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Thesis Title  Assessment of Genotype × Management Interaction to 

Enhance Rice Productivity in Southern Thailand 

Author  Mr. Tajamul Hussain 

Major Program Plant Science 

Academic Year 2021 

ABSTRACT 

Rice is a major cereal crop, is a staple food, and is the source of calories, 

protein, and nutrients and significantly contributes to the dietary needs in Thailand. 

Seasonal variations in weather patterns caused by climate change and increased 

intensity of drought intervals have impacted rice production potential in Thailand. In 

addition, antiquated production technology, improper agronomic management and 

traditional farming practices adopted by farmers led to decline in rice production. 

Objectives of the two years experimental study aimed at contributing for stable, 

sustainable, and profitable rice production in Thailand comprised of, i) identification 

of drought tolerance in lowland rice, and ii) agronomic management of nitrogen (N) 

fertilization according to planting date (PD) for upland rice. Genotypes including 

Look Pla, Pathum Thani−1, Hom Pathum, Dum Ja, Sang Yod, and Lep Nok were 

identified as local lowland drought stress tolerant genotypes that can be recommended 

in drought prone lowland areas to stabilize rice productivity and can be used for 

further research in rice breeding program for exploring desired traits. Strong 

associations of stress response indices including GMP, STI, MPRO and MHAR with 

grain yield under well−watered and terminal water stress conditions, indicated that 

these indices could be used as rapid identifiers to indicate stress tolerance in rice crop 

breeding program. 
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Ideal agronomic management for identification of optimal N fertilizer rate 

(NFR) synchronized with ideal PD is an important strategy to enhance resource use 

efficiency and productivity of upland rice. Results indicated that N application 

enhanced upland rice performance and productivity and fertilization of 90 kg N ha–1 

at PD2 (end of September or start of October) improved the yields and performance 

of yield attributes, enhanced straw N and grain N content and total plant N uptake as 

well as improved crop water productivity. Nitrogen fertilization increased profitability 

and application of 90 kg N ha–1 resulted in maximum profit at all PD. Based on the 

results, it was suggested that 90 kg N ha–1 should be applied, and upland rice should 

be planted at the end of September or the start of October for enhancing resource use 

efficiency, improving productivity, and maximum profitability. Furthermore, since a 

linear relationship between NFR, agronomic traits of upland rice, N uptake and crop 

water productivity was observed, and a significant seasonal effect indicated, long–

term field investigations considering a range of NFR and adoption of forecasting 

measures i.e., rainfall forecasting and yield prediction using crop simulation and 

modeling techniques to adjust seasonal planting dates are recommended for upland 

rice cultivation in Thailand. 
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The purpose of this Doctor of Philosophy Thesis in Plant Science is 

to obtain research evidence and contribute to stable, sustainable, and profitable rice 

production in Thailand. Seasonal variations in weather patterns caused by climate 

change and increased intensity of drought intervals have impacted rice production 

potential in Thailand. In addition, antiquated production technology, improper 

agronomic management and traditional farming practices adopted by farmers led to 

decline in rice productivity in Thailand. Local lowland drought stress tolerant 

genotypes were identified that can be recommended in drought prone lowland areas 

and can be used for further research in rice breeding program for exploring desired 

traits. Nitrogen uptake, nitrogen use efficiency, crop water productivity, grain 

production and profitability were evaluated for upland rice. Hence, the results can be 

used to enhance resource use efficiency, productivity, and profitability of upland rice.   

Obtained research evidence can be used for various 

recommendations at farmer fields for stable, sustainable, and profitable rice 

production in Thailand. Results provide valuable research base for future assessments 

and are useful to be considered for recommendations by various research institutes 

and government and non−government organizations in Thailand i.e.,   

• Regional Rice Research Institutes  

• Division of Rice Research Development (DRRD) 

• Department of Agriculture (DOA) 

• Office of Agricultural Economics (OAE)  

• Ministry of Agriculture and Cooperatives 

• Agricultural Research Development Agency (ARDA) 
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1. Introduction 

Rice is an important cereal after wheat that contributes to food security 

worldwide (FAO, 2020). Rice is grown under various ecosystems including irrigated, 

lowlands and uplands. However, lowland rainfed and lowland irrigated systems are 

major rice production systems (Varinruk, 2017) representing 6.2 and 4.1 million 

hectares of production area, respectively (USDA, 2015). Upland rice acreage 

contributes 9% in Asia (Nascente et al., 2019). Thailand is the sixth largest producer 

of rice worldwide and the second largest in Southeast Asia (FAO, 2020). Rice plays a 

key role in Thailand’s economy and food security (Ullah et al., 2019). According to 

USDA (2015), major rice production in Thailand is in northern, central, and 

north−eastern regions, whereas Southern Thailand contributes 6% of the cultivated 

rice area (GRiSP, 2013, Hussain et al., 2021a). Like other regions, lowland rice 

contributes to major rice production in Southern Thailand, but the cultivated area is 

limited due to geographic limitations. Upland rice is grown in rainfed conditions 

(Kumar and Ladha, 2011) and it is cultivated by small land holders during rainy 

seasons in Southern Thailand (Hussain et al., 2021a). However, rainfed rice 

production in upland and lowland systems is extremely vulnerable and variable in 

nature as water stress can occur at any crop growth stages. Climate change has also 

caused an increase in temperature fluctuations and variability in rainfall occurrence 

leading to regular heat and drought stress intervals (Ullah et al., 2019, Mansour et al., 

2021) which has impacted rice productivity in Thailand.  

Water stress is considered an important abiotic stress deleteriously affecting 

field crop productivity (Ray et al., 2019, Mansour et al., 2021). Due to seasonal 

variations in rainfall and occurrence of water stress at different crop developmental 
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stages, rice production is drastically affected. Occurrence of water stress at various 

crop growth stages negatively influences the performance of specific attributes 

(Ahmadikhah, 2016), leading to declined yield (Zhou et al., 2007). Timing of stress 

occurrence during early growth, mid−season and at terminal crop stages impact on 

severity of yield losses (Fischer et al., 2003). Water availability after the stress 

interval at the early growth stage helps plants recover, leading to lesser loss in yield. 

However, terminal water stress (TWS) intervals highly influence plant performance 

and lessens the chances of recovery to occur, leading to increased yield losses as rice 

is extremely sensitive to TWS (Agarwal et al., 2016). TWS delays various plant 

development stages including panicle initiation and flowering (Rahman et al., 2002), 

leading to spikelet sterility and reduction in number of panicles (Yue et al., 2006). In 

addition, TWS causes abortion of ovules, deteriorates the grain filling process and 

alters source to sink distribution of assimilates, leading to reduced grain yield (GY) 

