
Journal of Natural Resources and Environmental Management 
https://doi.org/10.29244/jpsl.14.2.325 

 

 

 
Corresponding Author: Hiroki Oue  oue.hiroki.mh@ehime-u.ac.jp   Graduate School of Agriculture, Ehime University, Matsuyama, 
Ehime, Japan. 
 

© 2024 Yuliawan et al. This is an open-access article distributed under the terms of the Creative Commons Attribution (CC BY) license, allowing 
unrestricted use, distribution, and reproduction in any medium, provided proper credit is given to the original authors. 

Think twice before printing this journal paper. Save paper, trees, and Earth! 

RESEARCH ARTICLE 
  

Comparisons of Growth, Yield, and Meteorological Properties of Rice Canopy 
under Double-Row (Jajar Legowo and Jejer Manten) and Tile Transplanting 
Systems 

 Taufiq Yuliawana,b, Nazif Ichwana,c, Augustine Ukpojua, Fadli Irsyadd, Hiroki Ouee 

a The United Graduate School of Agricultural Sciences, Ehime University, Matsuyama, Ehime, 790-8566, Japan 
b Environmental Research Center, IPB University, Bogor, West Java, 16680, Indonesia 
c Faculty of Agriculture, Universitas Sumatera Utara, Medan, North Sumatera, 20155, Indonesia 
d Faculty of Agricultural Technology, Andalas University, Limau Manis, Padang, 25163, Indonesia 
e Graduate School of Agriculture, Ehime University, Matsuyama, Ehime, 790-8566, Japan 
 

Article History 
Received 19 April 2024 
Revised 22 May 2024 
Accepted 01 June 2024 
 
Keywords  
border effect, double row, 
sink capacity, sink filling 
rate, NDVI  
 
 

 

 

 

 

ABSTRACT 

Over the past decade, the Indonesian government has been recommending double-row 

transplanting systems, i.e., Jajar Legowo (JL) and Jejer Manten (JM), to increase rice production. 

These systems have been reported to obtain higher yield of Indica rice cultivars than the standard 

tile (TL) system, primarily due to the border effect. However, scientific investigations of the border 

effect in these transplanting systems remain limited. This study was conducted during the summer 

seasons in Japan in 2022 and 2023 to observe the plant growth and yield of a Japonica rice cultivar, 

Nikomaru, and to investigate differences in meteorological properties, such as intercepted solar 

radiation (SRint). The study found that higher plant competition for light in JM and JL caused a lower 

tiller number and above-ground biomass (Wt) per hill than in TL. However, due to denser planting, 

JM and JL obtained higher tiller numbers, Wt, and sink capacity per unit area than TL. Additionally, 

the denser canopy in JM and JL compared to TL increased SRint by the whole canopy, even though 

the space between the double rows was wider. Although SRint was not significantly different among 

the systems, higher normalized difference vegetation index in JM and JL was strongly correlated 

with a higher sink filling rate due to the healthier canopy absorbing more solar radiation. The 

synergistic effect of higher sink capacity and sink filling rate led to higher yields in JM and JL than in 

TL. This study suggests that JM is the best transplanting system for increasing rice yield. 

Introduction 

Rice is a staple food for most Asian countries, particularly Indonesia and Japan. Over the last five years, milled 
rice production in Indonesia and Japan has been lower than consumption levels [1]. The IPCC 
(Intergovernmental Panel on Climate Change) has reported that global warming could further reduce rice 
yields [2] by decreasing both the quantity (e.g., [3]) and quality (e.g., [4]) of rice. Therefore, sustainable rice 
production in Indonesia and Japan is a critical food security issue. In order to cope with these problems, the 
Indonesian government has implemented rice intensification strategies, including the adoption of 
transplanting systems designed to increase rice production. One such system is the double-row transplanting 
system, Jajar Legowo (JL), which has been shown to significantly increase yields compared to the standard 
tile transplanting system [5,6]. The JL transplanting system was introduced in 1994 [7] and adopted as a 
national agricultural program in 2013 [8]. The most recommended JL system is JL 2:1, with 12.5 cm, 25.0 cm, 
and 50.0 cm spacing between columns, between rows, and between double rows, respectively [6]. In addition 
to JL, some farmers practice a modified double-row transplanting system called Jejer Manten (JM), which 
involves pairing two plants with 5 cm spacing between the paired plants, 30 cm between columns, and 30 cm 
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between double rows. A previous study [9] found that JM could achieve a 6% higher yield than JL 2:1. Both 
JM and JL are considered double-row transplanting systems because the space adjustments compact the 
plants into two rows, increasing the plant population while maintaining a large space between the double 
rows. 

Previous studies have shown that the double-row transplanting system can increase the yield of Indica rice 
compared to the standard tile transplanting system (TL). For example, cultivar Sertani 14 [10] and IPB 3S [11] 
have shown increased yields with the JL system, while cultivar Inpari-10 [9,12] has shown increased yields 
with the JM system. In Japan, the double-row transplanting system is not commonly used; Japanese farmers 
typically use a tile transplanting system, for example, 30 cm wide and 16 cm long spacing between plants 
[13]. This study aimed to apply JM and JL to a Japonica rice cultivar, Nikomaru, with the expectation that 
these double-row transplanting systems would increase the yield of Nikomaru in Japan. 

