
Patron:		Her	Majesty	The	Queen	 	 Rothamsted	Research	
Harpenden,	Herts,	AL5	2JQ	
	
Telephone:	+44	(0)1582	763133	
Web:	http://www.rothamsted.ac.uk/	

	
	 	

	
	

Rothamsted Research is a Company Limited by Guarantee 
Registered Office: as above.  Registered in England No. 2393175. 
Registered Charity No. 802038.  VAT No. 197 4201 51. 
Founded in 1843 by John Bennet Lawes.	

	

Rothamsted Repository Download
A - Papers appearing in refereed journals

Takeda, N., López-Galvis, L., Pineda, D., Castilla, A., Takahashi, T., 

Fukuda, S. and Kensuke, O. 2019. Evaluation of water dynamics of 

contour-levee irrigation system in sloped rice fields in Colombia. 

Agricultural Water Management. 217 (20 May), pp. 107-118. 

The publisher's version can be accessed at:

• https://dx.doi.org/10.1016/j.agwat.2019.02.032

The output can be accessed at: https://repository.rothamsted.ac.uk/item/8wxq8.

© 2 March 2019, Elsevier Science Bv.

08/08/2019 09:55 repository.rothamsted.ac.uk library@rothamsted.ac.uk

https://dx.doi.org/10.1016/j.agwat.2019.02.032
https://repository.rothamsted.ac.uk/item/8wxq8
repository.rothamsted.ac.uk
mailto:library@rothamsted.ac.uk


1

1 Evaluation of water dynamics of contour-levee irrigation system in 

2 sloped rice fields in Colombia

3

4 Naoya Takedaa*, Lorena López-Galvisa, Dario Pinedab, Armando Castillab, Taro 

5 Takahashic,d, Shinji Fukudae, and Kensuke Okadaa

6

7 aGraduate School of Agricultural and Life Sciences, University of Tokyo, 1-1-1 Yayoi, 

8 Bunkyo, Tokyo 113-8657, Japan

9 bFederación Nacional de Arroceros (FEDEARROZ), Cra. 4 Sur No. 62-98, Ibagué, 

10 Tolima, Colombia

11 cSustainable Agriculture Sciences Department, Rothamsted Research, North Wyke, 

12 Okehampton, Devon, EX20 2SB, UK

13 dBristol Veterinary School, University of Bristol, Langford House, Langford, Somerset, 

14 BS40 5DU, UK

15 eInstitute of Agriculture, Tokyo University of Agriculture and Technology, 3-5-8 Saiwai-

16 cho, Fuchu, Tokyo 183-8509, Japan

17

18 *Corresponding Author: Naoya Takeda

19  E-mail: take708gym@gmail.com; Tel.: +81 42 465 2638

20



2

21 ABSTRACT

22 Contour-levee irrigation system is commonly used for rice cultivation in Latin American and 

23 Caribbean countries, but its water dynamics in commercial farm field settings are yet to be fully 

24 determined. This study aimed to investigate the water dynamics of the contour-levee irrigation system 

25 by analyzing conventional irrigation practices and by quantifying water balance and additionally to 

26 examine potential toposequential effects. Field experiments with different irrigation intervals were 

27 conducted on three commercial farms in Ibagué, Colombia for two seasons from 2017 to 2018. 

28 Irrigation and runoff water flows were constantly measured during the crop cycle using Parshall 

29 flumes with water level sensors. Percolation rate and field water table were measured using percolators 

30 and piezometers installed along the toposequence. The results showed that conventional irrigation 

31 management was highly flexible depending on soil permeability, rainfall, and agronomic factors, not 

32 particularly paying attention to ensure the flooded conditions during flowering period. The water 

33 balance resulted in the irrigation accounting for 76% of the total water input, whereas the runoff, ET, 

34 and percolation accounted for 40%, 21%, and 31% on overall average with considerable variation 

35 among the three farms. Percolation rates and duration with standing water did not show a clear and 

36 consistent tendency among the toposequential positions, but the percolation rate was significantly 

37 different among the farms corresponding to soil permeability. Consequently, clear toposequential 

38 effects on the water dynamics or on grain yield were not observed at the study site. To our knowledge, 

39 this study is the first to elucidate detailed water dynamics of contour-levee irrigation system in farm 

40 fields including toposequential difference.

41

42 Keywords: Colombia; rice; contour-levee irrigation system; water balance; toposequential effects
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43 1. Introduction

44

45 Rice is one of the most important food crop providing 19% of the global human per capita energy, but 

46 there are concerns regarding the sustainability of its production because of the large water requirement 

47 of up to 2–3 times more than that required by other cereals (McLean et al., 2013). Therefore, various 

48 water-saving rice cultivation systems such as saturated soil culture (the soil is maintained at saturated 

49 water conditions) and alternate drying and wetting (AWD; the soil is allowed to dry out for a few days 

50 after disappearance of standing water before the next irrigation instead of continuously flooding) have 

51 been developed and adopted by farmers (Tabbal et al., 2002).

52 Among the rice producing countries, those in the Latin American and Caribbean (LAC) 

53 region have relatively recently started rice cultivation. Nevertheless their production has been 

54 increasing remarkably from 7,986,000 Mg in 1961 to 28,092,000 Mg in 2009 (Zorrilla et al., 2012) 

55 and is expected to rise with an annual yield increase of around 2% by 2050 (Ray et al., 2013). Rice 

56 cultivation in the region has highly intensified; irrigated cultivation system accounts for 59% of the 

57 total rice production and the larger (15–50 ha on average) mechanized farms accounts for 94% 

58 (McLean et al., 2013). Thus, along with the expansion of rice production highly relying on irrigation, 

59 further efficient use of irrigation water would be necessary for sustainable rice production.

60 In the LAC region, contour-levee irrigation system is a common land-management and 

61 irrigation practice for lowland rice cultivation in sloped fields. For example in Colombia, the 

62 cultivation system accounts for 70.1% of the irrigated rice area according to National Federation of 

63 Rice Producers (FEDEARROZ in Spanish) (FEDEARROZ, 2017). Rice farmers construct levees 

64 (bunds) along the contour lines to hold water within the plot (Pineda and Montaña, 2015). Irrigation 

65 is started after sowing and is intermittently applied from an inlet at the highest side of the plot, and the 

66 water flows down and drains out through an outlet at the lowest side as runoff (Fig. 1). Similar 
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67 practices of the contour-levee irrigation system are adopted in other major irrigated rice producing 

68 areas in the LAC region such as those in Argentina (Marano and Filippi, 2015), Brazil (Takamiya and 

69 Tsutsui, 2000), and Uruguay (Battallo et al., 2013).

70 Although the construction of contour-levees holds irrigation water within the plot to a 

71 certain extent, the runoff through the outlet due to the slope of the field might generally cause 

