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 Soybean cultivation is deleteriously affected by drought stress in different regions where rainfall or 

irrigation facilities are insufficient. Stress caused by water deficiency in soybean largely depends on soybean 

growth stages and time exposed to drought. Drought stress during the vegetative stage limits leaf expansion, 

accelerates leaf senescence, and yield reduction (Desclaux et al., 2000; Valliyodan et al., 2017). During the 

reproductive stages cause flower and pos abortion, decrease in seeds number per pod and individual seed weight, 

as well as unfilled pods on the upper nodes of the soybean plant resulting in the reduction of soybean yield 

potential (Sionit & Kramer, 1977; Desclaux et al., 2000; Brevedan & Egli, 2003). Additionally, recent soybean 

yield in Japan (1636 kg ha−1, Ministry of Agriculture, Forestry and Fisheries 2020) is about half of that in the 

USA (3326 kg ha−1, USDA-National Agricultural Statistics Service 2020), this is a large gap of soybean yield 

between Japan and the USA. Low yield in Japan may be due to disadvantageous climatic conditions for soybean 

cultivation. For instance, drought stress in soybean cultivation in southern Japan frequently decreases the 

germination rate and vegetative growth, increases flower and pod abortion, and reduces seed weight (Takeda & 

Sasaki, 2013). Severe water deficit is rare, but drought stress after the rainy season and typhoons reduces 

soybean yield in Japan (Fatichin et al., 2013; Matsuo et al., 2016). The quality and quantity of soybean yield 

depend on water needed for growth. Also, Japan's and Thailand's soybean demands were higher than the supply 

causing to rely on soybean imports. Hence more research, especially stress, under different conditions on 

soybean crop growth, development, and yield, as well as the occurring of the stress in their sensitive stages is 

necessary.  

Besides, drip irrigation enables a more effective water supply to plants compared with other irrigation 

systems because of the ease of controlling watering (Dasberg & Or, 1999). Isoda et al. (2006) demonstrated a 

very high soybean yield with frequent and sufficient irrigation using a drip system in an arid area of central Asia. 
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Recently, narrow-row planting (ca. 0.3 m between rows) in soybean cultivation has become common in Japan 

(the standard in Japan is 10 to 20 plants m−2, with 0.60 to 0.80 m between rows, 0.07 to 0.20 m between plants 

within the rows, and tilling between the rows), and high soybean yield using narrow-row planting has been 

reported (Maitree & Toyota, 2017). Furrow irrigation is common for the standard spatial arrangement of 

soybeans. In contrast, drip irrigation is well suited for narrow-row planting, which does not require tilling 

between rows during cultivation. In this research, the author focused on the drip irrigation system. Soybean crops 

need to be irrigated frequently in order to avoid yield and quality losses (Constable & Hearn, 1980). It has been 

reported that full irrigation after water stress during flowering increased growth and quality of soybean 

(Sutherland & Danileson, 1980). Irrigation in areas where water is deficient has also been known to significantly 

increase seed yield in soybean (Garcia y Garcia et al. 2010; Kadhem et al., 1985; Karam et al., 2005). Although 

the effect of irrigation on soybean cultivation in Japan is uncertain, soybean yield from irrigation was greater 

than that of rainfed cultivation in a year receiving low precipitation (Scott et al., 1987). Therefore, soybean yield 

under rainfed cultivation decreases in a year with low precipitation, and the effect of irrigation on soybean 

production appears more clearly in a region with low precipitation. To solve this problem, complementary 

irrigation in soybean cultivation could alleviate drought stress, even for a short period, and contribute to 

increasing yield. This study, therefore, has focused to investigate the effects of using drip irrigation on the growth, 

yield, and its components of soybean grown in a low precipitation region in Japan, as well as to evaluate the 

phenological and physiological responses and dry matter production under a wide range of irrigation levels in 

two Japanese soybean cultivars ‘Hatsusayaka’ and ‘Sachiyutaka’. ‘Sachiyutaka’ is one of the current leading 

soybean cultivars in Southwestern Japan and ‘Hatsusayaka’ is expected to become popular because of having 

equal productivity to or higher than that of ‘Sachiyutaka’ (Saruta et al., 2012). Irrigation treatment is set from the 

blooming to the full-seed stage (R1−R6 stages) due to drought stress during the reproductive stages severely 

decreases soybean yield as previously mentioned. According to the objective, the experiment has been divided 

into two experiments: field and pot experiment. 