The normalized difference vegetation index (NDVI) is widely used for monitoring vegetation conditions, such 
as vegetation density (e.g., [14]). Kriegler et al. [15] introduced the NDVI as a vegetation index for quantifying 
the health and density of the canopy. NDVI is derived from the radiance of near-infrared and red spectrums. 
Healthy vegetation absorbs a lot of visible light and reflects and emits more near-infrared spectrum compared 
to unhealthy vegetation [16]. Thus, higher NDVI values indicate healthier vegetation, which can absorb more 
solar radiation for photosynthetic activity. Previous studies have reported a strong relationship between 
NDVI and absorbed solar radiation [17]. 

A higher yield in the double-row transplanting systems (i.e., JM and JL) compared to TL might be influenced 
by the border effect [9,18]. The border effect occurs when the plants on the outermost row or border of the 
rice field experience better environmental conditions, such as higher solar radiation and better air circulation 
[19], which can increase rice yield [19–21]. However, although previous research has compared the yields of 
JM and JL with TL and attributed the results to the border effect, the border effect in JM and JL is not fully 
understood and lacks sufficient information. This study addresses whether double-row transplanting systems 
can increase rice yield and alter the micrometeorological conditions within the rice canopy. Additionally, this 
study monitors NDVI to assess differences in healthy above-ground biomass in response to the change in the 
transplanting system. 

Materials and Methods 

Materials for The Experiment 

Field experiments were conducted during the summer seasons of 2022 and 2023. In 2022, Nikomaru was 
sown on May 29 and transplanted on June 18, while in 2023, Nikomaru was sown on May 27 and transplanted 
on June 17. The sowing was conducted in wet-bed nurseries, and transplanting was manually done by 
transplanting three selected seedlings per hill. The seedlings were selected based on their height. The 
research plot was located on the experimental rice field at the Faculty of Agriculture, Ehime University, 
Matsuyama, Japan (33°50' N, 132°47' E), surrounded by experimental upland plantations (e.g., apples), 
screen houses, greenhouses, and workshops. Other researchers also transplanted various rice cultivars, 
mainly Hinohikari, in the same experimental rice field. The arrangement of the research plot was consistent 
in 2022 and 2023, but the size of the research plot was 95.0 m2 in 2022 [22] and 171.0 m2 in 2023. The layout 
of the research plot in 2023 is shown in Figure 1a. 

Compound fertilizer was applied to the field as basal dressing with a 4:6:4 g m–2 ratio of N, P2O5, and K2O. The 
water level in the field was continuously maintained at around 3–5 cm. Mid-season drainage was applied 
from July 15 to 25, 2022. The transplanting systems used in this study were TL, JM, and JL 2:1, with hill 
densities of 16.00, 19.05, and 21.33 hills m–2, respectively. TL, JM, and JL have different row spacings of 25 
cm, 5 cm, and 25 cm, respectively, and the spacings between the columns in each transplanting system are 
25.0 cm, 30.0 cm, and 12.5 cm, respectively. The spacings between the double rows in JM and JL are 30 cm 
and 50 cm, respectively. The hill arrangement in each transplanting system is shown in Figure 1b. 
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Figure 1. Illustration of (a) the research plot in 2023 and (b) the transplanting systems used in 2022 and 2023. 

Measurement of Plant Growth Parameters, Yield, And Production 

Plant growth parameters, such as tiller number and canopy height, were observed weekly from 10 hill 
samples. Three hill samples were selected based on the average condition of plant growth parameters for 
observing the leaf area index (LAI), which was calculated by leaf number and size (width, length, and leaf area 
ratios), as shown in Equation 1. The leaf area ratios were obtained by comparing the calculated leaf area with 
the leaf area from the destructive sample, measured by a leaf area meter (LI-3000, Licor, USA). The LAI 
calculated by the non-destructive method was adjusted to match the measured LAI of the destructive sample. 

𝐴𝑙𝑒𝑎𝑓 = 𝑙𝑙𝑒𝑎𝑓 × 𝑤𝑙𝑒𝑎𝑓 × 𝛼𝑙𝑒𝑎𝑓   (1) 

where Aleaf (cm2) is calculated leaf area, lleaf (cm) is the leaf length, wleaf (cm) is the leaf width, and αleaf is the 
ratio of length and width to the leaf area. The αleaf values were 0.62 (initial stage), 0.72 (initial–maximum tiller 
stage), and 0.71 (maximum tiller stage–harvest). The αleaf values were derived from single-leaf areas 
measured with the LI-3000, and the length and width of single-leaf samples measured with a ruler. 

The rice was harvested 110 days after transplanting in both years (October 6, 2022, and October 5, 2023). 
Above-ground biomass and yield were taken from three sampling areas in each transplanting system, with 
each sampling area consisting of three hill samples. The samples were selected based on the average plant 
growth condition of 10 hill samples. After being air-dried for ten days, the harvested samples (excluding 
spikelets) were oven-dried for 48 hours at 80 °C. Spikelets were treated separately to observe yield 
components. 

