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Abstract:

 Subsurface drainage is a prerequisite to grow winter crops in the consolidated paddy fields in Northern Iran. A four-year study (2011–2015) was conducted to quantify the effects of subsurface drainage on the saturated hydraulic conductivity, water table, drain discharge and winter crop yields. Subsurface drainage systems with two drain depths of 0.65 and 0.90 m and two drain spacings of 15 and 30 m were installed at the consolidated paddy fields of Sari Agricultural Sciences and Natural Resources University, Iran. During four successive winter seasons, the water table depth and drain discharge were measured daily. Soil saturated hydraulic conductivity was measured twice; before drainage system installation and four years following the installation. Canola grain yields were determined at harvest of each cultivation season. During the study period, the soil saturated hydraulic conductivity increased with the highest increase in the top 0–30 cm. The deeper drains were more effective in controlling the water table compared to the shallow, and the daily drain discharge of the deeper drains in the fourth year were higher than those of shallow drains. The canola grain yield of all drainage systems increased significantly by the seasons, and the largest difference in canola grain yield between first and fourth seasons was 2191 kg·ha−1 (318% increase) in the fields with 0.90 m drain depth and 30 m drain spacing. Totally, it became clear that installation of subsurface drainage systems with 0.90 m depth and 30 m spacing in the paddy fields of Northern Iran can be recommended to achieve high yield of winter crop, soil condition improvement, and multi-purpose land use.
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1. Introduction


The main reasons for the installation of subsurface drainage in paddy fields are to improve the soil condition and create more conducive working conditions for the use of farm machinery, especially for large-scale paddy plot farming as well as non-rice crop farming on paddy fields [1]. Subsurface drainage improves the productivity of poorly-drained soils by lowering the water table, creating a deeper aerobic zone [2], enabling faster soil drying and improving the root zone soil layer condition [3] to activate functions of paddy roots. This results in higher yields than before, when soil layer conditions were anaerobic [4], and provides feasibility of winter cropping. Subsurface drainage is also instrumental in the improvement of non-productive soils, and it can assist in avoiding unsuitable soil conditions during farming operations [5]. Some secondary positive effects are improved land bearing stress, improved traffic ability of farm machineries, reduced maintenance costs, and improved rural community structure [6]. In addition, these effects can bring economic and social benefits to the farmers.



In different countries, installation of subsurface drainage in paddy fields caused increases in yield and facilitated working conditions on the land [7,8,9,10,11,12]. In the late 1980s, the Japanese government encouraged the use of subsurface drainage for sustainable farming of paddy fields. Over half a million hectares of paddy fields have since been installed with various types of subsurface drains in the land consolidation projects [13]. In Niigata Prefecture, Japan, where most cultivated paddy fields were wetlands or poorly drained fields, approximately 80% of the improved paddy fields had subsurface drainage systems [14]. After the world food crisis in 1974, the Korean government planned a farmland drainage improvement project in order to increase double-cropping areas, namely barley after rice, to increase crop production. The drainage improvement projects increased the per-hectare yield by reducing land submergence. On average, rice yield per hectare increased from 3.9 to 4.7 tons, a 19% increase [6]. In India, the installation of subsurface drainage system resulted in increases in rice, cotton, sugarcane, and wheat yields by 69%, 64%, 54%, and 136%, respectively [15]. In the sloping paddy fields of the Philippines, this increased crop yield and the overall economic productivity of the soil [3]. In Northern Iran, evaluation of influences of subsurface drainage systems showed positive effects on rice yields and rice water management [9,16], and cost of the installation was justified after one year [9].



Furthermore, clay soils often show an increased saturated hydraulic conductivity when drained [17,18] because of increased biological activity and improved soil structure. Investigating the effectiveness of a subsurface drainage system in poorly-drained paddy fields clearly indicated that soil profiles changed as a result of the installation of a subsurface drainage system [19]. The quantity of drainage water is a function of drain depth and spacing [20]. The effects of deep drains with 1.8 m depth and spacing of 20 m, and shallow drains with 0.7 m depth and spacing of 3.6 m were evaluated on the quantity of drainage water in Southern Australian irrigated lands [21]. Based on the results, by decreasing drain depth and spacing, the amount of drainage water decreased. So, designing drainage systems with suitable depth and spacing that can remove excess water and be affordable is very important. Meanwhile, paddy fields have layered heavy texture soils and may act in different way. There is a hydraulically less-conductive middle layer (also called plow sole layer) below plowing depth in paddy fields, and its hydraulic conductivity has effects on water regime [22].



In the literature, very limited references are available that studied the effect of drainage systems with different drain depth and spacing on crop yield (e.g., [15]); however, no work has been observed based on our knowledge to quantify the effect of these systems on soil hydraulic parameters and second crop yield in paddy fields. Further, determination of optimal drain depth and drain spacing is the primary mission in drainage system design, regarding efficiency and yield.



