density (F = 16.34, p <

0.0001) at the 1% probability level.

Table 4 shows that, at the tillering and panicle
initiation stages, root length in mechanical
transplanting was 2.55 cm and 1.95 cm shorter,
respectively, compared to manual transplanting.
At the tillering stage, root fresh weight in
mechanical transplanting was 38.9% lower than
in manual transplanting. Additionally, at the
panicle initiation stage, the highest root fresh
weight was observed at a density of 15.9 plants
m? (67.54 g).

Fig. 3 shows that at the tillering stage, the
maximum root length in 2021 was observed in
the first soil type, with a density of 27.8 plants m?
(20.59 cm). In 2022, the minimum root length was
recorded in the second soil type, with densities
of 20.8 and 15.9 plants m? (16.31 and 16.46 cm,
respectively).

The two-way interaction effects presented
in Table 5 indicate that, at the panicle initiation
stage, the maximum root length was obtained
in 2022 with the second soil type (24.52 cm).
Additionally, at the same stage, the maximum
root length in 2022 was observed with a density
of 27.8 plants m? (23.93 cm). At the tillering and
panicle initiation stages, the highest root fresh
weight was obtained in 2021 with the first soil
type (5.316 g) and in 2022 with the second soil
type (66.23 g), respectively. Additionally, at the
tillering stage, the minimum root fresh weight
in 2022 was obtained at a density of 20.8 plants
m? (3.010 g). At the maturity stage, the maximum
root length was observed with the second soil
type in manual transplanting (22.43 cm) and for
the same soil type with a density of 15.9 plants
m? (22.19 cm). At the same stage, the highest
root fresh weight with the second soil type was
achieved at a density of 15.9 plants m? (86.40 g).

In infertile soils, plants face soil compaction
and nutrient deficiencies (Liu et al., 2021). Under
these conditions, plants improve nutrient uptake
by increasing root length and the root-to-shoot

Table 4. Comparison of mean root length (RL) and root fresh weight (RFW) in rice at the
tillering (TI) and panicle initiation (PI) stages under the main effects of planting

method and plant density (plant m?).

Treatment RL/TI (cm) RL/PI(cm) RFW/TI (g)
Manual transplanting 19.72 a 23.57 a 5.146 a
Planting method =~ Mechanical transplanting ~ 17.17b 21.62b 3.146 b
RFW/PI (g)
15.9 - - 67.54 a
20.8 - - 48.61b
Plant density 27.8 - - 52.33 b

Means with the same letters are not significantly different according to Tukey’s test (P < 0.05).
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Fig. 3. Interaction effect of year, soil type, and plant density on root length (cm) at the tillering stage.
Bars represent the mean of four replicates, with error bars indicating the standard error of
the mean. Means with different letters are statistically different according to Tukey’s test (P <

0.05).

Table 5. Comparison of mean root length (RL) and root fresh weight (RFW) at the tillering
(TI), panicle initiation (PI), and maturity (MA) stages under two-way interaction
effects composed of year, soil type, planting method, and plant density (plant m?).

Soil RL/PI RFW/TI  RFW/PI  Soil Planting  RL/MA
Year type (cm) (g (g) type method (cm)
FST 21.16 b 5316 a 51.68 ab MAT 20.35b
2021 SST 2336ab  3.468Db 58.35ab  FST MET 19.22d
FST 21.34Db 4200b 48.38Db MAT 2243 a
2022 SST 2452 a 3.597b 66.23 a SST MET 20.13 ¢
Plant RL/PI RFW/TI Soil Plant RL/MA  RFW/MA
Year density (cm) (g) type density (cm) (g)
15.9 22.65b 4.695 a 15.9 20.51 bc 73.18Db
20.8 22.16Db 4518 a 20.8 19.04d 58.53 ¢
2021 27.8 21.97Db 3.964 ab EST 27.8 19.82 cd 46.64 d
15.9 22.19b 4323 a 15.9 2219 a 86.40 a
20.8 22.67ab  3.010b 20.8 21.73ab  60.25c¢
2022 27.8 2393 a 4.363 a SST 27.8 1993 cd  63.68 bc

Means with the same letters are not significantly different according to Tukey’s test (P < 0.05).
Abbreviations: FST; First soil type, SST; Second soil type. MAT, Manual transplanting; MET, Mechanical

transplanting.