The yield of brown rice was calculated from yield components such as total spikelet number per panicle, 
percentage of mature or filled grain, weight of 1,000 grains (brown rice), and grain moisture, as shown in 
Equation 2. Mature and immature grains were separated by soaking them in a water and salt solution with a 
density of 1.06 g m–3 (e.g., [23]). The number of grains was measured using a seed counter, Ooyatanzo DT-
OT (Ohya Tanzo Factory, Japan). Brown rice was obtained by removing the husk with a mini rice huller 
machine, MH-D (Otake Manufacturer, Japan). Grain moisture was measured with a grain moisture meter, 
CD-6 (Shizuoka Seiki, Japan). Brown rice weight was adjusted to 15% of grain moisture (e.g., [24]). Sink 
capacity, the potential weight of spikelets or grain, is calculated from the total grain number and the weight 
of 1,000 grains [25], as displayed in Equation 3. The sink filling rate was assumed to be the same as the 
percentage of filled grain. To compare the averages of plant growth parameters, above-ground biomass, 
yield, and yield components between the transplanting systems, a paired t-test at a 5% significance level, 
corrected with the Bonferroni test (n=3), was used. 

Yield =
number of hills

m2 ×
number of panicles

hill
×

number of grains

panicle
  ×

𝑊1,000𝑔

1,000
× filled grains  (2) 

Sink capacity = number of grains  ×
𝑊1,000𝑔

1,000
  (3) 

where yield (g m–2) is the yield of brown rice at 15% of grain moisture, W1,000g (g) is the weight of 1,000 grains 
of brown rice at 15% grain moisture, filled grains (%) is the percentage of filled or mature grains, and sink 
capacity (g m–2) is the potential weight of grain. 
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Measurements and Analysis of Meteorological Properties 

Solar radiation above the canopy (SR) was measured using a net radiometer CNR4 (Kipp & Zonen, 
Netherlands) at the height of 1.2 m (initial–flag leaf extension) and 1.5 m (flag leaf extension–harvesting). Air 
temperature (Ta) and relative humidity (RH) at a height of 2.0 m were measured using a temperature and 
humidity probe HMP155 (Vaisala, Finland) with a ventilated system PVC-04 (Prede, Japan). Photosynthetically 
active radiation (PAR) above the canopy (PARa) at the same height as the CNR4 was measured using a spot-
type PAR sensor SQ-100X-SS (Apogee, USA). PAR beneath the canopy (PARb) at a height of 10 cm was 
measured using a line-type PAR sensor SQ-301X-SS (Apogee, USA) in each transplanting system in 2023. Solar 
radiation beneath the canopy (SRb) at a height of 10 cm was measured using a line-type solarimeter PCM-200 
(Prede, Japan) in each transplanting system in 2022. Data were sampled every second, averaged, and 
recorded every minute by a data logger CR-1000 (Campbell Scientific, USA). Wind speed (u) and rainfall (R) at 
a height of 2.0 m were measured using an all-in-one weather station ATMOS 41 (METER Group, USA) and 
recorded every minute by a data logger ZL6 (METER Group, USA). The general meteorological conditions (i.e., 
SR, Ta, RH, PARa, u, and R) were measured in the middle of the research plot, as illustrated in Figure 1a, and 
the PARb sensor was installed in each transplanting system. These sensors were installed on 7 DAT in 2022 
and 8 DAT in 2023. For simplicity, the general meteorological data are displayed from 10 DAT to 110 DAT (the 
harvesting day). However, SR data before the installation day were obtained from SR data observed at the 
Matsuyama weather station [26], calibrated by the relationship between SR observed by the Matsuyama 
weather station and our sensor. 

The light extinction coefficient of the leaf (kl) in each transplanting system throughout the growing stage was 
analyzed using a modified equation for the mono-layer model of the canopy extinction coefficient introduced 
by Monsi and Saeki [27], as shown in Equations 4–7. The modification involved dividing the extinction 
parameters into the parameters for the leaf (kl), stem (ks), and panicle (kp) because the panicle significantly 
contributes to shading the canopy, particularly after heading [28]. In 2022, kl was calculated from solar 
radiation (Equation 4), and in 2023, kl was calculated from PAR (Equation 5). 

𝑘𝑙(SR) =
− ln(

SR𝑏
SR

)− 𝑘𝑠 SAI − 𝑘𝑝 PAI

LAI
    (4) 

𝑘𝑙(PAR) =
− ln(

PAR𝑏
PAR𝑎

)− 𝑘𝑠 SAI − 𝑘𝑝 PAI

LAI
       (5) 

SR𝑏 = SR exp(−(𝑘𝑙  LAI + 𝑘𝑠  SAI + 𝑘𝑝  PAI))   (6) 

SR𝑖𝑛𝑡 = SR − SR𝑏     (7) 

where kl (SR) and kl (PAR) are the light extinction coefficients of solar radiation for leaves based on solar 
radiation and PAR, respectively. Then, ks and kp are the light extinction coefficients for leaves, stems, and 
panicles, respectively. LAI, SAI and PAI are leaf, stem and panicle area indices of the whole canopy, 
respectively. SR and SRb (MJ m–2) are the downward solar radiation above and beneath the canopy, 
respectively. PARa and PARb (µmol m–2 s–1) are the PAR above and beneath the canopy, respectively. SRint (MJ 
m–2) is the calculated intercepted solar radiation by the canopy. SR in Equations 4, 6, and 7 were measured 
using CNR4 in both years. kl in Equation 6 is kl (SR) for the data in 2022 and kl (PAR) for the calculation in 2023. 
The values for ks were set at 0.10–0.14 and 0.07–0.10 for TL and JM, respectively. The values for kp were set 
at 0.45–0.70 and 0.35–0.60 for TL and JM, respectively. Furthermore, ks and kp for JL were assumed to be the 
same as those in JM. The values of ks and kp were set based on a previous study [28]. Variations in ks and kp 
values throughout the growing stages followed the power curve functions. The values of ks and kp for PAR 
were assumed to be the same as the ks and kp values for SR. 

