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Abstract: A field study was conducted in 2016–2017 and 2017–2018 to evaluate the effects of air
injection into an irrigation stream during the subsurface drip irrigation (SDI) process on the nutritional
values and productivity of potato grown in clay loam soil. Two irrigation treatments (non-aerated
and aerated) and six fertilizer applications (chicken, cow, rabbit, compost, mineral, and chicken +

biochar) were compared. In the first growing season, the maximum yield occurred under aerated
treatment with cow fertilizer (36.25 ton ha−1), while the minimum yield occurred under non-aerated
treatment with chicken fertilizer (24.00 ton ha−1). On the other hand, the maximum and minimum
yields in the second growing season were 35.00 and 24.74 ton ha−1 under aerated and non-aerated
treatments with cow fertilizer, respectively. Maximum water productivity was achieved under
aerated treatment with cow fertilizer (10.04 and 9.13 kg m−3 for the first and second growing seasons,
respectively), while minimum water productivity was achieved under the non-aerated treatment
with chicken + biochar fertilizer (5.91 and 5.26 kg m−3 for the first and second growing seasons,
respectively). Fertilization using aerated treatment yielded the best results and the highest coupling
after air injection, compared with the traditional methods of adding soil fertilizer without aeration.
The plant growth parameters significantly increased following aeration relative to non-aerated
treatments for all fertilizer applications in both growing seasons. Air injection into the soil for
potatoes, unsurprisingly, not only benefitted the crop by increasing the soil–air exchange rate but
also promoted water infiltration rates and nutrient absorption and reduced drainage water, thus
increasing water productivity and reducing the overall irrigation requirements.

Keywords: soil aeration; subsurface drip irrigation (SDI); organic manure; water productivity;
potato yield

1. Introduction

Potato (Solanum tuberosum L.) is the world’s fourth most prevalent agricultural crop after rice,
wheat, and maize [1]. The harvested area worldwide was 19.25 million ha with 376.83 million tons of
potato produced in 2016 [2]. However, agricultural farming systems that rely on the continual use of
heavy equipment lead to soil compaction and poor ventilation, which adversely affects the growth of
crops [3].

Air injection at the root zone to increase oxygen availability, and thereby improve soil ventilation, is
critical for increasing plant performance in vertisols [4]. Air injection into the soil through a subsurface
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drip irrigation (SDI) system is an easy and effective way to increase the oxygen ratio in the root zone
and reverse the negative effects of hypoxia on plant growth [5,6].

Mineral fertilizers containing nitrogen (N) and phosphorus (P) enhance vegetative growth and
photosynthesis, respectively [7,8]. A lack of soil aeration is one of the most important reasons behind
the inability of a plant to absorb the important elements of fertilizers, such as N, P, K, Ca, and Mg, and
thus results in low productivity [9].

Potato production depends mainly on soil nutrients, which can be enhanced by adding organic
fertilizers to the soil. The required percentage of soil organic matter content for potato production is
4%. However, 60% of cultivable lands have an organic matter content of only 1% or less [10].

Soil aeration has an indirect effect on deep percolation reduction. Soil aeration helps to improve
the growth and spread of roots, thus increasing the ability of the plant to benefit from the added
irrigation water, thus reducing the amount of water lost due to deep percolation, and thus further
improving the water productivity of SDI. Bhattarai et al. [11] reported that water productivity over the
course of the growing season was significantly higher when aeration was applied, increasing the crop
yield by 11% (39.1 vs. 35.2 g L−1) in tomatoes, and by 70% (3.65 vs. 2.15 g L−1) in soybeans. In addition,
cotton grown in heavy clay soil was increased by 18% (0.45 vs. 0.38 g L−1). Abuarab et al. [12] found
that water productivity for maize in sandy clay loam soil increased by 36% under aerated treatment
compared with non-aerated treatment (1.463 vs. 0.937 kg m−3).

Studies of maize, tomato, soybean, and other crops have verified the effectiveness of aerated
treatment after irrigation [13,14]. However, most studies have focused on the effects of aeration through
SDI on yield and plant growth parameters, and few studies have reported the nutritional values,
fertilizers absorption and utilization under organic fertilizers with aerated irrigation.

The major goal of this study was to evaluate the technical feasibility of ambient air injection
into a subsurface trickle irrigation tape as a best management practice for improving the growth
characteristics, yield, and water productivity of potato.

2. Materials and Methods

2.1. Location and Soil of the Experimental Field Plot

A field study was conducted from 21 October 2016 to 5 March 2017 and from 15 October 2017 to
28 February 2018 at the Research Unit of Faculty of Agriculture, Cairo University, Giza, Egypt (latitude:
30.05 N; longitude: 31.21 E; mean altitude: 70 m above sea level). The field experiment was done under
well-drained soil conditions in a deep soil profile. Three samples were taken for each treatment from
the beginning, center, and end points of the plot. Soil samples were collected at a depth of 0–60 cm at
20 cm intervals. The samples were collected according to the method described by Klute [15].

The soils were clay loam with 32% sand, 33% silt, and 35% clay. The soil reaction (pH) was
measured in 1:2.5 (soil/water) suspension in accordance with Jackson [16]. The soil bulk density and
the bulk density of the mixture between soil and organic manures were determined using cylindrical,
sharp-edged samples. Each cylinder was pressed gently into the soil to the desired depth to obtain a
known volume of undisturbed soil. Samples were oven-dried at 105 ◦C, and the bulk density was
calculated in g cm−3 [17]. The field capacity (θFC) and permanent wilting point (θPWP) were determined
by using the pressure membrane method (desorption) at 0.33 and 15 atm, respectively [18] (Table 1).

