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A b st r a ct 

Irri g ati o n  w at er  s c ar cit y  is  m aj or  t hr e at  t o  s ust ai n a bilit y  of  t h e  ri c e- w h e at  s y st e m  i n 
n ort h- w est  I n di a,  w hi c h  is  criti c al  t o  t h e  f o o d  s e c urit y  of  I n di a.  T h er e  ar e  m a n y  cr o p 
m a n a g e m e nt pr a cti c es w hi c h c a n h el p t o r e d u c e irri g ati o n w at er r e q uir e m e nt f or ri c e a n d 
w h e at. A si m ul ati o n st u d y w as c o n d u ct e d usi n g t h e v ali d at e d A P SI M m o d el t o e v al u at e 
v ari o us  cr o p  m a n a g e m e nt  pr a cti c es  f or ri c e  a n d  w h e at,  a n d  f or  ri c e- w h e at  cr o p pi n g 
s y st e m  as  w h ol e,  f or  t h eir  i m p a cts  o n  irri g ati o n  w at er  r e q uir e m e nt,  yi el d  a n d  w at er 
pr o d u cti vit y.  M a n a g e m e nt  o pti o ns  e v al u at e d w er e  w h e at  a n d  ri c e  s o wi n g/tr a ns pl a nti n g 
d at es,  ri c e  irri g ati o n  w at er  m a n a g e m e nt, a n d  ri c e  r esi d u e  m a n a g e m e nt.  T h e  r es ults 
s u g g est e d t h at o pti m u m s o wi n g d at e f or w h e at i n n ort h- w est I n di a i s l at e O ct o b er t o e arl y 
N o v e m b er i n t er ms of m a xi misi n g yi el d, W P I a n d W PE T . Yi el d d e cr e as e d b y ar o u n d 6 0 
k g  h a - 1d - 1  ( 1 %  d- 1)  w h e n  s o wi n g  w as  d el a y e d  fr o m  1 0  N o v e m b er  t o  3 0  D e c e m b er. 
M ul c hi n g  oft e n  r es ult e d  i n  hi g h er  yi el ds  a d v a nt a g e,  m or e  s o  wit h  e arli er  ( 2 3  O ct o b er) 
s o wi n gs, a n d t h e yi el d a d v a nt a g e d e cr e as e d at 4 % p er d a y b e y o n d 2 3 O ct o b er. F or ri c e, 
t h e  o pti m u m  tr a ns pl a nti n g d at e  f or  r e d u ci n g irri g ati o n  w at er  r e q uir e m e nt  w as  mi d  J u n e 
( 1 1 a n d 2 1 J u n e), d u e t o l o w er e v a p or ati v e d e m a n d a n d hi g h er cr o p s e as o n r ai nf all t h a n 
f or ot h er tr a ns pl a nti n g d at es. T h e m o st effe cti v e pr a cti c e f or r e d u ci n g irri g ati o n i n p ut w as 
b y  c h a n gi n g  ri c e  irri g ati o n  m a n a g e m e nt  fr o m  c o nti n u o us  fl o o di n g  t o  A W D.  T h er e  w as 
n o yi el d p e n alt y w h e n c h a n gi n g fr o m c o nti n u o us fl o o di n g t o irri g ati o n u p t o 4 d a y s aft er 
t h e  p o n d  w at er  h a d  dis a p p e ar e d  ( 4- d).  T h er e  w as  a b o ut  2 5 %  a n d  5 0 %  irri g ati o n  w at er 
r e d u cti o n  b y  s wit c hi n g  fr o m  c o nti n u o us  fl o o di n g t o  2- d  a n d  4- d  irri g ati o n  s c h e d uli n g, 
r es p e cti v el y,  wit h  a  si g nifi c a nt  i n cr e as e  i n  irri g ati o n  w at er  pr o d u cti vit y  ( W P I).  T h e 
irri g ati o n  w at er  s a vi n g  w as  d u e  t o  r e d u c e d  d e e p  dr ai n a g e.  W h e at  yi el ds  w er e  n ot 
si g nifi c a ntl y  diff er e nt  u n d er  m ul c h  a n d n o n- m ul c h e d  c o n diti o ns  u n d er  diff er e nt  ri c e 
irri g ati o n s c h e d ul es. H o w e v er, m ul c h e d w h e at f oll o wi n g fr e q u e ntl y irri g at e d ri c e ( C F, 2-
d,  4- d)  r e q uir e d  l o w er  irri g ati o n  i n p ut  t h a n  n o n- m ul c h e d  w h e at  f oll o wi n g  ri c e  wit h  t h e 
s a m e  ri c e  irri g ati o n  s c h e d ul es.  T h er e  w as  n o eff e ct  of  m ul c hi n g  o n  irri g ati o n  i n p ut  t o 
w h e at f oll o wi n g ri c e wit h l ess fr e q u e nt ri c e irri g ati o n ( 7- d, 1 0- d a n d 1 5- d). O n a v er a g e, 
t h er e  w as  a  gr a d u al  i n cr e as e  i n  w h e at  irri g ati o n  i n p ut  wit h  d el a y  i n  ri c e  irri g ati o n 
fr e q u e n c y  fr o m  C F  t o  1 5- d.  W PE T   a n d  W PI  w er e  hi g h er  wit h  m ul c h  wit hi n  e a c h  ri c e 
irri g ati o n  s c h e d ul e.  T ot al  s y st e m  (ri c e + w h e at)  yi el d  a n d  w at er  pr o d u cti vit y  tr e n ds  w er e 
si mil ar  t o  t h os e  f or  ri c e  irri g ati o n  s c h e d ul es  a n d  n ot  gr e atl y  aff e ct e d  b y  ri c e  r esi d u e 
m a n a g e m e nt i n t h e w h e at cr o p. 
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Introduction 
Rice-wheat cropping systems are of great importance for food security in India, and for 
the livelihoods of hundreds of millions of rural poor. Occupying approximately 10 Mha, 
the rice-wheat systems of India provide 52% of the total national calorie intake (FAO, 
2007). The highly mechanised, irrigated rice-wheat systems of north-west (NW) India are 
particularly important for food security. The two small states of Punjab and Haryana 
occupy less than 3% of the total geographical area of India but contribute about 54% of 
the rice and 84% of the wheat procured by the Government of India (Yadvinder-Singh et 
al., 2003). The productivity of rice-wheat systems needs to increase to keep up with 
population growth in India, which is predicted to increase from 1.12 billion in 2008 to 
1.35 billion by 2025 (UNESCO, 1995). However, the sustainability of these systems is 
threatened by soil degradation, declining water availability and environmental 
degradation, as a result of high cropping intensity with imbalanced nutrient input, high 
irrigation input, intensive tillage, and almost complete residue removal.  
More than 90% of the rice-wheat area of Punjab and Haryana is irrigated using 
groundwater (Ambast et al., 2006). This part of India has access to the world’s largest 
underground aquifer system, containing 4,800 km3 of water (Tanwar and Kruseman, 
1985). There are currently around 1.3 million tubewells pumping groundwater for 
agriculture in Punjab, and 0.7 million tubewells in Haryana (Hira 2009, Statistical 
abstract for Haryana). As a result, 97% and 83% of the cultivable area of Punjab and 
Haryana, respectively, is under irrigation, in comparison with an average of 39.5% for 
India as a whole. The rapid increase in groundwater extraction and increased cropping 
intensity resulted in a steady decline in the depth to the groundwater in the NW India 
(Ambast et al., 2006; Hira, 2009; Rodell et al., 2009). The decline in the water table has 
accelerated alarmingly in some areas in the recent years; for example, in parts of 
Ludhiana district in central Punjab, the rate of groundwater decline increased from about 
0.2 m year-1 during 1973 to 2001 to about 1 m year-1 during 2000 to 2006. 
There are many improved crop water management technologies which can help to reduce 
the irrigation requirement by reducing losses through deep drainage, seepage, runoff and 
soil evaporation (Humphreys et al., 2010 and Sudhir-Yadav et al., 2012). These crop 
management technologies include date of transplanting for rice, irrigation scheduling for 
rice and wheat, mulching, crop establishment/tillage methods, variety duration, and laser 
levelling. These crop and land management practices have been tested in field 
experimentation for their irrigation water saving potential but the results are variable 
from year to year and across locations (Humphreys et al., 2010). In almost all studies 
management practices were evaluated for individual rice or wheat crop yield and 
irrigation water productivity, however these crops are grown in rotations with carry over 
effects on soil conditions, especially water and nutrient availability, and on the window 
of oppurtunity for field operations for succeeding crops. For example transplanting time 
of rice and rice varietal duration will determine whether the succeeding wheat crop can 
be sown at the optimum time. So to evaluate the impact of crop technologies on water use 
and productivity, these practices should also be tested for the cropping system as a whole 
rather than for individual crops. However, it is not possible to evaluate the many 
combinations of management practices for rice and wheat in field experimentation due to 

