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Abstract:



Available water resources for agricultural irrigation have decreased worldwide in recent decades, prompting advances in water saving methods. In this study, soil water regime and water balance in a transplanted rice field with reduced irrigation (multiple shallow depth irrigations) in the Taihu Lake Basin of East China were observed and then evaluated using Hydrus-1D model during two consecutive growing seasons. During the 2008 season, irrigation water accounted for 48% of the total water input (TWI, 94.6 cm), but only 20% of TWI (120.4 cm) during the 2009 season. Due to heavy rainfalls during the wet 2009 season, surface runoff accounted for about 6.4% of the TWI, whereas during the much drier 2008 season with higher controlled irrigation inputs, no surface runoff occurred. Simulated evapotranspiration during the 2008 and 2009 seasons accounted for 67.4% and 54.9% of TWIs, respectively. Measured and simulated results indicate that water percolation (approximately 32.5% and 37.6% of TWIs during the 2008 and 2009 seasons, respectively) was the main path of water losses from the transplanted rice fields, suggesting that long and high standing water during the 2009 season increased water percolation. Water productivities evaluated from total irrigations and TWIs were 2.08 and 0.99 kg·m−3 during the 2008 season and 3.85 and 0.77 kg·m−3 during the 2009 season, respectively, and were 1.47 and 1.40 kg·m−3, respectively, when evaluated from modeled evapotranspiration fluxes. The cultivation method with multiple shallow depth irrigation efficiently used rainfall water and reduced the losses due to water percolation and surface runoff by stabilizing rice yields.
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1. Introduction


The traditional transplanting method for rice cultivation worldwide has ensured a stable rice yield during the long history of humankind [1,2]. Although several new cultivation methods (e.g., direct-seeded and seedling-thrown) have been developed in recent years to adapt to different climates or to save labor [1,3], cultivation of transplanted rice (TPR) remains popular in many regions. However, in most regions, the traditional TPR cultivation still involves continuous flood irrigation (e.g., with a water depth of 5–10 cm), which has drawn attention due to the excessive associated losses of water and nutrients [4,5]. Increasingly scarce water resources for agricultural irrigation and deteriorating water environments necessitate improvements and optimization of water and fertilizer managements for TPR [6,7,8,9].



Therefore, various water-saving irrigation strategies have been developed in different rice growing regions to maintain acceptable rice yields [10,11]. For example, a combination of a shallow water depth with wetting and drying [12,13], alternate wetting and drying [14,15], semi-drying [16], aerobic rice cropping [10,17], partial rootzone drying [18], moistening, and non-flooded mulching [19] cultivations are popular techniques that have been adopted around the world. Among these, the alternate wetting and drying (AWD, also referred to as “alternately submerged-nonsubmerged” or “intermittent irrigation”) irrigation techniques have been frequently reported for different climates and different local water resource conditions in recent years [5,6,20]. Ye et al. [15] reported that AWD irrigation during the TPR paddy field experiments in the Taihu Lake Basin (China) required less frequent irrigations (reduced by five and three in 2010 and 2011, respectively) and reduced the amount of irrigation water used (saved 41.9% and 28.0% in 2010 and 2011, respectively). AWD irrigation techniques not only save water resources, but also increase rice yields compared to traditional flood irrigation [6,8,13]. However, Bouman and Tuong [20] reported that although alternately submerged-nonsubmerged conditions reduced water inputs, yields usually declined when the soil water potential in the root zone dropped below −10 to −30 kPa.



Compared to the traditional rice cultivation with flood irrigation, AWD provides a different growth environment, particularly different vertical soil water content profiles and corresponding nutrient transport and transformations [2,21]. Tan et al. [5] reported that AWD irrigation during the 2007 and 2008 growing seasons produced a decrease in percolation by 27.8% and 19.0% and in nitrogen leaching by 5.0%–11.2% and 3.0%–23.5%, respectively, compared to continuous flood irrigation. The AWD cultivation produces less water percolation due to lower vertical pressure head gradients during most of the growing season [20]. Due to complex soil water flow conditions in rice fields under water-saving irrigation conditions, many scientists increasingly use computer models to study water movement and water balance in the soil and to develop management and planning guidance [22,23,24]. The Hydrus-1D model [25] has been used by many researchers to simulate water flow in agricultural fields with different crops and various irrigation schemes, including in TPR fields [5,6,23]. However, the use of Hydrus-1D for simulating water flow conditions and water balance in TPR fields under water-saving irrigation has been limited.



