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Abstract
Aim of study: This work summarizes the influence of surface drip irrigation (DI) and subsurface drip irrigation (SDI) systems on corn 

growth indices and actual evapotranspiration (ETc-act) and its components of plant transpiration (Tp) and soil evaporation (E).
Area of study: Karaj, Iran
Material and methods: The experimental soil was loamy. The corn ETc-act of each mini-lysimeter was measured based on the water ba-

lance method. The E was measured using two mini-lysimeters and Tp was estimated from the difference between ETc-act and E. 
Main results: The resulting data showed that the ETc-act was lower under SDI (384.8 mm) than under DI (423.4 mm). The Kcb-m for the 

corn increased after sowing and peaked during the mid-season stage, with an average value of 0.47, a minimum value of 0.0 and maximum 
value of 1.52 under DI and 0.53, 0.0 and 1.74 respectively, under SDI. For Ke-m, the average, minimum and maximum values were 0.33, 
0.20 and 0.58 under DI and 0.23, 0.15 and 0.46 respectively, under SDI. The biomass yield was much higher under SDI (81.90 ton/ha) than 
under DI (63.21 ton/ha). Less E and more Tp occurred under SDI than under DI. SDI achived superior WUE (8.32 kg/m3) compared with DI.

Research highlights: SDI was superior to DI based on biomass yield, corn height, stem diameter, and leaf area index which contributed 
to more favorable soil moisture conditions and low weed incidence; Thus, the SDI system is more productive and would better increase 
WUE than the DI system.

Additional keywords: Zea mays L.; growth indices; lysimeter; LAI; plant transpiration; soil evaporation; water use efficiency
Abbreviations used: D (stem diameter); DI (surface drip irrigation); E (soil surface evaporation); ETc-act (actual crop evapotranspira-

tion); H (plant height); Kcb (basal crop coefficient); Kcb-adj (adjusted basal crop coefficient by FAO-56); Kcb-m (measured basal crop coeffi-
cient); Ke (soil evaporation coefficient); Ke-adj (adjusted soil evaporation coefficient by FAO-56); Ke-m (measured evaporation coefficient); 
LAI (leaf area index); SDI (subsurface drip irrigation); SPAC (soil-plant-atmosphere continuum); Tp (plant transpiration); WUE (water use 
efficiency).
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Introduction
Corn (Zea mays L.) is a major cereal crop in Iran, ran-

king third in cultivated area and production after wheat and 
rice. Since the susceptibility of corn to drought is one of the 
production challenges in arid and semi-arid regions, provi-
ding enough irrigation water for its growth is required. Gi-

ven the importance of this crop and the decreasing availa-
bility of agricultural water resources, increasing water use 
efficiency (WUE) to produce more crops with the availa-
ble water is highly important to stable agricultural develo-
pment. Since water is the most limited resource in arid and 
semi-arid regions, the agricultural sector should produce  
more food with less water (Zwart & Bastiaanssen, 2004). 
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The use of drip irrigation (DI) systems is an effecti-
ve strategy for increasing water availability in the future 
(Enciso et al., 2015). The subsurface drip irrigation (SDI) 
system is the most efficient micro-irrigation methods in 
arid and semi-arid regions, where the evaporation rate 
is high during the growing season (Kalfountzos et al., 
2007; Sharma et al., 2010). The SDI has greater WUE 
and saves more water, helping to preserve the nutrients 
used by crops in comparison to other irrigation methods 
(Schneider & Howell, 2001; Paul et al., 2013; Panigrahi 
et al., 2016; Liu et al., 2017; Zhang et al., 2017). The SDI 
has a larger wetted soil volume than the DI and hence, the 
volume of available soil for root growth is higher, while 
the wet radius in the SDI is smaller than that under the 
DI. In general, under similar irrigation conditions, access 
to water and nutrients under SDI is increased and root rot 
and other soil diseases are minimized (Phene & Ruskin, 
1995; Kalfountzos et al., 2007).

For the above reason, the SDI has been recommen-
ded as a high-efficiency method, reducing water losses 
through soil surface evaporation and creating more sui-
table conditions for plant transpiration (Tiwari et al., 
2014, Parthasarathi et al., 2017; Reddy et al., 2018). A 
large number of experiments have been conducted to de-
fine the main advantages of SDI for several crops, and its 
superior performance was confirmed in all of them (Seyfi 
& Rashidi, 2007; Van Donk et al., 2013; Albasha et al., 
2015; Biswas et al., 2015; Lamm, 2016). Thus, the SDI 
can be an alternative to other irrigation methods and could 
be used to increase the growth of fruits, vegetables and 
row crops due to the precise application of water and pro-
vision of adequate moisture in the root zone (Imtiyaz et 
al., 2000). Unfortunately, knowledge of irrigation water 
management at the farm level is poorly developed in Iran 
and most of the farmers act based on their own experien-
ce. Therefore, detailed on-farm information on water and 
crop could support the design and management of sustai-
nable and beneficial irrigation systems.

The aim of this work was to evaluate the corn growth 
indices and actual evapotranspiration (ETc-act), i.e., plant 
transpiration (Tp) and soil evaporation (E) under DI and 
SDI systems to understand how the advanced irrigation 
systems could benefit growers from the point of view of 
yield and water use.