170 



  

 
  

 

 

 
 

 
 

 
 
 
 

 

 

 

 

 

  

Chapter 13: Crop Management for Land & Water Productivity 

time and resource limitations. However a validated cropping system model can be a 
helpful tool to evaluate the potential of these management practices on a system basis. In 
the present study we used the APSIM farming system model to evaluate the different 
crop management practices for rice and wheat, and for the rice-wheat system, in terms of 
yield, irrigation water use and water productivity. 

Material and methods 
All simulations were conducted using 40 years (1970-2010) of weather data from the 
meteorological station at Punjab Agricultural University (PAU), Ludhiana, on a sandy 
loam soil. The soil parameters were based on the properties of a field site at PAU, 
Ludhiana (Timsina et al., 2008; Yadvinder-Singh et al., 2009). The soil had a plant 
available water capacity (PAWC) of 110 mm over the 0-60 cm soil profile, and a PAWC 
of 290 mm over the 0-180 cm soil profile. The stage 1 soil evaporation parameter (U) 
was set to 10 mm for the sandy loam based on the values used by Arora et al. (2007) and 
Timsina et al. (2008). The soil evaporation stage 2 parameter (cona) was set to 2 mm 
based on the above studies.  
All wheat crop simulations used the variety PBW343 established at 150 plants m-2 with a 
row spacing of 20 cm, and were irrigated when the soil water content (0-60 cm) had 
decreased to 50% of plant available water content (50% soil water deficit, SWD). The 
amount of water added to wheat crop at each irrigation was 120% of SWD to represent 
the inherent inefficiency of flood irrigation. All rice crop simulations used the long 
duration (155 days) variety PR118 (photoperiod insensitive) with 25 day old seedlings 
transplanted at 33 plants m-2. Nutrients were non-limiting in all simulations. The results 
of all simulations were analysed in terms of grain yield, components of the water balance, 
and water productivity. 

