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Abstract

A 3-year project compared the operation of a subsurface drip irrigation (SDI) and a furrow

irrigation system in the presence of shallow saline ground water. We evaluated ®ve types of drip

irrigation tubing installed at a depth of 0.4 m with lateral spacings of 1.6 and 2 m on 2.4 ha plots of

both cotton and tomato. Approximately 40% of the cotton water requirement and 10% of the tomato

water requirement were obtained from shallow (<2 m) saline (5 dS/m) ground water. Yields of the

drip-irrigated cotton improved during the 3-year study, while that of the furrow-irrigated cotton

remained constant. Tomato yields were greater under drip than under furrow in both the years in

which tomatoes were grown. Salt accumulation in the soil pro®le was managed through rainfall and

pre-plant irrigation. Both drip tape and hard hose drip tubing are suitable for use in our subsurface

drip system. Maximum shallow ground water use for cotton was obtained when the crop was

irrigated only after a leaf water potential (LWP) of ÿ1.4 MPa was reached. Drip irrigation was

controlled automatically with a maximum application frequency of twice daily. Furrow irrigation

was controlled by the calendar. Published by Elsevier Science B.V.

Keywords: Drip irrigation; Subsurface drip irrigation; Shallow ground water; Cotton; Tomato; Irrigation

scheduling

1. Introduction

There are several thousand hectares of irrigated land with and without subsurface

drainage on the westside of the San Joaquin Valley (SJV), which have chronically high

water tables as a result of over-irrigation and no drainage outlet. Farmers in the affected
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area are trying many alternatives to sustain agriculture while dealing with the threat of

soil salinization. Land is being fallowed, crop patterns are shifting to salt-tolerant crops

and seeding rates are being increased. Improved higher tech water management practices

are being implemented and methods to manage and use shallow ground water are being

investigated.

The San Joaquin Valley Drainage Program report (1990) recommendations for

managing shallow ground water in areas without drainage included source control

(improved irrigation), using saline drainage water for irrigation, and land fallowing.

Source control includes shifting from surface irrigation methods to pressurized systems

such as sprinkler and drip irrigation. Sprinkler irrigation is commonly used in the SJV for

germinating some crops but not as the sole irrigation system. Surface drip irrigation has

been limited to high-value crops grown on areas not suited for surface irrigation.

Subsurface drip irrigation (SDI) has been researched extensively (Phene et al., 1986,

1987, 1988, 1991) for application on field crops (tomato, cotton) grown in the SJV and

has shown considerable promise by reducing deep percolation losses while maintaining

or increasing yields (Phene et al., 1993). The cost of the SDI system used in research was

considered prohibitive for general application to crops grown in the drainage problem

area. Also, initial research on SDI was done in well-drained soils and little is known

about managing an SDI system in the presence of shallow ground water.

The objectives of this study were to (1) evaluate the suitability of several types of drip

products for long-term use in production agriculture; and (2) develop management

techniques for SDI in the presence of shallow ground water.

2. Materials and methods

2.1. Field description and plot layout

We selected a site located on the Britz ranch south of Mendota, CA, in what has been

identified as the drainage problem area (San Joaquin Valley Drainage Program, 1990).

The two quarter sections used for the project were the SW quarter of S36 T14S R14E and

the NW quarter of S1 T15S R14E. The soils in these fields are classified as silty clay

loams and contain shallow (<2 m) saline (5±6 dS/m) ground water.

2.2. Irrigation system descriptions

2.2.1. Subsurface drip

Previous studies (Phene et al., 1987) used thick-wall polyethylene tubing with in-line

emitters for SDI. Because of lower capital outlay, several thin-wall tapes were selected

for use along with thick-wall tubing. The drip tapes used were provided by Chapin,1

T-Systems,1 Roberts,1 and Netafim1 (Typhoon). The thick-wall tubing contained a

pressure compensated emitter (Ram) and was purchased from Netafim.1

1 Superscript `1' throughout the article: Mention of trade names does no imply endorsement by the USDA-

ARS but is provided for the bene®t of the reader.
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Fig. 1. Plot layout of subsurface drip irrigation and furrow plots.
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Installation of the drip systems began in December 1990 and was completed in May,

1991. The head works for all the drip systems were installed in the southwest corner of

section 36, adjacent to the existing Britz deep well, the pressurized Westlands Water

District water outlet, and the electrical power source (Fig. 1). The head works pad

contained the backflow prevention valves, the filter set, the fertilizer tanks and injectors,

the pressure relief valves, the valves controlling flow to each treatment, and the control

panel containing the data loggers, telecommunication system, and controls for the pump

and filters.

The area in each quarter section identified for installation of the drip systems was

subdivided into five plots of approximately 2.4 ha each, one for each type of drip tubing.

Plots 1±5 (Trt 1±Trt 5) were in section 1 and plots 6±10 (Trt 6±Trt 10) were in section 36

(Fig. 1). The physical and operation characteristics of each tubing type are given in

Table 1. The individual products were installed as follows: Roberts in Trt 1 and Trt 10,

Ram in Trt 2 and Trt 9, Chapin in Trt 3 and Trt 8, T-Systems in Trt 5 and Trt 7, and

Typhoon in Trt 4 and Trt 6.

