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the design of an affordable continuous-flow drip irrigation system that applies the exact peak crop water requirement continuously throughout the 24 h of a day, and so maintains



Keywords:



the crop root zone near field capacity all through the growth season. The design continuous-



Tomato



flow rate was nine drops of water per minute (0.03 l/h) for tomato used as test crop. The



Yield



system was constructed from inexpensive off-the-shelf components, incorporating the



Affordable



medical infusion set as emitter. The drip system was evaluated in Bauchi State, Nigeria



Continuous-flow



during the 2003/2004 and 2004/2005 irrigation seasons under four continuous-flow rates of



Drip



0.03, 0.05, 0.06, and 0.07 l/h against a bi-daily application as the control. The recorded yields



Irrigation



were 42.9, 42.6, 44.4, and 44.4 t/ha, respectively for the four treatments and 22.3 t/ha from the control. The associated Water Use Efficiencies were 15.5  102, 10.7  102, 8.5  102, and 6.4  102 t/ha mm in same order for the four discharges, while that of the control was 10.1  102 t/ha mm. The continuous-flow drip schedule offered water savings of about 42.3 and 15.7% at 0.03 and 0.05 l/h, respectively over short level impoundment furrow irrigation widely used by resource-poor farmers in Nigeria. However, at the higher discharges of 0.06 and 0.07 l/h, the system rather applied 10.1 and 32.2% additional water over furrow irrigation. Results of this study summarily demonstrate promising prospects of the affordable continuous-flow drip irrigation system in delivering high crop yields especially if the crops are grown under appropriate agronomic practices that enable protraction of the growth season. The recommended range of continuous dripping for tomato is 0.03–0.05 l/h. # 2006 Elsevier B.V. All rights reserved.



1.



Introduction



Most comprehensive blue prints to attain food security in developing countries underscore rapid development of the irrigation sub-sector. However, as we strive to obtain higher yields from finite and heavily used natural resources, the rate of soil loss accelerates, and fresh water supplies become the



more impoverished due to misuse and overuse. The concept of affordable micro irrigation technology (AMIT) currently being promoted by organisations like Chapin Watermatics Inc. and International Development Enterprises (IDE) is apparently a very potent strategy to augment agricultural production from the traditionally irrigated small-holder plots within rural communities of developing countries in a cost effective and
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water efficient manner. Unfortunately, the operational principles of these low-cost micro irrigation systems require that water be applied 2–4 time daily or sometimes even more (Polak et al., 1997; ALIN, 2002; IDE, 2003; Masimba, 2003; Anon., 2004; UNEP, 2004). This practice requires recurrent farm visits that manifests in increased systems running cost. An affordable continuous-flow drip irrigation system was therefore designed in which the peak crop water requirement is supplied continuously throughout the 24 h of a day. This would reduce the number of farm visits and so accord rural farmers ample time to undertake other off-farm revenue generating activities. The continuous-flow drip irrigation principle is therefore aimed at boosting the production and income level of resource-poor farmers and so help towards poverty alleviation in rural communities of developing countries. The system was constructed and tested in Bauchi state Nigeria with tomato as experimental crop. The results are presented herein.



2.



Materials and methods



2.1.



The experimental site



Bauchi state is one of the 36 states of the Federal Republic of Nigeria. The research was conducted specifically along the fadama irrigation research plot of Abubakar Tafawa Balewa University, Bauchi. The University is situated in Bauchi local government which falls within the Northern Guinea savannah ecological zone of Nigeria. This region lies within latitude 108170 N and longitude 098490 E on a mean altitude of 609.3 m above sea level. The dry season in this region starts from late October and extends to April, sometimes May. These months are characterised by the cool dry harmathan wind especially from November to February. Ambient temperatures during this period is between 10 and 37 8C, which favors growth of cold weather crops like tomato, potato, and carrots amongst others. The soil of the experimental plot was predominantly sandy loam from the surface to 300 mm depth and then clay loam from 300 mm depth down to 600 mm taken as the effective root zone depth of tomato (Mudiare and Kwayas, 1995).



2.2.