72 significant water loss from the plot, leading to high irrigation water requirement. The contour-levee 

73 irrigation system is also practiced in Arkansas and Mississippi in the US, and the irrigation water input 

74 was reported to range widely from 406 to 1430 mm (Henry et al., 2016). In Uruguay, 1250 mm is 

75 considered to be the standard volume allotted for irrigation in the rice sector, but the actual average 

76 irrigation water amount applied at the farm-scale is uncertain (Pittelkow et al., 2016). However, to the 

77 best of our knowledge, no studies have examined the detailed water balance and dynamics of the 

78 contour-levee irrigation system on farm fields. Since observations in experimental fields do not 

79 encompass farmers’ economic behavior and agricultural practices can differ from those in commercial 

80 farms (Takahashi et al., 2018), agricultural strategies must be evaluatiedat the scale reflecting the 

81 commercial producers’ decision-makings (McGonigle et al., 2014). Therefore, it is essential to reveal 

82 the water dynamics of the contour-levee irrigation system in farm fields to elucidate efficient irrigation 

83 strategies applicable to actual farms.

84 Apart from the topographical conditions and construction of contour levees, the intermittent 

85 flush irrigation practice under the contour-levee irrigation system is close to AWD irrigation 

86 management (Chirinda et al., 2017). AWD was developed by the International Rice Research 

87 Institution (IRRI) and has been used in irrigated lowlands, mainly in Asia as a water-saving crop 

88 management strategy for lowland rice (Bouman and Lampayan, 2009). In many cases, the irrigation 

89 water requirement of AWD is lower than that of continuous flooding (CF) by approximately 30% 

90 (Bouman and Tuong, 2001; Chapagain et al., 2011) or even less than half of that of CF (Sudhir-Yadav 
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91 et al., 2011). A reduction in both irrigation time and percolation loss could contribute to lowering the 

92 irrigation requirement (Tan et al., 2013). The grain yield with AWD was similar to or slightly higher 

93 than that with CF (Belder et al., 2004; Belder et al., 2005; Cabangon et al., 2004), although a relatively 

94 small yield reduction was also observed in other cases (Chapagain et al., 2011; Tabbal et al., 2002). 

95 Furthermore, it was reported that in CF, 45% of the water input was productively used by transpiration 

96 and 10 and 45% lost by evaporation and percolation, respectively (Bouman et al., 2007). However, for 

97 AWD under flat lowland conditions ET, percolation, and runoff loss account for 40–60%, 30–50%, 

98 and 0–15% of the total water input, respectively (Cabangon et al., 2004; Lu et al., 2016; Sudhir-Yadav 

99 et al., 2011). Consequently, water loss via percolation, which is affected mainly by soil permeability 

100 and groundwater table, is usually the focus in AWD to adjust site-specific irrigation management and 

101 avoid yield reduction by saving water. Since a high runoff amount is anticipated, percolation might be 

102 less important with the contour-levee irrigation system. Quantification of the water balance in the 

103 contour-levee irrigation system has not been conducted yet, and it would be important to identify the 

104 aspects of conventional irrigation practices that need to be improved to enhance water use efficiency.

105 In addition, there are potential concerns that  positions along a sloped field might be 

106 different in soil fertility and water availability, and the variability of resources may lead to within-field 

107 variations in plant growth. This spatial heterogeneity along the slope is called toposequential effects 

108 and has been reported mainly for a series of flat paddy fields located along the slope in Asia (Boling 

109 et al., 2008; Tsubo et al., 2006) and in rice fields of inland valleys in Africa (Touré et al., 2009). The 

110 runoff transporting sediments over the toposequence often results in more fertile soil conditions in the 

111 lower than in the higher positions (Boling et al., 2008; Homma et al., 2003). In addition, the lower 

112 positions tend to store more water and thus, have higher water availability than the higher positions 

113 do (Hseu and Chen, 1996; Samson et al., 2004; Tsubo et al., 2005), which was demonstrated as more 

114 days with standing water on the soil surface (Boling et al., 2008; Tsubo et al., 2006) in the lower 
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115 position of the slope. Tsubo et al. (2005; 2006) also reported that the higher percolation rates at higher 

116 positions were due to the lighter soil texture. Consequently, variations in crop growth have been 

117 observed along the toposequence and lower positions tend to have higher yields (Boling et al., 2008; 

118 Samson et al., 2004; Tsubo et al., 2006). The timing of the disappearance of standing water around 

119 flowering period was reported to considerably affect the rice productivity (Samson et al., 2004; Tsubo 

120 et al., 2006), and therefore, adjustment of crop management strategies according to the toposequential 

121 positions would be necessary which have not been conducted so far.

122 Therefore, in this study, the water dynamics of the contour-levee irrigation system were 

123 investigated by analyzing the characteristics of farmers’ irrigation practices and by quantifying the 

124 water balance in commercial farms with different soil properties and wide range of irrigation practices. 

125 Additionally, the significance of the toposequential effects was examined by measuring percolation 

126 rates, field water table and grain yield across the toposequence. Ibagué, the capital of the Department 

127 of Tolima, Colombia, was chosen as the target site because it is an intensive rice producing regions in 

128 Colombia owing to its fertile alluvial soils where the contour-levee irrigation system is commonly 

129 practiced (FEDEARROZ, 2017).
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130 2. Materials and Methods

131

132 2.1. Study area

133 Field experiments were conducted on three commercial farms—Farm A (4°22ʹN, 75°09ʹW, 940 m), 

134 Farm B (4°19ʹN, 75°04ʹW, 719 m), and Farm C (4°25ʹN, 75°09ʹW, 992 m)—in Ibagué 

135 municipality of the Department of Tolima in Colombia for two growing seasons from 2017 to 2018 

136 (2017A and 2017B). Rice fields in the region are generally sloped and that of the targeted farms was 

137 approximately 1–3%. Ibagué features a tropical rainforest climate under the Köppen climate system 

138 leading to 1691 mm of annual rainfall with bimodal rainfall pattern as well as to 24.0, 28.8, and 19.1 °C 

139 of the daily mean, maximum, and minimum temperatures on 20-year average. Weather data was also 

140 collected over the period of the experiments by a weather station (Climate Station Vantage Pro 2, 

141 Davis Instruments, CA, USA) installed in each farm field, shown in Fig. 2. The typical soil type of the 

142 farmlands in the region is Oxisol or Ultisol, which is characterized by moderate levels of organic 

143 matter; low levels of phosphorous, nitrogen and pH; and high natural fertility due to its alluvial fan 

144 sediments (Castro-González and Lima, 2016). Intact soil samples were collected by creating a soil pit 

145 (1 × 1 × 1 m3) at the center of each farm and then using a soil core sampler (100 cm3) at the middle 

146 depth of the 0–15, 15–30, 30–45, 45–60, 60–85, and 85–110 cm soil layers with two replications in 

147 2016. The soil samples were analyzed using constant head permeability test (saturated hydraulic 

148 conductivity [Ks]), pressure chamber method (volumetric water content at different water potential), 

149 and Walkley–Black method (organic carbon content). The inorganic nitrogen content was obtained as 

150 the sum of NH4
+-N and NO3

--N extracted using 2N KCl solution and NH4
+-N content was measured 

151 using indophenol blue method after reduction by cadmium coil using a Technicon Autoanalyzer II 

152 (Seal Analytical, Southampton, UK). The soil properties analyzed are summarized in Table 1.