Radiation use efficiency (RUE) has been widely used in crop growth analysis [29]. In this study, RUE is used to 
understand the effect of changes in intercepted solar radiation on the produced biomass in each 
transplanting system. The calculation of RUE is displayed in Equation 8. 

RUE =
𝑊𝑡

SR𝑖𝑛𝑡
  (8) 

where RUE (g MJ–1) is the radiation use efficiency of total above-ground biomass, Wt (g m–2) is the total above-
ground biomass, and SRint (MJ m–2) is the total solar radiation intercepted by the canopy, calculated using 
Equation 7. 
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Measurements of Normalized Difference Vegetation Index (NDVI) 

The normalized difference vegetation index (NDVI) was measured using an NDVI camera Yubaflex (Bizworks, 
Japan) attached to an unmanned aerial vehicle (UAV) DJI Mavic Pro 2 (Shenzhen DJI Sciences and 
Technologies, China). NDVI values measured by the camera were calibrated with the NDVI measured by a 
spectral reflectance sensor (METER Group). The calibration formula was a combination of the calibration 
reported by a previous study [14] using the same device at the same research location to calibrate the NDVI 
of vegetation and the calibration of soil and water surfaces in 2023. NDVI was measured weekly from July 22 
to September 30, 2023, under clear and stable sky conditions. Supervised classification was conducted to 
filter NDVI values of the plant body only, avoiding influence from other surfaces (i.e., soil and water surfaces). 
NDVI was calculated from the radiance of red light (reflected by the plant body) and the radiance of near-
infrared light emitted by the plant body, as shown in Equation 9. The calibration formula is shown in Equation 
10. Additionally, the irradiance of the red and near-infrared spectrum was measured by a spectral sensor S2-
111-SS (Apogee, USA) at the same height as the CNR4. 

NDVI =  
𝐿𝑁𝐼𝑅−𝐿𝑟𝑒𝑑

𝐿𝑁𝐼𝑅+𝐿𝑟𝑒𝑑
 (9) 

NDVI𝑆𝑅𝑆 = −0.9742 NDVI𝑐𝑎𝑚𝑒𝑟𝑎
2 +  1.0837 NDVI𝑐𝑎𝑚𝑒𝑟𝑎  + 0.6296 (R2=0.9953) (10) 

where NDVI is the normalized difference vegetation index of the plant body only, LNIR is the amount of near-
infrared light reflected by the rice plant body, Lred is the amount of red light reflected by the plant body, 
NDVISRS is the NDVI measured by the spectral reflectance sensor (SRS), and NDVIcamera is the NDVI measured 
by the NDVI camera.  

Results and Discussion 

Meteorological Conditions 

The timely variations of general meteorological variables are shown in Figure 2. The seasonal average of solar 
radiation above the canopy (SR) was slightly lower in 2023 than in 2022, with 198.3 W m–2 in 2023 and 206.0 
W m–2 in 2022. Additionally, seasonal rainfall (R) was higher in the initial stage of 2023 compared to 2022 but 
lower during the maximum tiller-maturity stages in 2023 compared to 2022. The hourly average of air 
temperature (Ta) in 2023 was slightly higher than in 2022. Most importantly, the hourly average of Ta during 
the heading-maturity stages was 17.08–33.68 °C in 2022 and 16.21–34.77 °C in 2023. These Ta values were 
suitable for rice growth [30], but on some days, Ta exceeded 35.0 °C. Such conditions are expected to affect 
rice growth, potentially leading to a lower rice yield in 2023 than in 2022. A very high Ta might negatively 
impact rice yield, as reported by a previous study [31], which found that very high Ta (around 34 °C) could 
decrease grain weight.  

Comparison of Plant Growth Parameters 

The weekly variations in canopy height were similar between the transplanting systems, as shown in Figure 
3a and 3b. The transplanting systems did not affect the canopy height of the Nikomaru rice cultivar. 
Consistent with this result, previous studies reported that double-row transplanting systems for Indica rice 
cultivars showed no significant difference in canopy height between TL and JL [32] and TL and JM [12]. In 
contrast to canopy height, the tiller number was affected by the space adjustment in JM and JL. JM and JL 
experienced higher competition for light than TL, resulting in a lower tiller number per hill. JL had the lowest 
tiller number per hill (Figure 3c and 3d), followed by JM and TL, due to the closer spacing between plants in 
JL and JM compared to TL. However, the denser plant density in JM and JL compared to TL resulted in a higher 
tiller number per unit area in both years, as shown in Figure 3e and 3f. These findings align with previous 
studies that reported increasing plant density through space adjustment reduced the tiller number per plant 
but increased the tiller number per unit area [33,34]. Comparing the tiller numbers in 2022 and 2023, the 
lower tiller number in 2023 was caused by higher Ta in the initial stage of 2023. The maxima of the hourly 
average Ta during the transplanting to the maximum tiller number stage were 33.78 °C in 2022 and 35.06 °C 
in 2023. Previous studies [30,35] reported that the number of tillers decreases due to high Ta, with the 
maximum Ta for the tillering stage reported as 33 °C [30]. Additionally, higher R and lower SR during the initial 
stage in 2023 exacerbated the impact on the tillering stage. These poor weather conditions during the initial 
growing stage to the maximum tiller stage in 2023 might have affected LAI, production, and yield, which will 
be discussed in the following results and discussion sections. 
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Weekly variations of LAI in each transplanting system in 2022 and 2023 are shown in Figure 3g and 3h. LAI 
increased throughout the growing stages, reached its maximum value around the heading stage, and 
decreased afterward. The double-row transplanting systems achieved higher LAI than the standard tile in 
both years. In 2022, JM obtained the highest LAI during the flag leaf extension–grain filling stages, followed 
by JL. In 2023, JM exhibited the same pattern, but the difference with JL was insignificant. Previous studies 
reported that denser planting density could increase LAI but would decline at a very high planting density  
[34]. In this study, both dense transplanting systems (JM and JL) achieved a higher LAI than the sparsest one 
(TL). The possible reason was that the higher population in JM and JL resulted in higher leaf biomass per unit 
area. Usually, in a very high planting density, biomass might decline. The following subsection will examine 
the biomass in each transplanting system. 

