

  Integrating Irrigation and Drainage Management to Sustain Agriculture in Northern Iran




Integrating Irrigation and Drainage Management to Sustain Agriculture in Northern Iran







Sustainability 2018, 10(6), 1775; doi:10.3390/su10061775




Article



Integrating Irrigation and Drainage Management to Sustain Agriculture in Northern Iran



Abdullah Darzi-Naftchali 1[image: Orcid] and Henk Ritzema 2,*[image: Orcid]





1



Water Engineering Department, Sari Agricultural Sciences and Natural Resources University, 4816118771 Sari, Iran






2



Water Resources Management Group, Wageningen University, 6700AA Wageningen, The Netherlands









*



Correspondence: henk.ritzema@wur.nl; Tel.: +31-317-486-609







Received: 15 April 2018 / Accepted: 24 May 2018 / Published: 29 May 2018



Abstract:



In Iran, as in the rest of the world, land and water for agricultural production is under pressure. Integrating irrigation and drainage management may help sustain intensified agriculture in irrigated paddy fields. This study was aimed to investigate the long-term effects of such management strategies in a newly subsurface drained paddy field in a pilot area in Mazandaran Province, northern Iran. Three strategies for managing subsurface drainage systems were tested, i.e., free drainage (FD), midseason drainage (MSD), and alternate wetting and drying (AWD). The pilot area consisted of subsurface drainage systems, with different combinations of drain depth (0.65 and 0.90 m) and spacing (15 and 30 m). The traditional surface drainage of the region’s consolidated paddy fields was the control. From 2011 to 2017, water table depth, subsurface drainage system outflow and nitrate, total phosphorous, and salinity levels of the drainage effluent were monitored during four rice- and five canola-growing seasons. Yield data was also collected. MSD and AWD resulted in significantly lower drainage rates, salt loads, and N losses compared to FD, with MSD having the lowest rates. Phosphorus losses were low for all three practices. However, AWD resulted in 36% higher rice yields than MSD. Subsurface drainage resulted in a steady increase in canola yield, from 0.89 ton ha−1 in 2011–2012 to 2.94 ton ha−1 in 2016–2017. Overall, it can be concluded that managed subsurface drainage can increase both water productivity and crop yield in poorly drained paddy fields, and at the same time reduce or minimize negative environmental effects, especially the reduction of salt and nutrient loads in the drainage effluent. Based on the results, shallow subsurface drainage combined with appropriate irrigation and drainage management can enable sustained agricultural production in northern Iran’s paddy fields.
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1. Introduction


Increases in population and ongoing urbanization, along with a decrease in productive lands, are major challenges facing policy makers aiming for better use of limited available land and water resources. In spite of there being considerable amounts of land potentially suitable for agriculture, much of it is covered by forests, protected for environmental reasons, or used for urban settlements [1]. As a result of this ongoing urbanization, global arable land, currently more than 1500 Mha, is expected to decline to 1385 Mha by 2060 [2]. Moreover, increasing demand for water for irrigation, municipal, industrial, and environmental uses is intensifying competition for the limited available water resources in many parts of the world [3]. Under such circumstances, increased crop production per unit of arable land and per unit of available water is mainly possible through improved land and water management practices.



Paddy fields, which occupy about 30% of the world’s irrigated cropland [4], have good potential for increased water, nutrient, and crop productivity. However, there are some challenges. More than 75% of the world’s paddy fields are continuously flooded during rice growing season [5], mainly to limit variations in soil moisture and temperature and to depress soil-borne diseases and weed growth [6]. However, such anaerobic conditions can increase emissions of CH4 [7,8]—one of the most important greenhouse gasses influencing global warming. In addition, water productivity and crop yield are generally low under continuously flooded irrigation [9]. Furthermore, waterlogging and ponding problems in paddy fields during rainy seasons, when lower temperatures limit rice cultivation, prevent winter cropping in some parts of the world, which further decreases the productivity of these fields. These conditions, which also exist in northern Iran, have made paddy cultivation economically unsustainable for many farmers who rely on paddy fields for their income. This is a major reason for land use changes and a decrease in paddy lands. In Iran, the area of paddy fields decreased 1.4% per year over the period 2000–2011 [10,11].



To prevent conversion from paddy fields to other land uses, the government of Iran initiated land consolidation projects to increase agricultural productivity [12]. These projects included improved water management through the installation of a separate water supply and drainage canals. In northern Iran’s paddy fields, these improvements were not sufficient to combat the waterlogging and ponding problems [10]; consequently, feasibility studies for the installation of subsurface drainage were initiated to enable crop diversification and low-cost rice farming.



Subsurface drainage can provide suitable conditions for intensive agriculture in paddy fields. Improved water management in subsurface drained paddy fields is possible through controlled drainage, which allows drainage during specific periods. Examples of controlled drainage management strategies are midseason drainage (MSD) and alternate wetting and drying (AWD), which have been developed in various parts of the world to improve crop and water productivity and decrease water consumption during the rice growing season [13,14,15,16]. Such strategies can also decrease CH4 emissions [6,17,18] and reduce nutrient loss from drained areas [19]. Although winter cropping in subsurface drained paddy fields in humid regions, like northern Iran, requires free drainage for effective control of waterlogging; this leads to concerns about the environmental impact of nutrient loss. Managed subsurface drainage is a means to secure sustainable agriculture in the region with fewer consequences for the fragile environment overall. However, before such new technologies can be implemented on a large scale, these environmental effects need to be quantified at the level of pilot areas.



