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Abstract. 

Water for use by drip irrigated crops in a humid climate can come from both irrigation 

and rainfall. Scheduling irrigation using daily reference ET (ET0) requires the use of 

rainfall data along with estimates of how much of the rain the crop can actually use. In 

mulched drip irrigation the contribution of rainfall to crop water uptake depends upon 

how much rainfall infiltrates into the volume of soil accessed by the roots. Multi-sensor 

capacitance probes (MCPs) measure near-continuous soil water content simultaneously at 

discrete depths. Replicated field studies on drip irrigated watermelon were conducted in 

Delaware using MCPs to measure water uptake under different irrigation amounts from 

different vertical and horizontal locations relative to the drip tape and the plastic mulch. 

Results indicate that the watermelon root system allows the crop to use significant 

amounts of rainfall, resulting in lower irrigation requirements than growers commonly 

apply.  
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Introduction 

Drip irrigation in humid areas is difficult to manage because, unlike in arid areas, there 

are two potential sources of water. The first is irrigation, over which the grower has full 

control over timing and amount. The second water source is rainfall over which the 

grower has no control. In arid areas the rootzone of the crop is primarily limited to the 

volume of soil that is wetted by the irrigation, while in humid areas rainfall can wet the 

soil outside the volume wetted by irrigation. Rainfall can infiltrate the soil directly, but 

also runs off the plastic mulch to the edge where it is concentrated before it infiltrates. 

This infiltrated rainfall can contribute to crop water use if roots are present to use it. Rain 

can also enter the soil under the mulch through the planting holes (perhaps also channeled 

by stem flow) and through cuts and tears that may develop in the mulch. The lateral and 

vertical root distribution relative to the drip tape may therefore be affected by both 

irrigation management and rainfall patterns. 

 Figure 1. Yield of seedless watermelon as a function of relative irrigation amount in 

2007 (top) and 2006 (bottom). 
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Figure 1 shows yield of seedless watermelon in 2006 and 2007 in experiments at the 

University of Delaware Research and Education Center in Georgetown, Delaware. 

Different relative irrigation amounts were used to try and determine the response of 

watermelon to irrigation. In both years the irrigation amount varied from deficient to 

excess. The 100% relative rate was determined using reference ET from a nearby weather 

station, and by continuous measurements of soil water content (SWC) to determine trends 

over time, with the purpose of maintaining soil water content within an optimal range. 

The other relative rates received irrigation amounts in proportion. In 2006 the deficient 

irrigation treatments included relative rates of 0% (no irrigation) and 50%, while in 2007 

the deficient rates were 33% and 67%. The difference between 2006 and 2007 was in the 

rainfall during the season. In June 2006 rainfall totaled 13.4 inches, while in June 2007 

the total was 2.6 inches. In July 2006 the total was 4.4 inches while in July 2007 there 

was 1.7 inches of rainfall. Thus, 2007 was much drier than 2006. 

 In 2006 the 50% irrigation rate had the highest yield (although the yields under all except 

0% were not statistically different). The yield under 0% irrigation was still good, at 77% 

of the highest irrigated yield, and this yield was due entirely to rainfall. In 2007, the 

highest irrigation rate (167%) had the highest yield. There was no 0% treatment, but the 

lowest rate (33%) had the lowest yield (64% of the yield at the highest rate). Yields in 

2007 were generally lower than in 2006.  

Obtaining significant yield with reduced or no irrigation prompted this study.  The 

relative yields as a function of relative irrigation indicate that rainfall can make a 

substantial contribution to crop water requirements, and this has implications for the 

development of improved irrigation management guidelines. 

Methods 

To attempt to quantify SWC and root distribution of mulched drip irrigated watermelon, 

we used multi-sensor capacitance probes (MCPs) located at three positions relative to the 

drip tape. The probes were located in the “center”, “fringe” and “edge” positions, as 

shown in figure 2. The fringe position was halfway from the center to the edge of the 

mulch, while the edge position was outside the mulch. The sensors were located at depth 

of 4, 8, 12, 20 and 28 inches relative to the surface, and automatically read every 10 

minutes in 2006 and every 30 minutes in 2007. In 2006 we measured SWC under the 

50%, 100% and 150% irrigation rates in three replications, while in 2007 we made 

measurements under the 33%, 67%, 100% and 167% treatments in two replications. 

Further details of the experimental setup can be found in McCann and Starr, 2006.  

MCPs can be used to show daily water uptake patterns (eg. McCann and Starr, 2007; 

Townsend, 2007; and Thompson et al, 2007). On days when the only change in soil water 

content is from crop water uptake, there is a characteristic “stair stepping” pattern in 

which SWC decreases during the daytime and levels off during the nighttime. 
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Figure 2. Plastic mulched drip irrigation of watermelon and layout of MCPs in 2006 and 2007. The center position and fringe 

position are in the mulched area, while the edge position is in the bare soil outside the mulch. 
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Results and discussion. 

Figure 3 shows an example from 2006 that illustrates the “stair stepping” following an 

irrigation. The measured values of SWC are shown as a “stacked” graph in which the 

readings from the sensors are arranged from top (4 inches) to bottom (28 inches), each 

with a different scale so that they can be easily seen. 

If stair stepping is evident, there must be active roots present. In figure 3, it can be seen 

that there are roots at the depth of the deepest sensor.  

