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REGULAR PAPER

The crack fertilization technique effectively increases soybean production in
upland fields converted from paddies
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ABSTRACT
We have investigated the effectiveness of a new soybean fertilization technique, named crack fertiliza-
tion, which involves the application of nodule bacteria on biochar to soybean roots through cracks
formed between planting rows during midterm tillage. In the present study, the factors and timing of
crack fertilization were investigated in an upland field converted from a paddy. The variables investi-
gated were: 1) crack formation without the application of any agricultural materials, and 2) the
application of biochar or 3) nodule bacteria on biochar into cracks. The treatment periods were: 1)
before sowing, 2) during midterm tillage, and 3) during both periods. The combination of crack
fertilization and reduced tillage was also tested. The method of crack fertilization that increased yield
was the combination of crack formation and the application of biochar, and themost effective period for
the treatment was before sowing in the reduced tillage field. Seed yields in conventional and reduced
tillage fields were comparable in the upland field converted from the paddy. These results suggest that
the application of biochar into cracks after scratching the soil surface to removeweeds before sowing is
a practical method of increasing soybean yield in upland fields converted from paddies.
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Soybean is one of the most important legume crops
because it provides a protein source for human health
and oilseed production. However, soybean production
has been restricted by various environmental stresses
(Hasanuzzaman et al., 2016). Recently, waterlogging
has been a major limiting factor for soybean growth
and production due to erratic rainfall patterns. When
soybean is affected by stress at any time during the
growing period, even short-term, growth and grain
yield decreases (Tewari & Arora, 2016). Although a few
soybean cultivars tolerant to waterlogging have been
developed (Sakazono et al., 2014; Suematsu et al.,
2017), the stress tolerance of common soybean cultivars
has not been increased so far. Thus, cultivation techni-
ques to mitigate the adverse effects of waterlogging on
soybean growth and production should be developed.

A few attempts to alleviate damage to soybean plants
by waterlogging have been tested. One such attempt used
plant growth promoting rhizobacteria (PGPR). Since water-
logging can be mitigated by lowering the concentration of
ethylene generated by soybean plants, the application of
PGPR expressing 1-Aminocyclopropane-1-Carboxylate
(ACC) deaminase, which can convert ACC (the precursor
of ethylene) into α-ketobutyrate and ammonia resulting in
the reduction of the concentration of ethylene, can protect
plants from damage caused by stress (Barnawal et al., 2012;
Grichko & Glick, 2001). M. Iijima et al. (2011); (2015)) pro-
posed a new cultivation technique named crack fertiliza-
tion. This technique involves the application of nodule
bacteria on biochar to soybean plants through the cracks
between the planting rows during midterm tillage. This
enables plants to maintain fixed-N acquisition until the
reproductive stage through increased nodulation in
upland fields (M. Iijima et al., 2011, 2015). In addition, the
technique is effective at alleviating the adverse effects of
waterlogging on soybean growth and production during
the vegetative stage (Yamane & Iijima, 2016). The decrease
in nodulation caused by waterlogging induces a reduction
in nitrogen content in soybean leaves, which causes
growth and yield reductions (Tewari & Arora, 2016). Thus,
the alleviating effects of crack fertilization could be due to
increased N acquisition (Yamane & Iijima, 2016). In Japan,
soybean is often cultivated in upland fields converted from
paddies, where excess moisture in the soil is a major con-
straint. Thus, it is expected that this technique could be
used to increase soybean growth and production in
upland fields converted from paddies. However, the effec-
tiveness of crack fertilization has not been fully
investigated.

Crack fertilization has three variables, which are: 1)
the formation of aerobic conditions due to the formation
of cracks in the soil, 2) the application of biochar, and 3)
the increase in N acquisition through the enhancement

of fixed-N due to increased nodulation. Since crack ferti-
lization increases ureide concentrations in the xylem sap
of soybean in upland fields (M. Iijima et al., 2015), the
increased N acquisition due to the enhancement of
nodulation may be the main factor that increases seed
yields. Considering that waterlogging often limits nodu-
lation in soybean plants (Tewari & Arora, 2016), it is
hypothesized that the application of nodule bacteria is
not effective, and that crack formation or the application
of biochar without nodule bacteria are more useful
methods in upland fields converted from paddies.
Thus, it is necessary to elucidate the factor causing the
increase in soybean production in upland fields con-
verted from paddies. In addition, the optimal time to
conduct crack fertilization has not been tested in upland
fields converted from paddies. In a previous study, since
80% of nitrogen is assimilated during the reproductive
stage in soybean (Ohyama et al., 2013), crack fertilization
was conducted just before flowering to maintain
N fixation until the reproductive stage. In Japan, soybean
production is often limited by waterlogging during the
early vegetative stages due to the rainy season. If cracks,
which may create aerobic conditions in the deep soil
layers, are already formed before sowing, waterlogging
during the early vegetative stages could be mitigated. In
addition, since crack fertilization during the early vege-
tative stage was effective at alleviating the damage to
soybean when performed after waterlogging (Yamane &
Iijima, 2016), treatment just before flowering as well as
before sowing could be useful to mitigate growth inhibi-
tion and yield reduction in upland fields converted from
paddies.