The lateral spacing used in section 36 was 1.68 m which corresponded to the bed width

used for tomatoes. Subsurface drip laterals were shanked in the middle of each bed at a

depth of approximately 40�5 cm. The lateral spacing used in section 1 was 2 m which

corresponded to placing the drip tubing between every other row of cotton. The laterals

were shanked to a depth of 40�5 cm below the bottom of the furrow.

A lateral length of 198 m was used for the T-system, Chapin, and Typhoon tapes,

while a lateral length of 396 m was used for the Roberts tape and the Ram. The inlet

pressure for each treatment was controlled at the head works pad by pressure-reducing

valves and was monitored with pressure gauges located on the distribution lines in the

field.

The drip system operation was controlled and monitored on-site and/or remotely from

the Water Management Research Laboratory (Phene et al., 1992a) using a cellular phone

(CPTE 1)1 interfaced to the logger/controller (Campbell Scientific model CR-10, Logan,

UT)1 located on-site. A micrologger/controller (Campbell Scientific model CR-10,

Logan, UT) was used to control the irrigation valve opening and closing to monitor the

water level in the evaporation pan (BCP Electronics model, MN 2B, Clovis, CA)1 and to

monitor the flow and pressure in each treatment.

Table 1

Tubing characteristics for drip tubing installed at the Britz Shallow Ground Water Management Demonstration

Project

Tubinga Characteristics Trt

Ram 0.03 l/min m, 1 m emitter spacing, i.d.�18 mm, 244 kPa 2, 9

T-Systems 0.025 l/min m, 0.3 m emitter spacing, 15 mil tubing, 105 kPa 5, 7

Chapin 0.037 l/min m, 0.3 m emitter spacing, 20 mil tubing, 105 kPa 3, 8

Typhoon 0.025 l/min m, 1 m emitter spacing, 20 mil tubing, 105 kPa 4, 6

Robertsb 0.025 l/min m, 0.6 m emitter spacing, 10 mil tubing, 70 kPa 1, 10

a See Footnote 1.
b Experimental product donated by Roberts Irrigation Products.
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The drip system configuration did not change during the course of the experiment;

however, in section 36, the row configuration changed yearly. In 1992, cotton was planted

on a 1 m row spacing which meant that the drip laterals were not properly placed relative

to the furrows and cotton rows. In 1993, the field was again planted, this time with

tomatoes, except that a 1.5 m bed width configuration was used and the drip laterals were

again improperly positioned relative to the plant row. The consequences of the placement

will be discussed in the Results section. Cotton was grown on a 1 m row spacing in all 3

years of the project on section 1.

2.2.2. Furrow irrigation

The Britz farm routinely used gated pipe to supply water for furrow irrigation. The

fields being used were set up for graded furrow irrigation on a 0.1±0.2% slope with no

provision for tailwater recovery and reuse. We used run lengths of 198, 264, and 396 m

with gated pipe for furrow irrigation, depending on the crop.

The east half of section 1 was not included in the project because of water logging. The

designations on the field changed to reflect crop varietal differences over the duration of

the experiment.

2.2.3. Irrigation scheduling

Irrigation scheduling on the furrow-irrigated plots was the responsibility of the

cooperator and scheduling of the drip system was ours. An automated evaporation pan

located on-site was used to control the drip irrigation system. Pan evaporation was

multiplied by a pan factor Kpan and a crop coefficient Kc to calculate the crop

evapotranspiration (Etc). This calculation was made on an hourly basis and the Etc was

accumulated until 4 mm of water was reached. Irrigation was then initiated and 4 mm was

applied a maximum of twice daily with any amount of Etc in excess of 4 mm being carried

forward into the next irrigation period. The pan and crop coefficients were developed

previously at the WMRL. The crop coefficient used for cotton was calculated using

Kc � 6:39� 10ÿ4 � 3:97� 10ÿ4�GDD� ÿ 1:08� 10ÿ6�GDD�2

� 3:16� 10ÿ9�GDD�3 ÿ 1:59� 10ÿ12�GDD�4 (1)

were GDD is growing degree days after planting with a base of 138C (Ayars and

Hutmacher, 1994). The Kc for the tomato crop was calculated using

Kcb �
1:8� 10ÿ2 � 3:02� 10ÿ3D for �5 � D � 47�
ÿ1:73� 4:02� 10ÿ2D for �47 � D � 69�
1:35ÿ 4:28� 10ÿ3D for �69 � D � 131�

8<: (2)

where D is days after emergence.

SDI was initiated when the leaf water potential (LWP) reached approximately

ÿ1.4 MPa for cotton and ÿ1.0 MPa for tomatoes.

2.3. Agronomic practices

All field and cultural operations were performed by the Britz personnel.
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2.3.1. Cropping and agronomic practices Ð tomatoes (1991)

On 11 March 1991, tomatoes (Lycopersicon esculentum var. Apex 1000) were planted

on 1.68 m wide beds, two rows per bed (approximately 1.12 kg seed/ha), in section 36.

Emergence was observed by 23 March 1991. Approximately 200 mm of water was

applied by sprinkler for germination following the tomato planting.

Tomato had developed a nearly full canopy before the drip system was operational;

consequently, two furrow irrigations were applied prior to switching to the drip system.

The furrow-irrigated plots received a total of six irrigations. Tomatoes were machine-

harvested beginning on 14 August 1991.