According to FAO [23], the total area of Iran’s paddy fields is 460 thousand hectares, more than 75% of which is located in two northern provinces (Mazandaran and Guilan). Recently, paddy fields in Northern Iran have been changing in land use to other uses due to unsuitable conditions for winter cropping and low income. So, introducing subsurface drainage systems can help farmers achieve sustainable farming by improving their cropping system. Considering that drainage at the Northern Iran paddy fields is in its infancy, research and development on different drainage system designs and new techniques to minimize cost of drainage are of great importance, which involves pilot studies. For this purpose, Sari Agricultural Sciences and Natural Resources University (SANRU), as a pioneer center in this subject, has implemented a subsurface drainage pilot with different drain depths and spacings. In a four-year investigation, the effects of different drain depths and spacings on saturated hydraulic conductivity, drain discharge, and water table depth were determined in this pilot, which were considered as the main objectives of this research. A further aim of this study was to determine the effect of different drainage systems on increase in canola (Brassica napus) yield as the second cultivation in the study area.




2. Experimental Section


This research was conducted in the consolidated paddy fields of SANRU (36.3°N, 53.04°E) located at Mazandaran province, Northern Iran (Figure 1), during four successive growing seasons of canola from October 2011 to May 2015. Mean annual rainfall at the site is 616 mm. About 70% of annual rainfall occurs over the October–March period. The monthly data of the rainfall for the study period are presented in Table 1. During the 2012 and 2013 years, the total rainfalls were 834 and 725 mm, respectively, 218 and 109 mm higher than the long-term average, occurred mainly during the first three months of the cropping season. During the 2014 year, the total rainfall was only 461 mm.


Figure 1. Location of the study area.
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Table 1. Monthly rainfall during the study period in the experimental site (mm).



	
Crop Season

	
Month

	
2011–2012

	
2012–2013

	
2013–2014

	
2014–2015






	
Canola

	
October

	
122.9

	
63.6

	
140.0

	
83.7




	
November

	
97.9

	
111.0

	
98.8

	
76.0




	
December

	
50.3

	
173.0

	
122.0

	
36.5




	
January

	
95.4

	
64.6

	
21.5

	
31.2




	
February

	
133.0

	
64.8

	
8.4

	
46.9




	
March

	
82.6

	
66.4

	
72.6

	
84.9




	
April

	
4.7

	
33.7

	
7.3

	
30.0




	
May

	
2.8

	
22.0

	
1.2

	
10.7




	

	
Total

	
589.6

	
599.1

	
471.8

	
399.9










The paddy fields were consolidated in 2003, and the plots were regulated as rectangular shape with the same area [16]. The standard plot size of a consolidated rice field is 0.3 ha, 100 m long and 30 m wide [24]. Each plot has a farm road with a farm drain ditch along one of the shorter 30 m sides. Four types of subsurface drainage systems were installed in these fields in July 2011. Appropriate combinations of drain depth and spacing were computed based on steady and unsteady state equations (Kirkham, Houghoudt, and Glover–Dumm) and also some research in other countries [11,19,24]. Subsurface drains installed at depths of 0.65 and 0.90 m and variably spaced at 15 and 30 m were tested to establish a relationship between yield increase and drainage system type. Over all, nine lines of subsurface drains with mineral envelope have been installed to be fully independent of one another. The first treatment was a drainage system with 0.90 m depth and 30 m spacing (D0.90L30), the second one with 0.65 m depth and 15 m spacing (D0.65L15), the third one with 0.65 m depth and 30 m spacing (D0.65L30), and a bi-level drainage system including four drains of 15 m spacing with depths of 0.90 m and 0.65 m as alternate depths (Bi-level). Lower cost than a conventional system and providing controlled drainage [25] were the reasons for the bi-level drainage installation. The layout of the drainage treatments for the experiment is given in Figure 2. Further details about the experimental design can be found in [16].


Figure 2. Layout of the subsurface drainage systems and measuring instruments (  [image: Sustainability 08 00249 i001] location of observation well, and  [image: Sustainability 08 00249 i002] point of drain flow measurement). D0.65L15: 0.65 m depth and 15 m spacing, D0.65L30: 0.65 m depth and 30 m spacing, Bi-level: four drains of 15 m spacing with depths of 0.90 m and 0.65 m as alternate depths, D0.90L30: 0.90 m depth and 30 m spacing.
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The soil texture of the experimental site is specified in Table 2. The soil texture at the depth of 0–150 cm is silty clay and at the 150–300 cm depth is clay. At a depth of 2–3 m, a clay layer was observed in the entire area as the impermeable layer.


Table 2. Textural class of the soil of the experimental site.


	Soil Depth (cm)
	Clay (%)
	Silt (%)
	Sand (%)
	Soil Texture





	0–30
	48
	45
	7
	Silty clay



	30–60
	55
	42
	3
	Silty clay



	60–90
	47
	45
	8
	Silty clay



	90–120
	43
	51
	6
	Silty clay



	120–150
	52
	42
	6
	Silty clay



	150–200
	58
	36
	6
	Clay



	200–300
	61
	34
	5
	Clay









At the beginning of each autumn, 7 kg·ha−1 of canola seed (Hyola 401 cultivar) with minimum physical purity of 98% and minimum viability of 85% was cultivated in the study area, except for the first season that was 6 kg·ha−1. Before seeding, the soil was ploughed to a depth of 20 cm. The records of agricultural activities and fertilization are summarized in Table 3. In the first season, two times, 100 and 121 days after planting, 35 kg·ha−1 urea was broadcast in different treatments. In the second season, one time, 155 days after planting, 35 kg·ha−1 urea was broadcast in different treatments. In the third season, canola was not cultivated due to extraordinary rain (360.8 mm) during the first three months of crop growth. In the fourth season, two times, 20 and 126 days after planting, 35 kg·ha−1 of urea was broadcast in different treatments. No phosphorous fertilizer was used during canola seasons. All agricultural operations such as ploughing, fertilizing, and harvesting were done in accordance with conventional methods used in the region. Also, since canola is a rain-fed crop in the study area, the drainage systems worked freely to remove excess water from the soil quickly enough to minimize crop stress.