Conservation tillage systems such as reduced tillage
(RT) and no tillage (NT) have become widespread
because of their advantages in terms of increases in
soil organic carbon, conservation of soil moisture, miti-
gation of soil erosion, reduction of labor, and energy
savings (M. Iijima et al., 2007). However, these methods
present problems such as lower soil temperature, excess
soil moisture, and weed pressure, which lead to reduc-
tions in crop production. In soybean cultivation, contra-
dictory results have been reported; some studies have
reported no difference in seed yield between conven-
tional tillage (CT) and NT (Izumi et al., 2004; Turman et al.,
1995), whereas others observed that seed yield was
lower in NT fields than in CT fields (Lal et al., 1989;
Oyanagi et al., 1993). Thus, the effectiveness of conserva-
tion tillage systems on soybean production has
remained unclear. Since crack fertilization creates aero-
bic conditions in soils, its combination with conservation
tillage systems could be useful.

In the present study, we examined the factors and
timing of crack fertilization to increase the growth and
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production of soybean in an upland field converted from
a paddy. In addition, we investigated the effectiveness of
the combination of crack fertilization and reduced
tillage.

Materials and methods

Field management

Crack fertilization was tested in an experimental upland
field converted from a paddy in Nara Prefecture
Agricultural Research and Development Center (latitude
34°29´, longitude 135°47´) for three cropping seasons
from 2013 to 2015. The average temperature and total
rainfall in the main growing periods (from June to
October) are shown in Figure 1. The average tempera-
ture in the 2013, 2014, and 2015 cropping seasons was
22.3ºC, 23.8ºC, and 19.3ºC, respectively. The total rainfall
in the 2013, 2014, and 2015 cropping seasons was
631 mm, 655 mm, and 595 mm, respectively. The top
soil in the field was sandy clay loam (clay 20.9%, silt
15.0%, sand 64.1%) with a pH (H2O) of 6.05, total N of
0.12 g kg−1, and total C of 1.31 g kg−1.

In this study, reduced tillage (RT) and conventional
tillage (CT) were tested in two separate fields as indivi-
dual experiments to acquire practical information for
soybean cultivation in Japan. In both fields, culverts
and open ditch drainages along the fields were estab-
lished. The areas on RT and CT fields were 488.4
(37 m × 13.2 m) and 191.4 m2 (14.5 m × 13.2 m), respec-
tively. For the RT experiment (Exp. 1), the field was
converted from a paddy in the 2011 cropping season,
and soybean was cultivated in the field in 2011 and
2012. For the CT experiment (Exp. 2), on the other
hand, plants had not been cultivated in the field until

the 2012 cropping seasons. Soybean and wheat were
cultivated in summer and winter, respectively, during
the 2013 cropping seasons. Before sowing, the CT field
was prepared and levelled with a rotary plough to
a depth of 15 cm. In the RT field, however, tillage was
restricted to surface-scratching down to a depth of 5 cm
to remove weeds. During the three cropping seasons,
basal fertilizer was applied to the field at the rates of 80,
57, and 74 kg ha−1 for N, P2O5 and K2O, respectively, in
both experiments. Magnesium lime was applied to the
fields at the rate of 700 kg ha−1 to adjust soil pH. The
basal fertilizer and magnesium lime were applied before
wheat cultivation only. Top dressing was not applied
throughout the experimental periods. Wheat seeds
were directly sown on 22nd and 20th November in 2013
and 2014, respectively, at a rate of 80 kg ha−1 (at 30 cm
row spacing). The wheat plants were plowed into the soil
using a rotary plow on 24th and 30th March in 2014 and
2015, respectively. Pests were controlled through appli-
cation of etofenprox emulsion and pyridalyl wetter pow-
der. Weeds were controlled through application of
benthiocarb emulsion as well as through hand weeding.