153
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154 2.2. Experimental design

155 The experiments were conducted in a plot of each farm with irrigation treatments consisting of three 

156 different intervals between irrigations. A “vertical bund” of approximately 30 cm height was 

157 constructed along the slope to separate the irrigation treatments in the experimental plots. The total 

158 area of the experimental plot in each farm ranged approximately from 1 to 2 ha, while the distance 

159 across the slope and degree of the slope were 373 m and 1.9% for Farm A, 205 m and 2.9% for Farm 

160 B, and 165 m and 3.0% for Farm C, respectively. A popular rice variety in this region, Fedearroz60, 

161 was directly dry-seeded into the soil at a 130 kg ha-1 sowing rate by using a non-till drill seeder with 

162 a fertilizer applicator. The seeding was performed at 19 cm between rows and 12 kg N ha-1 basal 

163 fertilizer application. Sowing dates and other phenological events are summarized in Table 2. 

164 Irrigation management in each farm was conducted based on three intervals in days between irrigations 

165 as the irrigation treatments, (2–4 days [A, short], 4–7 days [B, conventional], and 6–10 days [C, long]) 

166 as shown in Table 3. N fertilizer application followed the conventional practice of each farm consisting 

167 of 6 splits including basal application, summarized in Table 4. Fertilizers for nutrient elements other 

168 than nitrogen were applied according to the conventional management practice of each farm.

169

170 2.3. Irrigation and runoff measurement

171 The irrigation and runoff (water flow at the outlet) were also measured at the inlet and outlet of each 

172 irrigation management by using a hand-made Parshall flume and water level sensor (eTape Liquid 

173 Level Sensor, Milone Technologies, NJ, USA) for both 2017A and 2017B (Fig. 3). The Parshall flume 

174 is an open channel equipment in which water flows horizontally. The water level sensor is a ruler-

175 shaped sensor with a resistive output that varies with the water level. The water flow rate (Q in L s-1) 

176 can be determined by the water table in the Parshall flume (H in cm) using equation (1) under the 

177 assumption of flat and horizontal water movement (Nevada State Engineer’s Office, 1986). The 
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178 equation was determined based on a preliminary experiment on another farm near Ibague (data not 

179 shown). The water table in the Parshall flume was measured using a water level sensor attached to the 

180 side wall of the Parshall flume with a 10-minute recording interval.

181 Q = 0.2578 × H2 + 0.0052 × H                                                    (1)

182 The water table in the Parshall flume was assumed to be the same during the 10-minute intervals, and 

183 daily irrigation and runoff amounts were obtained by summing up values for the day. The results were 

184 analyzed to calculate the seasonal amount of irrigation and runoff by summing up the values obtained 

185 over the growth season. The number of irrigation events over the crop cycle was also counted based 

186 on the recording.

187

188 2.4. Field water table and percolation rate measurement

189 The field water table depth (cm in relation to the soil surface) and the rate of percolation were measured 

190 in irrigation B in the three farms in 2017B at different positions along the toposequence (Upper, 

191 Middle, and Lower). Perforated PVC tubes to measure the field water table both above and below the 

192 soil surface (piezometer) and PVC tubes without perforation and with a lid to measure the percolation 

193 (percolator) were installed at a representative point halfway between the contour levees for each 

194 position. All the PVC tubes had a diameter of 6 cm, and the lengths were 40–80 cm for the piezometers 

195 and 50 cm for the percolators. The water table inside the piezometers and percolators was measured 

196 using a water level sensor mentioned above with a 10-minute recording interval. The piezometer and 

197 the percolator at each location were installed close to each other within a 50-cm distance. For the 

198 percolator, water was refilled to the level of field water table occasionally when the field had standing 

199 water. The installation method is shown in Fig. 4 and is similar to the setting of Tsubo et al. (2005), 

200 except for the sensors. The daily percolation rate (mm day-1) under saturated water conditions was 

201 then estimated from the recordings of the percolator as the daily difference in the water table within 
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202 the percolator. The difference was estimated only when the field water table shown in the piezometer 

203 was higher than -25 cm to confirm that the soil at a depth of -30 cm (the depth at which percolators 

204 were installed) is saturated. Then, the average of the daily percolation rates was calculated as the 

205 percolation rate at each toposequential position. To analyze the field water availability across the slope, 

206 cumulative duration with standing water (the field water table above the soil surface [0 cm]) was 

207 calculated by multiplying the number of observations by the interval of observation (10 minutes) as 

208 the number of days for each piezometer in each farm.

209

210 2.5. Water balance analysis

211 Seasonal water balance was analyzed using irrigation, runoff, and rainfall data in 2017A and 

212 additionally using evapotranspiration and percolation data in 2017B. The evapotranspiration was 

213 estimated as follows: the reference evapotranspiration (ETo) was first calculated using the Makkink 

214 method (Makkink, 1957) from the weather data at each farm. Daily crop evapotranspiration (ETc) was 

215 then calculated by multiplying ETo by the rice crop coefficients (Kc) derived by Allen et al. (1998): 

216 initial growth (0–55 DAE) – Kc initial = 1.05; mid-season growth stage (55–95 DAE) – Kc mid = 

217 1.20; and late-season growth stage (95–120 DAE) – Kc end = 0.75. Seasonal ETc (ET) was then 

218 calculated as the water balance component over the crop cycle. The seasonal total percolation was 

219 calculated in two ways. First, it was estimated by subtracting the seasonal runoff and ET from the total 

220 water input for each irrigation treatment (“percolation from the balance”), assuming changes in the 

221 water stored in the soil and net horizontal seepage flows are negligible. Second, sum of the daily 

222 percolation rate measured using the percolator (Section 2.4) was calculated over the crop cycle and 

223 averaged across the toposequential positions as water balance component (“percolation observed”). 

224 For 2017B, these two seasonal percolation estimates were compared to confirm whether the 

225 components were balanced.



11

226

227 2.6 Grain yield measurement

228 Gain yield was measured at harvest by threshing rice plants from an area of 2 × 2 m2 at four positions 

229 along the toposequence—T1, T2, T3, and T4 positions (T1 was the highest elevation and T4 the 

230 lowest) for each irrigation treatment. The grain samples were dried in a forced-air circulation oven at 

231 70 °C for 72 hours, and the dry weight was measured. Grain yield was then calculated at 14% grain 

232 moisture content.

