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Climate change has imposed major uncertainties on food and water security in Bangladesh. 
Understanding the recent changes in potential yield and water productivity of major crops 
is essential to formulate effective adaptation strategies under climate change conditions. 
This study assessed the yield and water productivity variation of dry season Boro rice with 
different irrigation regimes and transplanting dates over long-term (1985–2017) in a south-
western district (Khulna) of Bangladesh using AquaCrop model. The evaluation of yield and 
water productivity was done for five transplanting dates (1st & 15th of December and 
January and 1st of February) and four irrigation strategies (fixed short- and long-interval 
irrigations, and measured irrigation with ‘low stress, low dose’ and ‘high stress, high dose’). 
Transplanting rice seedlings on 1st December results in 17% yield increase compared to 

transplanting on 1st January. There are significant (p0.05) increasing trends of attainable 
biomass, grain yield and water productivity of Boro rice. The measured irrigation practices 
are superior to the traditional fixed irrigation practices. The ‘low stress, low dose’ irrigation 
strategy increases irrigation-water productivity and provides an opportunity to exploit the 
possible benefits of climate change. Adjustment of the irrigation strategy can reduce water 
usage without reducing the potential yield of Boro rice with an eventual increase in 
irrigation-water productivity, while adjustment of the transplanting date can increase 
potential yield with additional water usage. These findings would help develop suitable 
agricultural adaptation strategies for irrigated rice cultivation under climate change. 

How to Cite: Acharjee, T.K., Mojid, M.A., Haldar, K. (2022). Yield and water productivity variation of Boro rice with 
irrigation strategies and transplanting dates under climate change – a case study in south-western Bangladesh. Sains Tanah 
Journal of Soil Science and Agroclimatology, 19(1): 60-72. https://dx.doi.org/10.20961/stjssa.v19i1.58560     

 

1. INTRODUCTION 
The effect of climate change on crop yield depends on the 

magnitude of changes in the climatic variables and the crop’s 
sensitivity to those variables. The climatic variables, 
particularly the temperature, solar radiation, and 
atmospheric CO2 concentration, critically influence the 
production of rice (Nyang’au et al., 2014). Higher 
temperature can reduce rice production by reducing spikelet 
fertility, whereas an increase of CO2 concentration can 
increase rice production (Dharmarathna et al., 2012). The 
effect of increased CO2 concentration is different on different 
crops; C3 crops, such as rice, respond to CO2 more vigorously 
than C4 crops and their yield increases, on average, by 41% 
for a doubling of CO2 concentration (Cure & Acock, 1986). 
Kontgis et al. (2019) observed a decline in rice yield without 
CO2 fertilization but slight increase in yield with CO2 
fertilization in Vietnam. Crop yield may also differ with 

planting dates. Planting date fixes the time of occurrence of 
different growth stages of the crop. Rice is highly susceptible 
to high temperature at flowering stage (Jagadish et al., 2008). 
Global warming also alters the growth duration of crops; the 
warming climate has shortened the rice growth period in 
China over the past three decades (Zhang et al., 2013). 
Climate change has already adversely affected India’s rice 
production (Auffhammer et al., 2012). Changes in rainfall 
exert a more significant influence on rainfed rice yield than 
changes in temperature (Boonwichai et al., 2018). The 
influences of temperature on crop production were reported 
more pronounced compared to that of rainfall in Bangladesh 
(Sarker et al., 2012). However, climate change is expected to 
cause low flows, droughts, and significant changes in river 
salinity in the south-west coastal area of Bangladesh during 
the dry season. Due to temporal and spatial variation in 
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climate variables, the impacts of climate change on crop yield 
will differ for different locations, seasons, crops, cultivars and 
also for recent and future periods. Therefore, it is crucial to 
understand the changes in yield and water productivity of 
crops during the past decades to deal with future impacts of 
climate change. 

The impacts of climate change have imposed major 
uncertainties into food security and water resources 
management in Bangladesh. Climate variability has a 
significant effect on water demand and yield of rice and the 
effect varies among the three rice-growing seasons of 
Bangladesh, namely Kharif-I, Kharif-II and Rabi (Sarker et al., 
2012). In North-western parts of the country, the 
temperature is already approaching critical levels from March 
to June (Wright, 2014). Karim et al. (2012) predicted 33% 
reduction in rice yields during 2081 to 2100 in Bangladesh. 
However, prediction also reveals an increase in food grain 
production due to an increase in atmospheric CO2 fertilization 
under increasing temperature (Karim et al., 1999). Although 
the predicted increases in CO2 concentration and incoming 
solar radiation are found to augment rice yield to some 
extent, their effects are insignificant compared to the adverse 
effects of temperature in 2050 and 2070 (Basak et al., 2010). 