Table 1. Physical properties of the experimental soil.

Soil Depth
(cm)

Particle Size Distribution
Texture Field Capacity

(cm3 cm−3)
Wilting Point

(cm3 cm−3)
Bulk Density

(g cm−3)Sand
(%)

Silt
(%)

Clay
(%)

0–20 35 33 32 Clay Loam 39.18 18.31 1.28
20–40 31 34 35 Clay Loam 39.02 19.31 1.3
40–60 29 33 38 Clay Loam 38.72 21.4 1.33
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Organic carbon (OC) was measured in accordance with Walkley and Black, and total nitrogen
(N) was determined via the Kjeldahl method [19]. Electrical conductivity (EC) was determined in a
1:2.5 soil:water extract [20]. Available phosphorus (P) was extracted with a 0.50 M HCO3 solution in
accordance with Olsen et al. [21]. Available micronutrients (Fe and Mn) were extracted according to
the Lindsay and Norvell [22] method and determined using atomic absorption spectrophotometry
(Unicam 767, Amsterdam, Netherland).

On average, the chemical soil properties were as follows: organic N, 15.34 mg kg−1; N,
35.72 mg kg−1; P, 53.17 mg kg−1; high available potassium (K), 494.63 mg kg−1; pH: 7.81 (Table 2).
Irrigation water was obtained from a deep well (60 m from the soil surface) located in the experimental
area with a pH of 7.2 and an average electrical conductivity of 0.83 dS m−1.

Table 2. Chemical properties of experimental soil.

pH
(1:2.5)

ECe
(dS m−1)

O.N
(%)

N
(mg kg−1)

P
(mg kg−1)

K
(mg kg−1)

Fe
(mg kg−1)

Mn
(mg kg−1)

7.82 2.51 0.17 41.18 58.12 512.4 5.15 22.1
7.81 2.08 0.15 36.4 51.33 498.2 4.84 19.9
7.83 1.98 0.14 29.58 50.08 473.3 4.4 19.2

2.2. Weather Conditions

The field experiment location was characterized by an arid climate with a cool winter and humid
summer. The following climatic variables were recorded daily during both growing seasons: the
maximum air temperature, minimum air temperature, average air temperature, relative air humidity,
and number of sunshine hours. During the growing season (from October to March), the maximum
air temperature ranged from 19 to 30 ◦C in 2016–2017 and from 18 to 29 ◦C in 2017–2018, while the
minimum air temperature ranged from 6 to 16 ◦C and from 8 to 17 ◦C in the first and second growing
seasons, respectively. The total rainfall in each year was negligible (<20 mm) (Table 3). Therefore, soil
water availability was mainly determined by the irrigation process.

Table 3. Monthly climatic data of the experimental area for the two growing seasons.

Year Climate Parameter
Month

October November December January February March

2016–2017

Tmin (◦C) 16.0 12.2 8.2 6.3 6.6 10.1
Tmax (◦C) 30.1 25.3 21.2 19.5 21.0 24.2
Tave (◦C) 23.1 18.8 14.7 12.9 13.8 17.2
RH (%) 69 75 75 77 72 66

Solar radiation (MJ/m2/day) 17.1 13.4 11.2 11.7 14.7 18.3

2017–2018

Tmin. (◦C) 17.6 13.7 9.8 7.9 8.9 10.9
Tmax (◦C) 29.3 24.5 19.5 18.5 20.4 23.4
Tave (◦C) 23.45 19.10 14.65 13.20 14.65 17.15
RH (%) 54 57 53 55 51 44

Solar radiation (MJ/m2) 17.5 13.8 11.4 12.3 15.4 18.9

Tmin (◦C): the minimum air temperature, Tmax (◦C): the maximum air temperature, Tave (◦C): average air temperature,
and RH (%): relative air humidity.

2.3. System Installation and Experimental Treatments

A field plot of 61 × 22.5 m was selected for the experimental studies. The field plot was divided
into 36 equal plots of 1.5 × 10 m. Each plot included three rows 0.75 cm apart and represented a
single treatment. The experiment was laid out following a randomized plot design with two irrigation
treatments: non-aerated treatment (applying only water through SDI) and aerated treatment (applying
air injection under SDI) and six fertilizer applications (chicken, cow, rabbit, compost, mineral, and
chicken + biochar). Each treatment condition was repeated in triplicate (R1, R2, and R3; Figure 1).
Installation of the SDI system commenced in October 2016 in a controlled facility, which included a
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hydro cyclone filter, a screen filter, backflush mechanisms, and a fertilizer injection system, i.e., the
Venturi effect. Trickle tape was carefully placed straight in the ridges, and the tape strips had openings
on their upper sides.
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Figure 1. Hydraulic diagram of the micro irrigation system, air injection unit, and treatments.

Potato tubers (var. Diamont) were sown at a depth of 10 cm in the raised ridges prepared in the
third week of October at a tuber and ridge spacing of 20 × 75 cm. The base width and height of the
ridges were kept at 60 and 30 cm, respectively.

When the subsurface drip lateral lines were laid at a depth of 5 cm from the soil surface, the
chimney effect emerged, where air moved up and away from the root propagation area. This led to
the air injection in the soil becoming ineffective. On the other hand, deeper laying of lateral lines has
proved to be effective. Specifically, Goorahoo et al. [23] and Heuberger et al. [24] reported that benefits
were achieved when air was injected with buried lateral lines at depths ranging from 12 to 15 cm,
while Bhattarai et al. [25] found that the benefits of air injection were fully obtained with lateral lines
depths of 0 to 25–30 cm. In accordance with the above findings, in the current study, lateral lines were
laid at a depth of 20 cm to maximize the benefits that can be obtained from soil aeration. As a result,
aerated treatment, compared with non-aerated treatment, showed higher maximum yields and higher
vegetative parameters.
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One-millimeter-thick trickle tubes (Toro DL2000™ Series Subsurface Dripline, Anaheim, CA, USA)
were buried manually at a depth of 20 cm in the middle of the ridges formed for the sowing of potato
under different treatments. The installed trickle system had drippers spaced 30 cm apart, each with an
application rate of 3.8 lph/dripper. Two 50 mm gated valves were installed for aerated and non-aerated
treatments, and 36 ball valves (16 mm) were installed for fertilizer applications to control the amount
of irrigation water applied for each plot.