ratio (White et al., 2013). However, in fertile soils,
plants tend to increase root diameter and reduce
root length (Wang et al., 2018). Deng et al. (2020)
reported that increasing plant density, especially
under low nitrogen conditions, increases
root length. Additionally, Chen et al. (2021)
demonstrated that root length and root biomass
increase at various growth stages with higher
plant density and increased nitrogen. Mobasser

et al. (2024) examined the effects of three different
plant densities (15.2, 19.6, and 27.8 plants m?)
and soil types (fertile, semi-fertile, and infertile)
on root morphological traits at different growth
stages, and reported that: (1) At the tillering stage,
the longest root length in 2022 was observed in
infertile soil with high density; (2) At the same
stage, the highest root fresh weight was found
in infertile soil, and the lowest in fertile soil; (3)
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At the panicle initiation stage, the longest root
length in 2023 was recorded with high density;
(4) At the same stage, root length in fertile soil
was greater than in infertile soil; (5) At the panicle
initiation and flowering stages, root fresh weight
was higher in fertile soil than in infertile soil;
(6) At the same stages, the highest root fresh
weight was observed at low density; and (7) At
the flowering stage, the maximum root length in
fertile soil was obtained with low and medium
densities (Mobasser et al., 2024).

Yield components

The number of panicles m? (F=6.67, p=0.0129)
at the 5% probability level and the thousand-grain
weight (F=10.51, p =0.0022) at the 1% probability
level were significantly affected by the main
effect of the year. The main effects of soil type
and planting method on the number of panicles
m? (F = 17.22, p = 0.0001; F = 10.36, p = 0.0023,
respectively), the total number of spikelets per
panicle (F =20.07, p < 0.0001; F = 94.56, p < 0.0001,
respectively), and the thousand-grain weight (F =
10.91, p=0.0018; F =92.39, p <0.0001, respectively)
showed statistically significant differences at the
1% probability level. The thousand-grain weight
was significantly affected at the 5% probability
level by the interactions of year x planting method
(F =4.26, p = 0.0443), soil type x planting method
(F=5.98, p=0.0182), and year x soil type x planting
method (F = 4.34, p = 0.0425). The interaction of
soil type x planting method significantly affected
the number of panicles m? (F = 4.30, p = 0.0435)
and the total number of spikelets per panicle (F
=14.05, p = 0.0005) at the 5% and 1% probability
levels, respectively. The total number of spikelets
per panicle was significantly affected by the main
effect of plant density (F = 9.91, p = 0.0002) at the
1% probability level. Furthermore, statistically
significant differences at the 5% probability level
were observed under the interaction effects of
soil type x plant density (F = 3.41, p = 0.0411),
planting method x plant density (F = 3.67, p =
0.0328), and soil type x planting method x plant
density (F = 3.71, p = 0.0318). The number of
panicles m? was significantly affected at the 1%
probability level under the same interactions (F
=24.85, p <0.0001; F =5.99, p = 0.0048; F = 5.85,
p = 0.0053, respectively). The total number of
spikelets per panicle was significantly affected by
the interaction effect of year x soil type x plant
density (F = 3.39, p = 0.0420) at the 5% probability
level (Table 6).

Table 7 shows that the number of panicles
m? in 2022 was 15.5 panicles more than in
2021. According to the results of the three-way
interactions, the highest thousand-grain weight
in 2021 and 2022 was obtained with the first type

of soil in mechanical transplanting (28.11 and
28.16 g, respectively). The lowest thousand-grain
weight was observed only in 2021 with the same
soil in manual transplanting (26.65 g) (Fig. 4).

The thousand-grain weight is a genetic
trait that varies depending on the cultivar.
However, a reduction in thousand-grain weight
is observed under stress conditions such as
poor soil fertility (Jiang et al., 2019; Tanzi et al.,
2013). Conversely, an increase in thousand-grain
weight is influenced by yield components such as
the number of panicles m?, the total number of
spikelets per panicle, and the percentage of filled
spikelets (Zhou et al., 2023; Wafa and Kakar, 2022;
Chen et al., 2022).

The maximum total number of spikelets
per panicle in 2021 was observed with the first
soil type and a density of 27.8 plants m? (122.7
spikelets) and with the second soil type and a
density of 15.9 plants m? (122.1 spikelets). Similar
results were obtained in 2022 with the second
soil type and a density of 27.8 plants m? (122.4
spikelets) (Fig. 5).

The highest number of panicles m? in the
second type of soil was obtained with mechanical
transplanting and a density of 27.8 plants m?
(554.6 panicles), and with manual transplanting
at the same plant density (547.4 panicles). The
lowest number of panicles m? and the highest
total number of spikelets per panicle (427.0
panicles and 134.1 spikelets, respectively) were
obtained with manual transplanting in the first
type of soil at the same plant density (Fig. 6 and
7). Under these conditions, where an increase
in one yield component is accompanied by a
decrease in another, no change in grain yield is
observed. This suggests that grain yield was not
affected by the mentioned interaction.