(Ovenden et al., 2017). Stress−tolerant genotypes are genotypes that have the 

potential to maintain higher productivity under water stress (Farooq et al., 2010). Due 

to the extreme sensitivity of rice to TWS, different rice genotypes exhibit differential 

responses (Chutia and Borah, 2012). The GY of stress−tolerant genotypes is less 

affected under water stress as compared to stress susceptible genotypes. High yielding 

genotypes under a diverse range of environments are desired and the cultivation of 

such genotypes could help to maintain rice productivity (Ichsan et al., 2020). Hence, 

the identification of stress tolerant genotypes from local germplasm is necessary to 

stabilize productivity under terminal water stressed environments.  
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Stable upland rice production is a significant factor to meet increasing demand 

and ensuring food security. Climate change has affected rice production due to 

changes in seasonal variability in rainfall and increases in average temperature. In this 

scenario, maintaining a higher yield per unit area is a primary objective of upland rice 

production systems. Upland rice productivity is low especially in Thailand due to 

various factors, including seasonal weather patterns and traditional agronomic 

management practices. In comparison to climatic factors including air temperature, 

rainfall, solar radiation, soil moisture, insect, pests and weeds, planting time (Ferrari 

et al., 2018), and nitrogen (N) fertilization management are the factors that are highly 

associated with yields and are easy for farmers to adjust and manipulate. Nitrogen is a 

critical nutrient that affects crop growth (Santiago−Arenas et al., 2021) hence 

significantly influencing crop productivity. Nitrogen deficiency in rice plants causes 

yellowing of leaves, reduces leaf size, and leads to low productivity, whereas 

excessive N fertilization results in agronomic and economic losses. Therefore, it 

becomes imperative that a sufficient and optimum N dose be applied to obtain stable 

grain production. In northern areas of Thailand, the application of 10–75 kg N ha−1 by 

farmers in upland rice fields was reported in a survey conducted by Chiang Mai 

University, Thailand (CARSR, 2003). Different NFR have been observed as N 

fertilization of 61.25 kg N ha−1 (Suwanasa et al., 2018), 61.25 kg N ha−1 (Hussain et 

al., 2018a), 61.25 kg N ha−1 (Hussain et al., 2018b), and a basal fertilization of 15 kg 

N ha−1 (Islam et al., 2020) in upland rice farming in southern Thailand. Corresponding 

to the Division of Rice Research and Development (DRRD) of Thailand (DRRD, 

2016; Norsuwan et al., 2020), 48.75–82.5 kg N ha−1 based on soil N status, was 

recommended to use as N fertilization management in rice production. In addition to 
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this, DRRD advised applying 40–45 kg N ha−1 in splits including 20–45 kg N ha−1 as 

basal dose and remaining dose before heading stage for foothill rice areas (DRRD, 

2017). Fertilization of 34–39 kg N ha−1 for photoperiod–sensitive and 59–69 kg N 

ha−1 for photoperiod–insensitive was recommended based on the photoperiod 

sensitivity of rice cultivars in Songkhla province (experimental area) of Thailand. 

Variable range of N fertilization prevailed in Thailand and no specific or optimum 

recommendations have been observed according to different planting times for upland 

rice production. Therefore, farmers usually practiced fertilization of 10–75 kg N ha−1 

in upland rice fields.  

Ideal planting date is a useful agronomic management factor for upland rice, 

which can ensure maximum use of climatic contributors (i.e., photosynthetic 

radiation, favorable temperature, and precipitation). Planting dates affect rice 

productivity as soil water status and environmental conditions differ over time. 

Upland rice is grown during the rainy season in Thailand (Hussain et al., 2018b), and 

rainy season lasts from May till October (Limsakul and Singhruck, 2016; Ullah et al., 

2019). High variability prevails in the climate of Thailand, and most rain in the east of 

southern Thailand occurs from November to February of the subsequent year 

(Limsakul and Singhruck, 2016). Farmers in Thailand perform early or delayed 

upland rice planting depending on soil water availability. Upland rice planted too 

early or late are affected by hot and dry intervals when the rice is at reproductive 

stages. Too early or delayed planting results in high plant sterility, with the numbers 

of effective tillers are reduced (Nazir, 1994). Grain productivity is also decreased due 

to incomplete development of yield contributing traits at different crop growth phases. 

The yield potential of a cultivar depends upon tillering occurred at vegetative stages 
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and panicle density achieved at panicle formation stages. Unsuitable planting dates 

and less precipitation at the reproductive stage of upland rice results in higher yield 

losses (Hussain et al., 2018b). Planting photosensitive upland cultivars in southern 

Thailand (Watcharin et al., 2020) is another critical aspect affecting upland rice 

productivity. Recommendation of development and cultivation of photoperiod 

insensitive upland rice cultivars to stabilize rice productivity (Watcharin et al., 2020) 

also threatened due to the impact of climate change as climate change has resulted in 

high rainfall variability and increased drought occurrence (Ullah et al., 2019; Mansour 

et al., 2021). In this scenario, photoperiod insensitive cultivars will also be affected 

due to seasonal variations in rainfalls, which cause drought or flood incidents leading 

to reduced N availability or removal of N from soil surface in high rainfall events, 

respectively. Farmers are applying supplementary irrigation to upland rice during hot 

and dry intervals increases the input cost, and crop water productivity is affected. 

Traditional agronomic practices for N fertilization, general recommendation 

rates, and prevalence of wide planting windows have led to increased vulnerability of 

upland rice production. To the best of our knowledge, field evaluations for identifying 

suitable NFR alone or synchronized with ideal planting dates have not been conducted 

for upland rice production in Thailand. Therefore, it was necessary to determine 

upland rice responses to NFR and planting dates. We hypothesized that adjusting 

planting date and application of suitable N rate synchronized with planting date 

assures improved resource use efficiency, enhances productivity, and maximizes 

profitability of upland rice production. 
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2.   Objectives of Research 

The purpose of this study was the assessment of genotype (G), and 

management (M) interaction to stabilize and enhance rice productivity in Southern 

Thailand which consisted of following two objectives.  

 

2.1.  Objective I 

Responses of lowland rice genotypes under terminal water stress (TWS) and 

identification of drought tolerance and promising stress response indices 

 

2.2.  Objective II 

Synchronizing nitrogen fertilization and sowing time / planting date to 

enhance resource use efficiency, productivity, and profitability of upland rice  
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3. Results and Discussion 

3.1. Objective I:  

Responses of Lowland Rice Genotypes under Terminal Water Stress (TWS) and 

Identification of Drought Tolerance and Promising Stress Response Indices  

3.1.1. Effect of Terminal Water Stress on Yield Performance and Productivity  

Different lowland rice genotypes were assessed based on the performance of 

yield and yield attributes in response to terminal water stress (TWS) applied at the 

terminal crop growth stage. In both years, treatment and genotype effect resulted as 

highly significant different (p < 0.001) for most of the yield attributes except a 

non−significant difference for days to maturity (DM) under treatment effect in 2018–

19 (Table 1). Interactions of genotype and treatment effects indicated non−significant 

differences in both years, except for a significant difference for days to flowering 

(DF) (p < 0.05) and a highly significant difference for DM (p < 0.001) in 2018–19 

(Table 1). DF, number of tillers (NT), number of panicles (NP), grain yield (GY) and 

biomass were highly significant different. Mean comparisons indicated that all tested 

genotypes differed and a significant variability in performance prevailed under 

well−watered (WW) and TWS conditions.  

Terminal water stress resulted in a delay in flowering duration (Figure 1 a, b: 

Paper I) of all genotypes except genotype 9 in the first year (Figure 1a: Paper I). 