Material and methods
Experimental site

The experiments were carried out at the Agricultu-
ral Engineering Research Institute (35°46ˊ N, 50°55ˊE, 
1260 m a.s.l.) during the 2014 and 2015 growing seasons. 
The area is semi-arid with an average annual precipitation 
of approximately 279.3 mm. Daily meteorological data 

(air temperature, relative humidity, wind speed, rainfall, 
and solar radiation data) were collected from a synoptic 
meteorology station, 5 km from the field site. Average 
daily values of meteorological characteristics are shown 
in Fig. 1. The minimum air temperature during the 2014 
and 2015 corn growing seasons ranged from 5.7 to 23.6°C 
and 9.5 to 25.5°C, respectively. Also, the average maxi-
mum air temperature ranged from 20.8 to 41.4°C and 23.2 
to 39.7°C, respectively. The daily relative humidity was 
11 to 90% and 15 to 87%, respectively. On average, wind 
speed and solar radiation were higher in 2014 by about 
6.4 and 2.7%, respectively (Fig 1).

The experimental soil was loamy with mean volume-
tric field capacity and permanent wilting point of 22.3 and 
9.63%, respectively; the mean soil bulk density was 1.42 
g/cm3 (Table 1).

To monitor water consumption by corn under DI and 
SDI, eight mini-lysimeters (Dugas & Bland, 1989; Kong 
et al., 2012) were placed within a corn farm of 18-ha 
considering having adequate fetch and filled with soil ex-
cavated from the study site to resemble the original soil 
profile conditions. The mini-lysimeters had a diameter of 
40 cm and a depth of 70 cm. Every 6 mini-lysimeters were 
used as three replicates for DI and SDI, respectively. The 
DI and SDI were equipped with 40 cm emitter apart and 
discharge of 4 L/h. For the subsurface drip irrigation, the 
drip-line was buried 30 cm below the soil surface. Insi-
de each mini-lysimeters, three forage corn (Single Cross 
704) seeds were planted with 13 cm spacing on 6th Au-
gust 2014 and 2015. Water and nutritients were optimally 
provided for the mini-lysimeters. Each of the treatments 
received the same amount of water and nutrients throu-
gh DI or SDI during each growing season. The depth of 
water applied for each of the two experimental seasons 
is shown in Fig. 2. Additionally, two unplanted mini-ly-
simeters were used to measure evaporation from the soil 
surface under DI and SDI, and were placed near the other  
mini-lysimeters.

Irrigation management

The required irrigation water depth was estimated dai-
ly using the FAO-Penman-Monteith model (Allen et al., 
1998; Eqs. (1) and (2)) confirmed for the Karaj region by 
Dehghanisanij et al. (2004) and corn crop coefficient (Kc) 
recommended for Karaj by Farshi et al. (1997) according 
to the following equations:

 ET c = ETo × Kc                           (1)

               ET0 =  0.408 ∆ (Rn−G )+ γ [890 (T+273 )]U2 (es−ea )
∆+ γ( 1+0.34u2 )

  (2)

where ETc is the crop evapotranspiration; ETo is the refe-
rence evapotranspiration (mm/day); Rn is the net radiation 
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Figure 1. Climate variables: daily maximum and minimum temperature, daily relative humidity, daily wind speed 
and daily solar radiation during 2014 and 2015 corn growing seasons.

Table 1. Soil physical characteristics at the experimental site.

BD: bulk density. FC: field capacity. WP: permanent wilting. EC: electrical conductivity.

Soil depth (cm) BD (g/cm3) FC (%) WP (%w) pH EC (dS/m) Soil texture

0-20 1.42 22.5 9.8 7.8 1.41 Loam
20-40 1.42 22.4 9.6 7.9 1.21 Loam
40-60 1.42 22.1 9.5 8.14 2.46 Loam

(MJ/m2/ day); G is the soil heat flux density (MJ/m2/day); 
T is the mean temperature (ºC); U2 is the wind speed at 
2-m height (m/s); ɣ is the psychrometric constant (kPa/
ºC); ∆ is the slope vapor pressure curve (kPa/ºC); ea is the 
actual vapor pressure (kPa); es is the saturation vapor 
pressure (kPa).

Fertilizers were applied through the irrigation water 
from the 3 and 4 leafed stage of corn growth to 45 days 
before harvesting. The corn received 250 kg/ha ammo-
nium phosphate and 200 kg/ha urea.

Measurements

Actual evapotranspiration (ETc-act)

Daily corn water consumption or actual evapotranspi-
ration (ETc-act) of each mini-lysimeter was measured ba-
sed on the water balance method using Eq. (3) (Allen et 
al., 1998):

                  (3)
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Figure 2. Variations in applied water for corn during the 2014 and 2015 corn 
growing seasons.

where P is the rainfall (mm); I is the irrigation depth 
(mm); Dp is the water loss through drainage from the mi-
ni-lysimeter (mm); R is the runoff (mm) which here was 
zero and Δs is the change in soil water storage in the mi-
ni-lysimeter (mm). The change in soil water storage (Δs) 
was determined using Eq. (4) (Allen et al., 1998):

∆S =  St − St−1                            (4)

where St and St-1 are the available water in the root zone 
at the beginning and end of the selected period (mm), res-
pectively.

Soil surface evaporation (E) and plant transpiration (Tp)

Evaporation from the soil surface (E) was measured 
using two mini-lysimeters. When these mini-lysimeters 
were placed inside the soil, their edges were about one cm 
above the soil surface, and the soil inside the mini-lysime-
ter was about 1 to 1.5 cm below the edge. The E was es-
timated from the difference between the amount of intake 
and drainage water in the mini-lysimeter at each irrigation 
interval. Plant transpiration (Tp) was estimated from the 
difference between ETc-act and E, by the following equa-
tion (Moran et al., 2009):

Tp =  ETc−act − E                          (5)

Basal crop coefficient (Kcb) and soil evaporation  
coefficient (Ke) 

Crop coefficient can be applied as a single crop 
coefficient which is influenced by evaporation and trans-
piration together and dual crop coefficient that is expres-

sed by soil evaporation coefficient (Ke) and basal crop 
coefficient (Kcb), separately (Allen et al., 1998). The me-
asured Ke and Kcb (Kcb-m and Ke-m) are defined using Eqs. 
(6) and (7) (Majnooni-Heris et al., 2012):

Kcb−m = ETc− act−E
ETo

= Tp
ETo

                   (6)

Ke−m =
E
ETo

                                 (7)

Kcb-m and Ke-m were also compared with estimated 
values based on FAO-56 (Allen et al., 1998). In this 
study, the Kcb and Ke suggested by FAO-56 were adjus-
ted (Kcb-adj and Ke-adj) based on the climatic conditions of  
the study area.

