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ABSTRACT 

Ridge-furrow rainwater harvesting with alternate white plastic film-mulching has been shown 

to be an easy and efficient method to harvest rainwater and improve crop yield in arid and 

semi-arid regions in China. To explore how this system affects the pattern of water movement, 

the water content of the soil, and runoff generation, two systems were designed and tested in 

Fugu, Yulin, Shaanxi, China from 2010 to 2012. There were three treatment groups as follows: 

a flat control plot with no mulching (NM), a plot with furrow and ridge widths of 60 cm (P60), 

and a plot with furrow and W-shaped ridge widths of 40 cm (W80). W80 was found to have a 

higher mean rate of runoff generation than P60 (83.1% and 70.3%, respectively). Additionally, 

compared with the other groups, W80 exhibited increased rainwater storage beneath the 

furrow in both rainy and dry seasons. The water content of the soil beneath the ridges of all 

treatment groups was higher after rainfall than before rainfall, and the rainwater infiltration rate 

was higher at 24 h after rainfall than at 48 h after rainfall. Moreover, the water content of the 

soil under the ridge was higher at the pre-measured stage than at the later measured stage, 

suggesting that it is not effective for short-term rainfall. Yield, water use efficiency, and soil 

water storage of rainwater harvesting practices had more advantage than that of NM. These 

findings suggest that using a ridge-furrow rainwater harvesting system with alternate plastic 

film-mulching can improve runoff generation, increase rainwater storage, and decrease water 

loss from the soil. In this system, the water from the soil moved from planted furrows to ridges 

during rainfall, but the water moved from ridges to planted furrows in the dry season. The W80 

system with the W-shaped ridge performed better than the other groups with respect to 

rainwater storage, evaporation control, runoff generation, and water use efficiency. 
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In arid and semi-arid regions, rainfall is an important resource for rain-fed farming 

production (Cook et al., 2000). In this region, soil moisture is generally limited and crop growth 

is stressed by drought during the growing seasons, which often leads to unstable crops yield. 

This presents a serious environment problem for sustainable agricultural development (Wu et 

al., 2000). To cope with the water shortage problem, it is necessary to adopt water-saving 

agriculture countermeasures to achieve the largest possible increase in water use efficiency 

of crops (Wang et al., 2001; Shao et al., 2007). How to use limited rainfall is a key 
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countermeasure for solving crop water need shortage and increasing crop yield under no 

irrigation condition (Li and Gong, 2002). In this situation, rainwater harvesting practices is 

introduced to use rainfall effectively and meet crop water need in arid and semi-arid areas 

(Evenari et al., 1968). 

A key effect of this practice is effective utilization of light rain. And concentration of 

surface runoff in light rain has been practiced for thousands of years around the world (Bruins 

et al., 1986). Micro-catchment water harvesting (MCWH) and the ridge and furrow rainfall 

harvesting (RFPH) can improve soil moisture storage and enhance growth of agricultural 

crops (Liakatas et al., 1986; Muller, 1991; Gupta, 1995). Further, the furrow/ ridge with 

plastic-film mulch originated from ridge/ furrow rainfall harvesting system, which is more 

effective in reducing evaporation, increasing soil temperature, maintaining soil water, and 

increasing crop yield (Li et al., 2001; Ramakrishna et al., 2006; Luis Ibarra-Jimenez et al., 

2011). On a commercial scale, rainwater harvesting practices can be applied easily because 

of low investment cost (Tian et al., 2003; Wang et al., 2009), it has been used for many years 

in different crops, such as maize (Zhang et al., 2011), wheat (Song et al., 2002), potato (Wang 

et al., 2003), and proso millet (Qu et al., 2012) act so on in arid and semi-arid regions. 

However, precipitation and soil water storage may constrain to utilize of furrow/ ridge 

practices, and increasing yield would depend on the amount of precipitation during the crop 

growth season (Wang et al., 2009). Pacey and Culliis (1986) pointed out that the rainfall of 

100 mm was the lowest annual rainfall suitable for rainwater concentration and rainfall of 200 

mm was more favorable for this purpose. Ben-Asher et al (1987) suggested the system of 

micro-catchments water harvesting would be suitable for desert regions with about 250 mm 

annual rainfall. Ren et al (2008) showed that rainwater harvesting practices doesn’t necessary 

adapt to all rainfalls, and the optimal annual rainfall to adopt this system is likely below 440 

mm during the whole period of corn growth. In previous researches, it was found that rainfall 

extremely limitation, increasing yield, and increasing water use efficiency could be 

emphasized. In their research, how furrow/ ridge with plastic-film mulched supplies with 

rainfall and how soil water moves between planting furrow and plastic-film mulched ridge in 

rainy and dry season was still not shown. Therefore, the present experiment, which explores 

soil water movement between planting furrow and ridge with plastic-film mulched in stage of 

crop growth, is an effort to fill that knowledge gap. 