Freshwater resources being particularly vulnerable to 
climate change (Mackay, 2008) have become limited in 
Bangladesh’s drought-prone North-West and saline-prone 
South-West regions where more than 1.8 million people do 
not have access to an improved water source. Irrigation 
accounts for the largest off-stream water usage in 
Bangladesh; about 88% of total water withdrawal in 2008 was 
used for agriculture, 79% of which came from groundwater 
source (FAO, 2012). Several studies (Ahmad et al., 2014; 
Mojid et al., 2021; Mojid et al., 2019; Salem et al., 2017) 
identified long-term unsustainable water withdrawal and 
demonstrated significant declining trends in groundwater. 
Scarcity of irrigation water is hindering crop cultivation in the 

coastal saline-prone region, which comprises 30% of the 
country’s total cultivable land. Soil-moisture stress due to lack 
of freshwater is expected to be more intense during the dry 
season that might force the farmers to reduce the acreage for 
Boro rice. Consequently, water use in rice production systems 
must be reduced and water productivity increased to cope 
with declining water availability (Belder et al., 2004). 
Therefore, it is essential to reduce the usage of freshwater for 
irrigation without causing any decline in food grain 
production, and that is to be done under the likely impact of 
climate change. 

Adaptation under climate change will be more challenging 
for developing countries than the developed ones due to 
limitations in adaptive capacity. Therefore, the effectiveness 
of low-cost adaptation strategies should be justified. The 
adoption of efficient surface irrigation is very important for 
salinity-prone regions to cope with the impact of climate 
change (Haj-Amor & Acharjee, 2020). Adjustment of planting 
date could also be a potential option to reduce the irrigation 
demand of rice (Mainuddin et al., 2020). In Vietnam, the rice 
yield increases to potential levels during summer when 
transplanting date is altered and additional irrigation is 
applied (Shrestha, 2014). The alternation of cropping seasons 
promoted the positive effects of doubling CO2 in Northern 
Japan (Horie et al., 1996). Several studies (Acharjee, Halsema, 
et al., 2017; Acharjee, Ludwig, et al., 2017; Basak et al., 2010; 
Dasgupta et al., 2015, 2018; Karim et al., 2012; Karim et al., 
1990; Mojid et al., 2015; Rabbani et al., 2013; Shahid, 2011) 
have addressed the effects of climate change on water 
requirement, yield and water productivity of rice in 
Bangladesh. However, the influences of agronomic 
managements like irrigation management and adjustment of 
transplanting date on yield and water productivity of Boro 
rice have not received adequate attention yet. So, this study 
evaluated the yield and water productivity variation of Boro 
rice with five planting dates and four irrigation strategies. 

 

 
Figure 1. The location of the study area (Khulna) in Bangladesh map 
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2. METHODOLOGY 
2.1. Study area 

The south-western region of Bangladesh is a ‘salinity risk’ 
hotspot of the country. The present study focused on Khulna 
District (Fig. 1) that extends from 22° 42' to 23° 00' N latitude 
and 88° 14' to 89° 45' E longitude and has a gentle slope and 
an elevation of 9 m above mean sea level. The area is 
characterized with a tropical Savanna climate (a dry winter 
and a rainy summer). Soil pH ranges from 6.4 to 7.9 and 
organic matter from 0.54% to 2.42%. The annual average 
temperature is 26.3 °C and the monthly mean temperature 
varies between 12.4°C in January and 34.3°C in May. The 
annual average rainfall is 1,809.4 mm, 87% of which occurs 
from May to October. Rice-based cropping patterns dominate 
most of the area, with high yielding Boro rice covering 31,253 
ha and yielding 122,432 metric tons rice grain during 2016–
17 (BBS, 2020). Most of the present Boro rice cultivars are 
drought and salinity sensitive. 
 

2.2. Data collection 
The daily climate data on maximum and minimum 

temperatures, relative humidity, wind speed, sunshine 
duration and rainfall for Khulna weather station were 
collected from Bangladesh Meteorological Department 
(BMD) for the period from 1984 to 2017. Data on soil textures 
were collected from the Soil Resources Development Institute 
(SRDI) of Bangladesh. Daily reference crop evapotranspiration 
(ETo) was estimated from the climate data by using Penman-
Monteith method as expressed by Allen et al. (1998), 

ETo = 
0.408∆(Rn–G)+γ

900

T+273
u2(es–ea)

∆+2(1+0.34u2)
  [1] 

For details of the variables and coefficients of the 
Penman-Monteith model, the readers are referred to Allen et 
al. (1998). 

