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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.
Obijectives 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 Mnar 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™
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 resulted in maximum profit at all PD. Based on the
results, it was suggested that 90 kg N ha! 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.

Keywords: Rice, Drought stress tolerance, Stress indices, Nitrogen use efficiency,

Productivity, Profitability
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Relevance, Importance and Application of Research Work to Thailand
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
e Division of Rice Research Development (DRRD)
¢ Department of Agriculture (DOA)
o Office of Agricultural Economics (OAE)
e Ministry of Agriculture and Cooperatives

e 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 (GRIiSP, 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



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.



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 1075 kg N ha™! 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™! (Suwanasa et al., 2018), 61.25 kg N ha™' (Hussain et
al., 2018a), 61.25 kg N ha™! (Hussain et al., 2018b), and a basal fertilization of 15 kg
N ha™! (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™! based on soil N status, was

recommended to use as N fertilization management in rice production. In addition to



this, DRRD advised applying 40-45 kg N ha! in splits including 20-45 kg N ha™! as
basal dose and remaining dose before heading stage for foothill rice areas (DRRD,
2017). Fertilization of 34-39 kg N ha™! for photoperiod—sensitive and 59-69 kg N
ha! 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 1075 kg N ha™!
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



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

identification of drought tolerance and promising stress response indices

2.2. Objective Il
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 1) of all genotypes except genotype 9 in the first year (Figure la: 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.

g
2 120 4 (@A oww BTWS 120 - (b) OWwW BTWS
2
5 9% 90 -
g‘—r 60 60 A
?s 2
-
5= 30 30
=
= 0 0 -
= 12345678 9101112 1234567 89101112
Lowland Rice Genotypes Lowland Rice Genotypes

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 201920 (b).
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Plant height was reduced under TWS for all genotypes in both years (Figure 1
e, f: Paper ). 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 1) and NP (Figure 2 c, d: Paper 1) 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 1) and
biomass (Figure 3 c, d: Paper 1) 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.

_ Treatment (T) Genotype (G) Interaction
Year Traits
Effect Effect (TxG)

DF Eax = *kx *

D M ns *k*k *k*k

P H *k*k *k*k ns
2018-19 NT faleied il ns

N P *k*x *kx ns

GY **k*k *k*k ns

B M *k*k *k*k ns

DF *kx *kx ns

D M *kx *kx ns

P H *k*k *k*k ns
2019-20 NT *k faleled ns

N P *kx *kx ns

GY *kx *kx ns

B M *k*k *k*k 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
days days % no. no. % %

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 -4
5 2 5 3 0 -1 -21 -2
6 6 5 4 0 -1 -23 -28
2018-2019 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
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 -2
5 4 5 5 0 -1 -24 -19
6 -2 8 8 0 -1 -22 -2
2019-2020 7 1 4 -10 -1 -1 -21 -23
8 4 7 14 0 -1 -25 -22
9 1 4 2 0 -1 -5 -17
10 2 3 6 0 -1 -36 -38
11 7 6 3 -1 -1 -3¢ -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).

DF DM PH NT NP GY Biomass
1401 Corr: 0.985*** || Corr: 0.701*** | | Corr: -0.859*** | | Corr: -0.853*** Corr: 0.294 Corr: 0.646***
120 1: 0.984*** 1:0.818** 1:-0.889*** 1:-0.941** 1: 0.510. 1:0.892*** |9
100 1 2: 0.987* 2:0.726* 2: -0.849** 2:-0.915*** 2:0.562 2: 0.893***
160 ."F. Corr: 0.676*** | | Corr: -0.832*** | | Corr: -0.834*** Corr. 0.275 Corr: 0.639***
140 o) 1L 07557 1:-0.836*** 1:-0.902*** 1:0.466 1:0.864** |2
120 g e 2:0.740* 2:-0.842*** 2:-0.910* 2:0.552 2: 0.909***
160 % .\,', A Corr. -0.785** | [ Corr: -0.564** | [ Corr: 0.589** | [ Corr- 0.820*
jE SR | i B 1:-0968™* || 1:-0869™ || 1:0579" 1:0821™ |2
100 {a, o0 2:-0.920™** 2:-0.853** 2:0533 2:0.857**
g k = i Corr: 0.932*** || Corr:-0.148 || Corr: -0.503*
510 w So, o 1: 0.945 1:-0.561. 1:-0.884%* |z
BT | ST T ™ 2 0.972" 2:-0.442 2 -0.820"
610 % o 3 Fom Y Corr: 0.100 Corr: -0.307
ey e | i o gl o 1:-0.390 1:-0.867 |2
4 o LS M lg® 2:-0.471 2:-0.856™*
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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 (Mwuar) (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 1). 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).
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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.
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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, Tl 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 1). Strongly significant and
positive associations of stress indices, GMP, STI, Mpro, Mnar With GY under WW
and TWS were observed, which indicated that GMP, STI, Mpro and Mnar 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, Tl and YSI were not correlated
with GY under WW. SSI was negatively correlated, YSI was significant and
positively correlated, whereas Tl was not correlated with GY under TWS. Weak
associations of SSI, Tl and YSI indicated that these indices were not adequate for
evaluating lowland rice genotypes under TWS. Anwar et al. (2011) also found that
SSI, Tl and YSI were not appropriate predictors of GY under WW and stressed
conditions for evaluating wheat genotypes for drought stress tolerance. GMP, STI,
Mprro and Muar 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 Munar Wwere
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 (Mnar), tolerance index (T1) 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 x 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 x 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 Il) and maturity duration (Figure 1 C,
D: Paper Il) were not significantly affected by an increase in NR for both years. Plant
height (Figure 2 A, B: Paper Il), number of tillers (Figure 3 A, B: Paper Il) and the
number of panicles (Figure 3 C, D: Paper Il), grain yield (Figure 4A, B: Paper Il) and
biomass (Figure 4C, D: Paper 1) 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™,
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 vyield;
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?, 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 xST) Error CV%

DF 0.88™ 28636 281° 247 14

DM 2 44™ 255.86™ 008  1.83 1.02

PH  73856™  1002.69™  26.14™  37.64 583
NT 8.54"" 3.69" 021 044 1206
o NP 7.89™ 358" 0.14™ 039 1134
N GY 1307  11.04™ 052" 045 13.8
g BM 33079  2438"  2.29% 36 9.76
SNU 137 0.43™  006™ 0009 121
GNU 0.01™ 0.05™ 0.01™ 0.001 12.78

TNU 2.14™ 0.03™ 0.04" 0.009 9.07

WUE  0.003™ 0001  00001™ 00001 128

DF 107" 117753  338° 247 144

DM 7.66" 166.08"™  3.60™ 267 1.28

PH  45232™ 546603 9L77% 2442 476
NT 10.11" 8.44" 067" 172 2339
S NP 9.14" 5.86" 042 125 2152
i GY 1352  2093™ 181" 084 1836
= BM  14318™  7157" 359 981  18.27
SNU 0821 0491  0090° 0031 2204

GNU 0.057" 0.033" 0.004 "™ 0.002 18.16
TNU 1.2817 0.663"" 0.097 M 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). NO: no applied N, N1.6: 1.6 g N pot™,
N3.2:3.2g N pot™, N4.8: 4.8 g N pot ™.

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 IllI). 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 Il1). 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.
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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 x planting date (PD),
NFR x S, and NFR x PD x S did not significantly affect days to flowering. However,
PD alone and in the interaction with the seasons (PD x 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 x PD, NFR x S, and PD
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x S. Stem height, stem density and panicle density acted similarly and were
significantly affected under NFR, PD, S, and in the interaction of NFR x S; whereas,
they were not significantly influenced under NFR x PD, PD x S and NFR x PD x S.
Grain yield and aboveground biomass acted similarly and were affected significantly
under NFR, PD, S, NFR x PD, NFR x S, and; PD x 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 Ngo occurred four days earlier
than No; whereas maturity was delayed under N fertilization compared to No. 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 Il1). 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 Il1), stem density (Figure 3 A, B: Paper I1I)
and panicle density (Figure 3 C, D: Paper Ill), grain yield (Figure 3 E, F: Paper III)
and aboveground biomass (Figure 3 G, H: Paper I11) were increased with increased N
supply whereas PD altered the performance of all these attributes. Regression analysis
(Figure 7: Figure 4 of Paper Ill) 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 x ST in 2019-2020. Straw (stem + leaves) N
uptake (Figure 5A, B: Paper Il), grain N uptake (Figure 5C, D: Paper Il), and total N
uptake (Figure 5E, F: Paper Il) 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™!, 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 x PD, NFR x S, PD x S, and NFR x PD x S (Table 2:
Paper I1l). 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 Ngo 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 I11). Regression analysis (Figure 8: Figure 6 of
Paper I11) 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 Il) 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 ! 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 I11). 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
AENn, of direct—seeded rice decreased with increasing NFR. Variation and decline for
AEnN, 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 upto 4.8 g N
pot* significantly increased WUE in both years (Figure 7A, B: Paper I1). Maximum
WUE was observed at N 4.8 g N pot™* 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 ! 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 x PD and NFR x S; whereas no significant interaction was
observed for the PD x S and NFR x PD x S (Table 2: Paper IlI). 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
Noo under all planting dates during both seasons whereas, delayed planting (PD3)
resulted in a decline of crop water productivity (Figure 8: Paper IlI). Crop water
productivity also indicated a linear relationship with NFR (Figure 9: Paper 111). 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™?
provided the highest economic benefit for all planting dates during both seasons
(Table 4: Table 3 of Paper Il1). 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 Ngo 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 Neo 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.

Nitrogen . Nitrogen  Additional Gross_
g S fertilization Planting ;Bire%n Ssiﬁ?rs; fertilization profit over glvagrgjln
g § rate dates cost control control aMBCR
© kg ha™ thal US$ha! US$ha! US$ha! US$hat
PD1 226  4024.64 - - - -
0 PD2 257  4574.72 - - - -
PD3 193  3436.05 - - - -
PD1 2.83 5031.19 30.99 1006.55 975.56 32.48
30 PD2 3.34  5948.35 30.99 1373.63 1342.64 44.32
g PD3 2.67  4755.62 30.99 1319.57 1288.58 42.58
; PD1 3.06 5450.21 61.98 142558  1363.60  23.00
& 60 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
PD1 3.95 7030.59 92.97 3005.95 2912.98 32.33
90 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
PD1 212  3770.95 - - - -
0 PD2 242  4306.48 - - - -
PD3 189 337224 - - - -
PD1 237  4219.25 30.99 448.30 417.30 14.47
30 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
Ogl’ PD1 2.67  4746.65 61.98 975.70 913.72 15.74
o 60 PD2 352 6272.76 61.98 1966.28 1904.30 31.72
PD3 243 432957 61.98 957.33 895.34 15.45
PD1 2.80  4983.99 92.97 1213.03 1120.06 13.05
90 PD2 3.76 6700.11 92.97 239362  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 Muar 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 vyield, yield
attributes and WUE was achieved at 4.8 g N pot™' (90 kg N ha™). Whereas the
highest plant, grain and total N uptake and N use efficiencies were achieved at 3.2 g
N pot™!. 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 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™? resulted in maximum profit at all PD. However, the
highest marginal benefit—cost ratio (MBCR) was observed in Neo at PD2 during both
seasons. Based on the results, it was suggested that 90 kg N ha™ 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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Abstract: Lowland rice is an important cereal crop that plays a key role in the food security and the
economy of Thailand. Terminal water stress (TWS) in rainfed lowland areas poses threats to rice
productivity due to stress occurrence at terminal crop stages and extreme sensitivity of rice to TWS. A
two-year study was conducted to characterize the performance of yield and yield attributes of twelve
Thai lowland rice genotypes under TWS, to identify stress-tolerant genotypes using stress response
indices and to identify promising stress indices which are correlated with grain yield (GY) under
well-watered (WW) and TWS conditions for their use as rapid identifiers in a rice crop breeding
program for enhancing drought stress tolerance. Measurements were recorded under WW and
TWS conditions. Highly significant variations were observed amongst assessed genotypes for their
yield productivity responses. According to stress response indices, genotypes were categorized into
stress-tolerant and stress susceptible genotypes. Genotypes Hom Pathum, Sang Yod, Dum Ja and
Pathum Thani-1 were found highly stress tolerant and relatively high yielding; genotypes Look Pla
and Lep Nok were stress tolerant, whereas genotypes Chor Lung, Hom Nang Kaew and Hom Chan
were moderately tolerant genotypes. Hence, stress-tolerant genotypes could be potentially used
for cultivation under rainfed and water-limited conditions, where TWS is predicted particularly in
southern Thailand to stabilize rice productivity. Stress tolerance indices, including stress tolerance
index (STI), geometric mean productivity (GMP), mean productivity index (Mpro) and harmonic
mean index (MpjaR), indicated strong and positive associations with GY under WW and TWS; thus,
these indices could be used to indicate stress tolerance in rice crop breeding program aimed at a
rapid screening of lowland rice genotypes for stress tolerance.