Wheat 
Effect of sowing date 
The calibrated APSIM model for wheat (Balwinder-Singh et al., 2011) was used to 
evaluate a range of sowing dates from 10 October to 30 December, at 10 day increments 
for potential yield (no water and nutrient stress) and under more realistic conditions with 
irrigation scheduled at 50% SWD.  
Effect of mulch x sowing date 
The interactions between mulching treatment (with and without mulch) and sowing date 
on growth, yield and water balance components were studied. Wheat sowing dates started 
from 15 October (middle of the rice harvesting season in Punjab) with an increment of 8 
days up to 16 November. For all these simulations, 8 t ha-1 of rice straw was put as mulch 
on the soil surface on 15 October to simulate the situation after rice harvest. For non-
mulched treatments, the rice straw was removed one day before sowing, simulating 
burning of rice straw one day prior to sowing. Both the mulched and non-mulched wheat 
were sown with zero tillage. Irrigations were scheduled at 50% SWD. 
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Rice 
Effect of transplanting date 
The APSIM-Oryza (Version 7.3) rice module was calibrated using ACIAR project data 
(LWR2/2000/089 and CSE/2004/033) for the long duration rice cultivar (PR118) 
(Humphreys et al., 2008; Yadvinder-Singh et al., 2009). The calibrated model was used 
to compare 8 transplanting dates from 1 May to 11 July at 10 day increments. The crop 
was irrigated daily as needed to maintain continuous ponding (depth 5 cm) for the first 
two weeks after transplanting. Irrigation water was applied daily to top up the paddy to 5 
cm. Thereafter, the crop was irrigated 2 days after disappearance of the ponded water, 
and the amount of water added was the amount required to fill the top two soil layers (0-
30 cm) to saturation plus an additional 50 mm water to create a temporary surface pond.  

Rice-Wheat system 
The effects of the rice irrigation schedule and post harvest rice residue management on 
individual rice and wheat crop and total system yield and water productivity were studied 
for rice transplanted at the optimum time (see section 3.3). Six rice irrigation schedules 
were compared: continuous flooding (maintaining 5 cm pond until maturity) (CF), and 
irrigation 2, 4, 7, 10 and 15 days after disappearance of the pond water (2-d, 4-d, 7-d, 10-
d, 15-d). At each irrigation, the amount of water added was enough to saturate the topsoil 
and create a 50 mm temporary pond (as above). The rice was followed by wheat sown 
using zero tillage following rice straw removal (farmer practice), or zero till wheat with 
rice residues retained. In the straw removed scenario, the rice residues were removed one 
day after harvest and one pre-sowing irrigation of 70 mm was applied seven days before 
wheat sowing on 1 November. There was no pre-sowing irrigation for the rice residues 
retained treatment because of conservation of soil moisture by the mulch.  
The results of the simulations were analysed in terms of grain yield, components of the 
water balance and water productivity. The components of the water balance examined 
were irrigation amount, soil evaporation, transpiration, ET, deep drainage beyond 180 cm 
and runoff. Water productivity was computed with respect to ET (WPET) and irrigation 
(WPI). 

Results 
Optimum wheat sowing date 
Potential grain yield was strongly affected by sowing date and by seasonal weather 
conditions (Figure 13.1a). For example, with sowing on 10 November, potential yield 
ranged from 3.0 t ha-1 to 8.5 t ha-1. Potential yield was usually highest with 20 November 
sowing (mean 6.5 t ha-1), closely followed by 10 November sowing (mean 6.3 t ha-1). 
Potential yield increased as sowing date was delayed from 10 October (mean 4.0 t ha-1) to 
20 November, and then declined with delay in sowing beyond that. Average potential 
yield decreased by 68 kg ha-1 day-1 (1.1 % d-1) with delay in sowing from 20 November to 
30 December. 
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Table 13.1. Effect of sowing date on grain yield, irrigation amount, irrigation water 
productivity (WPI) and crop water productivity (WPET) for water non-
limiting (potential yield) and irrigation scheduled at 50% SWD 

10-Oct 20-Oct 30-Oct 10-Nov 20-Nov 30-Nov 10-Dec 20-Dec 30-Dec 
Potential yield 
Grain yield 
(t ha-1) 

2.9 4.3 5.5 6.3 6.4 5.8 5.0 4.4 3.7 

WPET 

(kg ha-1mm-1) 
6.3 8.7 10.9 11.9 11.9 11.1 9.8 8.6 7.5 

50%SWD 
Grain yield 
(t ha-1) 
Irrigation (mm) 

2.7 

127 

3.9 

186 

5.2 

232 

5.6 

247 

5.0 

242 

4.2 

229 

3.5 

212 

2.9 

186 

2.5 

169 

WPET 

(kg ha-1mm-1) 
10.8 12.5 14.3 14.4 13.2 11.6 10.2 9.0 8.1 

WPI 

(kg ha-1mm-1) 
21.3 21.1 22.4 22.5 20.4 18.4 16.4 15.2 14.6 

With irrigation at 50% SWD, yield was again strongly affected by both sowing date and 
seasonal conditions (Figure 13.1b). However, the yield trends as affected by sowing date 
varied in some ways from those for potential yield. In particular, the optimum sowing 
date was earlier (10 November), followed by 30 October. For each sowing date, potential 
yield was always higher than yield with 50% SWD scheduling. This was due to soil water 
deficit stress with irrigation scheduled at 50% SWD. For example, in 1997, potential 
yield of the 10 November sowing was 6.6 t ha-1, compared with yield of 5.7 t ha-1 with 
irrigation at 50% SWD with an average water stress index of 0.94. More irrigation water 
was required by 10 November sowing than all other sowing dates. However, 10 
November was optimum in terms of grain yield, WPI and WPET. 