In the Taihu Lake Basin of East China, various water-saving irrigation methods for transplanted rice have been increasingly adopted to decrease the loss of water and associated nutrients and to better protect surface and groundwater environments [7,21,26]. Multiple-shallow irrigation (MSI) is a type of the AWD irrigation method that irrigates rice fields multiple times at shallow depths (e.g., 1–3 cm), depending on soil conditions and weather predictions.



In this study, to exploit rainfall and decrease water losses, the MSI cultivation method was used in TPR field experiments in the Taihu Lake Basin during two consecutive rice-growing seasons (2008–2009). Water flow in the TPR field under MSI conditions was observed and then evaluated using Hydrus-1D to improve our understanding of the main characteristics of the soil water regime and the overall water balance. The water balance, water percolation, and crop water productivities in the MSI TPR field, during the two seasons (2008–2009) with significantly different rainfall distributions, are discussed and compared in this study. Furthermore, the soil water regimes and water balances in the MSI TPR field are compared with the direct-seeded rice management approach in the same field (in different sub-plots) during the two consecutive seasons.




2. Materials and Methods


2.1. Field Experimental Data


2.1.1. Study Site Description


The Taihu Lake Basin of East China has a very intensive production of rice crops, regularly rotating with either wheat or rape. The basin area is approximately 36,900 km2, with rice fields accounting for about 34.8%. This region has a subtropical monsoon climate with average annual rainfall of 1181 mm, 60% of which occurs from May through September. The annual pan evaporation from the water surface is approximately 822 mm, and the average annual air temperature is 15–17 °C. Our experimental site is in the Dangyang region (31°56′ N, 119°43′ E), upstream of the Taihu Lake (the third largest fresh water lake in China). Different cultivations of rice are currently grown in this region, including transplanted rice, direct-seeded rice, and seedling-thrown rice. The dominant soil type in this region is classified as a hydromorphic paddy soil, and the parent material is a lacustrine deposit. The physical properties of the soil at the study site are listed in Table 1.



Table 1. Physical properties and calibrated van Genuchten hydraulic parameters of the tested paddy soil in the Taihu Lake Basin.







	
Depth (cm)

	
Soil Particle Size Distribution (%)

	
Bulk Density (g·cm−3)

	
θr (cm3·cm−3)

	
θS (cm3·cm−3)

	
α (cm)

	
n

	
Ks (cm·Day−1)




	
Sand (>0.05 mm)

	
Silt (0.002–0.05 mm)

	
Clay (<0.002 mm)