233

234 2.7 Statistical analysis

235 To examine the significance of toposequential effects, following statistical tests were conducted using 

236 R statistical software version 3.4.1 (R Core Team, 2017) with the significant level set at p < 0.05. 

237 Analysis of variance (ANOVA) was conducted across the farms on the percolation rate and on the 

238 duration with standing water with factors of farm and toposequence. For grain yield, ANOVA was 

239 performed in each farm and each season with a factor of toposequence. Subsequently, Fisher’s least 

240 significant difference (LSD) test was conducted for the significant factors in those ANOVA analyses 

241 using a package “agricolae” (Felipe de Mendiburu, 2017).



12

242 3. Results

243

244 3.1. Characteristics of conventional irrigation managements

245 The timing and amount of irrigation managements and changes of field water table depth throughout 

246 the growing season 2017B in irrigation treatment B (conventional) are shown in Fig. 5. The observed 

247 irrigation schedule coincided well with the timing when the field water table dropped below the soil 

248 surface in all the farms. Both the frequency and amount of water for each irrigation event were higher 

249 in Farm B than in other two farms. The irrigation schedules in Farm A and Farm C were relatively 

250 similar except for the intense irrigation immediately before 30 DAE in Farm C. In terms of the 

251 irrigation schedule associated with phenological stages, it was observed that the irrigation pattern did 

252 not change even in the flowering period. The changes in the field water table revealed a faster drying 

253 rate for the soil and a larger fluctuation of the water table in Farm B, slower and smaller fluctuations 

254 in Farm C, and intermediate fluctuations in Farm A. The water table at Middle position in Farm A 

255 showed extremely dried conditions during the crop cycle, because the small spot where the equipment 

256 was installed resulted in exceptionally dry-prone conditions due to imperfect leveling, based on our 

257 field observation.

258 The average irrigation amount (mm) and duration (hours) of each irrigation event and the 

259 number of irrigation events during the cropping season are summarized in Table 5. Since the irrigation 

260 treatment was based on the frequency, the seasonal total irrigation amounts did not always follow the 

261 order of the irrigation treatments. Nevertheless, the number of irrigation events and the cumulative 

262 duration of irrigation throughout the season indicated that the irrigation treatments were correctly 

263 implemented in most cases. However, the differences between B and C in Farm B 2017A and between 

264 A and B in Farm C 2017B were small and the orders were reversed. The average irrigation amount of 

265 each event was slightly less and the duration of each irrigation was shorter in Farm A than in the other 
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266 two farms. Farm B had the highest number of irrigation events, the longest duration of each irrigation 

267 at mostly >10 hours, and the largest irrigation amount for each event of the three farms, resulting in a 

268 considerably higher total irrigation amount throughout the season which reached around 3000 mm. In 

269 Farm C, the irrigation amount was obviously higher in 2017A than it was in 2017B, despite the similar 

270 seasonal rainfall, probably because of the overestimation of the water depth inside the Parshall flume 

271 caused by the sedimentation at the bottom in 2017A. However, the irrigation duration and number of 

272 events were similar between seasons in Farm C.

273

274 3.2. Seasonal water balance

275 The measured and estimated components of the water balance and their ratio over the total water input 

276 are summarized in Table 6. The seasonal irrigation amount was considerably different among the 

277 farms, ranging from 468 to 3835 mm with an average of 1930 mm. Together with the rainfall during 

278 the cropping season, the total water input was >1000 mm for all the observations and reached 4637 

279 mm in Farm B with an overall average of 2539 mm. A larger portion of the water input was from 

280 irrigation, accounting for 76% of the total water input on average, than from rainfall. The irrigation 

281 water input was considerably higher in Farm B than it was in the other two farms.

282 In addition to the high variation in the total water input, the seasonal runoff amount also 

283 varied considerably ranging from 227 to 2610 mm and was much higher in Farm B than it was in the 

284 other two farms (Table 6). In Farm A and Farm C, the seasonal runoff was mostly <1000 mm. It should 

285 be noted that the measured runoff volume in Farm B in 2017A for irrigation treatments B and C were 

286 particularly unreliable because of the unexpected cut-inflows of irrigation water from the plot next to 

287 our experimental plot, which was measured only at the outlets of irrigation treatments B and C. The 

288 unexpected flows only increased the runoff, resulting in a runoff ratio higher than 100% (highlighted 

289 in grey), which is completely unrealistic and, thus, was excluded from the calculation of the average 
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290 water balance components of the farms. Therefore, the seasonal runoff amount was 1009 ± 170 mm 

291 (mean ± SE) across the farms. Subsequently, the seasonal observed and calculated percolation amounts 

292 were compared, based on the water balance, with the estimated ET in 2017B (Table 6). The estimated 

293 ET was relatively stable compared to the other water balance components, ranging narrowly from 483 

294 to 571 mm. The seasonal percolation from the water balance varied considerably among the irrigation 

295 treatments in each farm and did not always correspond with the observed volume in irrigation B. The 

296 observed seasonal percolation volume was highest in Farm B at 2026 mm, followed by Farm A and 

297 Farm C at 618 and 117 mm, respectively, on average over the toposequential positions. Consequently, 

298 runoff, ET, and percolation accounted for 40, 21, and 31% of the average total water input, respectively, 

299 in the contour-levee irrigation system (the averages were not exactly balanced because of the number 

300 of observations for each item).

301

302 3.3. Toposequential effects on water dynamics and on grain yield

303 The toposequential positions did not have a significant effect on percolation rates across the farms, 

304 but the percolation rates averaged over the toposequence were significantly different among the farms 

305 with the highest rate in Farm B (Table 7). As a result, farm average percolation rates ranged 2.3–62.8 

306 mm day-1. Even though the difference in percolation rate among toposequential positions was not 

307 significant, lower position had the lowest rate in each farm.

308 The duration with standing water widely ranged 1.6–89.2 days across the toposequence and 

309 the farms (Table 7). As mentioned in Section 3.1, Middle position in Farm A had exceptionally dried 

310 conditions and resulted in the extremely short duration. There was no significant difference or 

311 consistent tendency in the duration with standing water over the toposequence across the farms. 

312 Moreover, the duration was not significantly different among the farms unlike the percolation rate, 

313 though that in Farm C was relatively longer than in the other two farms despite that the total 
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314 observation period was shortest among the farms. Relationships between the percolation rate and the 

315 duration with standing water were not very clear across the toposequence. Nevertheless, smaller 

316 percolation rates corresponded with longer duration with standing water as farm-averaged values, 

317 though Farm B had a similar duration to Farm A despite of its much higher percolation rate.