 

2.3. FAO-AquaCrop 6.0 model 
FAO-AquaCrop model describes how crops and 

waterways interact in the soil-crop-atmosphere system. This 
model was developed by FAO with a view to balance 
simplicity, robustness, and accuracy. AquaCrop model uses a 
relatively small number of explicit parameters and the 
estimation procedure is grounded on basic and complex 
biophysical processes to guarantee an accurate simulation. It 
requires inputs on local climate data, crop characteristics and 
management practices to run the simulation (Raes et al., 
2009). The model reliably simulates attainable crop biomass 
and harvestable yield in response to available water (Steduto 
et al., 2009) by utilizing normalized biomass-water 
productivity and adjusted harvest index (HI). The biomass-
water productivity expresses above-ground dry matter 
produced per unit land area per unit of water transpired, and 
normalized biomass-water productivity takes into account 
the adjustments for atmospheric CO2, climate, synthesized 
products and soil fertility. The adjusted HI takes into account 
the total effect of both water and temperature stresses. 

 

2.4. AquaCrop model parameterization and calibration 
AquaCrop model needs three main input files: climate, 

crop and soil files. The climate input file for the model was 

prepared by using the climate data. The crop file was 
parameterized for Boro rice (BRRI Dhan28, a popular HYV 
Boro rice variety cultivated widely in Bangladesh) utilizing the 
observed data of Mondal et al. (2015) and Saha and Mondal 
(2015) for 2012–13 crop period for a central district (Gazipur) 
of Bangladesh (Fig. 1). The Growing-Degree-Days (GDD) 
approach was adopted in AquaCrop model; GDD determines 
crop development and phenology (Miller et al., 2001). The 
GDD values were calibrated in the model using data of 2012–
13 crop period to better simulate the duration of different 
growth stages of the selected rice variety. The calibrated GDD 
from transplanting to recovered transplant, maximum 
rooting depth, initiation of senescence, flowering and 
maturity are 78, 648, 1214, 1127 and 1783°C, respectively. 
GDD is 202°C during flowering stage and 1869°C during entire 
crop period. The base temperature is 8°C and upper 
temperature is 30°C. The soil input file was parameterized for 
deep uniform ‘silty clay’ soil profile. Default values of 
atmospheric CO2 concentration for the period from 1902 to 
2099 (MaunaLoa.CO2) were also included in the climate input 
file. 

 

2.5. Estimation of yield and water productivity 
The normalized biomass-water productivity was 

estimated by taking into account the influence of 
atmospheric CO2 concentration and climate variables, and 
harvest index (HI) by taking into account both water and 
temperature stresses (both heat and cold stress) for 
calculating biomass and grain yield of rice. Note that the 
effects of soil salinity, weed infestation and soil fertility stress 
had not been considered in estimating yield since our purpose 
is to identify the impact of climate change only on the 
potential yield of rice. The details of estimating crop 
attributes by AquaCrop model can be found in Steduto et al. 
(2009) and Raes et al. (2009). 

Water productivity is the amount of water required to 
produce yield; the amount of water can have different 
measures, such as net irrigation water requirement of the 
crop, irrigation water requirement plus effective rainfall, and 
actual crop evapotranspiration (ET). In this study, ET-water 
productivity and irrigation-water productivity of Boro rice 
were estimated for the period from 1985 to 2017. AquaCrop 
model simulated ET-water productivity from crop yield and 
total reference crop evapotranspiration, ETo, and irrigation-
water productivity from model outputs of potential yield and 
irrigation amount. The two water productivity indices are 
expressed as: 

𝐸𝑇‐ 𝑤𝑎𝑡𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑔𝑟𝑎𝑖𝑛 𝑦𝑖𝑒𝑙𝑑

𝑇𝑜𝑡𝑎𝑙 𝐸𝑇𝑜 𝑑𝑢𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑔𝑟𝑜𝑤𝑖𝑛𝑔 𝑝𝑒𝑟𝑖𝑜𝑑
  [2] 

𝐼𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛‐ 𝑤𝑎𝑡𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑔𝑟𝑎𝑖𝑛 𝑦𝑖𝑒𝑙𝑑

𝑁𝑒𝑡 𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛
  [3] 

The biomass, grain yield and growth period of Boro rice; 
total ETo and available rainfall (R) during the growth period of 
rice; applied (net) irrigation and infiltration amount, and ET-
water productivity were estimated by using the AquaCrop 
model. Rainfall deficit was estimated from ETo and R as (ETo–
R) during the growth period. Irrigation-water productivity was 
calculated from potential grain yield and net irrigation 
amount (Eq.3). 
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Table 1. Four different irrigation strategies for simulating yield and water productivity of Boro rice 

Irrigation strategies Time criteria Irrigation interval/timing 
Application 

amount 

Fixed short-interval irrigation 
(Strategy A) 

Before 19th DAT* At 12th day 100 mm 

20th to 99th DAT 8 days interval 

After 100th DAT 12 days interval 
Fixed long-interval irrigation 
(Strategy B) 