	
0–20

	
7.01

	
73.70

	
19.29

	
1.42

	
0.125

	
0.510

	
0.0092

	
1.420

	
0.758




	
20–40

	
0.02

	
81.01

	
18.97

	
1.56

	
0.073

	
0.441

	
0.0130

	
1.100

	
0.533




	
40–60

	
18.53

	
72.83

	
8.64

	
1.51

	
0.075

	
0.489

	
0.0040

	
1.853

	
0.724




	
60–80

	
14.44

	
81.64

	
3.91

	
1.43

	
0.046

	
0.500

	
0.0051

	
1.326

	
1.159




	
80–100

	
14.25

	
81.59

	
4.16

	
1.43

	
0.081

	
0.521

	
0.0021

	
1.811

	
0.702




	
100–120

	
11.32

	
80.30

	
8.38

	
1.43

	
0.052

	
0.512

	
0.0039

	
1.436

	
0.714











2.1.2. Experimental Design


Only the experimental design for the MSI TPR field is described here. Three 150 m2 sub-plots were selected to plant Wuxiangjing 14 (lowland rice), a variety predominantly cultivated in this region. The rice seeds were soaked in a 100 mg·kg−1 uniconazole solution prior to their sowing in a seedling bed. The paddy field (with about a 5-cm water depth) was prepared by machine on 19 June 2008 and 14 June 2009, respectively, and basal fertilizer was evenly applied by hand. The mean age of the rice seedlings at transplanting was approximately 1 month. Rice seedlings were mechanically transplanted at a rate of about four seedlings per hill two days after the basal fertilizer application (i.e., 21 June 2008 and 16 June 2009, respectively). The harvest dates were 25 October 2008 and 20 October 2009, therefore the total growing periods for TPR during these two seasons were each 128 days. The direct-seeded rice (Wuxiangjing 14) was directly sowed on 8 June in 2008 and 11 June in 2009, respectively, and harvested on 1 November in 2008 (a growing season of 147 days) and 5 November in 2009 (a growing season of 149 days), respectively [27].



Water-saving irrigation implemented in the TPR experiment involved multiple irrigations at a shallow water depth (multiple-shallow irrigation, MSI) in order to minimize losses of water and associated nutrients. During the first 10 days after transplanting, a shallow water depth (0–5 cm) was maintained to facilitate seedling recovery and greening. When a deeper water depth (>6 cm) developed due to precipitation, it was partially drained to protect seedlings. After this stage, each regular irrigation depth was generally controlled at about 2–3 cm of water, but at about 4–5 cm of water when fertilizer and/or pesticide were applied. In addition, the rainfall forecast was considered in the water management. When rainfall supplied water for the crop, irrigation was reduced or even eliminated [11]. For example, when rain was predicted for the next day, no irrigation was applied, even if the irrigation demand was reached. When rain was predicted after two days, an irrigation depth of about 2 cm was applied. If no rainfall was predicted, an irrigation depth of 3 cm was applied. The soil drying stages in the 2008 and 2009 seasons were between 23 and 27 July and between 16 and 20 July, respectively. Additionally, all floodwater was drained from the field about 2 weeks before harvest.



Rainfall and irrigation were significantly different during the 2008 and 2009 seasons (Figure 1). During the 2008 season, total rainfall was 49.6 cm and total irrigation was 45.0 cm (15 irrigations). During the 2009 season, total rainfall and irrigation were 96.4 and 24.0 cm (only seven irrigations), respectively. The irrigation water depths under MSI conditions in the TPR fields were substantially lower than those in the direct-seeded rice (DSR) fields (72 and 46 cm during the 2008 and 2009 seasons, respectively; each irrigation was about 5–6 cm). The fertilizer management in the MSI TPR field, including the total application rate and application times, was the same (220 kg·ha−1) during the two seasons. The total application rates were the same and application times were different compared with the DSR fields (for details for DSR fields refer to [27]).


Figure 1. Potential evaporation, EP, potential transpiration, TP, precipitation and irrigation during the (a) 2008 and (b) 2009 seasons in the Taihu Lake Basin (DAB—days after basal fertilization).
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2.1.3. Measurements and Analysis


Daily climate data were obtained from an adjacent agro-meteorological station in the Dangyang region. Irrigation water was measured by using flow meters at inlets, and the flooding water depth was recorded every two days at five random points in each sub-plot. Self-made flux lysimeters were installed at a depth of 60 cm below the soil surface to measure vertical water fluxes every two weeks. Piezoelectric tube tensiometers (0–100.00 kPa) were installed at five observation points in the field to measure pressure heads, which were installed at depths of 20, 40, and 60 cm below the soil surface, respectively. The pressure heads were recorded every two days. The groundwater table was observed once a week at an observation point near the experimental field, which slightly fluctuated but remained around a depth of 120 cm below the soil surface [27].



Three measures of water productivity (WP, kg of grain per m3 of water): the irrigation water productivity (WPI), which is the ratio of grain yield to the amount of irrigation water; the input water productivity (WPIR), which is the ratio of grain yield to the amount of irrigation water plus rainfall; and the ET water productivity (WPET), which is the ratio of grain yield to crop ET, were calculated to compare the water use efficiencies [28,29,30].





2.2. Hydrus-1D Model


The one-dimensional Hydrus-1D software [25] was used to simulate water movement in the experimental field. Detailed descriptions of the model can be found in Šimůnek et al. [25] and Li et al. [27]. The van Genuchten soil hydraulic parameters (Table 1), θr, θS, α, and n, were directly adopted from Li et al. [27]. The pore connectivity parameter (l) was assumed equal to an average value of 0.5 [31].