Flowering occurred 4 days earlier in genotype 9 (Table 2). Delay in flowering 

duration ranged 2−19 days in the first year while 1−4 days in the second year (Table 

2). The maximum delay in flowering was observed for the top three genotypes 7, 12 

and 6 by 19, 8 and 6 days in the first year and for 11, 8, 3, 4 and 5 by 7 and 4 days in 

the second year, respectively. TWS caused delays in the maturity duration (Figure 1 c, 
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d: Paper I) of most of the genotypes except for genotypes 7, 9 and 10 in the first year 

(Figure 1a: Paper I). Genotypes 7, 9 and 10 matured earlier in the first year by 19, 5 

and 11 days (Table 2). In the second year, maturity duration was increased for all 

genotypes under TWS (Figure 1d: Paper I). The delay in maturity duration ranged 

4−14 days in the first year while 3−8 days in the second year (Table 2). Generally, in 

our study, DF and DM were increased and were significantly positive and strongly 

correlated. TWS caused delay in panicle emergence; hence, delaying the flowering 

time of most of genotypes. Delayed flowering in rice was also observed under water 

stress by Davatgar et al. (2009), Saikumar et al. (2016) and Hussain et al. (2018). Late 

flowering in rice under TWS is considered as a common impact of TWS (Zhao et al., 

2010). Delayed panicle emergence and longer grain filling duration increased the time 

to maturity, thus increasing the total irrigation water input under TWS (Figure 1). All 

genotypes consumed more water input under delayed maturity under TWS after 

resuming irrigation.  

Figure 1. Total amount of irrigation water consumed by lowland rice genotypes under 

well−watered (WW) and terminal water−stressed (TWS) conditions during 2018−19 

(a) and 2019−20 (b). 
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Plant height was reduced under TWS for all genotypes in both years (Figure 1 

e, f: Paper I). PH was reduced 4−13% in the first year and 2−14% in the second year 

(Table 2). Reduction in PH was higher than 10% for genotypes 1, 2, 4, 7, 8 and 11 

(Table 2). PH was decreased for all genotypes possibly due to limited water 

availability resulting in reduced cell elongation. Reduction in the PH of rice 

genotypes under water stress has been reported in numerous studies (Davatgar et al., 

2009, Saikumar et al., 2016, Anantha et al., 2016, Hussain et al., 2018, Torres et al., 

2018). NT (Figure 2 a, b: Paper I) and NP (Figure 2 c, d: Paper I) were reduced under 

TWS. However, reduction in NT and NP ranged one−two tillers and panicles per 

plant (Table 2). No change was observed in NT of genotypes 1, 5 and 6 in the first 

year and genotypes 2, 5, 6, 8, 9 and 10 in the second year (Table 2). Genotypes 1 and 

3 maintained their NP under TWS in the first year, whereas the NP of all genotypes 

were affected in the second year (Table 2). NT and NP were reduced for all genotypes 

under TWS in both years. Increase in tiller mortality with increased duration of water 

stress has been reported by Zain et al. (2014). According to Davatgar et al. (2009), 

water stress at terminal crop stages alters the source to sink association, which results 

in a reduced number of panicles. NT and NP were highly correlated, which indicated 

that more tillers produced more panicles.  

Terminal water stress caused decline in GY (Figure 3 a, b: Paper I) and 

biomass (Figure 3 c, d: Paper I) of all genotypes in both years. GY was decreased 

17−45% in the first year, whereas 21−52% in the second year (Table 2). The GY of 

genotypes 1, 7, 9, 11 and 12 in the first year and GY of genotypes 2, 9, 11 and 12 in 

the second year decreased more than 30%, indicating a major decline in GY under 

TWS (Table 2). Similarly, biomass was reduced 20−41% in the first year and 
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15−38% in the second year (Table 2). Biomass reduction of genotypes 4 and 12 in the 

first year and genotypes 1, 3 and 10 in the second year was more than 30%, indicating 

a major decline in biomass under TWS (Table 2). Stress induced at the terminal stage 

significantly reduced GY and biomass of all genotypes. TWS increases spikelet 

sterility and reduced grain weight resulting in declined final GY. Reduction in final 

GY under various water stress levels have been reported in several studies (Pantuwan 

et al., 2004, Kumar et al., 2009, Torres et al., 2013, Saikumar et al., 2016). Biomass 

of all genotypes was reduced under TWS. However, genotypes with higher biomass 

produced higher GY. Strong positive association among GY and biomass was 

observed, and our results were in line with the findings of Torres and Henry (2018), 

Torres et al. (2013) and Kumar et al. (2009). High variability among genotypes for 

their performance of yield and yield attributes indicated that the genotypes could be 

used in the rice crop breeding program to exploit specific plant attributes such as early 

maturity, shorter plant height, higher tillering capacity and better GY under TWS for 

improvement in drought tolerance. 
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Table 1. The analysis of variance for days to flowering (DF), days to maturity (DM), 

plant height (PH), number of tillers (NT), number of panicles (NP), grain yield (GY) 

and biomass (BM) of twelve lowland rice genotypes. 

Year Traits 
Treatment (T) 

Effect 

Genotype (G) 

Effect 

Interaction  

(T × G) 

2018–19 

DF *** *** * 

DM ns *** *** 

PH *** *** ns 

NT *** *** ns 

NP *** *** ns 

GY *** *** ns 

BM *** *** ns 

2019–20 

DF *** *** ns 

DM *** *** ns 

PH *** *** ns 

NT ** *** ns 

NP *** *** ns 

GY *** *** ns 

BM *** *** ns 

***: highly significant (p < 0.001), **: moderately significant (p < 0.01), *: 

significant (p < 0.05), ns: non−significant. 
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Table 2. Changes in performance of yield and yield attributes of twelve lowland rice 

genotypes under terminal water stressed conditions. Changes in days to flowering 

(DF) and days to maturity (DM) are presented by difference in days. Changes in 

number of tillers (NT) and number of panicles (NP) are presented by difference in 

numbers (no.), whereas changes in plant height (PH), grain yield (GY) and biomass 

(BM) are presented by % difference. 

Year Genotypes 
DF DM PH NT NP GY BM 

days days % no. no. % % 

2018−2019 

1 3 5 −9 0 0 −39 −20 

2 4 7 −10 −1 −1 −26 −24 

3 5 8 −4 1 −0 −28 −21 

4 3 10 −13 −1 −1 −18 −41 

5 2 5 −3 0 −1 −21 −21 

6 6 5 −4 0 −1 −23 −28 

7 4 −19 −11 −1 −1 −31 −20 

8 19 14 −8 −1 −1 −17 −25 

9 −4 −5 −4 −1 −2 −30 −28 

10 2 −11 −8 −1 −1 −26 −26 

11 3 11 −11 −1 −1 −45 −29 

12 8 4 −5 −1 −1 −36 −38 

2019−2020 

1 3 7 −10 −1 −1 −25 −38 

2 3 4 −12 0 −1 −43 −20 

3 4 4 −8 −2 −2 −26 −30 

4 4 6 −8 −1 −1 −26 −24 

5 4 5 −5 0 −1 −24 −19 

6 −2 8 −8 0 −1 −22 −24 

7 1 4 −10 −1 −1 −21 −23 

8 4 7 −14 0 −1 −25 −22 

9 1 4 −2 0 −1 −52 −17 

10 2 3 −6 0 −1 −36 −38 

11 7 6 −3 −1 −1 −34 −19 

12 3 3 −7 −1 −1 −33 −15 
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3.1.2. Association among Yield and Yield Attributes under TWS 

Association among various yield and yield attributes under well−watered and 

terminal water stress conditions was evaluated based on computed Pearson’s 

correlation coefficients. Associations were characterized into positive and negative, 

highly significant, moderately significant, significant, and non−significant 

associations and are indicated in Figure 2 (Figure 4: Paper I).  