Although LAI was lower in 2023 than in 2022, the stems were more leaned in 2023, resulting in lower leaf 
and panicle angles. This condition caused lower transmission of solar radiation at the ground or water surface 
in 2023 compared to 2022, as shown in Figure 4. Therefore, the meteorological properties, which will be 
discussed in the next subsection, cannot be compared between the years. However, these properties can be 
compared between the transplanting systems because the conditions in each transplanting system were 
similar (based on images of the rice canopy taken by drone). The weather conditions did not affect the 
canopy's erectness because the wind speed and rainfall were not high enough to bend the rice stems. Soil 
hardness is considered to be one of the reasons for the skewed stems in 2023 because mid-season drainage 
was not applied that year. One of the advantages of mid-season drainage is higher soil hardness, which allows 
roots to grip the soil firmly and the stems to stand upright [36], as observed in 2022.  

 

Figure 2. Variations of (a) daily precipitation (R), hourly average of (b) air temperature (Ta), (c) downward solar 

radiation (SR), (d) vapor pressure of air (ea), and (e) wind speed (u) from 10 days after transplanting (DAT) to the 

harvesting day on 110 DAT in 2022 and 2023. The notes in Figure 2d indicate important phenological events, viz., mid-

season drainage (mid), maximum tiller (max), flag leaf extension (flag), heading day (head), and 100% flowering (fl). 

The subscripted numbers (22 and 23) in these phenological events represent the year of the experiment (2022 and 

2023, respectively). 
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Figure 3. Weekly variations of (a–b) canopy height, (c–d) tiller number per hill, (e–f) tiller number per unit area, and 

(g–f) leaf area index of rice from the transplanting day to harvesting day in 2022 and 2023. The bars in the markers 

indicate the standard deviation. The notes of mid, flag, head, fl, and milk denote important phenological events, which 

are mid-season drainage, flag leaf extension, heading, flowering (100%), and milking (100%) stages, respectively. The 

letters above and below the markers indicate the significance of the data. The same letters indicate no significant 

difference (t-test with α=0.05, corrected by the Bonferroni test). The research data for 2022 is from Yuliawan et al. 

[22]. 

 
Figure 4. Hourly variations of transmissivity of (a) solar radiation in 2022 and (b) photosynthetically active radiation 

(PAR) in 2023 beneath the canopy. The notes of flag, head, fl, and milk denote the important phenological events, 

which are flag leaf extension, heading, flowering (100%), and milking (100%) stages, respectively. 
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Rice Production, Yield, and Its Components 

The comparison of above-ground biomass in 2022 and 2023 is shown in Figure 5. JM and JL obtained higher 
above-ground biomass (Wt) per unit area, which was significantly different in 2022 but not significant in 2023. 
The Wt values were 17.44, 20.50, and 20.06 in 2022 and 15.10, 17.18, and 15.97 in 2023 for TL, JM, and JL, 
respectively. These results are comparable with the total above-ground biomass of other Japonica cultivars, 
such as Takanari and Akihikari, as reported by Katsura et al. [29]. This study observed that denser plants in 
JM and JL obtained lower above-ground biomass per hill (Figure 5b, 5e, and 5h) but higher above-ground 
biomass per unit area (Figure 5a, 5d, and 5g). When comparing the years, total above-ground biomass was 
higher in 2022 than in 2023 due to a higher Ta and lower SR in the initial stage in 2023 (Figure 2c). As explained 
in the previous sub-chapter, higher Ta and lower SR affected the period after transplanting to the maximum 
tiller number stage, resulting in a lower tiller number in 2023 than in 2022. Comparing biomass per hill, TL 
obtained the highest Wt, Wl, and Ws, followed by JM and JL (Figure 5b, 5e, and 5h). The biomass per tiller was 
insignificantly different among the transplanting systems. Adjusting the spacing in JM and JL could increase 
plant density, which could be both an advantage and a disadvantage. The disadvantage of denser plants in 
JM and JL was that these systems faced more competition for light, resulting in a lower above-ground biomass 
per hill (Figure 5b, 5e, and 5h). However, the denser plants in JM and JL increased above-ground biomass per 
unit area (Figure 5b, 5e, and 5h). 

