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Abstract
In Korea, the largest agricultural lands are paddy fields which have poor infiltration and 
drainage properties. Recently, the Korean government has pursued cultivating upland 
crops in paddy fields to reduce overproduced rice in Korea. For this policy to succeed, it is 
critical to understand the topographic information of paddy fields and its effects on upland 
crops cultivated in the soils of paddy fields. The objective of this study was to characterize 
the growth properties of sesame and perilla from paddy fields with three soil topographic 
features and soil water effects which were induced by the topographic features of the sesame 
and perilla. The crops were planted in paddy fields located in Miryang, Gyeongnam with 
different topographies: mountain foot slope, local valley and alluvial plain. Soil water contents 
and groundwater levels were measured every hour during the growing season. The paddy 
field of the mountain foot slope was significantly effective in alleviating wet injury for the 
sesame and perilla in the paddy fields. The paddy field of the mountain foot slope had a 
decreased average soil water content and groundwater level during cultivation. Stress day 
index (SDI) from the alluvial plain paddy field had the greatest values from both crops and the 
smallest from the ones from the paddy field of the mountain foot slope. This result means 
that sesame and perilla had the smallest stress from the soil water content of the paddy field 
on the mountain foot slope and the greatest stress from the soil water content of the alluvial 
plain. It is important to consider the topography of paddy fields to reduce wet injury and to 
increase crop yields.
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Introduction

Recently, the Korean government promotes utilizing paddy fields to cultivate upland crops instead 
of rice in order to reduce overproducing rice. The self-sufficiency rate of upland crops is 23.7% and 
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the Korea government is trying to increase the self-sufficiency rate up to 50.0% by 2022 (NSO, 2016). In order to succeed 
this policy, it is important to optimization of paddy field properties for upland crop cultivation.

Korean land is consist of 55% of paddy fields among arable lands. Typical paddy field soils have poor infiltration and high 
groundwater table because rice is cultivated under flooding condition and paddy field soils need to prevent water drainage 
(Jung et al., 2011). Paddy field soils tend to have excessive soil water condition easily because of capillary rise of soil water 
from high groundwater (Benz et al., 1984; Meyer et al., 1989). Soil water contents are affected by many soil properties, such 
as soil drainage class, soil texture, soil slope, topography, etc. Anderson and Kneale (1980) reported that topography is the 
most important factor that affects soil water variation among soil properties. Jung et al. (2013) found that crop yields were 
strongly affected by soil water contents and geography of paddy fields after investigating crop yields and soil water variations 
across paddy fields with different geographical information.

Excessive soil water creates less oxygen in soil and this phenomena creates negative effects to crop growths and yields (Jo 
et al., 1996; Ji et al., 2009; Lee et al., 2010). Inadequate oxygen in soil interrupts root respiration and absorbance of nutrition 
uptake. This condition causes toxic matters in soils and promotes growth inhibition, root rot disease and accelerating aging 
in crops. These factors restrict cultivation of upland crops in paddy fields since upland crops are vulnerable to excessive soil 
water condition. Therefore it is important to manage soil water to produce optimal yields of upland crops in paddy fields.

In case of excessive soil - water conditions, Hiler (1969) introduced the stress day index (SDI) to quantify the cumulative 
stresses of water imposed on crops. This SDI is based on crop susceptibility (CS) factors (Hiler and Clark, 1971; 
Hardjoamidjojo et al., 1982). CS factors describe the plant susceptibility (or response) to environmental stresses and depend 
upon the species and the stage of development of a given crop. CS factors have been investigated for various physiological 
growth stages of corn and soybean under excessive soil - water or flooded conditions from various studies (Evans and 
Skaggs, 1984; Mukhtar et al., 1990; Purwanto et al., 1993). CS and SDI concepts have been applied to soybean cultivated in 
paddy fields in Korea (Jung et al., 2011), but there has been no attempt to use SDI model to soilcrops under excessive soil - 
water conditions.

Sesame and perilla are one of the most important oilseed crops in eastern Asia. These crops are widely used in food, 
nutraceutical, pharmaceutical and industry in Korea. Sesame (Sesamum indicum L.) is a member of the Pedaliaceae family 
(Ashri, 1998). Sesame seeds contain 50% fat, 20% protein, 15% carbohydrate and 0.5% lignan (Fukuda et al., 1985). Perilla 
(Perilla frutescens L.) contains 45% fat, 16 - 22% protein and many phenolic compounds (Lee et al., 2013). Previous studies 
reported that sesame and perilla are sensitive to environmental stresses, especially water stress (Ucan et al., 2007; Hagiwara 
et al., 2010). Chun et al. (2016) found that excessive soil water led to significant reduction in growth and yield of sesame and 
the highest reduction was observed at tillering stage. Hagiwara et al. (2010) concluded that growth and yield of perilla were 
affected by soil water and the intensity of soil water was not homogeneous to obtain optimal growth and yield. These studies 
concluded that growth and yield of sesame and perilla were highly affected by soil water contents, but there has been no 
investigation of a relation between soil water variation by topography and growth or yield of sesame or perilla.

