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Abstract

Surface (DI) and subsurface (SDI) drip irrigation constitute one advantageous system 
that increases both irrigation and water use efficiency. The objective of this research was 
to assess and compare the response of fodder corn to DI and two different depths of SDI, in 
Mendoza. We used a factorial experimental design with randomized blocks and repeated 
measures. Tests were run in two consecutive cycles. Germination percentage (GP), yield, 
water use efficiency (WUE) and water productivity (WP), were assessed. High yields ranging 
from 70,214 to 105,771 kg ha-1 of green matter and 10,020 to 22,476 kg ha-1 of dry matter 
(DM) were obtained in both cycles, respectively. DM after the first sowing was significantly 
higher in both cycles under SDI than under DI. No significant differences in WP, WUE, GP or 
soil moisture (SM) could be found among treatments, but significant differences were found 
in SM (p=<0.0001) between the first soil layer and the other two layers.
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Resumen

El riego por goteo -superficial (RG) y subterráneo (RGS)- es uno de los medios para 
aumentar la eficiencia de riego y del uso de agua. El objetivo de la investigación fue evaluar 
en Mendoza, la respuesta de maíz forrajero a tratamientos de riego por goteo a dos profun-
didades respecto del goteo superficial. El diseño experimental fue factorial con parcelas 
completamente al azar y medidas repetidas en el tiempo. Los ensayos se realizaron en 
dos ciclos consecutivos. Se evaluó el porcentaje de germinación (PG), el rendimiento, la 
eficiencia de uso del agua (WUE) y la productividad (WP). Se lograron altos rendimientos: 
70,214 a 105,771 kg ha-1 de materia verde y 10,020 a 22,476 kg ha-1 de materia seca (MS), 
respectivamente en ambos ciclos. La producción de MS de la primera siembra resultó signi-
ficativamente mayor para los dos tratamientos de riego por goteo subterráneo respecto del 
riego por goteo superficial. No se encontraron diferencias significativas en la WP ni en la 
WUE. El PG y la humedad del suelo (HS), no presentaron diferencias entre tratamientos y sí 
hubo diferencias significativas (p=<0,0001) de la HS entre el primer estrato de suelo y los 
otros dos restantes.

Palabras clave
Zea mays L. • riego por goteo enterrado • riego localizado • rendimiento • eficiencia del 
uso de agua • productividad del agua 

Introduction

Corn cultivation is of great economic importance worldwide. It is valued for human 
food, fodder, and raw material for different industries. By 2026, production of fodder corn 
is expected to achieve 695 million tons, representing an increase of 86 million tons (38). 
Corn production estimates for Argentina, for the 2020-2021 period, predict 50 million 
tons from a cultivated area of 7 million hectares (7). Production of fodder corn in Mendoza 
has increased after the expansion of local cattle farming as consequence of the increase of 
agriculture in Argentina, which has displaced cattle raising to extra-Pampean regions (21). 
According to the Los Andes newspaper (2017), this production grew by 40% in a cultivated 
area of about 3,500 ha in Valle de Uco and San Rafael, located in the central and southern 
oases of Mendoza. 

Currently, increasing surface and groundwater use efficiency (WUE), meeting water 
demand (for agricultural, industrial, and urban uses) while avoiding conflicts among users 
(15), has become crucial. Additionally, climate change scenarios predict increasing extreme 
events in a large part of the planet that may lead to reduced water availability (35). Agri-
culture is a major water consumer; current irrigation efficiency should be improved for 
water conservation and availability for other purposes (51). In the province of Mendoza, 
water availability is a limiting factor for agricultural expansion due to large water demands 
from human consumption (drinkable water), industry, and hydropower generation (31). 

According to the FAO (2015), 40,000 hectares of Mendoza’s 268,300 irrigated area are 
under DI (44), and 3,750 hectares are irrigated with center pivot systems (32). In Mendoza, 
SI mean application efficiency (AE) is 64% without drainage, and 39% with drainage. The AE 
for DI and center pivot irrigation is 90%, and 80%, respectively (44). In this context, localized 
irrigation is an essential technology package for competitive production, both in terms of 
quantity and quality (18). Localized irrigation systems contribute to a substantial increase 
in efficiency since they allow watering according to crop needs, reducing deep percolation 
and runoff at the furrow end (45). However, evaporation losses can still be detected.