Time domain reflectometry (three-pin borehole probe + adapter, Eijkelkamp Agri-research
Equipment, Netherland) was used for the determination of soil water content. Three access tubes,
one at the middle of the ridge and two at 15.0 and 30.0 cm away from the middle of the ridge, were
installed. Access tubes were placed at the middle of the row up to a depth of 0.60 m, and the water
content (volumetric) was measured in all treatments. The soil moisture content of the root zone was
calculated for each treatment based on the difference between the field capacity and measured soil
moisture content. For the whole growing season, the irrigation depth was found to replenish 100% of
the available plant water in the root zone.

2.4. Nutrient Management

Mineral treatment consisted of 180 kg ha−1 nitrogen, 100 kg ha−1 phosphorus pentoxide, and
150 kg ha−1 potassium oxide. The potassium was applied at two time points (half at planting and
half at ridging). This practice yields better results than if entire doses were applied at planting [26].
Following this recommended practice of fertilizer application; nitrogen (N) was applied in two split
doses (one-third at planting and two-thirds at the crop emergence stage). The amount of organic
manure used was 10 ton ha−1 for chicken manure, 15 ton ha−1 for cow manure, 10 ton ha−1 for rabbit
manure, 20 ton ha−1 for compost, and 10 and 1 ton ha−1 for chicken manure + biochar, respectively.
Fertilizers were added and mixed uniformly with the soil for all treatments (Table 4).

Table 4. Chemical properties of organic fertilizers.

Organic Manure pH
(1:2.5)

ECe
(dS m−1)

O.C
(%)

N
(%)

P
(%)

K
(%)

Fe
(mg kg−1)

Mn
(mg kg−1)

Chicken 6.51 2.47 19.8 1.4 0.66 0.97 648.1 140.2
Cow 7.73 2.08 16.2 1.6 0.63 0.92 634.6 142.5

Rabbit 7.5 1.86 26.74 1.5 0.93 1.12 819.8 152.7
Compost 7.1 1.52 19.1 1.1 0.54 0.81 627.5 143.5

Chicken + Biochar 8.12 1.11 48.14 0.72 0.44 0.74 642.1 156.1

2.5. Air Injection

An air compressor and an air volume meter, installed in the sub-main line, which leads directly
to the SDI lines after the gate valve, were used to inject the air into the soil. The air volume meter
consisted of a 1 m long tube used to convert a turbulent flow to a laminar flow. The air speed sensor
was installed at the center of the tube, where it was used to measure the average air velocity (Figure 1).
In this way, it was possible to control the amount of air injected into the irrigation line (12% of the air
in terms of water volume). Aerated water was added through the drippers buried beneath the surface
of the soil. The water flow was decreased when the air was injected, and the irrigation time was then
increased to compensate for the decrement in water.

2.6. Data Recording

On the final harvest day, 12 March (102 days after planting), 18 plants were harvested from each
plot, taking six plants from the beginning, middle, and end points of the plot, respectively, for yield
mass determination. The total fresh weight of the tubers (kg per plant) was determined, and the
tubers were dried at 75 ◦C for 24 h to determine the carbohydrate and sugar contents, both soluble
and non-soluble. Sixty-five days after sowing, five plants per plot were randomly harvested for the
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determination of shoot fresh weight (g), dry shoot weight, number of branches, plant height, leaf area,
fresh root weight, and dry root weight (g). The water productivity (kg m−3) is generally defined as
grain yield per cubic meter of irrigation water applied, and it was computed using Equation (1), as
given by Bhushan et al. [27]:

Water productivity
(
kg m−3

)
=

Grain Yield
(
kg ha−1

)
Irrigation Water Applied

(
m3ha−1

) (1)

2.7. Statistical Analyses

Analysis of all data was carried out using a split block design, where the vertical block was the
irrigation factor (aerated and non-aerated), the horizontal block was the fertilizer factor (mineral,
chicken, cow, rabbit, compost, and chicken + biochar), and the replications were the error terms.
Experimental data are expressed as the mean ± standard error (SD) of three replicates. SPSS 19.0
software [28] was applied to compare the treatment means by the least significant difference (LSD) test,
as given by Snedecor and Cochran [29], with significance defined as p < 0.05.

3. Results and Discussion

3.1. Soil Physical Characteristics

Table 5 shows a significant increase in field capacity and wilting point for all organic manure
treatments compared with the mineral fertilizer treatment in both seasons under non-aerated and
aerated treatments. The highest soil moisture content at field capacity and wilting point was observed
with the chicken manure + biochar and rabbit manure treatments. On the other hand, for aerated
treatments, there was an increment in the ratio of the field capacity to wilting point for all organic
manure treatments. The decrement occurred because the use of organic manures improved soil
porosity, which allowed the movement of water, thus increasing the soil moisture content. However,
the addition of organic manure improved the soil’s physical properties due to a decrease in the bulk
density and an increase in the hydraulic conductivity (H.C) for both seasons (Table 5). The bulk
densities were lower under aerated treatments than under non-aerated treatments for all organic
manures. The declining percentages of bulk densities as an average for both growing seasons were
1.545%, 4.32%, 5.08%, 3.18%, 1.18% and 2.04% for minerals, chicken, cow, rabbit, compost, and chicken
+ biochar treatments, respectively.