The objective of this study was to explore rainwater harvesting practices with respect to 

supplemental pattern of soil water and its impact on runoff generation, rainwater storage, crop 

yield and water use in semi-arid regions of the Loess plateau. 

 

MATERIALS AND METHODS OF RESEARCH 

 

Study site. Rainfall harvesting systems with furrows and plastic film-mulched ridges 

were conducted at Canghemao Experimental Station, Northwest A & F university, Fugu, 

Shaanxi province (39.09 ° N, 111.01 ° E and altitude 1000 m) during three growing seasons of 

proso millet in 2010-2012. The study location is semi-arid regions with annual mean 

precipitation of 366.2 mm; a mean annual temperature is 9.1 ℃ with a maximum of 38.9 ℃ 

and the minimum of -24 ℃; an average annual pan evaporation of 1092.2 mm; an average 

annual sunshine duration of 2890 h and a frost-free period of over 177 frost-free days. Soil 
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type is calciccambisols whose properties at each depth were showed in table 1. Analysis of 

the top soil (0-20 cm) obtained the following results: organic C content of 19.32 g kg-1, a 

nitrate N content of 1.2 g kg-1; an available P content of 6.4 mg kg-1, an available K content of 

89 mg kg-1, an ammonium N（NH4
++NO3

-）content of 44.3 mg kg-1 , and soil bulk density of 

1.50 g cm-3. 

 

Table 1 – Measurements stage of soil water 

Year 

Effective rainfall No effective rainfall 

Before rainfall 

(month-day) 

After rainfall 

(month-day) 

Actual rainfall time 

(month-day) 

Precipitation 

(mm) 

Sampled stage 

(month-day) 

Duration 

(d) 

2010 7-23 7-25,7-26,7-27 7-24 10.5 7-25/8-4 10 

2011 7-27 7-30,7-31,8-1 7-28,7-29 18.5 7-4/7-16 13 

2012 7-29 7-31,8-1,8-2 7-30 23.0 7-14/7-29 16 

 

Experimental design. Rainfall harvesting systems, be often used in arid and semi-arid 

regions, were designed as follows: the width of furrow was 60 cm with 60 cm wide ridge (P60) 

(Fig. 1), the width of furrow was 40 cm with 40 cm wide W-shaped ridge (W80) (Fig. 2), and a 

flat plot with no mulching (NM) is as a control. P60 and W80 with plot areas of 4.8×5 m2 and 

3.2×5 m2 were composed of four ridges and furrows alternately. Plot of NM had an area of 

3.2×5 m2. All systems and control plot had three replications that were arranged in a 

randomized block design, and buffer row between treatments was 1 row. Ridges of P60 and 

W80 were covered with 0.008 mm plastic film (Height: 10 cm), and both ends of plastic film 

were perpendicular to furrow surface and embedded in soil (Depth: 5 cm). The entire 

experimental area was ploughed after all fertilizers (34.5 N kg ha-1, 9.0 P2O5 kg ha-1) were 

incorporated into the soil surface (Plough depth: 20 cm), and fertilizing amount was controlled 

by conventional method. The cultivar “Yumi 2 ” of proso millet with density of 5.0×105 plants 

ha-1 were sown on 11 June and harvested on 25 September in 2010, sown on 12 June and 

harvested on 23 September in 2011 and sown on 15 June and harvested on 27 September in 

2012, respectively. 

 

 

Proso millet Proso millet Proso millet 

Figure 1 – P60, the rainwater harvesting practice with 60 cm wide ridges with plastic film-mulched 

10 cm 10 cm 

30 cm 30 cm 
60 cm wide ridge with 

plastic film-mulched 

60 cm 

60 cm wide ridge with 

plastic film-mulched 



RJOAS, 1(97), January 2020 

97 

 

Sampling and measurements. Measurements were made before rainfall, after rainfall 

and no effective rainfall in the short term, respectively during growing season of proso millet 

(Table 2). 