318 Finally, the grain yield associated with the toposequential positions ranged 3.8–6.6 t ha-1 

319 across the farms and seasons (Fig. 7). The toposequential positions showed a significant difference in 

320 grain yield only in Farm B 2017A and Farm A 2017B, where the upper positions tended to have higher 

321 grain yield than did the lower positions. However, the grain yield was not clearly or consistently 

322 different among toposequential positions across the farms and seasons.

323
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324 4. Discussions

325

326 4.1. Conventional irrigation management affected by soil property, rainfall, and 

327 agronomic factors

328 This study included three farms with different soil water permeability as seen in the Ks values varying 

329 from zero to over 100 mm day-1 (Table 1), and we discovered that the conventional irrigation practices 

330 were diverse among the farms (Fig. 5). The more frequent irrigation with larger water amounts for 

331 individual irrigation events observed in Farm B 2017B can be explained by its highly permeable soil, 

332 which was demonstrated by both the Ks and high fluctuation of the field water table depth. In contrast, 

333 Farm C 2017B was less frequently irrigated, because the farm soil showed lower permeability than 

334 that of the other farms. The soil in Farm A had medium permeability and, therefore, demonstrated an 

335 intermediate field water table pattern but was more frequently irrigated than was Farm C.

336 Naturally, rainfall events would reduce irrigation application. Generally, the number of 

337 irrigation was negatively correlated with the seasonal rainfall amount when it is compared between 

338 the seasons in each farm, though irrigation B in Farm C exceptional (Table 5). In addition, the 

339 reduction in the number of irrigation in relation to the increment in the seasonal rainfall amount was 

340 largest in Farm C and lowest in Farm B, indicating the similar effect of the soil water permeability as 

341 mentioned above. It is rational that a rainfall event is more influential on irrigation practice in an 

342 impermeable soil since the rainfall water would keep the soil saturation for a longer period. Therefore, 

343 it was demonstrated that their decision on irrigation application could be affected by rainfall as well 

344 as by its interaction with the soil property.

345 Although soil permeability and rainfall were the main factors affecting irrigation 

346 management, the interview with the irrigation managers revealed other agronomic factors that 

347 influenced their decision on irrigation. For instance, the intensive irrigation before 30 DAE in Farm C 
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348 2017B (Fig. 5) was performed to suppress weeds (personal communication with the irrigation manager 

349 of Farm C), in accordance with the recommendation of AWD practice (Richards and Sander, 2014). 

350 In addition, depending on the weather, one or two irrigations were applied between the sowing and 

351 emergence periods to aid emergence, which were not measured in this study. Furthermore, the 

352 flowering period was not a particular focus, as shown in Fig. 5, although rice is known to be susceptible 

353 to drought stress especially during that period (Boonjung and Fukai, 1996; Davatgar et al., 2009; Lilley 

354 and Fukai, 1994). Therefore, the rice crop was probably exposed to drought stress around the flowering 

355 period to some extent under the conventional irrigation management judging from the chart of the 

356 field water table. For AWD, -10 kPa soil water potential in the root zone has been reported as the safe 

357 threshold for re-irrigation to avoid yield reduction (Bouman and Tuong, 2001), and it is recommended 

358 that flooded conditions should be maintained particularly around the flowering period (Richards and 

359 Sander, 2014). Thus, protecting rice from exposure to drought stress by allocating additional irrigation 

360 water during the flowering period would improve the irrigation efficiency of the target site.

361

362 4.2. Water balance of contour-levee irrigation system characterized by large 

363 irrigation and runoff

364 To our knowledge, the water balance of the actual contour-levee irrigation system was revealed for 

365 the first time and exhibited different characteristics compared to the AWD practices in flat fields. The 

366 absolute values and ratios of each water balance component compared with those reported in previous 

367 studies, as well as the whole water balance of the contour-levee irrigation system, are discussed below.

368 The contour-levee irrigation system exhibited a considerably high total water input of 2539 

369 mm including 1930 mm of irrigation, which accounted for 76% of the total input (Table 6). Previous 

370 studies have shown that the total water input including rainfall typically ranged from 600 to 1500 mm 

371 and irrigation accounted for 200–1000 mm in AWD practices in lowland, puddled, and transplanted 
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372 conditions (Belder et al., 2005; Cabangon et al., 2004; de Vries et al., 2010; Sudhir-Yadav et al., 2011; 

373 Tabbal et al., 2002). The ratio of irrigation to total water input also varies widely from approximately 

374 10 to up to 100% depending on the amount of seasonal rainfall, but the ratio usually decreases rapidly, 

375 following a certain amount of rainfall, typically leading to <50% with rainfall over 500 mm (Cabangon 

376 et al., 2004; Lu et al., 2016; Zhang et al., 2012). Focusing on Farm A and Farm C farms, the total 

377 water input was mostly similar to that of AWD, but the irrigation water requirement of the contour-

378 levee irrigation system was high even when rainfall was not scarce.

379 Regarding water outflows, the high runoff ratio that accounted for 40% of the total input 

380 was remarkable compared to that of the AWD practices in other regions (Table 6). The average 

381 seasonal runoff in this study was much higher than that of AWD. Normally, the runoff of AWD in flat 

382 fields is less than 200 mm over a crop cycle (Cabangon et al., 2004; Sudhir-Yadav et al., 2011), 

383 although an experiment in Brazil with intermittent irrigation management recorded 215–449 mm (de 

384 Avila et al., 2015). The observed high runoff amount was expectedly caused by the sloped conditions 

385 and closely agrees with studies conducted in Arkansas and Mississippi in the US, which reported that 

386 the contour-levee irrigation system required twice as much or more irrigation water than that required 

387 for the zero-grade irrigation system in flat fields (similar to the irrigated lowland system in Asia) 

388 (Massey et al., 2014; Smith et al., 2007). 

389 ET is reported to be affected by numerous factors but mainly by climatic conditions, and it 

390 ranges from approximately 350–700 mm over the crop cycle (Belder et al., 2005; Lu et al., 2016; 

391 Sudhir-Yadav et al., 2011). The ET in in this study (483–571 mm, Table 6) was lower but not much 

392 different from that reported in a humid sub-tropical zone in Brazil under intermittent irrigation 

393 management (559–627 mm) (de Avila et al., 2015).