The Penman–Monteith equation was used for calculating the reference crop evapotranspiration (ET0) from available climatic, crop, and soil parameters [32,33]. The reference evapotranspiration, ET0, and the crop coefficient, KC, were used to determine the potential crop evapotranspiration ETC under normal conditions as [32,34]:


[image: there is no content]



(1)







For the crop, which only partly covered the soil surface, ETP was divided into potential evaporation, EP, and potential transpiration, TP. This partitioning was achieved using the crop leaf area index (LAI) as given by Belmans et al. [35], which is a function of the crop development stage:
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(2)
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(3)




here Kgr is an extinction coefficient for global solar radiation; its value was taken as 0.3 for the rice crop [29]. Values of LAI of the MSI transplanted rice at various growth stages during two seasons were measured (Table 2), and estimated values of potential evaporation (EP) and potential transpiration (TP) (Figure 1) were then used as input variables in the Hydrus-1D simulations.



Table 2. Leaf Area Index (LAI) of transplanted rice at various growth stages during the 2008 and 2009 seasons (DAB—days after the basal fertilizer application).







	
Season

	
DAB




	
2

	
30

	
60

	
90

	
128






	
2008

	
3.1 ± 0.5

	
4.4 ± 1.1

	
6.3 ± 1.3

	
7.3 ± 1.7

	
4.9 ± 1.1




	
2009

	
3.0 ± 0.6

	
4.6 ± 1.0

	
6.4 ± 1.1

	
7.3 ± 1.9

	
4.8 ± 0.9










The initial conditions were defined using the measured pressure head distributions. The soil surface was subjected to the atmosphere boundary condition (BC) with specified daily values of precipitation, irrigation, and evaporation. During the soil drying stage and the last 2 weeks before the harvest, the upper boundary condition was set equal to an "Atmospheric BC with Surface Runoff”. During the rest of the season, the upper boundary condition was set equal to an “Atmospheric BC with a Surface Layer”, with maximum water depths of 6 cm during the first 10 days after transplanting and 10 cm during remaining growth stages, respectively. Potential values of EP, TP, irrigation, and rainfall were used to represent the atmospheric boundary condition. The bottom boundary was set to a time-variable pressure head based on observed groundwater table data.




2.3. Model Evaluation


Simulated values of the pressure heads and percolation water fluxes were compared with the observed data from the experimental paddy field during the 2008 and 2009 seasons. The correspondence between simulated and observed data was evaluated using the coefficient of determination (R2) and the root mean square error (RMSE), calculated as:
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where SSerr is the sum of squared differences between simulated and observed values, SStot is the sum of squared differences between observed values and the mean of observed values, Si and Mi are simulated and measured values, respectively, and n is the number of compared values. An R2 value of 1.0 indicates a “perfect” fit to the observed data, whereas an optimal value of RMSE is 0.





3. Results


3.1. Model Assessment


Simulated pressure heads at depths of 20, 40, and 60 cm matched well with observed data during the 2008 (n = 164, R2 = 0.97, RMSE = 4.25 cm) and 2009 (n = 154, R2 = 0.97, RMSE = 3.88 cm) seasons, and responded well to the water input events (i.e., rainfall and irrigation) (Figure 2). In contrast to the 2008 season (Figure 2a), due to frequent and continuous rainfall, most pressure heads at 20 cm remained positive during the first half of the 2009 season (Figure 2b). During the late 2008 and 2009 seasons, multiple-shallow irrigations produced more variations between wetting and drying conditions in the soil. Pressure heads at 20 cm reached minimum values of −130.0 cm and −112.0 cm during the soil drying stages of the 2008 and 2009 seasons, respectively. Pressure heads at 60 cm during the two seasons were mostly between 0 and −63.0 cm, and their peaks lagged about 1–2 days behind those at 20 cm.