2.3.2. Cropping and agronomic practices Ð tomato (1993)

Tomatoes of the Hunt 247 variety were planted two rows per bed on 7 March 1993 at a

rate of 0.56 kg seed/ha in SDI treatments 6±10 and furrow plot VCF (AFA) (Fig. 1). Sixty

rows in furrow plots NCO, NCO/F and NCF adjacent to SDI treatment 10 were also

planted with the Hunt 247 variety. Tomatoes (Apex 1000) were planted at a rate of

0.78 kg seed/ha in the remainder of the furrow plots. Fertilizer and fungicide were applied

concurrent with planting.

Germination of the tomatoes by sprinkler irrigation followed on 9±22 March with

emergence occurring on 17 March. Pre-season soil samples were taken and installation of

observation wells and neutron access tubes was completed in the tomato plots on 6 April

1993. Crop hand harvest of the tomatoes occurred on 21 and 22 July and machine harvest

was carried out on 26 July.

2.3.3. Cropping and agronomic practices Ð cotton (1991)

Cotton (Gossypium hirsutum var SJ2) was planted with a 1 m row spacing on 21 April

1991 in section 1. Pre-plant irrigation was applied to the cotton field at the same time as

the germination irrigation was applied to the tomatoes. Cotton harvest was begun on 14

November 1991.

2.3.4. Cropping and agronomic practices Ð cotton (1992)

After the previous year's crops were harvested, both fields were disced and bedded to

1.0 m row spacing at the beginning of December 1991. This spacing matched the dripper

tube spacings in section 1 but not in section 36. Pre-plant irrigation began on 8 October

1991 in section 36 and 23 December 1991 in section 1.

Cotton (var MAXXA) was planted on 13 April 1992 at the rate of 20 kg/ha in both

study fields and cultivated twice following planting with emergence being observed on 20

April 1992. Observation wells and neutron probe access tubes (Fig. 1) were installed

simultaneously with soil sample collection between 4 and 8 May.

Fertilizer was applied on 29 February 1992 at the rate of 90 kg/ha of nitrogen in the

study area and an additional 81 kg/ha of nitrogen was applied by side dressing on 21 May.

The SDI system injected calcium ammonium nitrate (CAN-17) and phosphoric acid

regularly during irrigation through the season. Adjustments were made in the SDI

fertilizer injection rates to follow the University of California guidelines for N-P-K levels

in the cotton petioles.
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2.3.5. Cropping and agronomic practices Ð cotton (1993)

Cotton beds were made with a 1 m row spacing by 21 December 1992. Pre-plant

irrigation was applied between 31 December 1992 and 25 January 1993.

After cultivation on 22 March, cotton (var MAXXA) was planted in moist environs in

section 1 at the seeding rate of 18 kg/ha on 14 April with emergence occurring on 27

April. Following planting, UN32 fertilizer was applied at a rate of 168 kg/ha on 15 April.

The plant growth regulator mepiquat chloride (PIX) was applied on 4 July. The cotton

was defoliated on 1 and 18 October and machine-harvested on 26 October 1993.

2.4. Water, soil and plant data collection

Common data collection procedures used for characterizing soil salinity, shallow

ground water response and the plant data are described in the following sections.

2.4.1. Soil salinity

In the spring of each year, soil samples were taken concurrently with the installation of

water table observation wells and neutron access tubes. Additional locations were

sampled in May 1991 to establish a grid which could be used to determine any changes in

electrical conductivity (EC) due to irrigation management. Samples were generally taken

in 15 cm increments up to a depth of 60 cm and then in 30 cm increments up to a

maximum of 2 m. The maximum sampling depth was determined by the depth of shallow

ground water at the time of sampling. We also sampled in the fall after each cropping

season using the same basic sampling scheme. This sampling protocol reflected seasonal

and long-term changes in salinity due to irrigation management.

Soil samples were extracted using a quantitative 1:1 soil:water extraction procedure.

EC, chloride (Cl), nitrate (NO3
ÿ), and boron (B) concentrations were determined using

standard methods (US Salinity Laboratory Staff, 1954). The measured concentrations

were adjusted to field values using the soil water content measured at the time of

sampling. The resulting values will be higher than those reported using a saturated

extract. Actual changes in salinity levels can be calculated on a mass basis using the

concentration and the measured soil water content.

2.4.2. Shallow ground water

The shallow ground water response was determined by measuring the depth of the

water table using 3 m long observation wells installed within the field and on the

periphery. Peripheral wells were measured throughout the year, weekly during the

growing season and monthly during fallow periods. The wells within the field were

installed during soil sampling when the fields were in lay by and measured weekly until

they were removed each season prior to harvest. After installation, the elevation of the

wells and the soil surface were surveyed with respect to a reference elevation.

Water samples were taken from each well concurrently with the measurement of

ground water depths using a manually operated vacuum pump. The sample bottle was

filled and refrigerated until chemical analysis. The water was analyzed for EC, Se, B, pH

and most of the principal cations and anions using standard methods of analysis (USEPA,

1979).
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2.4.3. Plant data

Plant data were taken to characterize plant growth and development, nutrient status,

total plant biomass, yield, and LWP. Nitrogen, phosphorus and potassium (N, P, K) levels

were monitored in both crops using petiole analysis. Approximately 25 leaf petioles were

taken from each plot throughout the summer, stored in ice, and transported back to the

WMRL, and dried for 1±2 days. Petioles were then ground and extracts were made using

either water or acetic acid, depending on the analysis. Tissue samples were collected on

Monday and results were generally available by Friday, so that changes could be made in

the fertilization schedule in the SDI systems as needed to reflect the nutrient requirements

suggested by the University of California Farm Advisors.