Optimum sowing date for mulched wheat 
There were interactions between wheat sowing date and mulching treatment on grain 
yield, ET and irrigation amount. In most years, yield with mulch was higher than yield 
without mulch, for all sowing dates. However, the positive effect of mulch on yield was 
larger, and occurred more often, for the 23 and 31 October sowing dates (Figure 13.2a) 
(Table 13.2). For example, the yield advantage with mulch for 23 October sowing ranged 
from 500 to 1200 kg ha-1 (average 900 kg ha-1) whereas with 16 November sowing, 
mulch had a negative effect on yield in 40% years and the yield difference ranged from -
600 to +700 kg ha-1 (average 90 kg ha-1) (Table 13.2). 
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Figure 13.1. Effect of sowing date on (a) potential grain yield of wheat, (b) grain yield 
with irrigation scheduled at 50% SWD on a sandy loam 

Table 13.2. Absolute yield levels (kg ha-1) and difference between mean values for 
mulched and non-mulched wheat (mulch minus non-mulch) for grain 
yield (kg ha-1), irrigation water input (mm) and crop ET (mm) for 
different sowing dates 

15 Oct 23 Oct 31Oct 8 Nov 16 Nov 
Absolute yields (kg ha-1) 
Non-mulch 3200 4800 5100 5300 5000 
Mulch 3830 5700 5850 5700 5090 
Differences (mulch minus non-mulch) 
Yield (kg ha-1) +530 +900 +750 +400 +90 
Irrigation 
amount (mm) 

+47 +5 0 -19 -23 

ET (mm) -1 +3 0 +10 +15 
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The effect of mulch on crop ET was small but variable within all sowing dates, and 
ranged from -22 to +33 mm (data not presented). For all three October sowing dates, 
mulch reduced ET in about 50% years. With 8 and 16 November sowing, mulch reduced 
ET in 70 and 95% of years, respectively. The effect of mulch on ET was driven by its 
effects on soil evaporation (Es) and transpiration. Mulch suppressed Es for all sowing 
dates in all years (except for 15 October sowing in 1 year). The effect of mulch on Es was 
variable within all sowing dates (range +6 to -53 mm). Averaged over all sowing dates 
for all 40 years, mulch reduced Es by 36 mm. 
The effect of mulch on irrigation requirement was also variable, usually resulting in 
either 1 less irrigation, no effect, or 1 more irrigation (Figure 13.2b). Mulch reduced the 
irrigation requirement more with November sowings than October sowings. For 8 and 16 
November sowings mulch reduced irrigation requirement by 1 irrigation (about 65 mm) 
in 32 and 40% of years, compared with a reduction in only 12% of years for October 
sowings (Figure 13.2b). In about 50% years under October sowings there was no effect of 
mulch on irrigation amount. The increase in irrigation requirement with mulch in some 
years was associated with higher biomass production and longer growth duration. 

Figure 13.2. Effect of sowing date on difference between mulched and non-mulched 
wheat (mulch minus non-mulch) for (a) grain yield (b) irrigation water input 
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Mulch gave higher yield and maximum advantage in terms of grain yield under late 
October and early Novemeber sowings, but with less chance of reducing irrigation 
amount than for late November sowings. The yield and irrigation water productivity of 
mulched wheat were higher under early November than mid/late October sowings (data 
not presented). Based on these results, the optimum sowing date of mulched wheat is the 
first week of November, which will avoid grain filling during hot weather. 
Optimum rice transplanting date 
There was a consistent trend for a small but steady increase in grain yield as transplanting 
date was delayed from late May (6.1 t ha-1) to early July (6.6 t ha-1), with similar yield for 
all transplanting dates in May (Figure 13.3). The average amount of in-crop rainfall 
varied from around 475 mm for the earliest and latest transplanting dates, and increased 
to a maximum of around 560-570 mm for late May to late June plantings.  

Figure 13.3. Effect of different rice transplanting dates in grain yield (kg/ha). Error bars 
represent standard deviation. 

There was steady decline in ET with delay in transplanting from 1 May (835 mm) to 11 
June (674 mm), beyond which ET only declined very slightly (Figure 13.4). As a result of 
trends in ET and rainfall, irrigation requirement declined from a maximum of 1,220 mm 
with 1 May transplanting to a minimum of 970 mm with 11 June transplanting, and then 
increased gradually as transplanting date was further delayed. Water productivity based 
on ET (WPET) increased steadily as planting was delayed from 1 May (7.3 (kg ha-1mm-1) 
to 10 July (10.3 (kg ha-1mm-1) due to both declining ET and increasing yield with delay in 
transplanting (Figure 13.5). However, irrigation water productivity (WPI) was maximum 
for plantings around mid to end of June. In this case, there are tradeoffs between yield, 
irrigation amount, WPET and WPI in determining optimum transplanting date. For a 
farmer for whom irrigation water is not limiting, delayed planting to 11 July would 
maximise yield, and this is also the best option in terms of minimising water depletion as 
ET and maximising WPET. However, if irrigation water is limiting, the best option for the 
farmer would be to transplant in late June. 
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Chapter 13: Crop Management for Land & Water Productivity 

Figure 13.4. Rainfall, Irrigation and rice crop ET under different transplanting dates 

Figure 13.5. Water productivity based on ET and irrigation water applied under different 
rice transplanting dates. Error bars represent standard deviation. 