Table 3. Summary of agricultural activities and fertilization during the study period.


	Canola Growing Season
	Time of Cultivation
	Time of Fertilization
	Fertilization (kg ha−1)
	Time of Harvest





	First
	28 November 2011
	7 and 28 March 2012
	70
	5 May 2012



	Second
	4 October 2012
	7 March 2013
	35
	15 May 2013



	Third
	-
	-
	-
	-



	Fourth
	10 October 2014
	30 October 2014 and 14 February 2015
	70
	10 May 2015









The saturated hydraulic conductivity (Ks) in different soil layers was measured before the installation of subsurface drainage systems and four years after the installation in 2015 by using the auger-hole method. The holes were bored into the soils in different depths with an auger, and the perforated PVC pipes with 80 mm diameter were placed inside them. All measurements were done after rainfall, when the soil was saturated. Ernst formulas [26] were used to compute saturated hydraulic conductivity as follows:
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(1)
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(2)




where K is saturated hydraulic conductivity (m·day−1); r is radius of the hole (cm); H is depth of the hole below the groundwater table (cm); y is the average depth of the water in the hole during the time of the measurement (cm); Δt is the time interval (sec); Δy is the rise of water level in the hole during the time of the measurement (cm); K1 and K2 are the saturated hydraulic conductivities in upper and lower layers (m·day−1), respectively; H1 and H2 are the depths of hole in upper and lower layers (cm), respectively.



To compare the Ks among different layers and also between before and after the drain installation, the t-test statistical analysis was used at the 0.05 probability level. In addition, the Glover–Dumm equation [27], which is based on horizontal flow, was used to theoretically calculate the Ks:
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(3)




where Ks is the saturated hydraulic conductivity (m·day−1); qt is drain discharge (m·day−1); t is time (day); L is drain spacing (m); de is equivalent depth of soil layer below drain level (m); and h is water table height (m).



To clarify the influence of different drainage systems on the water table depth, observation wells were dug to a depth of one meter at the midway between drains. Measurements of the water table and drain outlet discharge rate were made manually each day during drainage periods until drain discharges disappeared. Overall, the water table and drain discharge data were collected 85, 90, 64, and 33 times during 2011–2012, 2012–2013, 2013–2014, and 2014–2015, respectively. Randomized complete block design was used to find the effect of drainage on crops. Canola yields at harvest during three years after drainage systems installation were determined by harvesting grain yield in one square meter area from the three rows of each plot in 0%, 25%, and 50% distance from drains. Each block was replicated three times for the subsurface drainage treatments at 25, 50, and 75 m distance from collector. Data were compared statistically by Combined ANOVA over years with least significant difference (LSD) test at the 0.05 probability level in SAS statistical software [28].




3. Results and Discussion


3.1. Long-Term Effects of Subsurface Drainage Systems on Saturated Hydraulic Conductivity


Saturated hydraulic conductivity is one of the most important indicators in the irrigation and drainage of water management of paddy fields [29]. The Ks means in different soil layers before the drain installation with the t-test statistical analysis results are presented in Table 4. There were significant differences among Ks values of soil layers. The surface soil had the highest Ks, 32%–234% higher than that of other layers. Same as our result, higher permeability in surface soil layers than other ones in Vietnamese paddy fields was reported [30]. The more permeable the surface soil is, the more easily water can infiltrate after the flooded period. Also, in subsurface drained paddy fields, the flow pattern to drains can be under the control of surface soil permeability as water flows horizontally to backfilled trench [24] in a narrow surface soil and then vertically flows into drains. Under the surface layer, there is a low-permeability layer that has major effect on the water regime in paddy fields. The Ks of the 60–90 cm soil layer, where the drains were placed, was lower than that of surface soil; however, it was higher than that of other layers in providing better conditions for draining excess water coming from above and below the drain level.



Table 4. The average Ks·(m·day−1) in different soil layers before drain installation and the differences among them.



	
Soil Layer (cm)

	
Avg*

	
St Dev

	
ΔKs (%)




	
30–60

	
60–90

	
90–120

	
120–150






	
0–30

	
0.273 a

	
0.015

	
234

	
32

	
70

	
134




	
30–60

	
0.081 e

	
0.005

	

	
153

	
96

	
42




	
60–90

	
0.206 b

	
0.011

	

	

	
29

	
77




	
90–120

	
0.160 c

	
0.004

	

	

	

	
37




	
120–150

	
0.116 d

	
0.010

	

	

	

	








* Means followed by the same letter in the column are not significantly different at p < 0.05 by t-test.