Systems design



The system was designed for tomato as test crop. Tomato was chosen as experimental crop because it is a row crop and thus adaptable to drip irrigation. The peak daily crop water requirement was calculated as the product of reference crop evapotranspiration and the peak crop coefficient of tomato. Reference crop evapotranspiration was calculated using the FAO version of the Penman–Montieth equation according to Allen et al. (1998) for the duration of the irrigation season. The highest value obtained (5.5 mm/day) was taken as peak ETo. Peak crop coefficient was taken as 1.1 for tomato grown in the Nigerian guinea savanna (Mofoke et al., 2003). The peak crop water requirement for tomato was eventually calculated as 6.1 mm/day. The area to be irrigated by an emitter was computed from Eq. (1) (James, 1988): LSP (1) Ai ¼ 100Ne
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where Ai is the area irrigated by an emitter, m2/emitter; L the spacing between adjacent plant rows, m; S the spacing between emission points, m; P the percent of cropped area being irrigated; Ne is the number of emission devices at each emission point. The variables L, S, and P are subjective design parameters depending on crop, soil type, and economic consideration. L and S were taken as 600 and 450 mm, respectively, following recommendations of Cornish and Brabben (2001). P was pegged at 68%, a value considered safe enough, relative to the minimum 33% suggested by Karmeli et al. (1985). These values gave Ai as 0.1 m2, which is taken to be the area of influence contributing to the evapotranspiration requirement of each crop stand. Therefore, for an actual crop evapotranspiration of 6.1 mm/day, close to 0.6 l (610 ml) of water is assumed to be consumed by tomato daily through evapotranspiration from an area of about 0.1 m2 around the crop. This required that 610 ml of water be supplied to the crop daily at a pre-determined steady rate. Attainment of this implied an average discharge of 7.1  103 ml/s given that 1 day constitutes 86,400 s. This is an exceptionally small delivery rate that could be achieved only by emitters with very efficientflow regulator. This justifies use of the medi-emitter for this system because it has an effective discharge regulator, and is widely available even in most rural communities. Preliminary hydraulic tests of the medi-emitter revealed that 15 drops of water from the emitter amounts to 1 ml. Therefore, 7.1  103 ml/s translated to 0.1 drops of water per second or 6.3 drops/min. A 30% safety proportion was added to this amount to obtain a discharge of 8.2 drops/min. However, since 8.2 drops of water is practically difficult to measure, the design discharge was rounded to 9.0 drops/min equivalent to 0.03 l/h. The operational precept of the drip system designed in this study was therefore to apply water to the crop using the mediemitter, at a constant rate of 0.03 l/h throughout the growth season. Supplying the crop water requirement continuously at this rate under gravity from a reservoir would minimize the number of farm visits and hence labor requirement for irrigation.



2.3.



Systems description and construction



The field was partitioned into four plots (3 m  3 m) to reduce the pressure head requirement at the distributary tanks. Fig. 1 shows the system layout. Each plot was supplied by a separate distributary tank as shown in Fig. 1. Gate valves were placed at the outlet of each distributary tank to control the exit flow, while float valves were fitted at the inlet of same tanks to maintain constant pressure that would ensure steady discharge. The plots were interconnected and eventually linked to two main water reservoirs situated at the farm gate. The mains and manifolds were buried 200 mm below the soil surface to avert their destruction during farm activities. Two types of low-cost filters were improvised for the system: A primary filter, made of 10mm thick foam placed at the pipe intake from the main water reservoir, and a secondary filter adapted from automobile fuel filter inserted along the main pipeline. Conduit pipe used for electrical wiring was utilized for the laterals, mains and sub-mains. This pipe
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has thinner walls than the pressure Polyvinylchloride (PVC) pipes, and therefore cannot withstand high water pressures. However, the choice to use this pipe for waterflow in this study is essentially because it is much cheaper than the pressure PVC pipes, costing only 50 Naira (US$ 2.8) per 2.5 m length. Besides, the system is designed for lowpressure gravity flow with pressures typically between 9.8 and 49.1 kPa (1–5 m). This eliminates risk of pipe burst with the linear low-density conduit pipe. All systems components were chosen based on their availability and low-cost prices. Assembling was accomplished in a simple do-it-yourself procedure. Detail description of the affordable continuous-flow drip system is contained in Mofoke et al. (2004).



2.4.



