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ABSTRACT 

Food insecurity and water stress are two potentially interconnected issues in future food 
production of the Vietnam Mekong Delta. Due to upcoming upstream dam construction in 
the Mekong river and sea level rise affecting downstream water hydrology, water stress will 
be prominent in the future, while alluvial soils will see a decline in their past fertility. These 
will exacerbate the decreasing productivity of paddy fields which already started in recent 
years. A switch to paddy – upland crop rotation has been applied in Vietnam as a solution to 
improve soil quality and hence crop yields. To overcome water stress, deficit irrigation can be 
integrated to increase water productivity and close the yield gap to the ones under the 
traditional irrigation practice in the region. 

A water-driven model, AquaCrop, was applied in Vinh Long province to study deficit water 
management practices for rice and upland crop production in long-term paddy soils in the 
Mekong Delta, Vietnam. A field experiment with rice, soybean and sesame was conducted to 
collect the data needed to estimate crop parameters for model calibration. All crop 
parameters were estimated successfully, so the calibrated model was able to simulate crop 
development through canopy cover, biomass and yield under local environmental conditions 
and field management practices. However, further studies to calibrate AquaCrop for sesame 
are required before a wide application of its parameters in the region.  

After the successful calibration, AquaCrop simulated yields and water productivity of the 
three crops for 18 continuous years under different deficit irrigation and net irrigation 
scenarios. For upland crops in any treatment, a significant difference in yield under deficit 
irrigation and net irrigation was recorded (p < 0.001). Meanwhile, the significant difference in 
rice yields only occurred between deficit irrigation with 30% irrigation reduction and net 
irrigation; even the mean rice yield of deficit irrigation with 15% irrigation reduction was not 
significantly lower than that of net scenario. For water productivity, there was a significant 
difference between deficit irrigation and net irrigation in upland crops only. Water 
productivity of soybean and sesame under deficit irrigation was lower than that under net 
irrigation. Besides, a closer yield gap between deficit and net irrigation was noted when the 
first irrigation was done to bring soil moisture back to field capacity after plant emergence. 
However, there was no significant difference in yield of upland crops under different deficit 
irrigation scenarios. 
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1. Introduction 

After a prolonged decline, world hunger appears to be on the rise again (FAO, 2017). The 
number of undernourished people increased from 777 million in 2015 to 815 million in 2016 
and is projected to continue rising by 2017. This number is still lower than the near 900 million 
hungry people in 2000 and so it is not clear whether this uptick signals a future upward trend 
for food insecurity. However, it is obvious that the food security situation is visibly worsen in 
part of sub-Saharan Africa and South–Eastern and Western Asia (FAO, 2017). This calls for an 
immense concern because Africa and Asia will contribute most to the future population 
growth to 9.7 billion by 2050 and 11.2 billion by 2100 (UN, 2017). More than half of the global 
population increase is estimated to occur in Africa between now and 2050, so 1.3 billion over 
the projected 2.4 billion to be added to the world population is from this continent. Asia 
follows by 0.9 billion people from 2015 to 2050.  

Water is one of the main factors limiting food production. With the future population 
increase, the amount of water required for agriculture to feed the world would need to 
increase by 70-90%  (Barron, et al., 2013). Yet, humans are already facing water stress due to 
over-exploitation and pollution. Fresh water is becoming scarce on the global scale, causing 
adverse effects on food security. In order to meet this increase in food demand, water use 
efficiency needs to be enhanced. Deficit irrigation is one of the promising irrigation strategies 
in the context of water shortage to maintain acceptable crop yield (Mustafa, et al., 2017).  

Similarly, food insecurity and water stress are two potentially interconnected issues in future 
food production of Vietnam. These problems will be most highly visible in the Vietnam 
Mekong Delta which is known as the rice bowl of the nation.  

The Mekong Delta is the largest grain production area in Vietnam. The region contributes 50% 
to the national agricultural production, corresponding to 33% of the total gross output of the 
country’s agriculture, while its area is only 12% of the total natural land area of Vietnam 
(General Statisitics Office, 2012). More than 90% of the Delta is used for rice cultivation with 
an annual rice production of about 20 million tons. An estimated 90% of the rice export 
volume is produced in here. In addition, the Mekong Delta is a young delta, deposited by a 
river and creek network system with a dominance of alluvial soil. Alluvial soil or Fluvisol in Soil 
World Base Reference (WRB, 2006) covers around 31% - the largest area of the Delta (Chieu, 
et al., 1990). They are distributed along banks of the Mekong river and in the central part of 
the Delta. The dominant soil texture is silt to clay, formed by alluvium sediment 
transportation and sedimentation processes of the river. These sediments are rich in 
nutrients and so make alluvial soil favorable to rice cultivation. With such local advantages, 
the Vietnam Mekong Delta plays a crucial role in the agricultural production of the whole 
country. 

Nonetheless, the productivity of paddy fields in the Vietnamese Mekong Delta tends to 
decrease in past years, particularly in intensive rice cultivated areas. From 1995 to 1999, rice 
yields reduced by 12% and 21% in winter-spring, summer-autumn season and spring-summer 
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season (Linh, et al., 2015). The decreasing productivity is expected to continue in the near 
future, even with increased addition of fertilizers and using different varieties. Intensive rice 
monoculture – a common traditional farming system in the Mekong Delta is one main reason 
for this. It causes a decrease in soil quality and finally crop yield. So, the question on rising 
food production to meet the increasing population in Vietnam needs to be addressed. 
Similarly, availability of fresh water is more limited due to climate change and a decline in the 
Mekong river’s flow. Because the elevation of the flat terrain is 2 m, the Delta is extremely 
vulnerable to sea level rise. This leads to saline water intrusion into fields and subsequent soil 
structural degradation which is becoming more pronounced as wetting and drying cycles are 
getting more prominent with a changing climate. Meanwhile, the river flow will decline 
because of upcoming dam construction in Lao and China. Thus, water shortage will be 
prominent in the future, while alluvia soil will see a decline in their past fertility. These will in 
turn exacerbate food insecurity.  

A switch to paddy – upland crop rotation has been applied in Vietnam as a solution to improve 
soil quality and hence crop yields (Linh, et al., 2016). To overcome water stress, deficit 
irrigation can be integrated to increase water productivity and close the yield gap to the ones 
under the traditional irrigation practice in Vietnam Mekong region as demonstrated by Qui, 
et al. (2014) and Hoang & Tri (2015). However, the number of such studies is limited, and they 
only involved rice production. No studies have been made in the region or in Vietnam in 
general, on deficit irrigation for upland crops. 

2. Objectives 

The thesis aims to study deficit water management practices for rice and upland crop 
production in long-term paddy soils in the Mekong Delta, Vietnam. In order to achieve this 
goal, three specific objectives are: (1) calibration of the AquaCrop model for rice, soybean and 
sesame in Vietnam Mekong Delta, (2) assessment of the net irrigation requirement for rice, 
soybean and sesame, (3) identification of the effects of deficit irrigation management 
scenarios on yields and water use efficiency, the latter being defined here as yield 
produced/water used, and thus equivalent to water productivity.  
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3. Literature Review 

3.1. Food insecurity and water scarcity 

Food insecurity refers to the situations when people do not have adequate physical, social or 
economic access to sufficient, safe and nutritious foods which meet their dietary needs and 
food preferences for an active and healthy life (FAO, 2003). To measure the insecurity state, 
the Food Insecurity Experience Scale (FIES) has been developed by the Food and Agriculture 
Organization of the United Nations (FAO). It is an experience–based metric of the severity of 
food insecurity, relying on direct yes/no responses to eight questions regarding access to 
adequate food (FAO, 2017). The scale consists of three levels, namely: mild insecurity 
(worrying about food), moderate insecurity and severe insecurity (experiencing hunger). 
Between 2014 and 2016, nearly one over ten people, approximately 9.3% of the world 
population, suffered from severe food insecurity (FAO, 2017). In terms of absolute number, 
Asia was estimated to have the highest number of undernourished people (520 million), 
compared to 243 million people in Africa and 42 million in Latin American and the Caribbean 
by 2016. Food insecurity is marked to only worsen starting from mid-2014 until now (Figure 
1). From 2007 to 2014, the overall trend of change in food insecurity was a steady decrease 
to below 0% while three years later, it rapidly increased to above 0.5%.  

 
Figure 1: Marked Increases in Food Insecurity (FAO, 2017) 

This increase might be more alarming when the projections of global population suggests a 
need to increase food production by 70% in order to support 9.4-10.2 billion people in 2050 
(UN, 2017). The worsened food insecurity can be attributed to a variety of factors, including 
extreme weather events, water scarcity and violent conflicts. Nonetheless, on the research 
scope, this thesis is limited to water scarcity problems as a driver for food insecurity. 

Water is key to agriculture in that crops and livestock need it to grow. Agriculture requires a 
large amount of water for irrigation and various production processes. It is by far the largest 
water user, contributing about 70% of all withdrawals worldwide (CAWMA, 2007). However, 
the fact that available fresh water is becoming scarce threatens the worldwide food 



 

4 

production. Water resources are unevenly distributed that some countries has an abundance 
of water while many nations face lacking conditions. There are places where water is 
abundant, but not accessible or very expensive to develop. The situation is worsened as the 
amount of renewable fresh water is facing a decrease due to climate change and pollution. 
Fresh water availability in the Near East and North Africa is expected to drop by 50% by 2050 
(FAO, 2014) while farming and other agricultural activities will increase their consumption to 
more than 85% of available water resources. On a global scale, it is now estimated that more 
than 40% of the rural population lives in river basins that are physically water scarce or the 
available supply does not meet the demand (FAO, 2011).  

Consequently, food production can be slowed down, and crop yields might be reduced 
significantly. Plant exposes various symptoms when suffering from lack of water during their 
development period, such as: stomatal closure, canopy cover reduction and flowering 
duration shorten (Lambers, et al., 2008). All these symptoms can lead to a decrease in plant 
biomass and eventually crop yields. In order to minimize these adverse effects without 
compromising food security, deficit irrigation, where water is applied below full crop-water 
requirements, is one of the promising irrigation strategies in the context of water shortage to 
maintain acceptable crop yield (Mustafa, et al., 2017). This irrigation approach supports the 
need to improve water use efficiency in agricultural production  (Cook, et al., 2006) 

3.2. Crop yield response to water stress 

The research focuses on the production of rice, soybean and sesame, so crop responses to 
water stress during their growth will be limited to these three plants.  

3.2.1. Rice 

Rice (Oryza sativa L.) is a major staple food and the only cereal that can grow in wetland 
conditions in the world (Bouman, et al., 2007). Its cultivation area is about 150 million 
hectares worldwide, providing around 550-560 million tons of rice annually. More than 75% 
of the world rice production comes from irrigated paddy land (79 millions ha) (Sokoto & 
Muhammad, 2014), and about 92% of this world rice production and consumption is from 
Asia. Nevertheless, rice in Asia is mainly grown under flooded irrigation system where water 
is the major factor that limits an increase in its production (Nurul, et al., 2014) .  

The crop belongs to the C3 group with a growing period of 3-6 months, depending on the 
variety and the growing environment. Its development has three main growth stages:  
vegetative, reproductive and ripening (Figure 2). The vegetative stage starts from germination 
to the initiation of panicle primordia. During this stage, newly active tillers appear, plant 
height gradually increases, and leaves emerge. All contribute to increasing the leaf area that 
receives sunlight (Yoshida, 1981). The difference in the length of the vegetative stage 
between rice varieties is the primary reason for differences in their growth duration (Nguyen, 
2008). The reproductive stage, from panicle primordia to heading, takes ~30 days on average 
(27-35 days). This stage is characterized by a continued plant height increase, emergence of 
the last leaf, decline in tiller number, booting, heading and flowering. Finally, in the ripening 
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stage leaves become senescent and the grains grow in size and weight with color changes 
(milky, dough and yellow ripe).  

 
Figure 2: Life cycle of a 120-day variety grown in the tropics  
under the transplanting cultivation system (Yoshida, 1981) 

In comparison to other crops, rice is one of the most sensitive crops to water shortage and 
drought effects occur when soil moisture drops below saturation (Bouman, et al., 2007). 
Depending on the growth stages at which water stress happens, rice has different 
mechanisms in response to it. As water stress occurs at tillering, in the vegetative stage, leaf 
area expansion is decreased as soon as the soil dries below saturation. Leaf rolling appears, 
causing a reduction in effective leaf area for light interception (Bouman, et al., 2007). Thus, 
there is decrease in the chlorophyll content (Nurul, et al., 2014) and the amount of 
intercepted photosynthetically active radiation (PAR) per unit of leaf  (Sokoto & Muhammad, 
2014). Consequently, photosynthesis of rice is interrupted and declines, leading to a 
significant reduction in the number of tillers and panicles. Rice grain not only has a small size, 
but also its number is not maximized; so, total rice yield can decrease by 30% (Nguyen, 2008; 
Qui, 2011). 

Similarly, if water stress appears during the reproductive stage, there will be stomata closure, 
leading to a reduction in the transpiration rate and in photosynthesis of the crop. Leaf 
stomata do not close instantly; instead the crop keeps on photosynthesizing for a certain time 
interval. When leaf senescence starts, canopy cover becomes reduced. In IR72 rice cultivar, it 
starts at soil water tensions of 630 kPa (Bouman, et al., 2007). Additionally, development of 
the panicle is reduced even with a small soil water deficit and ceased completely with severe 
water stress in this stage (Fukai, 1999). Under re-irrigation, panicle development is resumed 
immediately, but the flowering phase is still delayed. The delay can be up to three to four 
weeks in photoperiod-insensitive varieties.  

Comparing to the first stage, the effects of water stress on rice in the reproductive stage are 
more significant, because its flowering and heading are most sensitive to water deficit (Sokoto 
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& Muhammad, 2014). The lack of water in the period around flowering will increase the 
percentage of spikelet sterility – a situation in which there is no grain within the glumes of 
the rice plant (Bouman, et al., 2007). This increase reduces the amount of filled spikelets and 
therefore decreases the number of grains per panicle. The sterility is especially sensitive in a 
short time span exactly at flowering. Thus, the percentage of grain filling can decrease up to 
40% with water stress during this later stage (Qui, 2011). In one experiment of rice response 
to water stress in sandy soil in Sudan and Nigeria, Sokoto and Muhammad (2014) found that 
water stress at flowering and grain filling phases resulted in a significant reduction in grain 
yield (3 tons/ha to 0.889 tons/ha). Water stress at tillering also caused yield reduction but 
this was not significant (p>0.05). Finally, if water stress occurs after flowering or in the 
ripening stage, grain weight will be decreased. In other words, the rice crop produces more 
sickly grain (or grains not well filled), causing a significant decline in yield.  