The comparison between Ks values measured before and four years after drain installation are presented in Table 5. There were significant differences between Ks in upper layers. Four years following installation, the Ks of soil layers (especially surface layer) increased. In one study [19], it was indicated that the installation of subsurface drains greatly increased the Ks. The hydraulic conductivity of clayey soil is low, although during the drainage period, clays shrink and cracks begin to form at the surface, which extend deeper in the soil as the soil dries out [31], resulting in an increase in Ks.



Table 5. Comparison between Ks means (m·day−1) of two times in different soil layers.



	
Soil Layer (cm)

	
Before Installation

	
Four Years after Installation

	
ΔKs (%)

	
Significant at 0.05 Level




	
Avg

	
St Dev

	
Avg

	
St Dev






	
0–30

	
0.273

	
0.015

	
0.932

	
0.167

	
241

	
Yes




	
30–60

	
0.081

	
0.005

	
0.105

	
0.005

	
29

	
Yes




	
60–90

	
0.206

	
0.011

	
0.253

	
0.032

	
23

	
Yes




	
90–120

	
0.160

	
0.004

	
0.160

	
0.005

	
0

	
No




	
120–150

	
0.116

	
0.010

	
0.119

	
0.010

	
3

	
No










The Ks of the top 0–30 cm of surface layer has increased more than the other layers. In general, paddy soil fluctuates seasonally between submergence and drainage conditions, depending on water management. When soil drains freely, aeration condition improves, especially in the surface layer. But for subsoil layers, it takes a long time to crack [32] because soil under the drain depth is often saturated.



The Ks in different soil layers at the experimental site is given in Table 6. These amounts are related to before the installation of subsurface drainage systems and four years after that in different treatments. Before the drain installation, Ks ranged from 0.075 to 0.287 m·day−1 in different soil layers. This range is the same as the Ks values generalized for poorly-structured clay loam and clay soils [33]. The Ks of the surface soil layer increased by 172, 212, 289, and 293% in D0.65L30, D0.90L30, Bi-level, and D0.65L15 treatments, respectively, as a result of improved soil condition due to wetting and draining processes. In a paddy field study, increasing Ks from 0.144 m·day−1 to 1.5 m·day−1 (940%) was reported before installation of drainage systems and 10 years after installation, respectively [34]. More draining and cracking by dense drains (D0.65L15 and Bi-level) caused more increases in Ks in comparison with other treatments. Such increases were not observed in soil layers below drain level in any treatment.



Table 6. The Ks before and four years after drain installation for different drainage systems (m·day−1).



	
Soil Layer (cm)

	
D0.90L30

	
D0.65L30

	
D0.65L15

	
Bi-level




	
Before

	
After

	
ΔKs (%)

	
Before

	
After

	
ΔKs (%)

	
Before

	
After

	
ΔKs (%)

	
Before

	
After

	
ΔKs (%)






	
0–30

	
0.256

	
0.800

	
212

	
0.287

	
0.780

	
172

	
0.285

	
1.110

	
289

	
0.264

	
1.040

	
293




	
30–60

	
0.081

	
0.110

	
36

	
0.083

	
0.100

	
20

	
0.087

	
0.100

	
15

	
0.075

	
0.110

	
47




	
60–90

	
0.207

	
0.290

	
40

	
0.205

	
0.220

	
7

	
0.221

	
0.234

	
6

	
0.193

	
0.270

	
40




	
90–120

	
0.163

	
0.160

	
-2

	
0.158

	
0.157

	
−1

	
0.165

	
0.168

	
2

	
0.156

	
0.157

	
1




	
120–150

	
0.109

	
0.120

	
10

	
0.131

	
0.132

	
1

	
0.111

	
0.109

	
-2

	
0.115

	
0.117

	
2










The Ks values calculated by the Glover–Dumm equation are presented in Table 7. These values were calculated by using water table height and corresponding drain discharge in the fourth season, assuming a homogeneous soil profile. The average calculated Ks values and horizontal mean (the sum of the product of the Ks and thickness of the various layers on whole thickness of layers) of measured Ks in different layers are presented in Table 8. There was no significant difference between measured and calculated Ks values in different drainage treatments. Therefore, it can be concluded that the measured Ks values were a good representation of Ks in the study area and the drainage systems were designed well. In the Glover–Dumm equation, the relation between water table and drain discharge is linear (Equation (3)). In the presented drainage systems, the relationships between measured water table height and drain discharge were slightly linear. This indicated that flow condition nearly follows from the theory governing the Glover–Dumm equation. In D0.65L30 systems, a linear relationship between ht and qt was more visible than in other systems.



Table 7. Calculated Ks (m·day−1) by Glover–Dumm equation. (ht (m) is water table height and qt (m·day−1) is corresponding drain discharge).