Seasonal growth measurements for cotton followed plant mapping guidelines

developed by University of California Farm Advisors. Measurements were made every

2 weeks at the beginning of summer and the frequency of measurements increased to

weekly by the end of summer. Measurements included planting density, plant height, total

number of nodes, nodes above white bloom, number of bolls, number of open bolls and

boll size.

Just before the end of the season, plant sampling was done in each cotton plot to

determine above-ground biomass. Three 6 m lengths of the representative plant row were

chosen and plants were cut off at ground level. All crop material was weighed on a

portable scale and a sub-sample of five plants was removed and dried. The fresh to dry

weight ratio was used to calculate total above-ground dry matter. Cotton Etc was estimated

using the relationship between evapotranspiration and above-ground dry matter developed

by Davis (1983). Total above-ground dry weight was not measured for tomatoes because a

comparable relationship between the Etc and above-ground biomass does not exist.

Tomatoes were hand-sampled for yield prior to machine harvest by taking three

replicate samples at the head and tail ends of each plot. In 1993, care was taken not to

sample plot areas which had been affected by an unknown problem. A total of 6 m of bed

length was harvested by cutting the plants to ground level and shaking the tomatoes onto

a sorting table. The tomatoes were sorted into large and small red, green, and limited use

fruit and each class was weighed. The sorting table had slats which were 2.5 cm apart and

any fruit dropping through was considered small. The average yield was calculated for

each plot as well as for the head and tail ends of the plot in 1991. Red fruit were taken to a

commercial grading station for BRIX analysis.

Machine harvesting was done using a commercial tomato harvester. Machine-

harvested yields were calculated by determining the field area needed to fill a set of

trailers used to transport the tomatoes to the cannery and by measuring the load weight. In

1991, machine-harvested yields were available only on Trt 6 and Trt 9 and the furrow-

irrigated plots (VCF/AFA) east of the drip plots. All tomato plots had machine-harvested

yield in 1993.

The cotton yield was determined by machine harvesting each year. The area needed to

fill a module was measured. Individual cotton modules were tracked through the ginning

process and it was possible to determine lint yield for each module based on module

weight and percent turnout and thus the yield per unit area.

LWP measurements were taken on randomly sampled leaves from the same treatment

locations after being stored in a dark moist container prior to processing. LWP was
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measured using a pressure chamber for approximately 2 h, beginning at 12:00 p.m. two to

three times a week.

3. Results

3.1. Tomato yield

Hand-harvested yields for 1991 are summarized in Table 2. The yield in surface-

irrigated plots averaged approximately 22.4 Mg/ha less than that in the drip plots. The

major difference in the yield between the furrow- and drip-irrigated plots was in the large

red tomato component of the yield (data not shown).

The data in Table 2 reflect irrigation non-uniformity in both drip- and the furrow-

irrigated plots. With the exception of treatment 10, yield was reduced from the head to the

tail end of the field, which could be an indication that the tail end received less water than

did the head end. There was an 8% reduction in yield from head to tail in drip plots

compared to a 22% yield reduction in furrow-irrigated plots.

The average hand-harvested total fruit yield for furrow-irrigated plots was 111 Mg/ha,

while the average for drip plots was 133 Mg/ha. Machine harvest yield from the plot area

in Trt AFA east of the drip system was compared with the yield from drip Trt 6 and Trt 9.

In this instance, the machine-harvested yields were 65 and 85 Mg/ha in the furrow plots

compared to 134 and 132 Mg/ha in the drip plots. Differences were in part due to stand

problems and poor irrigation uniformity in the furrow plots. Average fruit size of the drip

plots was 64 g compared to 57 g in the furrow plots.

A multiple range test was done using Fisher's least significant difference method to test

for significant differences in the mean hand-harvested yield in the plots. Homogeneous

groups are shown in the same column of X's in both Tables 2 and 3. The means within a

column are not statistically different at the 95% level. The data show that there were

statistical differences in the mean yield between the drip- and furrow-irrigated plots.

Table 2

Summary of average hand-harvested tomato yields in 1991 at the Britz demonstration project

Treatment Yield (Mg/ha) Groupsa Single fruit

weight (g)
Head of field Tail of field Mean

6 142.1 126.0 134.0 X 60.7

7 144.3 121.4 132.7 X 61.7

8 147.4 133.7 140.5 X 66.2

9 136.9 126.9 131.8 X 66.2

10 127.5 130.7 129.1 X X 65.6

NCO 124.0 101.6 112.8 X 55.3

NCF 123.1 99.7 111.4 X 56.9

AFA 131.3 94.1 112.7 X 59.2

a Homogeneous groups determined using Fisher's L.S.D. method. Group means within a column are not

statistically different at the 95% level.
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Another component of tomato yield is the concentration of soluble solids measured

using the BRIX scale. In general, a soluble solids concentration of 58 BRIX is considered

acceptable for processing. Hand-harvested fruit samples were tested at a commercial

station with furrow-irrigated fruit having a value of 5.48 BRIX and SDI fruit having a

value of 4.88 BRIX. These values increased further prior to machine harvesting. BRIX

values for the machine-harvested tomatoes were 5.5 and 5.48 for the furrow- and drip-

irrigated plots, respectively.