Subsurface drip irrigation (SDI) reduces evaporation and is highly effective (23), but its 
maximum efficiency will depend on water meeting crop requirements (13). In Mendoza, 
SDI could be implemented for corn production, a rotation alternative to extensive and 
intensive crops. Nevertheless, in arid areas like Mendoza (poorly structured saline and 
alkaline soils with reduced organic matter), where integrated irrigation is required, SDI 
could affect seedling emergence and increase soil salinization. In this sense, such areas 
should be assessed for sustainability.
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Background information
Previous research on corn using laterals spaced at 1.5, 2.3 and 3.0 m and buried at depths 

of 0.40-0.45 m, showed that the highest yields were obtained at 1.5 m (23). These authors 
point out that this system is expensive but explain that using a wider lateral spacing may 
lower costs. Severina et al. (2016) state that laterals represent 70% of a project’s initial cost. 
For corn grown in clay soils, a 1.4 m spacing between laterals produced higher yields than 
0.70 or 2.10 m spacing (10). Regarding depth, Lamm and Trooien (2005) tested 0.20, 0.30, 
0.41, 0.51 and 0.61 m without finding significant differences in yield. However, they noticed 
that, when compared to a four-year production, yields were significantly lower with laterals 
buried at 0.61 m. In brief, depth defines soil moisture distribution and affects optimum 
seed germination. In arid areas with integrated irrigation, too deep laterals hinder seed 
germination. Even though corn can reach effective rooting depths of 2.8 m or more during 
maturity, in regions with stratified soils and low organic matter content, like Mendoza, 
rooting depths are in-between 1.5 and 2 m (46).

On the other hand, few references on SDI refer to arid areas with integrated irrigation, 
where seed germination may be jeopardized by the lack of proper moisture. Lamm and 
Trooien (2005) and Camp (1998) state that if irrigation is required for seed germination or 
plant growth, SDI may not be the best method. Additionally, Neufeld et al. (2004) consider 
that seed germination with SDI systems is highly site-specific, depending on soil texture, 
spacing, lateral depth and emitter flow.

Objectives
• Assess green and dry matter yields, water use efficiencies (WUE) and water produc-

tivity (WP) of fodder corn irrigated with DI and SDI.
• Compare field emergence percentages of fodder corn with DI and SDI.

Materials and Methods

A factorial experimental design was applied to a completely randomized plot with 
replicated measurements. Three treatments were applied: surface drip irrigation (T1), 
subsurface drip irrigation at 0.20 m (T2), and subsurface drip irrigation at 0.40m (T3), with 
four replications and two crop cycles. Yields were measured after 30, 45, 60, 75 and 95 days 
in the first cycle and after 30, 45, 60 and 105 days in the second cycle.

The plots were 3 m wide and 50 m long. Three irrigation laterals were spaced at 1 m, 
with 6 rows of plants at 0.25 m on both sides of each lateral. The two central rows of plants 
constituted the minimum plot size and the four remaining rows -2 on each side- the edging. 
Fodder corn (Aca vg 48rr2 variety) was planted at 0.30 m between plants and 0.50 m 
between rows. Two seeds were placed at each sowing point achieving a sowing density of 
133,333 plants per hectare. DI and SDI with 2.1 L h-1 emitters placed 0.50 m apart, admin-
istered 4.2 mm.h-1. Weed control was carried out by one glyphosate application. Fertigation 
was performed through 3 applications of 50 kg of nitrogen and 45 kg of phosphorous per 
hectare 15, 30 and 45 days after sowing. 

Irrigation distribution uniformity (DU) (11) was measured in the four DI replications 
with the middle lateral of each plot in four positions: head, 1/3, 2/3 and end. Also, salinity 
expressed as apparent electrical conductivity (ECa), possible electrical conductivity, probable 
salts, pH, chlorides, carbonates, bicarbonates, sulfates, calcium and magnesium (Ca+2+Mg+2), 
sodium (Na+) and Sodium Adsorption Ratio (SAR) were determined for the irrigation water. 
All analyses were run using official and standard methods (3). Reference crop evapotranspi-
ration (ETo) was calculated according to Penman-Monteith (1) and the CROPWAT-FAO 8.0 
model (48). ETo was affected by a reduction coefficient due to a decrease in solar radiation 
caused by the anti-hail netting that covered the field. Daily soil moisture balance included: 
reference crop evapotranspiration (ETo), crop coefficient (kc), effective rainfall (Ppe), crop 
evapotranspiration (ETc), root depth (D) and allowable depletion level (AD) (17).