Crack fertilization

In the present study, we investigated the effects of crack
fertilization combined with CT and RT on the growth and
production of soybean in an upland field converted from
a paddy. In the RT field (Exp. 1), the experiments were
conducted for three cropping seasons (from 2013 to
2015). In the CT field (Exp. 2), on the other hand, the
experiments were only conducted for two cropping sea-
sons (2014 and 2015). The nodule bacteria and biochar
used in the present study were prepared, and crack ferti-
lization was conducted, according to the methodology of
M. Iijima et al. (2015). Briefly, commercial bacteria
(Mamezo; Tokachi agricultural cooperation) were used,
and 42 g 1,000m−2 of dry powder for commercial bacteria
were mixed 10 L of deionized water and the supernatant
solutions were sprayed on the biochar. Biochar was pro-
duced by heating broad-leaf trees at 600ºC for 2 h in low
oxygen conditions, and its bulk density was 0.343 g cm−3.
The biochar was applied at a rate of 33.3 kg ha−1 along the
crack (Supplemental Figure 1). Crack fertilization was con-
ducted using a test machine (Sukigara Nouki Co Ltd)
attached to a tractor (Yanmar CT 340). The agricultural
materials, which were biochar and nodule bacteria on
biochar, were applied between the soybean rows to
a depth of approximately 20 cm along the blade of the
subsoiler so as not to disturb the hardpan layer.
Photographs after crack fertilization before sowing and
at midterm tillage were shown in Supplemental Figure 1.

Figure 1. Average temperature and total rainfall during the
experimental period and their 30-year averages. E, M, and
L indicate early, middle, and late periods of the month, respec-
tively. Sources; Local Meteorological Observation of Oouda,
which is near to the experimental site.
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Analysis of the factors of crack fertilization was con-
ducted in the RT field at different growth periods. The
variables tested were crack formation without the appli-
cation of any agricultural materials (Ck), and the applica-
tion of biochar (Ch) or nodule bacteria on biochar (Nod)
into cracks. The treatment periods were before sowing,
during midterm tillage, and during both periods. The
cracks were formed either on rows for the before sowing
treatment or in furrows for the midterm tillage treatment.
In total, ten treatments (three factors × three periods +
control) were established in the RT field (Exp. 1). In the CT
field, on the other hand, only the Nod treatment was
tested during the three different growing periods, giving
a total of four treatments (three periods plus control;
Exp.2). Therefore, the effects of the application of nodule
bacteria can be compared between the CT and RT fields.
The treatments in both fields were arranged in a complete
randomized block design with five replicated fields. The
size of each plot was 7.0 m × 1.2 m (8.4 m2).

Soybean seeds of Sachiyutaka, which is a recommended
cultivar in Nara prefecture, were manually sown on the 2nd

July, 24th June, and 29th June in 2013, 2014, and 2015,
respectively. Before sowing, commercial bacteria were
inoculated onto soybean seeds. In the Ck before sowing
treatment, crack fertilization was conducted on the
same day as sowing, and the seeds were sown above the
cracks. In the 2013 cropping season, however, crack fertili-
zation was conducted one day before sowing (1 July). The
row and intra-row spaces were 0.6 and 0.15m, respectively.
After plant emergence and establishment, thinning and
complementary planting were conducted to adjust the
planting density to 11.11 plants m−2. Crack fertilization
during midterm tillage was conducted 24 (26 July), 30
(24 July), and 31 (30 July) days after sowing (DAS) in
2013, 2014, and 2015, respectively.

Growth and yield measurements

In 2013 (Exp. 1), nodule number and weight were inves-
tigated by sampling the soybean roots in 30 × 30 cm
square of rows and furrows at 45 DAS in the RT field. The
depth of the root sampling was 30 cm. The roots were
carefully washed with tap water, and nodules were
removed. The dry weights of roots and nodules were
measured after oven drying at 80ºC for three days. In
2014 and 2015, nodule activity was evaluated by analyz-
ing ureide translocation rates using the method outlined
by Young-Conway (Young & Conway, 1942) in both
experiment 1 and 2. The xylem sap of soybean plants
under the Nod treatment were collected for two hours
(from 9:00 to 11:00) at 77 and 73 DAS in the 2014 and
2015 experiments, respectively, and the sap was then
used to determine the ureide translocation rates.

In 2013, 2014, and 2015, soybean plants in both
experiments were sampled at 112 (1 Nov), 127 (29 Oct),
and 121 (28 Oct) DAS, respectively. Two plants from each
replication (for a total of 10 plants) were sampled in
order to measure growth and yield components. In
2013, 2014, and 2015, in order to measure yield, 25, 30,
and 30 plants from each replication were sampled,
respectively, and the samples were air-dried for two
weeks. The seeds were removed using a threshing
machine (w-18, Shirakawa Nouki Co Ltd) and were
passed through a 7.3 mm sieve before seed number
and weight were measured. The weight of one hundred
seeds was measured by random selection after the mea-
surement of total seed weight. The moisture contents of
seeds were measured (PM-600, Kett Electric Laboratory,
Japan), and the seed weight was converted to 15%
moisture content.