394 The estimated seasonal percolation from the water balance was the highest in Farm B and 

395 the lowest in Farm C, which agreed with the soil characteristics of the three farms. The seasonal 



19

396 percolation amount is known to be highly affected by soil permeability (Belder et al., 2007). For 

397 instance, an average percolation of 274 mm under AWD was reported in silty clay soil in California, 

398 USA (Linquist et al., 2015), 369 mm in clay loam soil in Tuanlin, China (Tan et al., 2013), and 422 

399 mm in sandy loam soil in Jilin, China (Lu et al., 2016). Compared to the above studies, in this study, 

400 the estimated percolation amounts of the water balance were relatively higher, which could be 

401 attributed to the lack of puddling practice, which significantly reduces percolation (Sudhir-Yadav et 

402 al., 2011; Tuong et al., 1994). Farm B, in particular, showed higher percolation than that in the other 

403 farms because of its highly permeable soil without puddling and longer irrigation period, which 

404 maintained the saturation for a relatively long period despite the soil permeability.

405 The amount of percolation measured using the percolator was roughly in agreement with 

406 the amounts estimated from the water balance in Farm A, underestimated in Farm C, and 

407 overestimated in Farm B. For Farm C, some cracks were observed in the field during some periods in 

408 the season that could have increased the seasonal percolation amount of the entire field, which did not 

409 occur in the percolator. In Farm B, the soil layer immediately below the bottom of the percolator often 

410 contained many rocks and, therefore, the water could have percolated more easily than did the water 

411 in the entire plot, possibly leading to the higher observed than estimated amount from the balance. 

412 Generally, the large variation in the seasonal percolation amount from the balance could have been 

413 derived partly from measurement errors in the observation of irrigation and runoff water flows, which 

414 likely caused the discrepancy with the observed amounts, to a certain extent. Nevertheless, the 

415 magnitude of the relationship of the seasonal percolation amounts among the farms was similar, and 

416 the averages across the farms were close between the values of the water balance and those of the 

417 percolator, indicating that the components were acceptably balanced.

418 Finally, overall water balance of contour-levee irrigation system was compared with that of 

419 AWD and also of CF (Fig. 6), resulted in remarkably higher irrigation input and runoff water loss. 
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420 Since the other components, rainfall, ET, and percolation were not largely different, the high irrigation 

421 input was applied mainly to compensate the large runoff water loss. It should be noted that the 

422 irrigation and runoff components in contour-levee irrigation system had large variability due to the 

423 small sample size as well as to the diverse soil properties and thus investigating further contour-levee 

424 irrigation systems is demanded in order to compare the irrigation systems more precisely. Nevertheless, 

425 avoiding runoff water loss by revising the irrigation management would essentially contribute to 

426 reducing the high irrigation input, leading to improved water use efficiency of the contour-levee 

427 irrigation system at the plot scale.

428

429 4.3. Insignificant toposequential effects within a plot under contour-levee irrigation 

430 system

431 The observed percolation rates along the toposequence were not clearly different among the positions 

432 in this study, but agreed to a certain extent with a lower percolation rate in lower positions reported in 

433 the previous studies (Tsubo et al. 2005; 2006). The result showed that although a relatively high 

434 variation in the percolation rates occurred among the toposequential positions, a significant and 

435 consistent difference was observed only among the farms. The tendency in percolation rates among 

436 the farms was coinciding with that in the permeability of the soil shown as Ks in Table 1. Thus, the 

437 toposequential effects influenced the percolation rate a little but the soil permeability did much more 

438 clearly in this study.

439 Consequently, the duration with standing water did not show a clear tendency over the 

440 toposequence (Table 7). Percolation rates would negatively affect the duration from the perspective of 

441 water balance, but did not clearly exhibit such an expected negative correlation. The presence of the 

442 intermittent flush irrigation in this study might have mitigated the difference in the duration among 

443 the toposequential positions or among the farms. For instance, the relatively long duration in Farm B 



21

444 compared to its considerably high percolation rate can be attributed to the long duration of irrigation 

445 itself (Table 5). Under rainfed conditions, disappearance of standing water were often observed was 

446 often earlier in the upper positions than in the lower positions (Inthavong et al., 2011; Tsubo et al., 

447 2006), resulting in longer days without standing water (Boling et al., 2008; Tsubo et al., 2006) or lower 

448 mean levels of the field water table in the upper positions (Inthavong et al., 2011; Touré et al., 2009; 

449 Tsubo et al., 2006), in general. The number of days with standing water has been reported to range 

450 from 22 to 44 days with flush irrigation management, depending on the severity of the irrigation 

451 threshold and weather in China (Cabangon et al., 2003). The range of duration in the present study 

452 (36.3–51.2 days on farm average) was longer than the previous study but still compatible.

453 The lack of clear toposequential effects on the water dynamics in this study could be 

454 explained by the following reasons. First, both the toposequence scale and slope degree were 

455 considered as factors determining the extent of toposequential effects, with the scale exerting a higher 

456 influence. A steeper slope of over 5% with similar length along the toposequence of up to 100 m did 

457 not cause clear toposequential effects in previous studies either (Boling et al., 2008; Oo et al., 2012). 

458 On the other hand, toposequential effects were more commonly observed with a longer distance along 

459 the toposequence ranging from several hundred meters to kilometers, despite a gentle slope of 

460 approximately 1–2%, similar to this study (Boling et al., 2008; Hseu and Chen, 1996; Tsubo et al., 

461 2006). Therefore, with the contour-levee system in gently sloped fields around Ibague, plots of similar 

462 scales to those in this study (1–2 ha) are less likely to have toposequential effects, but larger plots of 

463 1 km or more along the toposequence would have significant effects. Second, the location of the fields 

464 in this study was relatively far from a river at the bottom of a valley, which might have alleviated 

465 toposequential effects on the water dynamics. Typical areas where toposequential differences in water 

466 dynamics were reported were located at lower positions in a river valley or close to water sources such 

467 as a river or the sea (Homma et al., 2003; Hseu and Chen, 1996; Touré et al., 2009; Yamauchi, 1992; 
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468 Worou et al., 2013). In such situations, irrigation water might not adequately drain out of the plot but 

469 stay at the lower part of the plots with sediments, and percolation might also be smaller because of a 

470 shallow groundwater table. 

471 Ultimately, the grain yield was not significantly affected by the toposequential positions, 

472 except for two cases (Farm A 2017B and Farm B 2017A) or did not correspond to the toposequence 

473 consistently across the farms and seasons (Fig. 7). This finding disagreed with the previous studies 

474 reporting higher yields together with the higher water availability in lower positions (Boling et al., 

475 2008; Samson et al., 2004) but agreed with the insignificant difference in the water dynamics among 

476 the toposequential positions in this study. The two cases with significant effects of the toposequence 

477 in this study had large seasonal rainfall amounts and resulted in higher grain yields in the upper 

478 positions. Tsubo et al. (2006) also partly observed similar higher grain yields in upper positions and 

479 attributed them to flooding damages in lower positions. Since well-drained conditions in the contour-

480 levee irrigation system in this study were demonstrated by the high seasonal runoff (Table 6) and the 

481 field water table frequently reaching below the soil surface (Fig. 5), such negative effects of excessive 

482 water in the lower positions are not likely to have occurred in this study. Nevertheless, observation of 

483 the water dynamics focusing on the period between sowing and emergence together with plant 

484 emergence rate along the toposequence might provide further clues, since soil water conditions during 

485 that period particularly affect crop establishment. In conclusion, clear toposequential effects on water 

486 dynamics or on grain yield were not confirmed in this study.

