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ABSTRACT
Non-puddling rice cultivation would increase subsequent soybean yield. Soybean (cv. ‘Yukihomare’) 
was grown in farmers’ fields previously cultivated with puddled transplanted rice (Puddled Rice), 
non-puddled transplanted rice (Non-puddled Rice), and dry direct-seeded rice (Direct-seeded Rice) in 
central Hokkaido, Japan. Average soybean yield was significantly (p < 0.05) higher in Non-puddled 
Rice fields (411 g m−2) and in Direct-seeded Rice fields (404 g m−2) than in Puddled Rice fields 
(352 g m−2). The respective yield increases (16.8% and 14.7%) indicate that non-puddling rice 
cultivation increased subsequent soybean yield. The significantly higher values for shoot dry weight 
and number of seeds per m2 seen in fields after non-puddling rice cultivation suggest that non- 
optimal plant development during vegetative and early reproductive growth stages may be 
ameliorated. The increases in soybean yield seen in this study may encourage the adoption of non- 
puddling rice production under the rice–soybean rotation system in Japan.                      
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Introduction

Soybean (Glycine max (L.) Merr.) is an important crop for 
food, oil, and protein. To meet the future predicted 
demand for soybeans, production needs to be increased 
(Kawasaki et al., 2016). Soybean has long been used in 
the traditional cuisine of Japan, ‘Washoku’, and in foods 
such as tofu, miso, nattō, and soy source (Matsuo et al., 
2018). Soybean production per unit area (yield) in Japan 

has not improved in the past 30 years (1988–2017); it has 
fluctuated between 1.1 and 2.0 t ha−1 (averaging 1.6 t 
ha−1), while the world average yield has steadily 
increased from 1.7 t ha−1 in 1988 to 2.8 t ha−1 in 2017 
(FAO, 2019). Most of the areas (>80%) dedicated to soy-
bean production in Japan are under a paddy-upland 
(rice–soybean) rotation system (Ministry of Agriculture, 
Forestry and Fisheries, 2019a). Consequently, if total 
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soybean production in Japan is to be increased, improve-
ments in soybean yield under the current system are 
necessary.

The generally established method of planting lowland 
rice in paddy fields is by transplantation in tilled and 
puddled fields. Although puddling offers advantages in 
weed control and prevention of water leakage (Kondoh 
et al., 2019), leading to stable rice cultivation, this conven-
tional practice is labor-, water-, capital-, and energy- 
intensive, and it is becoming less profitable as these 
resources are becoming increasingly scarce (Chakraborty 
et al., 2017). Omitting puddling can reduce labor and fuel 
costs, and irrigation water input, for land preparation for 
rice establishment (Hossen et al., 2018). Furthermore, direct 
seeding eliminates the necessity of raising seedlings and 
transplanting those (Okamura et al., 2018). However, there 
have been no reports to date on the effects of non- 
puddled rice cultivation on subsequent soybean yield 
under the rice–soybean rotation system used in Japan. 
Under rice–wheat rotation systems in south Asia, wheat 
yield is higher when it is grown after dry direct-seeded rice 
in non-puddled fields than when grown after conventional 
puddled transplanted rice (Kumar & Ladha, 2011). Thus, we 
hypothesized that non-puddling rice cultivation would 
increase subsequent soybean yield under the rice–soybean 
rotation system in Japan.

Hokkaido is the largest soybean-growing region in 
Japan, accounting for >35% of production (Ministry of 
Agriculture, Forestry and Fisheries, 2019b). Although 
soybean has been cultivated mainly under continuous 
upland conditions in Hokkaido, the area of soybean 
production under the rice–soybean rotation system has 
steadily increased in recent years to 47% in 2018 
(Ministry of Agriculture, Forestry and Fisheries, 2019b). 
We, therefore, undertook on-site investigations in farm-
ers’ fields in Hokkaido, Japan for three consecutive years 
to test our hypothesis.