Effect of rice irrigation schedule and residue management on rice-wheat 
system productivity 
Rice 
Grain yield was similar for CF, 2-d and 4-d irrigation schedules (mean 6.2 t ha-1), and 
then declined steadily with decreasing frequency of irrigation to 4.4 t ha-1 with 15-d 
irrigation scheduling (Figures 13.6, 13.7). Rice grain yield was also more stable in the 
more frequent irrigation treatments (CF, 2-d and 4-d) and never fell below 5 t ha-1 (Fig 7). 
In contrast, yields of the 7, 10 and 15-d treatments fell as low as 3.6, 1.6 and 0.6 t ha-1, 
respectively. Although there was no difference in yield of CF, 2-d and 4-d treatments, 
there was a big difference in irrigation amount (Figure 13.8). The highest irrigation 
amount was under CF (range 742 to 1860 mm) which was greatly reduced when 

177 



 

 
 

 
 

 

 
 

 SAC Monograph 

irrigation was switched to AWD. The mean irrigation amount with CF (1163 mm) was 
reduced by 340 with 2-d. With further decrease in irrigation frequency, the irrigation 
amount was further decreased but by smaller amounts and with increasing yield penalty. 
For example average irrigation input reduction was 433 mm when changing from 4-d to 
15-d irrigation schedule with an average yield penalty of 1.9 t ha-1. 

Figure 13.6. Average rice grain yields under different irrigation schedules. Error bars 
represent standard deviation of the data. 

Figure 13.7. Cumulative probability of rice grain yield under rice irrigation schedules 
based on 40 years data 

178 
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Figure 13.8. Cumulative probability of rice irrigation input under rice irrigation schedules 
based on 40 years data 

Rice crop ET ranged from 477-890 mm for CF and similar ET for CF, 2-d and 4-d 
irrigation scheduling (670 to 675 mm). There was a small decline in ET as irrigation 
frequency was reduced beyond 4-d, with a 12% reduction to an average value of 601 mm 
for 15-d. Average WPI was increased from 5.5 to 8.0 (kg ha-1mm-1) as irrigation 
management changed from CF to 2-d, and increased further with less frequent irrigation. 
WPI was less variable under CF, 2-d, 4-d than less frequent irrigation treatments (Figure 
13.9). 

Figure 13.9. Cumulative probability of rice irrigation water productivity under rice 
irrigation schedules based on 40 years data 
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WPET was similar for CF, 2-d and 4-d irrigation schedules (consistent with their similar 
yield and ET) and ranged from 5.7 to 11.4 (kg ha-1mm-1). WPET was more variable under 
7-d, 10-d and 15-d irrigation treatments. The average WPET achieved was the same all 
irrigation treatments which is 9.3 (kg ha-1mm-1) except 10-d and 15-d irrigation where it 
was low at 8.2 and 7.4 (kg ha-1mm-1) respectively. 
Wheat 
Wheat yield (mean 5.8 t ha-1) was not affected by mulching treatment nor by irrigation 
scheduling for rice (Figure 13.10). However, there was in interaction between rice 
irrigation schedule and rice residue management on wheat irrigation input due to 
differences in soil profile water content at the time of rice harvest. The mean residual soil 
water content (0-180 cm) at rice harvest was 478, 432, 405, 381, 364, 354 mm under CF, 
2-d, 4-d, 7-d, 10-d and 15-d rice irrigations schedules, respectively. With CF, 2-d, 4-d 
rice irrigation schedules, the irrigation requirement for mulched wheat was lower than for 
non-mulched wheat. However, with less frequent irrigation scheduling for rice, the wheat 
irrigation requirement was similar with and without mulch. The mean difference in 
irrigation amount to non-mulched wheat compared with mulched wheat decreased from 
+43 to -8 mm with decrease in rice irrigation frequency from CF to 15-d. There was an 
increase in irrigation input to wheat as the frequency of irrigation of rice was delayed 
from CF to 15-d, much more so for non-mulched wheat. For non-mulched wheat, the 
irrigation amount increased from 277 to 312 mm as rice irrigation frequency decreased 
from CF to 15-d. 

Figure 13.10. Wheat grain yield and irrigation water input under mulch and non-mulched 
treatments following different rice irrigation schedules. M-mulch and NM-non-mulch. 
Error bars represent standard deviation of the data. 
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Figure 13.11. Wheat crop ET under mulch and non-mulched treatments following 
different rice irrigation schedules. M-mulch and NM-non-mulch. Error bars represent 
standard deviation of the data. 
The mulched wheat had lower ET than non mulched wheat, but the difference gradually 
decreased as irrigation frequency decreased from CF (49 mm) to 15-d (30 mm) (Figure 
13.11). Trends in ET were similar to trends in yield for mulched and non-mulched wheat, 
respectively.
 WPET of mulched wheat decreased slightly with delay in irrigation of rice from CF to 15-
d, but there was only a very small effect of rice irrigation treatment on WPET of non-
mulched wheat (Figure 13.12a). At each rice irrigation level, mulched wheat had higher 
WPET than non- mulched wheat, but the absolute differences decreased with delay in 
irrigation. Similar trends were observed for WPI but the rate of decrease of WPI in 
mulched wheat with delay in rice irrigation was much higher than for WPET (Figure 
13.12b). 