487

488 4.4. Implications for whole-farm irrigation management

489 The medium to large farms in the Central rice growing region in Colombia consist of multiple plots 

490 (typically 5–20). Usually, only a few plots are irrigated from the irrigation canal directly, and the 

491 remaining plots receive the excess water from adjustment plots slightly higher than the recipient plots. 
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492 This plot-to-plot irrigation seems to be the common practice of the contour-levee irrigation system. It 

493 is arguable whether the high ratio of runoff water in each plot could be justified in such conventional 

494 water management. In fact, long duration is required for each irrigation in the conventional plot-to-

495 plot management (Table 5) and presumably contributed to larger water loss via percolation (Section 

496 4.2). Flexible and precise irrigation management of each plot for the amount and timing of the 

497 irrigation could only be possible if each plot was independently connected by an irrigation canal, which 

498 is particularly important for the further water saving technologies on a plot scale (Guerra et al., 1998). 

499 For example, the sparse irrigation during the flowering period in this study (Section 4.1) cannot be 

500 easily overcome using the plot-to-plot irrigation practice. Therefore, it is recommended that irrigation 

501 should be individually managed among the plots of the whole farm by minimizing the runoff from 

502 each plot to optimally allocate water depending on the crop growth stage in the plot.
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503 5. Conclusion

504 Aiming at revealing water dynamics of contour-levee irrigation system, field experiments were 

505 conducted in three commercial farms in Ibagué, Colombia with different irrigation intervals. The 

506 conventional irrigation management in each farm was analyzed and found to be highly affected by soil 

507 permeability and rainfall but also by agronomic factors. The result of this analysis indicated that 

508 allocating more irrigation water during the flowering period would enhance productivity. Water 

509 balance of the contour-levee irrigation system was quantified and resulted in remarkably high 

510 irrigation input: it reached an average of 1930 mm, and the considerable water loss via runoff 

511 accounted for approximately 40% of the total water input. Duration with standing water and 

512 percolation rate were additionally compared along the toposequence but not significantly different or 

513 consistent among the farms in this study. This observation was probably due to the relatively small 

514 scale of the plots and the large distance between the location and water sources such as rivers or the 

515 bottom of inland valleys. Furthermore, clear toposequential effects on the grain yield were not 

516 confirmed either. This study elucidated the detailed water dynamics of contour-levee irrigation system 

517 at plot scale in commercial farms in Ibagué, Colombia including the characteristics of the conventional 

518 irrigation management and the water balance together not accompanied with significant toposequential 

519 effects, which have not been reported to date. To improve the irrigation management and thus water 

520 use efficiency, individual irrigation management of each plot of the whole farm is recommended by 

521 minimizing the runoff from each plot. Furthermore, water should be allocated optimally depending on 

522 the crop growth stage in the plot, rather than the currently followed whole-farm plot-to-plot irrigation 

523 management over sequential plots.

524

525
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687 Figure legends

688 Fig. 1. Picture of contour-levee irrigation system with arrows showing the constructed levees and 

689 flush irrigation is applied from the inlet at the upper side (right-hand side in the picture)

690

691 Fig. 2. Observed weather data from 2017A to 2017B in Farm B as a representative

692

693 Fig. 3. Parshall flume (left) and water level sensor (right) for measuring irrigation and runoff

694

695 Fig. 4. Installation of equipment in field

696

697 Fig. 5. Conventional irrigation management (irrigation B, blue bar), rainfall (red bar), and field water 

698 table across toposequence (green lines) over crop cycles (S: sowing, E: emergence, F: flowering, H: 

699 harvest) in Farm A (A), Farm B (B), and Farm C (C) in 2017B

700

701 Fig. 6. Water balance compared among irrigation systems (AWD, CF, and Contour-levee [Contour]) 

702 regarding water inputs (Rainfall and Irrigation in upper side of the figure) and outputs (Runoff, ET, 

703 and Percolation in lower side of the figure)

704

705 Fig. 7. Grain yield across toposequential positions in Farm A–C in 2017A and 2017B

706
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707 Tables

708

709 Table 1 Summary of analyzed soil property in Farm A–C sampled before sowing in 2017A

710

711 Table 2 Sowing dates and phenology in Farm A–C in 2017A and 2017B

712

713 Table 3 Irrigation treatments as three intervals between irrigations (short[A], conventional[B], and 

714 long[C]) for each farm

715

716 Table 4 Conventional N fertilizer management in Farm A–C

717

718 Table 5 Observed irrigation amount, duration, and number of irrigation events in Farm A–C in 2017A 

719 and 2017B

720

721 Table 6 Seasonal water balance components in Irrigation A–C on Farm A–C in 2017A and 2017B

722

723 Table 7 Observed percolation rates and duration with standing water across the toposequential 

724 positions in Farm A–C in 2017B
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Fig. 6

* Data for AWD and CF was retrieved from Lu et al. (2016); de Avlia et al. (2015); Linquist et al. 

(2015); Tan et al. (2013); Sudhir-Yadav et al. (2011); Cabangon et al. (2004)

** Percolation from balance (Table 6) was used for the average seasonal percolation of Contour

*** Error bars indicate standard deviation (sample sizes are 24, 22, and 16 for AWD, CF, and Contour)



Fig. 7

*different letters in each graph indicate significant difference as determined by LSD test



Table 1

Soil volumetric water content (mm mm-1)

Farm
Depth
(cm)

Bulk density
(g cm-3) Permanent 

wilting point
Field capacity Saturation

Saturated hydraulic 
conductivity
(mm day-1)

Soil organic 
matter
(g kg-1)

Inorganic 
nitrogen
(mg kg-1)