Wang et al. (2014) examined different plant
densities in two types of soil and showed that
the highest number of panicles m? was obtained
at the highest plant density. Additionally, the
authors reported that, in less fertile soil, the
lowest number of spikelets per panicle was
observed at the highest plant density. In a similar
experiment, Mobasser et al. (2024) investigated
different plant densities in three types of soil,
reporting that: (1) the highest number of panicles
m?in 2023 was obtained in fertile soil with high
density; (2) the highest number of spikelets per
panicle was obtained at low density, which was
not statistically different from high density;
and (3) the highest thousand-grain weight
was recorded in the fertile soil. Ebrahimi et al.
(2020) demonstrated that the number of grains
per panicle and the thousand-grain weight did
not differ statistically between mechanical and
manual transplanting. However, the number
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transplanting. Zhu et al. (2023) also observed a

of panicles m? was 8.1% higher in mechanical
transplanting. These findings are consistent with

significant effect of planting method on rice yield

components.

our results but contradict those of Liu et al. (2015).

Wang et al. (2014) also found a higher number of
panicles m? in mechanical transplanting, while

1d, straw yield, and harvest index

The combined analysis of variance showed
that only straw yield was significantly affected by

in yie
the main effect of the year (F

Gra

manual transplanting resulted in the lowest
number of panicles m? and the highest number
of spikelets per panicle, which was consistent

5.41, p=0.0243) at

4433, p <

and harvest index were significantly influenced

the 5% probability level. Grain yield, straw yield,
by the main effect of soil type (F

with our results. Additionally, in the first year
of the experiment, the thousand-grain weight
was higher in some varieties with manual
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Table 7. Comparison of mean number of panicles m?, grain yield, straw yield, and harvest in-
dex in rice under the main effects of year, soil type, planting method, and plant density

(plants m?).

Number of Grainyield Strawyield Harvestindex
Treatment panicles m? (kg ha?) (kg ha?) (%)
2021 502.6 b - - -
Year 2022 518.1a - - -
FST - 8,048 b - -
Soil type SST - 8,817 a - -
MAT - - 10,866 a 4397 b
Planting method MET - - 10,130 b 46.07 a
15.9 - 8,215b - -
20.8 - 8,396 b - -
Plant density 27.8 - 8,687 a - -

Means with the same letters are not significantly different according to Tukey’s test (P < 0.05).
Abbreviations: FST; First soil type, SST; Second soil type. MAT, Manual transplanting; MET, Mechanical

transplanting.

® Manual transplanting

Thousand-grain weight (g)

First soil type Second soil type

2021

B Mechanical transplanting

a

First soil type Second soil type

2022

Fig. 4. Interaction effect of year, soil type, and planting method on thousand-grain weight (g). Bars
represent the mean of four replicates, with error bars indicating the standard error of the
mean. Means with different letters are statistically different according to Tukey’s test (P <

0.05).

0.0001; F =124.69, p <0.0001; F =50.14, p <0.0001,
respectively) at the 1% probability level. The
grain yield (F=5.68, p =0.0061) and harvest index
(F =11.13, p = 0.0016) were significantly affected,
respectively, by the main effects of plant density
and planting method at the 1% probability level.
Similarly, straw yield under the main effects of
planting method and plant density (F =7.40, p =
0.0090; F =9.90, p = 0.0003, respectively) showed
a statistically significant difference at the 1%
probability level. Furthermore, straw yield was
significantly affected by the interaction effect of

year x soil type (F = 6.86, p = 0.0118) at the 5%
probability level. Straw yield and harvest index
showed statistically significant differences under
the interaction effects of year x plant density (F =
10.92, p=0.0001; F=11.01, p=0.0001, respectively)
and year x soil type x plant density (F = 12.32, p
<0.0001; F =11.02, p = 0.0001, respectively) at the
1% probability level. Additionally, the interaction
effect of soil type x plant density was significant
for straw yield (F = 8.39, p = 0.0007) at the 1%
probability level, and for harvest index (F = 3.32,
p = 0.0445) at the 5% probability level (Table 6).
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Fig. 6. Interaction effect of soil type, planting method, and plant density on the number of panicles
m?, Bars represent the mean of four replicates, with error bars indicating the standard error of
the mean. Means with different letters are statistically different according to Tukey’s test (P <

0.05).