Statistical analysis

F values, probability levels, and standard error of means
were indicated in the parameters. One-way analysis of
variance (ANOVA) was applied for statistical analysis
using Excel 2012 with add-in software (Esumi, Co. Ltd,
Japan). If the result of the ANOVA was significant, post
hoc analysis was conducted using Dunnett’s multiple
comparison test, with the levels of statistical significance
as p < 0.05 and 0.01.

Results

Growth and yield in the RT field (Exp. 1)

Table 1 shows soybean growth in the RT field over
three years. The average main stem length over the
three years was similar among the treatments.
However, ANOVA detected statistical differences in
main stem length among the treatments in 2013
and 2014. In particular, main stem lengths of soybean
under Ck and Nod treatments at both growing peri-
ods were statistically higher than the control. In addi-
tion, the significant interaction between year and
factor existed in stem length. Branch number tended
to be increased by crack fertilization. Statistical differ-
ences among the treatments were observed by
ANOVA in 2013, and the branch numbers of soybean
under Ch and Nod before sowing treatments were
statistically higher than the control. The average
shoot dry weight over the three years tended to
increase with crack fertilization, but significant differ-
ences were not observed. The significant interactions
between year and factor in branch number and shot
dry weight were not observed.
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Table 2 shows the seed yields of soybean grown in
the RT field over three years. The seed yield of the
control treatment was low in 2013 due to unknown
reasons. The average seed yields in all experimental
treatments were higher than in the control over all
three years. Among the treatment periods, crack ferti-
lization before sowing and during both periods

effectively increased seed yields. The three-year
averages of seed yield before sowing and during
both periods were 486 and 481 kg 10 a−1, respectively.
On the other hand, the three-year average of seed
yield during midterm tillage was lower than that of
the other treatment periods. Among the nine treat-
ments, Ch and Nod before sowing and Ck during both
growing periods increased the seed yield compared to
other treatments. The seed yields of the abovemen-
tioned treatments in 2014 were statistically higher
than the control. When the data were analyzed using
two way ANOVA, significant interaction was observed
between year and factor in seed yield.

In 2015, the yield components of soybean grown in
the RT field were investigated to elucidate the factor
causing the increase in seed yield (Table 3). Although
there were no significant differences in any component
among the treatments, the total pod and seed numbers
and seed weight in the Ch and Nod before sowing
treatment and in the Ck treatment at both growing
periods tended to be higher than in the other treat-
ments. In particular, the pod and seed numbers in
branches, but not in the main stem, tended to increase
with the treatments, resulting in higher seed weights in
branches.

Nodulation and ureide translocation rate in the RT
field (Exp. 1)

In 2013, we investigated the effects of crack fertilization
on the amount of nodulation. Table 4 shows the nodule
number, nodule weight, and one nodule weight for each
treatment. A statistical difference was observed by

Table 1. Growth parameters of each experimental year and their averages over three years in the RT field (Exp.1).
Stem length

(cm)
Branch number
(No. plant−1)

Shoot dry weight
(g plant−1)

Treatmentperiod Factor 2013 2014 2015 Average 2013 2014 2015 Average 2013 2014 2015 Average

Control 34.2 57.6 50.5 47.4 3.5 3.1 3.1 3.2 54.1 81.4 75.9 70.5
Beforesowing Ck 36.3 62.5 53.3 50.7 4.9 3.5 4.2 4.2 80.2 95.5 72.7 82.8

Ch 32.3 63.5 52.9 49.6 5.9** 3.9 3.9 4.6 87.7 100.6 92.3 93.5
Nod 32.4 64.0 54.9 50.4 5.5* 3.6 3.5 4.2 83.7 85.2 92.6 87.2

Midtermtillage Ck 37.0 60.6 52.2 49.9 4.7 3.3 3.7 3.9 82.9 95.9 72.6 84.8
Ch 35.5 58.3 48.8 47.5 4.8 3.9 3.4 4.0 83.5 86.2 79.7 83.1
Nod 35.2 57.9 49.1 47.4 4.2 3.4 3.4 3.7 83.7 99.7 74.5 86.0

Bothperiod Ck 32.1 64.9* 52.7 49.9 4.8 4.3 3.5 4.2 84.5 98.6 90.6 91.2
Ch 34.0 64.1 52.1 50.1 4.9 3.8 3.5 4.1 88.3 103.5 90.7 94.2
Nod 32.3 65.7** 53.3 50.4 4.4 4.4 3.4 4.1 76.4 102.6 80.2 86.4

One way ANOVA
F value 2.33 3.52 1.69 0.03 2.27 1.41 0.76 0.68 1.5 1.72 1.22 1.28
P value 0.03+ 0.003++ 0.12 1.00 0.04+ 0.22 0.65 0.72 0.18 0.12 0.31 0.31
Two way ANOVA (F value)
Year (Y) 938++ 28.8++ 11.7++

Factor (F) 2.55+ 2.63++ 2.61++

Y × F 2.63++ 1.09 0.86

Note: The data are means of five replicated fields. The symbols of + and ++ indicate the significant difference among the treatments at P < 0.05 and 0.01 by
ANOVA, respectively. When one way ANOVA in each year was significant, post hoc analyses were conducted using Dunnett’s multiple comparison test, with
the level of statistical significance taken as P < 0.05 and 0.01. The symbols of * and ** indicate the significant difference from the control of each year by
Dunnett’s multiple comparison test at P < 0.05 and 0.01, respectively.