The hypotheses of this study was that different topographic paddy fields might affect growth characteristics and yield of 
sesame and perilla. The objectives of this study were characterizing growth properties of sesame and perilla from paddy 
fields with three soil topographic features and soil water effects which were induced by topographic features on sesame and 
perilla.
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Materials and Methods

Soil and crop

The field experiments were conducted at three paddy fields in Miryang, Gyeongnam (Fig. 1). Three paddy fields were 
selected based on geographical features; Mountain foot slopes, local valley and alluvial plains. Each paddy field cultivated 
rice until 2015. The whole experiment size of each paddy field was various. The experimental plot of each crop was 8 m by 
20 m respectively throughout the three paddy fields. Soils from three paddy fields were tested for chemical and physical 
properties; pH, EC, organic matter, available P2O5, cations (K, Ca, Mg, Na), texture, drainage class, soil water and groundwater 

Fig. 1. Satellite images (top) and experiment plot diagram (bottom) from three paddy fields; A: Mountain foot 
slopes, B: Local valley and C: Alluvial plains.
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level. All three paddy fields were cultivated rice until 2015. Each plot was fertilized followed by a standard amount of 
fertilizer for sesame and perilla before planting.

Sesame and perilla were cultivated at each paddy field from 2016 to 2017. Both crops were fertilized and cultivated by 
good agricultural practices (RDA, 2015). Sesame was planted with 70 × 20 cm planting intensity by end of May. Perilla was 
planted with 70 × 25 cm planting intensity by end of June. Geonback was selected as a sesame cultivar and Dayu was 
selected as a perilla cultivar, since two cultivars are one of the most popular oil crop cultivars cultivated in Korea. In each 
experimental site, soil water contents were measured by soil water probes (Easy AG, Sentek Pty. Ltd., Stepney, Australia) at 
20 cm depth from the soil surface and levels of groundwater were measured by sensors with automatic water level recorders 
(Remote Data Systems, Inc., NC, USA) from 0 cm to 150 cm. Three soil water probes and one groundwater sensor were 
installed at the center of the experimental (Fig. 2). All measurements were measured every hour during growing seasons. 
Before harvest, leaf color was measured by SPAD chlorophyll meter (Minolta Corp. Ramsey, NJ, USA) to determine crop 
stress level. 10 measurements of SPAD chlorophyll meter were conducted from sampled crops. After harvest, growth and 
yield components were measured.

SDI (Stress-Day Index) model

The SDI concept is determined from a stress day (SD) factor and CS factor. The SD factor is a measure of the intensity and 
duration of stress. The CS factor is a measure of the crop susceptibility to a unit of stress and is a function of the crop species 
and its stage of development. Hiler (1969) defined the SDI as

        	 	 	 	 	 	 	 	 	 (1)

Fig. 2. Locations of soil water and groundwater level measurements from each experiment plot.



Korean Journal of Agricultural Science 45(4) December 2018 753

Excessive soil water stress responses of sesame (Sesamum indicum L.) and perilla (Perilla frutescens L.) cultivated from paddy fields with different topographic features

where n is the number of growth stages and SD and CS are the stress day and crop susceptibility factors for period i, 
respectively. The SD values can be replaced by SEW30 values. SEW30 (cm-day) represents the sum of groundwater level 
differences when it exceeds the depth of 30 cm, because Sieben (1964) considered the critical depth of 30 cm for excessive 
groundwater level for crops.

Sieben (1964) proposed crop yields to changes of groundwater table depths as

	 	 	 	 	 	 	 	 	 (2)

where xi is the groundwater table depth below the soil surface on day i, and n is the number of days in the period being 
considered. The CSi is defined as the yield reduction ratio per unit of SDi at a given excessive soil water stress in i –th growth 
stage. Hiler (1969) expressed CSi as

 	 	 	 	 	 	 	 	 	 	 	 (3)

where Xi is the yield from a treatment subjected to a unit water stress during i –th growth stage and X is yield when a crop 
is kept under no water stress throughout the season.