Corn growth indices and water use efficiency (WUE)

Leaf area index (LAI), plant height (H), stem diame-
ter (D) and yield (biomass) were measured during the 
growing season. LAI was measured with the electronic 
leaf area-meter, CI–202, seven times during the growing 
season. WUE (kg/m3) was calculated using Eq. (8) (Sak-
thivadivel et al., 1999) where yield represents the biomass 
of corn:

WUE = Yield (kg)
ETc− act(m3)                        (8)

Statistical analysis

Statistical analysis was done to evaluate the influen-
ce of different point source irrigation systems on actual 
evapotranspiration (ETc-act) and growth indices of corn by 
using the SAS package. LSD (least significant difference) 
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tests were used to compare and rank the treatment means. 
Differences were declared significant at p ≤ 0.05.

Results and discussion
Variations in actual evapotranspiration (ETc-act), 
plant transpiration (Tp) and soil evaporation (E) 

The values for ETc-act and Tp of corn and E under DI 
and SDI during the corn growing season are shown in Fig. 
3. The ETc-act varied from 2.1 to 9.7 mm/day, depending 
on the crop growth stage and climatic condition. The daily 
ETc-act and Tp increased rapidly and peaked 48 days after 
planting at the mid-season stage with average values of 
9.7 and 7.6 mm/day under DI and 9.5 and 8.7 mm/day 
under SDI. The minimum ETc-act values occurred at the 
initial stage with an average of 2.5 and 2.1 mm/day under 
DI and SDI. During the first week after planting, the most 
share of ETc-act was E, because the soil was kept wet for 
corn seed germination. Transpiration increased faster un-
der the SDI than the DI (Fig. 3) because of moisture distri-
bution close to the root mass and better root development 
under the SDI at the initial stage. 

Significantly lower corn ETc-act and E values were ob-
tained under the SDI than under DI but for both seasons, 
the Tp was higher under SDI than DI (Table 2). The avera-
ge annual ETc-act was 423.49 mm under DI and 384.84 mm 
under SDI. Similar results have been reported by Chuan-
yan & Zhongren (2007), Liu et al. (2017) and Zhang et al. 
(2017). Evaporation accounted for a small proportion of 
ETc-act and decreased with time and increasing LAI. Trans-
piration was smaller than E at the initial growth stage (Fig. 
3), and the total contribution to ETc-act at that stage was 
from E because more water was lost through soil surface 
evaporation and the crop canopy was not fully developed 
yet as reported in Allen et al. (1998) and Valentin et al. 
(2020). The Tp increased to a peak at the mid-season stage 
(Liu et al., 2002; Kang et al., 2003; Majnooni-Heris et al., 
2012). During this stage, E was reduced and the reduction 
was compensated with higher amounts of water for Tp, 
coinciding with increasing LAI until the crop achieved 
near or full ground cover (Table 2).

The average annual Tp during the two growing seasons 
was 221.9 and 250.2 mm, and that for E was 198.0 and 
157.6 mm under DI and SDI, respectively. Under SDI, 
the soil surface usually remained drier than under DI. Ac-
cordingly, the total Tp was 53.0 and 64.2% of corn ETc-act 
under DI and SDI. Also, the average annual E was 46.9 
and 35.9 % of corn ETc-act under DI and SDI during two 
growing seasons (Table 2). At the initial stage during 
which the portion of the bare or low covered soil surface 
was high and considering that under DI, moisture accumu-
lation occured on the soil surface, the DI showed 27.70% 
more evaporation (82.9 mm) than SDI (64.9 mm).

Relationship between the ratio of plant transpi-
ration (Tp) and soil evaporation (E) to actual corn 
evapotranspiration (ETc-act) and leaf area index 
(LAI)

Based on the soil-plant-atmosphere continuum 
(SPAC), the variations in Tp, and ETc-act are affected by 
meteorological data, soil moisture and plant factors (Zhou 
et al., 2017). The variations in Tp/ETc-act and LAI for each 
growing season are presented in Fig. 4. The data indica-
ted that the ratio was controlled by soil surface cover and 
LAI. The average Tp/ETc-act varied from 0.0 at sowing to 
82 and 87% at full growth under DI and SDI. The value 
of Tp/ETc-act increased faster when LAI was smaller than 
3.0. Thus, two polynomial functions were computed to 
show the relation between the ratio of Tp/ETc-act and E/
ETc-act with LAI under SDI and DI (Eqs. 8 and 9; Fig. 4), 
as reported by other authors (e.g., Kang et al., 2003; Maj-
nooni-Heris et al., 2012).