Keywords: lowland rice; terminal water stress; grain yield; stress indices; stress tolerance

1. Introduction

Rice is an important cereal after wheat that contributes to food security worldwide [1].
However, water stress has limited the production of both cereal crops [2]. Lowland rice
systems contribute a major portion of rice production [3], and rainfed lowland rice is
cultivated on approximately 6.2 million hectares worldwide [4]. In Thailand, rice is a
major crop contributing to the food security and economy of the country. Even though rice
production in southern Thailand contributes only 6% of the total rice production [5], it is of
great importance to the regional food security. Rainfed lowland rice is a major production
system in southern Thailand. However, rainfed lowland rice production systems are
extremely vulnerable and variable in nature as water stress can occur at any crop growth
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stages. Climate change has also caused an increase in temperature and fluctuations in
rainfall occurrence leading to regular heat and drought stress intervals [6,7]. Water stress is
considered an important abiotic stress deleteriously affecting field crop productivity [6,8].
Rainfed lowland rice is cultivated in the rainy season in Thailand [7,9]. Due to seasonal
variations in rainfall and occurrence of WS at different crop developmental stages, lowland
rice production is drastically affected.

Water stress occurrence is critical under rainfed conditions as it affects plant growth
and development [10]. Occurrence of water stress at various crop growth stages negatively
influences the performance of specific attributes [11], leading to declined yield [12]. Timing
of stress occurrence during early growth, mid-season and at terminal stages impact on
severity of yield losses [13]. A stress event at early rice growth stages has an influence on
leaf numbers and size, tillering capacity and stem height and affects panicle development,
ultimately resulting in a reduced yield [14,15]. 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 [16]. TWS delays various plant development stages including panicle initiation
and flowering [17], leading to spikelet sterility and reduction in number of panicles [15]. 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) [19,20].

Stress-tolerant genotypes are genotypes that have the potential to maintain higher
productivity under water stress [21]. Due to the extreme sensitivity of rice to TWS, different
rice genotypes exhibit differential responses [10,18,22]. In the perspective of farmers,
a stress-tolerant genotype is that which is highly capable of maintaining yield under
limited water availability [23]. Therefore, high yielding genotypes under a diverse range of
environments are desired and the cultivation of such genotypes could help to maintain
rice productivity [2]. The GY of stress-tolerant genotypes is less affected under water stress
as compared to stress susceptible genotypes. Cha-um et al. [24] reported that panicle size
and filled grains of two stress tolerant rice genotypes were not significantly reduced as
compared to two stress susceptible genotypes. According to Ichsan et al. [2], there are
various local genotypes used by farmers around the world that have tolerance against
water stress, in addition to stress-tolerant genotypes developed by research institutions
and organizations. To enhance the resistance of rice against water stress, these genotypes
are potential sources of germplasm, which are available in each growing season. In
addition, it was observed that wild genotypes exhibited less decline and maintained GY
under water stress as compared to cultivated genotypes [25]. Therefore, the identification
and cultivation of stress tolerant genotypes from local germplasm could help to stabilize
productivity under terminal water stressed environments.

Several techniques and procedures are used to study water stress tolerance in rice
genotypes at different crop growth stages [14,18,26,27]. A drought stress scoring method
was used as the main criteria for the assessment and selection of rice cultivars for stress
tolerance at reproductive crop growth stages in field trials [28] and genotypes producing
high yields under water stress were selected as stress-tolerant genotypes. Numerous stress
tolerance indices have been used [6,29-38] based on mathematical association among
yield production under well-watered (WW) and water stressed conditions. According
to Clarke et al. [38] and Fernandez [32], stress indices are generally based on the stress
sensitivity or stress tolerance of tested genotypes. In the selection of stress tolerant geno-
types, these indices provide the effect of water stress based on yield losses occurring under
stress as compared to optimal or WW conditions [39]. The relative yield performance of
a specific genotype in comparison to other tested genotypes under the same water stress
indicates stress tolerance [40], and measure of reduction in yield under stress refers to the
stress susceptibility of a genotype [41]. The stress susceptibility index (55I) for a genotype
was suggested by Fischer and Maurer [37], whereas geometric mean productivity (GMP)
and stress tolerance index (STI) were proposed by Fernandez [32]. The mean productivity
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(Mpgo) index is an average yield under WW and water stressed conditions [33]. Harmonic
mean index (MpaRr) was suggested by Schneider et al. [34]. The tolerance index (TI) is
the difference in productivity between WW and water stressed conditions [35]. The yield
stability index (YSI) was defined by Bouslama and Schapaugh [36]. All these indices have
been used widely and are proposed in drought stress tolerance studies. However, the posi-
tive or negative associations of these indices with GY may vary. The significant differences
among various indices were reported by Golabadi et al. [42] and Saba et al. [43] except SSI.
Significant positive associations for GY under WW and stress indices (GMP, MP, STI, YSI,
TOL and YI) and GY under water stressed conditions and stress indices (STI, GMP, MP, YSI
and YI) have been observed by Golabadi et al. [42] and Arif et al. [44]. Hence, evaluating the
associations of stress indices with GY under different environments is necessary. Therefore,
the objectives of the current study were to (i) evaluate the performance of yield and yield
attributes of Thai lowland rice genotypes under TWS and identify stress tolerant genotypes
using stress indices; (ii) to identify promising stress indices which are correlated with GY
under WW and TWS conditions for their use as rapid identifiers in rice crop breeding
program for enhancing drought stress tolerance.

2. Results
2.1. Effect of Water Stress on Yield Performance and Productivity

In this study, different lowland rice genotypes were assessed based on the perfor-
mance 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 differ-
ence for days to maturity (DM) under treatment effect in 2018-2019 (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 2018-2019 (Table 1). DF, number of tillers (NT), number
of panicles (NP), grain yield (GY) and biomass were highly significant different; DM was
moderately significantly different, whereas no significant difference was observed for plant
height (PH) under the effect of years. Mean comparisons indicated that all tested genotypes
differed and a significant variability in performance prevailed under well-watered (WW)
and TWS conditions. TWS resulted in a delay in flowering duration (Figure 1a,b) of all
genotypes except genotype 9 in the first year (Figure 1a). 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 1c,d) of most of the genotypes except for genotypes 7, 9 and
10 in the first year (Figure 1a). 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). The delay in maturity duration ranged 4-14 days in
the first year while 3-8 days in the second year (Table 2). PH was reduced under TWS
for all genotypes in both years (Figure le,f). 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). NT (Figure 2a,b) and NP (Figure 2c,d) were reduced under
TWS (Figure 2). 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). TWS caused decline in GY (Figure 3a,b) and biomass (Figure 3c,d) of
all genotypes in both years (Figure 3). 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
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20-41% in the first year and 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).

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.

; Treatment Genotype Interaction
Year Traits (T) Effect ©) Efftyeli t (T x G) Year Effect

DF k% *hk * k%
DM ns b2 *k *%
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Figure 1. Days to flowering (a,b), days to maturity (c,d) and plant height (e,f) of twelve lowland
rice genotypes under well-watered (WW) and terminal water stressed (TWS) conditions during
2018-2019 (a,c,e) and 2019-2020 (b,d,f). Vertical bars show + standard errors for means of three
repetitions. Capital letters represent the significant (p < 0.05) differences among genotypes in WW
condition. Small letters represent the significant (p < 0.05) differences among genotypes in TWS
condition. Centered stars above each pair of the bars represent the significance of parameters for
each genotype under WW and TWS conditions.
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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.

2018-2019 2019-2020
Genotypes DF DM PH NT NP GY BM DF DM PH NT NP GY BM
Days Days % no.  no. % %  Days Days % no.  no. % %
1 3 5 -9 0 0 -39 =20 3 7 -10 -1 -1 =25 -38
2 4 7 -10 -1 -1 -26 -24 3 4 -12 0 -1 43 -20
3 b 8 —4 1 -0 -28 =21 4 4 -8 -2 -2 =26 -30
4 3 10 -13 -1 -1 -18 —41 4 6 -8 -1 -1 =26 -24
5 2 5 -3 0 -1 =21 =21 4 5 -5 0 -1 -24 -19
6 6 5 —4 0 -1 -23 -28 -2 8 -8 0 -1 -22 -24
7 4 -19 -1 -1 -1 -31 -20 1 4 -10 -1 -1 -21 -23
8 19 14 -8 -1 -1 -17 -25 4 7 -14 0 -1 =25 -22
9 —4 -5 —4 -1 -2 -30 —-28 1 4 -2 0 -1 =52 -17
10 2 -11 -8 -1 -1 —-26 -26 2 3 —6 0 -1 -36 —-38
11 3 11 -1 -1 -1 —45 -29 7 6 -3 -1 -1 -34 -19
12 8 4 -5 -1 -1 -36 -38 3 3 -7 -1 -1 -33 -15
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Figure 2. Number of tillers (a,b), and number of panicles (c,d) of twelve lowland rice genotypes
under well-watered (WW) and terminal water stressed (TWS) conditions during 2018-2019 (a,c) and
2019-2020 (b,d). Vertical bars show = standard errors for means of three repetitions. Capital letters
represent the significant (p < 0.05) differences among genotypes in WW condition. Small letters
represent the significant (p < 0.05) differences among genotypes in TWS condition. Centered stars
above each pair of the bars represent the significance of parameters for each genotype under WW
and TWS conditions.