Farm A 0-15 1.57 0.306 0.351 0.416 0.0 23.5 16.6

　 15-30 1.50 0.377 0.408 0.482 7.2 9.6 7.3

　 30-45 1.49 0.376 0.409 0.459 0.0 2.4 5.7

　 45-60 1.46 0.354 0.403 0.470 4.8 1.3 6.4

　 60-85 1.41 0.322 0.385 0.468 0.0 1.2 5.2

　 85-110 1.44 0.330 0.394 0.444 0.0 1.0 4.9

Farm B 0-15 1.42 0.257 0.321 0.447 111.7 25.6 10.0

　 15-30 1.45 0.293 0.379 0.447 62.2 16.3 9.4

　 30-45 1.59 0.258 0.322 0.395 49.9 13.3 9.6

　 45-60 1.44 0.316 0.382 0.451 358.1 9.6 5.2

　 60-85 1.12 0.425 0.519 0.583 167.7 9.6 7.4

　 85-110 1.16 0.406 0.499 0.566 2.4 7.9 4.6

Farm C 0-15 1.69 0.274 0.319 0.370 0.0 19.9 10.8

　 15-30 1.59 0.326 0.362 0.433 0.0 11.8 8.8

　 30-45 1.47 0.374 0.408 0.458 0.0 9.7 7.7

　 45-60 1.51 0.350 0.379 0.443 0.0 8.2 13.7

　 60-85 1.48 0.373 0.397 0.476 0.0 2.4 14.4

　 85-110 1.38 0.395 0.427 0.486 0.0 2.2 6.1



Table 2

Farm Season Sowing Emergence Flowering Harvest

Farm A 2017A 14-Feb-17 2-Mar-17 31-May-17 6-Jul-17

　 2017B 19-Sep-17 1-Oct-17 28-Dec-17 30-Jan-18

Farm B 2017A 2-Feb-17 22-Feb-17 31-May-17 4-Jul-17

　 2017B 12-Dec-17 28-Dec-17 28-Mar-18 25-Apr-18

Farm C 2017A 20-Apr-17 28-Apr-17 2-Aug-17 6-Sep-17

　 2017B 14-Nov-17 24-Nov-17 26-Feb-18 2-Apr-18



Table 3

Irrigation interval (days)
Farm

A (short) B (conventional) C (long)

Farm A 3 5 7 

Farm B 2 4 6 

Farm C 4 7 10 



Table 3

　 Nitrogen application (kg ha-1)

Basal 1st 2nd 3rd 4th 5th Total
Farm

(at sowing) (15 DAE) (25 DAE) (35 DAE) (55 DAE) (70 DAE) 　

Farm A 12 40 56 34 34 23 199 

Farm B 12 50 50 50 46 23 231 

Farm C 12 40 50 50 46 24 222 



Table 5

Irrigation amount (mm) Duration of irrigation (hour)
Farm Season

Rainfall
(mm)

Irrigation 
treatment Average SE Season total Average SE Season total

No. of 
irrigation

events

Farm A 2017A 705 A 53.3 5.1 1608 5.9 0.5 174 30

　 　 　 B 43.8 4.3 1031 5.6 0.5 128 23

　 　 　 C 44.6 4.6 956 6.1 0.6 133 21

　 2017B 931 A 84.3 8.4 1436 7.2 0.7 116 17

　 　 　 B 52.9 5.3 907 7.2 0.6 112 17

　 　 　 C 31.1 3.0 468 5.9 0.6 89 15

Farm B 2017A 802 A 86.9 7.3 2961 12.3 1.0 432 34

　 　 　 B 86.1 7.9 2154 10.8 0.9 272 25

　 　 　 C 147.5 12.8 3835 11.4 1.0 297 26

　 2017B 293 A 53.2 4.9 2408 10.2 1.0 503 45

　 　 　 B 70.6 6.1 2838 10.2 0.9 408 40

　 　 　 C 119.8 12.3 3833 9.3 0.9 278 32

Farm C 2017A 407 A 71.5 7.3 2727 10.0 0.9 383 38

　 　 　 B 106.4 12.9 2875 8.5 0.8 223 27

　 　 　 C 96.3 13.4 1931 9.0 1.0 181 20

　 2017B 518 A 27.0 2.5 732 10.6 0.9 288 27

　 　 　 B 45.0 4.9 1265 11.5 1.0 322 28

　 　 　 C 85.6 10.6 772 13.9 1.3 125 9



Table 6

Rainfall Irrigation 
Total 
input

Runoff ET
Percolation

from balance

Percolation
observed 

(SE)
Farm Season

Irrigation
Treatment

(mm) (%) (mm) (%) (mm) (mm) (%) (mm) (%) (mm) (%) (mm)

Farm A 2017A A 705 30 1608 70 2313 982 42 　 　 　 　 　

　 　 B 705 41 1031 59 1736 537 31 　 　 　 　 　

　 　 C 705 42 956 58 1661 547 33 　 　 　 　 　

　 2017B A 931 39 1436 61 2366 648 27 542 23 1176 50 　

　 　 B 931 51 907 49 1837 709 39 542 30 586 32 618 (67)

　 　 C 931 67 468 33 1399 227 16 542 39 630 45 　

Farm B 2017A A 802 21 2961 79 3764 2610 69 　 　 　 　 　

　 　 B 802 27 2154 73 2956 3020 102 　 　 　 　 　

　 　 C 802 17 3835 83 4637 5104 110 　 　 　 　 　

　 2017B A 293 11 2408 89 2701 1255 46 571 21 875 32 　

　 　 B 293 9 2834 91 3128 1857 59 571 18 700 22 2026 (316)

　 　 C 293 7 3833 93 4126 1843 45 571 14 1712 41 　

Farm C 2017A A 407 13 2727 87 3134 1025 33 　 　 　 　 　

　 　 B 407 12 2875 88 3282 1814 55 　 　 　 　 　

　 　 C 407 17 1931 83 2338 658 28 　 　 　 　 　

　 2017B A 518 41 732 59 1250 393 31 483 39 373 30 　

　 　 B 518 29 1265 71 1782 563 32 483 27 736 41 117 (43)



　 　 C 518 40 772 60 1289 485 38 483 37 322 25 　

Average 609 24 1930 76 2539 1009 40 532 21 790 31 920
Total

SE 54 4 252 4 236 170 3 13 3 143 3 571

* Values in the cells highlighted by grey contained the cut-in flows and were overestimated

** Percentage is in comparison with the total water input



Table 7

Percolation rate (mm day-1) 　 Duration with standing water (days)
Farm

Total days
observed Toposequence Farm ave. 　Toposequence Farm ave.

Farm A 118 Upper 12.6 　 Upper 59.9

　 　 Middle 27.6 　Middle 1.6

　 　 Lower 10.0

16.7 b

　 Lower 48.4

36.6

Farm B 111 Upper 94.2 　 Upper 25.1

　 　 Middle 57.4 　Middle 36.0

　 　 Lower 36.9

62.8 a

　 Lower 47.7

36.3

Farm C 101 Upper 1.7 　 Upper 29.2

　 　 Middle 4.8 　Middle 89.2

　 　 Lower 0.5

2.3 b

　 Lower 35.0

51.2

ANOVA Factor   F-value 　 　　 F-value 　

　 Toposequence 　 1.07ns 　 　　 0.02ns 　

　 Farm 　 9.80* 　 　　 0.20ns 　

*different letters attached to the values in columns indicate significant difference as determined by LSD test

*P < 0.05, **P < 0.01, ***P < 0.0001; ns, not significant.