Table 2. Seed yield of each experimental year and average seed
yield over three years in the RT field (Exp.1).

Treatment
period Factor

Seed yield (kg 10a−1)

2013 2014 2015
Average for
three years

Control 130 473 456 353
Beforesowing Ck 336 528 487 450

Ch 486 569** 490 515
Nod 401 575** 504 493
Average 408 557 494 486

Midtermtillage Ck 322 517 450 430
Ch 391 500 459 450
Nod 311 514 439 421
Average 341 510 449 434

Bothperiod Ck 428 560* 510 499
Ch 390 524 505 473
Nod 427 510 478 472
Average 415 531 498 481

One way ANOVA
F value 2.00 2.81 1.73 0.72
P value 0.08 0.01+ 0.12 0.69
Two way ANOVA (F value)
Year (Y) 93.1++

Factor (F) 8.61++

Y × F 2.99++

Note: The data are means of five replicated fields. The symbol of + and ++
indicates the significant difference among the treatments at P < 0.05 and
0.01 by ANOVA, respectively. When one way ANOVA in each year was
significant, post hoc analyses were conducted using Dunnett’s multiple
comparison test, with the level of statistical significance taken as P < 0.05
and 0.01. The symbols of * and ** indicate the significant difference from
the control of each year by Dunnett’s multiple comparison test at P < 0.05
and 0.01, respectively.
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ANOVA for nodule number in furrows, and nodule num-
ber was significantly higher than the control under the
Nod at midterm tillage treatment and under Ck and Nod
at both periods treatments. ANOVA also detected
a significant difference in the total nodule number,
whereas Dunnett’s test detected no significant difference
from the control. Total nodule number under midterm
tillage treatments and under treatment with fertilization
at both growth periods tended to be higher than the
control due to the increase in the nodulation in furrows.
On the other hand, crack fertilization before sowing did
not affect the nodule number. Although nodule number
increased with crack fertilization, especially in the treat-
ments at midterm tillage and at both periods, nodule
weight did not increase across all treatments. Since one
nodule weight was smaller than the control in all treat-
ments, small nodules might be formed by crack fertiliza-
tion and contribute to the increase in nodule number.

In 2014 and 2015, the effects of nodule application at
different periods on ureide translocation rate were inves-
tigated through the collection of xylem sap (Figure 2).
Ureide concentration was measured using the xylem sap

of soybean treated with Nod. In the RT field, nodule
application was not effective at increasing ureide trans-
location rate regardless of treatment period.

Growth, yield, and ureide translocation rate in the
CT field (Exp. 2)

In the CT field, the effects of nodule application period
on soybean growth and yield were investigated for
comparison with the RT field. Table 5 shows the growth
parameters and the seed yields of soybean treated with
crack fertilization over two years. Branch number was
not statistically different between the treatment periods.
Although shoot dry weight was comparable between
the treatments in 2014, soybean yield tended to be
higher in crack fertilization treatments than the control,
especially before sowing and when administered during
both growth periods. On the other hand, ANOVA
detected significant differences in shoot dry weight
and seed yield in 2015: seed yield was significantly
increased in the before sowing treatment compared to
the control. When the data were analyzed by two way

Table 3. Seed yield components of main stem and branch in the RT field in 2015 (Exp.1).
Pod number (No. plant−1) Seed number (No. plant−1) Seed weight (g plant−1)

Treatment period Factor Main Branch Total Main Branch Total Main Branch Total One hundred seed weight (g)

Control 27.6 41.0 68.6 40.6 63.1 103.7 16.1 26.6 42.7 39.6
Before sowing Ck 18.5 46.2 64.7 28.3 74.9 103.2 10.9 29.4 40.3 39.6

Ch 26.1 57.9 84.0 42.2 93.8 136.0 16.0 37.0 53.0 39.7
Nod 19.7 52.6 72.3 47.5 86.5 134.0 18.7 35.1 53.8 39.9

Midterm tillage Ck 25.6 40.9 66.5 39.2 68.5 107.7 15.7 27.7 43.4 39.2
Ch 27.7 43.1 70.8 46.2 74.3 120.5 18.3 29.7 48.0 39.7
Nod 26.8 40.2 67.0 40.7 66.1 106.8 16.2 26.1 42.3 39.8

Both period Ck 23.3 56.6 79.9 37.9 97.5 135.4 15.2 38.8 54.0 39.6
Ch 25.4 49.3 74.7 39.0 82.7 121.7 15.4 32.1 47.5 39.7
Nod 22.9 48.0 70.9 35.1 81.7 116.8 14.0 32.0 46.0 39.5

One way ANOVA
F value 1.61 1.07 1.32 1.58 1.1 1.35 1.54 0.98 1.25 0.61
P value 1.06 0.4 0.24 0.15 0.39 0.27 0.17 0.47 0.32 0.78

Note: The data are means of five replicated fields.