 

Table 2 – Properties of the different soil layers at the experimental site 

Soil layer depth 

(cm) 

Soil bulk density 

(g·cm
-3

) 
Soil porosity 

Wilting coefficient 

(g·kg
-1

) 

Field capacity 

(g·kg
-1

) 

0-20 1.50 0.43 25 48 

20-40 1.64 0.38 30 57 

40-60 1.63 0.39 27 51 

60-80 1.62 0.39 26 49 

80-100 1.52 0.43 22 41 

 

The water content of soil in 0-100 cm soil profile was determined at depth intervals of 20 

cm. Measurements were made approximately every two weeks during the growing seasons of 

proso millet. Soil samples in three positions of each treatment (planting furrow or ridge) 

randomly were collected and kept separately in aluminium box. The soil samples were 

obtained and oven-dried at 105oC for 24 h. Soil water storage capacity was calculated by 

formula (Ren et al., 2008): 

W=h×p×b%×10 

 

In which, W stands for soil water storage capacity, h stands for soil depth, p stands for 

soil bulk weight, and b% stands for percentage of soil water in weight. Soil water storage in 

the profile was considered to be the total storage (0-100 cm). 

The runoff generation rate (RGR), the increasing water storage rate (IWSR), and the 

water infiltration rate (WIR) were determined using the formulas (Han et al., 2004): 

RGR (%) = (⊿WT -⊿WNM ) / R × 100% 

IWSR (%) = (⊿WT -⊿WNM ) / ⊿WNM × 100% 

WIR (%) = (Whp -Whl ) / ( hp- hl )× 100% 

10 cm 

 
40 cm wide W-shaped 

ridge with plastic film- 

mulched 

40 cm wide W-shaped 

ridge with plastic 

film-mulched 

 

60 cm wide 20 cm 20 cm 

Proso millet Proso millet 

Figure 2 – W80, the rainwater harvesting practice with 40 cm wide W-shaped ridges with plastic 

film-mulched 

20 cm 20 cm 
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Both ⊿WT and ⊿WNM are increasing soil water content of treatment and NM after 

rainfall, mm; R is precipitation (mm) between previous measurement and later measurement. 

Whp is soil water storage of previous measured, which was measured before rainfall; Whl is 

soil water storage of later measured, which was measured after rainfall. WUE can be 

indicated as follows by the kernel yield per unit ET (Li et al., 2001; Wang et al., 2005). 

RHFRS: ET=P+Er 
𝑛1

𝑛2
 p+(W1-W2) 

WUE=
𝑌

𝐸𝑇×
𝑛2

𝑛1+𝑛2

 

Flat: ET=(W1-W2)+P 

WUE=
𝑌

𝐸𝑇
 

In the formula, ET is evaporation (mm); WUE is water use efficiency (kg⋅mm–1⋅hm–2); 

W1 and W2 represent soil water content before sowing and after maturity at 100 cm soil layer 

(mm) (the soil water content of furrow/ridge plant area was the average water capacity in 

furrows, beside ridges and in the middle of ridges); Er is the runoff efficiency of plastic 

film-mulched ridges (%) (the mean runoff efficiency is 0.87) (Li et al., 2001); P is rainfall during 

growth stage (mm); n1 and n2 denote the ridge width and furrow width (cm), respectively; yield 

(Y) in furrow and ridge system refers to the grain yield according to calculating by furrow/ridge 

total area, and then we can get water use efficiency of grain yield. 

All data were analyzed by SAS v6 and Microsoft Excel 2007 software, and mean values 

were compared by Duncan’ method (P<0.05). 

 

RESULTS OF STUDY 

 

Runoff generation. Table 3 shows the runoff generation rate of rainfall harvesting 

systems during 2010-2012 seasons. For water content of soil, two rainfall harvesting systems 

had higher values than those of NM (P<0.05) before rainfall and after rainfall. Water content of 

soil after rainfall had advantage enough compared with that before rainfall.  