A daily irrigation schedule was controlled by gravimetric soil moisture determination and 
properly installed sensors. Irrigation timing was determined after soil water status and drip lines 
water application intensity, affected by the uniformity coefficient. Water application intensity was 
calculated as a quotient between emitter average flow and the irrigated area by each emitter. 
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Before sowing, a 1 m deep test pit was dug in the middle of the plot and apparent soil 
density was determined using the core method (6) at three depths: 0-0.20, 0.20-0.40 and 
0.40-0.60 m. For organic matter, fertility and soil salinity assessment, random sub-samples 
were collected from different points throughout the plot.

Soil samples were obtained from six points and three different depths: 0-0.30; 0.30-0.60 
and 0.60-0.90 m. Texture was determined with the sedimentation volume method (37). A 
densitometry study determined sand, lime and clay percentages (9). Before sowing and 
after the last harvest, infiltration tests were run at three points in the plot (head, middle and 
end) using the double-ring infiltrometer method (19). 

Soil moisture was determined by two methods: a) Decagon 10HS sensors in six points 
(2 per treatment and at 3 depths: 0.30, 0.60 and 0.90 m) recorded soil moisture hourly 
during the two crop cycles; b) soil moisture was randomly and weekly monitored at the 
three above-mentioned depths (0.25 m from the irrigation lateral at the center of each repli-
cation) by the gravimetric method with a soil auger and a weighing bottle. Soil moisture 
sensors provided accurate and continuous records at the already stated depths. On the 
other hand, weekly gravimetric measurements were conducted by randomly sampling the 
whole profile between 0-0.30, 0.30-0.60 and 0.60-0.90 m. WUE and WP for green and dry 
matter were determined at the end of each cycle using the following equations (32, 49): 

(1)

Where:
WUE = water use efficiency (kg m-3),
Y = Yield (kg),
I = Irrigation (m3),
Ppe =Effective precipitation (m3).

(2)

Where:
WP= Water productivity (kg m-3),
Y= Yield (kg),
ETc= Crop evapotranspiration (m3).

Results were analyzed with InfoStat 2017 statistical software (14). For yield and moisture 
data, “General and Mixed Linear Models”, with first-order autoregressive structure, were used 
among the errors of the same plot since the periods were not equidistant. Corrected means were 
compared by LSD Fisher test (p ≤ 0.05). For efficiency, productivity, and germination, ANOVA 
was conducted, and means were analyzed by Duncan’s multiple comparison test (p ≤ 0.05).

Results and Discussion

Table 1 (page 136) shows the main chemical parameters of the irrigation water. According 
to Riverside classification, modified by Thorne and Peterson (4, 50), water is classified as 
C-3 (medium salinity), i.e., moderately saline, and suitable for irrigating all crops. In terms 
of Na+ concentrations, classified as S1. Its high pH may lead to precipitates that might cause 
emitter clogging.

Sediment volume estimation revealed silty loam and silty clay. Soil densitometry 
confirmed silty clay texture. The soil was classified as non-saline, non-sodic and moderately 
alkaline. Table 2 (page 136) shows the main soil parameters. Stony subsoil was found below 
a depth of 0.60 m with 23% of stones. This was considered when calculating available water 
depth. Contents of N+ and P+ were within the acceptable range. K+ resulted high according to 
the Departamento de Edafología de la Facultad de Ciencias Agrarias de la UNCuyo.
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Table 1. Chemical parameters of irrigation water.
Tabla 1. Parámetros químicos del agua de riego.

Table 2. Main soil parameters.
Tabla 2. Principales parámetros del suelo.

 
Emitter average flow rate ranged between 2.12-2.2 L h-1 and distribution uniformity 

varied from 92% to 95%. Table 3 shows crop main water balance parameters.

Table 3. Main data on both sowings.
Tabla 3. Principales datos de las dos siembras realizadas.