Figure 2. Simulated (lines) and observed (points) pressure heads at 20, 40, and 60 cm depths, and precipitation and irrigation water depths (vertical lines) during the (a) 2008 and (b) 2009 seasons. Positive pressure heads were not observed by tensiometers.
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Simulated total percolation flux at 60 cm before the soil drying stage in the 2008 season was 14.6 cm, which agreed well with the observed value of 15.2 cm. For the entire growing season of 2008, simulated total percolation at 60 cm was 29.7 cm, and the observed value was 31.8 cm. By comparison, during the entire 2009 season, the simulated and observed cumulative water fluxes at 60 cm were 44.4 cm and 46.1 cm, respectively. The correspondence between observed and simulated percolation fluxes both early on and throughout the growing periods was good.




3.2. Flooding Water Depths and Surface Runoff


Rainfall, irrigation, and runoff caused the surface water to suddenly rise and fall in paddy fields. Daily field water levels showed more frequent fluctuations in the 2008 season than in the 2009 season (Figure 3). Changes in the surface water depth between observed and simulated values were closely matched during the 2008 (n = 34, R2 = 0.96, RMSE = 0.9 cm) and 2009 (n = 38, R2 = 0.95, RMSE = 1.1 cm) seasons. The maximum standing water depth (8.1 cm) during the 2008 season appeared on 30 DAB (days after the basal fertilizer application), when a heavy rainfall (10.1 cm) occurred. During the 2008 season, surface water depth was always below the maximum controlled depth because the water input was mainly determined by shallow irrigations (Figure 3a). During the 2009 season, several heavy rainfall events resulted in the water depths exceeding or approaching 10 cm (Figure 3b), which was specified as a maximum water depth in the simulation.


Figure 3. Observed (points) and simulated (lines) flooding water depths during the 2008 (a) and 2009 (b) seasons.
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During the 2008 season, no surface runoff was observed in the field. Due to a few heavy rainfall events during the 2009 season, some water was lost from the fields as surface runoff during two main surface runoff events on 43 and 45 DAB. Simulated and observed total surface runoffs during the 2009 season were 7.7 and 6.5 cm, respectively.




3.3. EvapoTranspiration


Reflecting general crop growth, simulated root water uptake during the 2008 and 2009 seasons gradually increased after transplanting and reached maximum values between 30 and 60 DAB (Figure 4). The maximum daily rate of root water uptake was approximately 0.7 cm·day−1 on around 45 DAB. During the later stages of crop growth, daily root water uptake gradually declined. Cumulative root water uptake slowly increased during the initial 30 days, then quickly increased and ultimately reached 49.8 and 51.6 cm over the entire growing seasons of 2008 and 2009, respectively. Simulated cumulative evaporations in the MSI TPR field were 14.0 and 14.5 cm during the 2008 and 2009 seasons, respectively. The total ET amounts in MSI TPR field throughout the 2008 and 2009 seasons were 63.8 cm (an average of 0.50 cm·day−1) and 66.1 cm (an average of 0.52 cm·day−1), respectively.


Figure 4. Simulated actual daily water uptake rate and cumulative root water uptake during the 2008 and 2009 seasons.
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3.4. Soil Water Content Changes


Simulated soil water contents and water saturations (Figure 5) at the soil surface and in the root zone had similar distributions as the pressure heads and responded well to rainfall and irrigation events. Surface soil water contents varied quickly between 0.318–0.505 cm3·cm−3 (average 0.479 cm3·cm−3) and 0.325–0.505 cm3·cm−3 (average 0.484 cm3·cm−3) during the 2008 and 2009 seasons, respectively, compared to smaller and more gradual changes at deeper depths. As the depth increased, variations in soil water contents gradually decreased, but were still apparently influenced by the rainfall and irrigation events (Figure 1). Contrary to the 2008 season, during most days of the 2009 season, the soil water content at the soil surface and in the root zone remained mostly close to saturation due to frequent precipitation events. Several small rainfalls (e.g., <1 cm) had only a slight effect on water contents in the root zone, but a more substantial effect on the soil surface water content. Simulation results indicated that the soil water storage in the upper 60 cm of the soil profile throughout the 2008 season decreased by 3.9 cm, whereas during the 2009 season, it decreased by about 4.2 cm; their observed differences were 4.1 and 4.5 cm, respectively.