2.2. Association among Yield and Yield Attributes under Terminal Water Stress

Figure 4 indicates combined correlations among yield and yield attributes, including
the DF, DM, PH, NT, NP, GY and biomass of twelve lowland rice genotypes. Under WW
condition, highly positive associations among DF and biomass (0.89), DF and DM (0.98),
DM and biomass (0.86), NT and NP (0.95), moderately positive associations among DF
and PH (0.82), DM and PH (0.76), PH and biomass (0.82) and positive associations among
PH and GY (0.56) and GY and biomass (0.64) were observed. Whereas highly negative
associations among DF and NP (—0.94), DM and NP (—0.90), DM and NT (—0.84), PH and
NP (—0.87), PH and NT (—0.97), NT and biomass (—0.88) and NP and biomass (—0.87)
were detected. Under the TWS condition, highly positive associations among DF and
biomass (0.89), DF and DM (0.99), DM and biomass (0.91), PH and biomass (0.86), NT and
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NP (0.97) and moderately positive associations among DF and PH (0.73), DM and PH (0.74)
and GY and biomass (0.73) were observed. Whereas highly negative associations among
DF and NP (—0.92), DF and NT (—0.85), DM and NP (—0.91), DM and NT (—0.84), PH and
NP (—-0.85), PH and NT (—0.92), NT and biomass (—0.83) and NP and biomass (—0.86)
were detected (Figure 4).
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Figure 3. Grain yield (a,b) and biomass (c,d) of twelve lowland rice genotypes under well-watered
(WW) and terminal water stressed (TWS) conditions during 2018-2019 (a,c) and 2019-2020 (b,d).
Vertical bars show + standard errors for means of three repetitions. Capital letters represent the
significant (p < 0.05) differences among genotypes in WW condition. Small letters represent the
significant (p < 0.05) differences among genotypes in TWS condition. Centered stars above each pair
of the bars represent the significance of parameters for each genotype under WW and TWS conditions.
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Figure 4. 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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2.3. Genotypic Classification Corresponding to Stress Indices

Seven stress tolerance indices, including SSI, GMP, STI, Mpro, Mpag, TI and YSI,
were computed to distinguish stress-tolerant genotypes from stress-sensitive ones based
on GY and RY and the promising values of stress indices under TWS conditions (Table 3).
In addition, stress tolerance indices were also studied for hierarchical clustering using a
heatmap (Figure 5) and the assessed genotypes were categorized into two main groups:
(1) stress tolerant and (2) stress susceptible group and four subgroups (A-D). Subgroup A
consisted of four genotypes with the highest GY, RY and stress indices values under TWS;
hence, these genotypes could be considered as highly tolerant genotypes. Subgroup B
consisted of two genotypes with higher GY, RY and higher stress indices values under TWS;
hence, they could be considered as stress-tolerant genotypes. Subgroup C was moderate
stress tolerant (three genotypes), as they exhibited intermediate values for GY, RY and
stress indices. Subgroup D also consisted of three genotypes that exhibited lower values
for GY, RY and stress indices; hence, these genotypes were considered stress susceptible
genotypes correspondingly.

Table 3. Values of seven stress tolerance indices for lowland rice genotypes based on grain yield observed under well-
watered and terminal water stressed conditions. (Values taken as average from two growing years 2018-2019 and 2019-2020).

Lowland Rice Genotypes YWW YTWS RYTWS SSI GMP STI MPRO MHAR TI YSI
1 Look Pla 10.02 6.55 087 119 810 675 8.29 792 347 065
2 Hom Nang Kaew 8.04 5.54 073 107 667 458 6.79 656 250  0.69
3 Pathum Thani-1 9.00 6.56 087 093 768 607 7.78 759 243 073
4 Hom Chan 7.00 5.52 073 072 621 397 6.26 617 148 079
5 Hom Pathum 9.68 7.55 .00 075 854 751 8.61 848 213 078
6 Dum Ja 8.64 6.68 089 078 760 59 7.66 754 19 077
7 Chor Lung 8.22 6.03 080 091 704 510 7.12 69 218 073
8 Sang Yod 8.61 6.83 090 071 766 6.04 7.72 7.61 178 079
9 Khao Dawk Mali-105  7.19 422 056 141 551 312 5.71 532 297 059
10 RD-15 591 4.08 0.54 106 491 248 5.00 4.83 182 069
11 Tia Malay Dang 7.51 4.52 060 136 582 349 6.01 564 299 060
12 Lep Nok 9.72 6.37 084 118 787 637 8.04 769 335 066

Yw is mean yield under well-watered conditions, Yyys is mean yield under terminal water stressed conditions, RYtws is relative yield
under water stressed conditions, SSI is stress susceptibility index, GMP is geometric mean productivity, STl is stress tolerance index, Mpro
is mean productivity index, Mjag is harmonic mean index, Tl is tolerance index and YSI is yield stability index.

2.4. Association among Stress Tolerance Indices and Grain Yield

Highly positive associations were observed among Yy and Yyws (0.85), Yww and
GMP (095), wa and STI (095), wa and MPRO (097), wa and MHAR (094), YTWS
and GMP (0.97), YTWS and STI (0.97), YTWS and MpRo (0.96) and YTWS and MHAR (0.98).
Whereas Yrys and YSI (0.64) were positively and Yyys and SSI (—0.64) were negatively
correlated (Figure 6). Correlation assessment among stress indices revealed that there were
highly positive associations among GMP, STI, Mpro and Mpag (1.00), whereas there was
a moderate positive association among SSI and TI (0.81). In contrast, a highly negative
association among SSI and YSI (~1.00) and moderate negative association among TI and
YSI (—0.81) were observed (Figure 6).
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Figure 5. 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.
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Figure 6. Correlation matrix (Pearson’s) of grain yield under well-watered (Ywyy), grain yield
under terminal water stress (Yys), stress susceptibility index (SSI), geometric mean productivity
(GMP), stress tolerance index (STI), mean productivity index (Mprp), harmonic mean index (MyjaR),
tolerance index (TI) and yield stability index (YSI) for lowland rice genotypes. Values were taken as
average from two growing years 2018-2019 and 2019-2020. 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. Discussion

Water stress is critical to rice crop productivity, especially in rainfed lowland environ-
ments. Rainfed lowland rice is vulnerable as it is dependent upon natural precipitation.
Variability in seasonal rainfalls and the occurrence of hot, dry spells have increased in
rainfed areas. According to Campozano et al. [45] and Spinoni et al. [46], water stress
occurrence is expected to be more common, severe and extended as a result of variations
in rainfalls due to climate change. Water stress due to climate change would impact on
rainfed rice crop productivity. Rice is extremely sensitive to water stress [2,14,15] and rice
productivity is significantly affected under terminal water stress (TWS). Different rice geno-
types exhibit differential response to TWS, producing a range of grain yield (GY). Hence, it
becomes critical to evaluate the performance of yield attributes and yield productivity of
rice genotypes under TWS and to identify stress-tolerant genotypes. This strategy will help
to stabilize the rice productivity under TWS occurrence and provide sufficient information
for genotypic stress tolerance. Furthermore, identification of promising stress tolerance
indices under well-watered (WW) and TWS could be useful for their use in rapid selection
process for water stress tolerance in the rice crop breeding program.

Twelve lowland rice genotypes were evaluated under WW and TWS conditions in
the current experimental study to examine their responses and identify stress-tolerant
genotypes. It was observed that all genotypes indicated significant variations in their
performance for yield and yield attributes under WW and TWS conditions. Generally,
in our study, day to flowering (DF) and day to maturity (DM) were increased and DF
and DM 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. [47], Saikumar et al. [48] and
Hussain et al. [49]. Late flowering in rice under TWS is considered as a common impact of
TWS [50,51]. Delayed panicle emergence and longer grain filling duration increased the
time to maturity, thus increasing the total irrigation water input under TWS. All genotypes
consumed more water input in delayed maturity under TWS after resuming irrigation.
Plant height (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 [47-49,52,53]. Significant positive correlation
was observed among PH and GY and biomass while significant negative associations were
indicated among PH and number of panicles (NP) and number of tillers (NT). 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. [54]. According to
Davatgar et al. [47], 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. 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 [19,48,55,56]. 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 [53], Torres et al. [56]
and Kumar et al. [55]. 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.

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,
relative yield (RY) and performance of computed stress indices which were further catego-
rized 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
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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 performance of stress indices, hierarchical clustering helped
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. [57]. Strongly significant and positive associations of
stress indices, GMP, STI, Mpro, Mpar with GY under WW and TWS were observed, which
indicated that GMP, STI, Mpro and Mpjag were better performer and promising indices
to evaluate rice genotypes under WW and TWS conditions. Raman et al. [57] found that
GMP and STI were suitable indices in identifying entries under non—stressed and extreme
water stressed conditions. GMP has also been reported [31] 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. [29] 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 My 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 Myjag 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.

4, Materials and Methods
4.1. Plant Material

Twelve commonly cultivated Thai lowland rice genotypes including Look Pla (1),
Hom Nang Kaew (2), Pathum Thani-1 (3), Hom Chan (4), Hom Pathum (5), Dum Ja (6),
Chor Lung (7), Sang Yod (8), Khao Dawk Mali-105 (9), RD-15 (10), Tia Malay Dang (11) and
Lep Nok (12) were used for assessment in this study. Germplasm for genotypes 2, 4, 6, 7,
8 and 11 were collected from Phatthalung Rice Research Center, Phatthalung, Thailand
(7°33/59.0" N, 100°07'32.7" E) (https:/ / ptl-rrc.ricethailand.go.th /address.php (accessed on
21 September 2021)). Germplasm for genotypes 3, 9 and 10 was collected from commercial
seed market. Whereas seeds for genotypes 1, 5 and 12 were collected from farmers in
Songkhla province, Thailand.

4.2. Site Description and Crop Management

This research study was conducted in the sheds located at field research area (7°00'14.5”
N, 100°30"14.7" E) of Faculty of Natural Resources, Prince of Songkla University, Hat Yai,
Songkhla Province, in Southern Thailand (Figure 7) for two consecutive years during
2018-2019 and 2019-2020. Topsoil was prepared and a uniform soil sample was collected
prior to soil filling in planting containers for soil properties analysis. Soil physicochemical
properties observed for both years are indicated in Table S1. Planting was performed
on 12 September 2018 and 2 September 2019 for 2018-2019 and 2019-2020, respectively.
Completely randomized design (CRD) with three repeats was used to design the experi-
ments for both years. Seeds were sown at 5 cm soil depth by direct seeding in containers
having the capacity of 12 kg soil. Three plants were maintained in each container after
thinning at seedling stage. Experiments were subjected to two treatments, including control
under well-watered (WW) and drought under terminal water stressed (TWS) conditions.
Each genotype in treatments was placed in separate group of containers. Automatic drip
irrigation system, having the dripper head water flow capacity of 8 litters of water per hour,
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was installed to apply irrigation for specified time for each day. Plants in both treatments
were irrigated equally till 75 days after planting (DAP). To induce TWS, irrigation was
stopped at 75th DAP in TWS treatment only for 13 days until temporary wilting was
observed, following which irrigation was resumed till maturity. Irrigation water amount
as total water consumption for each genotype in each treatment for both growing years
was calculated by dripper water flow capacity, irrigation time duration for each day and
size of container used in experiments. Total water consumption for genotypes in WW and
TWS conditions for each year is shown in Figure S1. Thinning, weeding, fertilization and
insect pest management was completed through standard crop management practices.
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Figure 7. Experimental location at Faculty of Natural Resources, Prince of Songkla University,
Songkhla, Thailand (Source: adapted from ArcGIS: v—10.5).

4.3. Crop Data Collection

Days to flowering (DF) and days to maturity (DM) were recorded at 50% of panicle
emergence and 50% plants at physiological maturity, respectively, from planting date. Plant
height (PH) was measured from base of the stems to the flag leaf tip. GY and biomass were
recorded by randomly selected three plants for each genotype from each replication as well
as each treatment. Plants were hand—harvested, and number of tillers (NT) and number
of panicles (NP) were counted per plant as an average from three plants. Grain and plant
biomass samples were dried to obtain dry weight in an oven at 70 °C for different time
durations till constant weight was observed.