To conclude, water stress during the vegetative stage decreases the number of effective tillers 
while water stress in the later stages affects the reproductive physiology by interfering with 
flowering, pollination and grain filling. The effects of enhanced leaf senescence and spikelet 
sterility in the reproductive and ripening stages lead to irreversible processes in yield 
reduction whereas decrease in leaf area expansion, photosynthesis, and tillering in the early 
stage can be restored or compensated (Bouman, et al., 2007). Furthermore, the eventual 
effect of water stress on rice cropping systems is yield reduction, whose amount depends on 
the time of the cyclic water stress (Nurul, et al., 2014). The yield reduction due to water stress 
in the vegetative stage is not as significant as in the subsequent stages.  

3.2.2. Soy bean 

Soybean (Glycine max (L.) Merr) is one of the most important global crops for oil and proteins.  
The world production is nearly 220 million metric tons of beans over 90.5 million ha. The US 
contributes the greatest amount (33%) of the production, followed by Brazil with 28% and 
Argentina 21% (James & Charanjit, 2013). Soybean is mainly grown under rainfed conditions, 
but irrigation is increasingly used (FAO, 2011). It has a high protein content of 35.5-40%, even 
higher than the protein content in fish, meat and twice time higher than other bean families 
(Dien, 2007). This protein source can be digested easier than the protein in meat and it does 
not contain cholesterol-making compositions. Soybean also has a higher amount of oil than 
any other oilseed bean crop. It is valued as an extremely important source of vegetable oil.  

Soybean is a short-day C4 plant, with a growth duration of 80-150 days, depending on the 
variety and the environment. Its growth is separated into the vegetative developmental 
period and reproductive developmental period (Figure 3). The vegetative growth period is 
from emergence to flowering and characterized by the development of leaves and nodes 
(Dien, 2007). The cotyledons are first pushed through the soil (VE stage) and unifoliate leaves 
are unfolded. Then, nodes are developed beginning with unifoliate nodes. When the leaves 
are fully developed at the unifoliate nodes, the V1 stage is reached. Next, the trifoliate leaves 
are fully developed at nodes above the unifoliate nodes (V2 stage). This process continues to 
V(n) stage with n presenting the number of nodes on the main stem with fully developed 
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leaves beginning with the unifoliate leaves. The reproductive developmental period starts at 
flowering and continues to maturation. This stage is based on flowering, pod formation and 
seed filling (Fehr & Caviness, 1977). When there is at least one flower appearing on any node 
on the main stem, it is called the beginning blooming (R1) stage. After the fully blooming of 
flowers, pods are formed (R3) and reach its full development at R6 stage. At this stage, pod 
growth is rapid and seed development begins while senescence is about to start. It is the most 
crucial time interval for seed yield because the number of pods and seed per pod are 
determined during this time. Finally, seeds accumulate dry weight to form green beans (R7). 
When the green color disappears, plant maturity starts, and plants become ready for harvest.  

 
Figure 3: Progression across the developmental and growth periods of Soybean.  

Stages according to Fehr & Caviness 1977 (James & Charanjit, 2013) 

Water requirement for maximum production of soybeans varies from 400 to 700 mm/season 
(FAO, 2011), depending on climate, length of the growing period and available soil moisture. 
The water use is also different between development periods. During the emergence stage 
to V3, the amount of required water is not much because canopy cover is small, and water is 
mainly lost through soil evaporation. The water demand then increases rapidly and peaks at 
between flowering and seed filling periods (R1-R6) (Borivoj, et al., 2011). Once the plant 
reaches maturity, water demand rapidly decreases with leaf senescence. In general, irrigation 
is recommended to avoid water stress when plant available water falls to 50% or p is 0.5 
(James & Charanjit, 2013). 

Corresponding to different water requirements for different growth stages, the effects of 
water stress on soybeans also vary between stages. If water shortage occurs during the early 
period (VE – Vn), there will be adverse effects on leaf area, seed weight and final yield of the 
crop. First, water stress makes turgor pressure decrease, causing a reduction in cell and leaf 
expansion and so in leaf area (Gustavo, et al., 2013). A study by Catuchi et al. (2011) of two 
cultivars CD220 and CD226RR under water deficits at V4 stage reported a reduction of roughly 
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40% in leaf area per plant and decreasing shoot dry mass of about 50% in both cultivars, 
comparing to treatments without water stress. The stress also accelerates the senescence 
while declining the interception of PAR by the total leaf area to levels insufficient for optimal 
crop growth rate and yield (Gustavo, et al., 2013). This aligns with Epi Purwanto’s results 
(2003) in both greenhouse and field experiments in Central Java. The yields were reduced 
from above 1.5 tons/ha for sufficiently irrigated ones to above 1 tons/ha for unirrigated ones 
with about 7% seed weight reduction. Nonetheless, Kron et al. (2008) concluded that plants 
subjected to water shortage during the V4 stage show an increased tolerance to water 
shortage in later stages. 

Soybeans become more sensitive to water deficits in the reproductive periods. Responses of 
the crop to the deficits vary with the time and duration of the water stress between two 
stages: R1-R4 (beginning flowering) and R4-R6 (pod and seed development). The occurrence 
time is more important than the water stress intensity (Borivoj, et al., 2011). In the early stage 
of the reproductive period, water deficits affect leaf area index (LAI), seed number and yields 
of soybean. An experiment in Argentina in fine clay between 1987-1988 by Andrian et al. 
(1991) showed a decreased LAI from 7 (plants without stress) to 5 when stress was applied at 
the beginning flowering (R1-R4). Similar results were presented by Eck et al. (1987). They 
distinguished these effects in term of stress duration and found that water stress treatments 
in R1-R2 caused a greater LAI reduction than the reduction of stress treatment in R1-R2-R3 
and both of them had a lower max LAI than that of unstressed plants. Similarly, they observed 
that the seed number was significantly reduced by the stress treatment R1-R2-R3 while it was 
not significantly reduced by the R1-R2 treatment. Yet, the reduction was compensated by 
increased seed weight, so the yields were approximate to the two stress treatments, but less 
than those of unstressed ones. Finally, yield lost is greatest if the water stress occurs during 
pod formation and seed filling (Snyder, et al., 1981; Eck, et al., 1987; Andriani, et al., 1991; 
Purwanto, 2003; Borivoj, et al., 2011; Gustavo, et al., 2013). The stress causes not only a 
reduced LAI, but also a reduction in pod number and seed yield. Among these, the number of 
pods results in the greatest reduction in yield (Andriani, et al., 1991). The reduction in LAI due 
to the stress in R4-R6 is greater than the reduction in the earlier stages. Because water deficits 
during pod and seed formation accelerate senescence, a significant number of leaves was lost 
without new leaf production. Similarly, deficits in R4-R6 stages cause a higher seed yield loss 
than deficits in R1-R4. The roots develop until pod formation, so they can explore deeper 
zones with more plant water available when stress is applied in the beginning the 
reproductive stage. In contrast to the effects with stress in the early flowering that did not 
affect pod number (Eck, et al., 1987), there is a substantial decline in the number of pods/ha 
with water stress during R4-R6. It can be explained by flower abortion during the main 
flowering period and pod abortion during the period of rapid pod growth after flowering. 
Thus, except for the final week of seed filling, yield reduction is maximum when water stress 
occurs during the last week of pod development and during bean filling. 
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In conclusion, soybean yield is least susceptible to water deficits during the vegetative stage, 
more susceptible during early flowering, and most susceptible during pod formation and seed 
filling. The time occurrence of water stress is more important than its intensity. There are 
three main reasons for the difference in these yield reductions. First, the decrease in bean 
size is largest when the plant was stressed during bean filling. Second, maximum reduction in 
pod numbers occurs when stress is applied during the later flowering throughout pod filling. 
Finally, due to root development, seed yield loss due to stress is higher in the pod formation 
and seed filling than in the vegetative stage and beginning of flowering. Thus, the yield loss 
can be substantial here.  

3.2.3. Sesame 

Sesame (Sesamum indicum L.) is one of the most ancient oil crops grown mainly in dry regions 
of the world (Weiss, 2000). Its seed is known as “queen of the oil seeds” that contains more 
than 50% of oil (Boureima, et al., 2011) which can be extracted for cooking. Sesame also has 
medical values. Its seeds are rich in lignans that have sesamin and sesamolin which is 
converted to sesamol after roasting. This sesamol is found to have anti-oxidative effects and 
to induce growth arrest and apoptosis in cancer cells (Haiyang, et al., 2013). The world 
production of sesame has kept increasing recently, in which China and India are not only its 
largest producers, but also its largest consumers (Dissanayake, 2017).  

This plant is an erect, branching and indeterminate species (Figure 4). Its petiolate leaves are 
arranged opposite where the axils have tubular solitary flowers with five merous sepals and 
four stamens (Dissanayake, 2017). The capsules bear whitish sesame seeds. The growing cycle 
of sesame is short (~90days) and consists of four stages: vegetative, reproductive, ripening 
and drying phases (Weiss, 2000). In the vegetative phase, when the seed meets moisture, the 
seedlings emerge from the soil. This process takes about 3-5 days before the cotyledons are 
yellow and inverted into a crook (Langham, 2007). Next, sets of true leaves are first visible 
with different sizes and then get smaller all the way to the top of the plant. When the third 
leaf set is the same length as the second set, the first floral buds appear (juvenile stage) before 
the plant flowers emerge. This vegetative stage is recorded to take around 30 days after 
sowing for a cultivar with its life period of 80 ~ 85 days (Akter, et al., 2016). The next phase is 
reproductive which is characterized by flowering. The flowering is subdivided into three 
phases: early bloom, mid bloom and late bloom stage. Among these, the mid bloom stage is 
the worst time to have water stress on the plants (Langham, 2007). At the ripening phase, 
seeds emerge and grow in capsules while sesame starts self-defoliation and leaves fall off. 
Finally, the capsules reach full maturity and become dry. The seeds fall out of the capsules 
and are ready for harvest. 

Sesame is sensitive to excess moisture so that a good drainage is important for it. Aeration 
stress causes oxygen deficiency for the roots, stomatal closure for the leaves and so hinders 
CO2 absorption, leading to a decrease in leaf net photosynthesis rate (Xu, et al., 2012). Hassan 
et al. (2001) reported a decrease of 47% in seed yield due to waterlogging at vegetative, 
flowering, seed filling and ripening stages.  
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Figure 4: Habit of sesame (Dissanayake, 2017) 

This crop is also claimed to be a drought tolerant crop (Langham, 2007). Yet, detailed studies 
on drought effects on sesame are not widely available and mostly from Iran, Turkey, Belgium 
and Nigeria (Dissanayake, 2017). In general, effects of water stress on sesame vary with the 
stress time occurrence during its growth cycle. First, water deficits at germination and 
seedling stages have been reported to reduce germination percentage and radicle 
development (Mensah, et al., 2009; Bahrami, et al., 2012). Then, 14-days water stress after 
21 days of sowing in pots filled with sandy soil by Badoua et al (2017) has shown that plant 
height decreased significantly while chlorophyll content increased, compared to treatment 
without stress. These effects are worsened when in the next juvenile stage soil water 
depletion – for sesame a depletion of 62% of total plant water availability - has been 
suggested by Dissanayake (2017) - occurs. Dissanayake found that leaf area was reduced to 
minimize water loss; more flowers were produced, but all of which were not developed into 
capsules. Nonetheless, in the end, water deficits did not cause a significant reduction on 
sesame yield. Second, the effects of water stress at flowering were more pronounced than at 
the previous stages. According to Langham (2007), water stress in flowering caused a reduced 
yield of capsules by about 62%. In contrast, Kim et al. (2007) reported that drought at 
flowering had no effect on sesame yield in 83% of the sesame genotypes evaluated in their 
study as well as no change in mean weight of the seeds. Absence of effects in yield aligns with 
findings by Ucan and Killi (2010) and Dissanayake (2017). Finally, water stress for seven days 
at seeding stage that depleted 87% soil water was not reflected in plant height, leaf area or 
significant yield reduction (Dissanayake, 2017). When the soil water depletion was increased 
to 93%, the number of capsules, seed dry weight and the thousand-seeds weight were 
reduced, causing 39% relative reduction in sesame yield. 

To conclude, although sesame is a drought tolerant species, it is sensitive to water stress at 
germination stage. Nevertheless, water deficits at juvenile, flowering and seed filling stages 
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that impose 62% and 87% soil moisture depletion did not significantly affect the sesame yield. 
When the soil moisture depletion was increased to more than 90% in the seed filling stage, a 
significant yield reduction was recorded.  

3.3. Deficit irrigation management 

In the context of water scarcity, what is left after other sectors of higher priority satisfy their 
need is a limited supply for irrigation. Farmers often receive an amount of water for irrigation 
below the maximum evapotranspiration (ET) requirement of crops and so either concentrate 
such limited irrigation amount over a small land area or irrigate below the max plant ET (Elias 
& Marıa, 2007). The technique that applies water below the max ET is named deficit irrigation. 
The mechanism of deficit irrigation is to expose plants to certain levels of water stress during 
either a particular growth period or throughout the whole growth season, without significant 
reduction in yields (FAO, 2002).  

The main advantages of deficit irrigation are increasing water productivity while reducing 
yield gaps caused by the water constraint factor. These benefits are presented through the 
generalized relationship between yield and irrigation water for annual crops below (Figure 5).  

 
Figure 5: Generalized relations between irrigation water, ET, and crop yield (Elias & Marıa, 2007)  

Increase in applied irrigation water results in an increase in crop yield until point Im where 
yield is maximum and additional water application does not increase it further. Thus, when 
water is not limited, irrigation is often applied in excess of Im to avoid yield loss. Such 
relationship is a non-linear curve. In contrast, the yield of many crops is linearly related to ET. 
This leads to a divergence between the two lines, starting at point Iw. Beyond this point, a part 
of the applied irrigation water is not used by the plants and lost. It means that to the right of 
Iw, the productivity of water decreases. Therefore, under the situation in Figure 5, the applied 
water amount in deficit irrigation is less than Im, and its water productivity should thus be 
higher than the water productivity of full irrigation (Elias & Marıa, 2007). In fact, many studies 
have shown that deficit irrigation is feasible to save a large amount of irrigation water without 
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compensating significant yield losses in various environments including soil and climate. 
Examples are works on soybean by Schneekloth et al. (1991) in silty loam of a dryland 
environment, Sincik et al.  (2008) and Monika et al. (2016) in clay soil in a sub-humid climate; 
on wheat in clay loam in semi-arid areas by Musick & Dusck, (1980) and English et al. (1990), 
and on other varieties of field crops and fruit in different regions in China (Taisheng, et al., 
2015).  

However, the application of deficit irrigation should be considered carefully in a saline soil 
environment. The balance between soil salinity and water shortage is difficult (Taisheng, et 
al., 2015) because reduced irrigation water amount can lead to a greater risk of increasing soil 
salinity due to reduced leaching (Schoups, et al., 2005).  