The magnitude of the decrease in SWC reflects the amount of water extracted from the 

soil surrounding the sensor. Each sensor represents a vertical cylinder of height from 5 

cm below to 5 cm above the nominal depth of the measurement. Thus the 10 cm (4 inch) 

sensor represents a cylinder 10 cm in height extending from 5 to 15 cm depth. The 

sensors give measurements in units of % by volume, which corresponds to mm of water 

in the 10 cm cylinder.  

If the decrease in SWC is summed in depth increments over the measured profile, 

(interpolating where necessary), the total decrease should be a function of the root density 

within the measured profile, and ET0. Figure 4 shows such a sum for a probe at the center 

(top) and fringe position (bottom), for the 50%, 100% and 150% relative irrigation rates. 

  

Figure 3. Example from 2006 of the “stair stepping” pattern of soil water 

depletion caused by crop water uptake during the daytime. The sensors are 

arranged from top (4 inches), through 8, 12 and 20 inches, to the bottom at 28 

inches.  
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“Volumetric Ion Content” (VIC)) can be measured (Buss et al, 2004). In non-saline 

environments and sandy soils VIC can be related to soluble nutrient content. The zone of 

major influence of the sensors represents a cylinder of soil approximately 10 cm along 

the axis of the probe with a 10 cm ring around its 5-cm diameter PVC access tube 

(Paltineanu and Starr, 1997).  Starr and Paltineanu, 1998; Paltineanu and Starr, 2000; 

Fares and Alva, 2000; and  

 

 

Starr and Timlin, 2004 have investigated Enviroscan MCPs.  

Evett et al (2002) have compared measurements made using TDR and FDR instruments, 

including MCPs, with those made using a neutron probe, and conclude that the neutron  

probe has superior accuracy. However, while the neutron probe has the advantage of 

sampling a relatively large soil volume with perhaps greater accuracy than many other 

methods, it cannot be logged and, because it requires licensing, is unsuitable for direct 

use by growers. The accuracy of capacitance probes can be improved with on-site 

calibration, but it is not likely that many growers would do this before using them.  

Methods 

We conducted replicated studies in 2004, 2005 and 2006 on mulched drip-irrigated 

seedless watermelon (cv. Millionaire) at the University of Delaware Research and 

Education Center in Georgetown (38˚ 38’ N 75˚ 27’ W). The  soil texture at this site is  

sand to loamy sand over sandy loam or sandy clay loam. Plant and row spacing were 

0.91m (3ft) and 2.44m (8ft) respectively, following standard production practice in the 

region. A row of seeded watermelons (as pollenizers) were planted for every 2 rows of 

seedless watermelons.  In all years seedlings were transplanted during the third week of 

May. The plots, which were 9.14m (30ft) long, were irrigated using drip tape (T-Tape, T-

Systems) at one of three different rates, roughly corresponding to 50%, 100%, and 150 % 

of estimated ET (ratios of 1:2:3). These rates, (low, medium, and high) were imposed by 

varying the run time of the drip tape so that, for example, if it was determined that an  
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Figure 4. Change in SWC summed over the measured profile for the center position (top) and 

fringe position (bottom), for relative irrigation rates of 50%, 100% and 150%. The data are for 3 

consecutive days following an irrigation and are plotted as a function of ET0 on those days as 

estimated from weather data. 
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In this example, the decrease in SWC was greater at the center position under the 50% 

irrigation rate than at the fringe position. At the 100% rate the decrease in SWC was 

about the same at the center and fringe positions, whereas at the 150% rate the SWC 

decrease was greatest at the fringe position.   There is an approximately linear 

relationship between ET0 and the decrease in SWC under all irrigation rates and at both 

positions.  

 

In figure 5, the fluctuations in SWC due to irrigations can be seen in the center position at 

30 cm. A rainfall event at the end of July can also be seen that increased SWC at the edge 

position at 30 cm. There is some stair stepping at the edge position at all three depths, 

indicating that there is some root water uptake. At 70 cm, the stair stepping pattern begins 

first at the center position, but can be detected later at the fringe position and then at the 

edge position.  

  

Figure 5. SWC measured at 70 cm (top), 50 cm (middle) and 30 cm (bottom) in 2007 

under the 67% irrigation rate. Within each graph, the data are stacked with the center 

position at the top (green), the fringe position in the middle (red) and the edge position at 

the bottom (blue). 
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Figure 6 shows SWC at all five sensors at the edge position for the 33%, 67% and 100% 

irrigation rates in 2007. It can be seen that the rainfall event at the end of July penetrates 

to 30 cm in all cases. There is stair stepping evident at 10 cm, but this could be due to 

evaporation from the soil as well as root uptake. At deeper depths, evaporation would 

likely not be a significant cause of stair stepping. Under the 33% irrigation rate, root 

water uptake at 70 cm is more evident earlier in the season than it is under higher 

irrigation rates. Where there is some water stress, the crop may more actively develop a 

rooting system that is more extensive or deeper.  

Conclusions 

MCPs can detect root water uptake and may also be able to quantify crop water use, but 

further studies are necessary to investigate the complex dynamics of SWC under mulched 

drip irrigation.  

Figure 6. SWC measured at the edge position in 2007 for the 33% irrigation rate (top), 

the 67% rate (middle) and 100% rate (bottom). Within each graph, the data are stacked 

according to sensor depth with 10 cm at the top (blue), 20 cm (green), 30 cm (orange), 50 

cm (purple) and 70 cm (red) at the bottom.the center position at the top (green), the 

fringe position in the middle (red) and the edge position at the bottom (blue). 
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