Table 4. Nodule number and weigh, and one nodule weight at the RT field in 2013 (Exp.1).
Nodule number (No. plant−1) Nodule weight (g plant−1) One nodule weight (mg plant−1)

Treatment period Factor Row Furrow Total Row Furrow Total Row Furrow Total

Control 662 129 791 1.48 0.11 1.59 2.25 0.87 2.03
Before sowing Ck 443 141 584 0.94 0.06 1 2.13 0.47 1.73

Ch 599 147 746 1.39 0.11 1.5 2.24 0.64 1.93
Nod 589 258 847 1.23 0.26 1.49 2.11 1.01 1.74

Midterm tillage Ck 686 297 983 1.71 0.15 1.86 2.53 0.46 1.95
Ch 767 367 1134 1.4 0.22 1.62 1.83 0.62 1.44
Nod 516 386* 902 1.48 0.29 1.77 2.89 0.73 1.96

Both period Ck 696 400* 1096 1.68 0.25 1.93 2.43 0.59 1.75
Ch 571 274 845 1.28 0.18 1.46 2.25 0.64 1.78
Nod 416 421* 837 1.08 0.34 1.41 2.57 0.79 1.68

One way ANOVA
F value 2.19 3.47 2.4 1.28 1.87 1.23 1.24 1.15 0.8
P value 0.07 0.01+ 0.04+ 0.31 0.12 0.33 0.33 0.37 0.62

Note: The data are means of five replicated fields. The symbol of + indicates the significant difference among the treatments at P < 0.05 by ANOVA. The symbol
of * indicates the significant difference from the control by Dunnett’s multiple comparison test at P < 0.05.
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ANOVA, the significant interaction was not observed in
the CT field. The seed yields of soybean in the CT field
were compared with those of the RT field by multi way
ANOVA (Supplemental Table 1). The seed yields were
statistically affected by year and treatment period.
However, the seed yields were not significantly different
by tillage system. The significant interaction was
observed only between tillage system and year.

In 2015, yield components were also investigated to
elucidate the factor causing the increase in seed yields,

similar to the RT field (Table 6). For all components,
significant differences were observed in branches by
ANOVA. The pod and seed numbers and seed weight
in branches were significantly increased by the applica-
tion of nodule bacteria during both growth periods
compared to the control. Although no significant differ-
ence was observed in branch pod number for the before
sowing treatment, the seed number and weight were
significantly increased in this treatment compared to the
control. Concerning total seed weight, the only signifi-
cant difference was observed for the crack fertilization
before sowing treatment.

Figure 3 shows the ureide translocation rate of soy-
bean grown in the CT field. In the 2014 experiment,
ureide translocation rates decreased for all treatments
compared to the control. In the 2015 experiment, ureide
translocation rate tended to increase in the before sow-
ing treatments, whereas the rate during other treatment
periods was similar to the control.

Discussion

Among the three patterns of treatment periods, crack
fertilization before sowing was the most effective at
increasing seed yield in the RT field (Exp. 1). In

Table 5. Branch number, shoot dry weight and seed yield at the CT field (Exp.2).
Branch number (No. plant−1) Shoot dry weight (g plant−1) Seed yield (kg 10 a−1)

Treatment period 2014 2015 Average 2014 2015 Average 2014 2015 Average

Control 4.1 3.2 3.7 99.1 66.6 82.8 514 421 467
Before sowing 4.3 3.0 3.7 99.4 81.8 90.6 551 479** 515
Midterm tillage 3.7 2.9 3.3 86.3 71.0 78.7 514 411 463
Both periods 4.0 3.4 3.7 96.8 80.8 88.8 523 448 486
One way ANOVA
F value 0.32 1.23 - 0.85 3.29 - 0.94 6.92 -
P value 0.81 0.33 - 0.49 0.05+ - 0.44 0.003++ -
Two way ANOVA
Year (Y) 13.6++ 26.9++ 63.7++

Period (P) 0.58 1.96 4.92++

Y × P 0.36 1.09 0.47

Note: The data are means of five replicated fields. The symbols of + and ++ indicate the significant differences among the treatments at P < 0.05 and 0.01 by
ANOVA, respectively. When one way ANOVA in each year was significant, post hoc analyses were conducted using Dunnett’s multiple comparison test, with
the level of statistical significance taken as P < 0.05 and 0.01. The symbols of * and ** indicate the significant difference from the control of each year by
Dunnett’s multiple comparison test at P < 0.05 and 0.01, respectively.