Tp
ETc− act

=  −10.27 LAI2 + 58.716 LAI  R 2=0.93 (DI) (9)

Tp
 ETc− act

= −5.791 LAI2 + 40.697 LAI + 21.087  R2=0.92 (SDI) (10)

It was presumed, as occurred for the Tp/ETc-act ratio, 
that the E/ETc-act was also affected by LAI and surface 
soil moisture (Liu et al., 2002). Fig. 5 shows the trends in 
the ratio of E/ETc-act with LAI under DI and SDI during 
the growing seasons. The E/ETc-act decreased significantly 
witth increases in LAI. The relationship between LAI and 
E/ETc-act based on the experimental data was calculated as 
follows:

E
ETc− act

= 11.716 LAI2 − 65.137 LAI + 105.18      R2=0.97 (DI) (11)

E
ETc−act

=  5.636 LAI2 − 40.175 LAI + 79.887 R2=0.93 (SDI)  (12)

From these relationships, the E/ETc-act decrea-
sed sharply when LAI was at about 3, which was attri-
buted to lower evaporation due to the development of 
crop canopy (Fig. 5). Under SDI, the soil surface be-
tween crops usually remains dry, so that evaporation loss 
from the soil surface is low but moisture distribution at 
the root zone is suitable for crop growth. Thus, the SDI 
can improve water uptake by reducing soil evaporation  
(Liu et al., 2002).

Variations in basal crop coefficient (Kcb), soil eva-
poration (Ke) and LAI 

The mean variations for the two years for Kcb-m and 
Ke-m compared to Kcb-adj, and Ke-adj are presented in Fig. 6. 
The values of Kcb-m increased from 0.0 to its peak  
value in the mid-season stage. The average, minimum 
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Figure 3. Variations in actual corn evapotranspiration (ETc-act), plant transpiration (Tp) and soil evaporation (E) during the 
2014 and 2015 corn growing seasons
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and maximum values of Kcb-m were 0.47, 0.0 and 1.52 un-
der DI and 0.53, 0.0 and 1.74 under SDI; for Ke-m the va-
lues were 0.33, 0.20 and 0.58 under DI and 0.23, 0.15 and 
0.46 under SDI, respectively. The peak value of Kcb-m  

was observed in the mid-season stage when LAI  
was maximum. 

For the whole growing season, the values of Kcb-m were 
smaller than the adjusted values based on FAO-56.  
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Table 2. The ratio of soil evaporation (E) and plant transpiration (Tp) to actual corn evapotranspiration (ETc-act) under surface drip 
irrigation (DI) and subsurface drip irrigation (SDI) systems during 2014 and 2015 corn growing seasons.

For each year, means within a column bearing the same letter do not differ significantly at the 0.05 level of probility

Treatment Stage
2014 2015 Mean

DI SDI DI SDI DI SDI

∑ETc-act (mm) Initial 85.6a 75.6b 95.0a 70.7b 90.3a 73.1b

Development 141.2a 137.7b 164.0a 137.1b 152.6a 137.4b

Middle 153.7a 151.5a 207.3a 196.9b 180.5a 174.2b

Sum 380.5a 364.8b 466.3a 404.7b 423.4a 384.7b

∑E (mm) Initial 79.7a 62.8b 86.1a 67.0b 82.9a 64.9b

Development 64.4a 56.4b 80.2a 60.6b 72.3a 58.5b

Middle 35.5a 32.5a 50.0a 35.9b 42.7a 34.2b

Sum 179.6a 151.7b 216.3a 163.5b 197.9a 157.6b

∑Tp (mm) Initial 5.8b 12.7a 7.7b 15.3a 6.8b 14.0a

Development 76.8b 81.3a 81.4b 95.9a 79.1b 88.6a

Middle 118.2a 118.9a 153.7b 176.0a 135.9b 147.5a

Sum 200.8b 212.9a 242.8b 287.2a 221.8b 250.1a

∑Tp/ETc-act (%) Initial 6.7b 16.7a 8.1b 21.6a 7.5b 19.1a

Development 54.3b 59.0a 49.6b 69.9a 51.8b 64.4a

Middle 76.9a 78.4a 74.1b 89.3a 75.2b 84.6a

Sum 52.7b 58.4a 52.0b 70.9a 52.3b 65.0a

∑E/ETc-act (%) Initial 93.1a 83.0b 90.6a 94.7a 91.9a 88.7b

Development 45.6a 40.9b 48.9a 44.2b 47.2a 42.5b

Middle 23.0a 21.4a 24.1a 18.2b 23.6a 19.6b

Sum 47.2a 41.5b 46.3a 40.4b 46.7a 40.9b

This was attributed to the overestimation of ETo by 
FAO-Penman-Monteith model for this region (Dehghani-
sanij et al., 2004).

For the different irrigation systems, the peak values of 
Kcb-.m were obtained under SDI at the mid-season stage, 
and the Ke-m under the DI peaked at the initial stage. The 
Ke-m decreased with crop development during the growing 

season due to the increase in the percentage of the shaded 
area by the plant canopy. Again, Fig. 6 emphasizes that 
the evaporation from soil surface was higher than the 
transpiration from the crop at the initial stage and with an 
increase in plant shading, evaporation was lower than 
transpiration during crop development and mid-season 
stages. Moreover, the Ke-m varied temporally during the 
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Figure 4. Relationship between the variation in the ratio of plant transpiration (Tp) to actual corn evapotranspiration 
(ETc-act) and leaf area index (LAI) under surface (DI) and subsurface drip irrigation (SDI) during the 2014 and 2015 corn 
growing seasons.

y = -5,6298x2 + 40,202x + 20,605
R² = 0,9162

y = -9,311x2 + 54,559x
R² = 0,9367

0
10
20
30
40
50
60
70
80
90

100

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5

Tp
/E

Tc
-a

ct
 (%

)

LAI (m2/m2)

SDI-2014 DI-2014

y = -6,2276x2 + 41,919x + 23,362
R² = 0,9077

y = -11,173x2 + 62,733x
R² = 0,9259

0
10
20
30
40
50
60
70
80
90

100

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5

Tp
/E

T c
-a

ct
 (%

)

LAI (m2/m2)

SDI-2015 DI-2015

y = -5,7914x2 + 40,697x + 21,087
R² = 0,9292

y = -10,274x2 + 58,716x
R² = 0,9318

0
10
20
30
40
50
60
70
80
90

100

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5

Tp
/E

Tc
-a

ct
 (%

)

LAI (m2/m2)

SDI-mean of 2014-2015

DI-mean of 2014-2015

corn growing season. Thus, the average Ke-m peaked at the 
initial stage, and decreased gradually during the growing 
season, reaching a minimum value at the mid-season  
stage (Table 3).