The use of soil amendments improves soil structure and increases air porosity. Amendments are
aimed at ameliorating the effects of compaction, salinity, and sodicity through an increase in porosity
and, therefore, in soil aeration. In heavy and compacted soils, where roots require greater amounts of
energy to elongate, the oxygen requirement for root growth is high [30]. This exacerbates the negative
impact of the inherently low soil oxygen content in such compacted soils. Irrespective of soil type, soil
amendment by incorporating materials such as peat moss, bark, vermiculite, compost, organic mulch,
rocks, and perlite increases the porosity in the soil and improves aeration status. Appropriately, SDI
irrigated soil allows greater oxygen diffusion into the rhizosphere.

Hypoxic conditions inhibit root transport of nutrients, ions. Decreased permeability and growth
of roots under hypoxia [31,32] constrain the capacity of root systems to meet the mineral and water
requirements of the shoot [32]. Anoxia-induced reduction of root hydraulic conductivity is related to
the occlusion of xylem vessels and restricted axial water movement through roots [33].

3.2. Effect of Irrigation with Organic Fertlizer on Yield

The characteristics of water use and yield demonstrated a nonsignificant contrast between both
growing seasons, 2016–2017 and 2017–2018. However, there was a noteworthy contrast between
aerated and non-aerated irrigation for all fertilizer applications (Table 6).



Agronomy 2019, 9, 418 7 of 17

For the first growing season, the highest water consumption was detected under non-aerated
treatment with chicken manure + biochar (4681.11 m3 ha−1), while the lowest irrigation water
consumption was registered under aerated treatment with chicken manure (3462.84 m3 ha−1). On the
other hand, for the second growing season, the highest and lowest irrigation water consumption levels
(5032.20 and 3674.08 m3 ha−1, respectively) were detected under the same treatment. In both growing
seasons, the aerated treatment used less water than the non-aerated treatment, which involved daily
irrigation, since core aeration not only benefits the crop by increasing air exchange but also enhances
water infiltration, thereby increasing water productivity and reducing total irrigation requirements [34].

Table 5. Soil physical characteristics after mixing with organic manures.

Growing
Seasons

Fertilizer
Applications

Field Capacity
(cm3 cm−3)

Wilting Point
(cm3cm−3)

H.C
(mm hour−1)

Bulk Density
(g cm−3)

Non-
Aerated Aerated Non-

Aerated Aerated Non-
Aerated Aerated Non-

Aerated Aerated

2016–2017

Mineral 38.8 d 38.1 g 19.3 e 18.9 f 3.1 abc 3.2 ab 1.3 a 1.28 bcd
Chicken 42.7 c 39.2 e 20.7 d 18.8 f 2.9 cde 3.2 ab 1.28 bc 1.23 e

Cow 39.1 e 38.1 g 19.7 e 18.3 g 3.0 bcd 3.3 a 1.29 b 1.22 ef
Rabbit 44.8 a 39.3 de 21.6 b 20.7 d 2.7 f 2.9 cde 1.27 d 1.22 ef

Compost 43.2 bc 39.9 d 21.1 c 20.6 d 2.9 cde 3 bcd 1.28 bcd 1.27 d
Chicken + Biochar 43.8 bc 38.2 g 22.3 a 20.8 cd 2.5 g 2.9 cde 1.23 e 1.2 g

LSD 0.05 0.607 0.379 0.170 0.012

2017–2018

Mineral 38.6 h 38 i 19.2 g 18.4 h 3.2 ab 3.3 a 1.29 a 1.27 ab
Chicken 43.3 d 38.7 h 21.1 c 18.4 h 2.7 de 3.3 a 1.27 ab 1.21 e

Cow 39.3 f 37.8 j 19.6 f 18.1 i 2.7 de 3.1 b 1.27 ab 1.21 e
Rabbit 44.7 a 39 g 21.9 b 20.6 d 2.6 ef 2.8 d 1.24 cd 1.21 e

Compost 43.8 c 39.6 e 21.2 c 20.4 e 2.8 d 3.1 b 1.26 bc 1.24 cd
Chicken + Biochar 44.1 b 38.1 i 22.4 a 20.6 d 2.5 g 3 c 1.22 de 1.2 e

LSD 0.05 0.134 0.120 0.108 0.021

Note: Numbers followed by different letters within the growing seasons and irrigation treatments are statistically
different (p < 0.05). H.C: hydraulic conductivity.

The amount of irrigation water applied for the aerated treatment was lower compared with
the non-aerated treatment in both growing seasons and for all organic manures. The decreasing
percentages of applied irrigation water for the aerated treatment compared with the non-aerated
treatment for the first growing season were 6.59%, 7.95%, 7.65%, 6.9%, 8.1%, and 7.51% for chicken,
cow, rabbit, compost, mineral, and chicken + biochar treatments, respectively. For the second growing
season, the decreasing percentages were 7.59%, 8.9%, 8.6%, 7.85%, 9%, and 8.45% for chicken, cow,
rabbit, compost, mineral, and chicken + biochar treatments, respectively (Table 6).

On the other hand, for the first growing season, the yields were higher following aerated treatment
than following non-aerated treatment by 43.5%, 48.9%, 32.8%, 31%, 7.81%, and 22.4% for chicken,
cow, rabbit, compost, and chicken + biochar fertilizers, respectively. For the second season, yields
were higher by 31.6%, 41.47%, 12.77%, 37.15%, 8.05%, and 9.0% for chicken, cow, rabbit, compost,
mineral, and chicken + biochar treatments, respectively. Depending on the wholesale price of potato,
the percentage increases observed in this study could translate into a projected increase in benefit per
hectare for the farmer (Table 6).