Figure 2. Ureide concentrations in xylem sap under each treat-
ment in the RT field (Exp.1). Soybean plants were sampled 47
and 42 days after midterm crack fertilization in 2014 (left) and
2015 (right), respectively. Two plants in each replicated field
were sampled to collect the xylem sap. The data are means of 10
replicated plants. The vertical bars indicate standard errors.

Table 6. Yield components at the CT field in 2015 (Exp.2).
Pod number (No. plant−1) Seed number (No. plant−1) Seed weight (g plant−1)

Main Branch Total Main Branch Total Main Branch Total One hundred seed weight (g)

Treatment period 23.9 34.8 58.7 35.1 55.8 90.9 14.6 21.9 43.9 39.7
Before sowing 25.7 44.5 70.2 34.7 77.8* 112.5 14.9 33.6** 55.9* 39.5
Midterm tillage 23.2 41.7 64.9 36.3 70.3 106.6 14.0 27.9 48.9 39.6
Both periods 20.5 51.7* 72.2 32.0 85.6** 117.6 12.7 33.6** 52.6 39.6
One way ANOVA
F value 0.88 3.68 2.2 0.22 4.92 2.86 0.43 6.29 3.76 0.20
P value 0.47 0.03+ 0.13 0.88 0.01+ 0.07 0.73 0.005++ 0.03+ 0.90

Note: The data are means of five replicated fields. The symbols of + and ++ indicate the significant difference among the treatments at P < 0.05 and 0.01 by
ANOVA, respectively. The symbols of * and ** indicate the significant difference from the control by Dunnett’s multiple comparison test at P < 0.05 and 0.01,
respectively.
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a previous study, crack fertilization was conducted at
midterm tillage in an upland field, which enhanced the
growth and yield of soybean due to the increase in the
emergence of young roots from the cut surfaces and in
N acquisition by enhanced nodulation (M. Iijima et al.,
2015). However, these alleviative effects might not be
related to crack fertilization before sowing. Since crack
fertilization was conducted before sowing, soybean
roots were not cut by the treatment. In addition, crack
fertilization did not significantly increase nodule num-
bers (Table 4) and ureide concentrations (Figure 2) in the
RT field before sowing. Thus, other factors may have
contributed to the increases in soybean growth and
yield observed in the present study conducted in an
upland field converted from a paddy. One possible fac-
tor may be the creation of aerobic conditions by crack
fertilization, which may have alleviated the adverse
effects of excess moisture in the upland field converted
from a paddy. Although heavy rain was observed in early
July in 2015, the rainfall after crack fertilization, espe-
cially from June to July during the experimental period,
was similar or less than the 30-year average. The signifi-
cant interaction between year and factor existed in the
growth, especially stem length, and seed yield in RT field
(Tables 1 and 2). These rainfall patterns suggest that
crack fertilization supplied aerobic conditions to soy-
bean through the cracks formed during the early growth
period. Another possibility could be the growth
enhancement of soybean roots at the early growth
stage. Takahashi et al. (2018) reported that slit tillage
before sowing increased taproot growth and root den-
sity, leading to the increase in soybean yield. In the
present study, crack fertilization before sowing supplied
the space to grow soybean roots (Supplemental
Figure 1). These results suggest that soybean roots
were able to grow well through the cracks formed dur-
ing the early growth period.

Although only crack formation (the treatment with-
out the addition of materials) before sowing was effec-
tive at increasing the growth and yield of soybean
compared to the control, the treatments with Ch and
Nod before sowing were more effective (Tables 1 and 2).
Since application of nodule bacteria before sowing was
not effective at increasing nodule number (Table 4) and
ureide translocation rate (Figure 2) in the RT field, the
observed increase in soybean production may be due to
the application of biochar into cracks. The effectiveness
of biochar application in increasing production was also
demonstrated in a study on sweet potato (Isobe et al.,
1996). In our previous study (M. Iijima et al., 2015), three
years of continuous biochar application without nodule
bacteria to deep soil layers also gave the highest yield of
all other crack fertilization treatments. These results sug-
gest that crack formation and the application of biochar
into the cracks before sowing contributed to the
increase in soybean production in the RT field. Since
biochar may be able to hold air because of porous
structure, it is speculated that biochar worked as
a protective filter to maintain aerobic condition in the
soil. Future studies should focus on determining
mechanisms to increase production through the appli-
cation of biochar in the field.