Parameter Value 
Salinity expressed as apparent electrical conductivity CEA [dS m-1] 0.78
Salinity expressed as probable electrical conductivity CEP [dS m-1] 0.97
Probable salts [me L-1] 8.0
pH 8.1
Chlorides (Cl-1) [me L-1] 1.6
Carbonates (CO3

-2) [me L-1] 0
Bicarbonates (HCO3

-1) [me L-1] 2.1
Sulfates (SO4

-2) [me L-1] 5.3
Calcium (Ca+2) [me L-1] 5
Magnesium (Mg+2) [me L-1] 2.4
Sodium (Na+) [me L-1] 1.7
SAR 0.9
Adjusted SAR 1

Field capacity from soil moisture characteristic curve (g% g dry soil) 29.3 – 33.7
Permanent wilting point from soil moisture characteristic curve (g% g dry soil) 11.2 -15.2
Total nitrogen (N) (ppm) 952
Phosphorous (P)(ppm) 6.1
Exchangeable potassium (K+) (ppm) 340
Organic matter (%) 15
Electrical conductivity (dS.m-1) 1.3
Calcium + Magnesium (Ca2 + Mg+2) (me L-1) 11.6
Sodium (Na+) (me L-1) 1.8
Chloride (Cl-) (me L-1) 3.5
SAR 0.8
Basic infiltration (mm h-1) 13 (±11)
Infiltration at 100 minutes (I 100, min) 66 (±59)

Sowing and harvest dates First (sowing)
(10/21/17 to 2/2/18)

Second (sowing)
(2/13/18 to 5/23/18)

ETo (mm) 486 304
Adjusted ETo (mm) 464 290
ETc (mm) 417 251
Total irrigation water depth (mm) 289.5 197.4
Total rainfall (mm) 165.6 16.7
Effective rainfall (mm) 101 7
Water used (mm) 417 251
Soil moisture variation (mm) 26.5 46.6
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Figure 1 shows, for T3, soil moisture content using sensors and weekly gravimetric 
sampling during the first sowing. Bars represent effective rainfall or irrigation in mm. In 
this treatment, moisture was recorded by the sensor at 0.60 m given that the irrigation 
lateral is at 0.40 m. At 0.3 m, the sensor showed greater variability since it was affected by 
soil evaporation and crop water use, while at 0.90 m, a layer of less moisture-retentive soil 
results in less water content. In general, there is good correspondence between moisture 
records (sensors and gravimetric samplings) and soil wetting, either by rainfall or by irri-
gation. From early December, the three sensors detected soil moisture reductions due to 
higher crop water use, coinciding with significant crop production. 

Figure 1. Variations in soil water availability measured at three depths (continuous line of 
sensors and gravimetric points) and rainfall and irrigation records during the first sowing.
Figura 1. Variación del agua disponible en el suelo medida a tres profundidades (línea continua 

(sensores) y puntos (gravimetría)) y registro de lluvias y riegos de la primera siembra.

Wetting patterns around a surface drip line relative to a subsurface line, coincided with 
lateral proximity (20). On the other hand, root distribution around drip lines coincides with 
wetting patterns. Andreau et al. (2012) found that larger wet bulbs and higher moisture 
contents were obtained with subsurface drip irrigation than with surface drip irrigation. 

Germination percentage 
The highest germination percentage was found with T 1 (97%) and the lowest (93%) with T2 

and T3. Although differences were not statistically significant, germination percentages obtained 
with this irrigation method is one debated issue and considered a limiting factor (table 4).

Table 4. Mean emergence percentage (%) during the two sowings.
Tabla 4. Promedio del porcentaje de emergencia (%) durante las dos siembras.

The relationship between drip line depth and emergence percentage has been a matter 
of great concern among researchers around the world. SDI could hinder direct seeding 
given the minimum ascending movement of water affecting emergence, especially in 
coarse-textured soils (5). Emergence percentage is mostly affected by the distance between 
seeds and drip lines, closely related to lateral depth (40, 41). In California, less than 10 
percent of farmers adopted SDI with laterals at depths of up to 10 cm for seed germination 
(12). For emergence uniformity with SDI, an adequate amount of water should be applied 
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around the seed at sowing (8, 26). Sprinkler irrigation systems may ensure germination 
by placing subsurface laterals on V-shaped impermeable materials, increasing the wetted 
width, reducing deep percolation and, finally, allowing germination. After seed germination, 
a deeper drip line does offer many advantages. 