Figure 5. Simulated water contents (WC) and effective saturation (Se) at the soil surface and in the root zone during the 2008 (a) and 2009 (b) seasons.
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During the 2008 and 2009 seasons, the effective saturation (Se) [25] values at the surface ranged between 0.500 and 1.00 (an average of 0.929) and between 0.517 and 1.00 (an average of 0.943), respectively (Figure 5). In the root zone, these values ranged during the 2008 and 2009 seasons between 0.621 and 1.00 (an average of 0.943) and between 0.642 and 1.00 (an average of 0.953), respectively. However, the soil at both 40 and 60 cm depths remained unsaturated throughout both growing seasons (Figure 2), even when the surface soil and the soil at 20 cm were saturated.




3.5. Water Percolation


Downward water percolation (Figure 6) closely corresponded with precipitation and irrigation events (Figure 1). Intensive rainfalls during the early 2009 season (before 65 DAB) resulted in relatively continuous high percolation rates (average 0.51 cm·day−1) at a depth of 60 cm. During the entire 2009 season, the average percolation rate was about 0.34 cm·day−1 (varying between 0.01 and 0.76 cm·day−1), which was substantially higher than the corresponding value of 0.24 cm·day−1 (0.01–0.69 cm·day−1) during the 2008 season. The cumulative water percolation fluxes at 60 cm in the MSI TPR field were 29.7 and 44.4 cm during the 2008 and 2009 seasons, respectively, which matched well with the observed values of 31.5 and 46.1 cm.


Figure 6. Observed (points) and simulated (lines) water fluxes at the soil surface and at a depth of 60 cm during the 2008 (a) and 2009 (b) seasons.
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4. Discussion


Generally, rice is a typical water consuming crop. Water contents in the soil root zone are critical for the growth and yield of rice. In this study, the average grain yields of TPR under the MSI conditions in the 2008 and 2009 seasons were 9380 and 9250 kg·ha−1, respectively, approaching the average value of about 9500 kg·ha−1 for TPR in this region [36,37]. They were markedly higher than those for DSR in the same field (8980 and 8530 kg·ha−1) [27]. The DSR yield during the 2009 season was influenced by two typhoons, which resulted in significant DSR lodging. Contrary to DSR, TPR could better persist during the bad weather due to relatively deeper root systems and stronger straw [37,38]. Maqsood et al. [39] reported for Faisalabad (Pakistan) that transplanted rice had 19.18% higher yield than DSR. In the MSI TPR field, pressure heads in the root zone were higher than −100 cm during most days of the two seasons, which also agrees well with the water stress thresholds for a high and stable rice yield [20].



The total water inputs (TWIs) in the MSI TPR field during the 2008 and 2009 seasons were 94.6 and 120.4 cm, respectively (Table 3). Irrigation water in the MSI TPR field was substantially lower compared to those in the DSR fields (72.0 and 46.0 cm during the 2008 and 2009 seasons, respectively) [27]. Liang et al. [12] reported that a similar irrigation method (“thin-shallow-wet-dry”) used in South China, at the middle nitrogen level, led to a decrease in the total water consumption by 21.7%–23.5% and an increase in the rice water use efficiency by 17.8%–27.2%.



Table 3. Simulated (using Hydrus-1D) components of water balance (cm) in the upper 60 cm of the soil profile, and water productivities (WP) (kg·m−3) for the transplanted rice crop in the Taihu Lake Basin.







	
Season

	
Input

	
Output

	
δ

	
Water Productivity




	
R

	
I

	
SR

	
ET

	
SS

	
P

	
WPI

	
WPIR

	
WPET






	
2008-TPR

	
49.6

	
45.0

	
0

	
−63.8

	
−3.9

	
−29.7

	
−2.8

	
2.08

	
0.99

	
1.47




	
2009-TPR

	
96.4

	
24.0

	
−7.7

	
−66.1

	
−4.2

	
−44.4

	
−2.0

	
3.85

	
0.77

	
1.40




	
2008-DSR

	
54.3

	
72.0

	
−5.8

	
−68.9

	
−1.2

	
−53.9

	
−3.5

	
1.25

	
0.71

	
1.30




	
2009-DSR

	
97.4

	
46.0

	
−24.4

	
−64.0

	
−2.3

	
−50.1

	
2.7

	
1.85

	
0.59

	
1.33








Note: R—rainfall, I—irrigation, SR—surface runoff, ET—evapotranspiration, SS—soil storage, P—percolation, δ—total water balance error, WPI—the ratio of grain yield to the amount of irrigation water, WPIR—the ratio of grain yield to the amount of irrigation water plus rainfall, WPET—the ratio of grain yield to crop ET.