The amounts of Kcb-FAO during the initial stage, crop 
development and mid-season stage of corn growth (Kcb-

ini, Kcb-dev, and Kcb-mid) were 0.15, 0.15-1.15 and 1.15, res-
pectively (Allen et al., 1998). The values of Kcb-dev and 
Kcb-mid changed on the basis of plant height, wind speed 
and relative humidity in different regions. Therefore, the 
recommended Kcb values were adjusted to 0.15, 0.70, 
and 1.20 under DI and 0.15, 0.76, and 1.29 under SDI 
during the initial stage, crop development, and mid-sea-
son stages, respectively (Table 3). The maximum value 
of Kcb-adj was 1.30 under SDI at the mid-season stage, 
which was attributed to the higher Tp. The Ke-adj varied 
temporally during the corn growing season. Also, the 
Ke-adj value was higher at the initial stage and gradually 
decreased, reaching a minimum value of only 0.14 under 
SDI at the mid-season stage (Fig. 6).

The Kcb-adj and Ke-adj were higher than Kcb-m and Ke- m 
during the initial stage and crop development. Whe-

ther for DI or SDI, the Kcb-adj values were overestimated 
when compared to Kcb-m for the whole growing season. 
Comparisons of Kcb-m and Ke-m vs Kcb -adj, and Ke -adj va-
lues are shown in Fig. 7. For both DI and SDI, the rela-
tionships between Kcb-m and Ke-m as well as Kcb -adj, and 
Ke -adj were linear linear. The Kcb -adj under DI performed 
better than that under SDI. The slopes of the linear re-
gression were 0.93 and 0.85 with a coefficients of de-
termination of 0.75 and 0.71 for Kcb -adj under DI and  
SDI, respectively.

The Ke-adj under DI and SDI was overestimated as 
compared to Ke-m during the initial and crop development 
stages and underestimated during the mid-season stage. 
Also, Ke-adj under DI provided a better performance than 
that under SDI. The slopes of the linear regression were 
0.67 and 0.67 with a coefficients of determination of 0.25 
and 0.19 for Ke -adj under DI and SDI, respectively.

The difference between Kcb-m and Ke-m and adjusted va-
lues by FAO-56 clearly emphasizes the difficulty of appl-
ying Kcb and Ke values across locations due to varying cli-
matic and agricultural management factors like irrigation 
method and frequency (Katerji & Rana, 2014). 
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Figure 5. Relationship between the variation in the ratio of soil evaporation (E) to actual corn evapotranspiration  
(ETc-act) and leaf area index (LAI) under surface (DI) and subsurface drip irrigation (SDI) during the 2014 and 2015 corn  
growing seasons.

As a response to the crop development, the Ke was 
higher than the Kcb at the initial stage, and with an in-
crease in LAI and plant shading, the resulting de-
creases in soil surface evaporation could be used to 
estimate the variations in Kcb and Ke as functions of  
LAI (Fig. 8).

Overall, the relationship between LAI and Kcb and Ke 

based on the experimental data was calculated using se-
cond-order polynomial equations with high coefficients of 
determination (R2) as follows:

Kcb−m = −0.0645LAI2 + 0.56LAI − 0.1005 R2=0.93 (DI)   (13)

Kcb−m = −0.0761LAI2 + 0.5962LAI + 0.04 R2=0.94 (SDI) (14)

Ke−m = 0.0484LAI2 − 0.2661LAI + 0.5308 R2=0.92 (DI)     (15)

Ke−m = 0.0242LAI2 − 0.1687LAI + 0.3996 R2=0.91 (SDI)   (16)

The Kcb of corn at the mid-season stage was larger be-
cause of the large LAI at this stage and consequently, the 
smaller soil evaporation, compared to plant transpiration. 

Similar relationships have been reported for bean and 
canola (De Medeiros et al., 2001; Majnooni-Heris et al., 
2012).

Variations in leaf area index (LAI), plant height 
(H), stem diameter (D), wet and dry mass yield 
and water use efficiency (WUE)

The variations in mean LAI, H, D, biomass yield and 
WUE under DI and SDI are presented in Table 4 and 
Fig. 9. The LAI increased slowly in the initial stages and 
more rapidly reached its peak at about 3.4 m2/m2 under DI 
and 4.6 m2/m2 under SDI. Also, the H increased slowly 
at the initial stages and more rapidly at the mid-season 
stage, with the tallest plants (229.2 cm) under SDI at the 
mid-season stage. Moreover, the D also increased during 
the growing season and peaked during mid-season with 
values of 3.2 cm under DI and 3.6 cm under SDI. Between 
the irrigation systems, the lowest values of LAI, H and 
D occurred under DI (Table 4 and Fig. 9) as reported in 
Chuanyan & Zhongren (2007).
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Table 3. Mean values of measured (m) and adjusted (adj) soil evaporation coefficient (Ke) and basal crop coefficient (Kcb) under 
surface drip irrigation (DI) and subsurface drip irrigation (SDI) systems during 2014 and 2015 corn growing seasons.