	
Date

	
D0.90L30

	
D0.65L30

	
D0.65L15




	
ht

	
qt

	
Ks

	
ht

	
qt

	
Ks

	
ht

	
qt

	
Ks






	
05 November 2014

	
0.13

	
0.13

	
0.15

	
0.37

	
0.38

	
0.14

	
0.26

	
0.99

	
0.14




	
30 November 2014

	
0.63

	
0.65

	
0.16

	
0.53

	
1.48

	
0.36

	
0.40

	
4.32

	
0.41




	
02 December 2014

	
0.56

	
0.29

	
0.08

	
0.35

	
0.65

	
0.24

	
0.26

	
1.80

	
0.26




	
03 December 2014

	
0.79

	
3.07

	
0.59

	
0.59

	
2.59

	
0.57

	
0.46

	
4.30

	
0.36




	
04 December 2014

	
0.74

	
1.50

	
0.31

	
0.51

	
2.02

	
0.52

	
0.34

	
2.88

	
0.33




	
06 December 2014

	
0.51

	
0.57

	
0.17

	
0.39

	
0.86

	
0.29

	
0.28

	
1.63

	
0.22




	
13 February 2015

	
0.78

	
1.34

	
0.26

	
0.20

	
0.24

	
0.16

	
0.16

	
0.67

	
0.16




	
22 February 2015

	
0.44

	
0.46

	
0.16

	
0.36

	
0.64

	
0.23

	
0.36

	
0.79

	
0.08




	
04 March 2015

	
0.66

	
0.80

	
0.18

	
0.42

	
1.06

	
0.33

	
0.22

	
1.15

	
0.20




	
13 March 2015

	
0.75

	
0.77

	
0.15

	
0.59

	
1.44

	
0.32

	
0.35

	
1.28

	
0.14




	
Average

	
0.60

	
0.96

	
0.22

	
0.43

	
1.14

	
0.32

	
0.31

	
2.00

	
0.23









Table 8. The average Ks values calculated by Glover–Dumm equation and measured data (m·day−1).


	Treatments
	Glover–Dumm
	Measured
	Δ (%)
	Significant at 0.05 Level





	D0.90L30
	0.22
	0.296
	−25.7
	No



	D0.65L30
	0.32
	0.278
	15.0
	No



	D0.65L15
	0.23
	0.340
	−32.4
	No









In D0.65L30, the average Ks calculated by Glover–Dumm is 15% higher than the measured one, and in D0.90L30 and D0.65L15, it is 25.7% and 32.4% less. The differences can be due to underestimation of the Glover–Dumm equation in computing drain spacing or other parameters. In two studies [35,36] for determination of subsurface drain spacing, the Glover–Dumm equation had a tendency to underestimate the drain spacing. Also, this equation resulted in −33.31% to −31.55% deviation from the actual spacing [37].




3.2. Long-Term Effects of Subsurface Drainage Systems on Drain Discharge


Mean drain discharge in each growing season in different drainage systems are shown in Figure 3. After this, the Bi-level-D and Bi-level-S are deep and shallow drains of the Bi-level system, respectively. In the first season, minimum and maximum drain discharges were 1.23 and 1.77 mm·day−1 related to D0.65L30 and D0.65L15, respectively. By increasing the drain spacing, the rate of drain discharge decreased. The new installation of the drainage systems in the study area, heavy textured soil in the hardpan, and its low hydraulic conductivity [38] are some of the reasons for low drainage volume in the treatments with higher spacing [39]. Also, in the D0.65L15 treatment, shallower drain depth caused shorter time for water to reach drains. It was indicated that in clayey soils with dense structures in near-surface horizons, shallow subsurface drainage systems may be fundamental for rapid water flow out of the root zone [40].


Figure 3. Mean values of drain discharge for each growing season in different drainage treatments.
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Mean discharge rates of the drainage systems have increased with time. In the third and fourth seasons, the discharges were higher than that in the first and second seasons. In the fourth season, the Bi-level-D system with 1.04 mm·day−1 had the highest increase in discharge than the others. Improving the saturated hydraulic conductivity of surface layers has a direct relation with this change [27]. Also, the drain discharges of Bi-level drainage systems in most seasons were higher than that of the other systems. This shows drainage was more effective in this plot and resulted in the greatest increase in Ks and the drains’ discharge rates. Also, because of alternative depths in the Bi-level system, which were placed at two different levels, it was helpful to make more cracks. Once cracks arise in the surface soil, water from rainfall flows rapidly into the underdrains through the cracks [32]. In another result, higher discharge in Bi-level-D than Bi-level-S was observed in the present study. This demonstrated that with improved soil conditions, a deep drain discharged a greater volume of excess water than a shallow drain.



Also, due to larger area under drainage with 30 m spaced drains (D0.65L30 and D0.90L30), the discharge rates of those were less than closer-spaced drains. It was demonstrated with a two-dimensional drainage model that drain discharge is inversely and nonlinearly related to drain spacing across a range of spacings from 5 to 50 m [41]. In the second season, the discharge rate in the D0.65L15 system was lower than other seasons. This could be due to shallow depth of drain, more surface runoff, and dense soil structure.



The variation of daily drain discharge during five days after initial water table occurring (raised up to surface) in each growing season for different drainage systems are presented in Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8. The drain discharges in first day for D0.90L30 were the highest in the fourth season and the lowest in the first season (Figure 4). During the first season, the drain discharge decreased gradually in later days. By the seasons, the rate of drain discharge improved and the slope of the represented line increased. This means that more excess water was drained during the first and second days after rainfall. Increase in saturated hydraulic conductivity caused an increase in drain discharge in the first and second days, that can be more effective in draining excess rainfall and protects crop from waterlogging stress.