The hand- and machine-harvested tomato yields for 1993 are given in Table 3. It was

not possible to harvest the head and tail ends of the fields in 1993 as was done in 1991

because of problems with stand establishment and disease. Areas were selected in each

field for hand harvesting which did not appear to show any significant yield reductions

resulting from problems with stand or insect pressures. Machine harvesting included

these responses and resulted in lower average yields than hand harvesting. As in 1991,

yields in drip plots were greater than in furrow-irrigated plots but not by as large a

margin.

Drip treatments 7 and 8 in 1993 had a greater yield of small red tomatoes than did the

other drip plots. Large green tomato yields were also greater in treatments 6±8 than in the

remaining plots. Unripened fruit in these drip plots could potentially reduce total fruit

yield from the field or delay harvest operations.

3.2. Cotton yield

The cotton lint yield data for 1991, 1992, and 1993 from section 1 are summarized in

Table 4 and yields for 1992 from section 36 are given in Table 5. The data show that lint

yields in drip and furrow plots were roughly equal in 1991, with furrow plots having a

60 kg/ha greater average weight than drip plots. However, in the following years, the

average yield in drip plots increased, while yields in the furrow-irrigated plots remained

fairly constant. The yield in the drip plots increased from 1400 to over 2000 kg/ha in the 3

years of the project. This is a dramatic increase and one which should be further evaluated

to determine if it is sustainable for longer periods. The lowest yields were found in

furrow-irrigated plots of section 1.

Table 3

Machine- and hand-harvested tomato yields for 1993 in the Britz Shallow Ground Water Management

Demonstration Project

Treatment Hand harvest (Mg/ha) Groupsa Machine harvest (Mg/ha)

6 145 X 112.0

7 126.6 X X X 74.0

8 137.4 X X 85.1

9 117.8 X X X 71.7

10 110.7 X 94.1

AFA 102.3 X 85.1

NCO/F No data 62.7

a Homogeneous groups determined using Fisher's L.S.D. method. Group means within a column are not

statistically different at the 95% level.
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Fertilization and pest management were approximately equal between the drip and

furrow-irrigated plots. In-season fertilizer was applied by the drip system in 1992 and

1993. However, petiole analysis of nitrate indicated that nitrogen levels were nearly equal

in the drip- and furrow-irrigated plots. Soil salinity and irrigation method are the principal

differences between plots in each section.

There was a large difference in the initial and final EC values between the plots Trt 1

and DCF with the average EC in the furrow plot (DCF) being higher than in the SDI (Trt

1) plot. There were differences in yields between these two plots in 1993, with the SDI

plot having the higher yield. The yield data also show that 1993 had the highest yield for

the furrow plots from amongst the 3 years of the project.

In 1992, there was a greater average yield in section 36 than in section 1 for both drip-

and furrow-irrigated plots. Section 36 has a lower average soil salinity and was cropped

with tomato the previous year and might have had a higher residual soil nitrogen than was

found in section 1.

3.3. Ground water response

Our objectives in this study were to develop water management methods for SDI that

would reduce deep percolation losses under irrigated crops and induce crop water use

from shallow ground water. It is practically impossible to measure deep percolation or

Table 4

Summary of lint yield for cotton grown on section 1 of the Britz Shallow Ground Water Management

Demonstration Project in 1991, 1992, and 1993

Treatment Yield (kg/ha)

1991 1992 1993

1 1420 1624 2346

2 1350 1697 1925

3 1510 1754 2550

4 1320 1910 1696

5 1360 1910 1696

DCF 1464 1422 1545

Table 5

Summary of lint yield for cotton grown on section 36 in the Britz Shallow Ground Water Management

Demonstration Project in 1992

Treatment Yield (kg/ha)

6 2133

7 1807

8 2162

9 2142

10 2140

NCO/NCF 2177
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crop water use from shallow ground water directly in the field, so surrogate

measurements were used to quantify these responses. We used water table depth as an

indicator of deep percolation losses and crop water use.

The data in Fig. 2 give the water table response for 1991 when a limited number of

observation wells were installed because of the on-going installation of the drip irrigation

system. The solid line shows the average water table response across both sections 1 and

36 with time. On Day 98, the water table was closest to the surface as a result of the pre-

plant irrigation used to establish the tomato crop. This was followed by a gradual

recession of the water table due to lateral flow and natural drainage. By Day 152,

irrigation began on cotton as well as on tomatoes. The average curve shows a slower

recession rate from Day 150 to Day 220 than was observed from Day 100 to Day 152.

This reflects the combined deep percolation losses from irrigation of the tomato and

cotton crops.

The average water table response curves for the furrow and drip plots show that the

depth of the water table was generally greater under drip plots (aved) than under furrow

plots (avef), respectively. The water table rose under the furrow-irrigated plots after the

first cotton irrigation on Day 152 and then began to recede These data are typical of the

observed ground water response during the whole study.