A drainage pilot test area consisting of five different drainage systems was constructed at the Sari Agricultural Sciences and Natural Resources University (SANRU) in northern Iran in 2011. These different drainage systems were used to test three alternative controlled irrigation and drainage management strategies: free drainage (FD) in the winter season, when canola is cultivated; midseason drainage (MSD); and alternate wetting and drying (AWD) in the summer, during the rice-growing season. This paper discusses the effects of these strategies in the different drainage systems on water efficiency, salt loads, nutrient losses and crop yield.




2. Materials and Methods


The experimental site is located in the poorly drained and consolidated paddy fields of SANRU, located in Mazandaran province, norther Iran (36.3 °N, 53.04 °E; 15 m below sea level). The area has a mild, semi-humid climate with dry summers, mild winters, and temperatures above 22 °C in the warmest month (Koeppen–Geiger classification: Csa Climate). Over the study period (2011–2017), seasonal average rainfall varied between 86 and 137 mm during the rice growing seasons, significantly lower than the average pan evaporation (402–535 mm), clearly indicating the need for irrigation (Figure 1). In the winter, during the canola-growing season, rainfall exceeded pan evaporation, except for 2014–2015 and 2016–2017. Mean temperatures ranged between 25.1–27.3 °C and 10.1–13.6 °C in the rice and canola growing seasons, respectively. The site is typical of the heavy paddy soils of northern Iran. The soil is silty clay to clay, with 4–11% sand, 38–55% silt and 42–60% clay in different soil layers to a depth of 3 m, with a very low conductive layer at 30–60 cm depth.


Figure 1. Seasonal variation of rainfall, pan evaporation, and mean temperature during the study period.
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Through national land consolidation projects, the irregular paddy plots in the study site were reshaped into standard plots with a width of 30 m and a length of 100 m, providing access roads and improving irrigation and drainage facilities were other components of the projects. In 2011, subsurface drainage systems were installed using two drain depths (0.65 and 0.90 m) and two drain spacings (15 and 30 m). Depth and spacing of the subsurface drains were selected based on national recommendations and field conditions. The installed drainage systems are D0.90L30, D0.65L30, and D0.65L15, in which the values after D and L indicate the depth and spacing of the pipe drains (Figure 2). In addition, another subsurface drainage system, consisting of four drain lines with 15 m spacing and 0.65 and 0.90 m alternating depths (Bilevel), was also installed. All subsurface drainpipes are connected to an open channel at a depth of 1.2 m. For the region, traditional and representative surface drainage with only an open drain was selected as the control plot. A detailed description of the drainage systems can be found in [20].


Figure 2. Layout of the subsurface drainage systems and location of measuring instruments (1 to 12: plot nr.; O: location of observation wells and open-end lysimeter for measuring evaporation (E) and deep percolation (DP); ∆: location of closed bottom lysimeter for measuring evaporation (E); □: location of open lysimeter for measuring evapotranspiration (ET), ➞: subsurface drain lines; ⌧: location of drain outflow measurement.
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One variety of rice (Daylamani Tarom) and one variety of canola (Hayola 401) were grown in these plots during nine growing seasons (2011–2017); four rice growing seasons (21 July 2011 to 10 October 2011, 28 May 2012 to 11 August 2012, 10 May 2014 to 5 August 2014, and 4 June 2015 to 28 August 2015); and five canola growing seasons (28 November 2011–8 May 2012, 4 October 2012–15 May 2013, 10 October 2014–10 May 2015, 3 October 2015–4 May 2016, 2 October 2016–20 May 2017).



Rice was cultivated under two controlled irrigation and drainage management regimes, namely midseason drainage (MSD) in 2011 and 2012, and alternate irrigation and drainage—or alternate wetting and drying (AWD)—in 2014 and 2015. In 2013 and 2016, rice cultivation was done under the conventional flooding practices; these years are not included in this research. Under MSD, the paddy plots were drained for a seven-day period starting 25 days after transplanting (DAT). Two drainage periods were adopted for AWD practice: 25–34 DAT and 44–49 DAT in 2014, and 28–32 DAT and 39–43 DAT in 2015. Additionally, at the end of the growing season, drainage was practiced for a period of 7–14 days before harvest for all treatments. In the periods that there was no drainage, a water layer of about 5 cm was maintained in the paddy plots. Shallow groundwater was extracted from wells to irrigate the paddy plots during the rice growing seasons. Total irrigation inputs during rice growing seasons were monitored through daily measurements of well discharges. The average salinity of the irrigation water (ECi) during the rice growing seasons of 2011, 2012, 2014 and 2015 was, respectively 1.12, 1.29, 1.25 and 1.30 dS m−1.



After the rice harvest, canola was grown under rainfed conditions in 2011, 2012, 2014, 2015, and 2016. During the canola growing seasons, the fields had free drainage except for short periods at the end of the seasons, when the drain outlets were closed to avoid water stress. Fertilization practices for both crops were based on the normal practices in the region (Table 1).


Table 1. Fertilizer applications during rice and canola growing seasons.