 

Figure 2. Combined correlation matrix, scatter plot and data distribution for yield and 

yield attributes of twelve lowland rice genotypes under well−watered (WW) and 

terminal water stressed (TWS) conditions. Diagonals indicate the distribution of each 

parameter. Scatter plots are shown in the bottom of diagonals. Values of correlations 

and significance are indicated with stars and are shown on the top of the diagonal. 

Values and stars in the blue color (1) indicate correlation among parameters in WW 

whereas, values and stars in the red color (2) indicate correlation among parameters in 

TWS conditions. DF: days to flowering, DM: days to maturity, PH: plant height, NT: 

number of tillers, PN: number of panicles, GY: grain yield, ***: highly significant (p 

< 0.001), **: moderately significant (p < 0.01), *: significant (p < 0.05). 
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3.1.3. Genotypic Classification Corresponding to Stress Indices 

Seven stress tolerance indices, including stress susceptibility index (SSI) (1) 

(Fischer and Maurer, 1978), geometric mean productivity (GMP) (2) (Fernandez, 

1992), stress tolerance index (STI) (3) (Fernandez, 1992), mean productivity index 

(MPRO) (4) (Hossain et al., 1990), harmonic mean index (MHAR) (5) (Schneider et al., 

1997), tolerance index (TI) (6) (Rosielle and Hamblin, 1981) and yield stability index 

(YSI) (Bouslama and Schapaugh, 1984) were computed to distinguish stress−tolerant 

genotypes from stress−sensitive ones based on grain yield (GY) and relative yield 

(RY) and the promising values of stress indices under TWS conditions (Table 3: 

Paper I). In addition, stress tolerance indices were also studied for hierarchical 

clustering using a heatmap shown in Figure 3 (Figure 5: Paper I) and the assessed 

genotypes were categorized into two main groups: (1) stress tolerant and (2) stress 

susceptible group and four sub−groups (A−D).  

Explored genotypes exhibited highly significant variability in their GY 

productivity under WW and TWS conditions, which demonstrated that studied 

genotypes possessed significant genetic variability. Genotypes were differentiated 

based on GY productivity, RY and performance of computed stress indices which 

were further categorized into stress tolerant, and stress susceptible groups based on 

hierarchical clustering. Subgroup A was highly stress tolerant; subgroup B was stress 

tolerant; subgroup C was moderately stress tolerant, whereas subgroup group D was 

found stress susceptible. Highly stress−tolerant genotypes indicated the highest GY, 

RY, and improved indices under TWS, whereas tolerant genotypes indicated higher 

GY, RY and better indices. However, stress−susceptible genotypes indicated lowered 

GY, RY, and inadequate performance for stress indices. According to GY and 
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performance of stress indices, hierarchical clustering aided to identify similarly acting 

genotypes under evaluation. Highly significant and positive correlation observed 

among GY under WW and GY under TWS exhibited that genotypes that performed 

better in WW conditions also produced well under TWS. Similar findings were also 

reported by Raman et al. (2012). 

 

Figure 3. Heatmap of stress indices among twelve lowland rice genotypes under 

well−watered and terminal water stressed conditions. Group 1 refers to stress−tolerant 

genotypes, whereas group 2 refers to stress susceptible genotypes. Subgroup A is 

highly stress tolerant; subgroup B is stress tolerant; subgroup C is moderately stress 

tolerant, whereas subgroup group D is stress susceptible. Dark red and dark blue 

colors indicate higher correlation followed by light red and light blue with minimum 

or no correlation among genotypes and indices. 



 20 

3.1.4. Association among Stress Tolerance Indices and Grain Yield 

Correlation matrix (Pearson’s) of grain yield under well−watered, grain yield 

under terminal water stress, SSI, GMP, STI, MPRO, MHAR, TI and YSI for lowland rice 

genotypes were computed by taking average values from two growing years 2018−19 

and 2019−20 and are shown in Figure 4 (Figure 6: Paper I). Strongly significant and 

positive associations of stress indices, GMP, STI, MPRO, MHAR with GY under WW 

and TWS were observed, which indicated that GMP, STI, MPRO and MHAR were better 

performer and promising indices to evaluate rice genotypes under WW and TWS 

conditions. Raman et al. (2012) found that GMP and STI were suitable indices in 

identifying entries under non−stressed and extreme water stressed conditions. GMP 

has also been reported (Wasae, 2021) as a better predictor for GY under water stress 

when stress was applied at the flowering stage. SSI, TI and YSI were not correlated 

with GY under WW. SSI was negatively correlated, YSI was significant and 

positively correlated, whereas TI was not correlated with GY under TWS. Weak 

associations of SSI, TI and YSI indicated that these indices were not adequate for 

evaluating lowland rice genotypes under TWS. Anwar et al. (2011) also found that 

SSI, TI and YSI were not appropriate predictors of GY under WW and stressed 

conditions for evaluating wheat genotypes for drought stress tolerance. GMP, STI, 

MPRO and MHAR have been found to be suitable stress indices to evaluate genotypes 

under WW and stressed conditions for various crops including rice, wheat, maize and 

soyabean. Therefore, it was concluded that GMP, STI, MPRO and MHAR were 

appropriate indices for their use as rapid selection criteria for screening stress tolerant 

lowland rice genotypes grown under water stressed conditions, especially when stress 

is applied at reproductive or terminal crop stages. 
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Figure 4. Correlation matrix (Pearson’s) of grain yield under well−watered (YWW), 

grain yield under terminal water stress (YWS), stress susceptibility index (SSI), 

geometric mean productivity (GMP), stress tolerance index (STI), mean productivity 

index (MPRO), harmonic mean index (MHAR), tolerance index (TI) and yield stability 

index (YSI) for lowland rice genotypes. Values were taken as average from two 

growing years 2018−19 and 2019−20. Diagonals indicate the distribution of each 

parameter. Scatter plots with lines are shown in the bottom of diagonals. Values of 

correlations and significance levels indicated with stars are shown on the top of 

diagonals. Correlation coefficients are proportional to intensity of color and size of 

correlation values. ***: highly significant (p < 0.001), **: moderately significant (p < 

0.01), *: significant (p < 0.05). 
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3.2. Objective II:  

Synchronizing Nitrogen Fertilization and Sowing Time / Planting Date to 

Enhance Resource Use Efficiency, Productivity, and Profitability of Upland Rice 

3.2.1. Upland Rice Growth and Productivity under Greenhouse Conditions 

Upland rice growth and productivity responses were evaluated under 

greenhouse conditions in relation to nitrogen application rates (NR), sowing time 

(ST), and their interactions (NR × ST). Results from the analysis of variance 

(ANOVA) for observed traits and computed parameters for Dawk Pa–yawm using the 

LSD–test (p < 0.05) indicated highly significant (p < 0.001) differences for days to 

flowering and days to maturity with respect to the ST, whereas there were no 

significant differences observed with respect to NR and NR × ST for both years 

(Tables 3). There were highly significant differences (p < 0.001) for plant height, 

number of tillers, number of panicles, grain yield and biomass with respect to NR 

during both years except moderate significant differences (p < 0.01) for the number of 

tillers and number of panicles during 2019–2020 (Table 3). Highly significant 

differences (p < 0.001) were observed for days to flowering, days to maturity, plant 

height and grain yield with respect to ST in both years, whereas moderately 

significant differences (p < 0.01) were observed for the number of tillers, number of 

panicles and biomass in 2018–2019 and for biomass in 2019–2020 with respect to the 

ST (Table 3). The number of tillers and number of panicles were significantly 

different (p < 0.05) during 2019–2020. ANOVA for the interactions of the NR and ST 

indicated non−significant differences for days to flowering, days to maturity, plant 

height, number of tillers, number of panicles, grain yield and biomass in both years 
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except a moderate significant (p < 0.01) difference for plant height during 2019–2020 

under the interaction of NR and ST. 