All data from measurements were analyzed statistically by analysis of variance (ANOVA) and Duncan’s multiple range 
test at 95% using SPSS v20 (SPSS Inc., Chicago, IL, USA).

Results and Discussion

Soil characteristics

Soil properties of the three paddy fields are shown in Table 1. The chemical properties from all paddy fields did not have 
distinguishable difference except available P2O5 from the local valley paddy field. The available P2O5 values from all three 
paddy fields were above a proper range of available P2O5 (Kang et al., 2012). The values of K also were above a proper range 
of K content from paddy fields. However, the contents of Ca, Mg and Na were below a proper range. In physical properties, 
drainage classes were different across paddy fields. The paddy field of mountain foot slope had somewhat well drainage 
class, while the one of alluvial plains had poorly. These physical properties resulted in differences of soil water and 
groundwater levels across paddy fields.

Soil water and groundwater levels were measured during sesame and perilla cultivation. The paddy field with mountain 

Table 1. Soil properties of three experimental sites.

Topography Drainage 
class

Slope 
(%) Texture

Gravel 
content 

(%)

Effective soil 
depth (cm)

Texture 
of 

subsoil

pH 
(1 : 5)

EC (ds/m, 
1 : 5)

Organic 
matter 

(%)

Av.P2O5 
(mg/kg)

Cations ( cmolc/kg)
K Ca Mg Na

Mountain 
foot slopes

Somewhat 
well 7 - 15 Sandy 

loam 0 50 - 100 Fine 
Loamy 5.1 0.3 2.0 406a 0.3 1.8 0.2 0.1

Local valley Somewhat 
poorly 2 - 7 Silt 

Loam 0 > 100 Fine 
Silty 5.9 0.5 2.5 179b 0.5 2.9 0.4 0.1

Alluvial 
plains Poorly 0 - 2 Silt 

Loam 0 > 100 Fine 
Silty 5.9 0.8 2.3 413a 0.4 1.5 0.2 0.1

a, b: letters represent statistical difference across paddy fields at 95% level.
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foot slope had the smallest average soil water value as 10.52 ± 5.87 and the one with alluvial plains had the greatest one as 
38.19 ± 10.25 (p = 0.00) (Fig. 3). Average groundwater level showed the smallest value from paddy fields of mountain foot 
slope as– 64.32 ± 32.22 cm (Fig. 3). Statically, the average groundwater levels from local valley and alluvial plains paddy 
fields did not show difference (p > 0.05), while ones from mountain foot sloes was significantly different from the other 
paddy fields (p = 0.00). Based on these soil water and groundwater level results, excessive soil water days were calculated by 
Eq. 2 (Fig. 3). Days of excessive soil water content were calculated based on days with average soil water over 30 % during 
sesame and perilla cultivation. Excessive soil water can be determined also when soil water content exceeds field capacity 
and this field capacity is affected by soil texture (McCarty et al., 2016). Ley et al. (1994) reported that field capacity of loamy 
soils was determined as 0.3 or 30%. Therefore, when soil water content was over 30% in these paddy fields whose textures 
were loamy soils, that day was counted as day of excessive soil water. Based on this calculation, days of excessive soil water 
from soil water contents were 17 day from paddy field of mountain foot slope, 36 day from one of local valley and 67 day 
from ones of alluvial plains. Days of excessive soil water from groundwater levels were calculated by SEW30 determined by 
Sieben (1964) (Eq. 2). The results of this calculation was 50 day from paddy field of mountain foot slope, 93 day from one of 
local valley and 94 day from ones of alluvial plains.

Fig. 3. Average and standard deviation values of soil water (top) and groundwater level (bottom) from three 
paddy fields (mountain foot slopes, local valley and alluvial plains). The points represent days of excessive 
soil water calculated from soil water content (top) and groundwater level (bottom).
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Growth and yield characteristics