Field procedure



Tomato seeds were sown in a nursery following practical guidelines by Cornish and Brabben (2001). Transplanting was done 4 weeks after emergence at a density of one seedling per crop stand. Thereafter, the emitters were tuned to drip water continuously at four discharges 0.03, 0.05, 0.06, and 0.07 l/h, constituting the experimental treatment. The treatments were represented by each of the four laterals for every plot as illustrated in Fig. 1. The experimental design was a randomized complete block design with three replicates. The control, denoted by the fourth plot was a bi-daily application of the peak crop water requirement, being the current practice with existing affordable micro irrigation



Fig. 1 – Field layout of the affordable continuous-flow drip irrigation system.
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systems. The recommended fertilizer dose (Anon., 1989) was applied through the irrigation water. NPK 2 kg 15:15:15 and 1 kg urea were dissolved in two separate 10 l containers through addition of hot water and continuous agitation. The solution was allowed to settle over night and decanted to get a clear sediment free fertilizer solution. The fertilizer solution was applied each time the main water reservoirs were refilled. In addition, a foliar crop feed (Boost XTRA) was applied weekly to eliminate micro nutritional deficiencies, and enhance crop growth. Weeding was carefully done, once a week. The crops were protected from pest infection through aerial application of cyper 10 EC and Snipper. Seasonal consumptive use was calculated using the water balance equation according to James (1988) (Eq. (2)). ET ¼ IþPþSFIþLIþGW  RO  LO  L  DP  Drz ðu f  ui Þ



(2)



Where I is the depth of irrigation water applied (cm, in.), P the depth of water from precipitation (cm, in.), SFI the surfaceflow into the control volume (cm, in.), LI the subsurface lateralflow into the control volume (cm, in.), GW the ground water seepage into the control volume (cm, in.), ET the consumptive use (cm, in.), RO the surface-flow out of the control volume (cm, in.), LO the subsurface lateral-flow out of the control volume (cm, in.), L the leaching requirement (cm, in.), and DP is the deep percolation (cm, in.). The seasonal depth of water applied was reckoned directly through summation of the individual emitter discharges throughout the growth season, and division of the gross volume by the plot size taken as the control volume (Burman et al., 1980). The crops were grown exclusively under irrigation during the 2003/2004 and 2004/2005 dry seasons. Thus, P in Eq. (2) was practically zero. Also, during a pre-experimental run, SFI, LI, GW, RO, and DP of same equation were measured and found to be negligible within the experimental discharges of 0.03–0.07 l/h, and the control discharge of 8 l/h. The major non-evapotranspiration loss was LO. This was measured at the end of the growth season by determining the soil moisture content of the surrounding soil adjacent to the control volume. Crop yield was measured exclusively from the marketable yield component, that is, the fresh fruit weight, while water use efficiency was computed from Eq. (3) (Burman et al., 1980): WUE ¼



Vi  Vx ETi  ETx



(3)



where WUE is the water use efficiency, t/ha mm; Vi the mass of marketable crop produced with irrigation, t/ha; Vx the mass of marketable crop that could be produced simultaneously without irrigation, that is, under rainfall, t/ha; ETi the amount of water used in evapotranspiration by the irrigated crop (seasonal consumptive use), mm; ETx is the amount of water that could be used in ET by same crop if not irrigated, that is, under rainfall, mm. The crops were grown entirely under irrigation without any supplementary rainfall. Therefore, ETx and Vx were practically zero. ETi was calculated from Eq. (2). The gross depth of water applied for each treatment was compared with the seasonal application depths for level impoundment furrow irrigation in Nigeria. This irrigation method was chosen as the basis of
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comparison with flood irrigation because it is the water application method commonly used by irrigation farmers in Nigeria for dry season production of tomato. Data on the seasonal water use of tomato grown under impoundment furrow irrigation were taken from Mofoke et al. (2003) which indicates that the small-holder irrigation farmers in Nigeria generally apply 304–987 mm of water with an average of 538 mm when growing tomato under level impoundment furrows. The corresponding yields obtained are between 2.6 and 37.2 t/ha. The lower bound of the fadama farmers’ seasonal depth of water are, however, sporadic cases resulting from undesirable circumstances where the farmer discontinued irrigation. Otherwise the farmers generally applied more than 500 mm of water (Mofoke et al., 2003). The gross depth of water applied through the continuous-flow drip irrigation was subtracted from the range of application depths from the farmers’ furrow irrigation practice to get the level of water savings, and the difference eventually expressed as a percentage. A positive difference indicates water savings of the drip system over furrow irrigation, while a negative difference signifies the percentage of additional water applied by the continuous-flow system over impoundment furrow. Correlation analysis was performed using the MINITAB computer software for Windows, while the sensitivity analysis was conducted according to Agada and Babatunde (2004).



3.



Results and discussion



3.1.