For each year, means within a column bearing the same letter do not differ significantly at the 0.05 level of probility

Treatment Stage
2014 2015 Mean

DI SDI DI SDI DI SDI

Kcb-m Initial 0.03b 0.07a 0.04b 0.09a 0.04b 0.08a

Development 0.35a 0.37a 0.36b 0.45a 0.35b 0.41a

Middle 0.82a 0.83a 1.08b 1.25a 0.95b 1.04a

Ke-m Initial 0.37a 0.29b 0.43a 0.31b 0.40a 0.30b

Development 0.28a 0.20b 0.32a 0.22b 0.32a 0.22b

Middle 0.23a 0.15b 028a 0.18b 028a 0.18b

Kcb-adj Initial 0.15a 0.15a 0.15a 0.15a 0.15a 0.15a

Development 0.68a 0.72b 0.72b 0.80a 0.70b 0.76a

Middle 1.19b 1.22a 1.21b 1.36a 1.20b 1.29a

Ke-adj Initial 0.46a 0.38b 0.50a 0.42b 0.48a 0.40b

Development 0.36a 0.32b 0.42a 0.40b 0.39a 0.36b

Middle 0.16a 0.13b 0.18a 0.15b 0.17a 0.14b

The highest yield (biomass) was 81.90 ton/ha under 
SDI compared to only 63.21 ton/ha under DI. Also, the 
WUE (kg/m3) of corn was 8.32 under SDI and 6.67 under 
DI (Table 4). This better performance under SDI could be 
explained by the conservation of optimal moisture status 
in the root zone, which favoured water and nutrient up-
take by the crop (Zotarelli et al., 2008; Badr et al., 2010).

In summary, the results of this study showed that the 
lowest ETc-act for corn occurred under SDI, mainly
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because of reduced evaporation (E) from the soil surface 
in comparison to the DI system. Consequently, higher Tp 
and lower E rates were observed under the SDI system.  
The Tp/ETc-act started from 0 at sowing and peaked at the 
mid-season stage when the LAI was also at peak levels. 
The DI and SDI systems had different influences on the 
LAI of corn during the growing season. A better unders-
tanding of these components (Tp, E, E/ETc-act and Tp/ETc-act) 
can provide important insights to water saving under 
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irrigated corn production. The highest LAI occurred un-
der the SDI system. Overall, the SDI system reduced soil 
evaporation loss and increased the efficiency of water 
consumption; it also produced superior biomass yield. 
Thus, the SDI system is more productive and would better 
increase WUE than the DI system.

Acknowledgments
The authors wish to render heartfelt gratitude to Egrin-

ya Eneji, Professor of Agronomy & Honourable Commis-
sioner, Ministry of Training and Doctrine, Cross River 
State, Nigeria, for carefully editing the manuscript lin-
guistically and technically.

References
Albasha R, Dejean C, Mailhol JC, Weber J, Weber J, 

Bollègue C, Lopez JM, 2015. Performances of subsurfa-
ce drip irrigation for maize under the Mediterranean and 
temperate oceanic climate conditions. 26th Euro-Medite-
rranean Regional Conference and Workshops, Montpe-
llier, France.

Allen RG, Pereira LS, Raes D, Smith M, 1998. Crop 
evapotranspiration: guidelines for computing crop water 

requirements. Agric Water Manag. Pap. No, 56. FAO, 
Rome. 300 pp.

Badr MA, Hussein SA, El-Tohamy WA, Gruda, N, 
2010. The efficiency of subsurface drip irrigation for po-
tato production under different dry stress conditions. Ge-
sunde Pflanz 62: 63-70. https://doi.org/10.1007/s10343-
010-0222-x

Biswas SK, Akanda AR, Rahman MS, Hossain MA, 
2015. Effect of drip irrigation and mulching on yield, 
water-use efficiency, and economics of tomato. Plant 
Soil Environ 61: 97-102. https://doi.org/10.17221/804/ 
2014-PSE

Chuanyan Z, Zhongren N, 2007. Estimating the water 
needs of maize (Zea mays L.) using the dual crop coeffi-
cient method in the arid region of northwestern China. Afr 
J Agric Res 2: 325-333. 

De Medeiros GA, Arruda FB, Sakai E, Fujiwara M, 
2001. The influence of crop canopy on evapotranspira-
tion and crop coefficient of beans (Phaseolus vulgaris L.). 
Agric Water Manag 49: 211-224. https://doi.org/10.1016/
S0378-3774(00)00150-5

Dehghanisanij H, Yamamoto T, Rasiah V, 2004. As-
sessment of evapotranspiration estimation models for use 
in semi-arid environments. Agric Water Manag 64: 91-
106. https://doi.org/10.1016/S0378-3774(03)00200-2

Dugas WA, Bland WL, 1989. The accuracy of evapo-
ration measurements from small lysimeters. Agric For 

Table 4. Corn yield and growth attributes under surface drip irrigation (DI) and subsurface drip irrigation (SDI) during 2014 and 
2015 corn growing seasons.

H: plant height. D: stem diameter. LAI: leaf area index. Yield (biomass). WUE: water use efficiency. For each year, means within a 
column bearing the same letter do not differ significantly at the 0.05 level of probility

Treatment Stage
2014 2015 Mean

DI SDI DI SDI DI SDI

H (cm) Initial 26.5b 29.8a 29.1b 33.9a 27.8b 31.8a

Development 101.6b 111.2a 108.7b 124.7a 105.1b 117.9a

Middle 191.3b 215.3a 199.6b 229.2a 195.4b 222.2a

D (cm) Initial 1.13a 1.10a 1.27a 1.30a 1.20a 1.20a

Development 2.33b 2.41a 2.47b 2.99a 2.40b 2.70a

Middle 2.83b 2.95a 3.57b 4.25a 3.20b 3.60a

LAI (m2/m2) Initial 0.17a 0.18a 0.22a 0.23a 0.20a 0.20a

Development 1.42b 1.82a 1.58b 1.98a 1.50b 1.90a

Middle 3.08b 4.31a 3.72b 4.89a 3.40b 4.60a

Yield (ton/ha) Total 60.18b 77.36a 66.24b 86.44a 63.21b 81.90a

WUE (kg/m3) Total 6.14b 7.96a 7.20b 8.68a 6.67b 8.32a

https://doi.org/10.1007/s10343-010-0222-x
https://doi.org/10.1007/s10343-010-0222-x
https://doi.org/10.17221/804/2014-PSE 
https://doi.org/10.17221/804/2014-PSE 
https://doi.org/10.1016/S0378-3774(00)00150-5
https://doi.org/10.1016/S0378-3774(00)00150-5
https://doi.org/10.1016/S0378-3774(03)00200-2