4.4. Computation of Stress Tolerance Indices

Stress tolerance indices were computed to differentiate and identify stress tolerant
genotypes from stress susceptible genotypes. GY under WW and TWS conditions was
taken as average over 2 years of data to compute stress indices according to methodology
adopted by Mansour et al. [6]. Seven different stress tolerance indices comprising stress
susceptibility index (SSI) (1) [37], geometric mean productivity (GMP) (2) [32], stress
tolerance index (STI) (3) [32], mean productivity index (Mpgo) (4) [33], harmonic mean
index (Myar) (5) [34], tolerance index (TI) (6) [35] and yield stability index (YSI) (7) [36]
were computed. Mean relative yield (RY) indicates the performance of specific genotype in
relation to other examined genotypes under similar level of water stress. Hence, RY under
TWS was calculated as GY of each genotype under TWS divided by highest GY achieved in
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all genotypes. Genotypes with higher GY under WW and TWS, higher RY and exhibiting
promising values for stress tolerance indices were classified as stress tolerant genotypes.

Stress Suceptibility Index (SSI) = (1 - %) /D (1)
Geometric Mean Productivity (GMP) = \/m (2)
Stress Tolerance Index (STI) = (Yrws x Yww) / aww (3)

Mean Productivity Index (Mpro) = (Yrws + Yww) / 2 (4)
Harmonic Mean Index (Mpar) = 2(Yww x Ytws) / (Yww + YTws) (5)
Tolerance Index (TI) = (Yww — Ytws) (6)

Yield Stability Index (YSI) = Yrws / Yww (7)

where, Yrws = mean yield under terminal water stressed (TWS) condition, Yyw = mean
yield under well-watered (WW) condition, D = environmental stress intensity, which
is 1 (mean yield of all genotypes under TWS/mean yield of all genotypes under WW
condition) and aww is an average value for all examined genotypes for grain yield under
WW conditions.

4.5. Analysis of Data

Data collected from 2 years of experiments was used to test the significance of results
and mean comparisons in R software. Two-way analysis of variance (ANOVA) was
performed for yield and yield attributes of all genotypes from three replicates with effect
to applied treatments. The effect of years among 2018-2019 and 2019-2020 was also
examined. Mean comparisons were made by using the least significant difference (LSD)
and p-value < 0.05 was considered as significantly different [58], which was represented
using capital and small letters and stars. Pearson’s correlation analysis was used to correlate
yield and yield attributes as well as computed stress tolerance indices. “Corr” and “GGally”
packages of R program were used to compute correlation matrices and visuals. ClustVis [59]
software was used to create heatmap and hierarchical clustering [58] for various stress
indices taken as an average over two years.

5. Conclusions

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 (1), Pathum Thani-1 (3) Hom Pathum (5), Dum Ja (6) Sang Yod (8), and Lep
Nok (12) 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 improvement in drought tolerance. Strong associations of GMP,
STI, Mpro and Myar 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
for a rapid selection process.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10122565/s1, Table S1: Details of soil properties analyzed for experimental soil for
2018-2019 and 2019-2020. Figure S1: Total amount of irrigation water consumed by lowland rice
genotypes under well-watered (WW) and terminal water stressed (TWS) conditions during 2018-2019
(a) and 2019-2020 (b).
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Abstract: Application of suitable nitrogen (N) fertilizer application rate (NR) with respect to sowing
time (ST) could help to maximize the performance and productivity of upland rice in Southern
Thailand. The 2-year experiments were conducted in the sheds to evaluate the agronomic responses
of the upland rice genotype, Dawk Pa-yawm, under various combinations of NR and ST between
2018-2019 and 2019-2020 aimed at obtaining sufficient research evidence for the improved design of
long-term field trials in Southern Thailand. As with the initial research, four NR were applied as NO
withno applied N, 1.6 g N pot !,3.2g N pot ! and 4.8 g N pot !, and experiments were grown under
three ST including early (ST1), medium (ST2) and late sowing (ST3). Results from the experiments
indicate that the application of 4.8 g N pot ! resulted in maximum grain yield under all ST in both
years. However, a maximum increase in grain yield was observed under ST2 by 54-101% in 2018-2019
and by 276-339% in 2019-2020. Maximum grain N uptake of 0.57 and 0.82 g pot ! was also observed
at NR 4.8 g N pot~! under ST2 in both years, respectively. Application of NR 4.8 g N pot ™! resulted
in the highest N agronomic efficiency (NAE), nitrogen use efficiency (NUE) and water use efficiency
(WUE). However, the performance of yield and yield attributes, N uptake, N use efficiencies and WUE
were declined in late sowing (ST3). Significant positive association among yield, yield attributes, N
uptake and WUE indicated that an increase in NR up to 4.8 g N pot ! improved the performance of
Dawk Pa-yawm. The results suggest that the application of 4.8 g N pot ! (90 kg N ha~!) for upland
rice being grown during September (ST2) would enhance N use efficiencies, WUE and ultimately
improve the yield of upland rice. However, field investigations for current study should be considered
prior to general recommendations. Moreover, based on the findings of this study, the importance of
variable climatic conditions in the field, and the variability in genotypic response to utilize available
N and soil moisture, authors suggest considering more levels of NR and intervals for ST with a
greater number of upland rice genotypes to observe variations in field experiments for the precise
optimization of NR according to ST.

Keywords: upland rice; nitrogen application rate; sowing time; yield; nitrogen use efficiencies

1. Introduction

Rice (Oryza sativa L.) contributes half of the world’s staple food [1,2]. Rice production
is also increasing continuously [2,3]. According to FAO [3], a 25% increase was observed
only during 2000-2016. Rice is grown under various ecosystems including irrigated, low-
lands and uplands. However, lowland rainfed and lowland irrigated systems are major
rice production systems [4] representing 6.2 and 4.1 million hectares of production area,
respectively [5]. Upland rice acreage contributes 9% in Asia [6]. Thailand is the sixth-largest
producer of rice worldwide and the second-largest in Southeast Asia [3]. Rice plays a
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key role in Thailand’s economy and food security [7]. According to USDA [5], major rice
production in Thailand is in northern, central, and north-eastern regions, whereas Southern
Thailand contributes 6% of the cultivated rice area [8,9]. 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 [10] and it is culti-
vated by small land holders during rainy seasons in Southern Thailand [11]. Rice supply in
Southern Thailand is insufficient for local consumption, and it is imported from other parts
of the country. To meet the rice demand and enhance local rice production, upland rice
is a good alternative because it does not require additional irrigation, slopy and non-flat
area can be utilized, and it can be intercropped with other crops such as young rubber and
oil palm. However, efficient upland rice productivity in the southern region has not yet
been achieved due to the lack of significant research evidence on agronomic management
of upland rice and prevailing traditional management practices. To establish sustainable
productivity and enhance upland rice yield, locally adjusted agronomic practices such as
optimum nitrogen application rate (NR) with respect to adopted sowing times (ST) should
be investigated and recommended.

Nitrogen (N) is a crucial nutrient that has a significant impact on upland rice growth
and productivity. According to Kichey et al. [12], N, among all other nutrients, is the
most critical element for plant growth, development and quality. N is used extensively to
increase rice crop yield by farmers. This is because N improves crop performance, promotes
leaf area, plant biomass and ultimately the crop yield [13]. Application of N fertilizer causes
N deficiency in rice plants which increases yellowing in color and reduction in leaf size.
Reduced N supply at tillering and panicle initiation stages ultimately lead to a reduction
in grain yield. Therefore, it is recommended that a suitable N doze should be applied
at critical crop stages so that crops can achieve maximum growth and produce better
yield potential. Considering N fertilization in rainfed upland rice production in Thailand,
various nitrogen application rates (NR) are practiced. Application of 9.8 kg N rai~! or
61.25 kg N ha~! in a yield trial of 43 upland rice genotypes in Songkhla province of
Thailand [14], application of 25 kg N ha~! in a simulation of drought stress study on
upland rice genotype, Dawk Pa-yawm [15], application of 75 kg N ha~! in a performance
evaluation study of 16 upland rice genotypes [16] and application of 15 kg N ha~! as basal
doze with an unknown amount of additional urea application during the crop growth
period in a correlation and a path analysis study of 10 upland rice genotypes [17] have been
reported. A study interviewing the farmers north of Thailand conducted by the Center
for Agricultural Resource System Research, Faculty of Agriculture, Chiang Mai University,
Thailand, indicated that farmers in the Chiang Mai province usually applied 1.6-12 kg
N rai~! or 10-75 kg N ha~! mainly by using N-P-K (16-20-0) as fertilizer source [18]. A
general application rate range of 48.75-82.5 kg N ha~! based on soil analysis, soil nutrient
status for rainfed and irrigated rice production was recommended by the Division of Rice
Research and Development, Thailand [19,20]. According to the Division of Rice Research
and Development, Thailand [21], 4045 kg N ha~! chemical N fertilizer should be applied
in two splits at 20-25 kg N ha~! as basal dose and 20 kg N ha~! should be applied 30
days prior to flowering for the upland rice grown in foothill plains. Considering the
location, specific to the experimental site (Songkhla Province) and photosensitivity of
genotypes, application of 34-39 kg N ha~! and 59-69 kg N ha~! was recommended to
be applied for photosensitive and photoperiod insensitive genotypes, respectively [21].
However, according to the authors, no specific study or recommendation regarding a
suitable or optimum NR solely or N application according to ST for upland rice production
in Thailand has been reported, indicating a research gap. Therefore, a wide range of NR
(10-75 kg N ha~!) by farmers has been observed for upland rice production under sole or
intercropping systems in Thailand. Urea is commonly used as N fertilizer source to meet
N requirements which is highly volatile and result in higher N losses. Due to improper
N management, variations in genotypic response, fertilizer types and prevailing climatic
conditions i.e., temperature and moisture availability, efficient fertilizer utilization and
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plant N uptake per unit area are also affected. According to Choudhury and Khanif [22],
the utilization efficiency of urea-N is lower in rice systems, which is approximately 30-40%,
and N recovery seldom surpasses 50% of the total N applied. This happens due to the N
loss by denitrification and leaching. Qiao et al. [23] reported a positive correlation between
N loss and NR applied. N uptake and upland rice growth may increase with an increase in
NR, though it may result in increased N leaching losses due to a high level of N available
in the plant root zone [24]. N leaching loss is also positively correlated with N input and a
decrease in NR may decrease N leaching [25]. A decline in N leaching with decreased NR
was observed when the NR was decreased from 300 kg N ha~! to 200 kg N ha~! without a
decline in yield [26]. To avoid under or excessive application of N which results in a decline
in grain yield or agronomic and economic losses, respectively, proper nutrient management
is necessary [27]. In this regard, estimating plant N concentrations and uptake could help
to identify optimum NR for maximized nitrogen use efficiency (NUE). The agronomic
efficiency of applied N (NAE) can be used to determine the impact of N fertilizer applied
to the grain yield produced. An increase in NAE can increase in N uptake by the plant
resulting in reduced N losses and higher NUE in soil and plant systems. Enhanced NUE
is a useful indicator for N utilization by crop plants. Higher NAE and NUE at certain
levels of N application could give the indication for optimal NR for upland rice. Hence,
for optimized upland rice production, increase in grain yield and higher N use efficiencies,
researching the identification of suitable NR is essential.