Section 36 was planted with tomatoes in 1993 and irrigation began early in the year

with excess water percolating to the water table because the water applied exceeded the

crop water requirement. The depth of the water table decreased under all the plots

including the subsurface drip-irrigated plots as the season progressed (Fig. 3). The

Fig. 2. Average depth of the water table under sections 1 and 36 in 1991 for the drip plots in both ®elds (aved)

and the average for both furrow plots (avef) and the ®eld (Field).
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effectiveness of drip irrigation in reducing deep percolation was masked because the drip

plots were bordered by furrow plots which were over-irrigated, causing subsurface lateral

flow. As the tomatoes grew larger, the irrigation frequency increased, resulting in the

minimum depth of ground water occurring just before harvest. Note that the depth of

water increased after the irrigation was completed approximately a month before harvest.

This was in response to use by the tomato crop and regional ground water flow out of the

district.

Water table depth for cotton was distinctly different from that for tomatoes in 1993

(Fig. 4). Water table depth under the subsurface drip-irrigated cotton was approximately

1.5 m at the beginning of the season and increased to 2 m by the end of the season. The

water table depth under the furrow-irrigated cotton was approximately 1.25 m and

increased to 1.75 m by the end of the season. There was a slight decrease in the depth of

water when the irrigation season began, but it was followed by an increase in the depth of

water as the season progressed. The water table decline occurred at a slightly faster rate

under drip plots than under furrow-irrigated plots. This was in response to less

percolation and greater use of shallow ground water under the drip plots early in the

season.

3.4. Plant response

The LWP for the cotton crop grown on section 1 in 1993 ranged from ÿ1.4 to

ÿ1.8 MPa and the LWP for the tomatoes grown on section 36 in 1993 averaged

Fig. 3. Average water table depth (m) under section 36 as a function of time for subsurface drip plots (SDI) and

the furrow-irrigated plots (Furrow).
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ÿ1.0 MPa for the drip and ÿ1.2 MPa for the furrow. The largest stress was a the end of

the season in both crops. The data for both crops indicates that neither crop was severely

stressed during growth and that stress levels were higher in furrow-irrigated than in

drip-irrigated crops. We expected this since SDI treatments were operated to meet the

crop water requirement on a daily basis and would thus have lower stress levels. These

data are indicative of results from previous years.

There is no indication from LWP data or other plant data that the furrow-irrigated

plots were stressed to a level that would result in reduced yields compared to SDI

plots.

3.5. Impact of agronomic practices on drip system operation

Fig. 5 shows the relative position of the drip laterals and beds for the cropping year

1993 which was the extreme case of misalignment. In section 1, the drip laterals were

positioned under every other furrow as initially installed. In section 36, there was a

repeating pattern such that every fifth lateral was positioned under the furrow and not

centered under the bed as initially installed.

Fig. 6 shows the water content and chloride concentrations under the drip system and

tomato beds in 1993 as a consequence of this misalignment. These data are for the depth

increment from 0.3 to 0.45 m corresponding to the soil volume containing the largest

mass of roots late in the growing season. The highest water contents were centered under

Fig. 4. Average water table depth (m) under section 1 as a function of time for subsurface drip-irrigated plots

(SDI) and furrow-irrigated plots (Furrow).
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the dipper not necessarily under the tomato row. The LWP data suggest that the plants did

adapt, in part probably because of the large water holding capacity of the soil.

Measured chloride concentrations were highest between peak water contents,

suggesting that this was an area of salinity accumulation. Periodically across the field,

salt accumulated directly under the tomato row, potentially reducing the yield.

Another problem we encountered was the physical damage done to the drip system as a

result of animals and machines. Chewing was the damage done by gophers, while cutting

and dislocation were carried out by tillage machinery, particularly at the ends of the field.

When drip laterals were not properly placed relative to the furrows or beds, there was

increased damage to the drip laterals. Installing drip laterals relative to the prepared bed

used for tomatoes in the first year also contributed to the machine damage because the

tubes were installed at a shallower depth relative to the average ground surface. Rodent

damage can be a significant problem for the thin-walled products if control measures are

not taken.

The uniformity of the emitter discharge for each of the tubes used in the study was

evaluated with the tape on the soil surface and then after it was installed. In general, there

was a good degree of uniformity of discharge found in each product. Field studies found

that the distribution uniformity ranged from 75 to 90%, which is acceptable (Phene et al.,

1992b).

Fig. 5. Row and bed con®guration relative drip lateral placement for the 1993 cropping year.
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3.6. Water budgets

The water budgets for each plot are summarized for 1991, 1992, and 1993 in Tables 6±

8, respectively. A slightly different format was used in each case because of differences in

the availability of data. Table 6 gives the summary for the cotton crop in section 1 for

1991. Comparing the total applied water with evapotranspiration estimates from either

the CIMIS station or dry matter production shows that most of the water applied on

section 1 was used to meet the crop water requirement. This would indicate little or no net

contribution to shallow ground water. This is not to say that there was no deep

Fig. 6. Soil water and chloride distribution in relation to drip lateral and bed location for tomato crop on section

36 in 1993.

Table 6

Water budget summary for 1991 for section 1 of the Britz Shallow Ground Water Management Demonstration

Project

Plot Effective

rain (mm)

Applied

water (mm)

Pre-plant

irrigation (mm)

Total applied

water (mm)

Etc CIMIS

(mm)

Etc yield

(mm)

1 142.2 218.4 195.6 556.2 492.8 599.4

2 142.2 268.7 195.6 606.4 492.8 558.8

3 142.2 259.1 195.6 596.8 492.8 609.6

4 142.2 266.7 195.6 604.4 492.8 551.2

5 142.2 266.7 195.6 604.4 492.8 561.3

NCO 142.2 291.9 195.6 629.6 492.8 591.8
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percolation. Most probably, there was drainage early in the growing season resulting from

a mismatch of irrigation and crop water use when the crop was small, followed by crop

water use from shallow ground water later in the season. This uptake increased the depth

of shallow ground water.