 

Figure 5. Comparison of total above-ground biomass (a) per unit area, (b) per hill, and (c) per tiller; dry weight of leaf 

(d) per unit area, (e) per hill, and (f) per tiller; and dry weight of stem (g) per unit area, (h) per hill, and (i) per tiller of 

the harvested samples in 2022 and 2023. The bars in the markers indicate the standard deviation. The letters above 

and below the markers indicate the significance of the data. The same letters are not significantly different (t-test 

with α=0.05, corrected by the Bonferroni test), and ns indicates not significant. The research data for 2022 is from 

Yuliawan et al. [22], and the total above-ground biomass of Takanari and Akihikari cultivars is from Katsura et al. [29]. 
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The comparison of total grain number, weight of 1,000 grains, percentage of filled grain, and filled grain 
number per unit area of the harvested samples in 2022 and 2023 is shown in Figure 6. In line with the lower 
tiller number per hill in JM and JL due to higher competition in light, TL obtained the highest number of grains 
per hill, followed by JM and JL (Figure 6b). However, the denser plants in JM and JL increased the number of 
grains per unit area (Figure 6c). The percentage of filled grain was not significantly different among the 
transplanting systems (Figure 6e). However, JM had the highest filled grain per unit area, followed by JL and 
TL (Figure 6f). TL obtained the highest grain number per hill (Figure 6b) but the lowest percentage of filled 
grain per hill (Figure 6e). Some tillers in TL were young tillers, resulting in ineffective panicles for grain filling. 
As shown in Figure 3c and 3d, the highest reduction in tillers number was observed in TL, not only during the 
vegetative stage but also during the generative stage. The percentage of filled grain was also affected by the 
amount of absorbed solar radiation by the canopy, which will be discussed in the following subsection. 
Comparing the weight of 1,000 grains, the weight of 1,000 grains was not significantly different among the 
transplanting systems (Figure 6d). 

 

Figure 6. Comparison of the number of grains (a) per panicle, (b) per hill, and (c) per unit area; (d) weight of 1,000 

grains (W1,000g); (e) percentage of filled grains; and (f) number of filled grains per unit area of the harvested samples 

in 2022 and 2023. The bars in the markers indicate the standard deviation. The letters above and below the markers 

indicate the significance of the data. The same letters indicate no significant difference (t-test with α=0.05, corrected 

by the Bonferroni test), and ns indicates not significant. The research data for 2022 is from Yuliawan et al. [22]. 

In line with the higher number of filled grains, JM obtained the highest yield, followed by JL and TL (Figure 
7a). Although higher competition in JM and JL caused a lower sink capacity per hill than in TL (Figure 7e), the 
higher sink capacity per unit area (Figure 7d) could increase the yield (Figure 7a). JM achieved the highest 
sink capacity per unit area, followed by JL and TL, as shown in Figure 7d. Denser plants in JM and JL resulted 
in lower tillers per hill, leading to a lower sink capacity per hill in TL (Figure 7e). However, JM and JL obtained 
higher sink capacities due to a higher population per unit area compared to TL (Figure 7d). A higher sink 
capacity per hill in TL compared to JM and JL is a disadvantage for TL. In a standard tile transplanting system, 
higher sink capacity often leads to a lower sink filling rate, as reported by previous research [37] on other 
Japonica cultivars. Additionally, the sink filling rate is influenced by the canopy's ability to intercept solar 
radiation, and TL may intercept less solar radiation due to lower LAI. However, JM and JL may also capture 
less solar radiation due to leaf shading in a dense canopy. The following subsection will investigate the 
intercepted solar radiation by the canopy. 

TL

JM JL

25,000

30,000

35,000

40,000

45,000

15 17 19 21 23 25

T
o

ta
l 

g
ra

in
s 

(1
0

0
0

 g
ra

in
s 

m
-2

)

Planting density (hills m-2)

2022

2023

(c)

N
u

m
b

e
r 

o
f 

gr
ai

n
s 

(m
–2

)

ns

ns

ns

ns

ns
ns

TL
JM

JL

1,400

1,600

1,800

2,000

2,200

2,400

15 17 19 21 23 25

N
u

m
b

e
r 

o
f 

gr
ai

n
 (

1
0

0
0

 h
ill

-1
)

Planting density (hills m-2)

2022
2023

(b)

a

a

ab

b

ab

b

N
u

m
b

er
o

f 
gr

ai
n

s 
(h

ill
–1

)

TL

JM

JL

80

85

90

95

100

15 17 19 21 23 25N
u

m
b

er
 o

f 
gr

ai
n

s 
(p

an
ic

le
–1

)

Planting density (hills m-2)

2022

2023

(a)

ns

ns
ns

ns

ns

ns

TL

JM JL

80

82

84

86

88

90

15 17 19 21 23 25

Fi
lle

d
 g

ra
in

s 
(%

)

Planting density (hills m–2)

2022

2023

(e)

ns

ns
ns

ns ns

ns
TL JM

JL

20

21

22

23

15 17 19 21 23 25

W
1

0
0

0
g

(g
 1

00
0

-g
ra

in
s–1

)

Planting density (hills m–2)