Spanish Journal of Agricultural Research June 2020 • Volume 18 • Issue 2 • e1202

13Evapotranspiration and components of corn (Zea mays L.) under micro irrigation systems

Meteorol 46: 119-129. https://doi.org/10.1016/0168-
1923(89)90116-0

Enciso J, Jifon J, Anciso J, Ribera L, 2015. The pro-
ductivity of onions using subsurface drip irrigation versus 
furrow irrigation systems with an internet-based irriga-
tion scheduling program. Int J Agron 15: 1-6. https://doi.
org/10.1155/2015/178180

Farshi AA, Shariati MH, Jarollahi R, Ghaemi MH, Sha-
bifar M, Tolaei MM, 1997. Estimated water requirement 
major plants agricultural and horticultural of country. Soil 
and Water Research Institute, Publication of Agriculture 
Education in Karaj. 394 pp. [in Persian].

Imtiyaz M, Mgadla NP, Chepete B, Mothobi EO, 
2000. Yield and economic returns of vegetable crops 
under varying irrigation. Irrig Sci 19: 87-93. https://doi.
org/10.1007/s002710050005

Kalfountzos D, Alexiou I, Kotsopoulos S, Zavakos 
G, Vyrlas P, 2007. Effect of subsurface drip irrigation on 
cotton plantations. Water Resour manage 21: 1341-1351. 
https://doi.org/10.1007/s11269-006-9085-4

Kang SH, Binjie GU, Taisheng DU, Zhang JI, 2003. 
Crop coefficient and ratio of transpiration to evapotrans-
piration of winter wheat and maize in semi-humid region. 
Agric Water Manag 59: 239-254. https://doi.org/10.1016/
S0378-3774(02)00150-6

Katerji N, Rana G, 2014. FAO-56 methodology for 
determining water requirement of irrigated crops: critical 
examination of the concepts, alternative proposals and 
validation in the Mediterranean region. Theor Appl Cli-
matol 116: 515-536. https://doi.org/10.1007/s00704-013-
0972-3

Kong Q, Li G, Wang Y, Huo H, 2012. Bell pepper 
response to surface and subsurface drip irrigation under 
different fertigation levels. Irrig Sci 30: 233-245. https://
doi.org/10.1007/s00271-011-0278-0

Lamm FR, 2016. Cotton, tomato, corn, and onion pro-
duction with subsurface drip irrigation: A review. ASABE 
59: 263-278. https://doi.org/10.13031/trans.59.11231

Liu C, Zhang X, Zhang Y, 2002. Determination of dai-
ly evaporation and evapotranspiration of winter wheat 
and maize by large-scale weighing lysimeter and mi-
crolysimeter. Agr For Meteorol 111: 109-120. https://doi.
org/10.1016/S0168-1923(02)00015-1

Liu H, Wang X, Zhang X, Zhang L, Li Y, Huang G, 
2017. Evaluation on the responses of maize (Zea mays L.) 
growth, yield and water use efficiency to drip irrigation 
water under mulch condition in the Hetao Irrigation Dis-
trict of China. Agric Water Manag 179: 144-157. https://
doi.org/10.1016/j.agwat.2016.05.031

Majnooni-Heris A, Nazemi AH, Shakiba MR, Neys-
haburi MR, Tuzel IH, 2012. Determination of single and 
dual crop coefficients and ratio of transpiration to evapo-
transpiration for canola. Ann Biol Res 3: 1885-1894. 

Moran MS, Scott RL, Keefer TO, Emmerich WE, Her-
nandez M, Nearing GS, Paige GB, Cosh MH, O’Neill 

PE, 2009. Partitioning evapotranspiration in semia-
rid grassland and shrubland ecosystems using time se-
ries of soil surface temperature. Agr For Meteorol 149:  
59-72. https://doi.org/10.1016/j.agrformet.2008.07.004

Panigrahi HK, Agrawal N, Agrawal R, Dubey S, Tiwa-
ri SP, 2016. Effect of drip irrigation and polythene mulch 
on the fruit yield and quality parameters of mango (Man-
gifera indica L.). J Hort Sci 5: 140-143.

Parthasarathi T, Vanitha K, Mohandass S, Vered E, 
Meenakshi V, Selvakumar D, Surendran A, Lazarovitch 
N, 2017. Effect of drip irrigation on growth, physiology, 
yield and water use of rice. J Agric Sci 9: 154-163. https://
doi.org/10.5539/jas.v9n1p154

Paul JC, Mishra JN, Pradhan PL, Panigrahi B, 2013. 
Effect of drip and surface irrigation on yield, water-use 
efficiency and economics of capsicum (Capsicum annum 
l.) Grown under mulch and no mulch conditions in eas-
tern coastal India. Int J Sustain Dev 2: 99-108. https://doi.
org/10.14207/ejsd.2013.v2n1p99

Phene CJ, Ruskin R, 1995. Potential of subsurface drip 
irrigation for the management of nitrate in wastewater. 
In: Microirrigation for a changing world: conserving re-
sources/preserving the environment; Lamm FR (ed). Proc 
5th Int Microirrig Congr, Apr 2-6. Orlando, FL, USA, pp: 
155-167, Am Soc Agr Eng.