Three years of consecutive experiments (2016−2018) with two treatments (drip irrigation; Drip, and 

rainfed; Rainfed) were conducted to assess the response of soybean growth and yield under drip irrigation 

conditions at Kagawa prefecture due to the occurrence of the second-lowest precipitation in Japan. Three drip 

tubes with emitters every 0.3 m (Dripnet PC 12, Netafim Japan Ltd, Tokyo, Japan) were installed between the 

strands: the tube length was 5.0 m in 2016 and 5.5 m in 2017 and 2018. The amount of daily irrigation during 

treatment was determined based on the daily evapotranspiration measured by evapotranspiration simulators, 
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located in the experimental field. Daily total solar radiation and daily precipitation were measured at the 

meteorological station of the Faculty of Agriculture, Kagawa University, which is located adjacent to the 

experimental field. We assumed effective rainfall (effective rainfall ≥ 5 mm d−1) to be that according to the 

Ministry of Agriculture, Forestry and Fisheries (1982). Leaf water potential (ΨL) of the topmost fully expanded 

leaf from three plants of each treatment was measured weekly by using a pressure chamber (Model 600; PMS 

Instrument Company, Albany, USA). Leaf greenness (SPAD values) using a SPAD meter (SPAD-502; Konica 

Minolta Inc., Tokyo, Japan) was also measured on the leaves used for ΨL measurement. Samples were harvested 

at 2-week intervals. Yield and its component, the above-ground dry matter (AGDM), leaf area index (LAI), crop 

growth rate (CGR), net assimilation rate (NAR), and mean leaf area index (mLAI), radiation use efficiency 

(RUE) were estimated using the procedure given by Maitree and Toyota (2017). Seeds were classified into fine 

and nonconforming which includes seeds that were damaged by pests and diseases, that split, or showing other 

obvious defects by using a 7.3-mm sieve and weighed. The results showed that the changes in accumulated 

effective rainfall and accumulated ETa to estimate the plant water status of soybean in each year. Although 

effective rainfall during treatment in 2016 and 2017 was 23% and 34% lower than in 2018, the amount of 

rainfall and the occurrence of rain in this study varied by growth period and year. Accordingly, we compare total 

water input (sum of effective rainfall and irrigation) to identify the factors responsible for the variation in yield 

and its components among years, cultivars, and irrigation treatments. As a result, we found many significant 

correlations between total water input and seed yield or its components. These results indicated that total water 

input was the main factor affecting the variation of seed yield and its components among years as well as the 

higher total water input in Drip than in Rainfed contributed to higher yield and yield components in Drip than in 

Rainfed within each year. ANOVA revealed a significant effect of drip irrigation on total seed yield, AGDM at 

maturity, RUE, and numbers of branches, nodes, and fertile pods. Because seed yield is the product of AGDM at 

maturity and harvest index, the more closed linear relationship between total seed yield and AGDM rather than 

between total seed yield and harvest index indicated the greater contribution of AGDM to seed yield. AGDM 

has a significant correlation with the means of growth parameters (CGR, NAR, and mLAI) during treatment 

period, and CGR correlated with NAR more closely than with mLAI. Highly significant correlation coefficients 

among NAR, RUE, and ΨL suggested that maintaining plant water status higher by drip irrigation substantially 

increased the efficiency of dry matter production per unit leaf area and per intercepted solar radiation. On the 

other hand, the variation of fine seed yield was analyzed by correlation among yield components associated with 

the numbers (i.e., numbers of seeds, pods, nodes, and branches). The results revealed a significant correlation 
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among fine seed yield, number of fine seeds, fertile pods, and branch pod ratio. Also, the results revealed the 

significant correlations between branch pod ratio and numbers of fine seeds and fertile pods suggested that 

increase of branch growth by drip irrigation contributed to increase number of pods in branch, which increased 

number of fine seeds in Drip. This result consistent with Frederick et al. (2001), who reported that drought stress 

during R1 to R5 decreased total seed yield primarily by reducing branch vegetative growth, which reduce branch 

seed number and branch seed yield, without reducing main stem seed yield. AGDM and LAI in Drip tended to 

be higher than in Rainfed throughout cultivation for both cultivars for all years. Although considerably high 

AGDM and LAI were observed in Drip in 2017, AGDM and LAI in 2016 and 2018, and those in Rainfed in 

2017 were within the range of our previous study (Maitree &Toyota, 2017). ANOVA showed the significant 

effect of irrigation on CGR and NAR in the 2nd period. The highly significant correlation between CGR and 

NAR in the 2nd period suggested that large contribution of NAR to CGR. Although ANOVA showed 

significant effect of irrigation on mLAI from 2nd to 5th period, correlation between CGR and mLAI were only 

significant in 1st and 4th period. The significant correlation between ΨL and growth parameters suggested that 

using drip irrigation should avoid drought stress and maintaining plant water status which contribute to NAR. 