In order to implement deficit irrigation, it is necessary to understand the responses of crop 
yields to water deficits and to consider soil water retention capacity.  The mechanisms of crop 
responses help to schedule the deficit irrigation to ensure the minimum yield loss in 
comparison to yields of full irrigation. Meanwhile, different soil water retention capacity has 
different effects on deficit irrigation. Plants in sandy soils may experience water stress quickly 
under deficit irrigation while plants in deep soils of fine texture may have sufficient time to 
adjust to low soil water potential and remain unaffected by low soil moisture (FAO, 2002). 
Thus, application of deficit irrigation is more appropriate in fine-textured soils.  

3.4. Crop models as tools for planning and decision making 

Although application of deficit irrigation can be studied by either field experiments or model 
simulations, examining the yield response to different deficit irrigation practices in such 
experiments is laborious, time consuming and expensive. No field experiments can cover all 
possible combinations of differential drought stress or all environmental factors that affect 
the yield (Geerts & Raes, 2009). Moreover, in the climate change context, agriculture and 
food security problems require sustainable solutions on a global scale. It means that the 
solution needs to have a long-term impact and be capable to adapt to future changes, which 
controlled experiments can hardly examine. Against these backgrounds, modelling can be 
useful to study and develop deficit irrigation schedules.   

Models integrate various factors that affect crop yields to construct optimal irrigation 
amounts for different scenarios. Some examples are the Decision Support System for 
Agrotechnology Transfer (DSSAT), the CERES wheat model and the Agricultural Production 
Systems simulator (APSIM). These models have a complicated computation scheme which is 
more suitable for scientists, instead of consultants, engineers, governmental agencies and 
NGOs (Fiwa, 2015). Particularly, crop-soil water models often use Richards’ equation which 
combines Darcy-Buckingham’s law the continuity equation (Qui, 2011).This brings difficulties 
for users who are not scientists. 

FAO’s crop-water model AquaCrop has been developed to solve these limitations. It is a 
simple model in terms of soil water balance that divides soil profile into different horizons 
with one-dimensional vertical flow. A relatively small number of explicit parameters is 
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required, which most are intuitive input variables (Fiwa, 2015). These two points help to 
simplify the model while still maintaining its robustness and accuracy. 

3.5. FAO AquaCrop model 

3.5.1. Introduction 

AquaCrop is a crop-water model that is developed by FAO. It aims to predict yield, water 
requirements and water productivity under different environmental conditions, including 
water deficits. One target of this model is to strike a balance between simplicity, robustness 
and accuracy (Steduto, et al., 2009). 

Based on soil water balance and crop growth processes, AquaCrop stimulates crop yields on 
a daily time step. Its calculation scheme is represented in Figure 6. First, soil water content is 
calculated by keeping track of a soil water balance through input data. The soil water content 
is then combined with climatic data and crop parameters to determine canopy development 
and eventually crop transpiration. Biomass is derived from the transpiration by using the 
normalized water productivity. Finally, the multiplication result of biomass and harvest index 
gives the value of crop yield. The detailed calculation scheme of AquaCrop is described in the 
sections below, which are entirely based on the AquaCrop Reference Manual, Chapter 3: 
Calculation procedures (Raes, et al., 2012).  

 
Figure 6: Flow chart of AquaCrop. Continuous lines indicate direct links between variables and 

processes. Dotted lines illustrate stress effects (Raes, et al., 2009) 

Input data of AquaCrop is divided into two groups. The first group comprises conservative 
parameters which are normalized to fit in various climate-growing environments. These 
conservative parameters do not require adjustment (Steduto, et al., 2009). The second group 
comprises non-conservative parameters, such as: maximum canopy cover, canopy growth 
coefficient and canopy decline coefficient. They depend on the local environment and must 
be put in by users.   
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The applicability of AquaCrop to predict yields under water stress conditions has been 
extensively confirmed in various studies. Soybean yield under full and deficit irrigation has 
been simulated by this model in silt loam in semi-arid Gorgan, Iran  (Mojtaba, et al., 2013), in 
loamy sand in the dry season of Thailand (Lievens, 2014) and in sandy loam in the dry season 
of tropical Nigeria (Omotayo, et al., 2017). For wheat, the effects of deficit irritation to yields 
were presented by AquaCrop simulation for silty loam in China (Wang, et al., 2013), clay loam 
in Morocco (Toumi, et al., 2016) and sandy loam, loam and loamy sand in Bangladesh 
(Mustafa, et al., 2017). For rice, AquaCrop has been calibrated and evaluated for the crop 
development in many places like Bangladesh (Maniruzzamana, et al., 2015), Iran (Saadati, et 
al., 2011; Roxana, et al., 2018) and Vietnam (Qui, et al., 2014; Hoang & Tri, 2015). In the oil 
crop group, only sunflower has been calibrated and simulated by AquaCrop under different 
deficit irrigation schedules, such as in clay soil in Sudan (Eman, 2015). Considering the overall 
performance of AquaCop in these above studies, the model is a useful tool to accurately 
predict yield, soil moisture and hence manage water productivity.   

3.5.2. Root zone as reservoir 

When a root zone is viewed as a reservoir, AquaCrop calculates its soil water content per day 
by means of the soil water balance.  Soil water balance is the sum of incoming water fluxes 
and outgoing water fluxes at the boundaries of the root zone (Figure 7). The incoming fluxes 
include rainfall, irrigation and capillary rise. The outgoing fluxes are evapo-transpiration, 
runoff and deep percolation. It should be noticed that AquaCrop only considers 1D flow here.  

 
Figure 7: Root zone as a reservoir (Raes, et al., 2009) 

The amount of water stored in the root zone is expressed as an equivalent depth Eq.1 (Wr) 
or depletion rate (Dr) Eq.2. Root zone depletion indicates the required water amount to bring 
the root zone soil water content back to its field capacity (FC). If the soil water content is 
above FC, Dr is negative.  

!" = 1000 × ' × ( 

Wr: soil water content (or soil water storage) of root zone in mm 
': soil water content of the root zone (m3/m3) 

(1) 
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z: effective rooting depth (m) 

Because components of the soil water balance, such as: rain and irrigation are usually 
recorded in terms of water depth, the expression of soil water content as an equivalent depth 
makes the adding/subtracting of these components convenient: 

)" = !"*+ −!" = 1000('*+ − ') × ( 

Dr: root zone depletion (mm) 
WrFC: soil water content of root zone at FC (mm) 
'*+ : soil water content of root zone at FC (m3/m3)  

The total soil water availability (TAW Eq.3) refers to the amount of water that plants can 
extract from the root zone. It is the difference between soil water contents at FC and at 
permanent wilting point (PWP) because the water content above FC is lost by drainage and 
the water content below PWP is too strongly attached to the soil matrix that roots cannot 
take it up:  

/0! = !"*+ −!"121 = 1000 × ('*+ − '21) 

WrFC: soil water content of the root zone at FC (mm) 
WrPWP: soil water content of the root zone at PWP (mm) 
'121 : soil water content of root zone at PWP (m3/m3) 

3.5.3. Effective rooting depth 

The effective rooting depth is the soil depth where roots can extract water from. A minimum 
rooting depth of 0.2-0.3 meter is usually taken to calculate the soil water balance. The 
expansion of the effective root zone starts when the rooting depth exceeds the minimum 
depth until it reaches the maximum effective depth and be estimated by an exponential root 
deepening function.  When there is a restrictive layer in, the expansion rate is still modelled 
by the same function but halted at the restrictive depth.  

3.5.4. Canopy development 

One of distinctive features of AquaCrop is to simulate the development of canopy by Canopy 
Cover (CC) instead of LAI. Canopy cover is the fraction of the ground covered by plants. It can 
be easily estimated from digital pictures by image analysis software. Under optimal 
conditions, canopy development is characterized by four parameters: CCo, CGC, CCx, and CDC 
(Figure 8). CCo is the initial canopy cover at the time of 90% crop emergence whereas CCx is 
the maximum cover. CGC stands for Canopy Growth Coefficient that is the increase rate of 
ground cover fraction per day. CDC is Canopy Decline Coefficient – the decline rate of ground 
cover faction per day.  

Under optimal conditions, canopy development is simulated by the two following equations:  

• If 33	 ≤ 0.5 × 338 

33 =	339 × :+;+×< 

(2) 

(3) 

(4) 
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• If 33 > 0.5 × 338 

33 =	338 − 0.25 ×
338

?

339
× :@<×+;+  

t: time (days) 

 
Figure 8: Development stages of Green Canopy Cover (CC) (Steduto, et al., 2009) 

In the case of water stress, canopy cover expansion is reduced. Thus, canopy development 
will be adjusted by multiplying CGC with the water stress coefficient for leaf expansion growth 
Ksexp,w (<1): 

3A3BCD = 3A3 × EFG8H,J 

When crop senescence starts, green canopy cover declines. This decline is described by: 

33 =	338 × K1 − 0.05 L:
<
+M+
++N − 1OP 

3.5.5. Evaporation and transpiration 

Evaporation and transpiration are separated in AquaCrop by canopy cover. The equation of 
soil evaporation is: 

Q = E" × (1 − 33∗) × E:8 × Q/9 

where: 
Kr = evaporation reduction coefficient  
CC* = actual green canopy cover adjusted for the micro-advection effects  
ETo = reference evapotranspiration  
Kex = maximum soil evaporation coefficient for a wet non-shaded soil surface, which is a 
program parameter. Its default value is 1.10 and can be adjusted for the presence of withered 
canopy, mulches or partial soil wetting.  

Crop transpiration (Tr) is the multiplying result of ETo and the crop transpiration coefficient 
(Kcb) under optimal conditions. If water stress occurs, the water stress coefficient is also 
involved in the multiplication to reduce the transpired water amount: 

/" = (EF × EST) × Q/9 

(5) 

(7) 

(8) 

(9) 

(6) 
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where: Ks = 1 for optimal conditions; it is smaller than 1 if water stress. 

The crop transpiration coefficient Kcb is calculated as: 

EST = 33∗ × EST8  

Kcbx is the maximum crop transpiration coefficient when soil is watered well with a complete 
cover and different from 1. It is equivalent to the basal crop coefficient at mid-season for 
different crops (Allen, et al., 1998). The value of Kcbx is 5-10% higher than the value of 
reference grass and 15-20% higher for several tall crops like maize or sugar cane. When ageing 
and leaf senescence occur, Kcbx is decreased by applying age and senescence adjustment 
factors.  

3.5.6. Soil water stress 

When soil water stress occurs, the canopy development and root expansion will be negatively 
affected, leading to stomata closure, a reduction in crop transpiration and a change in Harvest 
Index. If this stress is severe, flower pollination can fail, and canopy senescence starts earlier. 
All of these effects are described in AquaCrop by a water stress coefficient Ks whose value 
range is from 0 to 1. In particular, the canopy expansion equation is multiplied with Ksexp,w at 
every simulation step and the reduction in root expansion is determined by the stress 
response function between root zone depletion and Ks (Figure 9).  This function shape can be 
either linear or convex. For each of these above processes, there are thresholds for soil water 
stress. The lower threshold for stomatal closure, senescence and pollination failure are both 
at PWP while the lower threshold for canopy development is above PWP. However, according 
to Raes et al. (and thus the AquaCrop Manual), there is still uncertainty of threshold levels 
and the shape of the stress response functions because of limited data.  

 
Figure 9: Water stress coefficient as a function of root zone depletion  

(10) 
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Finally, stress response functions depend on crop transpiration and soil evaporation (Steduto, 
et al., 2009). Thus, ETo at 5 mm/day is first used to model these stress response functions 
before their adjustments for the actual evapotranspiration level are done at run time.  

3.5.7. Biomass production 

The daily aboveground biomass production (kg/ha) is calculated from the normalized water 
productivity (WP*) and the ratio of crop transpiration over the reference evapotranspiration 
(Tr/ETo):  

U = 	EVW ×	!X∗ ×
/"
Q/9

 

Ksp: air temperature stress coefficient; it is smaller than 1 when the actual temperature is 
lower than the required minimum temperature. So, it reduces the biomass.  

The water productivity parameter (WP) allows the biomass production to be derived from the 
transpiration, following a linear relation (Figure 10). WP is firstly normalized (WP*) for the 
atmospheric CO2 concentration and the reference evapotranspiration of each climate type 
(ETo) to display this relation. The units of WP after normalization is aboveground biomass dry 
matter per land unit (kg/ha or g/m2). The value range of WP* can be distinguished between 
C4 and C3 crops: C3 crop with WP* = 15-20 g.m-2 and C4 crops with WP*= 30-35 g.m-2. Finally, 
if one of three following cases happen in any simulation year, WP* will be adjusted by 
AquaCrop during running for such year. These cases are: i. if the CO2 concentration differs 
from the reference value 369.41 ppm; ii. if soil fertility is limited; and iii. adjustment for type 
of products synthesized during yield formation.  

 
Figure 10: The relationship between the total aboveground biomass and the total transpired water 
amount for C3 and C4 crops, after normalization for [C02] and ETo 

3.5.8. Yield formation 

Yield is a fraction of biomass that has economic profits and calculated by means of Harvest 
Index (HI). HI is derived from the reference harvest index (HIo) which is a crop specific 
parameter under optimal conditions (Figure 10): 

(11) 
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Y = Z[	 × 	\ 

where Y= total yield; B= total above ground biomass at crop maturity.  

HI is adjusted for producing crops when there are environmental stresses, such as: water 
stress and temperature stress and so might be different from the reference one. The 
adjustment can be positive (water stress before yield formation) or negative (water stress 
during yield formation or pollination failure). 

 
Figure 11: Calculation Scheme for Yield in AquaCrop 

Generally, the calculation scheme for yield in AquaCrop under all conditions is presented in 
Figure 11.  

3.6. Case study: Rice and upland production in the Vietnamese Mekong Delta 

Vietnam Mekong Delta is a young delta with an area of ~40,000 km2 and 18 million people, 
contributing 20% to the total population of Vietnam. It is located in the South, bounded by 
the East Sea on the East and South, Cambodia on the North and the Gulf of Thailand on the 
west. The dominant landscape of the delta is a flat terrain with an average elevation of 2 m 
and favorable agro-climatological factors to the agriculture production throughout the year 
(Linh, 2016). The Delta has a tropical monsoon climate characterized by two distinct periods: 
a dry season and a rainy season. The rainy season starts from June to November, accounting 
for approximately 90% of the total annual rainfall. The rest, December to May, is the dry 
season. The average monthly temperature ranges from 25oC to 28oC while the warmest 
months’ temperature can be up to 35oC. In the future, this Mekong Delta is projected to be 
less favorable to agriculture production because of climate change and potential upstream 
dam construction. First, with its 2 m elevation, Vietnam Mekong Delta is extremely vulnerable 
to sea level rise, leading to deep intrusion of saline water into fields while droughts are also 
predicted to be more frequent. Second, Mekong river is originated from China and flows 
through six countries before reaching the East Sea at Vietnam’s boundary. Its water resource 
is mainly used for irrigation, hydroelectricity, living and industry. Toward this important role, 

(12) 
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upstream nations have proposed strategies to increase their water storage through 
constructing dams and reservoirs on their boundary. By 2030, the construction of new 70 
water reservoirs is expected to finish and meet the increased water demand by 117% (Nam, 
2016). Thus, the upstream flow reaching to Vietnam, under effects of these construction and 
2 m sea level rise, is projected to reduce by 30% in 2030 (Nam, 2016). There will be a water 
shortage in the near future.  