For the first growing season, water productivity was 53.6%, 61.7%, 40.8%, 40.7%, 17.3%, and
32.2% greater under aerated treatments for chicken, cow, rabbit, compost, mineral, and chicken +

biochar, respectively, compared with non-aerated treatment. In the second growing season, it was
greater by 42.3%, 55.3%, 23.0%, 48.3%, 18.8%, and 19.0% under aerated treatments for chicken, cow,
rabbit, compost, mineral, and chicken + biochar treatments, respectively, compared with non-aerated
treatments (Table 6).

The application of irrigation water depends mainly on soil physical characteristics, which differ
according to the type of organic manure used. Treatments vary in the extent to which they increase the
soil water holding capacity and affect the soil moisture content at wilting point and field capacity and
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thus the irrigation water applied. The reference line for applied irrigation water is the field capacity,
which represents 100% of the available plant water in the root zone.

Table 6. Total amount of water irrigation (I), yield, and water productivity of potato under non-aerated
and aerated fertilizer applications in different growing seasons.

Growing
Seasons

Fertilizer
Applications

I (m3 ha−1) Yield (kg ha−1) Water Productivity (kg
m−3)

Non-Aerated Aerated Non-Aerated Aerated Non-Aerated Aerated

2016–2017

Chicken 3706.96 h 3462.84 i 24,000 d 34,430 a 6.47 d 9.94 a
Cow 3923.13 fg 3611.07 hi 24,350 d 36,250 a 6.21 d 10.04 a

Rabbit 4072.33 ef 3760.84 gh 25,480 cd 33,830 a 6.26 d 9.00 b
Compost 4274.61 cd 3979.78 ef 26,150 cd 34,250 a 6.12 d 8.61 b
Mineral 4507.37 b 4143.40 de 27,920 bc 30,100 b 6.68 d 6.74 d

Chicken + Biochar 4681.11 a 4329.73 c 27,650 bc 33,830 a 5.91 d 7.81 c

LSD 0.05 LSD 0.05 168.5 2.974

2017–2018

Chicken 3975.72 f 3674.08 g 25,000 c 32,900 ab 6.29 cde 8.95 a
Cow 4209.52 e 3834.95 fg 24,740 c 35,000 a 5.88 cde 9.13 a

Rabbit 4371.64 de 3995.89 f 25,450 c 28,700 bc 5.83 cde 7.17 bc
Compost 4590.93 c 4230.50 de 25,520 c 35,000 a 5.57 de 8.26 ab
Mineral 4843.17 b 4406.51 d 27,840 bc 30,080 abc 5.75 de 6.83 cd

Chicken + Biochar 5032.2 a 4606.83 c 26,450 c 28,830 bc 5.26 e 6.26 cde

LSD 0.05 LSD 0.05 168.5 5.277

Note: Numbers followed by different letters within the growing seasons and irrigation treatments are statistically
different (p < 0.05).

The reduction of crop water consumption under aerated treatments compared with non-aerated
treatments is related to that of SDI; the root zone is concentrated into a smaller volume, hence if hypoxia
persists in the rhizosphere, it sharply arrests the uptake of water and nutrients, even if these inputs are
in ready supply. The permeability of the root to water and ions under hypoxic conditions is restricted
due to impediments to root respiration, as it is under waterlogging, high CO2, and low O2 [9]. Poor
root aeration affects the absorption of water by plant roots [35] and oxygen deficiency causes decreased
root permeability, particularly in intolerant species [36]. Such an apparent decrease in permeability in
response to hypoxia can be interpreted in two ways: as a change in the ability of a membrane to allow
the passage of water, or as a reduction in the driving force acting across the membrane. It is likely that
both are important, but the relative contribution of each is yet to be determined [37].

An increase in productivity of any crop depends on the availability of suitable conditions for
growth in the soil, where oxygen is the most important element for root respiration and the performance
of metabolic processes. In the case of saturation, water replaces air in the soil, disrupting the existing
balance between water and air in the spaces between grains of soil. This decreases root respiration,
which is reflected by a lack of productivity since the plant stops growing and the transport of metabolites,
such as carbon dioxide and ethylene, is inhibited (although ethylene inhibits growth). When air is
injected into the soil through the SDI laterals in the root propagation area, it moves carbon dioxide
and ethylene away from the root propagation area, which is beneficial for improving the growth
environment and increasing productivity [38].

Water productivity was improved by injecting air into the soil. A lack of oxygen in the soil limits
the growth of the roots, which is reflected in the cycle of the root’s total weakness and the inability to
absorb water, which leads to an increase in the amount of water lost by deep percolation and thus to a
significant inefficiency in the use of irrigation water. In addition, the drainage water moves downward
to the water table, causing contamination of the groundwater. This is in addition to a rise in the
groundwater level and in the groundwater’s proximity to the surface of the soil. Thus, due to their
proximity to each other, the groundwater limits the spread of the roots, stunting their growth [39].

Compared with the mineral fertilizer, it was shown that all organic fertilizers increased the total
yield under both aerated and non-aerated conditions (Table 6). Similarly, Sayed et al. [34] showed an
increase in potato yield with a compost fertilizer compared with a mineral fertilizer.
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3.3. Soil Chemical Characteristics

The soil pH was reduced significantly with all organic manure treatments compared to the
mineral fertilizer in both seasons. The reduction was more pronounced under aerated treatment
because non-aerated treatment may show an increased pH because the anaerobic conditions favor
denitrification of soil nitrate to nitrogen gas and sulfates to H2S [35] (Table 7).