 

Table 3 – Runoff generation rate of rainfall harvesting practices 

Year Planting area Before rainfall(mm) After rainfall(mm) Rainfall(mm) RGR (%) 

2010 P60 b 408.0±21.4 b 446.2±21.3 10.5 b 70.5±3.4 

 
W80 a 417.2±23.9 a 457.0±22.9 

 
a 85.7±4.8 

 
NM c 360.2±17.0 c 391.0±18.6 

 
- 

2011 P60 b 394.4±20.7 b 443.0±22.2 18.5 b 70.8±3.6 

 
W80 a 409.7±20.5 a 460.6±24.0 

 
a 83.2±4.4 

 
NM c 385.2±18.3 c 420.7±21.0 

 
- 

2012 P60 b 568.4±28.4 b 627.7±33.4 23.0 b 69.6±3.3 

 
W80 a 571.5±30.6 a 633.3±32.7 

 
a 80.4±4.1 

 
NM c 554.3±29.7 c 597.6±29.9 

 
- 

Note: Mean value ± Standard Deviation. Different letters within each year and parameter indicate significant 

differences (P<0.05). 
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As far as runoff generation rate was concerned, values of W80 were similar every year, 

values of P60 were either; However, W80 with a mean value of 83.1 % had higher values than 

P60 with a mean value of 70.3 % (P<0.05) during 2010-2012 seasons. 

Rainfall storage. Increasing water content of soil is calculated though water content of 

soil before rainfall and after rainfall. For increasing water content of soil, rainfall harvesting 

systems had higher value than those of NM (P<0.05) during 2010-2012 seasons; values of 

P60 and W80 increased by 24.0 % and 29.2 % in 2010, by 36.9 % and 43.4 % in 2011, and by 

37.0 % and 42.7 % in 2012, respectively compared with these of NM; W80 with a mean value 

of 38.4 % had advantage enough compared with P60 with a mean value of 32.6 % (P<0.05) in 

three growing seasons. 

Decreasing water content of soil was measured during no effective rainfall of short term. 

Fig 4 shows decreasing water content of soil at previous measured stage and later measured 

stage. As far as decreasing water content of soil was concerned, rainfall harvesting systems 

could decrease soil evaporation (Fig 4) and had lower values than that of NM (P<0.05) during 

2010-2012 seasons; values of P60 and W80 decreased by -21.3 % and -44.2% in 2010, by 

-12.7 % and -21.0 % in 2011, and by -19.3 % and -25.0 % in 2012, respectively compared 

with these of NM; W80 with a mean value of -30.1 % had advantage enough compared with 

P60 with a mean value of -17.8 % (P<0.05) in three growing seasons. 

Water movement between ridge and furrow. Table 4 reports results of water content of 

soil under the ridge of rainfall harvesting systems. As far as water content of soil under the 

ridge was concerned, W80 had higher values than those of P60 (P<0.05) before rainfall, after 

rainfall, after 24 h of measurement after rainfall and after 48 h of measurement after rainfall, 

respectively during 2010-2012 seasons. For increasing water content of soil under the ridge 

(Fig 5), W80 had advantage enough compared with that of P60 (P<0.05) in three growing 

seasons; later measurements, such as after 24 h and 48 h of previous measurement after 

rainfall, had lower values than that of previous measurement (P<0.05) after rainfall in three 

growing seasons; last measurement, such as after 48 h of previous measurement after rainfall, 

had lower values than that of after 24 h of previous measurement after rainfall (P<0.05) in 

three growing seasons; W80 with mean values of 44.8 mm, 11.4 mm and 4.5 mm, 

respectively at previous measurement after rainfall, after 24 h of previous measurement after 

rainfall and after 48 h of previous measurement after rainfall, respectively had advantage 

enough compared with P60 with mean values of 37.0 mm, 7.9 mm and 4.5 mm, respectively 

at that of the same as previous in three growing seasons. 