Surface runoffs (Table 3) from the MSI TPR field are substantially lower than those (5.8 and 24.4 cm during the 2008 and 2009 seasons, respectively) from the DSR field [27], where most surface runoff was lost during the germination period (the first 2 weeks). This indicates that different water managements between multiple-shallow irrigated TPR and regular irrigated DSR fields led to different surface runoff volumes. Ye et al. [15] reported for this region that in 2010, surface runoff was 4.2 cm for continuous flood irrigation (CF) and 1.8 cm for AWD irrigation; surface runoff in 2011 was 8.0 cm for CF and 6.4 cm for AWD irrigation. In another TPR field experiment in this region, Zhao et al. [40] reported that by controlling most flooding water depths below 3–5 cm, surface runoff reached 47.0, 15.4, and 88.2 cm during the 2007, 2008, and 2009 seasons, respectively.



Estimated evapotranspiration volumes in the MSI TPR field (Figure 4 and Table 3) are slightly lower than those (17.4 and 15.8 cm during the 2008 and 2009 seasons, respectively) in the DSR fields [27] due to relatively shorter growing periods. Studies have demonstrated that excessive irrigation with large depths of standing water in paddy fields would lead to high water losses by evaporation [13,41]. In this study, simulated ETs during the 2008 and 2009 seasons accounted for 67.4% and 54.9% of corresponding volumes of TWIs, respectively. Compared to the 2008 season, a slight increase in ET during the 2009 season did not produce a corresponding increase in the rice yield. Jia et al. [7] reported that average ET in the Taihu Lake Basin during the 2010 and 2011 TPR seasons was 44.1 cm (an average of 0.40 cm·day−1) under controlled flooding water depth conditions, and it declined by about 22.6% compared to traditional continuous flooding irrigation (average 0.54 cm·day−1). Jiang et al. [8] reported that, in an experimental field in Shanghai (China) during the 2012 season, ET from TPR fields with intermittent and moistening irrigation was 70.8 cm (an average of 0.52 cm·day−1) and 73.9 cm (an average of 0.54 cm·day−1), respectively, lower by 5.9% and 1.8%, respectively, than from traditionally flooded TPR fields.



Excessive water inputs with large depths of surface water lead to excessively high percolation [10,14]. Lian et al. [42] reported that water percolation rates in this region were between 0.49 and 0.56 cm·day−1 under the traditional flooding irrigation method. In this study, water percolation at a depth of 60 cm accounted for approximately 31.4% and 36.9% of TWIs, respectively; and the average water percolation rates from the MSI TPR field were 0.24 cm·day−1 during the 2008 season and 0.34 cm·day−1 during the 2009 season. In the DSR fields, the average water percolation rates were 0.37 cm·day−1 and 0.34 cm·day−1 during the 2008 and 2009 seasons, respectively [27]. These differences from the same paddy field indicated that the water management significantly affected water percolation by altering the duration of surface flooding and corresponding pressure head gradients and consequent water fluxes. Jiang et al. [8] reported that, compared to traditional flood irrigation, the intermittent and moistening irrigation techniques in the Shanghai (China) experimental TPR fields during the 2012 season resulted in a significant reduction of water percolation by 2.0% and 17.3%, respectively. Similar to the DSR field [27], downward percolation (Table 3) was the main component of water losses in the MSI TPR field. However, downward percolation and surface runoff in the MSI TPR field were significantly reduced as compared to the DSR field [27].