Previous studies have reported that a decrease in RUE during drought was caused by a decline in canopy 

photosynthesis as a consequence of senescence due to water stress (Jefferies & Mackerron, 1989; Kiniry et al., 

1989; Li et al., 2008). In the present study, no severe water stress was observed that caused the leaf senescence. 

According to ANOVA, the effect of irrigation on RUE was highly significant, suggesting that using drip 

irrigation should increase RUE of soybean in areas where there is no severe water deficit, such as our experiment 

site. Garcia y Garcia et al. (2010) showed that response to yield and water use efficiency by drip irrigation in 

soybean was different among genotypes. In the present study, the mean numbers of branches and nodes across 

years and irrigations for Hatsusayaka were larger than for Sachiyutaka, whereas the mean of fine and total seed 

yield, and number of seed across years and irrigations for Sachiyutaka were larger than for Hatsusayaka. These 

morphological characteristics in Hatsusayaka and Sachiyutaka in this study are consistent with our previous 

study (Chomsang et al., 2020; Maitree & Toyota, 2017). The larger number of branches, nodes, and pods for 

Hatsusayaka support the ability to produce many branches of this cultivar compared with Sachiyutaka (Toyota et 

al., 2017). Probably due to the limitation of assimilate supply, however, a large proportion of pods and seeds 

were aborted or grew insufficiently in Hatsusayaka. The lower harvest index for Hatsusayaka than for 

Sachiyutaka could be attributed to the larger aborted pod and nonconforming seed in this cultivar. Total rainfall 

during the same growing season with this study (sown on July 10 and harvested on November 10) at the Faculty 
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of Agriculture, Kagawa University from 2001 to 2019 was varied between 112 mm (2012) and 903 mm (2017), 

with a mean of 507 mm. The 95% confidence interval for the 19-year mean was 393 mm (lower) and 622 mm 

(upper). Total rainfall in 2017 was the highest among 19-year mean and that in 2018 was higher than the upper 

95% confidence interval. Total rainfall in 2016 was lower than the 19-year mean but within the 95% confidence 

interval. There were six years during 19-years when total rainfall during the soybean cultivation season fell 

below the 95% confidence interval of the 19-year mean. The results of this study indicated that the use of drip 

irrigation suppresses the decrease of yield in years with rainfall as low as 2016. Therefore, the probability of 

avoiding a decrease in soybean yield in a drought year by using drip irrigation will be about once every three 

years. The probability will increase about once every 1.7 years (≒ two years) if we expect a significant effect of 

using drip irrigation in a year when rainfall is lower than the 19-year mean. 

Pot experiment was designed a wide range of irrigation levels (100% of field capacity (control), 80%, 

60%, 40%, and 20% of control) to compare dry matter production and physiological responses of two soybean 

cultivars. Both cultivars were grown in 1/2000a Wagner pots (well-drained loam soil) at a non-air-conditioned 

greenhouse. Irrigation consumption was monitored daily using a gravimetric method. In other words, the daily 

amounts of irrigation for control for each cultivar was calculated as Wi−1 − Wi, where Wi and Wi−1 are the weight 

of a pot at day i and day i−1, respectively. The daily amount of irrigation for i8, i6, i4, and i2 was determined 

based on iC. During the experiment, we measured soil moisture in volumetric water content (VWC) along the 

first 10 cm depth with TDR soil moisture sensor (2016) and ECH2O moisture sensor (2017) on a daily basis, in a 

subsample of three pots under different irrigation treatments. The net photosynthesis rate (Pn), stomatal 

conductance (Gs), transpiration (E), and intercellular CO2 (Ci) were measured with a Portable Photosynthesis 

System (Model LI-6400, LI-COR Inc., Lincoln, NE). The photosynthetically active radiation (PAR), provided 

by an LED light source, was set to 1500 μmol m−2 s−1. The flow rate of air through the sample chamber was set 

at 500 μmol s−1, and the leaf temperature was maintained at environment temperature. Carbon dioxide levels in 

the leaf chamber were controlled by using CO2 cartridge and fixed flow rate at 500 μmol s−1. The CO2 

concentration within the leaf chamber was fixed at 400 μmol mol−1. The parameters were measured weekly from 

10:00 am to 14:00 pm. Three plants were randomly chosen, and one of the most recently expanded leaves was 

selected from each plant three times. Then the leaf used for Pn measurement was subjected to measure ΨL and 