Before 19th DAT At 16th day 100 mm 
20th to 99th DAT 12 days interval 
After 100th DAT 16 days interval 

Measured irrigation with ‘low stress, 
low dose’ (Strategy C) 

Before 19th DAT 50% depletion of RAW** Back to field 
capacity (FC) 20th to 99th DAT 20% depletion of RAW 

After 100th DAT 50% depletion of RAW 
Measured irrigation with ‘high stress, 
high dose’ (Strategy D) 

Before 19th DAT 60% depletion of RAW Back to FC plus 
10 mm additional 

water 
20th to 99th DAT 30% depletion of RAW 

After 100th DAT 60% depletion of RAW 

Remarks:  *DAT = Days after transplanting   
 **RAW = Readily available water 
 

 
Figure 2. Trends of changes in biomass production and grain yield of Boro rice during 1985–2017 in Khulna with irrigation under 

fixed short-interval irrigation (A), fixed long-interval irrigation (B), measured irrigation with ‘low stress, low dose’ 
strategy (C) and measured irrigation with ‘high stress, high dose’ strategy (D). 
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Four irrigation input files were prepared to specify four 
different irrigation strategies considering different time and 
depth criteria (Table 1). Fixed short-interval irrigation is the 
most common irrigation practice in Bangladesh except in 
some locations that suffer from drought or salinity problems. 
On the other hand, fixed long-interval irrigation is a usual 
practice in areas with less water availability or metered-
pricing-practice irrigation schemes in which the volume of 
supplied water is metered in real time and water price is 
estimated from its volume. Measured irrigation has been a 
less practiced method in Bangladesh during the past decades. 
However, adoption of Alternate Wetting and Drying (AWD) 
method for rice irrigation in recent years has introduced a 
form of measured irrigation. 

The effects of different irrigation strategies were 
evaluated by estimating yield, water requirement and 
productivity parameters of Boro rice for a normal 
transplanting date (1 January). The effects of adjustment of 
transplanting date were quantified by estimating these crop 
attributes for very early (1 December), early (15 December), 
late (15 January) and very late (1 February) transplanting 
dates under fixed-interval irrigation application. 

 

2.6. Trend analysis of potential yield and water 
productivity 

The trends of the predicted yield, water requirement and 
water productivity of Boro rice were estimated by using non-
parametric Mann-Kendall test. The slopes of these rice 
attributes were estimated using non-parametric Sen’s 
method (Sen, 1968), which being insensitive to outliers 
provides robust estimates of the slopes. The method is robust 
compared to typical other methods for estimating slope of 
regression lines (Sen, 1968). Sen’s slope is given by the 
median slope that is estimated as a change in value per 
change in time and expressed by 

𝑆𝑒𝑛′𝑠 𝑠𝑙𝑜𝑝𝑒 = 𝑀𝑒𝑑𝑖𝑎𝑛 (
𝑥𝑗−𝑥𝑖

𝑗−𝑖
; 𝑖 < 𝑗)  [4] 

where xi and xj are time series elements with i < j. 
 

3. RESULTS 
3.1. Trend of potential rice yield 

Both potential biomass and grain yields of Boro rice show 
increasing trends during 1985 to 2017 in the study area 

(Khulna District) for the four irrigation strategies (Fig. 2). 
However, the average biomass production is higher with the 
measured irrigation strategies (15.73 ton ha-1 for ‘low stress, 
low dose’ and 15.67 ton ha-1 for ‘high stress, high dose’ 
strategy) than with the fixed irrigation strategies (15.42 ton 
ha-1 for short-interval irrigation and 14.06 ton ha-1 for long-
interval irrigation) (Table 2). The measured irrigation with 
‘low stress, low dose’ strategy produces the highest grain 
yield, while the fixed long-interval strategy produces the 
lowest grain yield. The average grain yield during 1985–2017 
period revealed higher production under the measured 
irrigation strategies (1.59% more for ‘low stress, low dose’ and 
1.27% more for ‘high stress, high dose’) compared to the fixed 
short-interval irrigation application. The fixed long-interval 
irrigation application results in 8.82% less biomass and 9.37% 
less grain yield compared to fixed short-interval irrigation 
application. Both the biomass and grain yields show more 
variations during recent decades under the fixed long-interval 
irrigation strategy compared to the other irrigation strategies. 
The Mann-Kendall test reveals significant (p0.05) increasing 
trends of the biomass and grain yields under the four 
irrigation strategies. These results are in agreement with 
those of Chowdhury and Khan (2015), who reported 
increasing trend in the yield of Boro rice during the recent 
decades. Therefore, the recent changes in climate variables 
did not impose any direct detrimental impact on biomass and 
grain production of Boro rice; rather, promising increasing 
trends of these rice attributes were predicted under the 
changing climate. 