	

	
Basal Fertilizer

	
2nd Urea

	
3rd Urea

	
4th Urea




	

	
TSP

	
K2SO4

	
Urea

	

	

	

	

	

	




	

	
(kg ha−1)

	
(kg ha−1)

	
(kg ha−1)

	
DAP

	
(kg ha−1)

	
DAP

	
(kg ha−1)

	
DAP

	
(kg ha−1)






	
Rice:

	

	

	

	

	

	

	

	

	




	
 2011

	
140

	

	

	
8

	
90

	

	

	

	




	
 2012

	

	

	

	
9

	
90

	

	

	

	




	
 2014

	
100

	
100

	
80

	
13

	
80

	
31

	
30

	

	




	
 2015

	
50

	
50

	
100

	
12

	
50

	

	

	

	




	
Canola:

	

	

	

	

	

	

	

	

	




	
 2011–2012

	

	

	

	
100

	
35

	
121

	
35

	

	




	
 2012–2013

	

	

	

	
155

	
35

	

	

	

	




	
 2014–2015

	

	

	

	
21

	
70

	
128

	
70

	

	




	
 2015–2016

	
50

	

	

	
52

	
50

	

	

	

	




	
 2016–2017

	

	

	

	
24

	
85

	
96

	
85

	
116

	
115








Basal: Broadcasting at sowing or planting; TSP: Triple superphosphate; K2SO4: Potassium sulphate; Urea: CO(NH2)2; DAP: Days after planting.








During the drainage periods of the different growing seasons, the depth of the water table was measured daily in observation wells midway between two adjacent drains in all subsurface drainage systems. Evapotranspiration and deep percolation during the rice-growing season were measured with a set of closed- and open-bottom lysimeters [20]. Drainage outflow was measured daily whenever subsurface drains were discharging during all-rice-growing seasons and the three canola-growing seasons (2011–2012, 2015–2016, and 2016–2017). In these growing seasons, the electrical conductivity (EC) of the drainage water was measured, and water sampling for nitrate and total phosphorus (TP) concentration in the drainage was done for at least three successive days during each drainage event, during the rice growing seasons, and at 15-day intervals during the canola growing seasons. A total of 345 and 384 water samples were analysed for EC and nitrate concentration, respectively. EC was measured using an electrical conductivity meter (EC meter). The water samples were analysed spectrophotometrically for nitrate and TP concentrations. The TP concentration was analysed spectrophotometrically (700 nm) by the ammonium molybdate method of Murphy and Riley [21], with ascorbic acid as a reducing agent. Total losses of nitrate and TP, as well as salt loads, were calculated based on the concentration of nitrate, TP, and EC in the drainage water and the drainage outflow. At harvest, crop yield was determined for each treatment in each growing season. The effects of the drainage systems and management strategies were determined from analysis of variance (ANOVA) using the general linear model (GLM) procedure in Statistical Analysis System (SAS) software [22]. The PROC MEANS procedure within SAS was used to calculate the standard deviation. The least significant difference (LSD) test at 0.05 probability level was used to check significant differences between means.




3. Results and Discussion


3.1. Analysis of the Water Balances in the Different Irrigation and Drainage Management Treatments


The measured rainfall, irrigation, evapotranspiration and drain outflows were used to calculate water balances for the three management treatments (Table 2). During rice cultivation, irrigation allotment varied per season, partly due to variation in rainfall and evapotranspiration, but the irrigation allotments for the MSD treatment were slightly higher (2%) compared to AWD. This can be attributed to the number of days the subsurface drainage systems were open, during which no irrigation water was applied: the total drainage period for AWD was at least five days longer than that of MSD. The subsurface drainage outflow, however, was significantly lower than the deep percolation. Drainage of the control plot was performed through opening the outlet of this plot; in addition, there were some heavy rainfall events during the drainage periods that contributed to the surface runoff. By lowering the depth of the water table, subsurface drains provided better conditions for the crops to use the rainfall.


Table 2. Water balance components for the three water management strategies.





	
Crop

	
Rice

	
Canola




	
Water Management

	
MSD

	
AWD

	
FD




	
Growing Season

	
2011

	
2012

	
Average

	
2014

	
2015

	
Average

	
2011–2012

	
2015–2016

	
2016–2017

	
Average






	
Rainfall (P)

	
(mm)

	
137

	
74

	
105

	
86

	
89

	
88

	
394

	
558

	
403

	
480




	
Irrigation (I)

	
(mm)

	
618

	
699

	
658

	
591

	
698

	
645

	
Rainfed

	
Rainfed

	
Rainfed

	
-




	
Evapotranspiration (E)

	
(mm)

	
465

	
441

	
453

	
321

	
405

	
363

	
356

	
323

	
558

	
440




	
Subsurface drainage outflow (D):

	

	

	

	

	

	

	

	

	

	

	




	
 D0.65L15

	
(mm)

	
14

	
20

	
17

	
31

	
13

	
22

	
238

	
287

	
128

	
207




	
 Bilevel

	
(mm)

	
6

	
25

	
16

	
70

	
28

	
49

	
203

	
364

	
89

	
226




	
 D0.65L30

	
(mm)

	
5

	
7

	
6

	
13

	
8

	
11

	
169

	
193

	
63

	
128




	
 D0.90L30

	
(mm)