Flowering days (Figure 1 A, B: Paper II) and maturity duration (Figure 1 C, 

D: Paper II) were not significantly affected by an increase in NR for both years. Plant 

height (Figure 2 A, B: Paper II), number of tillers (Figure 3 A, B: Paper II) and the 

number of panicles (Figure 3 C, D: Paper II), grain yield (Figure 4A, B: Paper II) and 

biomass (Figure 4C, D: Paper II) were increased with increased N supply whereas ST 

altered the performance of all these attributes.  

The quantity of applied N significantly influences the physiological processes 

and photosynthesis of plants (Zhang et al., 2020), which ultimately impacts the 

performance of yield attributes and defines the rice yield potential. Our results 

indicate that the performance of yield attributes and the yield of upland rice varied 

significantly under varying NR and N nutrition remarkably improved the overall 

performance. An increase in plant height occurred possibly due to the contribution of 

added N which improved the growth, internode length and overall metabolism. 

Enhanced N application is well documented in encouraging cell expansion, and it 

subsequently stimulated stem elongation (Millard, 1988, Wu et al., 2020). Jahan et al. 

(2020) stated that an increase in N supply to rice genotypes caused a significant 

increase in the height of rice plants. In the present study, higher nitrogen application 

resulted in higher tillers and panicle numbers and previous studies have also observed 

that panicle numbers were increased with an increase in NR (Zhang et al. 2020). 

Wang et al. (2018) demonstrated that N availability controls rice tiller numbers 

through the regulation of the nitrate transporter. An elevated nitrogen level in rice 

plants leads to increased tiller numbers and tiller bud outgrowth (Chen et al., 2020). 
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Jahan et al. (2020) observed that N fertilization increased the number of tillers m−2, 

which resulted due to the increased N availability for cell division. An increase in 

yield possibly occurred due to the increased performance of yield attributes. Zhang et 

al. (2020) observed that an increase in NR significantly increased grain yield; 

however, this increase in grain yield was in the limited range of NR. Chen et al. 

(2020) also observed that grain yield and biomass of rice were positively affected by 

increased NR. Similarly, an increase in plant biomass with N fertilization has also 

been reported in a rice experimental study by Jahan et al. (2020). In our experimental 

results, it was noticed that grain yield was in an increasing trend up to NR 4.8 g N 

pot−1, indicating the need for an increase in further levels of NR in future 

experimentation to observe the curve for better optimization of the N application rate. 
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Table 3. Mean squares of ANOVA of yield and yield attributes of Dawk Pa–yawm, 

straw N uptake, grain N uptake, total N uptake and water use efficiency during 2018–

2019 and 2019–2020. 

Year Traits NR Effect ST Effect (NR × ST) Error CV% 

2
0
1
8
–
2
0
1
9
 

DF 0.88ns 286.36*** 2.81ns 2.47 1.4 

DM 2.44ns 255.86*** 0.08ns 1.83 1.02 

PH 738.56*** 1002.69*** 26.14ns 37.64 5.83 

NT 8.54*** 3.69** 0.21ns 0.44 12.06 

NP 7.89*** 3.58** 0.14ns 0.39 11.34 

GY 13.07*** 11.04*** 0.52ns 0.45 13.8 

BM 330.79*** 24.38** 2.29ns 3.6 9.76 

SNU 1.37*** 0.13*** 0.06*** 0.009 12.1 

GNU 0.01*** 0.05*** 0.01*** 0.001 12.78 

TNU 2.14*** 0.03ns 0.04* 0.009 9.07 

WUE 0.003*** 0.001** 0.0001ns 0.0001 12.8 

2
0
1
9
–
2
0

2
0
 

DF 1.07ns 1177.53*** 3.38ns 2.47 1.44 

DM 7.66 ns  166.08*** 3.60ns 2.67 1.28 

PH 452.32*** 5466.03*** 91.77** 24.42 4.76 

NT 10.11** 8.44* 0.67ns 1.72 23.39 

NP 9.14** 5.86* 0.42ns 1.25 21.52 

GY 13.52*** 20.93*** 1.81ns 0.84 18.36 

BM 143.18*** 71.57** 3.59ns 9.81 18.27 

SNU 0.821*** 0.491*** 0.090* 0.031 22.04 

GNU 0.057*** 0.033*** 0.004 ns 0.002 18.16 

TNU 1.281*** 0.663*** 0.097 ns 0.042 19.58 

WUE 0.030*** 0.090*** 0.005* 0.001 15.73 

NR = Nitrogen application rate, ST = Sowing time, DF = Days to flowering, DM = 

Days to maturity, PH = Plant height, NT = Number of tillers, NP = Number of 

panicles, GY = Grain yield, BM = biomass, SNU = Straw nitrogen uptake, GNU = 

Grain nitrogen uptake, TNU = Total nitrogen uptake, WUE = Water use efficiency, 

*** = Highly significant (p < 0.001), ** = Moderately significant (p < 0.01), * 

Significant (p < 0.05), ns = non−significant. 
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Figure 5. Effect of nitrogen application rates and sowing times on grain yield (A, B) 

and biomass (C, D) during 2018–2019 (A, C) and 2019–2020 (B, D). Vertical bars 

indicate ± standard errors of means (n = 3). Mean values are presented, and vertical 

bars indicate ± standard errors of means (n = 3). Uppercase letters indicate significant 

differences (p–value < 0.05) of grain yield and biomass under different sowing times 

within each nitrogen application rate. Lowercase letters indicate significant 

differences (p–value < 0.05) of grain yield and biomass at different nitrogen 

application rates within each sowing time. ST1: sowing time 1 (early), ST2: sowing 

time 2 (medium), ST3: sowing time 3 (late). N0: no applied N, N1.6: 1.6 g N pot−1, 

N3.2: 3.2 g N pot−1, N4.8: 4.8 g N pot−1. 

 

3.2.2. Field Evaluation and Weather Conditions 

Mean daily maximum and minimum temperature ranged 24−37 °C and 21−26 

°C during the first season and 27−37 °C and 22−26 °C during second season 

respectively (Figure 6: Figure 1 of Paper III). Mean maximum and minimum 

temperatures were similar within respective planting dates (PD) during both seasons. 
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However, mean maximum and minimum temperature were slightly different from 

planting to flowering and from flowering to maturity during each planting date in both 

seasons. According to Buddhaboon et al. (2011), the optimal temperature for rice 

growth is 27 °C. The average temperature that prevailed during the rice growth period 

in both seasons was higher than that of an optimal temperature range of 25−30 °C 

(Sparks, 2009). Temperature difference significantly impacts crop growth duration, 

and planting date regulates the use of environmental resources influencing crop 

performance (Varinruk, 2017). High and low temperatures occurring under changing 

climate affect plant growth and development (Aslam et al., 2022). Grain and biomass 

productivity was highly correlated to the life cycle (Aslam et al., 2017). In general, 

crop growth duration decreased with an increase in temperature due to a higher crop 

growth rate (Yoshida, 1973; Ahmed et al., 2014). We observed that days to flowering 

and days to maturity were decreased significantly in both seasons as the temperature 

from flowering to physiological maturity increased under PD2 and PD3. 