Usually, the water productivity can be used to evaluate the water use efficiency in a paddy field and compared with other conditions. The irrigation water productivity (WPI) and water input water productivity (WPIR) for TPR under MSI conditions were 2.08 and 0.99 kg·m−3 during the 2008 season and 3.85 and 0.77 kg·m−3 during the 2009 season, respectively (Table 3). These were higher than the corresponding values for the DSR [27]. Both rice yields and water use efficiencies were thus higher in the MSI TPR field than in the DSR field. In the same region, Ye et al. [15] reported the WPI values for AWD and continuously flood irrigated TPR fields during the 2010 and 2011 seasons to be 1.56–3.45 kg·m−3 and 1.05–2.02 kg·m−3 under different fertilizer treatments, respectively, and the WPIR values to be 0.48–1.06 kg·m−3 and 0.41–0.82 kg·m−3, respectively. Bouman et al. [10] reported that the average WPIR for TPR under water-saving irrigation conditions was 0.8 kg·m−3 (0.6–0.97 kg·m−3) in northern China during the 2002 season. However, Cabangon et al. [1] reported for Malaysia that TPR had similar TWI with DSR (dry-seeded), but had significantly more irrigation water and lower WPI values than DSR (dry-seeded). This was attributed to the ability of DSR to capture more early rainfall after crop establishment.



Using ET as the water use term enables a better comparison between sites, cultivars, seasons, and management options [43]. The WPET values in our simulations (Table 3) fall in the range of globally measured values for rice (0.6–1.6 kg·m−3) [6] and are higher than the average value (1.09 kg·m−3) [44]. Singh et al. [43] reported an average WPET of 0.94 kg·m−3 for TPR in the Sirsa district (India). Belder et al. [6] reported that the WPET in a TPR field experiment (Hubei, China) under submerged-nonsubmerged conditions was 4%–20% higher than that under continuous submerged conditions with the same fertilizer management. Due to relatively higher yields and similar ETs, the WET values in the MSI TPR field were slightly higher than those (1.30 kg·m−3 in 2008 and 1.33 kg·m−3 in 2009) in the DSR field [27]. Cabangon et al. [1] also reported for Malaysia that, due to relative higher yield and lower ET, the TPR had higher WET values compared to DSR.



In general, in dry or semi-dry areas where water is the most limiting factor, maximizing WP may be economically more profitable for the farmer than maximizing yields [11,45]. While in the Taihu Lake basin, water is not a limiting factor for the agricultural production, a worsening quality of surface waters and groundwater, due to increasing nitrogen and phosphorus surface runoff and leaching from agricultural lands [21,26], has become a serious problem. Increasing the WP by adopting the MSI method can reduce water and nutrient losses from TPR fields, compared to DSR fields. However, the effects of the MSI method in the TPR fields on reducing nutrient losses needs to be studied and compared with the DSR cultivation method.




5. Conclusions


Soil water regimes and water balance were monitored in an MSI (multiple-shallow irrigation) TPR field in the Taihu Lake Basin of East China, and then evaluated using the Hydrus-1D model. The Hydrus-1D can simulate well soil water flow in the TPR field under MSI conditions. Evapotranspiration under the MSI conditions was not affected by water management, and percolation substantially increased with increasing water inputs and flooding days. Percolation was the main path of water losses, independent of whether the water input was mainly by irrigation or precipitation. The MSI cultivation of TPR substantially reduced water losses by percolation and surface runoff, and correspondingly increased water use productivities, while sustaining relatively high rice yields compared to the regular cultivation of DSR in the same field. Water productivities showed that the MSI TPR cultivation, which considers both soil conditions and rainfall forecast when scheduling irrigation, efficiently used rainfall water and reduced water losses from paddy fields. Water savings can be realized by adopting MSI without reducing rice yield. Additionally, it needs to be emphasized that because most water savings resulted from reduced percolation rates, adoption of this approach will reduce groundwater recharge and associated nutrient percolation.
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Summary of Abbreviations




	TPR
	Transplanted rice



	DSR
	Direct-seeded rice



	MSI
	Multiple-shallow irrigation



	AWD
	Alternate wetting and drying



	CF
	Continuous flood



	TWI
	Total water input



	WP
	Water productivity



	WPI
	Irrigation water productivity



	WPIR
	Input water productivity



	WPET
	Evapotranspiration water productivity



	ET
	Evapotranspiration



	EP
	Potential evaporation



	TP
	Potential transpiration



	ETP
	Potential evapotranspiration



	WC
	Water content



	Se
	Effective saturation



	DAB
	Days after basal fertilization



	LAI
	Leaf area index
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