In addition, Vietnam Mekong Delta is the largest agricultural area in Vietnam. It holds a vital 
role in the social-economic development strategy, especially food security of the nation. The 
cultivated area here is 2.79 million ha and produces food to more than 90 million population 
of Vietnam in their daily dietary requirements. The main crop in this Mekong Delta is rice, 
making up ~90% of its agricultural area. Rice is planted in a very intensive manner with two 
to three crop seasons per year, depending on the location’s ecological condition (Sanh, et al., 
1998). This intensive production aims at maximizing rice production to assure the domestic 
demand and export. A common approach adopted by most farmers in Vietnam is shallow soil 
preparation with handheld two-wheel tractor for the initial land preparation (Linh, 2016). 
Tillage and puddling are applied under wet conditions before rice transplantation in a 
submerged soil condition. Consequently, a plow pan close to the soil surface is developed 
after decades. The compacted layer is reported at a depth of 10-20 cm with a varying 
thickness from 20 to 50 cm and becoming hard when saturated (Phuong, 2006). Although the 
general growth of rice roots is not over 30 cm depth and seldom exceed 40cm depth in 
continuously flooded fields, the presence of a shallow hardpan can inhibit the root 
development, possibly causing a decline in nutrient uptake by the plant and eventually the 
final yield (Linh, et al., 2016). According to IRRI studies, when soil is planted with three 
continuous rice crops per year, the annual productivity of succeeding years tends to decrease 
by 1.6-2.0%; the reduction can be further up to 38-58% if the production lasts for 24 years 
(Tuan, 2013). Thus, such potential yield reduction questions the food security of Vietnam.  

To secure water resources and food security of Vietnam, a new cropping system - paddy-
upland rotation is expected to be a solution for sustainable development as emphasized in 
the Agriculture Oriented-Development Strategy 2013. Field experimental studies has shown 
that this cropping system had long-term impacts in improving soil quality (Guong, et al., 2010; 
Xuan, et al., 2012; Linh, et al., 2016) and increasing yield (Linh, et al., 2015). On the other 
hand, the plow pan becomes less compacted, resulting in an increased groundwater recharge 
rate; moreover, the water requirements of upland crops are much less than of rice. Thus, the 
water shortage problem might be mitigated.  

Besides, the new cropping system can be combined with deficit irrigation to adapt to water 
deficits. AquaCrop has been recently applied to schedule deficit irrigation as well as to 
evaluate its effect on crop yields in Vietnam. A simulation for rice production on alluvial soil 
in the Mekong delta presented a close rice yield to the ones that followed the current 
traditional irrigation while water use was saved by 17% (Qui, et al., 2014). It aligns with the 
findings of Hoang & Tri (2015) for rice growth in Tra Noc, Can Tho Vietnam. These studies 
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show that the model can be used to simulate changes in rice yields according to different 
water deficit supply scenarios, yet such studies are limited in number and mainly confines to 
the rice crop. Other upland crops (soybean and maize) grown on rice soils have been mostly 
parameterized or simulated in climate change context by the model. Also, crop productivity 
depends on growing seasons and weather conditions, hence AquaCrop simulation to study 
the effects of deficit irrigation on rice and upland crop yield need to be applied more in term 
of time series.   
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4. Materials and Methods 

4.1. Study area 

The selected field is located in My Loi hamlet, Thien My commune, Tra On district, Vinh Long 
province (9°57'13.07" N, 105° 55' 58.01" E) (Figure 12).   

 
Figure 12: Location of the field experiment 

A preliminary survey conducted shows that the site has more than 10 years of rice 
monoculture with a compacted layer at a depth of 15-20 cm (bulk density – BD higher than 
1.4 g/cm3). The field’s soil is non–acid silty clay and classified as Cutanic Umbric – Rhodic 
Luvisol (WRB).  

4.2. Field experiment 

4.2.1. Treatments and experimental design 

The field experiment comprises crop rotations on non-raised beds with compost 
amendments. It is laid out in a split-plot design with two factors, namely: crops (main factor) 
and compost amendment (sub-factors). The crops include (1) rice, (2) soybean, and (3) 
sesame. The amendment practices are (i) sugarcane compost, (ii) rice straw + cow manure, 
and (iii) no amendment. Rice without amendment is the control plot. Each upland crop will 
be rotated one time per year, leading to rice-rice-rice, rice-soybean-rice and rice-sesame-rice 
plots. 

This study will focus on one season, i.e. spring-summer, in which upland crops are cultivated 
concurrently with rice. 

Each treatment is replicated three times, resulting in 27 plots of 5.5m x 5.5m each. Main plots 
are separated by large bunds (50cm wide, 40cm high) while subplots are separated by small 
bunds (40cm wide, 30cm high). Ditches (50cm wide, 30cm deep) between replications are 
constructed to serve for purposes of water irrigation and discharge (Fig. 13). Finally, plastic 
sheets are installed along the centre of bunds to a depth of 10-15 cm to restrict lateral 
movements of water between rice and upland crop plots.  
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Figure 13: Layout of the field experiment (R: rice; Soy: soybean; Se: sesame) 

4.2.2. Land preparation and plant establishment 

All rice straw and stubble before the experiment were removed from the field. The land 
preparation included hoeing, followed by puddling under shallow flooded condition and 
levelling under wet condition prior to seeding. 

Rice was sown on 14 February 2017. The rice variety used was a local short-duration variety 
(IR50404) with a growing season of 85 days. It is disseminated by the Cuu Long Rice Research 
Institute in the Mekong Delta. Pre-germinated seeds are broadcast uniformly on wet soil 
surface with an amount of 200 kg ha-1. 

Soybean was sown on 24 February 2017. The variety MTD 860-1 with a short growing period 
of 90 days was used. This variety is disseminated by the Department of Genetics and Plant 
Breeding of Can Tho University. Unpre-germinated seeds were sown with a density of 333.3 
plants/ha in rows. Holes of 4cm depth and 20cm spacing were made, and row spacing was 
30cm. Two seeds were placed in each hole. 

The local sesame variety Me Den was also sown on 24 February 2017 with a density of 333.3 
plants/ha and harvested on 10 May 2017. Holes of 2cm depth and 20cm spacing were made. 
Row spacing, and the number of seeds placed in each hole were the same as soybean. 

Finally, pesticides and herbicides were applied to control weed and pests, according to local 
recommendations. For rice, the submergence of soil in a couple of days during the land 
preparation for sowing would help to suppress the appearance of weed seeds. After two days 
of sowing, pre-emergence herbicides were used. Then, weeds were controlled manually in 
later stages. Similarly, pre-emergence herbicides were also applied at the beginning of the 
upland crop season; then weeds were controlled by hand in their later stages.  
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4.2.3. Field management  

4.2.3.1. Irrigation application 

Surface (basin) irrigation was applied to both rice and upland crop growth during the 
experiment. The field was first irrigated by pumping water from a pond located next to the 
field. For rice, standing water was maintained at a depth of 5-10 cm until about 10 days before 
harvest while soybean and sesame were planned to be irrigated periodically.  

However, due to strong tides on Tra On river throughout the cropping season, river water 
overflowed into waterway canals and then into fields. Thus, rice and upland crops were 
irrigated for only the first time. After each tide, farmers checked and presumed that the 
overflowed water was enough for the crops, so they cancelled the irrigation schedule. In fact, 
Vinh Long province (the study site region) has been known for quite high water and tidal levels 
on its main river – Tra On, so the natural irrigation flow from the river and canals are evaluated 
to be efficient for agricultural production (Vinh Long Gorvenmental Authority, 2007). 

According to the presumption of the farmers, the irrigation water for the rice and upland 
crops was assumed to be near optimal to perform the first AquaCrop simulation. Then, a trial 
& error approach was applied to calibrate the irrigation water input from soil moisture.  

4.2.3.2. Fertilizer application 

Each crop would have a different inorganic fertilizer dose (Table 1). Nitrogen, phosphorous 
and potassium were applied in the form of pellet urea (46%N), superphosphate (16%P2O5) 
and potassium chloride (KCl, 60% K2O). The fertilizer for rice, soybean and sesame was 
recommended by the Department of Soil Science and the Department of Genetics and Plant 
Breeding of Can Tho University, and the Department of Agricultural and Development of Vinh 
Long province, respectively. 

Table 1: Fertilizer for rice, soybean and sesame 

Crop Fertilizer dose 

Rice 100N-45P2O5-30K2O 

Soybean 30N-60P2O5-30K2O 

Sesame 60N-60P2O5-45K2O 

For rice, after 10, 20 and 40 days –after sowing (DAS), urea was applied at the rate of 1/5, 2/5 
and 2/5 of the total, respectively. Potassium was applied at 20 and 40 DAS both at the rate of 
50% of the total. Superphosphate was only amended one time before sowing. For soy bean 
and sesame, they had similar time and rates of fertilizer application. Potassium and urea were 
split into two equal amounts and applied at 15 and 30 DAS, and 15 and 40 DAS for soybean 
and sesame, respectively. For superphosphate, it was all applied one time before sowing.  

Compost was applied for rice and upland crops. For rice, the applied rate was 2 tons/ ha while 
the amount for upland crops was 3 tons/ ha. The compost was spread on the soil surface once 
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before the sowing of each crop. Sugarcane compost was a biological product of PPE company 
while the compost of rice straw and cow manure was produced from a mixture ratio of 1:1. 
The composition of the compost is presented in Table 2. 

Table 2: Nutrient content of composts 

Compost Moisture 

(%) 

N (%) P 

(%P2O5) 
K 

(%K2O) 
Ca (%) Mg (%) OM (%) 

Cow manure 72.3 2.896 2.962 1.448 1.105 2.023 65.98 

Rice straw 58.1 3.110 0.957 6.398 0.563 1.293 66.16 

Sugarcane 25 2.5 2.5 3.0 0.05 -- 23.0 

4.3. Climatic data 

Climatic data were collected from Can Tho National Meteorological Station (10o02’N – 
105o46’E), which is located approximately 10 km North-East away from the field site. The 
collection period comprises dry seasons (January – May) of 18 continuous years (2000 – 
2017). The data set of 2017 was used for the calibration of the AquaCrop model while the rest 
was used as input for yield simulation under different irrigation management scenarios. 

In each data set per year, all climatic data was recorded on a daily basis at the station. They 
are maximum and minimum temperature (oC), relative humidity (%), rainfall (mm), number 
of sunshine hours and wind speed (m/s).  

ETo (reference evapotranspiration: mm.day-1) was calculated from these above climatic 
factors by the ETo Calculator software (Raes, et al., 2009). The principle of the software is 
based on the FAO Penman – Monteith equation (Eq. 13), developed by Allen et al (1998).  

Q/9 = 	
0.408 × ∆ × (`a − A) + 	c ×

900
/ + 273 × g? × (:h − :B)

∆ + 	c × (1 + 0.34 × g?)
 

where: 

Rn = net radiation at the crop surface (MJ.m-2.day-1); G = soil heat flux density (MJ.m-2.day-1); 
T = mean daily air temperature at 2 m height (oC); es = saturation vapour pressure (kPa); u2 = 
average wind speed at 2 m height (m.s-1); ∆ = slope of the vapour pressure curve (kPa. oC-1) 
and c = psychrometric constant (kPa. oC-1).  

For CO2 data, the Mouna Loa observatory record in Haiwaii was used for all scenario 
simulations.  

Because climatic data has its own natural variation within years, irrigation practices need to 
be simulated in several continuous years to identify their effects under general climatic 
conditions of a specific area. Thus, simulations of different irrigation scenarios in the 
Vietnamese Mekong Delta were conducted for each year from 2000 to 2017 before analysing 
the effects of these irrigation practices on rice and upland crop yields.  

(13) 



 

26 

4.4. Soil data 

4.4.1. Soil sampling  

A soil profile of 1.80 m depth was dug at the field experiment site in February 2017, prior to 
sowing in order to select an experimental field that meets the pre-set criteria, i.e. having a 
soil type relevant for the Vietnamese Mekong Delta (Luvisol) and showing a highly compacted 
subsoil. Disturbed and undisturbed soil samples were taken at three depth intervals (0-15 cm, 
15 – 45 cm and 45 – 100 cm). The disturbed samples were collected to identify soil texture 
and the amount of organic matter while the undisturbed ones were used to determine bulk 
density. At this stage of the experiment, no hydraulic properties were determined yet. 

Besides, disturbed soil samples were taken fortnightly during the cropping season and at 
harvest. They were used to monitor soil moisture content.  

4.4.2. Determination of bulk density, texture and soil moisture 

Soil particle size distribution was analysed by the Robinson pipette method (Gee & Bauder, 
1986) with sand particle size defined as 0.05-2 mm, silt particle size 0.002-0.05 mm and clay 
particle size less than 0.002 mm. Then, the USDA/Soil Taxonomy texture triangle was used to 
classify soil texture. 

The undisturbed soil samples were taken with Kopecky rings (100 cm3) and oven-dried at 
105oC for 24 hours. Then, the cores were weighted to calculate the mass of the dry soil. The 
bulk density (iW) was determined by dividing oven-dry mass by the bulk soil volume (100 cm3).  

Finally, the gravimetric method with oven-drying was used to determine soil water content. 
This method involved weighting wet undisturbed samples and then oven-drying them at 
105oC for 24 hours. These were then reweighted to calculate the mass of lost water, which 
over the mass of oven-dry soil, gives the gravimetric soil water content. Multiplying it with 
bulk density over density of water gave the volumetric soil water content. 

4.4.3. Determination of soil organic matter 

Soil organic carbon (SOC) was determined by the Walkley and Black (1934) method. Then, soil 
organic matter was converted from SOC by using a conversion factor of 1.74.  

4.4.4. Determination of soil hydraulic properties 

Soil water parameters of the experimental field, including: '*+ , '121  and  'VB<  were derived 
using soil water retention pedotransfer functions (PTFs) for Vietnam Mekong Delta soil, 
developed by Phuong et al. (2017). The PTFs are based on the kNN technique that finds the k 
Nearest Neighbors from a reference dataset for each soil in the test data in terms of selected 
input attributes (here: particle size distribution and organic carbon content).  

Soil saturated hydraulic conductivity Ksat was obtained from the PTFs of Saxton and Rawls 
(2006) in all simulation runs.  

(16) 
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4.5. Crop data 

4.5.1. Phenological development 

The date of emergence, the starting and ending time of flowering and canopy senescence 
were recorded for each plot. Then, a mean value per treatment was calculated and used as 
input for AquaCrop.   

4.5.2. Green canopy cover 

A digital camera with a resolution of 8 megapixels was used to record green canopy cover. 
These pictures were taken fortnightly vertically towards the ground. Each picture was resized 
by cutting its edge resulting from non-perpendicular projection of the canopy surface before 
analyzing it with GreenCropTracker software. This tool was developed by the Canadian 
Department of Agriculture and Agri-Food and its threshold can be adjusted by users if the 
classification is not satisfactory.  