Materials and methods

In 2017, 2018, and 2019, field surveys were conducted at 
Iwamizawa City, central Hokkaido in 16, 13, and 18 farm-
ers’ fields, respectively. The criteria for selecting fields 
were only land preparation (puddled or non-puddled) 
and crop establishment (transplanting or direct-seeding) 
in rice cultivation in the previous year of soybean cultiva-
tion. The number of farmers who participated in this 
study was 21 and we refer to them as farmer A–U. 
Soybean (cv. ‘Yukihomare’) was cultivated in fields 
which had previously been cultivated with puddled trans-
planted rice (Puddled Rice), non-puddled transplanted 
rice (Non-puddled Rice), or dry direct-seeded rice in non- 
puddled soil (Direct-seeded Rice). The numbers of fields 

allocated to each treatment and the reference of farmers 
in charge are shown in Table 1. Sowing dates were from 
mid-May to late May in all years. Fertilizer application and 
weed, insect, and pest controls were performed as 
needed based on each farmer’s decision. Questionnaires 
were distributed among the farmers in charge after the 
end of cultivation. The soybean cultivation conditions 
among the treatments were not necessarily similar due 
to differences among the farmers in charge (Table 2).

Yield and yield-related parameters for each field were 
determined as an average from three locations within 
a field, each measuring 2.376 m2 (two 1.8 m rows with 
0.66 m interval). The harvest was conducted in late 
September in all years. The plants were cut manually at 
the soil surface. Yield and 100-seed weight were deter-
mined using seeds of marketable quality (adjusted to 
a 15% moisture content). Meteorological data were 
obtained from the closest Automated Meteorological 
Data Acquisition System station (Iwamizawa WMO station, 
43°12.7′ N, 141°47.1′ E) of the Japan Meteorological 
Agency.

The statistical package R (Version 3.5.4) (R Core Team, 
2019) was used for the statistical analysis. Two-way ana-
lysis of variance was performed using the built-in aov 
function to identify significant effects of year, treatment, 
and their interaction on yield and yield-related para-
meters. Average values were compared among years 
and treatments used Tukey’s honest significant differ-
ence (HSD) test with the built-in TukeyHSD function.

Results and discussion

Monthly mean temperature, precipitation, and sunshine 
duration from May to September in 2017, 2018, 2019, 
and the 30-year mean are shown in Figure 1. The tem-
perature in 2019 from May to September (14.5–21.4°C) 
tended to be higher than that in 2017 and 2018 (13.4–-
22.3°C and 12.6–20.4°C, respectively). The mean 

Table 1. The number of fields allocated to three treatments, 
soybean cultivation after puddled transplanted rice (Puddled 
Rice), non-puddled transplanted rice (Non-puddled Rice), and 
dry direct-seeded rice in non-puddled soil (Direct-seeded Rice) 
and the farmers in charge out of 21 farmers (referred to as 
Farmer A–U) who participated in this study.

Year Treatment Number ofFields Farmers in charge

2017 Puddled Rice 5 A A B C D
Non-puddled Rice 5 E F F G G
Direct-seeded Rice 6 E F H I J K

2018 Puddled Rice 5 A A L M N
Non-puddled Rice 3 E O P
Direct-seeded Rice 5 E F L N Q

2019 Puddled Rice 6 C H L N O R
Non-puddled Rice 6 E N P S T U
Direct-seeded Rice 6 E J K K S Q
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precipitation for the five months in 2018 (143 mm) was 
higher than in 2017 and 2019 (130 and 122 mm, respec-
tively), with precipitation particularly high from June to 
August 2018. The sunshine duration in June and 
August 2018 (133 and 109 h, respectively) was markedly 
shorter, and the mean value for the five months in 2018 
(156 h) was shorter than those in 2017 and 2019 (178 
and 184 h, respectively). In other words, 2018 was a year 
of high precipitation and low sunshine.

Soybean yields were at least 367, 288, and 393 g m−2 

in 2017, 2018, and 2019, respectively, irrespective of 
treatment (Figure 2). The yields in 2017 and 2018 were 
much higher than the average yield in Iwamizawa city 
(287 and 224 g m−2 in 2017 and 2018, respectively) 
(Hokkaido District Agriculture Office, 2019, 2020), 
although a simple comparison between the yields esti-
mated from small-area sampling and those calculated 
for the whole city may be inconclusive (at the time of 
writing, the average yield for the city in 2019 was not 
available). The relatively high yields in this study suggest 
that all the farmers who participated in this study were 
well experienced. The effect of year was significant 
(p < 0.05) on yield and all the yield-related parameters, 
except for the number of plants per m2. The effect of 
treatment was significant (p < 0.05) on yield, the number 
of seeds per m2, and shoot dry weight. The year × 
treatment interaction had no significant effect on any 
of the parameters (Table 3). Thus, the averages of year 
and treatments were compared.