Optimum sowing time (ST) is an important agronomic management factor that be-
comes more critical in the case of upland rice, as the moisture availability and prevailing
climatic conditions significantly influence the nutrient use efficiency of upland rice. Opti-
mal ST ensures that vegetative growth receives a high level of photosynthetic radiation, and
grain filling occurs during favorable temperatures [28]. According to Nazir [29], too early
and too delayed sowing time resulted in increased plant sterility and reduced the number
of productive tillers, respectively. Significant responses of yield and yield components
including the number of effective tillers per area, number of grains per panicle and grain
weight under different ST have been reported. Therefore, determination of the suitable
sowing period relative to rice growth and development stages is necessary. Photoperiod-
sensitive genotypes are affected greatly as compared to photoperiod-insensitive genotypes.
According to Watcharin et al. [30], farmers in Southern Thailand usually grow photoperiod-
sensitive genotypes during the rainy season which is a critical issue in the current scenario
of climate change where high variability in rainfall occurs. Variations in rainfall and mois-
ture availability influence the nutrient availability to upland rice. It was suggested that the
cultivation of photoperiod insensitive cultivars could be one of the possible solutions to sta-
bilize the upland rice yields [31] in Southern Thailand. However, photoperiod insensitive
genotypes may also suffer at different crop developmental stages due to lower or higher
rainfall events which can cause drought stress or flooding leading to reduced nutrient avail-
ability for rice plants. The rainy season in Thailand prevails during May-October [7,31,32],
in which most rice plantation is performed. However, in Southern Thailand, especially
in the eastern part of Southern Thailand, most of the rain is received from November to
the February of the next year [32]. Hot and dry intervals at the start of the rainy season
and variability in rainfall thus pose potential threats to upland rice production. Water
use efficiency (WUE), which is the ratio between yield produced and water consumed or
evapotranspiration, is significantly affected. A significant interaction prevails between
WUE and NUE. According to Gajri et al. [33], NR influenced the WUE, whereas NUE was
also dependent upon water input. Adjustment in crop growth period [7] with modifications
in ST results in shifting of critical crop stages to favorable parts of the season. Variations
in moisture availability affect the plant nutrient uptake. Thus, the adjustment in ST could
benefit with higher WUE as well as enhanced NUE. Therefore, in the current scenario,
synchronization of ST with optimum NR could fulfil the rice crop requirements. Adaptation
strategies to adjust ST could also help to significantly reduce the extent of climatic impact
on upland rice production. Studies conducted in north-eastern Thailand also suggest that
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adjustment in ST according to local conditions and proper nutrient management could help
mitigate the impact of climate change on rice production [34-36].

Based on the significance of NR, ST, limited research evidence availability and the
wide range of NR and ST management practices in Southern Thailand, we understood
that adjustments in NR with modification in ST and synchronizing their interactions
could result in improved NUE, WUE and yield. Therefore, the initial objective of this
research was to obtain sufficient information about the impact of NR under varying ST
on upland rice performance. The results of the current research will help to adjust the
appropriate gradients for NR and intervals for ST for better designing of further long-term,
multilocational field trials and propose best and optimized N and ST management practices
for enhanced upland rice production, especially in Southern Thailand.

2. Materials and Methods
2.1. Experimental Setup and Crop Management

Experiments were conducted in the sheds located (7°00'16.57" N, 100°30'01.93" E) at
the Faculty of Natural Resources, Prince of Songkla University, Hat Yai, Thailand (Figure S1)
during 2018-2019 and 2019-2020. Topsoil was sieved, straw and plant roots were removed,
and a composite soil sample was obtained before filling the soil in the planting pots for soil
nutrient status during both years. The soil was sandy clay loam in the texture with pH, 4.77
and 5.29, organic matter of 4.73 and 4.60 g kg ™!, total N of 0.34 and 0.30 g kg !, available
P of 13.03 and 35.58 mg kg ! and available K*, of 41.19 and 58.67 mg kg ~! for 2018-2019
and 2019-2020, respectively. Dawk Pa-yawm, an upland rice genotype, famous due to its
aroma and commonly grown in Southern Thailand, was used in this study. Experiments
were laid out using a completely randomized design with three replications during both
years. Planting pots used in the experiments were conical shaped with 30 cm top diameter,
19 cm bottom diameter and 24 cm in height. Each pot was filled with 12 kg of homogenous
soil. Seeds were sown at 5 cm soil depth in the pots by a direct seeding method maintaining
3 plants in each pot at the seedling stage. There were 3 pots used for each treatment in each
replication, and a total of 27 plants were maintained for each treatment in each experiment.
Experiments were subjected to two treatments including NR and ST. Each treatment was
designated in a separate block of pots arranged at different coordinates in the shed. As
a wide range of NR is practiced at the farmer’s scale for rainfed upland rice production
under sole or intercropping systems, and keeping in view the current practices, and various
recommendations of research institutes in Thailand, initially NR were chosen as a control,
NO with no applied N, 30 kg N ha!, 60 kg N ha~! and 90 kg N ha~!. NR for pots were
calculated on field basis using Equation (1) [37] and were applied as N0 with no applied
N, 1.6 g N pot~!,32 g N pot ! and 4.8 g N pot! as an initial study. Urea was used as
the fertilizer source containing 46% N and NR were applied in two equal splits at the start
of tillering and panicle initiation stages. Upland rice is grown in the rainy season and
most rain in Southern Thailand prevails in May-October. A wide range sowing window
prevails in Southern Thailand and farmers perform early or late planting depending upon
cultivars sensitivity and moisture availability. However, major rice planting has been in
practice by farmers during September-November, while minor rice planting has been in
practice during April-June in Southern Thailand [8]. As of initial research, ST were selected
as early sowing-ST1 on 05 September 2018, medium-ST2 on 26 September 2018 and late
sowing-ST3 on 31 October 2018 for 2018-2019 and early sowing-ST1 on 01 September 2019,
medium-ST2 on 06 October 2019 and late sowing-ST3 on 03 November 2019 for 2019-2020.
Plants were irrigated with an automatic drip irrigation system and irrigation was applied
for a specific time duration for each treatment block frequently to avoid water stress. The
amount of irrigation water was then calculated by the irrigation time, dripper head water
discharge capacity of 8 tiller per hour and area of pots. Each planting pot in ST1, ST2 and
ST3 received 57 liters (L), 68 L and 74 L as an average total amount of irrigation water
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during both years. Manual weeding and insect, pest and disease management practices
were performed as standard practices to reduce yield losses in both years.

Recommended doze of fertilizer
1 hectare

Fertilizer amount for pot = x Weight of pot soil (1)

2.2. Sampling, Measurements and Computations

At harvest, plant height and biomass were recorded from 3 out of 9 randomly selected
plants and data collection was repeated for each treatment in three replications. Plant
height was measured from the base of the stem to the topmost leaf or panicle. The number
of days to 50% flowering and 50% maturity were recorded by counting the number of
days from respective sowing time. The number of tillers was counted at the maximum
tillering stage and tillers with at least one visible leaf were included. Rice plants were
manually harvested at maturity, and the number of panicles were counted. Plant and grain
samples were dried in an oven at 70 °C for different time durations until a constant weight
was achieved to get grain yield and biomass on a dry weight basis. Soil sampling for
N analysis was performed for each treatment and each replication at harvest to observe
N concentrations. Soil samples collected from the pots from three replicates were first
mixed and passed through a Imm sieve to remove impurities for obtaining a respective
composite soil sample for each N treatment for N analysis. Oven-dried plant biomass and
grain samples were finely ground and passed through a Imm sieve as well. Straw, grain
and soil samples were then sent to the Central Analytical Laboratory of Faculty of Natural
Resources, Prince of Songkla University, Thailand for N analysis to obtain N concentrations
and calculate N uptake by plant and grains. Straw and grain N uptake in relation to applied
NR [38] were calculated by multiplying straw biomass and grain yield with respective
N concentrations. N efficiencies including agronomic efficiency (NAE) (2), which is the
number of extra grains harvested per kg of N applied to a grain crop that drives both the
agronomic and economic efficiency of fertilizer use, and N use efficiency (NUE) (3), which
is the fraction of applied N that is absorbed and used by the plant, were calculated using
equations mentioned by Abbasi et al. [39]. WUE was calculated as the ratio between grain
yield harvested and total amount of irrigation water per pot using Equation (4) [40].

Grain yieldy , 440 — Grain yield

= control
NABS Total N fertilizer applied @
_ N uptakeN added N uptakecontml
NUE = Total N fertilizer applied Kl @)
WUE = Grain yield per pot (g) @

Amount of irrigation water per pot (L)

2.3. Statistical Analysis

Data obtained from both year experiments was used in statistical software Statistix
(8.1 package, analytical software, Tallahassee, FL, USA) [41] to test the significance of
results and mean comparisons for the effects of applied NR and ST. A two-way analysis
of variance (ANOVA) was performed for yield and yield attributes of Dawk Pa-yawm,
straw and grain N uptake and WUE from three replications with effect to NR, ST and
the interactions of NR and ST. Mean comparisons were made using the least significant
difference (LSD), and p-value < 0.05 was considered significantly different [42]. Combined
Pearson’s correlation coefficients were computed for yield and yield attributes of Dawk Pa-
yawm, computed straw, grain and total N uptake and WUE to observe associations among
various parameters. The “Corrplot” [43] package of R software was used in computing
correlation coefficients and graphics.
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3. Results
3.1. Upland Rice Growth and Productivity

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 x ST for
both years (Tables S1 and S2). Flowering days and maturity duration were not significantly
affected by an increase in NR for both years and the difference ranged 1-3 days for flowering
(Figure 1A,B) and similarly 1-3 days for maturity (Figure 1C,D). ST influenced days to
flowering, thus, days to flowering and days to maturity were increased under ST3 by
7 days for both years (Figure 1A,B). Days to flowering were decreased only under ST2
for 2019-2020 (Figure 1B). Maturity duration was increased under ST2 and ST3 for year
2018-2019 by 6-9 days (Figure 1C) while increased for 6-8 days under ST3 for 2019-2020
(Figure 1D). 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 (Tables S1 and S2). 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 (Tables S1 and S2). 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 except a moderate significant (p < 0.01) difference for plant height
during 2019-2020 under the interaction of NR and ST. Plant height was gradually increased
for both years with an increase in NR (Figure 2A,B) under all ST. Increase in plant height
ranged 13-27% for ST1, 2-19% for ST2 and 3-19% for ST3 for 2018-2019 (Figure 2A) and
4-10% for ST1, 18-38% for ST2 and 1-8% for ST3 for 2019-2020 (Figure 2B). The number of
tillers (Figure 3A,B) and the number of panicles (Figure 3C,D) were influenced by NR and
ST. In total, 14 tillers, as well as panicles, per plant were increased under increasing NR up
to 4.8 g N pot~!. However, the number of tillers and number of panicles were decreased
by 1-3 tillers as well as panicles per plant under ST3 for both years (Figure 3A-D). Grain
yield (Figure 4A,B) and biomass (Figure 4C,D) were increased with increasing NR under
all ST for both years. Grain yield increased by 19-64% under ST1, 54-101% for ST2 and
32-78% for ST3 in 2018-2019 (Figure 4A) while it increased by 53-121% for ST1, 276-339%
for ST2 and 64-94% for ST3 in 2019-2020 (Figure 4B). Biomass increased by 52-111% under
ST1, 77-127% for ST2 and 65-127% for ST3 in 2018-2019 (Figure 4C) while it increased by
43-86% for ST1, 98-153% for ST2 and 32-75% for ST3 in 2019-2020 (Figure 4D).