Figure 4. Daily drain discharge in D0.90L30 drainage treatment for four growing seasons.
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Figure 5. Daily drain discharge in D0.65L30 drainage treatment for four growing seasons.
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Figure 6. Daily drain discharge in D0.65L15 drainage treatment for four growing seasons.
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Figure 7. Daily drain discharge in Bi-level-S drainage treatment for four growing seasons.
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Figure 8. Daily drain discharge in Bi-level-D drainage treatment for four growing seasons.
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In the D0.65L30 treatment, as shown in Figure 5, the highest and lowest discharge rate in the first day were 2.59 and 1.47 mm·day−1, related to the fourth and first season, respectively. Due to shallow depth and wide spacing and small variation in saturated hydraulic conductivity (Table 6), the drain discharge rates had no major differences and varied gradually. Also, based on considerable variation in discharges from the fourth year, it can be implied that an increase in saturated hydraulic conductivity in this treatment has started after three years.



In the D0.65L15 treatment (Figure 6), the daily discharge rates decreased quickly. Due to close spacing and also shallow depth with smaller effect of hardpan layer, more excess water was discharged during the first and second days. Depth and spacing of drains as design parameters of a drainage system influence the amount of water entering drains from both saturated and unsaturated regions [39]. Also, increasing in drain discharge by the seasons was done gradually and resulted in constantly increasing saturated hydraulic conductivity.



In Bi-level-S as shallow drain (Figure 7), the differences among discharges were less in comparison with Bi-level-D as deep drain (Figure 8). Furthermore, by improving the performance of drains and soil hydraulic conditions since the third and fourth seasons, both drain lines have discharged more excess water in the first day. Actually, two years after drain installation, improvement in soil condition and drain discharge was observed in this treatment.



In Table 9, the differences between drain discharges of the first and 5th days in different drainage systems along with related water tables for each year are presented. The highest value of differences was observed in the fourth season (2014–2015). The monitoring programs during the four years after the installation of the subsurface drainage systems clearly show that the subsurface drainage systems increased the drain discharge of the first day, although there were differences between the treatments. In the D0.90L30 and D0.65L15 treatments, increases in drain discharge over the years were gradual, but in the D0.65L30 and Bi-level treatments, considerable increases in drain discharge were observed from third and fourth years, respectively. It can be concluded that the differences in drain discharges are influenced by soil condition improvement. Also, in the fourth year, deep drains (D0.90L30 and Bi-level-D) had the highest difference between daily drain discharges, because they discharged most of the excess water during the first days. A study [42] found that a deep drain pipe resulted in higher tile flow. The present research has also shown that soil properties can influence tile hydrology. The plow sole layer plays a major buffering role for water flow during both dry and wet seasons [43]. However, by the time of soil structure improvement, better operation from drains can be observed.



Table 9. The differences between drain discharges (mm·day−1) and water tables (cm) of the 1st and 5th days in each drainage treatment.



	
Year

	
D0.90L30

	
D0.65L30

	
D0.65L15

	
Bi-Level-S

	
Bi-Level-D

	
Bi-Level




	
Δq

	
Δh

	
Δq

	
Δh

	
Δq

	
Δh

	
Δq

	
Δq

	
Δh






	
2011–2012

	
0.42

	
7

	
0.40

	
8.5

	
1.66

	
12.5

	
0.37

	
0.87

	
11




	
2012–2013

	
1.57

	
12

	
0.91

	
10.5

	
1.19

	
15

	
1.45

	
1.17

	
13




	
2013–2014

	
1.54

	
12

	
0.80

	
12

	
2.00

	
17

	
3.00

	
3.39

	
14




	
2014–2015

	
2.61

	
17

	
1.95

	
15

	
2.56

	
22

	
2.69

	
3.46

	
19











3.3. Long-Term Effects of Subsurface Drainage Systems on Water Table Depth


Fluctuation of the water table due to the effect of subsurface drain depth and spacing was also studied. The mean water table depth for each treatment over the seasons are presented in Figure 9. Drain systems with narrow spacing (D0.65L15) had lower water table depth than wider spacing (D0.65L30). In assessing the impacts of subsurface drainage on water table depth in northwest Minnesota, drainage systems with 12 m spacing were more effective than that with 24 m spacing [44], which is the same as the result of the present study. Moreover, due to heavy soil in paddy fields and the existence of hardpan layer [22], the performance of shallow drains in lowering the water table was better in the first season. Deeper drains do not necessarily result in a lower water table [7].


Figure 9. Water table depth means in different drainage treatments for four seasons.
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Generally, the mean water tables became deeper from year to year. However, decrease in water table depth for D0.65L30 in the second year in comparison with other years could be due to high rainfall during this season (599 mm). By improving the soil conditions for water movement and also increasing drain discharges, the performance of deep drainage systems (Bi-level and D0.90L30) improved. The highest increases in water table depth during the four seasons happened in the Bi-level drainage system with an increase of 19.7 cm. Finally, in the fourth season, deep drainage systems had better performance in draining excess water with respect to shallow drainage systems. Since the water table in the D0.90L30 treatment was deeper than in D0.65L30.