The soybean yield and yield-related parameters, 
except the number of seeds per pod, were lower in 
2018 than in 2017 and 2019 (Table 4). The low yield in 
2018 can be attributed to the high precipitation and 
short sunshine duration during the cultivation period. 
It is widely accepted that excess water, especially in the 
first half of the growing period, leads to stress that 
inhibits soybean growth (Kumagai, 2018). Nevertheless, 
even when 2018 (which showed unsuitable weather 
conditions for high yield of soybean) is included, across 
the three years the yield was significantly (p < 0.05) 
higher in the fields after the cultivation of Non- 
puddled Rice (411 g m−2) and Direct-seeded Rice 
(404 g m−2) than in the fields after cultivation of 
Puddled Rice (352 g m−2) (Table 4). These results confirm 
our hypothesis that non-puddling rice cultivation 
increases yield in a subsequently planted crop of soy-
bean, irrespective of year and method of rice establish-
ment (transplantation or direct seeding). It is noteworthy 
that the effect of non-puddling rice cultivation was evi-
dent in the farmers’ fields, even though the conditions of 
soybean cultivation were different in each field. This 
effect may be strong enough to be confirmed even 
though the soybean growth conditions, which depend 
on the farmers in charge, were different. However, other 
than the presence or absence of puddling, there might 
be factors influencing the increase in soybean yield in 
the fields selected for Non-puddled Rice and Direct- 
seeded Rice treatments.

Table 2. Number of fields that received the same operation in each work content for soybean cultivation and their breakdown among 
treatments (Puddled Rice, Non-puddled Rice, and Direct-seeded Rice) according to questionnaires distributed among farmers in 
charge.

Work content Level Number of field

Breakdown

Puddled Rice Non-puddled Rice Direct-seeded Rice

Number of tillage before sowinga (times) 2 7 3 2 2
3 21 7 9 5
4 14 4 2 8

Seeding rate (g m−2) < 7 4 0 1 3
7–9 26 9 10 7
> 9 12 5 2 5

Amount of basal N applicationb (g m−2) < 1.5 17 4 6 7
1.5–3.0 7 3 1 3
> 3.0 4 1 1 2
Unknownc 13 6 5 2
No answer 1 0 0 1

Presence or absence of N topdressingd Present 22 9 6 7
Absent 17 4 7 6
No answer 3 1 0 2

Number of intertillage and ridging (times) None 17 6 4 7
1 7 1 2 4
2 12 5 4 3
3 5 1 3 1
Unknowne 1 1 0 0

Notes: Questionnaire responses from farmers in charge were collected in 42 of 49 fields. aTillage methods were not necessarily same among fields. bAmounts of 
basal P2O5 and K2O application were different depending on the compound fertilizers used. cFarmers did not mention the exact trade names of fertilizers 
although they applied basal N fertilizer. dAmount and timing of N application depended on the farmers in charge. eThe farmer did not mention the exact 
times of intertillage and ridging although he performed them.
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The knowledge that soybean yield could be 
increased by omitting puddling during preceding 
rice cultivation would likely stimulate an increase in 
the use of non-puddling rice production under the 
rice–soybean rotation system used in Japan. In addi-
tion, the Non-puddled Rice and Direct-seeded Rice 
techniques are more environmentally friendly, since 

puddling involves the release of muddy puddling 
water that causes a large pollution load (Harada 
et al., 2008). Although non-puddling rice cultivation 
has risks, including reduced planting accuracy of rice, 
increased water leakage from the field, and the poten-
tial need for significant adjustment of soil water con-
ditions before tillage (Kondoh et al., 2019), the 
technique may be worth adopting under the rice– 
soybean rotation system.