 

3.2. Trend of reference crop evapotranspiration and 
irrigation amount 

Fig. 3 illustrates declining trends of reference crop 
evapotranspiration, ETo, available rainfall, R, and crop-growth 
duration, and increasing trends of rainfall deficit, (ETo–R), 
during Boro rice cultivation. The ETo and R show a significant 

(p0.05) declining trend during the growth period of rice, the 
rate of decline being 2.73 mm year-1 and 2.28 mm year-1, 
respectively. The decline in ETo and R during the crop period 
was mainly due to significant declining trend of growth 
duration (0.15 days year-1) of Boro rice.  

 
Table 2. Statistics of biomass and grain yield of Boro rice during 1985 to 2017 in Khulna following the fixed short-interval 

irrigation (A), fixed long-interval irrigation (B), measured irrigation with ‘low stress, low dose’ strategy (C) and 
measured irrigation with ‘high stress, high dose’ strategy (D). 

Statistics 
Biomass for irrigation strategy: Grain yield for irrigation strategy: 

A B C D A B C D 
Mean biomass/grain yield 
(ton ha-1) 

15.42 14.06 15.73 15.67 6.30 5.71 6.40 6.38 

Standard deviation (ton ha-1) 0.99 1.41 0.89 0.86 0.41 0.59 0.36 0.35 

Mann-Kendall test value with 
significance level 

5.25*** 4.42*** 4.82*** 4.71*** 4.00*** 3.77*** 3.27** 3.21** 

Sen’s slope estimate (ton ha-1 

year-1) 
0.061 0.085 0.049 0.047 0.023 0.035 0.019 0.019 

Average change (%) 
compared to case A 

0.00 –8.82 2.01 1.62 0.00 –9.37 1.59 1.27 

Remarks: ** and *** signs indicate significant at 0.01 and 0.001 level of significance, respectively. 
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Figure 3. Trends of changes in reference crop evapotranspiration (ETo), available rainfall, growth duration, and rainfall deficit 

during Boro rice cultivation from 1985 to 2017 in Khulna (same for all irrigation strategies). 
 
The reduction in growth duration is a direct effect of 
increasing temperature during the recent past decades as 
reported by (Acharjee, Halsema, et al., 2017) for the North-
West region of Bangladesh. The rate of decline was smaller 
for R than for ETo with a resulting increase in rainfall deficit by 
0.87 mm year-1. This result indicates continuously increasing 
climatic water requirement of Boro rice in the study area. 
Although rainfall deficit remains invariable for the four 
irrigation strategies, the amount of infiltration varies 
depending on soil-water balance associated with the water 
application strategies. Water loss through infiltration is higher 
under fixed short-interval irrigation application compared to 
measured ‘low stress, low dose’ irrigation application. So, the 
amount of irrigation varies accordingly for different irrigation 
strategies as illustrated in Fig. 4. For the measured application 
of irrigation, infiltration loss is 63% less for ‘low stress, low 
dose’ and 48% less for ‘high stress, high dose’ strategy 
compared to fixed short-interval irrigation application. 
Infiltration loss is 33% lower under fixed long-interval 
irrigation application than fixed short-interval irrigation 
application. Consequently, the fixed long-interval irrigation 
application requires 35% less water than fixed short-interval 
irrigation application. For the measured irrigation application, 
the amount of irrigation is 67% less for ‘low stress, low dose’ 
and 52% less for ‘high stress, high dose’ strategy compared to 
fixed short-interval irrigation application. Therefore, the 
measured application of irrigation would save a significant 
amount of water without affecting the yield of Boro rice. This 

result is in agreement with that of Chapagain and Yamaji 
(2010), who reported 28% saving of water with AWD 
irrigation practice without any reduction in grain yield of rice. 

Although water requirement is less for the measured 
application of water, the number of irrigation events is almost 
three times higher for ‘low stress, low dose’ and two times 
higher for ‘high stress, high dose’ irrigation strategy 
compared to the fixed short-interval application of water. For 
the fixed long-interval irrigation application, the number of 
irrigation events is only 0.6 times of that for the fixed short-
interval application of water. 

 

3.3. Trend of crop-water productivity 
Both ET-water productivity (Eq.2) and irrigation-water 

productivity (Eq.3) of Boro rice show increasing trend for the 
fixed application of irrigation with both the short- and long-
interval, and measured application of irrigation with both the 
‘low stress, low dose’ and ‘high stress, high dose’ strategies 
(Fig. 5). However, the increasing trends of water productivities 
are of different patterns for different irrigation management 
practices. Although ET-water productivity varies minimally 
with the irrigation strategies, irrigation-water productivity 
varies greatly between the fixed interval and measured 
irrigation strategies. This is because ET of rice remains mostly 
unchanged among the irrigation strategies, but water loss is 
much higher under the fixed-interval irrigation application 
compared to the measured irrigation application. 
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Figure 4. Average (bars) and standard deviation (error bars) of rainfall deficit, infiltration amount, irrigation amount and 

number of irrigation events for Boro rice cultivation during 1985–2017 in Khulna under fixed short-interval irrigation 
(A), fixed long-interval irrigation (B), measured irrigation with ‘low stress, low dose’ strategy (C) and measured 
irrigation with ‘high stress, high dose’ strategy (D). 