The highest total rainfall received during PD1 was 1152 mm during the first 

season and 1061 mm during the second season. Whereas PD2 and PD3 received 997 

mm and 652 mm during the first season and 823 mm and 444 mm during the second 

season, respectively (Figure 6: Figure 1 of Paper III). However, rainfall distribution 

during planting to flowering and from flowering to physiological maturity period of 

each planting date was highly variable. Rainfall distribution was also different and 

highly variable among planting dates and seasons. Maximum rainfall and high rainfall 

intervals occurred during PD1 in both seasons. All planting dates received maximum 

rainfall from planting to flowering. The PD2 received a suitable distribution of 

rainfall during the growth period as compared to PD1 and PD3 therefore, 
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supplementary irrigation was reduced at PD2. Due to less rainfall from planting to 

flowering and from flowering to physiological maturity, at PD3, supplementary 

irrigation was increased. As PD1 received the highest rainfall from planting to 

flowering and particularly from flowering to maturity, crop duration was increased 

due to extended plant growth and developmental phases in the first season. Previous 

research has confirmed that rice crop growth duration can be delayed on rainy days or 

during the occurrence of low temperatures at terminal stages, whereas sunny or hot 

days may shorten the crop growth duration (GRiSP, 2013).  In the second season, 

PD1 received maximum rainfall during the planting to flowering period and received 

only 1.0 mm from flowering to physiological maturity accompanied by higher 

average temperatures, hence the crop growth duration was significantly decreased. 

 The difference in temperature and rainfall distribution influenced the crop 

duration and supplementary irrigation. We observed that PD1 received the highest 

rainfall, thus maximum runoff and flash events occurred during PD1, whereas PD2 

received a moderate distribution of rain, which was favorable as compared to PD1 

and PD3. Therefore, to enhance the utilization of rainwater, slight delays in planting 

would be advantageous, which not only prevent heavy runoff events but also a better 

rainwater distribution for plants. Luo et al. (2022) reported similar results in crop 

water requirement and irrigation demand for rice. The early rice required less 

irrigation frequency and may not require additional irrigation, while middle and late 

rice planting required increased water demand. In addition, an assessment of climate 

change impact, predicted that 30 days delayed planting of Thai rice KDML–105 

cultivar would enhance yield by 23% in the 2050s (Babel et al., 2011). Results from 

our study and findings of Luo et al. (2022) and Babel et al. (2011) strongly support 
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that adjustment in planting date would help to enhance natural resource use 

efficiency, particularly the optimal use of rainfall with the benefit of reduced or even 

no supplementary irrigation.  

 

Figure 6. Mean daily maximum (Tmax) and minimum temperature (Tmin) and daily 

rainfall during the experimental growing period (days) of the first season: 2018−2019 

(A) and second season: 2019−2020 (B). PD: Planting date. (Data source: Kho Hong; 

Hat Yai Agrometeorology−Agricultural Information Center: Thai Meteorological 

Department, Thailand). 

 

3.2.3. Upland Rice Growth and Productivity under Field Conditions 

Statistical analysis indicated that various nitrogen fertilization rate (NFR), 

under the effect of seasons (S) and in the interaction of NFR × planting date (PD), 

NFR × S, and NFR × PD × S did not significantly affect days to flowering. However, 

PD alone and in the interaction with the seasons (PD × S), significantly influenced 

day to flowering. Whereas the interactions of NFR and PD were not significantly 

different. Similarly, N fertilization under various NFR alone and in the interaction of 

NFR, PD, and S did not significantly affect days to maturity. Though days to maturity 

were significantly influenced under the effect of PD, S, NFR × PD, NFR × S, and PD 
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× S. Stem height, stem density and panicle density acted similarly and were 

significantly affected under NFR, PD, S, and in the interaction of NFR × S; whereas, 

they were not significantly influenced under NFR × PD, PD × S and NFR × PD × S. 

Grain yield and aboveground biomass acted similarly and were affected significantly 

under  NFR, PD, S,  NFR × PD, NFR × S, and; PD × S whereas, they were not 

influenced under the combined interaction of NFR, PD, and S (Table 2: Paper III). 

Phenology was not significantly influenced by N fertilization; however, 

flowering in PD1 during the first season crop under N90 occurred four days earlier 

than N0; whereas maturity was delayed under N fertilization compared to N0. Planting 

date significantly affected phenology, and day to flowering and maturity were 

decreased under PD2 and PD3 at various NFR except days to maturity during the 

second season (Figure 2A–D: Paper III). Crop duration was relatively shorter in the 

second season compared to the first season and possibly due to the prevailing climatic 

conditions. 

Stem height (Figure 2 E, F: Paper III), stem density (Figure 3 A, B: Paper III) 

and panicle density (Figure 3 C, D: Paper III), grain yield (Figure 3 E, F: Paper III) 

and aboveground biomass (Figure 3 G, H: Paper III) were increased with increased N 

supply whereas PD altered the performance of all these attributes. Regression analysis 

(Figure 7: Figure 4 of Paper III) for stem density, panicle density, grain yield and 

aboveground biomass, and NFR under all planting dates indicated a highly significant 

linear relationship in both seasons and stem density, panicle density, grain yield, as 

well as aboveground biomass, continued to increase with increasing NFR in this 

assessment. The synergy between NFR and stem height was well reported (Millard, 

1988; Wu et al., 2020) due to the effective role of N fertilization in cell growth and 
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enhanced stem enlargement. A positive correlation prevails among NFR, stem density 

and panicle density of rice. According to Chen et al. (2020), high N input resulted in 

increased stem buds’ growth, which increased the stem density. Stem density and 

increased tillering contribute and determine panicle density. Nitrogen fertilization 

increased panicle density, and results were supported by the findings of Jahan et al. 