	
3

	
7

	
5

	
48

	
9

	
29

	
174

	
189

	
81

	
135




	
Average SSD outflow (D)

	
(mm)

	
7

	
15

	
11

	
40

	
15

	
28

	
196

	
258

	
90

	
174




	
Surface runoff (Control) (SR)

	
(mm)

	
56

	
85

	
70

	
87

	
64

	
76

	
-

	
-

	
-

	




	
Deep percolation:

	

	

	

	

	

	

	

	

	

	

	




	
 D0.65L15

	
(mm)

	
143

	
126

	
135

	
107

	
144

	
126

	

	

	

	




	
 Bilevel

	
(mm)

	
144

	
129

	
137

	
117

	
157

	
137

	

	

	

	




	
 D0.65L30

	
(mm)

	
132

	
123

	
128

	
92

	
126

	
109

	

	

	

	




	
 D0.90L30

	
(mm)

	
136

	
131

	
134

	
97

	
124

	
111

	

	

	

	




	
 Control

	
(mm)

	
122

	
110

	
116

	
87

	
119

	
103

	

	

	

	




	
Average deep percolation (DP)

	
(mm)

	
135

	
124

	
130

	
100

	
134

	
117

	

	

	

	




	
∆S = P + I − E − D − DR − SR

	
(mm)

	
91

	
108

	
100

	
129

	
169

	
149

	
−158

	
−23

	
−245

	
−142










The increased subsurface drainage outflow under AWD, while having a lower irrigation input compared to MSD, is partly due to improved internal soil drainage, through alternate wetting and drying, and the long-term positive effects of the subsurface drainage system [23]. Moreover, the depth and spacing of the drains and the duration of the drainage period, due to their different impact on the soil conditions, affects the total volume of drainage water.



During the three canola-growing seasons with FD management, 31 to 48% of the total rainfall was discharged through the subsurface drainage systems. Of the total water input (rainfall + irrigation: 4347 mm) during the study period, 511 (12%), 458 (11%), 785 (18%), and 731 (17%) mm was discharged through the D0.90L30, D0.65L30, bilevel, and D0.65L15 systems, respectively. Not surprisingly, outflow was the highest for the system with the highest drainage intensity (bilevel). When compared to losses from the traditional drainage (control), it is evident that the use of subsurface drainage significantly reduces rainfall runoff, as more water can be stored in the root zone.



Deep percolation was quite high for all subsurface drainage treatments, exceeding deep percolation in the control plot. The high percolation losses resulted in low irrigation efficiencies. The relative water supply (RWS) ratio was used to assess irrigation efficiency (Equation (1)). RWS is defined as the ratio between total volume of water available for the crop (i.e., the irrigation water supplied to the crop (I)) and the effective precipitation (Pe) to the amount of water needed for crop production, which is equal to crop evapotranspiration (ET) [24]:


[image: ]



(1)







The RWS values varied between 1.6 and 2.1 (Table 3). RWS values between 0.9 and 1.2 are considered adequate to meet the theoretical irrigation requirement. RWS values higher than 1.2 indicate that there is an excess supply of water. If we excluded the deep percolation losses, the RWS ratios (RWS*) are significantly lower; thus, we may conclude that the soil texture, which has a clay content lower than 60%, is a major contributing factor to this low irrigation efficiency. Rainfall and other unaccounted losses such as seepage may have also contributed to these high RWS values. Additionally, ET was only measured during irrigation periods, which could have resulted in lower ET than the actual: this can also have contributed to the high RWS ratios.


Table 3. Irrigation efficiency based on the relative water supply (RWS).





	
Water Management

	
MSD

	
AWD




	
2011

	
2012

	
Average

	
2015

	
2015

	
Average






	
RWS

	
1.6

	
1.8

	
1.7

	
2.1

	
1.9

	
2.0




	
RWS*

	
1.3

	
1.5

	
1.4

	
1.8

	
1.6

	
1.7










Despite the low irrigation efficiency in rice production indicated by the RWS ratios, it is clear that the integrated irrigation and drainage management practices of MSD and AWD reduce drainage losses compared to traditional practices and FD, allowing more water to be captured in the soil. It is also clear that uncontrolled subsurface drainage (FD) enables high drainage volumes, which can create suitable conditions for winter cropping in paddy fields.




3.2. Drainage Water Salinity, Leaching Efficiency and the Corresponding Salt Loads


3.2.1. Drainage Water Salinity and Leaching Efficiency


Salinity of the subsurface drainage water quickly decreased after the installation of the subsurface drainage systems in 2011 (Table 4). Only the runoff from the control plot had a significantly higher initial salinity level (EC = 4.24 dS/m). After the first year, the salinity levels continued to drop, but at a slower rate. By 2016–2017, the salinity levels in all drainage systems had dropped to below 1.5 dS/m, with no significant difference between the three management treatments. However, comparing the individual drainage systems, we can see that the systems with the highest drainage intensity (D0.65L15 and bilevel) tend to have a higher salinity level compared to the systems with lower drainage intensity (D0.65L30 & D0.90L30), although these differences are generally not significant.


Table 4. Salinity of the irrigation and drainage water (dS/m) for the three management treatments and the five drainage systems.