 
Table 3. Statistics of ET-water productivity and irrigation-water productivity of Boro rice during 1985 to 2017 in Khulna 

following the fixed short-interval irrigation (A), fixed long-interval irrigation (B), measured irrigation with ‘low stress, 
low dose’ strategy (C) and measured irrigation with ‘high stress, high dose’ strategy (D). 

Statistics 
ET-water productivity for irrigation strategy: 

Irrigation-water productivity for irrigation 
strategy: 

A B C D A B C D 

Mean water productivity  
(kg m-3) 1.46 1.42 1.45 1.46 0.45 0.64 1.45 0.97 

Standard deviation (kg m-3) 0.22 0.24 0.22 0.22 0.03 0.07 0.25 0.17 

Mann-Kendall test value 
with significance level 5.72*** 5.19*** 5.67*** 5.60*** 5.78*** 4.11*** 3.08** 2.74** 

Sen’s slope estimate  
(kg m-3 year-1) 0.014 0.015 0.014 0.014 0.003 0.005 0.013 0.007 

Average change (%) 
compared to case A 0.00 –2.74 –0.68 0.00 0.00 42.22 222.22 115.56 

Remarks: ** and *** signs indicate significant at 0.01 and 0.001 level of significance, respectively. 

 
Both the fixed short-interval irrigation application and the 

measured irrigation application with ‘high stress, high dose’ 
strategies provide the highest average ET-water productivity 
(1.46 kg m-3) (Table 3). However, this water productivity for 
the fixed long-interval irrigation application and the 
measured irrigation application with ‘low stress, low dose’ 
strategy (1.42 and 1.45 kg m-3, respectively) does not differ 
significantly from the highest water productivity. The 
measured irrigation application with ‘low stress, low dose’ 
strategy provides the highest average irrigation-water 
productivity (1.45 kg m-3), which is statistically similar to the 
average ET-water productivity under the same irrigation 
strategy. Both the fixed short- and long-interval irrigation 
applications provide much lower irrigation-water productivity 
(0.45 and 0.64 kg m-3, respectively) compared to the 

measured irrigation application with ‘low stress, low dose’ 
strategy. This water productivity under measured irrigation 
application with ‘high stress, high dose’ strategy is also lower 
than that under the measured irrigation application with ‘low 
stress, low dose’ strategy, but higher than that under the fixed 
short- and long-interval irrigation application. The Mann-
Kendall test result reveals significant increasing trends of 
water productivity for all four irrigation strategies (Table 2). 
The average increase in irrigation-water productivity is 222% 
higher for the measured irrigation application with ‘low 
stress, low dose’ strategy than for the fixed short-interval 
irrigation application. This result is in alignment with that of 
Pirmoradian et al. (2004) who reported 60% increase in 
water-use efficiency with intermittent flooding compared to 
continuous flooding for rice cultivation in Iran. 

0

15

30

45

A B C D

Number of irrigation events

0

500

1000

1500

A B C D

Infiltration (mm)

0

100

200

300

400

A B C D

Rainfall deficit (mm)

0

500

1000

1500

A B C D

Irrigation amount (mm)



Acharjee  et al. SAINS TANAH – Journal of Soil Science and Agroclimatology, 19(1), 2022 

 

67 

 
Figure 5. Trends of changes in ET-water productivity and irrigation-water productivity of Boro rice during 1985–2017 in Khulna 

under fixed short-interval irrigation (A), fixed long-interval irrigation (B), measured irrigation with ‘low stress, low dose’ 
strategy (C), and measured irrigation with ‘high stress, high dose’ strategy (D). 

 

3.4. Yield and water productivity of rice under different 
transplanting dates 

Fig. 6 illustrates a comparison of average (bars) and 
standard deviation (error bars) of the simulated potential 
yield, water requirement and water-productivity components 
of Boro rice among very early (1 December), early (15 
December), normal-time (1 January), late (15 January) and 
very late (1 February) transplanting dates. The average 
biomass and grain yields are higher for early transplanting 
dates but lower for late transplanting dates compared to 
normal transplanting date. Total reference crop 
evapotranspiration and available rainfall during the rice-