(2020), who confirmed in their study that higher N availability triggered cell division 

and caused an increase in panicle density. In contrast, stem density and panicle 

density were decreased at PD3 under the influence of planting date. A decline in stem 

density, as well as panicle density, possibly occurred due to overall less rainfall 

(planting to maturity) and high temperature (particularly from flowering to maturity) 

prevailed during PD3. If higher temperature prevails during the active stem formation 

stages it results in a decline in panicle density (Dubey et al., 2018). In addition, 

limited rainfall occurrence during PD3 possibly resulted in low soil water status, 

which might have induced mild water stress. The decline in stem density (Zain et al., 

2014) and particularly panicle density (Davatgar et al., 2009) of rice under water 

stress is also well explored (Hussain et al., 2021b). An increase in stem height and 

stem density contributes to aboveground biomass (Hussain et al., 2021a). While an 

increase in panicle density contributes to grain yield (Dubey et al., 2018). Nitrogen 

addition increased the performance of yield attributes and consequently increased 

grain yield and aboveground biomass. An increase in grain yield with increased NFR 

was also reported by Zhang et al. (2020), while Chen et al. (2020), as well as Jahan et 

al. (2020), also reported similar results for an increase in grain yield as well as 

aboveground biomass under increased N supply. 
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Figure 7. Linear regression relationships between nitrogen (N) fertilization rates and 

stem density (A–B), between N fertilization rates and panicle density (C–D), between 

N fertilization rates and grain yield (E–F) and between N fertilization rates and 

aboveground biomass (G–H) for upland rice obtained from the first season: 2018–

2019 (A, C, E, G) and second season: 2019–2020 (B, D, F, H) data. 
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3.2.4. Nitrogen Uptake under Greenhouse Conditions 

Highly significant differences (p < 0.001) were observed for straw N uptake, 

grain N uptake and total N uptake with respect to NR and ST during both years, 

except a non–significant difference for total N uptake under ST during 2018–2019 

(Tables 3). Interactions of the NR and ST indicate highly significant (p < 0.001) 

differences for straw N uptake and grain N uptake and a significant difference (p < 

0.05) for total N uptake during 2018–2019. Straw N uptake was significantly different 

(p < 0.05), whereas non–significant differences for grain N uptake and total N uptake 

were observed with respect to NR × ST in 2019–2020. Straw (stem + leaves) N 

uptake (Figure 5A, B: Paper II), grain N uptake (Figure 5C, D: Paper II), and total N 

uptake (Figure 5E, F: Paper II) were increased with increasing NR whereas, ST 

altered the performance of these attributes and the maximum Straw (stem + leaves) N 

uptake, grain N uptake, and total N uptake were observed at ST2. The results exhibit 

that medium ST (ST2) was the most favorable ST for maximum N extraction from 

soil and increase in total plant N uptake as well as for maximum mobility of N from 

plant parts to grains. 

Nitrogen application and N uptake by plants significantly influence the 

physiological processes of rice. Synchronization of crop N requirement and N supply 

is an important step to enhance N use in rice plants. The ratio between N uptake and 

N loss regulates plant growth and development, and higher plant biomass is produced 

if more N is absorbed (Ullah et al., 2019). Variations in the increase in straw and 

grain N concentrations and N uptake were observed at varying NR under different ST 

which indicates the impact of ST. Jahan et al. (2020) also reported that rice’s response 

to applied NR was associated with growing seasons. An increase in rice straw N, 
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grain N concentration and N uptake was also observed by Chen et al. (2020). Higher 

N uptake is an indication of the achievement of crop N requirement under ideal NR 

availability and optimal conditions. It was indicated that an increase in NR under 

delayed sowing could not increase grain N uptake. Total N uptake was also observed 

at its maximum under ST2 at 4.8g N pot−1, indicating that increasing NR under ST2 

increased total N uptake. N uptake was also decreased in late sowing as reported by 

Pal et al. (2017). 

3.2.5. Nitrogen Uptake under Field Conditions 

Rice straw N content, grain N content, and total plant N uptake were 

significantly (p < 0.001) differed under the effect of treatments and their interactions 

including NFR, PD, S, NFR × PD, NFR × S, PD × S, and NFR × PD × S (Table 2: 

Paper III). A significant increase in straw, grain, and total N uptake was observed 

with an increase in NFR under all planting dates during both seasons. In response to 

N fertilization, maximum straw N content, grain N content and total plant N uptake 

were observed at N90 and under the influence of planting dates, maximum straw N 

content, grain N content and total plant N uptake were observed at PD2 and all NFR 

during both seasons (Figure 5: Paper III). Regression analysis (Figure 8: Figure 6 of 

Paper III) indicated a highly significant linear relationship in both seasons and straw 

N content, grain N content as well as total plant N uptake, continued to increase with 

increasing NFR in this assessment. Jahan et al. (2020) noted that NFR resulted in 

increased rice straw and grain N contents and total plant N uptake, and the seasonal 

impact was significant. Planting date influenced straw and grain N contents and total 

plant N uptake due to high rainfall events at PD1 and low rainfall at PD3. 
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Figure 8. Linear regression relationships between nitrogen (N) fertilization rates and 

straw N contents (A–B), between N fertilization rates and grain N contents (C–D) and 

between N fertilization rates and total plant N uptake (E–F) for upland rice obtained 

from the first season: 2018–2019 (A, C, E) and second season: 2019–2020 (B, D, F) 

data. 
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3.2.6. Nitrogen Use Efficiencies under Greenhouse Conditions 

Enhancing N use efficiencies in upland rice systems is one of the main 

objectives of N fertilization. We observed that increased NR influenced N use 

efficiencies. Nitrogen supply significantly affected N efficiencies including 

agronomic efficiency (NAE) (Figure 6A, B: Paper II) and nitrogen use efficiency 

(NUE) (Figure 6C, D: Paper II) in both years. NAE and NUE were increased with 

applied N: increasing NR up to 4.8 g N pot−1 under all ST in both years. However, 

under the influence of ST maximum NAE and NUE were observed at ST2.  

3.2.7. Nitrogen Use Efficiencies under Field Conditions 

Nitrogen supply significantly affected N efficiencies including agronomic 

efficiency (NAE), recovery efficiency (NRE), partial factor productivity (PFP) and 

nitrogen harvest index (NHI) in both years. N efficiencies varied under N fertilization 

however, under the influence of PD maximum NAE, NUE, NRE and NHI were 

observed at PD2 (Figure 7: Paper III). Nitrogen use efficiencies including AEN, REN, 

and NHI varied among NFR while, PFP decreased under increased NFR. The NUE is 

decreased under a higher N supply (Barbieri et al., 2008) in rice production systems 

due to high concentrations of N in the soil (Santiago–Arenas et al., 2021). Our results 

for PFP were in line with the findings of Santiago–Arenas et al. (2021), that PFP and 

AEN, of direct−seeded rice decreased with increasing NFR. Variation and decline for 

AEN, REN, and NHI under increased N supply possibly occurred because of increased 

N fertilization and low grain yield compared to control and vice versa. Thus, we 

observed improved N use efficiencies under N fertilization. 
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3.2.8. Water Use Efficiency / Crop Water Productivity under Greenhouse 

Conditions 

Water use efficiency (WUE) was estimated for each treatment for both years 

(Figure 7: Paper II). There was a highly significant (p < 0.001) difference for WUE 

with respect to NR and a moderate significant difference (p < 0.01) with respect to ST 

and a non−significant difference for the interactions of NR and ST in 2018–2019 

(Table 3). During 2019–2020, highly significant (p < 0.001) differences for WUE 

with respect to NR and ST and a significant difference (p < 0.05) with respect to the 

interactions of NR and ST were observed (Table 3). An increase in NR up to 4.8 g N 

pot−1 significantly increased WUE in both years (Figure 7A, B: Paper II). Maximum 

WUE was observed at N 4.8 g N pot−1 under all ST whereas, under the influence of 

ST maximum WUE was observed at ST2. WUE was also associated with NR, and 

higher NR 4.8g N pot−1 resulted in higher WUE. The association of NUE and WUE 

has also been well reported (Ullah et al., 2019, Lupini et al., 2021). 