Crop yield and seasonal water use



Table 1 shows the crop yield, seasonal depth of water applied (IRRseasonal), seasonal consumptive use (CU) and water use efficiency (WUE) from the continuous-flow treatments as well as the control. Table 2 shows the Pearson’s correlation coefficients between pairs of the experimental variables. The sensitivity level of crop yield to seasonal water use and length of growth season are presented in Table 3. From Table 1, the least quantity of water was applied to the control plot relative to the continuous-flow modules. Statistical analysis demonstrated that the difference in application depth between the continuous-flow units and the control was significant at 95% probability level. The uncommon cases with negative percentage savings in water resulted when comparison was made with fadama farms that were abandoned and so never cultured crops to full maturity. Only 0.03 and 0.05 l/h are appropriate discharges to use on a continuous basis in terms of water savings. This is because the average savings in water use at these two discharges (42.3 and 15.7%, respectively) compare favourably with those obtained for existing affordable drip irrigation systems. Behr and Naik (1999) had reported water savings of 35% from test with these cheap drip systems in India. Comparative studies with mulberry and cotton in Rajasthan, Mahdya Pradesh and Kanataka showed water savings as high as 56% with yield increase of 34% (Polak and Sivanappan, 1998). Further studies still with conventional drip systems at Coimbatore revealed water savings ranging from 43 to 79% with yield increases of 25–40% (Polak and Sivanappan, 1998). Thus, if properly harnessed, the continuous-flow principle for affordable drip
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Table 1 – Yield and water use of tomato grown under continuous-flow drip irrigation Discharge (l/h)



IRRseasonal (mm)



Seasonal consumptive use (mm)



Length of growth season (days)



Crop yield (t/ha)



WUE (102) (t/ha mm)



(a) Results of 2003/2004 irrigation season 0.03 307.0 43.0 (1 to 68.9)b 0.05 450.3 16.0 (32.5 to 54.4)b 0.06 599.0 10.2b (49.2 to 39.0) 0.07 791.7 32.0b (61.6 to 19.8) Control 237.3 55.9 (21.9 to 76.0)



276.7 397.0 529.3 697.0 217.3



112 114 116 122 102



42.5 42.3 44.1 44.1 21.9



15.4 10.7 8.3 6.3 10.1



(b) Results of 2004/2005 irrigation season 0.03 314.0 41.6 (3.2 to 68.2)b 0.05 455.7 15.3 (33.3 to 53.8)b 0.06 597.3 9.9b (49.0 to 39.5) 0.07 795.7 32.4b (61.8 to 19.4) Control 243.0 54.8 (20 to 75.4)



278.7 400.0 518.7 684.3 224.0



115 115 115 123 104



43.2 42.8 44.7 44.6 22.6



15.5 10.7 8.6 6.5 10.1



Savings in IRRseasonal (%)a



a



Values in parentheses denote the range in percentage water savings, while the single values above them represent the average percentage savings. b The negative sign denotes additional water used by the continuous-flow drip system over furrow irrigation.



Table 2 – Pearson’s correlation coefficients between crop yield, seasonal water use and water use efficiency of tomato grown under the Continuous-flow drip irrigation principle



Seasonal consumptive use Length of growth season Water use efficiency Crop yield



Seasonal depth applied



Seasonal consumptive use



Length of growth season



Water use efficiency



0.998 0.878 0.749 0.650



0.874 0.755 0.644



0.384 0.863



0.035



systems could still give the traditional water savings of drip irrigation over flood irrigation. Analysis of variance indicated that the difference in yield between the two seasons were not statistically significant at 95%probability level. The variation in yield among the treatments, however, showed significant differences at 95% probability level. Comparisons using the least significant difference (L.S.D.) further revealed that the difference in yields from 0.03 and 0.05 l/h were not statistically significant at 95% probability level. So also, there was no significant difference in yields from 0.06 and 0.07 l/h. Differences in yield between other pairs of discharges were nevertheless significant. Although the recorded tomato yield (42.3–44.6 t/ha) from this study appear commendable, they, however, may not represent the best output achievable particularly under the continuous-flow drip system that maintains the soil near field capacity. This necessitates further research to determine the crop production function and yield potential of tomato grown under the continuous drip irrigation in this region of the world. Such function would constitute a framework for fostering and assessing the continuous-flow drip irrigation system. The undesirably low yield from the control plot insinuates that a bi-daily application of water is inappropriate for Bauchi with its characteristic high evaporative demand. The control treatment did not perform well in terms of yield and water use because its average yield of 22.3 t/ha was quite low even relative to the fadama farmers current yield range of 2.6–37.2 t/ha (Mofoke et al., 2003). The yield from the control plot was low because of excessive evaporation losses without replenishment. It was observed during the evaluation exercise that the surface of the soil-wetted area in the control plot became dry barely 2 h after



irrigation. This could have been possibly caused by the high evaporative demand of Bauchi and the suction effect of the surrounding dry soil. If the crop water requirement is to be applied in pulses, the daily frequency of irrigation should preferably be increased to four times a day so as to keep the root zone moist during a larger part of the day. This simply agrees with the recommended practice for existing affordable micro irrigation systems in which water is applied 2–4 times a