growing period are lower for early transplanting but higher 
for late transplanting compared to normal planting date. The 
higher available rainfall is obtained mainly due to more 
number of rainy days usually with large amount of rainfall 
under late transplanting dates compared to early 
transplanting. Rainfall deficit is the largest for normal 
transplanting date but lower for late transplanting due to 
higher available rainfall and for early transplanting due to 
lower reference crop evapotranspiration compared to normal 
transplanting date. From a climatic water-demand 
perspective, the late transplanting of Boro rice would be the 
best choice and the early planting would be a better one 
compared to the normal transplanting date. 
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Figure 6. Biomass, grain yield, reference crop evapotranspiration (ETo), available rainfall during growing period, rainfall deficit, 

infiltration loss, duration of growing period, irrigation amount, ET-water productivity and irrigation-water productivity 
of Boro rice during 1985–2017 in Khulna for different transplanting dates (1 Dec: very early; 15 Dec: early; 1 Jan: 
Normal; 15 Jan: late; 1 Feb: very late transplanting) under fixed short interval irrigation. 

 
For the commonly-practiced fixed-interval irrigation 
application, infiltration loss of water from the crop field is 
significant; it is higher for early transplanting and lower for 
late transplanting compared to normal transplanting time. 
Consequently, the amount of irrigation requirement is also 

higher for early transplanting but lower for late transplanting 
compared to the normal transplanting time. So, from a water-
requirement perspective, the late transplanting would be a 
better choice than the early and normal-time transplanting. 
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Table 4. Average change (%) in different study parameters of Boro rice during 1985 to 2017 in Khulna for early and late 
transplanting dates (1 Dec: very early; 15 Dec: early; 15 Jan: late; 1 Feb: very late transplanting) compared to normal 
transplanting date (1 Jan) under fixed short-interval irrigation. 

Parameters 

Change in parameters (%) for: 

Early transplanting dates Late transplanting dates 

1 Dec 15 Dec 15 Jan 1 Feb 

Biomass 16.0 7.9 –5.4 –11.7 

Grain yield 17.2 7.9 –4.9 –14.4 

Reference crop evapotranspiration, ETo –7.8 –4.4 1.8 2.8 

Available rainfall during growing period, R –18.1 –15.6 18.8 37.6 

Rainfall deficit, ETo–R –4.3 –0.5 –4.0 –9.1 

Infiltration loss 6.0 2.9 –3.1 –6.5 

Irrigation amount for fixed-interval application 7.2 3.9 –4.6 –9.2 

Growing period 12.4 7.3 –5.3 –10.7 

ET-water productivity 26.9 12.0 –6.7 –16.4 

Irrigation-water productivity 9.3 3.8 –0.5 –5.8 

 

 
Figure 7. Applied irrigation amount for Boro rice cultivation under measured irrigation strategies during 1985–2017 in Khulna. 
 
Despite the increasing irrigation requirement under early 
transplanting, the higher yield of rice provides higher ET-
water productivity and irrigation-water productivity 
compared to the normal-time and late transplanting. 
Therefore, both from the grain yield and water productivity 
perspectives, the early transplanting of Boro rice would be a 
better choice for the study area. 

Very early transplanting (1 December) of Boro rice would 
increase biomass and grain yields by 16.0% and 17.2%, 
respectively, while very late transplanting (1 February) would 
reduce biomass and grain yields by 11.7% and 14.4%, 
respectively compared to the normal-time transplanting 
(Table 4). Under very early transplanting, the reference crop 
evapotranspiration, available rainfall and rainfall deficit 
decrease by 7.8%, 18.1% and 4.3%, respectively compared to 
normal-time transplanting of Boro rice. However, the 
infiltration loss and the amount of irrigation requirement with 
the usual fixed-interval irrigation application increase by 6.0% 
and 7.2%, respectively under early transplanting compared to 
the normal-time transplanting. In spite of this additional 
water requirement, the ET-water productivity and irrigation 
water productivity increase by 26.9% and 9.3%, respectively 
under very early transplanting compared to normal-time 
transplanting. Both the grain yield and water productivity 
decrease as the transplanting date shifts forward. 