3.2.9. Water Use Efficiency / Crop Water Productivity under Field Conditions 

Crop water productivity was significantly (p < 0.001) different under the 

effect of NFR, PD, S, NFR × PD and NFR × S; whereas no significant interaction was 

observed for the PD × S and NFR × PD × S (Table 2: Paper III). Crop water 

productivity was highly influenced by seasons. An increase in crop water productivity 

was observed with an increase in NFR and maximum crop water productivity was at 

N90 under all planting dates during both seasons whereas, delayed planting (PD3) 

resulted in a decline of crop water productivity (Figure 8: Paper III). Crop water 

productivity also indicated a linear relationship with NFR (Figure 9: Paper III). Crop 

water productivity was positively associated with plant N uptake and grain yield. An 
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increasing trend of crop water productivity is usually accompanied by a high grain 

yield with a high N supply (Santiago–Arenas et al., 2021). 

3.2.10. Profitability of Upland Rice under Field Conditions 

Economic analysis for Dawk Pa–yawm grain productivity per hectare 

computed for field experiments indicated that the increase in NFR up to 90 kg N ha–1 

provided the highest economic benefit for all planting dates during both seasons 

(Table 4: Table 3 of Paper III). Considering the impact of planting date, profitability 

from applied N as compared to control was influenced by the highest gross return, and 

gross profit margins were observed at PD2 with N90 during both seasons. If the 

Marginal benefit−cost ratio (MBCR) is considered, maximum MBCR was also 

observed at PD2. An increase in grain yield productivity and profitability with an 

increase in nitrogen rate up to N60 at PD2 indicated the highest MBCR with values of 

60.37 and 31.72 for the first and second season, respectively.  
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Table 4: Grain yield production, nitrogen fertilization cost, and economic return of 

upland rice (genotype: Dawk Pa–yawm) calculated for various nitrogen fertilization 

rates as affected by planting dates. 

G
ro

w
in

g
 

se
as

o
n

 

Nitrogen 

fertilization 

rate 
Planting 

dates 

Grain 

yield 

Gross 

return 

Nitrogen 

fertilization 

cost 

Additional 

profit over 

control 

Gross 

margin 

over 

control 
aMBCR 

kg ha–1 t ha–1 US$ ha–1 US$ ha–1 US$ ha–1 US$ ha–1 

2
0

1
8
–

2
0
1

9
 

 

0 

PD1 2.26 4024.64 − − − − 

PD2 2.57 4574.72 − − − − 

PD3 1.93 3436.05 − − − − 

        

30 

PD1 2.83 5031.19 30.99 1006.55 975.56 32.48 

PD2 3.34 5948.35 30.99 1373.63 1342.64 44.32 

PD3 2.67 4755.62 30.99 1319.57 1288.58 42.58 

        

60 

PD1 3.06 5450.21 61.98 1425.58 1363.60 23.00 

PD2 4.67 8316.67 61.98 3741.95 3679.96 60.37 

PD3 2.76 4915.69 61.98 1479.64 1417.66 23.87 

        

90 

PD1 3.95 7030.59 92.97 3005.95 2912.98 32.33 

PD2 5.27 9383.87 92.97 4809.15 4716.18 51.73 

PD3 3.74 6658.50 92.97 3222.42 3129.48 34.66 

2
0

1
9
–

2
0
2

0
 

 

0 

PD1 2.12 3770.95 − − − − 

PD2 2.42 4306.48 − − − − 

PD3 1.89 3372.24 − − − − 

        

30 

PD1 2.37 4219.25 30.99 448.30 417.30 14.47 

PD2 2.69 4793.26 30.99 486.78 455.79 15.71 

PD3 2.00 3554.68 30.99 182.44 151.45 5.89 

        

60 

PD1 2.67 4746.65 61.98 975.70 913.72 15.74 

PD2 3.52 6272.76 61.98 1966.28 1904.30 31.72 

PD3 2.43 4329.57 61.98 957.33 895.34 15.45 

        

90 

PD1 2.80 4983.99 92.97 1213.03 1120.06 13.05 

PD2 3.76 6700.11 92.97 2393.62 2300.65 25.75 

PD3 2.66 4738.57 92.97 1366.33 1273.36 14.70 

aMBCR; Marginal benefit−cost−ratio 
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4. Concluding Remarks 

4.1. Responses of Lowland Rice Genotypes under Terminal Water Stress 

(TWS) and Identification of Drought Tolerance and Promising Stress Response 

Indices  

Terminal water stress (TWS) significantly reduced the performance of yield 

and yield attributes. Studied genotypes were found unique in their yield potential as 

they reflected different responses under well−watered (WW) and TWS conditions. 

Genotypes Look Pla, Pathum Thani−1, Hom Pathum, Dum Ja, Sang Yod, and Lep 

Nok were found water stress tolerant as they produced relatively higher grain yield 

(GY), promising values for stress indices and improved performance under TWS. The 

performance of stress tolerant genotypes was less affected under TWS as compared to 

stress susceptible genotypes. Hence, these genotypes are potentially recommended for 

sustaining yield productivity in such environments where TWS occurrence is 

predicted, especially in southern Thailand. Stress−tolerant genotypes could be used in 

obtaining better GY under TWS and for acquiring desired traits for improvement in 

drought tolerance. Strong associations of GMP, STI, MPRO and MHAR with GY under 

WW and, especially under TWS conditions, indicated that these indices could be used 

to indicate stress tolerance in rice crop breeding programs as rapid identifiers. 

4.2. Synchronizing Nitrogen Fertilization and Sowing Time / Planting Date to 

Enhance Resource Use Efficiency, Productivity, and Profitability of Upland Rice 

Ideal agronomic management for identification of optimal N fertilizer rate 

(NFR) synchronized with ideal planting date (PD) is an important strategy to enhance 

resource input efficiency and productivity of upland rice. Results obtained from 

greenhouse experiments indicated that NFR and PD influenced growth, productivity, 
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nitrogen use efficiencies and water use efficiency (WUE) of upland rice. In addition 

to grain yield, N uptake was enhanced. Maximum performance for yield, yield 

attributes and WUE was achieved at 4.8 g N pot−1 (90 kg N ha–1). Whereas the 

highest plant, grain and total N uptake and N use efficiencies were achieved at 3.2 g 

N pot−1. Considering the impact of ST, the maximum performance for yield, grain N 

uptake, N use efficiencies and WUE was achieved under PD2.  

In the field evaluation, similar results were obtained, and N fertilization 

positively influenced the resource use efficiency, upland rice productivity, and 

profitability; however, variation in PD significantly altered the results. We found that 

fertilization of 90 kg N ha–1 at PD2 (end of September or start of October) improved 

the yields and performance of yield attributes as well as enhanced straw N, and grain 

N content and total plant N uptake. N fertilization increased profitability and 

application of 90 kg N ha–1 resulted in maximum profit at all PD. However, the 

highest marginal benefit–cost ratio (MBCR) was observed in N60 at PD2 during both 

seasons. Based on the results, it was suggested that 90 kg N ha–1 should be applied, 

and upland rice should be planted at the end of September or the start of October for 

enhancing resource use efficiency, improving productivity, and maximum 

profitability. Furthermore, since a linear relationship between NFR, agronomic traits 

of upland rice, N uptake and crop water productivity was observed, and a significant 

seasonal effect indicated, long–term field investigations considering a range of NFR 

and adoption of forecasting measures i.e., rainfall forecasting and yield prediction 

using crop simulation and modeling techniques to adjust seasonal planting date are 

recommended for upland rice cultivation in Thailand. 
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