Green and dry matter yields
As shown in Table 5, significant differences were only found for dry matter (table 6). Yields 

from the first sowing were significantly higher in relation to buried drip irrigation. In this sense, 
another experiment with fodder corn compared drip irrigation with lines buried at 0.40 m and 
different lateral spacing (0.8-0.9 y 1,0), with surface irrigation. The study found green matter 
yields of 70,190- 55,370 and 42,400 kg ha-1 with subsurface irrigation, and 27,800 kg ha-1 with 
surface irrigation for a sowing density of 104,000 plants per hectare (29). These results reveal 
that fodder production with surface irrigation was 150, 96 and 56 % less than with drip irri-
gation using laterals spaced at 0.8, 0.9 and 1.0 m respectively. On the other hand, for this study, 
mean yields from the first and second sowings (105,771 - 70,214 kg ha-1) (table 5) were higher 
than those reported by Montemayor et al. (2007). With respect to dry matter forage, these 
authors obtained maximum yields of 20,190 kg ha-1 with laterals spaced at 0.8 m and yields of 
15,880 - 12,160 kg ha-1 with laterals spaced at 0.9 and 1.0 m, respectively, while 8,080 kg ha-1 
were obtained with surface irrigation. In the first sowing, with 1 m spacing, we obtained from 
19,165 to 24,681 kg ha 1. However, in the second sowing, crop cycle could not be completed 
due to the onset of winter, obtaining 8,823 to 11,439 kg ha-1 (table 6). At the same time, yields 
of fodder corn were higher than those reported by Lamm et al. (1992) and Oktem et al. (2003) 
with subsurface drip irrigation. These authors pointed out that their results were influenced by 
lateral spacing, plant density and irrigation water depth. Additionally, according to Montemayor 
et al. (2006) lateral depth did not affect corn fodder weight. In another study in Mendoza, two 
corn fodder tests using surface irrigation recorded mean green matter yields of 58,390-73,760 
kg ha-1 during the 2015-2016 season and mean dry matter yields of 21,789-23,493 kg ha-1 in 
2016-2017 (43). These green yields were smaller than those recorded in this test. However, dry 
matter resulted similarly to those obtained from the first sowing, probably given to irrigation 
method, sowing density and corn variety. 

Table 5. Mean green matter yield, (kg ha 1).
Tabla 5. Promedio del rendimiento en materia verde en kg ha-1.

Table 6. Mean Dry Matter Yield, (kg ha 1).
Tabla 6. Promedio del Rendimiento en materia seca en kg ha-1.

Water Use Efficiency (WUE) and Water Productivity (WP)
The highest WUE value was obtained under T2 in the second sowing (37 kg m-3) while 

the lowest value was recorded under T1 in the first sowing (27.2 kg m-3). On average, treat-
ments yielded 29.7 kg m-3 in the first sowing and 34.8 kg m-3 in the second sowing. The 
overall mean was 32.2 kg m-3. As for dry matter, the highest WUE value reached 6.89 kg m-3 

in the first sowing under T3, while the lowest resulted in 4.37 kg m-3 for the second sowing, 
under T3. The overall mean under all treatments and sowings reached 5.64 kg m-3.

Sowing/Treatment 1 2 3 Mean
1 95,575 (a) 108,488 (a) 113,250 (a) 105,771
2 74,635 (a) 74,415 (a) 61,593 (a) 70,214
Mean 85,105 91,451 87,421
Overall Mean 87,993

Sowing/Treatment 1 2 3 Mean
1 19,165 (b) 23,582 (a) 24,681 (a) 22,476
2 11,439 (a) 9,798 (a) 8,823 (a) 10,020
Mean 15,302 16,690 16,752
Overall Mean 16,248
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Table 7 shows the effect of WP on green matter. The highest value (27.14 kg m-3) was 
obtained under T3 while the lowest (22.91 kg m-3) was found under T1. In the second sowing 
date, the highest WP (29.70 kg m-3) was achieved under T1 and the lowest (24.51 kg m-3) 
under T3, with an overall mean of 26.65 kg m-3. 