Table 3 – Sensitivity of tomato yield to seasonal water use when grown under the Continuous-flow drip system Type of sensitivity (a) Direct sensitivity Seasonal depth of water applied Seasonal consumptive use Length of growth season Total (b) Combined sensitivity Seasonal depth of water applied and seasonal consumptive use Seasonal depth of water applied and length of growth season Seasonal consumptive use and length of growth season Total Residual Grand total



Level of sensitivity (%) 0.00229 21.3715 161.606 182.980



0.44145



1.0679



102.728



103.35 20.374 100.00
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day (Mehari et al., 2001; Keller, 2001; Polak and Sivanappan, 1998; Postel et al., 2001). When compared with the farming practice of the local fadama farmers, it was detected that the harvests from the continuous-flow drip system were apparently better than those from the flooded fadama farms which can hardly produce up to 35 t/ha (Mofoke et al., 2003). Same authors projected that the maximum yield attainable from fadama irrigation based on the farmers’ practice is no more than 39 t/ ha. Yet, this novel drip system has been able to produce more than the expected maximum yield from the surface irrigated fadama farms. This makes the system a promising irrigation method for the Nigerian low-income farmers who desire to increase their profit margin through yield increases. Water use efficiency reduced with increased-flow rate. This is no doubt due to more non-evapotranspiration losses particularly the subsurface lateral-flow out of the control volume. The water use efficiency at 0.03 and 0.05 l/h and the control (15.4  102, 10.8  102, and 10.1  102 t/ha mm, respectively) compare with the recommended range (10– 12  102 t/ha mm) by the Food and Agricultural Organisation of the United Nations (Doorenbos and Kassam, 1979) as good efficiencies of water use in irrigated tomato production. This performance knocks discharges 0.06 and 0.07 l/h for use on a continuous basis. The Pearson’s correlation coefficients in Table 2 essentially confirm existing trends between pairs of the variables shown in same table. The magnitudes of the coefficients, however, indicate the degree of association between the parameters measured from this study. The negative sign depicts inverse relationship. From Table 2, seasonal depth of water applied is seen to have a strong and positive relation with length of growth season described by a positive Pearson’s correlation coefficient of 0.878. Both parameters would therefore increase positively. On the other hand, water use efficiency is seen to exhibit a negative association with seasonal depth of water applied consistent with earlier reports by Vaux and Pruitt (1983). Table 3 shows that the yield of tomato is most sensitive to length of growth season and seasonal consumptive use. Thus adopting agronomic measures that would grow the crops for a longer period whilst maintaining all other factors constant would surely result in higher yields. Increasing the length of the crop growth season would extend the flowering period and so produce more fruits. Crop yield does not show appreciable sensitivity to seasonal application depth probably because the crop root zone is maintained wet from a continuous discharge as low 0.03 l/h. Thus, increasing the continuous-flow discharge may not have a noticeable immediate effect in augmenting crop yield under continuous-flow drip irrigation. Rather, prolonging the crop growth season would easily deliver expected yield increases.



4.



Conclusion



This article introduces a new dimension in affordable micro irrigation technology that may cut down the number of daily irrigations but still enable attainment of relatively higher crop yields over conventional surface irrigation systems. The
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systems operational principle essentially entails dripping of water continuously through out the 24 h of a day at discharges of 0.03–0.05 l/h. The system was used to successfully grow tomatoes under semi arid conditions with yield increases of 16.8–94.2% over flood irrigation, and satisfactory water use efficiencies. The yields of tomato grown under the continuousflow drip irrigation was found to be very sensitive to length of growth season and seasonal consumptive use. Thus, agronomic measures that could extend the length of the crop growth season would apparently deliver higher yields. The 11,280– 48,480 (US$ 80– drip system has an initial cost of 350) depending on materials used, and can irrigate 288 vegetable crop stands continuously for 10 days without refill. Results of this study exhibit the novel affordable continuousflow drip technology as a prospective catalyst in boosting agricultural crop production within rural communities of developing countries, whilst permitting the resource-poor farmers to earn additional income from other off-farm economic activities.
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