Sesame and perilla showed a similar trend in growth and yield characteristics across paddy fields (Table 2 and 3). The 
paddy field of mountain foot slopes had the greatest yields of sesame and perilla, while the paddy field of alluvial plains had 
the smallest (p = 0.00). The yield of sesame increased from the paddy field of mountain foot slopes up to 273% compared to 
ones from the paddy field of alluvial plains and 120% ones from local valley. An average yield of sesame which cultivated 
from upland soils was 119 ± 8.24 kg/10 a (RDA, 2015). This averaged yield from upland soils did not show significantly 
difference from the yield from mountain foot slopes. The yield of perilla from mountain foot slopes had the greatest value as 
155.2 ± 5.5 kg/10 a, while ones from alluvial plains had the smallest as 33.6 ± 8.9 kg/10 a. The yield from paddy field of 
mountain foot slopes showed statistically no difference compared to an average yield of perilla from upland soils which was 
144 ± 7.2 kg/10 a (RDA, 2015). The growth characteristics of sesame showed the similar trend as the yield results across 
paddy fields. Stem height, stem diameter, and capsule setting length showed the greatest values from the paddy field of 
mountain foot slopes and the smallest from the paddy field of alluvial plains. Some characteristics, such as capsule length and 
1000 grain weight, did not show significant difference between the paddy field of mountain foot slopes and ones of local 
valley. The growth characteristics of perilla also showed the same trend of the yield results across the paddy fields. However, 
some characteristics did not show significant difference between the paddy field of mountain foot slopes and the ones of local 
valley.

Table 2. Growth and yield characteristics of sesame from three paddy fields; Mountain foot slopes, local 
valley, and alluvial plains.
Topography Mt. foot slopes Local valley Alluvial plains
Stem height (cm) 161.7 ± 12.5a 125.4 ± 12.8b 100.1 ± 10.2c
Stem diameter (mm) 10.2 ± 1.6a   8.0 ± 1.3b   7.5 ± 1.1c
First setting pod node (order)   4.8 ± 1.2a   4.1 ± 1.3b   4.1 ± 1.4b
Capsule setting length (mm) 23.2 ± 4.3a  19.7 ± 4.1b 17.2 ± 4.5c
Capsule setting node (order) 28.7 ± 3.3a  26.4 ± 2.3b 27.2 ± 2.8b
Capsule length (mm) 28.7 ± 3.3a  26.4 ± 2.3b 27.2 ± 2.8b
Capsule width (mm)   8.0 ± 0.6b    7.9 ± 0.7b   8.4 ± 0.8a
1000 grain weight (g)   2.8 ± 0.1a    2.6 ± 0.0b    2.4 ± 0.1b
Yield (g) 109.1 ± 19.9a  60.7 ± 6.8b 29.2 ± 4.6c
a - c: letters represent statistical difference across paddy fields at 95% level.

Table 3. Growth and yield characteristics of perilla from three paddy fields; Mountain foot slopes, local 
valley, and alluvial plains.
Topography Mt. foot slopes Local valley Alluvial plains
Stem height (cm) 68.0 ± 5.1a 57.7 ± 8.2b 36.6 ± 4.5c
Stem diameter (mm) 9.4 ± 1.6a 9.2 ± 1.7a 6.2 ± 1.0b
Number of branch 10.1 ± 1.2a 10.3 ± 2.2a 5.8 ± 1.4b
Number of node 9.2 ± 0.6b 9.5 ± 4.5a 7.3 ± 0.8c
Number of cluster 51.4 ± 12.8a 29.1 ± 14.5b 15.8 ± 5.9c
Cluster length (cm) 15.4 ± 1.7a 12.5 ± 2.3b 6.7 ± 0.7c
1000 grain weight (g) 4.4 ± 0.2a 4.2 ± 0.0a 2.3 ± 0.1b
Yield (g) 155.2 ± 5.5a 56.6 ± 4.8b 33.6 ± 8.9c
a - c: letters represent statistical difference across paddy fields at 95% level.
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Water stress index analysis

In order to assess leaf physiological property under different soil water contents, a SPAD chlorophyll meter was used to 
acquire a rapid estimation of leaf chlorophyll content. Previous studies reported that soil water stress affects transpiration of 
plant leaves and this phenomena are reflected in leaf properties, such as specific leaf area and SPAD chlorophyll meter 
reading (Richardson et al., 2002; Songsri et al., 2009). The SDI measurements were also a good indicator of water stress to 
crops or plants (Evans et al., 1990; Kandil et al., 1995). The SDI calculations were done by Eq. (1) - (3). SPAD readings and 
SDI measurements are shown in Table 4. The SPAD meter results displayed that the SPAD values of sesame and perilla from 
the paddy fields of mountain foot slopes and local valley were greater than ones with alluvial plains (p = 0.00). However, SDI 
results showed different results than ones of SPAD values. Sesame and perilla from the paddy field of mountain foot slopes 
had a SDI value of 0 during cultivation. These results meant that both crops did not have any excessive soil-water stress 
during the cultivation. On the other hand, SDI values of sesame and perilla from the paddy field of alluvial plains had the 
greatest values than ones from other paddy fields. The SDI value of perilla from the paddy field of alluvial plains showed 
greater value than ones of sesame. This trend continued to ones from local valley.