Figure 13.12. Wheat water productivity based on ET (a) and irrigation water applied (b) 
as affected by rice residue management and rice irrigation schedule. Error bars represent 
standard deviation of the data. 
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Total rice-wheat system 
Total rice-wheat (RW) system yield (rice yield + wheat yield) was not affected by rice 
residue retention, but followed the yield trends for rice as affected by irrigation schedule 
(Figure 13.13a). Total system irrigation input was always higher in the non-mulched than 
mulched system, but the difference declined as rice irrigation frequency decreased from 
CF to 15-d. 
ET of the rice-wheat system (not including fallows) decreased slightly with delay in rice 
irrigation, and the mulched system had lower ET than the non-mulched system within 
each rice irrigation level (data not presented). Total system ET was highest with CF 
(mean 1055 mm) and decreased to 993 mm with 15-d irrigation scheduling and non-
mulched wheat. Total system WPET was similar for CF, 2-d and 4-d rice irrigation 
schedules irrespective of rice residue management, but decreased with further delay in 
rice irrigation, more so in the mulched system. 

Figure 13.13. Rice wheat system irrigation water input and grain yield (rice+wheat) under 
rice residue management and different irrigation schedules. 

There was a large effect of rice irrigation scheduling on total rice-wheat system WPI and 
a relatively small effect of rice residue management in the more frequently irrigated 
treatments only. The lowest WPI 8.0 (kg ha-1mm-1) occurred in the system with CF rice, 
which increased markedly to 11.0 (kg ha-1mm-1) when rice irrigation switched to 2-d, 
with a small increase to a maximum of around 13.7 (kg ha-1mm-1) for 7 to 15-d irrigation 
schedules (Figure 13.14).  
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Figure 13.14. Irrigation water productivity of the rice wheat system as affected by rice 
irrigation scheduling and rice residue management. Error bars represent standard 
deviation of the data. 

Discussion 
Wheat sowing date 
The large variability in potential grain yield between years was due to seasonal 
variability. For example, for 10 November sowing, the highest potential yield (8.5 t ha-1 

in 1988-1989) was associated with high solar radiation from tillering to anthesis, 
consistent with the findings of Fischer et al. (2007) that solar radiation during the 15-20 d 
period before anthesis is important for biomass production and potential grain number. 
The lowest potential yield (3.0 t ha-1 in 1976-1977) was associated with low solar 
radiation and hence low biomass production during the vegetative phase (sowing to 
anthesis) and low total biomass at anthesis. In 1976-1977 the grain number was very low 
(5,700 grains m-2) compared to the average of 12,780. 
With 50% SWD irrigation scheduling, maximum grain yield was observed with sowing 
on 10 November, while WPET and WPI were highest for sowing around 30 October-10 
November. Thus in terms of maximising yield, WPET and WPI, the optimum sowing date 
was early November. The lower grain yield of early sowings was associated with lower 
grain number due to a shorter vegetative growth period and lower LAI and biomass 
production. The lower grain yield with later sowing was associated with both lower grain 
number (due to higher water stress) and lower grain weight, as the grain filling period 
falls in increasingly hotter weather as sowing is delayed. These results are similar to 
those of the modelling study of Arora and Gajri (1998).  
In field studies over seven years at Ludhiana, the optimum sowing date for maximum 
yield was 15 November for varieties (PBW 154 and PBW 226) with similar duration to 
that of PBW 343 (Ortiz-Monasterio et al., 1994). They found that grain yield decreased 
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by about 0.7% per day delay in sowing beyond this date. In another field study, 
Randhawa et al. (1981) reported that with delay in sowing from 25 October to 15 
December, grain yield of Kalayansona, WL711, HD2009 and WG 357 varieties 
decreased by 1.2, 0.9, 1.2 and 1.0% per day delay in sowing after 25 October, 
respectively. In our simulations grain yield decreased by 0.7-1.0% per day delay in 
sowing beyond 10 November, consistent with the findings of the above field studies. 
While the results of our simulations of the effect of sowing date on potential yield using 
APSIM were consistent with those using other crop models in this environment (Arora et 
al., 2007; Arora and Gajri, 1998; Timsina et al., 2008), the magnitude of potential yield 
within each sowing date varied between the studies. The simulated average yields of 
Arora and Gajri (1998) with the SUCROS-WBM model (3.6 and 6.0 t ha-1 for 15 October 
and 15 November sowings, respectively) were similar to our results using APSIM. Using 
DSSAT-CSM-CERES Wheat version 4.0, Timsina et al. (2008) also predicted similar 
maximum average potential grain yield of PBW 343 (6.3-6.4 t ha-1) for sowings from 25 
October-25 November, however mean yield for the 10 October sowing (5.2 t ha-1) was 
much higher than the 3 t ha-1 predicted by Arora and Gajri (1998) and our study using 
APSIM. The variable results point to the desirability of some common data sets and 
comparative model studies. Accurate assessment of potential yield is important in; 
determining the gap between crop potential and on-farm yields; helping prioritise 
research investment in reducing this gap and increasing farm productivity. 