	
Drainage System

	
Growing Season

	




	
Rice 2011

	
Canola 2011–2012

	
Rice 2012

	
Rice 2014

	
Rice 2015

	
Canola 2015–2016

	
Canola 2016–2017




	
MSD

	
FD

	
MSD

	
AWD

	
AWD

	
FD

	
FD






	
ECi (dS/m)

	
1.12

	
-

	
1.29

	
1.25

	
1.30

	
-

	
-




	
D0.65L15

	
2.04 b

	
1.88 b

	
1.44 a

	
1.61 a

	
1.73 a

	
1.63 a

	
1.50 b




	
Bilevel

	
2.17 b

	
1.94 a

	
1.17 ab

	
1.21 cd

	
1.65 a

	
1.55 ab

	
1.57 a




	
D0.65L30

	
1.83 b

	
1.55 c

	
1.33 ab

	
1.55 ab

	
1.60 ab

	
1.40 ab

	
1.33 c




	
D0.90L30

	
1.62 b

	
1.45 d

	
1.08 b

	
1.06 d

	
1.19 c

	
1.32 b

	
1.26 d




	
Control

	
4.24 a

	
-

	
1.12 b

	
1.32 bc

	
1.51 b

	
-

	
-




	
Water management

	
MSD

	
AWD

	
FD




	
ECaverage

	
1.53 A

	
1.44 A

	
1.52 A








Means within a column followed by the same letter are not significantly different, according to the LSD at the 0.05 probability level. Moreover, the same capital letter indicates no significant differences in salinity concentration between the water management treatments.








The salinity of the drainage water was used to calculate the leaching fraction (LF) (Table 5). The leaching fraction is defined as the fraction of the amount of water drained beyond the root zone in relation to the total applied water that enters in the root zone. The relationship between the total applied water (AW), the evapotranspiration (ET), and LF is shown below [25]:
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(2)






Table 5. Leaching fraction and corresponding soil salinity levels of the midseason drainage (MSD) and alternate wetting and drying (AWD) treatments.





	
Water Management

	

	
MSD

	
MSD

	
AWD

	
AWD




	
Growing Season

	

	
2011

	
2012

	
2014

	
2015






	
P

	
(mm)

	
137

	
74

	
86

	
89




	
I

	
(mm)

	
618

	
699

	
591

	
698




	
I + P

	

	
755

	
773

	
677

	
787




	
ET

	
(mm)

	
465

	
441

	
321

	
405




	
DP

	
(mm)

	
135

	
124

	
100

	
134




	
SSD discharge

	
(mm)

	
7

	
15

	
40

	
15




	
LF = (I + P − ET)/(I + P)

	
(-)

	
0.38

	
0.43

	
0.53

	
0.49




	
ECi

	
(dS/m)

	
1.12

	
1.19

	
1.25

	
1.30




	
ECe = ECi/2LF

	
(dS/m)

	
1.46

	
1.39

	
1.19

	
1.34










In addition, the corresponding soil salinity levels were calculated using Equation (3), according to Van Hoorn and Van Alphen [26]:
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(3)




where, ECi is the electrical conductivity of the irrigation water (dS/m) and ECe is the electrical conductivity of the saturated extract, as defined in Table 5. As expected, the leaching fractions are high, mainly due to the high deep percolation losses. Consequently, the soil salinity levels are low. The salinity levels calculated with the leaching fraction are in agreement with the measured salinities of the drainage water (Table 4).




3.2.2. Depth of the Water Table and Drainage Water Salinity


The relationship between the salinity of the drainage water and the depth of the water table for the different subsurface drainage systems was investigated by comparing the FD system in the canola seasons and the AWD in the rice-growing seasons (Figure 3). Under AWD, drainage water salinity increased with an increase in the depth of the water table, but this trend was not observed under FD in canola seasons.


Figure 3. Relationship between drainage water electrical conductivity (EC) and water table depth for the free drainage (FD) during the canola growing seasons, and for AWD during the rice growing seasons.
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The difference between the two systems is probably caused by the differences in salt input through irrigation water or rainfall and subsequent water storage in the soil profile during the irrigation periods. Evaporation was also higher in the rice growing seasons compared to the canola growing seasons (Figure 1), necessitating irrigation to satisfy the rice water requirement and leading to more salt input into the soil. As leaching is more effective under unsaturated conditions, the release rate of the stored salts during drainage periods of the rice growing seasons was affected by the water table depth. It is therefore logical that an increase in the water table depth will increase the salinity of the drainage water under AWD management. A deeper water table has been reported by others to increase drainage water salinity [27,28,29] as more of the soil profile is exposed to leaching.



During canola seasons, no irrigation was applied, and the rainfall gradually removed the salts from the soil profile. Free drainage enables the permanent and direct release of salts especially during the gradual fall of the water table. The EC–water table depth relationship observed in the canola seasons, however, indicates that a deeper water table may have no considerable effect on drainage water salinity during rainy seasons.