4.5.3. Aboveground biomass 

Every two weeks, starting from 21 March 2017 and including harvest, a subplot (0.5 m x 0.5 
m) was selected in each plot to cut plants at the ground level. The plants were oven-dried for 
24 hours at around 110oC until a constant weight before measuring their weight. The above-
ground biomass per ha could then be estimated. A mean value per treatment was calculated 
to use as input for AquaCrop.  

4.5.4. Yield 

On each plot, all rice plants within a center area of 5 m2 were harvested. The yield 
components to be calculated included panicle number, filled and unfilled grain number, grain 
weight, 1000-grain weight, so that the yield could be derived from these components. Harvest 
index was then calculated by dividing the seed yield by the total biomass.  

Similarly, a center area of 3 m2 on each plot of sesame and soybean was harvested. Soybean 
and sesame yields consist only the grains, so seeds were separated to weight. The seed yields 
per ha were estimated at 13% and 6% moisture for soybean and sesame, respectively, based 
on the given plant density. Finally, harvest index was calculated by dividing seed yield by the 
total biomass.  

4.5.5. Sesame thresholds 

Unlike rice and maize, sesame parameters, both conservative and non-conservative ones, are 
not available in AquaCrop. Thus, non-conservative parameters like canopy cover, time to 
emergence and flower duration were observed and recorded at the experimental field 
(Section 4.5). For conservative parameters, selected values were based on previous studies. 
Temperature threshold for its growth was based on findings of Langham (2007), Oplinger et 
al. (1990) and IPRG & NBPGR (2004). Other parameters related to water stress and flooding 
stress were derived from parameters of sunflower in comparison with sesame descriptive 
traits in IPRG (International Plant Genetic Resources Institute) and NBPGR (National Bureau 
of Plant Genetic Resources) (2004). There are three reasons for this. First, sesame and 
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sunflower are both oil-seed crops. In contrast with sesame, AquaCrop was already calibrated 
and validated for sunflower. Second, they are both highly drought tolerant species. Third, as 
mentioned in Section 3.2.3 detailed studies on drought effects on sesame are limited and 
mostly implemented in Iran, Turkey, Belgium and Nigeria.  

All sesame parameter input can be found in Result: Sesame calibration session.  

4.6. Calibration in AquaCrop 

4.6.1. Fine-tuning and calibration 

AquaCrop calibration has been instructed in detail and even become a procedure which is 
widely published in AquaCrop manual for users (Steduto, et al., 2012). Studies on AquaCrop 
application as mentioned on section 3.5.1 have followed this procedure and successfully 
calibrated the model. Thus, the thesis decided to skip the sensitive analysis part which aims 
to provide guidelines for AquaCrop calibration. 

Experimental data of 2017 was used for fine-tuning and calibrating AquaCrop. This calibration 
followed the guidelines in “FAO Irrigation and Drainage paper: Crop yield response to water” 
(Steduto, et al., 2012). Simulations with the model started with estimated parameter values; 
the output was compared with the measured experimental data to adjust the parameters 
before running the simulation and comparing again. This was done repeatedly until the 
simulated outcomes closely matched with the experimental data. Thus, trial-and-error 
iteration is the key of the process. 

Specific output variables which were assessed as the references during the above procedure 
were CC, B throughout the season and final B and Y. Only non-conservative parameters were 
adjusted as it is recommended for AquaCrop (Steduto, et al., 2012).  

4.6.2. Evaluation of model results 

The model performance was evaluated to provide a quantitative estimate of the goodness of 
fit between the observed parameters and the estimated ones. Several statistical indicators 
have been developed for the evaluation. Because each indicator has its own strengths and 
weakness, a set of different indicators is necessary to extensively assess the model 
performance.  

The fit between the observed and estimated CC, B and Y parameters was evaluated by a 
combination of plots of simulated versus observed values and three statistical indicators. 
These indicators were the Pearson correlation coefficient (r2), the Relative Root Mean Square 
Error (Loague & Green, 1991) and the Nash-Sutcliffe efficiency (Nash & Sutcliffe, 1970).  

r2 indicates the variance that can be explained by the model compared to the total observed 
variance. Its value interval is (0;1). The closer the value to 1, the better the linear relationship 
between the observed and simulated values. 
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Where: 

 mn: observed values 
 Xn: simulated values 
 mo: mean of the observed values 
 Xo: mean of the simulated values 
 n: number of the observations 

Relative Root Mean Square Error (RRMSE) expressed in percentage presents the mean 
deviation between the observation and simulation. From that, an idea on the over- or 
underestimation of the observed values is provided. The model performance is ranked as 
excellent if RRMSE < 10%, good if 10-20%, fair if 20-30% and poor if larger than 30% (Jamieson, 
et al., 1991) 

``uvQ =	
1
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∑ (mn −	Xn)?a
npq

x
× 100 

Where:  

mn: observed values 
 Xn: simulated values 
 mo: mean of the observed values 
 n: number of the observations 

The Nash-Sutcliffe efficiency (EF) presents the relative magnitude of the overall deviation 
between observation and simulation compared to the overall deviation between the 
observed values and their mean. It indicates the robustness of the model performance and 
has a value range from -∞ to 1. The closer to 1, the better the agreement between the 
observation and simulation.  

Qy = 1 −	
∑ (mn −	Xn)?a
npq

∑ (mn − mo)?a
npq

 

4.7. Deficit Irrigation scenarios 

In the scenario analysis, we evaluated the effects of deficit irrigation on yields when the net 
irrigation requirement was reduced by 15% and 30%. These numbers are based on the 
projection of future Vietnam Mekong river flow reduction under effects of climate change 
and upstream dam construction (Nam, 2016). 

Deficit irrigation scenarios are described in detail in Table 3.  

(17) 

(18) 

(19) 
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Table 3: Deficit Irrigation Scenarios 

Crop Water availability No. Irrigation Deficit Irrigation Description 

Rice 70% of Inet N/A (flooding) DI.1 No flooding from 1DAP to 14 DAP 
and from 70 DAP to harvest. Reduce 
standing water by 30%. 

85% of Inet DI.2 No flooding from 1DAP to 10 DAP 
and from 75 DAP to harvest. Reduce 
standing water level by 15%. 

Soybean 70% of Inet 3 DI.1.1 3 irrigation applications: one at 
sowing, one around early flowering 
and final at pod filling 

DI.1.2 3 irrigation applications: one at end 
of seedling development, one 
around early flowering and final at 
pod filling.  

85% of Inet 4 DI.2.1 4 irrigation applications: one at 
sowing, two before and around 
flowering and final at pod filling. 

DI.2.2 4 irrigation applications: one at end 
of seedling development, two before 
and around flowering and final at 
pod filling. 

Sesame 70% of Inet 3 DI.1.1 3 irrigation applications: one at 
germination, one around flowering 
and final at seed filling. 

DI.1.2 3 irrigation applications: one after 
sowing, one around flowering and 
final at seed filling. 

85% of Inet 4 DI.2.1 4 irrigation applications: one at 
germination, two at before and 
around flowering and final at seed 
filling. 

DI.2.2 4 irrigation applications: one after 
sowing, two at before and around 
flowering and final at seed filling. 

 

4.8. Statistical Analysis 

Statistical tests were performed to compare the simulated grain yield and water use efficiency 
(kg m-3) under full and deficit irrigation scenarios. A non-parametric test (Kruskal Wallis test) 
was applied at the 5% threshold to identify if there is significant difference between yields 
and WP of different irrigation scenarios. The null hypothesis was that the yields or WP of 
different irrigation scenarios are not different. The alternative hypothesis was that the yields 
or WP of different irrigation scenarios are different. 
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Then, a post hoc analysis (Nemenyi test) at the 5% threshold was conducted to find which 
irrigation scenarios significantly differs from the others, after the null hypothesis was 
rejected. All the statistical tests were run by RStudio Version 1.1.423. 
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5. Results and Discussion 

5.1. Model calibration 

5.1.1. Rice 

Soil and crop data collected as described in sections 4.4 and 4.5 were used to estimate the 
crop parameters for model calibration. The final crop parameters, i.e. after model calibration, 
are presented in Table 4.  

Most of the non-conservative crop parameters were adjusted from the default values. The 
adjustment between the default ones and the calibrated ones could be grouped into two 
levels: significant level and slight level. First, the adjustments of maximum effective rooting 
depth and of time to maximum CC of different treatments is small. The time to max CC is 
around its default value (46 DAP) while the maximum effective rooting depth is increased 
from 0.5 m to 0.6 m. This calibrated depth is within the recommended range of FAO (0.5-1 
m). Second, maturity (DAP), flowering (DAP), flowering duration, maximum CC and HIo are 
the parameters with a significant adjustment from the default. Such large adjustment can be 
explained by different cultivars and dependence on field environment and/or management. 
Particularly, the default cultivar in AquaCrop has a longer growth period (~120 days) than the 
one in the experiments (~90 days), leading to our shorter vegetative stage and eventually 
sooner flowering (10 days). This explanation is similar with findings of FAO (2012) and Nguyen  
(2008) that changes in the time from germination to beginning of flowering determines 
cultivar differences in growth duration while the duration from flowering  to maturity is quite 
constant  around 30 days in tropics and up to  65 days in temperate regions. HIo indices (SGC: 
40%, RSCM: 38% and NA: 36%) are smaller than the default ones (43%), but they are still in 
the recommended range (35%-50%) of FAO (2012). Hoang & Tri (2015) also reported such 
small calibrated HIo value (36%) in their experiment in the Mekong Delta for the same cultivar 
in the same season and even a smaller value (24%) in the next season.  

Besides, it should be noticed that soil fertility and salinity were not considered here. It means 
that all of the three treatments were simulated with optimal soil fertility level and fresh water. 
Thus, the differentiation between the treatments were presented through maximum CC (%), 
time to maximum CC and HIo. While Rice-SGC treatment had the largest canopy cover and 
reached its maximum soonest, Rice-NA treatment had the smallest canopy cover and took 
the longest time to reach the maximum cover. Similarly, HIo of Rice-SGC treatment was 
highest, followed by Rice-RSCM treatment and finally Rice-NA treatment with the lowest HIo. 
In fact, all of the CC patterns above were also observed in soybean and sesame simulations, 
but the evaluation of different treatments’ effects on yield and biomass is beyond the 
research focus of this dissertation. Thus, these patterns will be discussed briefly later, 
together with the upland crops in their calibration parts. 

With the calibrated parameters above, the evaluation of AquaCrop model was conducted for 
CC and biomass. No evaluation was conducted for soil water content because the rice 
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cultivation was under flooding conditions and so the soil water content was always at 
saturation. 

The CC development followed the standard logistic growth curve used by AquaCrop for non-
stressed conditions (Raes, et al., 2012). The simulated and observed CC fitted well during the 
growing season (Figure 14).. For Rice-SGC and Rice-RSCM treatments, there was a good match 
between observations and stimulated values from 40 DAP to harvest.  A good match here 
means that the difference between the observed ones and the simulated ones did not exceed 
the observation’s variation. Both Rice-SGC and Rice-RSCM treatments reached the maximum 
canopy cover at 82%, since 41 DAP and 43 DAP, respectively. For Rice-NA treatment, the 
match between observation and simulation was also good between 40 DAP and harvest, 
except for one underestimation of the simulation at 75 DAP. This treatment had a lower 
maximum CC (79%) and a slower canopy growth rate than the other treatments. Comparison 
of observed CC with previous studies in the literature is rather difficult because CC is strongly 
affected by planting density and field management. In Bangladesh, observed CC values of 95% 
were recorded by Maniruzzaman et al. (2015) in optimal conditions and at planting density of 
~75 plants/m2. Roxana et al. (2018) recorded CC values of 95% in optimal conditions and at 
planting density ~20 plants/m2 in Iran, while, also in Iran, Saadati et al. (2011) observed rice 
CC values of 85% in optimal conditions, which is in line with our observation. In contrast to 
the match between simulations and observations for the mid and late season, there was an 
overestimation from emergence to 20 DAP for all three treatments. Such over/under 
estimation of CC also occurred in the first 20 days in the above two studies in Iran and the 
one in Bangladesh.  

The goodness of fit of the CC simulation is confirmed by the statistical parameters (Table 5).  
R2 (0.98) and EF (0.96) were very high for all treatments which are among the highest values 
in comparison with previous studies. RRMSE value (~12-14%) ranked the model performance 
as good, aligning with the results of Maniruzzaman et al  (2015) (15-20%) and Saadati et al 
(2011) (10-20%). Therefore, we can say that after calibration, the simulated CC matched the 
observed data well. 
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Table 4: Conservatives and non-conservative rice parameters calibrated to the local environments 

 
AquaCrop default Rice 

SGC RSCM NA 
A. Calibrated non-conservative crop parameters     

Plant density (no. of plants ha) 1000000 1825000 1825000 1825000 
Emergence (days after sowing) 3 2 2 2 
Senescence (days after sowing) 73 74 75 75 
Maturity (days after sowing) 104 86 86 86 
Maximum canopy cover (%) 95 82 82 79 
Time to maximum canopy cover (days after sowing) 46 41 43 47 
Flowering (days after sowing) 65 55 55 55 
Flowering duration (days) 19 9 9 9 
Maximum effective rooting depth (m) 0.5 0.6 0.6 0.6 
Time to maximum effective rooting depth (days after sowing) 21 21 21 21 
Reference harvest index (%) 43 40 38 36 

B. Conservative crop parameters     
Base temperature (oC) 8 8 8 8 
Upper temperature (oC) 30 30 30 30 
Minimum growing degrees required from full biomass (oC-day) 10 10 10 10 
Soil water depletion factor for canopy expansion – Upper threshold 0 0 0 0 
Soil water depletion factor for canopy expansion – Lower threshold 0.4 0.4 0.4 0.4 
Soil water depletion factor for stomatal closure  0.5 0.5 0.5 0.5 
Soil water depletion factor for canopy senescence 0.55 0.55 0.55 0.55 
Aeration stress Not Not Not Not 
Crop coefficient (Kc,Tr) 1.1 1.05 1.05 1.05 
Normalized crop water productivity (g/m2) 19 19 19 19 
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Figure 14: Canopy cover evolution during the 2017 growing season. (a) Rice with sugarcane compost, 
(b) Rice with rice straw & cow manure compost, (c) Rice without amendments. Simulated: black solid 
line. Observed: black squares, with error bars indicating ± standard deviation. 

Table 5: Goodness of fit indicators for rice CC and Biomass simulations 

As expected from CC, biomass of Rice-SGC and Rice-RSCM was higher than of Rice-NA as 
presented in Figure 15. The biomass at harvest of the two treatments with amendments was 
> 12 tons/ha while the biomass of Rice-NA at harvest was nearly 12 tons/ha. Besides, the 
simulation did not fit well the observation. From emergence to 50 DAP, the simulated data 
was over/underestimated while at 75 DAS, the observed value and the simulated value 
perfectly matched. Because overestimation and underestimation both occurred in a one 
treatment (Rice-NA /Rice-RSCM), it might indicate that the sources of such estimation are in 
the initial phases, whether that originates from the experimental data, the model (no 
simulation of fallen leaves/branches) and its parameterization. 