Soil electrical conductivity (EC) indicates the mineralization of organic matter in the soil and the
amount of soluble nutrients. EC values were different in all treatments in both growing seasons under
non-aerated and aerated irrigation treatments (Table 7). The effects of organic and mineral fertilizer
applications on organic carbon are shown in Figure 2. The data indicate that all organic fertilizer
applications showed a significant increase in organic carbon (OC) compared to mineral treatments for
both growing seasons. However, the chicken + biochar treatment had the highest values: 2.25% and
2.19% in the first growing season and 2.26% and 2.1% in the second growing season.

Figure 2 shows the chemical components of each treatment in both growing seasons under aerated
irrigation treatments in nitrogen content compared to non-aerated irrigation treatments. The recorded
amounts of nitrogen in the first growing season were 77.2, 75.6, 78.1, 74.2, 85.4, and 79.1 mg kg−1 for
chicken, cow, rabbit, compost, mineral, and chicken + biochar treatments, respectively, and those in
the second growing season were 89.1, 88.4, 90.5, 87.3, 87.1, and 91.2 mg kg−1 for chicken, cow, rabbit,
compost, mineral, and chicken + biochar treatments, respectively.

Most soil microbes—bacteria, actinomycetes, fungi, and algae—consume oxygen from soil air
and produce carbon dioxide. In the absence of gaseous exchange, carbon dioxide accumulates in soil
air and becomes toxic to the microbes [40]. Rates of oxygen intake and simultaneous evolution of
carbon dioxide are measures of microbial activity. In well-aerated soils, aerobic organisms use oxygen
to oxidize and decompose organic matter. However, when oxygen is limited, anaerobic organisms
predominate and use nitrates (NO−3 ), sulfates (SO2−

4 ), and ferric oxide as electron acceptors in place
of oxygen [36,37]. Both free living and symbiotic nitrogen-fixing organisms are also very sensitive
to the availability of oxygen in the rhizosphere [41]. Anaerobiosis greatly reduces the activities of
the nitrogen-fixing bacteria [42], while the activities of denitrifying bacteria increase significantly in a
hypoxic rhizosphere.

The increase in N could be explained by the fact that the microbial decomposition of organic
matter gradually releases ammoniacal N (SO+

4 −N), which is stable under anaerobic conditions.
The available phosphorus was significantly higher in organic manure treatments compared with

the mineral treatment. The highest mean available P values occurred with chicken + biochar fertilizer
under aerated irrigation treatments in the 2016–2017 and 2017–2018 seasons (75.2 and 78.3 mg kg−1,
respectively). This increase was due to the phosphorus released as a result of the mineralization of
organic manure, which is converted to Fe–P and Ca–P by mineral fertilizers (Figure 2).

The application of organic manure treatments had a significant effect on the potassium content
in both growing seasons, especially under aerated conditions, due to a greater release of organically
bound K from organic manure following its mineralization into inorganic forms. A similar finding was
reported by Abdeldaym et al. [43,44], who found that the application of spent mushroom compost
(SMC) improved the soil-exchangeable potassium content. It was observed that the available iron
content increased in both seasons following the addition of organic manure. The highest values
of K were detected following chicken + biochar treatment under non-aerated irrigation (5.31 and
5.36 mg kg−1 in the first and second growing seasons, respectively); on the other hand, the iron content
reduced under aerated compared with non-aerated irrigation in both seasons, due to the oxidation of
Fe+2 to Fe+3, which reduces iron availability. Mn availability showed the same trend in soil treated
with organic manure under aerated conditions. Thus, the low-ion transport due to poor soil aeration
in the root zone imposes stress on the shoot [45].
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Table 7. Some of the soil chemical components under non-aerated and aerated treatments with various fertilizer applications for different growing seasons.

Growing
Seasons

Fertilizer
Applications

pH (1:2.5) EC (dS m−1) C/N Ratio Fe (mg kg−1) Mn. (mg kg−1)

Non-Aerated Aerated Non-Aerated Aerated Non-Aerated Aerated Non-Aerated Aerated Non-Aerated Aerated

2016–2017

Mineral 7.71 g 7.72 fg 2.63 c 2.55 d 6.47 cde 6.00 ef 5.2 bc 5.1 d ef 21.22 e 21.1 e
Chicken 7.76 ef 7.76 ef 2.44 e 2.37 f 5.79 e 5.00 g 5.18 cd 5.04 f 23.4 b 22.9 c

Cow 7.78 bcde 7.77 de 2.03 h 1.94 i 5.89 de 5.26 fg 5.22 abc 5.17 cde 22.35 d 22.38 d
Rabbit 7.79 abcde 7.78 cde 3.31 a 3.15 b 5.94 de 5.55 efg 5.28 ab 5.21 bc 21.46 e 21.24 e

Compost 7.82 a 7.81 abc 2.12 g 2.08 gh 6.31 cde 6.53 de 5.08 ef 5.05 f 23.87 a 23.88 a
Chicken + Biochar 7.80 abcd 7.82 ab 2.52 d 2.45 e 6.43 cde 6.11 ef 5.31 a 5.24 abc 22.05 d 22.1 d

LSD 0.05 0.038 0.038 0.052 0.795 0.092

2017–2018

Mineral 7.70 ef 7.68 f 2.72 c 2.51 d 6.77 cd 7.80 bc 5.33 a 5.11 c 23.7 b 23.55 b
Chicken 7.75 cd 7.73 de 2.71 c 2.47 d 6.52 cde 7.92 bc 5.25 b 4.98 c 23.1 b 23.2 b