In 1992, the entire project was planted with cotton and the site was instrumented so that

ground water response and soil water depletion data as well as the applied water data

Table 7

Water balance summary for 1992 for the Britz Shallow Ground Water Management Demonstration Project

Plot Soil water

depletion(mm)

Effective

rain (mm)

Applied

water (mm)

Total dry

matter (kg/ha)

Etc TDM

(mm)

Ground water

contribution (%)

AFA 53 3 576 13500 567 ÿ11

DCF 35 3 475 9738 437 ÿ17

NCF 53 3 576 12143 520 ÿ21

NCO 53 3 482 15194 625 14

1 ÿ7 3 300 10250 456 35

2 ÿ7 3 377 13790 577 35

3 ÿ7 3 380 13143 566 33

4 ÿ7 3 378 14847 613 39

5 ÿ7 3 390 14300 534 28

6 ÿ2 3 363 14858 607 40

7 ÿ2 3 340 14670 607 44

8 ÿ2 3 354 15833 640 44

9 ÿ2 3 354 15800 646 45

10 ÿ2 3 368 17252 697 47

Table 8

Water balance for 1993 at the Britz Shallow Ground Water Management Demonstration Projecta

Plot Seasonal Soil water

depletion (mm)

Etc CIMIS

(mm)

Etc TDM

(mm)

Ground water

contribution (%)
Applied

water (mm)

Effective

rain (mm)

DCF 335 0 14 578 645 40

1 211 0 17 578 593 61

2 340 0 23 578 823 37

3 366 0 24 578 750 33

4 307 0 20 578 657 43

5 292 0 16 578 630 47

6 503 21 2 567 n.d. 7

7 498 21 5 567 n.d. 8

8 472 21 10 567 n.d. 11

9 465 21 9 567 n.d. 13

10 470 21 6 567 n.d. 12

VCF 472 21 11 567 n.d. 11

NCO 610 21 ÿ3 567 n.d. ÿ11

NCO/F 668 21 ÿ2 567 n.d. ÿ21

NCF 521 21 4 567 n.d. 4

a n.d.: no data.
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were available (Table 7). Negative values indicate there was either a contribution to

shallow ground water or an accumulation of water in the soil. Evapotranspiration was

estimated using dry matter production (Davis, 1983). Deep percolation under furrow-

irrigated plots was approximately 20% (approximately 100 mm). For SDI plots 1±10,

there was a net extraction from shallow ground water of approximately 39% of the Etc
(approximately 230 mm).

Both tomatoes and cotton were grown in 1993 with tomatoes on section 36 and cotton

on section 1. Cotton Etc was estimated using a crop coefficient and CIMIS Eto. The Etc
for cotton was also estimated using TDM, but a similar method was unavailable for

tomatoes, so Eto from CIMIS was used along with a tomato crop coefficient to estimate

Etc for the tomato crop.

All cotton plots were under-irrigated, which resulted in significant water use from

shallow ground water to meet crop water needs in both furrow-irrigated and SDI plots.

The furrow-irrigated plots obtained approximately 40% of the water requirement from

shallow ground water, while extraction for the drip plots averaged 44%. In 1993, both

irrigation systems managed to use practically the same amount of water from ground

water (approximately 270 mm). The response of shallow ground water (Fig. 4) indicated

a steady increase in the depth of ground water after early-season irrigations, indicating a

probable significant usage of shallow ground water.

The water balance for the tomato crop (Table 8) shows that an average of 10% of

the tomato water requirement came from shallow ground water under the SDI plots,

while the average deep percolation under furrow plots was approximately 4% of the

Etc. Data for NCO, NCO/F indicates that the average deep percolation was most

probably 15%.

3.7. Soil salinity

The treatments selected for the comparison included two SDI plots and two furrow

plots. The SDI plots were Trt 1 and Trt 10, and the furrow plots were Trt NCO and Trt

DCF. These SDI plots were chosen because the lowest amounts of irrigation water were

applied, each contained the same type of drip tubing, and because they should be the

worst case scenario for salt accumulation. The furrow plots were selected for their

proximity to the drip plots.

The EC data by depth are shown for five sample dates for Trt 10 and NCO in Fig. 7.

Both treatments started with similar salinity distribution in September 1991. The EC was

high (25 dS/m) in the top 20 cm and dropped to approximately 10 dS/m at a depth of

40 cm and then increased to 20±30 dS/m at a depth of 1.4 m. From this starting point,

there was a steady decrease in soil salinity with the lowest average salinity occurring in

April 1993 for both treatments. The average salinity increased through the summer of

1993; however, the average EC in August 1993 was still less than that in September 1991.

The ending points followed a tomato crop in both instances.

The rainfall data for this time shows that approximately 230 mm of rain fell between

September 1991 and May 1992 and another 230 mm fell between November 1992 and

April 1993. Many of the rainfall events were large enough to provide substantial leaching.

Coupling the rainfall with application of pre-plant irrigation, approximately 580 mm of
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water was available for leaching during fallow periods. This helps explain the substantial

reduction in soil salinity during the winter fallow period.