Discussion

Sesame and perilla showed the greatest growths and yields from paddy fields of mountain foot slopes and the smallest ones 
from paddy fields of alluvial plains. Both crops showed a clear difference in growths, water stress responds and yields across 
different topography. Li et al. (2015) reported that agricultural productivity can be strongly affected by topographical 
characteristics and Chun et al. (2017) investigated important factors to sesame yields among various soil properties and 
concluded that soil topography and soil water characteristics are the most influential properties. It is reasonable to conclude 
that different topography resulted in different growths and yields of sesame and perilla. There have been studies which 
concluded that topographic features affected soil wetness and soil water content profile and lowland areas tended to have 
greater soil water contents (Qiu et al., 2001; Agren et al., 2014). Since topography and soil water content are closely related, 
investigating soil water effects on crops is important, especially cultivation in paddy fields. Based on these findings, certain 
topography, such as lowland or alluvial pains where soil wetness are greater than others created greater soil water stress to 
crops.

As the paddy field of alluvial plains had the greatest soil water content and the highest groundwater level during cultivation, 
growths and yields of sesame and perilla were the smallest, while the greatest growths and yields were occurred from the 

Table 4. Summary of SPAD chlorophyll meter and SDI results of sesame and perilla from three paddy fields; 
Mountain foot slopes, local valley, and alluvial plains.

Topography SPAD SDI
Sesame Perilla Sesame Perilla

Mt. foot slopes 45.85 ± 3.91a 34.98 ± 4.30a 0 0
Local valley 49.51 ± 3.67a 27.35 ± 9.50a 5.4 7.5
Alluvial plains 38.92 ± 4.53b 20.54 ± 7.46b 212.8 497.7
SPAD, Soil Plant Analysis Development; SDI, stress-day index.
a, b: letters represent statistical difference across paddy fields at 95% level.
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paddy field of mountain foot slopes, where the soil water contents were the smallest. This reflected that sesame and perilla 
from alluvial plain paddy field had greater soil water stress than ones from mountain foot slopes paddy field. These were 
shown in physiological responds such as SPAD and SDI results. Schlemmer et al. (2005) found that SPAD readings increased 
under adequate soil water contents, but the readings decreased under water stress condition. SDI has been applied to quantify 
soil water stress to crops (Hiler and Clark, 1971; Ahmad and Kanwar, 1989). Evans et al. (1991) and Purwanto et al. (1993) 
evaluated the SDI models of corns and soybeans to predict crop yields. Their best fitting results were range between r2 = 60 
- 80%, which meant that SDI values can be a good indicator of crop stress level and yield result. Kanwar (1988) studied SDI 
values from corns under different soil water contents and they concluded that SDI values increased as a degree of excessive 
soil water content increased. Based on these findings, it is reasonable to conclude that SPAD readings decrease and SDI 
values increase as soil water stress increases. In this study, the results of SPAD and SDI measurements showed as the paddy 
field of mountain foot slopes had the smallest SDI values of sesame and perilla and the greatest SPAD readings, where 
excessive soil water stress was the smallest. On the other hand, the paddy field of alluvial plains had the greatest stress of 
excessive soil water to both crops by the greatest SDI and the smallest SPAD values. In addition, the paddy field of mountain 
foot slopes had SDI value of 0 and it meant that there was no soil water stress. This result led to the yields of sesame and 
perilla were no smaller than ones from upland soils. Therefore all these measurement results concluded that the yields of 
sesame and perilla were the greatest from the paddy field of mountain foot slopes where soil water stress was the smallest 
and the yields from alluvial plains were the smallest due to the greatest water stress.

As mentioned above, one of the most hindrance factor in upland crop cultivation from paddy fields is excessive soil water 
condition and this soil water condition can be various by soil topography. It is important to consider soil topography, in order 
to succeed paddy field cultivation of upland crops and paddy fields of mountain foot slopes should be more favorable for 
cultivating upland crops in paddy fields.

Conclusions

Both sesame and perilla showed clear responses to different soil water contents induced by different topography. The 
growths and yields of both crops responded well to various soil topographic features; Paddy fields of mountain foot slopes 
would be better to grow upland crops in order to reduce wet injury of upland crops. On the other hand, paddy field with 
alluvial plains would be not favor with growing upland crops due to excessive soil water or bad drainage unless there is 
supportive drainage system. The results of this study would be helpful to Korean government policies to increase paddy field 
areas for upland crop cultivation.
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