Table 10 presents the differences among the water table depths at the fourth year and also for the whole study period. The shallowest water table depth in the fourth year was related to D0.65L30. In the Bi-level system, the water table dropped more than others and it was 52% deeper than D0.65L30. The drop in water table depth of D0.90L30 was also 8% more than D0.65L30. This was because of improving soil condition and movement of water to lower layers. Moreover, during the study period, the D0.90L30 and D0.65L15 had the lowest and deepest water table depth, respectively. Heavy soil texture and low hydraulic conductivity during the first years were the reasons for low fall in water table in deep drains.


Table 10. The water table depths in 2014–2015, four-year means and difference among the treatments (%).


	Treatment
	2014–2015
	Difference with D0.65L30
	Four-Year Means
	Difference with D0.65L30





	D0.90L30
	24.6
	8
	17.3
	−10



	Bi-level
	34.6
	52
	19.3
	24



	D0.65L30
	22.8
	0
	29.3
	0



	D0.65L15
	32.3
	42
	23.9
	52










3.4. Long-Term Effects of Subsurface Drainage Systems on Canola Yield


The statistical analysis results of canola yields under subsurface drainage systems are shown in Table 11 and Table 12. Canola yields from the subsurface drainage treatments were from 450 kg·ha−1 to 3119 kg·ha−1, respectively, for the first and fourth seasons extending from 2011–2012 to 2014–2015. Due to waterlogging, it was not cultivated before drainage. In India, increase in crop yield after 2 or 3 years of drain installation were observed from 1400 to 2800 kg·ha−1 for wheat [15]. In the second season, grain yield increased in all treatments. Table 11 demonstrates that in the subsurface drainage plots, the yield gaps between the seasons were significant. The average grain yield increased from the first to second seasons and the second to fourth seasons by 152% and 12%, respectively (Table 12). In a similar study at Chashma Command Area Development Project of Pakistan during 2001–2004, quantitative comparison of pre- and post-project conditions of drainage revealed that crop yield increased for cotton (80%), sugarcane (94%), wheat (67%), and chili (147%) [45]. Increases in canola grain yield were obtained because of improvement in water table depth and drain discharge. As shown in Table 12, the water table depths in the fourth year were deeper than that in other years. Also, increase in canola yield from second year to fourth year can probably be related to fertilizer application.


Table 11. Combined analysis of variance for the effect of drainage treatments on grain yield of canola.







	Variation Sources
	df
	Mean Square





	Year (Y)
	2
	27,447,498 *



	Replication (R)/Y
	24
	41,718 ns



	Treatment (T)
	3
	243,804 *



	T×Y
	6
	611,595 *



	Error
	72
	47,960



	Cv (%)
	
	11.62







ns indicates no significance.* Significant at the 0.05 level probability.








Table 12. Mean canola grain yield (Y) under different subsurface drainage systems in each season.



	
Treatment

	
Seasonal Yield (kg·ha−1)

	
ΔY (%)

	
Water Table Depth Means (cm)




	
2011–2012

	
2012–2013

	
2014–2015

	
Average

	
2011–2013

	
2011–2015

	
2011–2012

	
2012–2013

	
2014–2015






	
D0.90L30

	
688 d

	
2409 a

	
2879 a

	
1991 a

	
250

	
318

	
11

	
15.5

	
24.6




	
Bi-level

	
795 c

	
2493 a

	
2519 b

	
1935 a

	
213

	
217

	
14.9

	
21.8

	
34.6




	
D0.65L30

	
941 b

	
2088 b

	
2398 b

	
1808 b

	
121

	
155

	
18.2

	
16.9

	
22.8




	
D0.65L15

	
1129 a

	
1991 b

	
2279 b

	
1799 b

	
76

	
102

	
25.8

	
28.6

	
32.3




	
Average*

	
888c

	
2245 b

	
2518 a

	

	
152

	
183

	
17.5

	
20.7

	
28.6








Means followed by the same letter in a column are not significantly different at p < 0.05 by LSD test; * Means followed by the same letter in this row are not significantly different at p < 0.05 by LSD test.








Average yields obtained under subsurface drainage systems were noticeably significant when compared with each other (Table 11). In the first season, the D0.65L15 system had the highest grain yield because of better performance in discharge and falling water table (Table 12), but it was lower than the result of Cannel and Belford [46]. They harvested grain yield of oilseed rape (Brassica napus L.) as much as 3.26 t/ha in freely drainage treatment. One of the reasons for low yield is waterlogging (30 days the water table depth was less than 30 cm, as shown in Table 13) or shallow mean of water table (Table 12). In evaluations, a high reduction (14%–23%) in canola yield (rapeseed) was observed with a prolonged period of waterlogging, especially during winter [46,47]. In the second and fourth seasons, the canola under the Bi-level and D0.90L30 treatments had the highest grain yield, respectively. Also, there were significant differences between the D0.90L30 and Bi-level or D0.65L15 treatments in the fourth season. In a long-term study [48] to measure corn grain yield as affected by subsurface drain spacing, three drain spacings (5, 10, and 20 m) were compared. The results demonstrate that significant distance effects occurred more frequently for the 20 m spacing than for the 10 and 5 m spacings. Meanwhile, the yield under drainage systems with deeper depth (D0.90L30) were higher in the 2nd and 4th years as compared with the treatments with shallow drains (D0.65L30). This was because of more fall in water table levels during these seasons and also less number of days that the water table depth was less than 30 cm (Table 13).