2022
2023

(d)

grain moisture=15%

ns

ns

ns

ns

ns

ns

TL

JM JL

20,000

25,000

30,000

35,000

40,000

15 17 19 21 23 25

F
il

le
d

 g
ra

in
s 

(1
0

0
0

 g
ra

in
s 

m
-2

)

Planting density (hills m–2)

2023
2022

(f)

N
u

m
b

er
 o

f 
fi

lle
d

 g
ra

in
s 

(m
–2

)

b

b

a ab

a

ab

https://doi.org/10.29244/jpsl.14.2.325


This journal is © Yuliawan et al. 2024  JPSL, 14(2) | 334 

 

Figure 7. Comparison of (a) yield; weight of harvested grain (b) per hill, and (c) per tiller; sink capacity (d) per unit area, 

(e) per hill, and (f) per tiller of harvested sample in 2022 and 2023. The bars in the markers indicate the standard 

deviation. The letters above and below the markers indicate the significance of the data. The same letters indicate no 

significant difference (t-test with α=0.05, corrected by the Bonferroni test), and ns indicates not significant. The 

research data for 2022 is from Yuliawan et al. [22], and the yield of Takanari and Koshihikari cultivars is from Tanaka 

et al. [13]. 

Interception of Solar Radiation by The Canopy 

As explained in the previous sections, JM obtained the highest LAI, followed by JL (Figure 3g and 3h). 
However, the larger spacing might be a disadvantage for JM and JL in terms of solar radiation interception. 
Figure 8 shows that during the initial–flowering stages, the values of canopy extinction coefficient for solar 
radiation, kl (SR), and canopy extinction coefficient for PAR, kl (PAR), were nearly constant due to leaf 
erectness. However, during the flowering–maturity stages, the values increased following the power curve 
due to lower leaf angle caused by panicle appearance and senescence. These results align with previous 
research [38] on the Koshihikari cultivar in the Kyushu region of Japan (planting density = 20.83 hills m–2), 
which showed kl values around 0.3–1.0, following the power curve. A high kl value corresponds to low 
transmitted solar radiation to the ground surface, and vice versa. 

As shown in Figure 8, TL obtained the highest kl (SR) and kl (PAR), while JM and JL were comparable. In 2023, 
about ten days before harvesting, the kl(PAR) values in TL were close to 1.0 because the closer spacing 
between the plants in TL than in JM and JL caused greater shading by the upper canopy layer to the lower 
canopy layer, even though TL had the lowest LAI. Additionally, soil hardness was lower in 2023 than in 2022, 
so the plants could not stand as well as in 2022. On the other hand, despite the larger LAI in JM and JL than 
in TL, the wider spacing in both caused greater penetration of solar radiation to the lower layer, resulting in 
lower kl (SR) and kl (PAR). However, the average intercepted solar radiation was not significantly different 
between the transplanting systems in 2023. In 2022, JM obtained the highest intercepted SR during the flag 
leaf extension to milking stages (Figure 8b), which are the most important growing stages for grain filling. 
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Figure 8. Hourly variations of (a) kl (SR) in 2022 and (c) kl (PAR) in 2023, and the average intercepted solar radiation in 

(b) 2022 and (d) 2023 in each transplanting system. kl (SR) and kl (PAR) are the extinction coefficients for solar radiation 

and photosynthetically active radiation, respectively. The notes of flag, head, fl, and milk denote important 

phenological events, which are flag leaf extension, heading, flowering (100%), and milking (100%) stages, respectively. 

Stage-1 is from transplanting to before the flag extension stage, Stage-2 is from flag extension to milking (100%) stages, 

and Stage-3 is from after milking (100%) stage to harvest. The modeled kl is fitted to the power curve functions of the 

calculated kl. 

The comparisons of RUE and the relationship between sink capacity and sink filling rate are shown in Figure 
9. JM obtained the highest RUE, followed by JL and TL in both years (Figure 9a). The double-row transplanting 
systems used in this study could produce biomass more efficiently due to the denser planting compared to 
the standard tile. Although TL obtained higher kl (SR) and kl (PAR) than JM and JL (Figure 8a and 8c), the 
intercepted solar radiation by the canopy was not significantly different from JM and JL in 2023, and was 
lower than JM in 2022, particularly during the flag leaf extension to milking stages. Additionally, TL obtained 
the highest sink capacity per hill due to the highest tiller number. Hence, the utilization of absorbed solar 
radiation for grain filling was ineffective in TL, as indicated by the lower sink filling rate in TL compared to JM 
and JL, as shown in Figure 9b and will be discussed in the following subsection. A higher sink capacity in JM 
and JL per unit area resulted in a higher yield compared to TL. 

 

Figure 9. Comparisons of (a) radiation use efficiency (RUE) and the relationship between sink capacity and sink filling 

rate (b) per unit area and (c) per hill in 2022 and 2023. The bars in the markers indicate the standard deviation, and 

ns indicates not significant. The data on sink capacity and sink filling rate in 2022 are from Yuliawan et al. [22], and 

the data on the RUE of Takanari and Akihikari cultivars are from Katsura et al. [29].  
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Normalized Difference Vegetation Index 

JM obtained the highest normalized difference vegetation index (NDVI), followed by JL and TL (Figure 10a). 
Although the differences among the transplanting systems are not significant, JM achieved a higher NDVI 

throughout the entire growing stage, with JL obtaining similar NDVI values after the milking stage. These 
results correlate to the LAI variations shown in Figure 3g and 3h, where JM obtained the highest LAI, followed 
by JL and TL. 