3.2.3. Drainage Water and Salt Loads


The different management strategies in the different drainage systems resulted in considerable differences in salt loads in the drainage water (Figure 4). Free drainage (FD), which was required to avoid waterlogging in the canola-growing season, resulted in significantly higher salt loads than the MSD and AWD practices during the rice growing seasons. Overall, salt loads under FD were 6.4 and 4.1 times higher than those under MSD and AWD strategies, respectively. AWD had somewhat higher salt loads than MSD, although the difference was not significant. All of these differences are primarily the result of the higher drainage rates (Table 2), as the differences in salinity concentration were not significant (Table 4). It was reported that alternate wetting and drying of especially fine textured soil, can make cracks in the soil profile [30]. Water flow to subsurface drains connects the cracks, resulting in preferential flow paths, especially under shallow subsurface drainage systems [23]. On the other hand, the cracking of heavy clay soils when drying induces preferential flow and will increase percolation losses after re-flooding [31]. This increases salt leaching below the root zone and through the drainpipes during the subsequent drainage events.


Figure 4. Total salt loads in the drainage water for the three water management strategies (left) and the five drainage systems (right).
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The various drainage systems responded differently to the rice–canola cropping system: significantly higher salt loads were observed with the more intensive drainage systems (D0.65L15 and bilevel) compared to less intensive systems (D0.90L30 and D0.65L30). The maximum salt load per growing season came from the D0.65L15 drainage system (1.12 ton ha−1) followed by the control (1.08 ton ha−1) and bilevel (1.07 ton ha−1). Significantly lower salt loads were observed in the D0.65L30 (0.60 ton ha−1) and D0.90L30 (0.51 ton ha−1). Lower salt loads in the D0.90L30 and D0.65L30 systems are probably due to the preferential flow effect. In low-permeable clay soils, drain flow is caused by preferential flows through soil macro pores [32]. Such flows could be more for shallow drains than deeper ones, due to better conditions for soil cracking under the influence of wetting and drying. Crack development will provide preferential flow paths, especially in soil under drainage systems with a shallow depth and narrow spacing [33]. On the other hand, longer flow paths under deeper drainage systems may allow chemical reduction of solutes [34], resulting in a lower salt load in the D0.90L30 and D0.65L30 systems than in the D0.65L15 and bilevel systems. The considerably higher salt load in the control than in the D0.90L30 and D0.65L30 systems suggests that these subsurface drainage systems are more suitable than the control, which is representative of conventional monoculture in the study area (rice during spring and summer seasons, and fallow during autumn and winter seasons). Moreover, such drainage systems provide an appropriate condition for winter cropping as an additional merit that boosts the overall productivity of the poorly drained paddy fields.





3.3. Nitrate Losses through the Drainage Systems


3.3.1. Nitrate Concentration in the Drainage Water


Integrated irrigation and drainage strategies for water management had significant effects on the contents of nitrate in the drainage effluent (Table 6), although different seasons resulted in varying patterns of nitrate concentration in the drainage effluents. The highest seasonal average nitrate concentrations occurred under FD in the 2016–2017 canola season, six years after the introduction of the subsurface drainage systems, with the D.90L30 drainage system having significantly higher concentrations than the other systems. These high concentrations can be explained by improved soil structure [35] and the formation of stable flow paths to the subsurface drains. During the 2011, 2012, and 2014 rice seasons, maximum nitrate concentration was observed in the shallow drains, while in the 2015 rice season and canola growing seasons, the maxima were found in the deeper drains. Longer drainage periods in canola seasons may cause extended preferential flow paths to the lower soil profile, resulting in higher nitrate concentrations in the deeper drains.


Table 6. Nitrate concentration (mg L−1) in the drainage water for the three management treatments and the five drainage systems.





	
Drainage System

	
Growing Season




	
Rice 2011

	
Canola 2011–2012

	
Rice 2012

	
Rice 2014

	
Rice 2015

	
Canola 2015–2016

	
Canola 2016–2017






	

	
MSD

	
FD

	
MSD

	
AWD

	
AWD

	
FD

	
FD




	
D0.65L15

	
6.67 a

	
4.50 a

	
12.42 a

	
4.55 a

	
3.57 ab

	
10.15 b

	
17.39 ab




	
Bilevel

	
4.53 bc

	
4.19 ab

	
11.29 ab

	
3.77 a

	
6.00 a

	
10.69 b

	
12.21 b




	
D0.65L30

	
5.39 abc

	
3.47 b

	
9.23 ab

	
3.66 a

	
4.50 ab

	
10.08 b

	
11.37 b




	
D0.9L30

	
3.89 c

	
4.63 a

	
11.40 ab

	
2.70 a

	
4.67 ab

	
21.85 a

	
32.33 a




	
Control

	
6.44 ab

	
-

	
5.63 b

	
4.81 a

	
3.33 b

	
-

	
-




	
Water management

	
MSD

	
AWD

	
FD




	
Nitrate

	
7.63 AB

	
4.24 B

	
12.29 A








Means within a column followed by the same letter are not significantly different, according to the LSD at the 0.05 probability level. Moreover, the same capital letter indicates no significant difference in nitrate concentration between the water management treatments.








In addition to the depth and spacing of a drainage system, irrigation, and drainage management practices, hydrological conditions, amounts and types of applied fertilizers, crop characteristics, soil properties, and agricultural operations are major factors affecting nitrate losses through drainage systems. Drainage of paddy soil produces an oxidative environment in the soil layer that will enhance the nitrification of ammonium in the plough-layer soil [36]. Under such circumstances, nitrogen uptake by the rice plants will increase [10,37], resulting in less nitrate leaching.