SPAD value. Water use efficiency (WUE) was calculated as Pn/E and mesophyll efficiency (Ci/Gs) was 

calculated as Ci/Gs (Agnihotri et al. 2009; Sheshshayee et al. 1996). The measurement method of yield and its 

components was the same as the field experiment. The results showed that the day to reach the R3, R6, and R8 
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stages were delayed proportionally with the amount of irrigation, and Hatsusayaka was delayed than 

Sachiyutaka in both years may be due to the unique characteristics of each cultivar. This finding agrees with 

Getachew (2014), who concluded that water deficit might hasten or delay phenological periods depending on the 

time it occurs, severity, rate of onset of the stress, and type of species involved. On the other hand, the days to 

reach the R8 stage in 2017 had longer delays than in 2016, probably due to delayed stem senescence. Harbach et 

al. (2016) reported that delayed stem senescence is caused by insect damage, the fungicide pyraclostrobin, the 

herbicide glyphosate, water deficits, or their interactions. In addition, the large amount of assimilate in vegetative 

organs remains in the late reproductive stages (Egli & Bruening, 2006). In this study, the large amount of 

remaining assimilate in vegetative organs due to the loss of destination sink organs (seeds were severely 

damaged by pest in 2017) was the major factor for delayed stem senescence, which contributed to the large 

delay in the R8 stage in 2017. The effects of irrigation levels were significant in seed yield, the response of seed 

yield to irrigation levels was increased proportionally with the amount of irrigation up to a certain level (at 80% 

of control), and after that, it reached a threshold. It has been reported that water deficit occurred during critical 

periods of plant development, resulting in yield reductions (Al-Tawaha et al., 2007; Kadhem et al., 1985; Korte 

et al., 1983; Kunert et al., 2016). Moreover, the proportional decrease in seed yield with irrigation levels of both 

cultivars in the present study was due to the lower number of pods and seeds. In general, assimilate supply to 

reproductive organ mainly determines the number of pods or seeds (Board & Tan, 1995; Egli, 2010; Jiang & 

Egli, 1993), in order that the higher TDM and Pn in higher irrigation levels might produce the higher number of 

flowers, pods, and seeds. Our data also suggested that the fertile pod number decreased with decrease in 

irrigation levels would result in quite a low pod set ratio. Moreover, our results showed that the proportional 

decrease in irrigation levels resulted in a decrease of stomatal conductance with decreasing leaf water potential, 

which contributed to the reduction of photosynthesis rate as well as low total dry matter production. The results 

are consistent with Egli & Yu (1991), Liu et al. (2004) and Schou et al. (1978) who reported that water stresses 

reduce photosynthetic activity during the reproductive stage, causing a reduction in yield and yield components. 

In addition to the inhibition of Pn, decreased carbohydrate metabolism in leaves caused by drought stress may 

also reduce the amount of assimilates available for export to the sink organs (Pelleschi et al., 1997). It has been 

reported that water stress, induced by controlled watering, causes a progressive and concomitant decrease in net 

photosynthesis and light-saturated stomatal conductance in soybean leaves (Ribas-Carbo et al., 2005). The 

severity of water stress has often been assessed by its effect on relative water content, ΨL, light-saturated 

stomatal conductance, or even net photosynthesis. Although Hatsusayaka had higher leaf water potential and 
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total dry matter than Sachiyutaka in some irrigation levels, there is no significant effect on total dry matter, seed 

yield, Pn, SPAD, ΨL, WUE and Ci/Gs. These results indicated that there was no difference in drought-tolerance 

between Hatsusayaka and Sachiyutaka. 

Overall, our results revealed that using drip irrigation for soybean cultivation at the experiment site would be 

suppressing yield decline in years with low rainfall rather than achieving a higher yield than standard in years 

with normal or high rainfall. More information is needed to estimate the rainfall-threshold, which is expected to 

have a significant effect on using drip irrigation in this region. Besides, seed yield response to irrigation levels 

increased proportionally with the amount of irrigation. It is worth noting that both experiments showed that 

maintaining plant water status is the main factor of mitigating drought stress and would be suppressing the 

decrease in soybean yield. Also, there is no clear evidence indicating the different response to drought tolerance 

between Hatsusayaka and Sachiyutaka. Moreover, the reduction of dry matter production and soybean seed 

yield by drought stress is likely to occur in the tropical wet-dry climate of Thailand as well as the temperate zone 

of Japan. Thus, understanding the interactive effects of drought stress on plant responses not only is needed for 

the current environmental conditions encountered in the field but is also for the future climate. 
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