4. DISCUSSION 
The increase in biomass and grain yields, as estimated in 

this study, is likely to be due to the positive impacts of 
changing climate variables, including minimum temperature, 
humidity and atmospheric CO2 concentration, which 
increased consistently from 345 ppm in 1984 to 406 ppm in 
2017 (1.88 ppm year-1). Zhang et al. (2021) find out that rice 
yield would remain stable or increase slightly because some 
positive effects of increased precipitation and CO2 
concentration offset the negative effects of increased 
temperature on rice. Several studies (Allen et al., 1998; Cure 
& Acock, 1986) demonstrated the increase in yield of C3 
plants like rice due to increased level of CO2 concentration. 
The increase in rice yield with increasing CO2 has also been 
predicted for several regions of China (Yao et al., 2007). 
Although a temperature rise would significantly reduce rice 
production, a doubling of atmospheric CO2 concentration in 
association with the rise in temperature would result in 20% 
increase in rice production (Karim et al., 1999). Therefore, the 
increase in temperature during the recent decades has not 
exceeded the threshold that could subjugate the positive 
effect of increased CO2 on rice yield. On the basis of increasing 
trends of biomass and grain yields, the most effective 
irrigation method is the ‘fixed short-interval irrigation 
application (Strategy A, Table 1)’ since the rice crop can 
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exploit the benefit of increased CO2 concentration more 
efficiently under the situation of more water availability; the 
benefit of increased CO2 concentration decreases under 
water stress condition. However, in accordance with the 
highest biomass and grain yields, the most effective irrigation 
method is the ‘measured irrigation with ‘low stress, low dose’ 
strategy (C, Table 1)’. Therefore, the sequence of superior 
irrigation strategy would be Strategy C > Strategy D > Strategy 
A > Strategy B considering the yield attributes of Boro rice. On 
the other hand, the sequence of strategy in order of their 
superiority would be Strategy C > Strategy D > Strategy B > 
Strategy A considering irrigation-demand management. 

The more precise the irrigation application, the more is 
the number of irrigation events and more challenging the 
management of a large number of irrigation events becomes. 
Adjustment of the irrigation system following precise 
irrigation techniques is required to implement the measured 
irrigation application described in this study. Making 
irrigation system automatic will further increase the precision 
of water application. The applied irrigation amount under the 
fixed-interval irrigation application does not depict the actual 
water demand by the crop, but the water that is applied 
under the fixed criteria. So, the long-term estimate of the 
applied water under the fixed-interval irrigation does not 
show any significant variation over time since the number of 
irrigation remains almost same over the years except only 
minimal possibility of variation due to change in growth 
duration of the crop. Under the measured irrigation 
application, there are changing trends in irrigation demand of 
Boro rice under some water-stress conditions (Fig. 7). Similar 
declining trends of irrigation requirement of Boro rice was 
also reported both for the past decades (Acharjee, Halsema, 
et al., 2017) and future period (Acharjee, Ludwig, et al., 2017) 
under climate change scenarios in the North-West region of 
Bangladesh. Therefore, with the measured irrigation 
strategies, Boro rice cultivation will likely exploit the benefit 
of reduced water demand by the crop. The large increase in 
irrigation-water productivity under measured irrigation with 
‘low stress, low dose’ strategy occurs mainly due to a large 
reduction in water usage compared to fixed irrigation 
methods while grain yield remains almost unchanged. We, 
therefore, endorse that adjustment of irrigation strategy is an 
effective way to reduce water usage without reducing the 
yield although this strategy is not very effective to increase 
the yield of Boro rice. 

Boro rice passes through more number of days with lower 
temperature under early transplanting and with higher 
temperature under late transplanting compared to normal-
time transplanting. The low yield of Boro rice for late 
transplanting is associated with the negative effects of 
unfavourable (high) temperature and possible heat-stress 
(Acharjee et al., 2019). The temperature variation during 
growth periods for the two transplanting dates also causes 
variation in growth duration of the crop. The early 
transplanting of rice requires a higher amount of irrigation 
due to higher infiltration loss of water and the late 
transplanting requires lower amount of irrigation due to 
lower infiltration loss compared to the normal-time 
transplanting. Therefore, the sequence of superiority of the 

transplanting time would be 1 December > 15 December > 1 
January > 15 January > 1 February as per yield attributes. But 
the sequence would be just the reverse of that for the yield 
attributes on the basis of irrigation-demand management. 
Therefore, the adjustment of transplanting date, although 
effective in improving biomass and grain yields of Boro rice 
with some additional increase in water demand, is not very 
effective to increase water productivity. 

Since the AquaCrop model simulates attainable crop 
biomass and harvestable yield, these crop attributes will not 
be similar to those under real field conditions due to multiple 
stresses like salinity, nutrient deficiency, and weed and pest 
infestation. Although the biomass and grain yields may not be 
as large in real field conditions as estimated in this study, the 
trends of their variation in response to changes in climatic 
condition will be similar under normal conditions. 

 

5. CONCLUSION 
Irrigation strategy with measured application of irrigation 

water significantly reduces water loss compared to irrigation 
strategy with fixed-interval application of water and 
consequently has a potential to save large amount of water 
without affecting the yield. Compared to latter transplanting 
of rice seedlings within feasible transplanting period early 
transplanting always provides higher potential yield and 
water productivity of Boro rice. However, irrigation water 
demand of the crop will increase, to some extent, under early 
transplanting. Hence, the adjustment of the irrigation 
strategy can increase irrigation-water productivity of rice, 
while adjustment of the transplanting date can increase 
potential yield of rice with additional water usage. 
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