Cow 7.78 abc 7.77 bcd 1.98 f 1.76 g 6.75 bc 7.29 cd 5.20 b 5.09 c 24.3 a 24.4 a
Rabbit 7.78 abc 7.76 bcd 3.36 a 2.97 b 6.83 bc 8.20 bc 5.33 a 5.19 b 23.15 b 23.17 b

Compost 7.81 a 7.79 abc 2.15 e 1.89 f 8.33 a 8.27 ab 5.21 b 5.19 b 23.44 b 23.47 b
Chicken + Biochar 7.81 a 7.8 ab 2.53 d 2.11 e 7.55 ab 9.13 a 5.36 a 5.21 b 22.14 c 22.24 c

LSD 0.05 0.041 0.041 0.092 0.872 0.064

Note: numbers followed by different letters within the growing seasons and irrigation treatments are statistically different (P < 0.05). LSD: least significant difference



Agronomy 2019, 9, 418 11 of 17

The lack of oxygen also increases the hydraulic resistance of the root, thereby reducing water
and mineral transport from the root through the plant tissue that sends water and dissolved nutrients
upward from the root and helps to form the woody element of the stem [46]. Poor absorption of water
and minerals under hypoxic conditions is known to be due to the incomplete root cell membrane
permeability [39]. The most severe depressive effect of low soil aeration on nutrient element uptake is
ion-specific. Air injection improves K and P uptake in the shoot [45].

It has been reported that poor soil aeration affects potassium uptake more than any other
major nutrient; 45% of normal uptake was recorded in hypoxic soil compared to well-aerated soil
conditions [47]. Losses of N from a hypoxic rhizosphere are due to denitrification and leaching [48].
Temporal saturation around the active root zone of subsurface-drip-irrigated crops can also lead to
a loss of nitrogen due to the same causes. If aeration around the root zone is improved, it will have
direct, positive impacts on nitrogen use efficiency, growth and crop yield.
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Figure 2. Soil organic carbon, organic nitrogen, inorganic nitrogen, and available P and K for different
growing seasons and under different fertilizer applications.

3.4. Plant Growth Parameters

The data in Table 8 indicate that all plant growth parameters under study (fresh plant weight, dry
plant weight, plant height, the number of branches, the number of leaves, fresh root weight, dry root
weight, and leaf area) significantly increased following aerated compared with non-aerated irrigation
for all fertilizer applications in both growing seasons. On the other hand, the vegetative growth
parameters showed nonsignificant differences between growing seasons.

Fresh plant weight was enhanced by aerated treatment in both seasons, but this differed depending
on the fertilizer treatment used. A higher fresh weight was detected under the aerated rabbit and
compost treatments in the first season, while in the second season, higher fresh weight was observed
under the aerated cow fertilizer treatment. Dry plant weight was not affected by aerated treatment
during the first growing season. In 2017–2018, the highest values were recorded for the aerated
cow treatment.

Plant height was increased significantly under aerated treatment in both seasons. Longer plants
were recorded for aerated rabbit and compost fertilizer applications during the first growing season,
while in the second growing season, the tallest plant was recorded under aerated rabbit and mineral
fertilizer applications (Table 8).

The potato plant branch number was not influenced by the type of organic fertilizer treatment
used in either growing season.

The number of leaves was influenced by aeration for both growing seasons. The highest number
of potato leaves was obtained following compost and chicken + biochar treatments under aerated
conditions during the first growing season. In the second growing season, the highest number of
potato leaves was recorded for the chicken + biochar treatment followed by the aerated mineral and
cow fertilizer applications.
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Table 8. The vegetative growth parameters of potato under non-aerated and aerated fertilizer applications for different growing seasons.

Growing
Season

Fertilizer
Applications

Fresh Plant Weight (g) Dry Plant Weight (g) Plant Height (cm) Number of Branches Number of Leaves Fresh Root Weight (g) Dry Root Weight (g) Leaf Area (cm)

Non-
Aerated Aerated Non-

Aerated Aerated Non-
Aerated Aerated Non-

Aerated Aerated Non-Aerated Aerated Non-
Aerated Aerated Non-

Aerated Aerated Non-
Aerated Aerated

2016–2017

Mineral 206.02 b 262.80 ab 24.90 a 35.31 a 46.50 de 54.17 c 3.00 bc 4.34 a 39.00 de 55.84 b 13.78 f 20.26 bcde 4.55 c 8.14 ab 117.78 bcd 128.44 b

Chicken 249.34 ab 257.79 ab 31.26 a 30.65 a 46.17 def 58.42 b 3.00 bc 4.00 ab 45.50 c 46.50 c 16.89 def 23.00 ab 4.46 c 7.68 b 92.10 de 111.56
bcde

Cow 227.71 b 239.12 ab 25.99 a 32.48 a 44.50 def 54.72 bc 2.00 c 4.00 ab 41.67 d 45.84 c 18.43 cde 20.80 abcd 3.95 cd 8.27 ab 95.88 cde 121.70 bc

Rabbit 249.13 ab 319.84 a 28.53 a 31.99 a 47.50 d 67.34 a 2.50 c 4.50 a 46.50 c 55.50 b 16.85 def 24.59 a 4.16 cd 8.85 a 108.33
bcde 112.20 bcd

Compost 228.17 b 318.80 a 24.98 a 37.84 a 42.50 f 65.50 a 2.00 c 4.00 ab 35.00 f 60.00 a 16.93 def 22.03 abc 3.26 d 8.26 ab 91.24 de 92.58 de
Chicken + Biochar 213.99 b 287.65 ab 27.32 a 36.26 a 43.00 ef 57.50 bc 3.00 bc 4.50 a 36.00 ef 62.50 a 16.13 ef 24.62 a 4.57 c 7.50 b 84.68 e 161.48 a