3.2. Nitrogen Uptake

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 S1 and S2).
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 x ST
in 2019-2020. Straw (stem + leaves) N uptake (g pot~!) was increased with increasing
NR up to N 4.8 g N pot~! for both years (Figure 5A,B) when compared to pots with
no applied N. However, ST affected straw N uptake resulting in variations in N uptake
under all ST (Figure 5A,B). Grain N uptake was also increased with increasing NR up to
4.8 g N pot~! under all ST in both years (Figure 5C,D). However, maximum grain N uptake
was observed under ST2 and it was then decreased under ST3 (Figure 5C,D), indicating the
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negative impact of delayed sowing on grain N uptake. Maximum grain N uptake valued
0.57 g pot~! at NR4.8 g N pot ! under ST2 in 2018-2019 (Figure 5C) and 0.82 g pot ! at NR
4.8 ¢ N pot~! under ST2 in 2019-2020 (Figure 5D). These results indicate that ST2 was the
favorable ST for increased grain N uptake, and early (ST1) or delayed (ST3) sowing resulted
in less translocation of N from the rice straw to grain. Total N uptake including straw and
grain-N was also increased with increasing NR up to 4.8 g N pot ! (Figure 5E,F). However,
total N uptake was decreased at NR 4.8 g N pot~! under ST3 in 2018-2019 (Figure 5E) and
decreased at 3.2 g N pot~! under ST1 in 2019-2020 (Figure 5F), indicating the significant
negative impact of ST on total plant N uptake. Total plant N uptake was in an increasing
trend under ST2 and maximum total N uptake was observed under ST2 with a value of
2.09 g pot~! in 2019-2020 (Figure 5F). 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.
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Figure 1. Effect of nitrogen application rates and sowing times on days to flowering (A,B) and days to
maturity (C,D) during 2018-2019 (A,C) and 2019-2020 (B,D). Mean values are presented and vertical
bars indicate & standard errors of means (1 = 3). Uppercase letters indicate significant differences
(p-value < 0.05) of days to flowering and days to maturity under different sowing times within each
nitrogen application rate. Lowercase letters indicate significant differences (p-value < 0.05) of days
to flowering and days to maturity at different nitrogen application rates within each sowing time.
Due to the non-significant differences for sowing times within the same nitrogen application rate,
no lowercase letters are presented in Figure 1C. ST1: sowing time 1 (early), ST2: sowing time 2
(medium), ST3: sowing time 3 (late). NO: no applied N, N1.6: 1.6 g N pot~!, N3.2: 3.2 g N pot~!,
N4.8: 48 g N pot 1.

3.3. Nitrogen Use Efficiencies

NR significantly affected N efficiencies including agronomic efficiency (NAE) (Figure 6A,B)
and nitrogen use efficiency (NUE) (Figure 6C,D) in both years. NAE was increased with
applied N and increasing NR up to 4.8 g N pot ™! under all ST in both years (Figure 6A,B).
Maximum NAE was observed at N 4.8 g N pot~! under all ST with values 5.35, 10.18 and
8.26 kg kg"1 for ST1, ST2 and ST3, respectively, in years 2018-2019 (Figure 6A) and 14.95,
34.16 and 10.14 kg kg~! for ST1, ST2 and ST3, respectively, in years 2019-2020 (Figure 6B).
However, ST influenced the NAE and resulted in a decline and variations in both years
(Figure 6A,B). The highest NAE was observed under ST2 in both years (Figure 6A,B)
and NAE was decreased under delayed sowing ST3, indicating that ST2 was the most
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favorable ST for improved NAE. NUE was also increased with an increase in NR up to
4.8 g N pot ™! under all ST in both years (Figure 6C,D). Maximum NUE was observed at NR
4.8 g N pot~! under all ST up to 119%, 137% and 133% for ST1, ST2 and ST3, respectively,
in years 2018-2019 (Figure 6C) and 155%, 171% and 102% for ST1, ST2 and ST3, respectively,
in years 2019-2020 (Figure 6D). ST influenced the NUE and resulted in differences in both
years (Figure 6C,D). However, the highest NUE was observed under ST2 in both years
(Figure 6C,D) and NUE was decreased under delayed sowing, ST3. NUE under ST3 was
more affected in 2019-2020 (Figure 6D) as compared to 2018-2019 (Figure 6C).

OST1 OST2 ®mST3

A OST1 OST2 WST3 B
]
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g
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NO NL6 N3.2 N4.8 NO NL6 N3.2 N4.8
Nitrogen Application Rates Nitrogen Application Rates

Figure 2. Effect of nitrogen application rates and sowing times on plant height during 2018-2019
(A) and 2019-2020 (B). Mean values are presented and vertical bars indicate + standard errors of
means (1 = 3). Uppercase letters indicate significant differences (p-value < 0.05) of plant height under
different sowing times within each nitrogen application rate. Lowercase letters indicate significant
differences (p-value < 0.05) of plant height at different nitrogen application rates within each sowing
time. ST1: sowing time 1 (early), ST2: sowing time 2 (medium), ST3: sowing time 3 (late), NO: no
applied N, N1.6: 1.6 g N pot~!,N3.2: 32 g N pot !, N4.8: 48 g N pot .

3.4. Water Use Efficiency

Water use efficiency (WUE) was estimated for each treatment for both years (Figure 7).
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 S1). During 2019-2020, highly signifi-
cant (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 S2). An in-
crease in NR up to 4.8 g N pot~! significantly increased WUE in both years (Figure 7A,B).
Maximum WUE was observed at N 4.8 g N pot~! under all ST with values 0.25, 0.31 and
026¢ L~ for ST1, ST2 and ST3, respectively, in years 2018-2019 (Figure 7A) and 0.4,
0.59 and 0.26 g L~! for ST1, ST2 and ST3, respectively, in years 2019-2020 (Figure 7B).
WUE increased up to 40% under ST1, 59% under ST2 and 42% under ST3 at NR up to N
4.8 g N pot~! during 2018-2019 and increased up to 50% under ST1, 92% under ST2 and
67% under ST3 at NR up to N 4.8 g N pot~! during 2019-2020 (Figure 7A,B). However,
ST influenced the WUE and resulted in a decline in both years under delayed sowing
(Figure 7A,B). The highest WUE was observed under ST2 in both years by 59% and 92%,
respectively (Figure 7A,B), and it was decreased under delayed sowing, ST3 by 24% in
2018-2019 and by 84% in 2019-2020. The results indicate that ST2 was the optimal ST for
better performance for WUE.
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Figure 3. Effect of nitrogen application rates and sowing times on the number of tillers (NT) (A,B) and
the number of panicles (NP) (C,D) during 2018-2019 (A,C) and 2019-2020 (B,D). Mean values are
presented and vertical bars indicate + standard errors of means (1 = 3). Uppercase letters indicate
significant differences (p-value < 0.05) in the number of tillers and the number of panicles under
different sowing times within each nitrogen application rate. Lowercase letters indicate significant
differences (p-value < 0.05) in the number of tillers and the number of panicles at different nitrogen
application rates within each sowing time. ST1: sowing time 1 (early), ST2: sowing time 2 (medium),
ST3: sowing time 3 (late). NO: no applied N, N1.6: 1.6 g N pot™!, N3.2: 32 g N pot ™!, N4.8:
48gN pot 1.

A OST1 @ST2 M@ST3 B OST1 @sT2 MmST3

GY per Plant (g)

Biomass per Plant (g)

NO NL6 N3.2 N4.8 NO NL6 N3.2 N4.8
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Figure 4. Effect of nitrogen application rates and sowing times on grain yield (GY) (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 (1 = 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). NO: no applied N, N1.6: 1.6 g N pot !, N3.2: 3.2 g N pot !, N4.8: 4.8 g N pot .
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Figure 5. Effect of nitrogen application rates and sowing times on straw N uptake (A,B), grain
N uptake (C,D) and total N uptake (E,F) during 2018-2019 (A,C,E) and 2019-2020 (B,D,F). Ver-
tical bars indicate + standard errors of means (1 = 3). Uppercase letters indicate significant dif-
ferences (p-value < 0.05) of straw N uptake, grain N uptake and total N uptake under different
sowing times within each nitrogen application rate. Lowercase letters indicate significant differences
(p-value < 0.05) of straw N uptake, grain N uptake and total N uptake at different nitrogen application
rates within each sowing time. ST1: sowing time 1 (early), ST2: sowing time 2 (medium), ST3: sowing
time 3 (late). NO: no applied N, N1.6: 1.6 g N pot ™!, N3.2: 32 g N pot !, N4.8: 4.8 g N pot .

3.5. Correlation Analysis

Pearson’s correlation analysis (Figure 8) indicates that there was a highly significant
positive correlation between days to flowering and days to maturity. There was a significant
positive correlation between days to flowering and grain yield. Plant height was highly
significant and positively correlated with the number of tillers and the number of panicles,
whereas a moderately significant and positive association was observed between plant
height and biomass. Plant height was also significant and positively correlated with grain
yield. The number of tillers were highly significant and positively associated with the
number of panicles and biomass, whereas significant and positively correlated with grain
yield and straw N uptake. There was a highly significant positive correlation among the
number of panicles and biomass whereas a significant correlation was observed among
the number of panicles and grain yield. Grain yield was highly associated with biomass,
whereas it was significantly associated with straw N uptake. Straw N uptake was highly
significant, whereas total N uptake was significantly associated with the biomass. Straw N
uptake was also highly associated with the total N uptake. Grain N uptake was moderately
associated with the straw N uptake, whereas it was highly associated with total N uptake.
Straw N uptake, grain N uptake and total N uptake were highly significant and positively
correlated with the WUE. Computed coefficient values are presented in Figure 8.
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Figure 6. Effect of nitrogen application rates and sowing times on N agronomic efficiency (NAE)
(A,B) and N use efficiency (NUE) (C,D) during 2018-2019 (A,C) and 2019-2020 (B,D). Vertical bars
indicate + standard errors of means (1 = 3). ST1: sowing time 1 (early), ST2: sowing time 2 (medium),
ST3: sowing time 3 (late). N1.6: 1.6 g N pot !, N3.2: 3.2 g N pot !, N4.8: 4.8 g N pot .
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Figure 7. Effect of nitrogen application rates and sowing times on water use efficiency during
2018-2019 (A) and 2019-2020 (B). Mean values are presented and vertical bars indicate + standard
errors of means (1 = 3). Uppercase letters indicate significant differences (p-value < 0.05) of water
use efficiency under different sowing times within each nitrogen application rate. Lowercase letters
indicate significant differences (p-value < 0.05) of water use efficiency at different nitrogen application

rates within each sowing time. ST1: sowing time 1 (early), ST2: sowing time 2 (medium), ST3: sowing
time 3 (late). NO: no applied N, N1.6: 1.6 g N pot !, N3.2: 3.2 g N pot !, N4.8: 4.8 g N pot .
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Figure 8. Corrplot of combined Pearson’s correlation coefficients among agronomic attributes of
Dawk Pa-yawm, nitrogen uptake and water use efficiency. Positive and negative associations are
presented in blue and red colored circles, respectively, at the top-right diagonal and squares with an
absence of colored circles represent no significant association at p-value < 0.005 among respective
parameters. Correlation coefficient numbers are presented at the bottom-left diagonal. The intensity
of colors of circles and numbers, and the size of the circles indicate the proportion of Pearson’s
coefficients. 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.