 

Table 4 – Water content of soil under the ridge of rainfall harvesting systems 

Year Ridge Before rainfall(mm) After rainfall(mm) After 24h(mm) After 48h(mm) 

2010 P60 b 396.8±20.8 b 420.8±20.0 b 428.7±20.4 b 433.0±22.7 

 
W80 a 410.3±21.5 a 442.3±23.1 a 455.9±23.8 a 461.7±24.1 

2011 P60 b 363.2±19.2 b 408.5±21.4 b 416.1±21.8 b 419.8±22.0 

 
W80 a 384.7±18.2 a 435.7±21.8 a 445.7±21.3 a 450.2±22.5 

2012 P60 b 546.5±29.3 b 588.6±30.4 b 596.9±30.8 b 599.3±30.0 

 
W80 a 556.1±27.8 a 607.4±31.4 a 618.0±30.9 a 621.1±30.1 

Note: Mean value ± Standard Deviation. Different letters within each year and parameter indicate significant 

differences (P<0.05). 
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Figure 3 – Increasing water content of soil before rainfall and after rainfall 

 

 
Figure 4 – Decreasing water content of soil during no effective rainfall of short term 

 

 

Figure 5 – Increasing water content of soil under the ridge before rainfall and after rainfall 
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Figure 6 – Water infiltration rate between furrow and ridge 

 

Water infiltration rate of soil is concerned with Fig 6. As time was longer water infiltration 

rate of soil was lower, and water infiltration rate of soil had significant difference (P<0.05) 

within rainfall harvesting systems. As far as water infiltration rate of soil was concerned, W80 

with mean values of 0.48 mm h-1 and 0.19 mm h-1 after 24 h of previous measurement after 

rainfall and after 48 h of previous measurement after rainfall had advantage enough 

compared with P60 with mean values of 0.33 mm h-1 and 0.14 mm h-1 at that of the same as 

previous in three growing seasons. 

Fig 7 shows variation of water content of soil under the ridge. For variation of water 

content of soil of no effective rainfall in short term, water content of soil decreased between 

previous measured stage and later measured stage; water content of soil at previous 

measured stage had higher values than that of later measured stage (P <0.05) in three 

growing seasons. As far as decreasing water content of soil was concerned, W80 with a mean 

value of 29.2 mm had advantage enough compared with P60 with a mean value of 33.9 mm in 

three growing seasons. 

Soil water storage and water use efficiency. The water content of topsoil with different 

systems is presented in Table 5. At measured stage, topsoil water contents of different 

practices were higher than those of NM. At jointing stage, topsoil water content (0-20 cm) 

increased by 16.2 % at P60 and 40.4 % at W80 compared to those of NM. At mature stage, 

topsoil water content (0-20 cm) increased by 15.4 % at P60 and 34.9 % at W80 compared to 

those of NM. In 20-40 cm soil layer, rainwater harvesting practices increased topsoil water 

content of jointing stage by 17.5 % at P60 and 44.3% at W80 and increased topsoil water 

contents of mature stage by 14.7 % at P60 and 45.1 % at W80. And compared to control plots 

in measured topsoil layer, soil water content at jointing stage increased by 19.6 % at P60 and 

43 % at W80, and soil water content at mature stage increased by 15.2 % at P60 and 41.8 % 

at W80. On the whole, rainwater harvesting practices increased soil water at the growth stage 

of proso millet. 
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Figure 7 – Water content of soil under the ridge in no effective rainfall of short term 

 

 
Figure 8 – Water use efficiency and water consumption in 2010-2012 

 

Table 5 – Water contents of topsoil at the jointing and mature stages in 2010-2012. (mm) 
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Soil layer Jointing stage Mature stage 

(cm) NM P60 W80 NM P60 W80 
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20-40 41.9±2.1 46.3±3.2 57.5±2.9 24.7±1.1 25.1±1.6 30.6±1.8 
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20-40 90.8±3.6 116.8±4.7 135.9±5.2 50.2±3.3 54.3±4.5 68.7±2.4 

Mean 0-20 23.5 27.3 33 17.5 20.2 23.6 

 
20-40 54.4 65.9 78.5 32.6 37.4 47.3 

 
0-40 77.9 93.2 111.4 50 57.6 70.9 
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WUE and soil water consumption of rainwater harvesting practices had more significant 

effects than those of NM (P<0.05) (Fig 8). W80 recorded the lowest soil water consumption 

(395, 361.1 and 263.2 mm in 2010, 2011 and 2012). Soil water consumption of rainwater 

harvesting practices decreased by 64.4-112.3 mm compared to NM. And difference between 

two rainwater harvesting practices were significant (P<0.05). 

Opposite to soil water consumption, the highest WUE was recorded in W80 (0.0175, 

0.0084 and 0.0124 t ha-1 mm-1 in 2010, 2011 and 2012).WUE in rainwater harvesting 

practices increased by 52-215% compared to control plots. And difference between two 

rainwater harvesting practices were significant (P<0.05). 