Wheat sowing dates and mulch 
The optimum sowing date of mulched wheat for maximum yield and maximum yield 
advantage as compared to non-mulch was 23 October, and there was a decrease in the 
yield advantage with mulch in earlier and later sowings. In contrast, Sidhu et al. (2007) 
did not find a significant interaction between sowing date and residue management in 
field experiments in the same location. Simulations indicate that on average, the yield 
advantage with mulch decreased from 890 kg ha-1 to 95 kg ha-1 with delay in sowing from 
23 October to 16 November (4% d-1). The yield decline after the optimum sowing date is 
explained by decline in grain number and grain weight. The mulched wheat sown in late 
October had higher grain number and grain weight than the non mulched wheat while 
under later sowings mulched and non mulched wheat had similar grain number, but 
mulched wheat had lower grain weight. In the model, potential grain number is based on 
biomass at anthesis, and the biomass at anthesis was higher in the mulched crop sown in 
late October. The higher biomass was the result of a longer vegetative phase in the 
mulched crop. However, the longer vegetative phase did not result in grain filling of the 
late October sown crops during periods of higher temperatures. This extension in the 
vegetative period due to mulch was decreased slightly with later sowings due to the 
exposure of the crop to relative high temperature. For example, flowering date of the 23 
October sowing was delayed by 6 days under mulch compared with a 4 day delay for 16 
November sowing and this was reflected by less advantage under mulch (more than 1 t 
ha-1) in biomass accumulation at anthesis. However, where there was yield loss with 
mulch under late sowings, this was more related to lower grain weight due to exposure of 
the crop to higher temperature during grain filling. Within each sowing date, the mulched 
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wheat on average experienced 1.1oC higher temperature during grain filling than the non-
mulched wheat, but as temperatures were much higher during grain filling for later sown 
crops, the effect of an additional 1.1oC on the mulched crops had a more detrimental 
effect. For 23 October sowings, average temperature during the grain filling period was 
23oC (without mulch), compared to 29oC for the 16 November sown crop. However, 
under irrigated conditions, a temperature of 29oC would not be as detrimental to grain 
filling as shorter exposure to extremely high temperature (>34oC). In 40 years, the 
number of days on which the crop was exposed to temperature >34oC increased as 
sowing was delayed. For the 15 November sowing there was a significant number of 
years and days in which the crop was exposed to even higher temperature (>40oC) during 
grain filling. High temperature during grain fill slows the rate of grain filling because of 
damage to the photosynthesis apparatus and which also results in acceleration of 
senescence and shortening of the grain filling period (Al-Khatib and Paulsen, 1984; Zhao 
et al., 2007). 
The higher water saving under mulch in late sowings (November sowings) result in a 
yield penalty (explained above), the crop requires less water and produces less yield. So 
there is trade-off between yield and water savings as we move from October to 
November sowings. In 15 October sowing mulch crop required higher irrigation water in 
some years to support higher biomass production as compare to non-mulch crop and in 
some years one extra irrigation due to longer crop duration under mulch. Higher number 
of irrigations under mulch resulted in more wetting events and hence high soil 
evaporation losses as compare to non-mulched crop. 
Rice transplanting date 
In contrast with our model results, most field studies in north-west India conclude that 
yields are stable or decrease when transplanting is delayed from May to July. However, 
the results may vary from year to year depending on weather and build up of insect and 
disease pressure as the season progresses. Using the CROPMAN model, Chahal et al. 
(2007) showed an increasing trend in yields from 1 May transplanting to 1 July 
transplanting using PR118, the same variety used in our study. In their study they also 
considered PR118 to be a photo-insensitive cultivar and showed that the lower radiation 
and temperature during early crop growth in late transplanted crops did not lower yield as 
argued by other researchers (Mahajan et al., 2009). Chahal et al., (2007) hypothesised 
that the later transplanted crop was less exposed to “super thermal temperature” (>37oC) 
and that this may be the reason for increasing trend in the yield in July transplanted crops.  
Early transplanted crops were exposed to higher evaporative demand after transplanting 
and thus required more frequent irrigation, resulting in higher Es and T (Figure 13.15). In 
Punjab 40-45% of annual open pan evaporation occurs during the 2 months from mid-
April to mid-June (Minhas et al., 2010). Thus, total pan evaporation during our 1 May 
transplanted crop was 846 mm compared to 628 mm during the 1 July transplanted crop. 
Crops exposed to high vapour pressure deficit during crop growth have lower photo 
assimilation per unit of water consumed and increased respiration due to higher day 
temperature (Kropff et al., 1993). The decrease in ET with delay in transplanting was due 
to both decrease in T and Es, but more due to decrease in T. Chahal et al. (2007), Arora 
(2006) and Singh et al. (1996) also reported a decrease in ET with delay in transplanting 
from early May to July. 
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Figure 13.15. Soil evaporation and crop transpiration from rice for different transplanting 
dates 