The “goodness of fit” between simulated biomass and observed biomass is quantitatively 
expressed by the statistical parameters in Table 5. In general, the statistical indicators of the 
three treatments indicated a good “goodness of fit”. Rice-SGC and Rice-RSCM were still the 
treatments with a better performance in term of biomass. Both R2 and EF of the two 

 Treatment Parameter Statistic 
R2 RRMSE (%) EF 

Rice 

SGC 
CC 0.98 12 0.96 
Biomass 0.98 13.8 0.76 

RSCM 
CC 0.98 12.8 0.96 
Biomass 0.94 11.4 0.93 

NA 
CC 0.98 14 0.95 
Biomass 0.88 16.8 0.85 
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treatments were > 0.98 while these statistical indicators of Rice-NA were < 0.90. RRMSE of all 
three treatments was in the second performance level (10-20%), although RRMSE of Rice-NA 
was somewhat higher than the two others. The existence of over/underestimations in all 
treatments caused RRMSE to drop below 10%, so the model robustness is only considered as 
good. In fact, most of studies mentioned in literature recorded such high R2 and EF values 
(>0.95) and medium RRMSE (10% - 20%) (Saadati, et al., 2011; Qui, et al., 2014; 
Maniruzzamana, et al., 2015; Hoang & Tri, 2015).  

 
Figure 15: Biomass evolution during 2017 growing season. (a) Rice with sugarcane compost treatment. 
(b) Rice with rice straw & cow manure compost treatment. (c) Rice without amendments. Simulated: 
line. Observed: squares, with error bars indicating ± standard deviation.  

Observed and simulated yields are given in Table 6. All the simulated values were in the 

deviation range (observed yield ± sd) of the observation, so they had an excellent fit. Such 
rice yields are in line with the yield (4.6 tons/ha) in the study of Hoang & Tri (2015) who 
studied the same rice cultivar (IR 50404) in a similar season (Feb – May) in an alluvial soil (silty 
clay) in the Vietnam Mekong Delta. Average yield of IR 50404 cultivated in the Vietnam 
Mekong Delta is from 5-6 tons/ha. Thus, we can say that the yields in this research is quite 
realistic.  
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Table 6: Observed yield and simulated rice yield of the 2017 growing season. 

  Observed Yield  
(tons/ha) 

Simulated yield  
(tons/ha) 

Rice 

SGC 5.3 ± 0.36 5.335 

RSCM 4.9 ± 0.73 5.046 

NA 4.2 ± 0.73 4.379 

In conclusion, AquaCrop is able to simulate rice growth through CC, biomass and yield under 
the local environmental conditions and field management practices. 

5.1.2. Soybean 

The final calibrated crop parameters are presented in Table 7. All non-conservative crop 
parameters were adjusted from the default values. Except that the calibrated HIo and the 
default value have a small adjustment, all other parameters significant deviate from their 
default. As HIo is cultivar specific, this parameter should only be compared with studies that 
cultivated the same cultivar MTD 860-1. Nonetheless, to the best of my knowledge, this is the 
first study in Vietnam applying this soybean cultivar in AquaCrop. Thus, the index chosen for 
the soybean should be validated in further experiments, before being adopted widely. The 
other parameters which were adjusted largely from the default can be primarily explained by 
the difference in soybean life cycle. AquaCrop sets up non-conservative parameters based on 
its medium duration soybean cultivar (~130 days) while our experiments used a short 
duration soybean (~90 days). Therefore, time to flowering, to maximum CC, to maximum 
rooting depth and senescence are all much smaller than the default values. These estimated 
parameters are supported by the phenology experiments on this cultivar by Dang et al.  
(2014). Maturity time of this soybean cultivar in their experiments was 80 DAP; flowering 
started from 31 DAP and lasted around 10 days. Maximum canopy cover of soybean depends 
on environment and/or management (Raes, et al., 2012).  With the plant density of 33.33 
plants/m2 in our experiments, the maximum CC ranged from 68% to 84%, depending on 
different treatments. Although these values are in the recommended range 65%-95% by FAO 
(2012), a high soybean CC (~95%) is often recorded under optimal conditions with a smaller 
plant density (Mojtaba, et al., 2013; Lievens, 2014; Omotayo, et al., 2017). Our lower 
observed CC values is owing to aeration stress during the growing season. This will be 
discussed in detail in the evaluation part.  

Non-conservative crop parameters kept the default values for soybean simulations. Soil 
depletion factor for stomatal closure is 0.6, instead of 0.5 as recommended in the literature. 
The 0.5 value was converted by James & Charanjit (2013)  to a volumetric water content of 
0.4 and 0.23 for clay and sandy soils, respectively. In our silty clay soil experiments, 0.6 
corresponds to volumetric water content of 0.36. Thus, if a comparison is made by volumetric 
soil water content between the two different soil depletion factors, there is a match between 
them. 
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Table 7: Conservatives and non-conservative soybean parameters calibrated to the local environments 

 
AquaCrop default Soybean 

SGC RSCM NA 
A. Calibrated non-conservative crop parameters     

Plant density (no. of plants ha) 330000 333333 333333 333333 
Emergence (days after sowing) 9 5 5 5 
Senescence (days after sowing) 104 73 71 71 
Maturity (days after sowing) 130 89 89 89 
Maximum canopy cover (%) 98 84 70 68 
Time to maximum canopy cover (days after sowing) 72 47 49 49 
Flowering (days after sowing) 71 37 35 35 
Flowering duration (days) 29 12 12 12 
Maximum effective rooting depth (m) 2 0.6 0.6 0.6 
Time to maximum effective rooting depth (days after sowing) 92 60 60 65 
Reference harvest index (%) 40 42 42 40 

B. Conservative crop parameters     
Base temperature (oC) 5 5 5 5 
Upper temperature (oC) 30 30 30 30 
Minimum growing degrees required from full biomass (oC-day) 10 10 10 10 
Soil water depletion factor for canopy expansion – Upper threshold 0.15 0.15 0.15 0.15 
Soil water depletion factor for canopy expansion – Lower threshold 0.65 0.65 0.65 0.65 
Soil water depletion factor for stomatal closure  0.6 0.6 0.6 0.6 
Soil water depletion factor for canopy senescence 0.7 0.7 0.7 0.7 
Aeration stress Sat – 5% Sat – 5% Sat – 5% Sat – 5% 
Crop coefficient (Kc,Tr) 1.1 1.1 1.1 1.1 
Normalized crop water productivity (g/m2) 15 15 15 15 
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Besides, it should be noticed that soil fertility and salinity are not considered here. It means 
that all of three treatments were simulated with optimal soil fertility level and fresh water. 
Thus, the differentiation between the treatments are presented through maximum CC (%), 
time to maximum CC and time to maximum effective rooting depth. The addition of organic 
matter helps to improve soil aeration and water infiltration, to stabilize soil aggregates and 
to supplement soils with nutrient, leading to compaction alleviation. This role has been well 
documented in many studies (Stewart, et al., 2000; Francis & Denis, 2011; The U.S. 
Environmental Protection Agency, 2007). Thus, the soil environment in the soybean 
experiments with sugarcane or rice straw cow manure compost is expected to be more 
favorable for the root system to develop than the soil environment without amendments. As 
a result, the capacity of roots to grow and to supply nutrients and water for plants was 
enhanced. Time to reach maximum rooting depth of SGC and RSCM treatments was shorter 
and their canopy growth coefficients was faster (15.3 %/day) than of NA treatment (14.2 
%/day). This explanation also applies for our sesame case which will be discussed in the next 
section.  

With the parameters estimated above, the evaluation of AquaCrop was conducted for SWC, 
CC and biomass. The simulated and measured SWC of the root zone are presented in Figure 
16. The error bars represent the standard deviations of the mean observed SWC. There are 
two noticeable trends in the graphs. First, the simulation matched the observation well, in 
general. For the RSCM treatment, all simulated data points were in the variation range of 
observed ones (observed SWC ± sd). For the NA treatment, one simulated data point (52 DAP) 
was underestimated while the rest showed a perfect match. The SGC treatment has only 4/6 
simulated points in the variation of observed values. Because natural tides caused water 
overflow into the experiment plots, the plots which were nearer to water ways could receive 
a higher amount of irrigated water. Consequently, there could be a difference in SWC 
between interior plots and exterior plots. Meanwhile, AquaCrop only runs a general 
simulation for all soybean plots. Therefore, it is reasonable that there would be 
over/underestimation for the simulation at several points. Second, SWC in all treatments 
throughout the growing season was often between FC and SAT. This can cause aeration stress 
for crop growth in certain times (~25, 40 ,70 and 80 DAP), leading to a reduction in canopy 
expansion. 

The fitting curves between simulated and observed CC for the treatments are shown in Figure 
17. Overestimation of the simulated data occurred in all treatments. For RSCM and NA 
treatments, overestimation was from 38 to 50 DAP which aligns with overestimation in SWC 
around the same time. Overestimation also appeared before harvest for all treatments. In 
comparison with previous studies of Mojtaba (2013) and Omotayo (2017), their simulation 
matched quite well with the observation before harvest. One possible explanation is related 
to the digital camera pictures taken. In recorded pictures on these days, a row spacing was 
often captured in the middle of pictures instead of a soybean row. This led to a decrease in 
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canopy cover and an increase in space measurements as analyzed by GreenCropTracker 
software. 

The goodness of fit between simulated and observed CC is also expressed by statistical 
indicators (Table 8). R2 and EF (> 0.90) of the RSCM treatment had the highest values of the 
three treatments. R2 of NA and SGC treatments were 0.79 and 0.84, respectively and EF of NA 
and SGC treatments were over 0.7. Similarly, RRMSE of RSCM indicated the good model 
performance (10-20%) while RRMSE of NA and SGC dropped to a fair performance (20-30%). 
The overall goodness of fit for the three treatments is rather fair which is lower than the good 
goodness of fit of other studies. Mojtaba (2013), Lievens (2014) and Omotayo (2017) all 
reported R2 and EF at least 0.96 and RRMSE between 1-10%. Obviously, our lower statistical 
indicators are because of biased CC sampling before harvest. However, the measured 
soybean CC, in general, is simulated good enough.  
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Figure 16: Measured and simulated SWC of top 30cm depth, expressed as equivalent depth. 
Simulated: solid black line. Observed: black square. Error bars represent standard deviations.  

 
Figure 17: Canopy cover evolution during 2017 growing season. (a) Soybean with sugarcane compost. 
(b) Soybean with rice straw & cow manure compost. (c) Soybean without amendments. Simulated: solid 
line. Observed: black squares, with error bars indicating ± standard deviations.  
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Table 8: Goodness of fit indicators for soybean CC and Biomass simulations 

 Treatment Parameter Statistic 
R2 RRMSE (%) EF 

Soybean 

SGC 
CC 0.84 24.9 0.75 
Biomass 0.92 21.2 0.83 

RSCM 
CC 0.96 13.6 0.92 
Biomass 0.9 21.5 0.86 

NA 
CC 0.79 27.7 0.71 
Biomass 0.94 16.3 0.93 

The goodness of fit between simulated and observed CC is also expressed by statistical 
indicators (Table 8). R2 and EF (> 0.90) of the RSCM treatment had the highest values of the 
three treatments. R2 of NA and SGC treatments were 0.79 and 0.84, respectively and EF of NA 
and SGC treatments were over 0.7. Similarly, RRMSE of RSCM indicated the good model 
performance (10-20%) while RRMSE of NA and SGC dropped to a fair performance (20-30%). 
The overall goodness of fit for the three treatments is rather fair which is lower than the good 
goodness of fit of other studies. Mojtaba (2013), Lievens (2014) and Omotayo (2017) all 
reported R2 and EF at least 0.96 and RRMSE between 1-10%. Obviously, our lower statistical 
indicators are because of biased CC sampling before harvest. However, the measured 
soybean CC, in general, is simulated good enough.  

As expected from CC, there are both overestimations and underestimations in the simulated 
biomass data. The biomass at harvest of all treatments was simulated lower than the 
observed ones. According to James & Charanjit (2013), however, total dry matter of soybean 
is supposed to decrease before harvest. In fact, fallen leaves and petioles were excluded in 
the biomass measurement of the model. The fit between the simulation and observation by 
statistical indicators is presented in Table 8 above. R2 and EF of all treatments exceeded 0.9 
and 0.8, respectively which is better than the indicators for CC. RRMSE is in the 20-30% range, 
indicating a fair model performance.  

Finally, observed and simulated yields are given in Table 9. All the simulated values were in 
the deviation range (observed yield ± sd) of the observation, so they had an excellent fit. The 
soybean yields are much lower than the yield (2.9 tons/ha) in the study of Dang et al. (2014) 
which cultivated the same soybean cultivar, but in optimal conditions. 

To conclude, AquaCrop is able to simulate soybean development through CC, biomass and 
yield in this local environment field management.  
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Figure 18: Biomass evolution during 2017 growing season. (a) Soybean with sugarcane compost 
treatment. (b) Soybean with rice straw & cow manure compost treatment. (c) Soybean without 
amendments. Simulated: line. Observed: squares, with error bars indicating ± standard deviation 

Table 9: Observed yield and simulated soybean yield of the 2017 growing season. 

  Observed Yield  
(tons/ha) 

Simulated yield  
(tons/ha) 

Soybean 

SGC 1.8 ± 0.35 1.750 

RSCM 1.6 ± 0.49 1.720 

NA 1.7 ± 0.51 1.630 

 

5.1.3. Sesame  

The final estimated crop parameters are presented in Table 10. Adjustments of non-
conservative crop parameters were based on experiment observations and literature. We 
used a short life growth cultivar (76 days). It took 5 days for the seed emergence and 35 days 
later to flowering. Maximum canopy cover reached to 80-90% after 38-41 DAP, depending on 
treatments.  Comparing with field experiments of Akter et al.  (2016) for a short-term sesame 
cultivar (~80 days) in Bangladesh, time to flowering, to maximum canopy cover and flowering 
duration are quite similar (~30 DAP, 40 DAP and 15 days, respectively). For conservative crop 
parameters, they were all kept as the default values of sunflower (as explained in section 
4.5.5). 
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Table 10: Conservatives and non-conservative sesame parameters calibrated to the local environments 

 Sesame 
SGC RSCM NA 

A. Calibrated non-conservative crop parameters    
Plant density (no. of plants ha) 333333 333333 333333 
Emergence (days after sowing) 5 5 5 
Senescence (days after sowing) 63 63 63 
Maturity (days after sowing) 76 76 76 
Maximum canopy cover (%) 90 84 80 
Time to maximum canopy cover (days after sowing) 41 41 38 
Flowering (days after sowing) 35 35 35 
Flowering duration (days) 16 16 16 
Maximum effective rooting depth (m) 1 1 1 
Time to maximum effective rooting depth (days after sowing) 63 60 65 
Reference harvest index (%) 28 27 25 

B. Conservative crop parameters    
Base temperature (oC) 10 10 10 
Upper temperature (oC) 49 49 49 
Minimum growing degrees required from full biomass (oC-day) 12 12 12 
Soil water depletion factor for canopy expansion – Upper threshold 0.15 0.15 0.15 
Soil water depletion factor for canopy expansion – Lower threshold 0.65 0.65 0.65 
Soil water depletion factor for stomatal closure  0.6 0.6 0.6 
Soil water depletion factor for canopy senescence 0.7 0.7 0.7 
Aeration stress Sat – 5% Sat – 5% Sat – 5% 
Crop coefficient (Kc,Tr) 1.05 1.05 1.05 
Normalized crop water productivity (g/m2) 18 18 18 
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Figure 19: Measured and simulated SWC of top 30cm depth, expressed as equivalent depth. 
Simulated: solid black line. Observed: black square. Error bars represent standard deviations. 