Table 7. Water productivity based on green matter (kg m-3) in both sowing dates.
Tabla 7. Productividad del agua en materia verde (kg m-3) para las dos fechas de siembra.

Regarding dry matter, table 8 summarizes WP data for both sowing dates. The highest 
value for the first sowing corresponded to T3 (5.92 kg m-3) and the lowest to T1 (4.59 
kg  m-3). Analyzing all treatments in both sowing dates, revealed the best result under 
T2 (4.78 kg m-3), followed by T3 (4.72 kg m-3). The lowest value was obtained under T1 
(4.57 kg m-3).

Table 8. Water productivity based on green matter (kg m-3) in both sowing dates.
Tabla 8. Productividad del agua en materia Seca (kg m-3) en las dos siembras.

With respect to WUE and WP, no significant differences were found among treatments. 
Given that WUE and WP are usually expressed as grain yield, few references mention these 
specific parameters for green fodder. Yescas et al. (2015) found dry matter WUE values of 
2.84 - 3.24 kg m-3 in fodder corn under subsurface irrigation at a depth of 0.40 cm. Other tests 
ranged from 2.0 to 4.5 kg m-3 for WUE expressed as dry matter (29, 47). Montemayor et al. 
(2012) reported that dry matter WUE for fodder corn under arid conditions and subsurface 
drip irrigation was 4.07 kg m-3, lower than the 6.89 kg m-3 found in this study. Previously, 
these authors had also compared subsurface drip irrigation and furrow irrigation, reporting 
WUE values of 2.9 kg m-3 with drip tape buried at 0.25, 0.35 and 0.45 m, and of 2.0 kg m-3 
with furrow irrigation (28). Statistically, no significant differences were found among the 
three drip tape depths, though substantial differences were observed between subsurface 
drip irrigation and furrow irrigation. Lamm and Trooien (2003) found that WUE, in indi-
vidual years, was not significantly affected by lateral depth, but when analyzed during the 
four-year test, lines buried at 0.51 and 0.61 m used less water. According to Payero et al. 
(2008), researchers may generally mention “increasing WUE” as a desirable objective. In 
some cases, they refer to WP, in others to WUE or other water use indicators, such as yield/
total water (rain + irrigation + variations in soil water storage). 

Increasing field WP or WUE must follow both biophysical crop response, and economic 
factors. Even though this study did not evidence emergence effects on yield and WUE 
caused by inadequate irrigation, this might easily occur. According to Pablo et al. (2007), 
corn WUE was higher with drip lines buried at 15 cm than at 20 – 30 cm given better soil 
wetting during pre-emergence growth stages. Dripline depth will depend on the crop and 
the sowing/transplant method. Thus, laterals buried at 20 cm may suffice to irrigate trans-
planted tomatoes but not for crop sowing (34).

Sowing/Treatment 1 2 3 Mean
1 22.91(a) 26.00(a) 27.14(a) 25.35(a)
2 29.70(a) 29.61(a) 24.51(a) 27.94(a)

Mean 26.31(a) 27.81(a) 25.83(a)
Overall Mean 26.65

Sowing/Treatment 1 2 3 Mean

1 4.59(a) 5.65(a) 5.92(a) 5,39(a)

2 4.55(a) 3.90(a) 3.51(a) 3,99(a)

Mean 4.57(a) 4.78(a) 4.72(a)

Overall Mean 4.69
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Conclusion

Germination percentage was not affected by lateral depth (between the surface and a 
depth of 40 cm). No significant differences were found in green matter between treatments 
in either crop cycle. Significant differences were found for dry matter. Both SDI treatments 
had the highest yields when compared to DI treatments. Dry matter represented 21% and 
14% of green matter in the first and second sowing dates, respectively. Even though no 
significant differences were found in WUE (with and without rainfall) or WP indicators, high 
crop water use was achieved regarding green and dry matter. WUE values were between 
12 and 41 % higher than those cited. Although results about subsurface drip irrigation in 
agricultural plots under integrated irrigation are encouraging, it should be borne in mind 
that they are contingent upon soil type and crop. It should also be noted that these irri-
gation practices involve deep plowing, only possible between buried laterals. Otherwise, 
they should be avoided altogether, no plowing at all, or else applying the concept of direct 
sowing in intensive agriculture.
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