Thus, all data showed that rainwater harvesting practices greatly decreased soil water 

consumption and had a large effect on water use efficiency. 

 

DISCUSSION OF RESULTS 

 

Rainfall runoff. Runoff is an important factor for water loss, still harvesting runoff in 

planting furrow is a key problem for crop production in rain-fed agricultural regions. 

Conservation tillage, as a technique of influencing rainfall runoff, has been reported on runoff 

rates. Several studies have shown no-till resulted in greater runoff than conventional till 

systems (Logan et al., 1994; Afyuni et al., 1997; Smith et al., 2007). However, several studies 

have shown conservation tillage reduced runoff volumes (Truman et al., 2009; Krutz et al., 

2009). Rainwater harvesting practices with furrows and plastic film-mulched ridges were 

reported to harvest and retain surface runoff (Xie et al., 2005; Jia et al., 2006). 

Observing rainfall runoff generation of this study, runoff generation rates of two practices 

were clear each year and similar in different growing seasons, which showed runoff 

generation rates of two rainwater harvesting practices were stable and to maintain to be high 

effective. Related findings were different from unstable results in conservation tillage, which 

indicated that rainwater harvesting practices performed well for runoff generation. This 

positive effect may be attributed to slope plastic-film (Zhang et al., 2007), and furrow/ ridge 

design and plastic-film may influence runoff generation rate. In present research, it was 

“W-shaped” practice that had advantage enough in runoff generation. 

Soil water movement. Water movement of furrows and plastic film-mulched ridge was 

considered according to findings of Han Q F et al. (2004). Soil water moves from sowing 

furrow to ridge with plastic-film mulched when Whp is higher than Whl, or else soil water moves 

from ridge with plastic-film mulched to sowing furrow. 

As far as rainfall event were concerned, soil water content under plastic-film mulched 

ridge before rainfall event was lower than that after rainfall event (Whp<Whl), which showed 

water movement was from sowing furrow to ridge with plastic film-mulched. Water infiltration 

rate was lower when time is longer, which showed water infiltration rate decreased little by 

little when rainfall supply was not enough. In no rainfall of short term (>10 days), soil water 

content under plastic-film mulched ridge at previous measured stage was higher than that at 

later measured stage (Whp>Whl), which indicated water movement was from plastic 

film-mulched ridge to sowing furrows. 

It was water movement of rainwater harvesting practices with furrows and plastic 

film-mulched ridges that had two important results, a) at rainy stage, soil water movement was 
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from sowing furrow to ridge with plastic film-mulched; b) at dry stage, soil water movement 

was from plastic film-mulched ridges to sowing furrow. These results suggested that it was the 

relationship of soil water movement between furrow and plastic-film mulched ridges. 

Rainfall storage and WUE. In semi-arid and arid regions, water storage is an important 

factor for crop growth (Li and Xiao, 1992). How to harvesting rainfall and rainfall storage is a 

key point for crop production in rain-fed farming. Observing values of rainfall storage, 

rainwater harvesting practices had advantage enough compared to those of NM. At rainfall 

stage or dry stage, rainwater harvesting practices had better effect on increasing soil water 

content and maintaining soil water content at different growth stage compared to those of NM. 

Moreover, rainwater harvesting practices decreased soil water consumption and lastly 

obtained high yield and water use efficiency. These findings are consistent with those of other 

studies (Anikwe et al., 2007; Liu et al., 2010). However, we found that different rainwater 

harvesting practices had different effects on augmented available soil water. Especially, 

special shape of ridge had a large effects on increasing and maintaining soil water content 

under the ridge, which may put down to harvest more precipitation due to large superficial 

area with plastic-film mulched (Botha et al.,2015; Yang et al., 2015;); in this study, “W-shaped” 

system was found and had advantage enough in rainfall storage. 

 

CONCLUSION 

 

Rainwater harvesting practices could improve runoff, increase soil water content, 

decrease soil water consumption, and enhance water use efficiency. Topsoil water of 

rainwater harvesting practices was from planted furrow to ridges with white plastic 

film-mulched in rainy, while topsoil water was from ridge with white plastic to planted furrow in 

drought season. “W-shaped” practices had full advantage in present research. 
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