 
Figure 20: Canopy cover evolution during 2017 growing season. (a) Sesame with sugarcane compost. 
(b) Sesame with rice straw & cow manure compost. (c) Sesame without amendments. Simulated: line. 
Observed: black squares, with error bars indicating ± standard deviations. 
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Soil fertility and salinity were not considered for sesame calibration. It means that all of three 
treatments were simulated with optimal soil fertility level and fresh water. The differentiation 
between the treatments are presented through maximum CC (%), time to maximum CC and 
time to maximum effective rooting depth. Although all three treatments have the same 
maximum rooting depth (1 m) recommended by FAO (1998), the effects of additional soil 
amendments were expected to result in a more favorable soil environment for the root 
system growth. Thus, time to maximum rooting depth of SGC (63 DAP) and RSCM (60 DAP) 
treatments were shorter than the time of the NA treatment (65 DAP). As expected, CGC of 
the two amendment treatments was also higher than CGC of the NA one.  

With the calibrated sesame parameters above, the evaluation of AquaCrop model has been 
conducted for SWC, CC and biomass. The simulated and measured SWC of the root zone are 
presented in Figure 19 above. The error bars represent the standard deviations of the mean 
observed SWC. There were mismatched estimations between the simulated values and 
observed values between 50 and 70 DAP. It might be due to uneven water overflow into 
different plots by natural tides, especially from mid-April (50 DAP). Nonetheless, the 
simulation, in general, represents an observed common trend for SWC during the whole 
season. The common trend here is fluctuation of SWC around FC. 

Both simulated and observed CC development followed a logistic growth curve as shown in 
Figure 20. Most of the simulated CC values of the three treatments were in the variation range 
of the observations (CC ± sd). This match is confirmed by the statistical indicators in Table 11. 
For SGC and NA treatments, R2 and EF were very high (0.98) and their RRMSEs indicates a first 
ranked model performance (excellent: 0-10%). The RSCM treatment had lower values for all 
statistical parameters, but its simulation can be still considered as of a good performance. 
Therefore, AquaCrop shows a good capacity to simulate CC development for sesame in our 
local environment and management.  

Table 11: Goodness of fit indicators for sesame CC and Biomass simulations 

 
Treatment Parameter 

Statistic 
R2 RRMSE (%) EF 

Sesame 

SGC 
CC 0.98 8.6 0.98 
Biomass 0.85 31.4 0.73 

RSCM 
CC 0.88 20.1 0.87 
Biomass 0.76 40.9 0.72 

NA 
CC 0.98 10.0 0.97 
Biomass 0.79 31.9 0.77 

The model simulation overestimated sesame biomass during the season, except for the data 
point at 52 DAP. One explanation is the aeration stress at around 22, 40 and 64 DAP (Figure 
19). Waterlogging at a stem elongation stage could reduce the number of sesame branches 
while waterlogging at a ripening stage would cause a decrease in number of capsules (Hassan, 
et al., 2001). 



 

47 

Due to these overestimations, RRMSE for sesame biomass of all treatments dropped to over 
30%, indicating a poor model performance. R2 ranged from 0.76 to 0.85 and EF was from 0.72 
and 0.77. Sesame-SGC treatment had the highest correlation value (0.85) while Sesame-NA 
treatment showed the strongest model robustness (EF: 0.77). Based on the statistical 
parameters, AquaCrop presented a poor performance for sesame biomass evolution in our 
case.  

 
Figure 21: Biomass evolution during 2017 growing season. (a) Sesame with sugarcane compost 
treatment. (b) Sesame with rice straw & cow manure compost treatment. (c) Sesame without 
amendments. Simulated: line. Observed: squares, with error bars indicating ± standard deviation.  

Finally, observed and simulated sesame yields are given in Table 12. All the simulated values 
were in the variation range (observed yield ± sd) of the observation, so they fitted well. These 
yields are lower than an average recorded yield (1.0-1.3 tons/ha) in 4 districts in the Vietnam 
Mekong Delta (Tham, 2014). The average yield range is for 10 different cultivars that have 
been also cultivated in paddy soil.  

To conclude, further studies on sesame model calibration need to be done before a wide 
application of crop parameters in the region. However, in this research, with all acceptable 
statistical indicators for CC and biomass, AquaCrop is qualified as good enough to run deficit 
irrigation simulations for sesame. 
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Table 12: Observed yield and simulated sesame yield of the 2017 growing season 

  Observed Yield  
(tons/ha) 

Simulated yield  
(tons/ha) 

Soybean 

SGC 0.97 ± 0.23 0.831 

RSCM 0.81 ± 0.11 0.856 

NA 0.79 ± 0.07 0.850 

5.2. Net Irrigation requirement 

Long term (18 years) average net irrigation requirements (Inet) of rice cultivation, simulated 
by AquaCrop on silty clay soils are shown in Figure 22. Inet requirement ranged between 310 
and 480 mm per season. Sum of this Inet and rainfall in the dry season (February –Mid May) in 
the local region (40-380 mm) was in the recommended crop water requirement value range 
of FAO (1986) 450 – 700 mm per growing period. However, it should be noticed that AquaCrop 
did not simulate standing water above surface. Because the net irrigation calculation option 
in the model sets the maximum moisture conditions at saturation, the net range calculated 
here was to keep soil moisture of rice fields always at saturation and thus reach the potential 
maximum yield for each season. The irrigation amount in practice might be little higher than 
the maximum value in the recommended range. The simulated yield of rice during the study 
period is 4.4-5.4 tons/ha, depending on treatments.  

Also, a frequency analysis by historical rainfall data indicated that during 18 continuous years 
(2000 – 2017), three dry years (< 90 mm) and three wet years (> 300 mm) occurred. Rain 
usually emerged soon from mid of March in wet years while rain only appeared from May in 
dry years. This leads to a wide simulated irrigation dose range for rice (Figure 22). Finally, 
there is no difference between Inet of SGC, RSCM and NA treatments. The maximum canopy 
cover of SGC, RSCM and NA treatments are all around 80%, so the evapotranspiration amount 
per season between treatments is not significantly different. Thus, the amount of water 
needed to reach the potential maximum rice yield across treatments is the same.  

Average Inet of soybean cultivation between 2000 and 2017, grown on silty clays soil is 220-
400 mm per growing period (Figure 23). This range is obviously lower than that of rice because 
soybean is an upland crop. Sum of this Inet and rainfall in the dry season (80-350 mm) gave the 
crop water requirement value which was in the estimated soybean range of FAO (2011) (400-
700 mm). However, Inet is little higher than a recommended average irrigation amount in 
“National Irrigation and Drainage Standard, Vietnam 2011” (TCVN 8641: 2011) – 200 mm per 
season. The national standard is constructed for RAW from 65% to 80%, depending on 
different crop development stages. Meanwhile, the value set to calculate net irrigation 
requirement in AquaCrop for soybean is 80%. It means that whenever RAW decreased by 
20%, SWC would be brought back to FC.  

There is a difference between Inet of Soybean-SRC, Soybean-RSCM and Soybean-NA 
treatments. Soybean-SGC treatment had a higher net irrigation requirement than the other 
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two treatments. It might be due to a noticeable larger maximum CC of the SGC treatment 
(84%) in comparison with the maximum CC of the RSCM (70%) and NA treatments (68%).  

Finally, the long-term average net irrigation of sesame cultivation is presented in Figure 24. 
The simulated Inet range is between 150 mm – 380 mm per season, depending on rain amount. 
This range aligns with empirical experience of our farmers, i.e. 200 – 300 mm each growing 
season. No difference between Inet of SRC, RSCM and NA treatments for sesame cultivation 
was recorded because the maximum canopy cover between treatments was not significantly 
different, leading to similar evapotranspiration amounts. Thus, the amount of crop water 
needed to reach the potential maximum sesame yield of different treatments was the same. 
The maximum potential yield of sesame which was simulated by AquaCrop throughout 18 
years (2000-2017) is 1.6 – 1.9 kg/m3. The yield is higher than the average recorded yield (1.0-
1.3 tons/ha) cultivated in paddy soils in four districts in the Vietnam Mekong Delta (Tham, 
2014). 
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Figure 22: Rice net irrigation for 17 years (2000-2017) 

 
Figure 23: Soybean net irrigation for 17 years (2000-2017) 

 
Figure 24: Sesame net irrigation for 17 years (2000-2017) 
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5.3. Effects of deficit irrigation 

5.3.1. Rice 

Simulated rice yields under different irrigation scenarios are presented in Figure 25. This 
shows that the amendment treatments always have a higher yield than Rice-NA treatment. 
The mean yield of Rice-SGC is highest. In each treatment, there was a significant difference in 
yield between irrigation scenarios (p < 0.001). Such difference occurred between DI.1 and 
DI.2 (p < 0.05) and between D1.1 and Net (p < 0.01) (Table 13). The mean yield under DI.1 
(4.124, 4.604 and 4.873 tons/ha for Rice-NA, Rice-RSCM and Rice-SGC, respectively) is 
significantly lower than the mean yield under Net irrigation practice of corresponding 
treatments (4.408, 4.856 and 5.136 tons/ha). The mean yield of DI.1 is also lower than the 
mean yield of DI.2 (4.36, 4.801 and 5.08 tons/ha for Rice-NA, Rice-RSCM and Rice-SGC, 
respectively). The mean yield of DI.2 was however not significantly lower that than of Net.  

 
Figure 25:Simulated rice yield of three treatments under different irrigation scenarios (2000 – 2017). 
The horizontal black solid line in each box is median. DI.1 and DI.2 refer to deficit irrigation with 70% 
and 85% of the water used for net irrigation (Net); see Table 4. 

In contrast, no significant difference in WP between irrigation practices in any treatment was 
observed (p = 0.092) (Figure 26). For NA treatment, the mean WP under DI.1, DI.2 and Net is 
1.033, 1.033 and 1.009 kg/m3, respectively. For RSCM treatment, the mean WP of DI.1, DI.2 
and Net is 1.15, 1.14 and 1.11 kg/m3, respectively. Finally, for SGC treatment, the mean WP 
of DI.1, DI.2 and Net is 1.22, 1.21 and 1.18 kg/m3 which are still obviously higher than the 
mean WP of Rice-RSCM and Rice-NA. 
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Figure 26: Simulated rice water productivity of three treatments under different irrigation scenarios. The 
horizontal black solid line in each box is median. 

In DI.1 practice, the irrigation events were concentrated from 14 DAP to 70 DAP. It means 
that water deficit occurred around 10 days after emergence and around 5 days in the middle 
of the ripening stage. Water stress in the beginning of tillering (6 to 15 DAP) could cause a 
decrease in leaf expansion and in number of tillers while water stress in the ripening stage 
possibly made grain weight decrease. Consequently, the rice yield under DI.1 was reduced by 
6-7% compared to the yield under Net irrigation practice. This result is in line with findings by 
Nguyen (2008) and Sokoto & Muhammad (2014). In DI.2, the irrigation water was spread from 
10 DAP to 75 DAP, so the water deficit in this case only occurred about one week after 
emergence because from 75 DAP, rice was senescent and grain weight finished filling. The 
one-week stress was supposed to be right before the start of tillering, so the rice development 
would not experience any significant adverse effect. Therefore, the yields under DI.2 and Net 
irrigation were close as expected.  

Table 13: p values for rice yield by post-hoc analysis 

Yield DI.1 DI.2 

SGC 
DI.2 0.0384 - 
Net 0.0018 0.6090 

RSCM 
DI.2 0.0317 - 
Net 0.0016 0.6351 

NA 
DI.2 0.0126 - 
Net 0.0006 0.6486 
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To conclude, these deficit irrigation strategies show a yield gap closure but did not indicate a 
higher water productivity compared to full irrigation strategy, in any treatment. The deficit 
irrigation with a 30% irrigation water reduction as compared to net irrigation decreased the 
potential maximum yield by 6-7% and had a similar WP as full irrigation. Meanwhile, the 
deficit irrigation scheme with net irrigation being decreased by 15% produced the maximum 
potential yield. Such yield gap closure is also confirmed by Qui et al. (2014) and Hoang & Tri  
(2015), though, a significant increase in WP by deficit irrigation was reported by Qui et al. 
(2014). It is recommended that if the available irrigation water would reduce by 15% in the 
future, deficit irrigation practices with a 15% reduction are applied for all fields. This will 
provide a maximum potential yield per field while keeping the water shortage condition 
under control. 

5.3.2. Soybean 

Simulated soybean yields for 18 continuous years under different irrigation scenarios are 
shown in Figure 27. In any irrigation scenario, SGC and RSCM treatments produced a higher 
average yield than NA treatment. Among the amendment treatments, SGC treatment had the 
highest yield. In each treatment, a significant difference in yields between five irrigation 
scenarios was observed (p < 0.0001). Particularly, the difference was significant between any 
deficit irrigation practice and net irrigation practice (Table 14). The mean yields of NA 
treatment under DI.1.1, DI.1.2, DI.2.1 and DI.2.2 were 1.63, 1.76, 1.76 and 1.79 tons/ha, 
respectively. These are significantly lower than 2.19 tons/ha of soybean under net irrigation 
scenario (p < 0.005). Similarly, the mean soybean yield of SGC treatment under full irrigation 
(2.73 tons/ha) is higher than the yield of the same treatment under different deficit irrigation 
practices (2.01-2.23 tons/ha) (p < 0.01).  