4. Discussion

Nitrogen (N) is an important element and the application of nitrogenous fertilizers in
upland rice systems is crucial as N significantly impacts rice performance and productivity.
Rice yield is significantly influenced by reduced or no N fertilizer application and the
overuse of N results in increased agronomic and economic losses, as well as affects soil
health. The efficiency of applied N fertilizer is influenced by various rice crop management
practices, and sowing time (ST) is one of them. Improper N management and wide sowing
windows adopted by small land holders and upland rice growers are major problems
affecting the upland rice production in Southern Thailand. Early or late sowing alters the
nutrient availability to rice plants due to variations in prevailing climatic conditions and
moisture availability. To achieve viable rice productivity, optimal management of nitrogen
application rate (NR) with respect to ST is necessary as upland rice performance and yield
are significantly influenced by N input under various ST.

The quantity of applied N significantly influences the physiological processes and
photosynthesis of plants [44], 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. Additional N supply resulted
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in increased plant height in both years. 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 [45,46]. Results for plant height
were supported by the findings of Abbasi et al. [39] and Zhang et al. [44] who reported
remarkable improvements in plant height following increased N application rate. Similar
results have also been demonstrated by Jahan et al. [47] who described 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 an additional 14 tillers as
well as panicles per plant. Previous studies have also observed that panicle numbers were
increased with an increase in NR [44]. The increase in tillering due to increased NR might
be linked to more N availability at the tillering stage which plays a role in cell division.
Wang et al. [48] 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 [49]. The number of panicles is one of
the major contributing factors in rice yield. Cell division triggered by N supply increases
the panicle formation at reproductive stages of rice crop. Jahan et al. [47] observed that
N fertilization increased the number of tillers m~2, which resulted due to the increased
N availability for cell division. In our study, higher N concentration in plants resulted in
a higher number of panicles, and similar findings were observed by Manzoor et al. [27]
Yield attributes and yield were significantly associated with applied NR. Approximately
19-339% increase in grain yield was observed in our study with increasing NR under
different ST. An increase in yield possibly occurred due to the increased performance of
yield attributes. Zhang et al. [43] 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. [49] also observed that grain yield and biomass of rice were positively affected by
increased NR. An increase in plant biomass ranging from 26 to 127% with increasing NR
under different ST indicated a higher performance of biomass contributing traits including
plant height and the number of tillers. An increase in plant biomass with N fertilization
has also been reported in a rice experimental study by Jahan et al. [47] In our experimental
results, it was noticed that grain yield was in an increasing trend up to NR 4.8 g N pot !,
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.

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 [7].
However, there are various factors that may influence N utilization and N uptake in rice
plants as N is highly susceptible to denitrification, volatilization and leaching losses in
rice environments. Higher plant N uptake is desired through efficient N management.
In our study, plant and grain N concentrations and N uptake varied among NR. Straw
and grain N uptake was increased up to NR 4.8 g N pot~! during both years. Maximum
grain N uptake was observed at 4.8 ¢ N pot~! under ST2, and it was decreased under ST3,
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. [47] also
reported that rice’s response to applied NR was associated with growing seasons. An
increase in rice straw N, grain N concentration and N uptake was also observed by Chen
et al. [49]. 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 4.8 g N pot~!, indicating that increasing NR under
ST2 increased total N uptake. N uptake was also decreased in late sowing as reported by
Pal et al. [50] Agronomic efficiency of applied N (NAE) is an important index to record the
response of grain productivity in relation to NR. In our study, NAE was increased with
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increasing NR and it was observed that maximum NAE was achieved at 4.8 g N pot .
Nitrogen use efficiency (NUE) was also increased with increasing NR, and maximum NUE
was achieved at 4.8 g N pot ™! under ST2 as well. Enhancing N use efficiencies in upland
rice systems is one of the main objectives of N fertilization. We observed that increased
NR enhanced the N use efficiencies. Furthermore, water use efficiency (WUE) was also
associated with NR, and higher NR 4.8 g N pot ! resulted in higher WUE. The association
of NUE and WUE has also been well reported [7,51].

Sowing time critically impacts the utilization of environmental sources including
moisture availability during crop growth, and it can influence crop yields [4]. It was
observed that ST influenced the performance of Dawk Pa-yawm with respect to applied
NR. Maximum grain yield was observed under ST2 and an increase in NR to 4.8 g N pot ™~
could not cause a significant increase in grain yield under delayed sowing, ST3. This
indicated that NR 4.8 g N pot ! was suitable for ST2 while NR 3.2 g N pot~! was suitable
for ST3 with respect to N use. Days to flowering and days to maturity were increased under
delayed sowing, ST3. Crop yield and biomass [52] are highly correlated with the life cycle.
Gomez-Macpherson and Richards [53] stated that phenology is one of the critical aspects
of adaptation and enhancement of yield as it regulates the length of critical crop growth
stages and change in crop phenology is considered one of the major indicators of climate
change impact. Maximum plant height, number of tillers, number of panicles and grain
yield were observed under ST2, while biomass was recorded at its maximum under ST3
during 2019-2020. It indicated that conversion of photo-assimilates to grain was decreased
under ST3 as an increase in biomass under delayed sowing could not result in increased
grain yield. Babel et al. [34], in a climate change impact study, predicted that the delay in ST
of Thai rice genotype KDML-105 at Roi Et province (Thailand) with 30 days delay in initial
sowing would increase yield by 23% during the 2050s. The predictions of Babel et al. [34]
are supporting evidence for this research as it was observed that ST2, which was slightly
delayed ST for upland rice, resulted in improved grain yield, N uptake, N efficiencies as
well as WUE. The maximum of N use efficiencies including NAE and NUE was achieved
at NR 4.8 g N pot ™! under ST2 possibly due to the level of N matched with optimal ST and
crop N requirement that was attained. Our results are in line with the findings of Yousaf
et al. [54] who observed that maximum N efficiencies were observed in rice and oilseed
crop rotations when the N level matched the N requirements of crops. Higher N uptake
and enhanced N efficiencies under ST2 were favored in improved WUE and resulted in
higher WUE under ST2. Results for enhancement in WUE and NUE in adjustment to ST
were also supported by previous studies [7].

The findings of the present study indicate the importance of and are the supporting
evidence for, the need for proper N management according to various ST for upland rice
production in Thailand. Our study indicates that N fertilization and various NR applied
under different ST produced significantly improved results for upland rice productivity.
Therefore, N application practices [14-18], as well as N fertilizer recommendations based
on soil analysis and soil nutrient status [19,20] and location-specific recommendations [21],
are needed to be modified and improved according to various ST. However, further in-
vestigations in this field are needed to achieve more precise optimization of NR and ST
for upland rice in Southern Thailand as, in the present study, soil moisture was constantly
and sufficiently supplied whereas climatic conditions and rainfall variability differs under
various ST in the field conditions. In addition, N uptake and utilization is not only influ-
enced by prevailing climatic conditions, soil moisture status and NR or N availability but
also varies among various genotypes of the same plants [55-58]. It was observed that high
genetic variability and variation among agronomic traits prevailed amongst numerous Thai
upland rice genotypes [14-17] including the studied genotype Dawk Pa-yawm. Therefore,
the authors suggest that it becomes necessary to include other major upland rice genotypes
being cultivated in Southern Thailand for future field investigations.
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5. Conclusions

Ideal agronomic management of upland rice is an important strategy to enhance
productivity and enhance resource input efficiency. The identification and application
of optimal NR synchronized with ST are some of the principal elements of this strategy.
Results obtained from the current study exhibit the significance of the optimal NR and its
synchronization with ST as it was indicated that NR and ST influenced growth, produc-
tivity, nitrogen use efficiencies and WUE of upland rice. An increase in NR indicated an
increased performance of yield and yield attributes. In addition to grain yield, NR and
ST significantly influenced N uptake, NAE, NUE and WUE. Maximum performance for
yield, yield attributes and WUE was achieved at 4.8 g N pot~!. However, the highest plant
and grain N uptake and N use efficiencies were achieved at 3.2 g N pot~!. Considering the
impact of ST, the maximum performance for yield, grain N uptake, N use efficiencies and
WUE were achieved under ST2. Based on the findings of this study, and from a practical
point of view, the application of 4.8 g N pot~! (90 kg N ha~!) and sowing in the month of
September (ST2) would enhance upland rice production. Though field investigations for
current study should be considered prior to general recommendations. Furthermore, it
is recommended that future experiments should investigate more upland rice genotypes,
more NR gradients and ST intervals under field conditions for improved and precise NR
optimization according to ST and recommendations.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/5u14041997 /51, Table S1. 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.
Table S2. 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 2019-2020. Figure S1: Study area at
Prince of Songkla University, Songkhla in Southern Thailand (Source: adapted from ArcGIS: v10.5).
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Synchronizing nitrogen (N) fertilization with planting date (PD) could enhance resource
use efficiency and profitability of upland rice (Oryza sativa L.) production in Thailand. The
objective of the study was to assess upland rice responses to four N fertilization rates
(NFRs) and three planting dates. Field experiments were conducted during two growing
seasons under four NFRs, no N applied (Ng), 30 (Nag), 60 (Ngg), and 90kg N ha~" (Ngo),
and NFR were applied at the initiation of tillering and panicle emergence stages. The
planting dates selected were early (PD1), intermedium (PD2), and late planting (PD3)
between September and December of each season. The NFRs and planting dates had
a significant influence on N uptake, N use efficiency (NUE), crop water productivity,
yield and yield attributes, and profitability of upland rice production. A linear relationship
among NFRs, agronomic traits of upland rice, N uptake, and crop water productivity was
observed, and a significant seasonal effect was indicated. Fertilization at Ngg under PD2
enhanced yields, yield attributes, and grain yields, as well as crop water productivity by
56 and 105% during the second and first seasons, respectively. Grain N, total N, and
straw N were increased by 1569, 159, and 160%, and by 90, 114, and 153%, during the
first and second seasons, respectively. Enhanced N efficiencies, including agronomic
efficiency, recovery efficiency, partial factor productivity, and N harvest index, at varying
NFRs were observed under PD2 during both seasons. Highly significant (p < 0.001) and
positive associations were observed among agronomic attributes, N uptake, NUE, and
crop water productivity of upland rice in correlation assessment. Profitability from grain
yields was observed with N fertilization and Ngg resulted in maximum profit under all the
PDs. However, the highest marginal benefit-cost ratio was observed at Ngo under PD2
during both seasons. The results suggest that the NFR of 90kg N ha~" and planting at
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the end of September or start of October would enhance resource use efficiency and
productivity, and maximize profitability. Furthermore, long-term field investigations with a
range of NFRs and adopting forecasting measures to adjust the planting date for upland

rice are recommended.

Keywords: agronomic management, nitrogen uptake, recovery efficiency, crop water productivity, grain yield

INTRODUCTION

Rice is a major cereal crop, is a staple food, and is a source
of calories, protein, and nutrients; it significantly contributes to
the dietary needs in Thailand. Globally, rice is grown in more
than 95 countries (IRRI, 2002). Thailand is the sixth major rice-
producing country worldwide and is ranked second in Southeast
Asia (FAO, 2020). Upland rice contributes 11% of the world’s rice
production (Jaruchai et al., 2018), 9% of the total rice production
area in Asia (Nascente et al., 2019) and Thailand. It is an
important crop, contributing to local food security and economy
of upland areas. It is also beneficial, as it is grown under rainfed
conditions, and additional irrigation water is seldom applied
(Kumar and Ladha, 2011). However, grain production of upland
rice is low especially in Thailand because of various factors,
including seasonal weather patterns and traditional agronomic
management practices.