Further research is needed to elucidate the mechan-
isms underlying the higher soybean yield in the fields 
after the cultivation of Non-puddled Rice and Direct- 
seeded Rice than in those after cultivation of Puddled 
Rice. Soybean shoot dry weights were significantly 
(p < 0.05) higher in the former than in the latter. 
Additionally, omitting puddling during preceding rice 
cultivation significantly (p < 0.05) increased the number 
of soybean seeds per m2, particularly in the fields after 
cultivation of Non-puddled Rice. Furthermore, the num-
ber of soybean plants per m2 tended to be higher in the 
fields after cultivation of Non-puddled Rice and Direct- 
seeded Rice than in the fields after cultivation of Puddled 
Rice (Table 4). These findings suggest that soybean devel-
opment during the vegetative and early reproductive 
growth stages is ameliorated in the fields after cultivation 
of Non-puddled Rice and Direct-seeded Rice. Poor stand 
establishment due to low germination rates of subse-
quent upland crops has been linked to inadequate seed- 
soil contact in cloddy soil in post-paddy fields (Farooq 
et al., 2008). In addition, nonoptimal plant development 
during late seed filling (after pod and seed number is 
fixed) is a factor that affects the growth of the developing 
seed and ultimately the seed size (Egli & Bruening, 2004). 
Therefore, the tendency for soybean 100-seed weight to 
be heavier in the fields after cultivation of Non-puddled 
Rice and Direct-seeded Rice than in the fields after cultiva-
tion of Puddled rice (Table 4) suggests that the omission 
of puddling during preceding rice cultivation improves 
soybean growth during late seed filling periods.

Puddling may adversely affect the growth and yield of 
subsequent upland crops because of its adverse effects 
on soil physical properties, which include destroying soil 
aggregates, reducing permeability and forming hard- 
pans, and accompanying limited root growth 
(Chakraborty et al., 2017; Kumar & Ladha, 2011). In rice- 
wheat system, the adverse effects of puddling on wheat 
yield were significant even after four rounds of tillage 
and two planking for land preparation for wheat (Farooq 
et al., 2008). In the current study, the number of tillage 
rounds for soybean cultivation was often four or less 
(Table 2). Changes in soil physical properties may lead 
to changes in soil chemical properties. Furthermore, 
symbiotic microbes would affect soybean growth and 

Figure 1. Monthly mean temperature, precipitation, and sun-
shine duration from May to September in the three years and 
the 30-year mean (1981–2010).
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yield; thus, any effects of non-puddled rice cultivation on 
nodulation and infection by arbuscular mycorrhizal 
fungi in subsequent soybean crops should be examined.

It should be noted that the yield differences among 
treatments were smaller in 2019 than in the other two 

years (Figure 2). The effects of omitting puddling on 
soybean yield probably depend on the growth condi-
tions of each case. For example, 2019 had less precipita-
tion in June and July than 2017 and 2018 did, indicating 
that the adverse effects on soybean growth due to 
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Figure 2. Soybean yield in each year and treatment. Vertical bars indicate standard errors.

Table 3. Effects of year, treatment and their interaction on soybean yield and yield-related parameters, according to two-way analysis 
of variance.

Factor
Yield 

(g m−2)
100-seed 

weight (g)
Number of seeds 

per m2
Number of plants 

per m2
Shoot dry weight 

(g m−2)
Number of pods per 

plant
Number of seeds 

per pod

Year (Y) *** * *** ns *** *** ***
Treatment (T) * ns * ns ** ns ns
Y × T ns ns ns ns ns ns ns

Notes: ***, **, and * indicate significance at p < 0.001, 0.01, and 0.05, respectively. ns: not significant

Table 4. Average soybean yield and yield-related parameters in each year and treatment.

Treatment
Yield 

(g m−2)
100-seed 

weight (g)
Number of seeds 

per m2
Number of plants 

per m2
Shoot dry weight 

(g m−2)
Number of pods  

per plant
Number of  

seeds per pod

2017 413 a 35.6 ab 1156 a 22.6 741 a 35.8 b 1.45 a
2018 327 b 33.9 b 960 b 20.1 490 c 32.4 b 1.50 a
2019 411 a 36.5 a 1125 a 20.9 638 b 42.7 a 1.33 b
Puddled Rice 352 B 34.2 1021 B 20.1 567 B 36.6 1.43
Non-puddled Rice 411 A 36.0 1141 A 21.7 662 A 39.1 1.40
Direct-seeded Rice 404 A 36.2 1114 AB 22.1 668 A 36.4 1.42

Notes: Averages are weighted since the number of fields differed among years and treatments. Values followed by different lowercase letters are significantly 
different among years, and those followed by different uppercase letters are significantly different among treatments, according to Tukey’s HSD test 
(p < 0.05).

PLANT PRODUCTION SCIENCE 5



excess water in the first half of the growing period were 
less in 2019 than in the other two years (Figure 1B). Such 
weather conditions in 2019 may mitigate the adverse 
effects of puddling on soybean growth and yield. 
Furthermore, the degree of soybean yield increase in 
revenue from omitting puddling may depend on growth 
conditions specific to each field. Studies from these 
perspectives will be reported in the future.
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