The results presented in Table 7 show that
grain yield in the second soil type was 8.7% higher
than in the first soil type. Straw yield in manual
transplanting was 6.8% higher than in mechanical
transplanting, whereas the harvest index in
mechanical transplanting was 2.1% higher than
in manual transplanting. Grain yield increased
by 5.4% with an increase in plant density up to
27.8 plants m?. The highest straw yield and the
lowest harvest index in 2021 were obtained with
the second soil type and a density of 20.8 plants
m? (15039 kg ha™ and 37.00%, respectively) (Fig.

8 and 9).

Recent research indicates that the highest
rice yields are observed in soils rich in organic
matter and essential elements such as nitrogen,
phosphorus, and potassium (Peng et al., 2023).
Additionally, Kheyri et al. (2018) demonstrated
that increasing the availability of nutrients
improves rice grain yield. Additionally, other
researchers have demonstrated that increasing
plant density leads to higher grain yield (Alipour
Abookheili and Mobasser, 2021; Alipour
Abookheili et al., 2020). In fields with fertile soil,
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Fig. 8. Interaction effect of year, soil type, and plant density on straw yield (kg ha?). Bars represent
the mean of four replicates, with error bars indicating the standard error of the mean. Means
with different letters are statistically different according to Tukey’s test (P < 0.05).

the highest grain yield was achieved from high
plant density due to a greater number of panicles
and spikelets per unit area (Zhu et al., 2023; Yang
et al., 2021). Furthermore, in a more recent study
conducted by Mobasser et al. (2024), the highest
grain yield was observed in fertile soil with high
density, while the lowest grain yield was recorded
in infertile soil with high and medium densities.
Andrew Bebeley et al. (2021) reported that
improved physical and chemical properties
of farm soils increase straw yield and harvest
index. Mobasser et al. (2024) also reported that,

over two years of study, increased soil fertility
and improved soil properties led to higher straw
yield, while the harvest index decreased. They
observed the highest straw yield and the lowest
harvest index in fertile soil with medium density
in 2022. Ebrahimi et al. (2020) found no significant
differences in grain yield and biological yield
between mechanical and manual transplanting;
however, the harvest index was 2.1% higher with
mechanical transplanting. Other studies have
indicated that the planting method significantly
influences biomass accumulation and the harvest
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Fig. 9. Interaction effect of year, soil type, and plant density on harvest index (%). Bars represent the
mean of four replicates, with error bars indicating the standard error of the mean. Means with
different letters are statistically different according to Tukey’s test (P < 0.05).

index (Zhu et al., 2023). Additionally, planting
method had a significant impact on total dry
weight, but its effect on the harvest index was
non-significant (Zaraei et al., 2018).

CONCLUSIONS

The results obtained in this study revealed
that the longest root length was observed at the
tillering stage in the first soil type with high
plant density (27.8 plants m?) in 2021. This
likely contributed to an increase in the number
of spikelets per panicle. Notably, this treatment
(the first soil type with high plant density) also
significantly affected the number of spikelets
per panicle in 2022. The first soil type, with a
higher clay content and likely improved water
and nutrient retention, combined with higher
levels of phosphorus and potassium, facilitated
root growth. High plant density, by increasing
competition for soil resources, further intensified
this growth.

Additionally, in 2021, the second soil type with
low plant density (15.9 plants m?), exhibited the
highest number of spikelets per panicle. This was
likely associated with increased root length and
root fresh weight at the maturation stage. The
second soil type, characterized by a lower clay
content, higher silt content, and likely improved
aeration, along with higher levels of organic
carbon, facilitated deeper and more extensive
root growth. Low plant density, by reducing
competition for soil resources, further supported
root development and spread.

Notably, the second type of soil, with high
plant density, demonstrated the highest number

of panicles m? in both manual and mechanical
transplanting methods. It also recorded the
highest number of spikelets per panicle in 2022.
High plant density increased the number of
stems (tillers) per m? and, under the favorable
conditions of the second soil type, including
high levels of organic matter, enhanced both the
number and length of panicles.

Upon further investigation, no clear
relationship was observed between yield
components and grain yield under the influence
of the experimental treatments. However, grain
yield significantly increased in the second soil
type, likely due to the positive effects of this soil
on root characteristics. Additionally, higher plant
density resulted in a significant improvement
in grain yield, which could be attributed to
enhanced soil resource utilization.

In general, grain yield varies with variations
in its components. In this study, grain yield
was indirectly influenced by these components.
The results showed that, in the first soil type, a
density of 27.8 plants m? produced the highest
number of spikelets per panicle, whereas the
same density in the second soil type resulted in
the highest number of panicles m?. Accordingly,
a plant density of 27.8 plants m? is recommended
for both soil types.
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