Besides detecting vegetation density, NDVI can describe canopy health conditions, where higher NDVI 
indicates a healthier canopy capable of utilizing absorbed solar radiation optimally [16]. As shown in Figure 
10b, the reflected red spectrum was lower in JM and JL, suggesting that the canopies of JM and JL absorbed 
more visible light for photosynthetic activity. Because yield was strongly correlated with biomass during the 
heading–grain filling stage (e.g., [39]), the highest NDVI obtained by JM, particularly during the flag leaf 
extension to milking stage, has the potential to increase the utilization of absorbed solar radiation for grain 
filling. After analyzing correlations between NDVI and sink filling rate and yield, this study found that the 
average NDVI during the flag leaf extension to milking stages had the highest coefficient of determination. 
As shown in Figure 10d and 10e, the average NDVI during the flag leaf extension to milking stages was strongly 
correlated with the sink filling rate and yield. The lower NDVI and lower reflected red spectrum in TL 
compared to JM and JL could be due to the horizontal distribution of leaves in the upper layer TL, which 
allows these leaves to intercept solar radiation in the upper layer but shade the middle layer, leading to a 
higher senescence rate. This issue will be discussed in detail using the multi-layer model approach in an 
upcoming study. 

 

Figure 10. Weekly variations of (a) normalized difference vegetation index (NDVI), (b) radiance of red spectrum (Lred) 

reflected by the canopy, and the relationships between (c) the average of NDVI throughout the season and total 

above-ground biomass, (d) the average of NDVI during the grain filling stage (flag leaf extension–milking, NDVIflag–milk), 

and (e) NDVIflag–milk and sink filling rate. The bars in the markers indicate the standard deviation. The notes of flag, 

head, fl, and milk denote important phenological events, which are flag leaf extension, heading, flowering (100%), 

and milking (100%) stages, respectively. The numbers above the markers in Figure 10b indicate the irradiance of the 

red spectrum (Ered). 

The schematic diagram of the effect of the double-row transplanting system on rice yield is shown in Figure 
11. Besides increased planting density, space adjustment in JM and JL can improve the absorption of solar 
radiation. Typically, a dense canopy can reduce solar radiation due to leaf shading. However, the larger space 
between the double rows and higher LAI in JM and JL can increase the absorption of solar radiation, similar 
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to TL. Furthermore, higher NDVI in JM and JL compared to TL might enhance the utilization of intercepted 
solar radiation for grain filling, resulting in a higher sink filling rate. Space adjustment in JM and JL could 
achieve the border effect and increase yield. Previous research has shown that the border effect can increase 
rice yield by increasing the sink capacity, which is the grain number per unit area [40] and the number of 
filled grains per unit area [20]. Comparing JM and JL, JM achieved a more optimal border effect due to the 
wider space between the double rows and the columns. This study suggests that JM is the best transplanting 
system for increasing rice yield and also recommends JL as an alternative option. Besides obtaining a higher 
yield than the standard tile, the wider space in JM and JL makes field management easier than in TL. The 
government should continue to promote JL as a selected transplanting system in the national agricultural 
program and consider including JM in that national program promotion. However, those double-row 
transplanting systems should be investigated across various rice cultivars to understand the differences in 
growth, yield, and meteorological properties under different types of rice canopy. 

 

 

Figure 11. The schematic diagram of the effect of the double-row transplanting system on rice yield. 

Advanced analysis is needed to understand the impact of the border effect on JM and JL. In an upcoming 
study, a multi-layer model will be used to investigate how the leaves contribute to intercepting solar radiation 
in different canopy layers (for example, every 10 cm of canopy height). This multi-layer model will also reveal 
the vertical profiles of parameters related to the contribution of the leaves in capturing solar radiation, which 
will be correlated with the NDVI values and photosynthetic rates of the rice canopy. This approach will 
provide a detailed understanding of the environmental changes within the canopy of JM and JL. 

Conclusions 

This study revealed differences in growth, yield, and meteorological properties between the double-row 
transplanting systems Jajar Legowo (JL) and Jejer Manten (JM), as well as the standard tile transplanting 
system (TL). Besides testing these transplanting systems on a Japonica rice cultivar (Nikomaru) to increase 
rice yield, the findings aimed to address the lack of scientific evidence on the advantages of JL and JM. JM 
obtained the highest yield, followed by JL and TL. The synergistic effect of higher sink capacity and sink filling 
rate in JM and JL led to a higher yield than in TL. Although higher plant competition for light in JM and JL 
caused a lower tiller number and above-ground biomass per hill than in TL, JM and JL achieved higher tiller 
numbers and above-ground biomass per unit area due to denser plants. The denser plants increased the sink 
capacity per unit area in JM and JL compared to TL. Additionally, the denser canopy in JM and JL compared 
to TL increased the intercepted solar radiation by the whole canopy (SRint) despite the wider space between 
the double rows. Although SRint was not significantly different among the systems, higher NDVI in JM and JL 
compared to TL was strongly correlated with a higher sink filling rate due to the healthier canopy absorbing 
more solar radiation. The synergistic effect of higher sink capacity and sink filling rate led to higher yields in 
JM and JL compared to TL. This study suggests that JM is the best transplanting system for increasing rice 
yield. 
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