The seed yield of soybean under the control treatment
in the RT field was similar to that of the control treatment
in the CT field. The average yield of the control in the RT
and CT fields in 2014 and 2015 were 465 and 467 kg ha−1,
respectively. In addition, the seed yields were not signifi-
cantly affected by the tillage system (Supplemental
Table 1). Mazzoncini et al. (2008) reported that weed
pressure is the main factor that suppresses soybean
seed yield in no tillage fields. In the present study, there-
fore, we surface-scratched down to 5 cm depth before
sowing to remove weeds, and the yield reduction was
successfully suppressed. Thus, the combination of crack
fertilization and reduced tillage may be a practical
method in upland fields converted from paddies. The
average seed yields of the Nod treatments in the RT field
were higher than those in the CT field in 2014 to 2015,
regardless of the timing of crack fertilization.

As stated earlier, M. Iijima et al. (2015) reported that
soybean seed yield was enhanced by crack fertilization at
midterm tillage in the case of an upland field. In the
present study, however, seed yield was not enhanced by
crack fertilization during midterm tillage compared to the
control in either the CT or the RT field (Tables 2 and 5). This
could be attributed to the different depth of crack forma-
tion. In M. Iijima et al. (2011) and (2015)), the depth of the
cracks was 30–40 cm, however, the present study
a relatively shallower soil depth of around 20 cm was
used due to the presence of a hard pan layer. We chose

Figure 3. Ureide concentrations in xylem sap under each treat-
ments in the CT field (Exp.2). Soybean plants were sampled 47
and 42 days after midterm crack fertilization in 2014 (left) and
2015 (right), respectively. Two plants in each replicated field
were sampled to collect the xylem sap. The data are means of 10
replicated plants. The vertical bars indicate standard errors.
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a depth which would not destroy the hard pan layer of the
paddy field for future use. In fact, crack fertilization at
midterm tillage in an upland filed converted from
a paddy gave a slightly higher yield than control conditions
when the depth of crack formation was around 25–30 cm
(M. Iijima et al., 2015). The difference in the depth of the
crack formation may have caused the differences in the
effects of the treatments. Heavy rain after crack fertilization
could also be a possible cause of the differences in treat-
ment effects. Heavy rain was observed in every cropping
season during the experimental period of the present
study, especially from August to September, compared
with the 30-year average. It is probable that crack fertiliza-
tion at midterm tillage was not effective in the present
study because the hardpan layer restricts water flow in
a downward direction. Recent erratic rainfall patterns,
especially localized torrential downpours during summer,
may have induced excess moisture conditions in the
upland field converted from a paddy, resulting in the
inhibition of soybean growth during the reproductive
stages. In addition, water could have accumulated in the
cracks formed by crack fertilization. Soybean is much more
sensitive to waterlogging during its reproductive stages
(R1, R2 and R5) than its vegetative stages (V2), leading to
large losses in seed yield (Griffin & Saxton, 1988; Linkemer
et al., 1998; Scott et al., 1989). Crack fertilization at both
growth periods was more effective than that only at mid-
term tillage, but fertilization at both growth periods did not
successfully increase the seed yield compared to fertiliza-
tion before sowing only. Thus, crack fertilization atmidterm
tillage might require deeper crack formation in upland
fields converted from paddies, which will partially destroy
the hardpan layer to reduce anaerobic conditions.

The increases in seed yields in the RT (Table 3) and
CT (Table 5) fields by crack fertilization were attributed
to the increases in the pod and seed numbers on
branches. Carpenter and Board (1997) investigated
the relationship between plant populations and yields
using soybean. The authors reported that total seed
yield per plant increases as plant population
decreases, and that this increase is caused by
increases in branch yield but not in main stem yield.
These results suggest that the increase in branch yield
per plant may be the important factor that enhances
soybean yield, and that crack fertilization increases
branch number and branch yield, resulting in
increased total seed yield. In the present study, how-
ever, the pod number of main stems treated with crack
fertilization in the RT field tended to be lower than the
control (Table 3). Thus, the maintenance or improve-
ment of main stem yield, as well as branch yield, under
treatment with crack fertilization is a challenge for
future studies.

In conclusion, crack fertilization was effective at
increasing seed yields in both RT and CT fields. This
increase in yield might be due to the combination of
crack formation and the application of biochar. The most
effective growth period for treatment with crack fertili-
zation was before sowing in both RT and CT fields. Crack
fertilization at midterm tillage should be further studied
in an upland fields converted from paddies with the
crack formation at a different soil depth to the hard
pan layer. Considering that the yields of the control
treatments in RT and CT fields were comparable, the
application of biochar into cracks after scratching the
soil surface to remove weeds is a practical method of
increasing soybean yield in upland fields converted from
paddies.
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