The EC data for three sample periods are shown in Fig. 8 for fields Trt 1 and DCF,

respectively. These data show the same trends in soil salinity with time as found in

section 36. Reductions occur after a fallow period with rainfall and pre-plant irrigation

and increases follow the cropping period. The final soil salinity was higher in October

1993 than in November 1992 in both treatments, suggesting significant use of shallow

groundwater by the crop (also indicated by the water balance data).

4. Discussion

Our research demonstrated several advantages of SDI compared to furrow irrigation in

the presence of shallow ground water and we also demonstrated some of the operational

difficulties associated with SDI. Major considerations for the acceptance of any new

irrigation system are cost, management requirements, compatibility with existing farm

operations, yield increases or losses, and sustainability. With the exception of cost, most

of these questions have been addressed.

There are significant differences in management between an SDI system and a surface

irrigation system. Using an SDI means taking up automated operation which will require

Fig. 7. Soil electrical conductivity by depth for ®ve sample dates in Trt 10 (A) and Trt NCO (B).
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less labor but will require better educated laborers to operate the system. SDI systems are

designed to apply small amounts of water frequently. This is done by estimating crop water

using sophisticated technology such as an automated pan evaporation system in conjunction

with crop coefficients to schedule irrigations. This can result in twice daily irrigations once

the crops have developed fully, compared to an irrigation frequency of weekly or every 2±3

weeks using a furrow irrigation system. Differences in frequency and depths of irrigation are

responsible for differences in deep percolation rates between each system.

Managing crop water use from shallow ground water is an important objective,

particularly in areas that lack drainage facilities. We demonstrated with cotton that the

SDI and the furrow systems could both be managed to increase crop water use from

shallow ground water. We also showed that this was possible with tomatoes when using

SDI but not furrow irrigation. Cotton extracted between 40 and 60% of its water

requirement from shallow ground water when using the SDI system in 1993 and 40% of

the water requirement came from shallow ground water in furrow-irrigated cotton.

Approximately 10% of the tomato water requirement came from shallow ground water in

1993 when using SDI, while there was a net contribution to shallow ground water under

the furrow plots. Additional research is needed to determine the limit of crop water use

from shallow ground water by tomato and the required management.

Irrigation commenced when the LWP reached approximately ÿ1.4 MPa in the cotton

and ÿ1.0 MPa in the tomato when using the SDI system. These LWP's were maintained

Fig. 8. Soil electrical conductivity by depth for three sample dates in Trt 1 (A) and Trt DCF (B).
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throughout the irrigation season. We found that it is important to maintain some water

stress in the plant to induce water use from shallow ground water. If the soil water is

maintained at too high a content (i.e. close to field capacity), the plant will use water

preferentially from stored soil water and not shallow ground water. LWP levels used may

be site-specific, so further research is needed to determine the applicability of LWP as a

control for initiating irrigations in other conditions.

There was a yield advantage in the tomato crops with SDI compared to furrow

irrigation in both years. Cotton yields increased in each year with SDI compared to

furrow which remained constant. The initial cotton yields were lower in the SDI system

than in the furrow system, but this was reversed after 3 years of the project, with SDI

having greater yields than furrow. This response was not expected under these conditions

and it needs to be researched further to verify increased yields with SDI.

In all plots, it was apparent that soil salinity was manageable and did not result in yield

loss. The groundwater quality data (not shown) indicated no significant changes in the EC

from year to year as a result of our management. Larger than average winter rainfall in

addition to the pre-plant irrigation contributed to the leaching of soil salts. If shallow

ground water management is to be part of a sustainable system, then soil salinity in the

upper part of the soil profile must be managed and our research demonstrated that it is

manageable. A second irrigation system will be required to manage salinity.

The question of compatibility of farm operations with SDI is important. The

compatibility issues are matching the row spacing of all crops in a rotation with the

spacing of the installed laterals and insuring that the depth of placement is below cultural

operations. The lateral spacing has to be a multiple of the row spacing, i.e. every row or

every other row. This insures that the drip laterals will be placed to minimize the potential

damage from agricultural operations such as disking and cultivation and to optimize the

placement of water and fertilizer in relation to the roots.

Other considerations in the placement depth are soil type and the method of operation

of the system. Will the system be used solely for irrigation after germination and early

plant establishment or will it be used for germination? If it is used for germination, the

placement needs to be very shallow or excessive loss of water to deep percolation will

occur. Also, if the soil type is `light' (sands, sandy loams, and loams), the drip lateral

placement should be shallower than in the `heavy' soil type (clay, clay loams, silty clay

loam soils). The heavy soils tend to have larger capillary fringes which move water up to

the plant roots early. Also, heavy soils store more water and it is possible for the plants to

develop on stored water long enough for the root system to grow to the vicinity of the drip

lateral. This is not the case with light soils, and often, surface irrigation is required early

in the season to insure root development.

5. Conclusions

The results of this study demonstrated that an SDI system can be operated in the

presence of shallow ground water to induce crop water use from shallow ground water

and reduce the total applied water. Yields were improved for both cotton and tomato with

SDI compared to furrow irrigation. Deep percolation losses were reduced or nearly
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eliminated with SDI. When properly managed, there is no long-term salt accumulation in

the soil profile. Drip tape as well as hard hose can be used for the system, provided it is

carefully installed, operated, and maintained.
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