Table 13. Number of days that the water table depth was less than 30 cm and SEW30 under different drainage systems in each season.



	
Treatment

	
Number of Days

	
SEW30 (cm)




	
D0.90L30

	
D0.65L30

	
D0.65L15

	
Bi-level

	
D0.90L30

	
D0.65L30

	
D0.65L15

	
Bi-Level






	
2011–2012

	
75

	
50

	
30

	
67

	
2077

	
766

	
298

	
1392




	
2012–2013

	
64

	
66

	
39

	
61

	
1428

	
1063

	
635

	
1029




	
2014–2015

	
15

	
22

	
12

	
14

	
410

	
524

	
252

	
314








SEW30: sum of excess water above the 30 cm soil depth.








Figure 10 shows the canola grain yield in response to average of water table depth for different treatments during the study period to establish a relation between crop yield and the water table. In all treatments, the water table lowered after the introduction of subsurface drainage and crop yields increased significantly. However, the low water table may influence soil aeration, nutrient availability, and plant available moisture, but the net effect on plant growth will vary widely with crop type [49]. In this pilot, canola was harvested with yield maximum 3.1 t·ha−1, which is close to some reported values in the literature. The Canola Council of Canada [50] represented the highest canola yield of different varieties with 3.29 t·ha−1. Also, in a study in Australia, canola (Brassica napus) yields were 3–3.5 t·ha−1 and close to potential estimated [41]. So, the crop yield data analysis revealed that the objectives of drainage systems installation have been closely achieved in terms of improving the crop yields and maximum potential yield.


Figure 10. Canola grain yield in response to average water table depth during growing season.
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Basically, by lowering water table depth to optimum depth, the grain yield increases and the average of water table depth was plotted direct the average yield. Lower than optimum depth, this decreases due to much more drying and excessive drainage. By lowering water table depth to 30 cm, the grain yield of canola increased. The roots of canola are more distributed at 0–40 cm depth [51]. However, lower than 30 cm this declined, based on the results of the D0.65L15 and Bi-level treatments. Canola suffered a decrease in yield when the average water table dropped to 35 cm below the soil surface. So, it seems that average water table depth of 30 cm is optimum depth. Optimum growing conditions for canola in the area required that the water table midway between the drains would have an average depth of 30 cm. This depth is also suitable for ploughing. Therefore, the SEW30 can also be a good index for waterlogging stress. On the other hand, the D0.90L30 treatment had a direct relation between canola yield and water table depth, so this treatment needs more draining and improvement in soil condition, and can yield as much as the potential expected in future. However, in the D0.65L30 treatment, it is roughly possible to draw a direct relation between water table depth and canola yield.



Subsurface pipe drainage removes excess soil water to keep the soil moisture favorable for crop growth. From the performance point of view of drainage system operation, crop yields are generally expected to increase with the installation of subsurface drainage system [45]. Generally, canola yield as second cultivation has increased from the first to fourth seasons and along with improvement of soil aeration conditions and performance of drainage systems. The results showed direct relationship between improvement of system performance and increasing in grain yield. Moreover, improvement of soil structure and more yield after the operation will be followed by a rise in the economic level. An economic analysis showed that the cost of installing subsurface drainage systems was readily justified by annual increased rice and canola yields [9]. Also, quantifying the influence of these treatments on the salinity of drainage water indicated that by increasing drain spacing, the electrical conductivity (EC) and total salt load decreased [39]. Therefore, the D0.90L30 treatment from environmental and economical points of view have also had suitable conditions.





4. Conclusions


A field experiment was conducted in SANRU paddy fields during the rainy seasons (October to May) of 2011 to 2015 to evaluate a suitable drainage system for improving soil hydraulic properties and grain yield of lowland paddy soil. The saturated hydraulic conductivity of the soil in all treatments increased, which resulted in improved water movement in soil and drain discharge rates. Agreement between the Ks calculated with Glover–Dumm and measured in different drainage treatments indicated that the measured values were the best representation of Ks. Also, during the four growing seasons, water tables of the drainage systems lowered over time because of increasing drain discharge. On the other hand, to comprehensively describe the effect of improving water flow in such soils on crop yield, canola yield at harvest was sampled during the four years. Analysis showed that the installation of a subsurface drainage system resulted in higher crop yields as well as improving soil productivity. The D0.90L30 and Bi-level treatments had the highest canola yield in the fourth and second seasons, respectively. Optimum seasonal average depth of the water table at midway between the drains was 30 cm below the soil surface. The optimum condition with considerable increases in performance during the four years were observed more in Bi-level and D0.90L30 treatments.



Due to good conditions with deep drains and wider spacing in the improvement of paddy fields, the drains with wider spacing are recommended for these lands. On the other hand, low increase in drain depth from 0.65 m to 0.90 m, along with an increase in spacing to 30 m compared to 15 m will have less cost. From the economic point of view, material cost of denser spacing is more expensive than work cost for installation, even at a deeper level. Due to a decrease in the costs of drain installation with wider spacing, and due to the improvement of soil conditions, and the performance of these systems in two to four years, one can have cheaper drainage systems in the long run and will improve the economic situation of farmers thanks to higher yield.
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