Except for the 2012 rice season, there were hardly any differences in the nitrate concentrations in the drainage effluents under the MSD and AWD strategies. At the beginning of the 2012 rice-growing season, canola residues were returned to the soil through soil preparation practices, which may be a possible reason for increased nitrate concentration in the drainage effluents in this season. These residues were not returned to the soil at the beginning of the rest of the rice and canola growing seasons. Returning plant residue to the soil is reported as an effective method for increasing nutrient availabilities [38].




3.3.2. Nitrate Concentration in the Drainage Water and the Depth of the Water Table


In the 2016–2017 canola growing season, the seasonal average water table depths in the D0.90L30, bilevel, D0.65L30, and D0.65L15 drainage systems were 30, 63, 58, and 61 cm, respectively compared to 21, 24, 24, and 32 cm in the 2011–2012 canola-growing season. Deeper water tables provide thicker aerobic layers, resulting in more nitrification. Moreover, differences in climate conditions (precipitation and evaporation) may have influenced the nitrate concentration in drainage water [39]. Based on the seasonal averaged data, an increase in drain depth caused an increase in nitrate concentration in the drainage water; the minimum and maximum were found in the D0.65L30 and D0.90L30 systems, respectively. However, his hypothetical trend, which has also been reported in other studies, such as [40], was not found for the other growing seasons.



Water table fluctuations influence nitrate concentration in drainage water through nitrogen transformation in the soil profile. Controlled drainage, i.e., MSD or AWD, is a management strategy to increase nitrogen uptake by plants reducing the available nitrogen for leaching [10]. In this study, the water table fluctuations had different effects on drainage water nitrate in the rice- and canola-growing seasons under AWD and FD management, respectively. Nitrate concentration variation under FD was far greater and higher than under AWD (Figure 5). For shallow drains, the increase in the water table depth resulted in an increasing trend in nitrate concentration under AWD, while the reverse occurred under FD. Short periods of drainage under AWD have been reported to create oxidative conditions in the shallow drained area [41]. The decreasing trend in the nitrate-water table depth relationship in the D0.65L30 and D0.65L15 systems during the canola seasons (under FD) could be due to the frequent fluctuations of the water table and consequently, less available nitrogen was transformed to nitrate and leached out of the soil profile. Under FD, in the D0.90L30 drainage system, in spite of a shallow water table depth at sampling times (<20 cm), the increase in the depth of the water table clearly caused an increase in the nitrate concentration in the drainage water.


Figure 5. Relationship between the nitrate concentration in the drainage water and water table depth for the FD and AWD strategies during the canola and rice growing seasons, respectively.
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3.3.3. Nitrate Losses through the Drainage Systems


Subsurface drainage systems may cause losses in various forms of nitrogen through the drainage effluent [42]. Under FD, nitrate losses were significantly higher than those under MSD and AWD. There was no significant difference between the losses under MSD and AWD (Figure 6, left). It has been reported that the time between fertilization and the beginning of drainage as well as the period of drainage both influence nitrogen uptake by rice plants [23]. Moreover, transformation of nitrate to other compounds of nitrogen likely resulted in less nitrate being available for losses through the drainage systems. In canola cropping, nitrate losses in 2016–2017 were considerably higher than in 2011–2012. Part of these increased losses may be related to the improved soil structure and formation of flow paths in the soil profile, which occurred after the installation of the subsurface drainage systems [35]. As mentioned earlier, nitrate concentration in the drainage effluents were much higher in the 2016–2017 canola season than in 2011–2012 season (Table 6). The nitrate losses varied between 4.32 kg ha−1 for D0.65L30 and 9.35 kg ha−1 for D0.65L15 (Figure 6, right). Total nitrate losses through D0.65L30 were comparable with the control treatment, indicating that suitable subsurface drainage may have fewer environmental effects from a nitrate loss viewpoint than the conventional free drainage practices used in the study area. The installation of subsurface drainage systems provided suitable conditions for soil nitrogen uptake by plants during the canola-cropping season.


Figure 6. Total nitrate losses for the three water management strategies (left) and the five drainage systems (right).
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3.4. Phosphorous Losses through the Drainage Systems


Total phosphorus (TP) losses were monitored during the first three growing seasons after the installation of the drainage systems, namely rice under MSD in 2011, canola under FD in 2011–2012 and rice again under MSD in 2012. TP losses under FD were significantly higher than under MSD (Figure 7, left). Among the five drainage systems, D0.65L15 had the highest TP losses, although differences between the five systems were not significant, except for D0.90.L30 (the system with the lowest drainage intensity) (Figure 7, right). This indicates that shallower drains at narrower spacing (thus a higher drainage intensity) increase the likelihood of phosphorus losses compared to deeper drains with wider spacing (a lower drainage intensity). This observation is in agreement with the results of Poole [43], who demonstrated more P losses under shallow drainage systems than deeper ones. Narrow drain spacing or shallower drain depth decreases the lateral flow path to the drains and increases the preferential flow to the drains: both effects increase TP losses through subsurface drainage. Significant losses of P through subsurface drained fields have also been reported in other studies [44,45,46].