The mean yield gap between DI.1.1 and Net irrigation and between DI.2.1 and Net irrigation 
is 25%. The mean yield gap between DI.1.2 and Net irrigation is 20%. The lowest yield gap – 
18% is between D2.2 and Net irrigation. In fact, DI.1.2 and DI.2.2 made water stress less 
severe during vegetative stage, in comparison with DI.1.1 and DI.2.1. Because silty clay soil 
has a high water holding capacity and our initial condition of water content was set at FC at 
10 days before sowing, the soil moisture could still meet water content requirements for plant 
germination without irrigation at sowing. Then, the first irrigation after emergence like D1.2 
and D2.2 brought soil moisture back to FC and so made soil moisture for the rest of vegetative 
stage (~25 days) not to drop below the stomatal closure threshold. In contrast, the first 
irrigation at sowing (DI.1.1 and DI.2.1), the only irrigation in the vegetative stage, resulted in 
a decrease in soil moisture below stomatal closure by the end of the vegetative stage. 
However, no significant difference in yields between deficit irrigation strategies was observed 
(p > 0.3).  

Corresponding WP of soybean under different irrigation scenarios are presented in Figure 28. 
WP of SGC treatment in any irrigation scenario was always the highest while WP of NA 
treatment was the lowest. In each treatment, there was a significant difference in WP 
between irrigation scenarios (p < 0.005). In NA treatment, the difference was between DI.2.1 
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and net irrigation scenario. Its mean WP (0.52 kg/m3) was lower than the mean WP under net 
irrigation (0.56 kg/m3) (p = 0.036). Similarly, the mean WP of RSCM treatment under DI.2.1 
scenario (0.56 kg/m3) was lower than the WP under full irrigation (0.60 kg/m3). In SGC 
treatment, the difference was observed at two treatment pairs: DI.1.1 - net irrigation and 
DI.2.1 - net irrigation scenario (Table 14). The mean WP under full irrigation (0.69 kg/m3) was 
higher than the mean WP under DI.1.1 (0.63 kg/m3) and under DI.2.1 (0.64 kg/m3) (p < 0.05). 

 
Figure 27: Simulated soybean yield of three treatments under different irrigation scenarios (2000 – 
2017). The horizontal black solid line in each box is median. 

Table 14: p values for soybean yield by post-hoc analysis 

Yield DI.1.1 DI.1.2 DI.2.1 DI.2.2 

SGC 

DI.1.2 0.639 - - - 
DI.2.1 0.993 0.836 - - 
DI.2.2 0.339 0.991 0.554 - 
Net 4.9e-7 0.001 4.0e-7 0.006 

RSCM 

DI1.2 0.554 - - - 
DI.2.1 1.000 0.619 - - 
DI.2.2 0.415 0.996 0.477 - 
Net 5.2e-7 0.002 9.7e-7 0.004 

NA 

DI1.2 0.580 - - - 
DI.2.1 1.000 0.547 - - 
DI.2.2 0.448 0.997 0.416 - 
Net 8.0e-7 0.002 5.8e-7 0.004 
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Our findings of a lower WP of deficit irrigation compared to WP of full irrigation are not in line 
with observation of Mojtaba et al. (2013) and Omotayo et al. (2017). They both recorded a 
higher WP in deficit irrigation than in full irrigation. One possible factor that can lead to such 
difference is that maximum potential CC of soybean was recorded in all of our deficit irrigation 
strategies while their simulation for deficit irrigation did not reach a potential maximum CC. 
Further studies are recommended on this point.  

  
Figure 28: Simulated soybean WP of three treatments under different irrigation scenarios between 
2000 – 2017. The horizontal black solid line in each box is median. 

Table 15: p values for soybean WP by post-hoc analysis 

WP DI.1.1 DI.1.2 DI.2.1 DI.2.2 

SGC 

DI.1.2 0.496 - - - 
DI.2.1 1.000 0.618 - - 
DI.2.2 0.181 0.979 0.264 - 
Net 0.022 0.667 0.040 0.942 

RSCM 

DI.1.2 0.408 - - - 
DI.2.1 0.999 0.273 - - 
DI.2.2 0.302 1.000 0.190 - 
Net 0.083 0.943 0.043 0.979 

NA 

DI.1.2 0.303 - - - 
DI.2.1 0.999 0.183 - - 
DI.2.2 0.316 1.000 0.193 - 
Net 0.076 0.973 0.036 0.969 
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To conclude, all deficit irrigation scenarios produced a lower mean yield and WP than the 
mean yield and WP under the net irrigation scenario. The yield gap between net irrigation 
and the scenarios with irrigation after plant emergence (DI.1.2 and DI.2.2) is close to 25% 
while the yield gap between the net irrigation and DI.1.1/ DI.2.1 is reduced to 18-20%. 
However, no significant difference in yields between deficit irrigation scenarios was observed. 
So, in the case available irrigation water would reduce by 15% in the future, a good option 
would be to have a half of field receiving full irrigation and the other half receiving deficit 
irrigation with a 30% reduction (the first irrigation after plant emergence). The average total 
yield will be 2 tons/ha, 2.25 tons/ha and 2.45 tons/ ha of NA, RSCM and SGC treatments, 
respectively, which is higher than the total yield of two plots that both would both receive 
deficit irrigation with 15% reduction (1.8 tons/ha, 1.9 tons/ha and 2.2 tons/ha). Therefore, a 
combination of net and deficit irrigation scenarios would be a better solution in terms of both 
yield and WP while keeping the water shortage condition under control. 

5.3.3. Sesame 

Simulated sesame yields for 18 continuous years under different irrigation scenarios are 
shown in Figure 29. First, in any irrigation scenario, SGC and RSCM treatments produced a 
higher average yield than NA treatment. Among the amendment treatments, SGC treatment 
had the highest yield. Second, in each treatment, there was a significant difference in yield 
between five irrigation scenarios (p < 0.0001). The significant difference was at between any 
deficit irrigation practice and net irrigation practice (Table 16). The mean yield of NA 
treatments under DI.1.1, DI.1.2, DI.2.1 and DI.2.2 was 1.27, 1.32, 1.27 and 1.34 tons/ha, 
respectively. These were significantly lower than 1.64 tons/ha of sesame under net irrigation 
scenario (p < 0.005). Similarly, the mean sesame yield of SGC treatment under full irrigation 
(1.89 tons/ha) was higher than the yield of the same treatment under different deficit 
irrigation practices (1/46- 1.53 tons/ha) (p < 0.005). Third, the mean yield gap between DI.1.1 
and Net scenario and between DI.2.1 and Net scenario was 22% while the yield gap between 
D1.2 and Net irrigation and between DI.2.2 and Net irrigation was 19%. As discussed in section 
5.3.2, DI.1.2 and DI.2.2 made water stress less severe during vegetative stage, in comparison 
with DI.1.1 and DI.2.1. However, no significant difference in yields between deficit irrigation 
scenarios was observed (p > 0.5).  
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Figure 29: Simulated sesame yield of three treatments under different irrigation scenarios (2000 – 
2017). The horizontal black solid line in each box is median. 

Table 16: p values for sesame yield by post-hoc analysis 

Yield DI.1.1 DI.1.2 DI.2.1 DI.2.2 

SGC 

DI.1.2 0.932 - - - 
DI.2.1 1.000 0.933 - - 
DI.2.2 0.867 0.999 0.868 - 
Net 1.6e-5 0.001 1.6e-5 0.002 

RSCM 

DI.1.2 0.904 - - - 
DI.2.1 0.999 0.849 - - 
DI.2.2 0.898 1.000 0.841 - 
Net 3.1e-5 0.002 1.5e-5 0.002 

NA 

DI.1.2 0.936 - - - 
DI.2.1 1.000 0.952 - - 
DI.2.2 0.799 0.998 0.832 - 
Net 1.2e-5 0.001 1.8e-5 0.003 

Corresponding WP of sesame under different irrigation scenarios are presented in Figure 30. 
WP of amendment treatments in any irrigation scenario was higher than WP of sesame 
without amendments. In each treatment, there was a significant difference in WP between 
irrigation scenarios (p < 0.005). The difference was observed at two treatment pairs: DI.1.1 - 
net irrigation and DI.2.1 - net irrigation scenario (Table 17). The mean WP of SGC, RSCM and 
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NA treatments under full irrigation was 0.58, 0.54 and 0.51 kg/m3, respectively. It was 
significantly higher than the mean WP under DI.1.1 (SGC: 0.52; RSCM: 0.49; NA: 0.45 kg/m3) 
and D1.2 (SGC: 0.51; RSCM: 0.48; NA: 0.45 kg/m3). No significant difference in WP between 
deficit irrigation strategies was recorded (p > 0.7).  

With proposed deficit irrigation scenarios, water stress did not occur at seed filling stages, the 
most sensitive phase to water stress that could cause up to 39% relative reduction in sesame 
yield (Dissanayake, 2017). Thus, the yield gap in our simulations can be closed to 18-22%. 
Moreover, no significant difference in WP between DI.1.2/ DI.2.2 and net irrigation was 
found. Therefore, the irrigation practice after emergence (DI.1.2 and DI.2.2) shows a better 
performance in yield gap closure and WP than of the irrigation at sowing. When the available 
irrigation water might be reduced by 15% in the future, a combination of deficit and net 
irrigation scenario could be applied here to achieve the possible highest yield while still 
reducing water stress in as much as possible. Particularly, a half of field might receive full 
irrigation and the other half deficit irrigation with a 30% reduction (the first irrigation after 
plant emergence). The average total yield will be 1.5 tons/ha, 1.55 tons/ha and 1.75 tons/ ha 
of NA, RSCM and SGC treatments, respectively, which is higher than the total yield of two 
plots that would both be under deficit irrigation with 15% reduction (1.32 tons/ha, 1.3 
tons/ha and 1.53 tons/ha).  

 
Figure 30: Simulated sesame WP of three treatments under different irrigation scenarios (2000 – 2017). 
The horizontal black solid line in each box is median. 
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Table 17: p values for sesame WP by post-hoc analysis 

WP DI.1.1 DI.1.2 DI.2.1 DI.2.2 

SGC 

DI.1.2 0.957 - - - 
DI.2.1 0.999 0.915 - - 
DI.2.2 0.935 1.000 0.914 - 
Net 0.014 0.117 0.008 0.118 

RSCM 

DI.1.2 0.913 - - - 
DI.2.1 1.000 0.828 - - 
DI.2.2 0.979 0.999 0.938 - 
Net 0.040 0.314 0.021 0.180 

NA 

DI.1.2 0.938 - - - 
DI.2.1 0.997 0.868 - - 
DI.2.2 0.948 1.000 0.886 - 
Net 0.015 0.146 0.008 0.132 
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6. Conclusion and Recommendation 

AquaCrop is a water-driven model to simulate crop yields under different irrigation 
environments. It was applied in Vinh Long province to study deficit water management 
practices for rice and upland crop production in long-term paddy soils in the Mekong Delta, 
Vietnam.  

AquaCrop was calibrated and evaluated for rice, soybean and sesame in terms of canopy 
cover, biomass and yield. For rice, the model simulated the crop development fairly well in 
any amendment treatment. The simulated CC values and yields were in the deviation range 
(observed yield ± sd) of the observation, so they had a good goodness of fit. The simulation 
of biomass did not match the observation well; however, their statistical indicators still 
indicate the robustness of AquaCrop in modelling the biomass. For soybean, although 
over/underestimation of the simulated data occurred, the overall goodness of fit for the three 
treatments showed a fair performance of AquaCrop in simulating crop development. For 
sesame, CC simulation also showed a fair performance of AquaCrop while biomass simulation 
only indicated a poor match. However, all statistical indicators of these simulations for 
sesame exceeded an accepted level for model performance, so AquaCrop is qualified good 
enough to run deficit irrigation simulations for sesame as well. Overall, AquaCrop is 
considered to be able to simulate rice and soybean development through CC, biomass and 
yield under the local environmental conditions and field management practices. AquaCrop 
validation for a next season is recommended to solidify this statement. Also, further studies 
to calibrate the model for sesame are required before a wide application of sesame 
parameters in the region.  

After the successful calibration, the effects of deficit irrigation management scenarios on yield 
and WP were identified. In particular, yields and WP between deficit irrigation scenarios when 
the irrigation water dose was reduced by either 15% or 30% and full irrigation scenarios were 
statistically compared. First, for upland crops and treatment, there was a significant 
difference between yields under deficit irrigation and net irrigation (p < 0.001). The significant 
difference in rice yields occurred between deficit irrigation with 30% irrigation reduction and 
net irrigation while the mean rice yield of deficit irrigation with 15% irrigation reduction was 
not significantly lower that than of the net irrigation practice. For WP, a significant difference 
was observed between deficit irrigation and net irrigation in upland crops only. WP of 
soybean and sesame under deficit irrigation was lower than WP under net irrigation. This is 
in contrast to what we expected. Besides, a closer yield gap between deficit and net irrigation 
was recorded when the first irrigation was done to bring soil moisture back to FC after plant’s 
emergence. Third, no significant difference between yields under different deficit irrigation 
scenarios was observed. So, it is recommended that if the available irrigation water will 
reduce by 15% in the future, a half of field can receive full irrigation and the other half gets 
deficit irrigation with a 30% reduction (the first irrigation after plant emergence). Such 
collaboration will provide a higher total yield and WP of the two fields than under deficit 
irrigation of 15% of both fields, while keeping the water shortage condition under control. 
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Finally, under any irrigation scenario, yield and WP of crops grown on fields with amendments 
were higher than on non-amended fields. However, the effects of different organic matter on 
crop yields and WP is out of the research’s scope. Studies on these effects are advised in 
future research.  
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APPENDIX 

Table 18: Soil texture of a profile ot net to the field 

Soil 

horizon 

Thickness 

[cm] 
Sand [%] Silt [%] Clay [%] Bulk density 

[g/cm3]  
OM [%] Texture 

Ap 15 1.36 53.54 45.10 1.04 5.52 Silty clay 

Bg1 30 0.89 48.37 50.74 1.43 0.60 Silty clay 

Bg2 55 1.09 45.68 53.23 1.36 0.60 Silty clay 

Cg 80 1.10 45.27 53.62 1.36 0.94 Silty clay 

 

Table 19: Soil parameter input for AquaCrop simulation of rice 

6.0 AquaCrop Version 
72 CN (curve number) 
14 Readily evaporative water from top layer (mm) 
3 Number of soil horizons 
15-45 Depth (cm) of restrictive soil layer inhibiting root zone expansion 

Depth [cm] SAT (%) FC (%) PWP (%) 
Ksat 

[mm/day] 
Description 

0-15 0.53 0.49 0.28 337.2 Silty clay 
15-45 0.49 0.45 0.27 4.32 Silty clay 

45-100 0.48 0.45 0.27 23.52 Silty clay 
 

Table 20: Soil parameter input for AquaCrop simulation of upland crops 

6.0 AquaCrop Version 
72 CN (curve number) 
14 Readily evaporative water from top layer (mm) 
3 Number of soil horizons 
15-45 Depth (cm) of restrictive soil layer inhibiting root zone expansion 

Depth [cm] 
SAT 

[m3/m3] 
FC 

[m3/m3] 
PWP 

[m3/m3] 
Ksat 

[mm/day] 
Description 

0-15 0.53 0.49 0.28 337.2 Silty clay 
15-45 0.49 0.45 0.27 15.8 Silty clay 

45-100 0.48 0.45 0.27 23.52 Silty clay 
 