LSD 0.05 70.520 39.120 3.610 1.200 3.729 3.729 1.011 23.820

2017–2018

Mineral 294.78
abcd 318.21 ab 25.17 de 31.06 ab 51.34 bcd 62.70 a 3.50 abc 4.50 a 43.00 d 56.50 b 21.88 de 24.74 cd 5.47 a 5.66 a 127.15 bc 129.14 bc

Chicken 224.21 ef 253.15
cdef 20.99 f 30.26 bc 43.00 ef 57.98 ab 3.67 abc 3.67 abc 45.67 d 51.67 c 21.19 e 26.41 bc 4.46 a 5.28 a 119.56 cd 150.28 ab

Cow 246.93 def 348.77 a 25.21 de 33.50 a 42.95 ef 52.84 bcd 2.84 bcd 4.50 a 37.50 e 56.00 b 22.77 de 26.61 bc 5.08 a 6.06 a 114.20 cd 152.94 ab

Rabbit 217.99 f 301.03
abcd 22.05 ef 30.06 bc 50.00 cde 62.50 a 2.50 cd 4.50 a 45.17 d 53.00 bc 23.68 cde 29.94 a 4.54 a 6.66 a 125.95 bc 128.00 bc

Compost 281.985
bcde 309.02 abc 25.91 d 27.88 bcd 45.96 def 56.00 abc 2.00 d 4.00 ab 38.67 e 46.50 d 22.84 de 28.08 ab 4.59 a 5.83 a 96.83 d 110.62 cd

Chicken + Biochar 277.03
bcde

298.29
abcd 22.16 ef 27.54 cd 40.17 f 57.50 abc 3.00 bcd 4.50 a 32.34 f 62.50 a 21.77 de 24.16 cde 5.02 a 6.39 a 101.83 cd 162.24 a

LSD 0.05 53.240 2.991 6.989 1.088 3.948 2.859 52.430 25.900

Note: numbers followed by different letters within the growing seasons and irrigation treatments are statistically different (p < 0.05).
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Fresh root weight was influenced by aeration and fertilizer applications in both growing seasons.
The rabbit and chicken + biochar fertilizer applications were associated with the highest fresh
root weights under aerated treatment during the first growing season. Similarly, for the second
growing season, the highest fresh root weights were detected with rabbit and compost fertilizer under
aerated treatment.

Dry root weight was influenced by aeration and organic fertilizer applications in both growing
seasons. The rabbit fertilizer treatment was associated with the highest dry root weight under aerated
treatment during the first growing season. In the second growing season, there was no significant
difference between aerated and non-aerated treatments for any of the fertilizer applications.

In both seasons, the plant leaf area increased significantly more under the chicken + biochar
treatment compared to other fertilizer applications under aerated conditions (Table 8).

An improvement in overall plant growth under aerated treatments compared with non-aerated
treatments is related to poor root respiration which reduces the absorption of water and nutrients,
because chemical changes in the soil produce toxins that limit total plant growth [49]. Poor soil aeration
has a greater effect on the reduction of plant growth than root growth. At any given temperature,
the plant growth rate can be linked to the soil oxygen level [9]. Most field crops show low growth
rates when oxygen availability in the soil is low. A basic manifestation of hypoxia is a reduction in
stomatal conductance and water absorption [50], which leads to reduced transpiration. Indeed, it has
been shown that stem sap flow rates are increased by air injection, an effect that may have positive
reactions through reducing the water content in the soil and thus increasing the flow of oxygen from
the atmosphere to the roots.

Plant roots grown in well-aerated soils are usually long, fibrous, and profusely branched with
many root hairs and high rates of root respiration. Oxygenation with SDI leads to similar root traits.
Indeed, very clear anatomical root differences are evident in response to oxygenation. The potato data
agrees with data showing that fresh root weight, dry root weight, and yield are higher under aerated
treatments compared with non-aerated treatment [42].

Soil respiration rates have been observed to be almost doubled in soybean and proportionately
even greater in cotton following oxygenation [5]. Likewise, Goorahoo et al. [23] reported a 53%
increase in dry root weight in a field experiment with venture oxygenation of bell peppers on sandy
loam irrigated to field capacity. This suggests that root zone aeration favors root growth in both
well-drained and heavy soils. The potato data agree with the findings of Goorahoo et al.’s study [23],
where there was an increment of dry root weight under aerated and fertilizer applications by almost
double compared with non-aerated treatment.

4. Conclusions

Air injection into the soil under an SDI system improves the growth environment of crops, thus
improving the water productivity and increasing the yield and quality of the crop.

The highest yield and water productivity values were achieved under aeration and cow manure
treatments in both growing seasons. Yields were higher than under non-aerated treatments by 48.9%
and 41.47%, and water productivity values were higher by 61.7% and 55.3%, in the 2016–2017 and
2017–2018 seasons, respectively. Compared with non-aerated treatments, aerated treatments achieved
higher vegetative growth parameters for potatoes. Compared with the traditional method of adding
soil fertilizer without aeration, aerated treatments yielded the best nutritional values and the highest
coupling after air injection.

Air injection into the soil for potatoes, as expected, benefitted the crop by increasing the soil–air
exchange rate and nutrient absorption, thus increasing the water productivity and reducing overall
irrigation requirements. However, soil aeration cannot overcome soil compaction; soil aeration affects
only root growth and function, since it is restricted by oxygen or oxygen deficiency. As such, good
agricultural practice should, for example, change the plowing depth each year and change the use of
the moldboard plow and the disc plow to overcome soil compaction.
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