Rice irrigation schedule 
The main reasons for much higher water use in flooded rice than other crops are high 
seepage and percolation losses. Reduction of hydrostatic pressure is an important means 
for reducing such losses (Bouman et al., 1994). This is the principle behind AWD, also 
known as intermittent irrigation. This involves flooding the field to a shallow depth (e.g. 
50 mm), allowing the water to dissipate, and re-irrigating some time after the soil surface 
has dried out. It has been well-established that irrigation input can be reduced by the use 
of safe AWD (i.e. AWD managed to avoid yield loss). The reduction varies from 10-40% 
of the amount applied to a continuously flooded field, depending on soil hydraulic 
conductivity and depth to the water table. In our study on a sandy loam soil, shifting to 
safe AWD from CF saved 25% of irrigation water which is consistent with the results 
from other field studies (Chaudhary et al., 2006; Hira et al., 2002; Sharma et al., 1989, 
1999; Sudhir-Yadav et al., 2011a) and modelling studies (Arora, 2006; Sudhir-Yadav et 
al., 2011b). Irrigation water reduction was mainly due to reduction in deep drainage 
beyond root the zone. On average, deep drainage was reduced by the same amount as 
irrigation water when switching from CF to 2-d, however the reduction in deep drainage 
was quite variable from year to year depending on rainfall. With introduction of AWD 
there was no change in the crop ET with decreased frequency up to and including the 4-d 
irrigation schedule because the topsoil remains wet (above field capacity) between 
irrigations and irrigation water was applied before Es entered a reduced rate stage (stage 
2 evaporation), so there was no difference in Es under these irrigation schedules. 
However, with further delay in irrigation to the 7-d, 10-d and 15-d schedules, the soil 
dried more and the rate of Es decreased. In these treatments water stress also caused a 
reduction in transpiration and total biomass. 
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In wheat, the frequent rice irrigation treatments resulted in an almost full soil profile at 
the time of rice harvest, which reduced the need for irrigation of wheat. Wheat is able to 
use the moisture stored deep in profile after rice. Gajri et al. (1993) reported that one 
early season irrigation at about 30 d after sowing can force the crop to use the profile 
water resulting in yields as high as that achieved with more frequent irrigation. Keeping 
the rice residue as surface mulch reduced the wheat irrigation water requirement more in 
the frequent rice irrigation treatments because the need for irrigation of these treatments 
was delayed until the crop had dried the soil profile to 50% SWD, whereas crops starting 
with a drier soil profile needed irrigation sooner. It is well established that mulch is only 
effective in reducing Es when soil is wet and Es is at potential rate (stage 1 evaporation) 
(Bond and Willis, 1970). Therefore the difference between non-mulch and mulch system 
wheat Es decreased with delay in rice irrigation (Figure 13.16). Laboratory studies 
showed that in a single drying cycle, cumulative evaporation from straw-mulched soil 
initially lagged behind that from non-mulched soil, but with time, total water loss from 
the mulched soil was similar to or exceeded that of non-mulched soil (Jalota and Prihar, 
1990; Jalota, 1993). 

Figure 13.16. Soil evaporation under mulched and non-mulched wheat as function of rice 
irrigation schedules 

Rice-wheat system 
In the total rice-wheat system, rice received about 80% of the total irrigation water input 
under CF and non-mulched wheat, and rice also accounted for more than 60% of total 
system ET (not including Es during the fallow). Any crop management practice which 
affected irrigation water input and rice ET had a significant effect on system irrigation 
and ET and system irrigation water productivity. For example when switching from CF to 
2-d rice irrigation there was significant increase in system irrigation water productivity. 
Although wheat received much less irrigation water than rice, there was scope to use the 
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residual soil profile water after rice harvest. A combination of water saving practices like 
optimum rice transplanting date with safe AWD followed by timely sowing of wheat 
with surface mulch can have significant effect on system water compared to current 
farmer practices. 

Conclusions 
Crop management practices, especially sowing/transplanting dates and irrigation water 
management, are potential irrigation water saving practices in rice-wheat system in NW 
India. The optimum sowing date for mulched wheat for maximum yield and WPI is late 
October to early November. Rice yields increased as transplanting was delayed from May 
to July, while irrigation water requirement declined from a maximum under May 
transplanting to a minimum with mid/late June transplanting. The higher irrigation input 
to May and July transplanting was due to higher evaporative demand and lower monsoon 
rainfall during the cropping season. WPI was also higher with mid/late June transplanting 
but WPET was higher under July transplanting.  
There was about 25% irrigation water saving when changing from CF rice to irrigation 2-
d after the pond water had dissipated (2-d) without any yield decline, and further 
irrigation water savings (~50%) with no yield reduction with a 4-d irrigation schedule. 
Consistent with yields, there was no significant difference in crop ET under different rice 
irrigation schedules from CF to 4-d. Average WPI was increased from 8.0 to 9.5 to 10.7 
(kg ha-1mm-1) with changing rice irrigation from CF to 2-d to 4-d, respectively. 
Wheat irrigation water input was reduced with surface retention of rice residues provided 
that the rice was irrigated sufficiently to maintain yield (CF, 2-d, 4-d), leaving a fairly full 
profile at the time of rice harvest. Total rice-wheat system yield was maximised with rice 
irrigated using 4-d scheduling and mulched wheat, and with higher WPI than for CF and 
2-d rice irrigation scheduling. Total system WPI was higher under 7-d, 10-d and 15-d rice 
irrigation schedules, but there was high yield penalty when using these irrigation 
schedules. 
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