Reddy M, Ayyanagowdar MS, Patil MG, Polisgowdar 
BS, Nemichandrappa M, Patil JR, 2018. Performance of 
watermelon under mulching, subsurface and surface drip 
irrigation systems in semi-arid region. IJPAB 6: 488-496. 

Sakthivadivel R, de Fraiture C, Molden DJ, Perry C, 
Kloezen W, 1999. Indicators of land and water productivi-
ty in irrigated agriculture. Int J Water Resour 15: 161-179. 
https://doi.org/10.1080/07900629948998 

Schneider D, Howell TA, 2001. Comparison of SDI, 
LEPA and spray irrigation efficiency. ASAE Paper # 
012019. Annual Meeting, Chicago. ASAE, St. Joseph, 
MI, USA.

Seyfi K, Rashidi M, 2007. Effect of drip irrigation and 
plastic mulch on crop yield and yield components of can-
taloupe. IJOABS 9: 247-249.

Sharma AR, Singh R, Dhyani SK, Dube R K, 2010. 
Moisture conservation and nitrogen recycling through le-
gume mulching in rainfed maize (Zea mays)- wheat (Tri-
ticum aestivum) cropping system. Nutr Cycl Agroecosys 
87: 187-197. https://doi.org/10.1007/s10705-009-9327-y

Tiwari KN, Kumar M, Santosh DT, Singh VK, Maji 
MK, Karan AK, 2014. Influence of drip irrigation and 
plastic mulch on yield of sapota (achraszapota) and soil 
nutrients. Irrig Drain Syst Eng 3: 1-8. 

Valentín F, Nortes PA, Domínguez A, Sánchez JM, In-
trigliolo DS, Alarcón JJ, López-Urrea R, 2020. Compa-
ring evapotranspiration and yield performance of maize 
under sprinkler, superficial and subsurface drip irriga-
tion in a semi-arid environment. Irrig Sci 38: 105-115.  
https://doi.org/10.1007/s00271-019-00657-z 

https://doi.org/10.1016/0168-1923(89)90116-0
https://doi.org/10.1016/0168-1923(89)90116-0
https://doi.org/10.1155/2015/178180
https://doi.org/10.1155/2015/178180
https://doi.org/10.1007/s002710050005
https://doi.org/10.1007/s002710050005
https://doi.org/10.1007/s11269-006-9085-4
https://doi.org/10.1016/S0378-3774(02)00150-6
https://doi.org/10.1016/S0378-3774(02)00150-6
https://doi.org/10.1007/s00704-013-0972-3
https://doi.org/10.1007/s00704-013-0972-3
https://doi.org/10.1007/s00271-011-0278-0
https://doi.org/10.1007/s00271-011-0278-0
https://doi.org/10.13031/trans.59.11231
https://doi.org/10.1016/S0168-1923(02)00015-1
https://doi.org/10.1016/S0168-1923(02)00015-1
https://doi.org/10.1016/j.agwat.2016.05.031
https://doi.org/10.1016/j.agwat.2016.05.031
https://doi.org/10.1016/j.agrformet.2008.07.004

https://doi.org/10.5539/jas.v9n1p154
https://doi.org/10.5539/jas.v9n1p154
https://doi.org/10.14207/ejsd.2013.v2n1p99
https://doi.org/10.14207/ejsd.2013.v2n1p99
https://doi.org/10.1080/07900629948998 
https://doi.org/10.1007/s10705-009-9327-y
https://doi.org/10.1007/s00271-019-00657-z


14 Hossein Dehghanisanij, Elahe Kanani and Samira Akhavan

Spanish Journal of Agricultural Research June 2020 • Volume 18 • Issue 2 • e1202

Van Donk SJ, Petersen JL, Davison DR, 2013. Effect 
of amount and timing of subsurface drip irrigation on 
corn yield. Irrig Sci 31: 599-609.  https://doi.org/10.1007/
s00271-012-0334-4

Zhang H, Xiong Y, Huang G, Xu X, Huang Q, 2017. 
Effects of water stress on processing tomatoes yield, qua-
lity and water use efficiency with plastic mulched drip irri-
gation in sandy soil of the Hetao Irrigation District. Agric 
Water Manag 179: 205-214. https://doi.org/10.1016/j.
agwat.2016.07.022

Zhou S, Liu W, Lin W, 2017. The ratio of transpiration 
to evapotranspiration in a rainfed maize field on the Loess 

Plateau of China. Water Sci Tech Water Supply 17: 221-
228. https://doi.org/10.2166/ws.2016.108

Zotarelli L, Dukes MD, Scholberg JM, Hanselman T, 
Le Femminella K, Munoz-Carpena R, 2008. Nitrogen 
and water use efficiency of zucchini squash for a plastic 
mulch bed system on a sandy soil. Sci Hortic 116: 1-8.  
https://doi.org/10.1016/j.scienta.2007.10.029

Zwart SJ, Bastiaanssen WGM, 2004. Review of 
measured crop water productivity values for irriga-
ted wheat, rice, cotton, and maize. Agric Water Ma-
nag 69: 115-133. https://doi.org/10.1016/j.agwat.2004. 
04.007

https://doi.org/10.1007/s00271-012-0334-4
https://doi.org/10.1007/s00271-012-0334-4
https://doi.org/10.1016/j.agwat.2016.07.022
https://doi.org/10.1016/j.agwat.2016.07.022
https://doi.org/10.2166/ws.2016.108
https://doi.org/10.1016/j.scienta.2007.10.029
https://doi.org/10.1016/j.agwat.2004.04.007
https://doi.org/10.1016/j.agwat.2004.04.007