Figure 7. Average of total phosphorous (TP) losses under MSD and FD management strategies (left) and the five drainage systems (right).
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3.5. Crop Yields


Canola yield increased from 0.89 ton ha−1 in 2011–2012 to 2.94 ton ha−1 in 2016–2017 (Figure 8, left). The increase was significant in the first three years after the installation of the subsurface drainage systems, but not significant in the following years. Based on the five-year data, the maximum canola yield was observed with the bilevel drainage system (Figure 8, right). The difference, however, was only significant between the bilevel and D0.65L30. The steady increase in canola yield clearly shows that the installation of subsurface drainage can have a very quick payback time. This observation is in agreement with many other studies [47,48,49,50], which showed that subsurface drainage could be an economic activity to improve crop production.


Figure 8. Increase in canola yield from 2011–2012 to 2016–2017 (left) and five-year average yield for the five drainage systems (right). Means with the same letter are not significantly different at p < 0.05 by least significant difference (LSD) test.
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Rice yield responded well to the different types of irrigation and drainage management strategies. Rice yields in the fields under AWD in 2014 and 2015 were significantly higher than those in the MSD fields in 2011 and 2012, suggesting that AWD is a more suitable strategy than MSD in this region (Figure 9, left). Kudo et al. [50] reported that a similar strategy with alternate wetting and drying—namely a combination of flooding, MSD, and intermittent drainage—improved rice yield compared to only flooding or MSD. Moreover, integrated analysis of rice yields under these two water management strategies indicated that subsurface drainage systems resulted in increased rice yield compared with conventional farming in the region [14].


Figure 9. Rice yield for the MSD and AWD management strategies (left) and for the five drainage treatments (right). Means with the same letter are not significantly different at p < 0.05 by LSD test.
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The maximum increase in rice yield was observed under the bilevel drainage design, followed by D0.65L30, D0.65L15, and D0.90L30. Various factors, such as agricultural inputs and practices, soil characteristics, and hydrological conditions influence crop yield [10]. Although conditions differed somewhat among growing seasons, these factors were considered similar during each season, with the only major difference being the type of the drainage system. Our results strongly indicate that subsurface drainage is beneficial to the rice yield compared to traditional drainage.



The yield data clearly shows that subsurface drainage has improved the productivity of the paddy fields through providing year-round crop production conditions, increasing rice yield as a major crop in the area, and increasing canola yield as well. Subsurface drainage has been reported to increase crop yield in some studies [48,49,51,52,53], through improving root zone environment from both viewpoints of supplying oxygen to soil and removing toxic substances, resulting in better conditions for root development than undrained conditions.





4. Summary and Conclusions


From 2011 to 2017, a field study was conducted in the pilot area of SANRU in Sari, Mazandaran Province, northern Iran, to test several integrated irrigation and drainage management strategies under different drainage systems, in order to improve the annual rotational cropping systems of rice and canola in paddy fields. Three methods or strategies to manage the subsurface drainage system were tested: free drainage (FD) in the winter season, when canola is cultivated; midseason drainage (MSD); and alternate wetting and drying (AWD) in the summer, during the rice growing season. The pilot consisted of subsurface drainage systems with four different combinations of drain depth (0.65 and 0.90 m) and spacing (15 and 30 m). The traditional surface drainage of the region’s consolidated paddy fields was used as the control.



Water table depth, outflow of the subsurface drainage system, nitrate, total phosphorous and salinity levels of the drainage effluent, and crop yield were monitored during four rice- and five canola-growing seasons. The lowest drainage rates, salinity, and N-loads were found under MSD, followed by AWD and FD, which had by far the largest outflows. For rice production, AWD appears to be more suitable than MSD, as AWD resulted in 36% higher rice yields. Subsurface drainage with FD resulted in a steady increase in the canola yield, from 0.89 ton ha−1 in 2011–2012 to 2.94 ton ha−1 in 2016–2017. The steady increase in canola yield clearly shows that the installation of subsurface drainage can have a very quick payback time.



Irrigation efficiencies for all treatments were rather low, mainly because of the high deep percolation losses. Subsequently, the leaching fractions were high, with, as a positive effect, soil salinity levels at well below the threshold values for yield reduction for both rice and canola. The salinity of the drainage water was high in the first growing season after the installation of the drainage system, but quickly decreased to safe levels and stabilized between 1.3 and 1.8 dS/m after the second year. No significant difference was found in the drainage effluent salinity between the three management treatments; average salinity varied between 1.4 and 1.5 dS/m.



Because of the higher drainage outflows, the total salt load during the growing seasons under FD was 6.4 and 4.2 times higher than those under MSD and AWD. For the drainage systems, a clear relationship was found between the drainage intensity and the salt load: the systems with the lowest intensity, i.e., D0.90L30 and D0.65L30, had significantly lower levels compared to the systems with a higher intensity (bilevel and D0.65L15), implying more intensive drainage and adequate leaching of salts results in healthier soil in the study field. Nitrate losses for the FD treatment were significantly higher compared to AWD and MSD, with no significant differences between the last two treatments. Not surprisingly, the drainage systems with the highest intensity (D0.65L15) had the highest total phosphorous losses, but the differences were low and generally not statistically significant.



Overall, it can be concluded that managed subsurface drainage can increase both water productivity and crop yield in poorly drained paddy fields, and at the same time reduce or minimize negative environmental effects, especially the reduction of salt and nutrient loads in the drainage effluent compared with conventional drainage in the study area.
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