Upland rice is farmed by small landholders in northern
and southern regions of the country during the rainy season
(Nokkoul and Wichitparp, 2013). The production potential of
upland rice is not yet explored because of its limited production
in less fertile soils and drought-prone areas. Upland rice
is cultivated on upland soils, foothill plains, and slopy and
mountainous areas in Thailand. Northern Thailand consists of
high mountains where upland rice is cultivated in highlands
and steep river valleys. Swidden agriculture is also practiced in
northern Thailand where upland rice is grown in rotation with
slashing vegetation, tree regeneration, and shift in cultivation
(Champrasert et al., 2020). Comparatively low yield production
(0.6-0.9t.ha™") of upland rice has been reported in northern
Thailand (Karladee et al., 2012). In the southern region, upland
rice is cultivated as a sole crop or is intercropped with young
rubber, oil palm, and other fruit trees, and is found to be the
most favorable crop for intercropping with young rubber, oil
palm, and other trees. Because of its feasibility for intercropping,
experiments conducted in Songkhla province confirmed that
upland rice is a potential option to meet grain needs and is
not affecting the young rubber if sufficient fertilizer is applied.
Furthermore, a coordinated program between the Rubber
Department and Rice Department of Thailand identified two
local cultivars, Dawk Pa-yawm and Kho Muang Luang, as the
most suitable cultivars for intercropping with young rubber and
are recommended for general cultivation (Laosuwan, 1996),
which increased the production of upland rice in southern
Thailand. However, no further study has been conducted to
analyze the impact of seasonal variations in weather patterns
on upland rice response to fertilizer recommendations,
which have led to continuous traditional agronomic
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management practices resulting in declined productivity
in Thailand.

Stable upland rice production is a significant factor to meet
increasing demand and ensuring food security. Climate change
has affected rice production because of 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.
In comparison to climatic factors, including air temperature,
rainfall, solar radiation, soil moisture, and insects, pests, and
weeds, planting time (Ferrari et al,, 2018) and nitrogen (N)
fertilization management are 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 (Hameed
et al, 2019; 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 should be
applied to obtain stable grain production. In northern areas of
Thailand, the application of 10-75kg N ha™! by farmers in
upland rice fields was reported in a survey conducted by Chiang
Mai University, Thailand (CARSR, 2003). Different NFRs have
been observed as N fertilization of 61.25kg N ha™! (Suwanasa
et al, 2018), 61.25kg N ha~! (Hussain et al, 2018a,b), and
a basal fertilization of 15kg N ha~!(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), 48.75-82.5kg
N ha™! based on soil N status was recommended to be used
as N fertilization management for rice production. In addition
to this, DRRD advised split application of 40-45 kg N ha™!,
including 20-45 kg N ha™! as basal dose and remaining dose
before heading stage for foothill rice areas (DRRD, 2017).
Fertilization of 34-39kg N ha~! for photoperiod-sensitive and
59-69kg N ha~! for photoperiod-insensitive was recommended
based on photoperiod sensitivity of rice cultivars in Songkhla
province (experimental area) of Thailand. Variable ranges of N
fertilization prevail 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 10-75kg N ha" in upland rice
fields. Farmers usually use urea to meet N fertilizer demand.
Application of improper dose of urea, which is extremely volatile,
results in higher N losses as urea-NUE is lower around 30-40%,
in rice production systems, and seldom exceeds 50% (Choudhury
and Khanif, 2006). Efficient fertilizer use is also a key component
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to increase N uptake by rice plants. However, traditional, and
inadequate N fertilization practices along with variability in
cultivar’s efficiency to take up N from soil, existing climatic
conditions, including temperature and soil water contents, have
affected effective N use. Nitrogen uptake has a direct relationship
with NFR. In contrast, higher NFRs result in higher N losses
(Zhang et al., 2018) because of increased soil N in the root zone
(Belder, 2005). Excessive N use in upland rice may not increase
yield as has been observed in numerous studies. Singh and Singh
(1976) reported that the upland rice cultivar Bala was responsive
up to 90kg N ha~!. Therefore, optimal nutrient management
is necessary (Manzoor et al,, 2006) to reduce agronomic and
economic losses triggered by reduced or excessive N fertilization.
To enhance N use efficiency (NUE) and identification of
suitable N fertilizer rate (NFR), estimation of plant nutrient
concentrations and N uptake are useful indicators. NUE has also
indicated a decreasing trend with an increase in N fertilization
rates (Barbieri et al., 2008) due to high levels of N in the soil, and
NUE in rice production systems has decreased (Santiago-Arenas
etal,,2021). Higher NUE achieved at a certain NFR could be used
to identify a suitable NFR for upland rice production.

Ideal PD is a useful agronomic management factor for upland
rice, and can ensure maximum use of climatic contributors
(i.e, photosynthetic radiation, favorable temperature, and
precipitation). Planting date 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 the rainy season lasts from May to
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 is affected by hot and dry intervals when the rice is at
the reproductive stages. Too early or delayed planting results in
high plant sterility, and the number of effective tillers is reduced
(Nazir, 1994), Grain production is also decreased because of the
incomplete development of yield-contributing traits at different
crop growth phases. The yield potential of a cultivar depends
on tillering that occurs at vegetative stages and panicle density
that is 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. The recommendation for development
and cultivation of photoperiod-insensitive upland rice cultivars
to stabilize rice productivity (Watcharin et al, 2020) is also
threatened because of 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 because of seasonal variations in rainfall, which cause
drought or flood incidents leading to reduced N availability
or removal of N from soil surface during high rainfall events.
Farmers apply supplementary irrigation to upland rice during

hot and dry intervals which increases input cost, and crop water
productivity is also affected.

A significant synergy between optimum fertilization,
particularly N, and soil water contents is reported in other
studies (Santiago-Arenas et al.,, 2021), which positively influences
rice productivity. Adjustment in PD can shift crop period to
most favorable period and enable a crop to utilize enough soil
water, thus increasing crop water productivity. There is evidence
for enhanced NUE with increased crop water productivity under
various N applications, and NFR-altered crop water productivity
and water input determined NUE (Gajri et al., 1993). Ideal PD
is also as important, as it ensures maximum vegetative growth,
adjusts the sensitivity of cultivars to difference in temperatures,
and enhances grain filling (Farrell et al, 2003). In addition,
adjusting the crop growth period according to a suitable PD
(Ullah et al., 2019) helps in shifting critical crop growth and
developmental phases to the most promising part of the season
that ensures maximum use of input resources. Therefore,
to reduce and cope with the influence of climate change on
upland rice production, proper plant nutrient management and
adjustment in PD is essential (Babel et al, 2011; Boonwichai
etal, 2019, 2021).

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
a suitable NFR alone or synchronized with ideal PDs have
not been conducted for upland rice production in Thailand.
Therefore, the research was conducted to determine upland
rice responses to NFRs and PDs under field conditions. We
hypothesized that adjusting PD and application of suitable N rate
synchronized with PD assures improved resource use efficiency,
enhances productivity, and maximizes profitability of upland
rice production.

MATERIALS AND METHODS
Study Site Description

A 2-year experiment was established in the experimental field
area of the Faculty of Natural Resources, Prince of Songkla
University, Hat Yai, Thailand (7°00'14.5” N, 100°30°14.7" E)
during rice growing periods in the 2018-2019 and 2019-2020
crop years. The experimental area is in Songkhla province
in the east of Southern Thailand (Supplementary Figure $1).
The climate of Songkhla is characterized by a hot or dry
season (January-May) and a rainy season (June-December).
High variability prevails in the climate of Southern Thailand.
Maximum precipitation occurs from November to February of
next year in the eastern part of Southern Thailand (Limsakul
and Singhruck, 2016). The mean minimum and maximum
temperatures reach 24.8 and 31.5°C, respectively, with an annual
average temperature of 27.9°C and average annual rainfall of
2,066.7mm (Hussain et al., 2021a; TMD, 2021). The soil at the
study area is well-drained sandy clay loam at the 0-30 cm soil
depth. Field capacity, permanent wilting point, and available
water capacity of the 0- to 30-cm soil layer are 15.06, 9.44, and
5.62%, respectively. Soil chemical properties of pre-plantation
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soil analysis include pH, organic matter (Walkley and Black,
1934), total N (Kjeldahl, 1883), available phosphorus (Bray and
Kurtz, 1945), and available potassium (Thomas, 1982), and are
reported in Supplementary Table S1.

Treatments and Experimental Setup

The experimental trials consisted of two treatments, namely,
nitrogen fertilization rates (NFRs) and planting dates (PDs). The
NEFRs included the control (Ng) with no applied N and 30kg
N ha™! (N3g), 60kg N ha! (Ng), and 90kg N ha~! (Ngp)
urea applied. Targeted rice planting windows were last weeks
of August, September, and October of each season. However, it
was not always possible to perform planting on targeted dates
in the second season (2019-2020) and was delayed because
of unfavorable field conditions. Planting dates for 2018 were
30 August, 26 September, and 31 October 2018 for the early
(PD1), intermedium (PD2), and late (PD3) planting in the first
growing season (2018-2019), and 1 September, 6 October, and
3 November for the early (PD1), the intermedium (PD2) and
late (PD3) planting dates in 2019 in the second growing season
(2019-2020), respectively. The genotype used in experiments
was Dawk Pa-yawm, which is a non-glutinous (Suwanasa et al,,
2018) Thai upland rice genotype, very popular because of its
aromatic fragrance, and is commonly cultivated in upland rice-
growing areas of Thailand. Before planting in both seasons, the
experimental field was plowed twice using a disc plow and a
rotavator (twice). Experimental treatments were arranged in a
randomized complete block design with three replicates. Each
treatment was designated in an individual plot (3 x 3 m?) having
11 rows with 30-cm row-to-row spacing. To reduce the risk
of lateral movement of nutrients during high rainfall intervals,
all the plots were separated by a 1.5-m buffer space on each
side with 0.3-m-high dikes. Drain furrows were made in the
center of the surrounding buffer space of each plot, and during
heavy rainfall, the dikes were cut to drain excess rainwater from
each plot to avoid overflow of rainwater. In both seasons, the
recommended basal fertilizer rate (DRRD, 2017) for phosphorus
(19kg P,05 ha™!) and potassium (13 kg K,0 ha™!) was applied
equally to all the experimental plots before planting. Five seeds
per hill were manually planted at 5-cm soil depth using a hand
hoe, maintaining a 25-cm plant-to-plant distance. A sprinkler
irrigation system with a sprinkler head (ANT-1401, product
code: 351-1401160%), a water discharge capacity of 1601 h™%,
and a 3-m diameter of water dispersal range was installed for
supplementary irrigation (10-15mm per event) at the time of
planting and during the hot and dry intervals of each growing
season. Thinning was performed to maintain a single plant
per hill after 20-25 days of germination to attain a uniform
plant stand. Urea (46% N) was used as a source of N fertilizer
and was applied in two uniform splits by incorporating the
fertilizer at ~5cm soil depth in the plant rows using a hand-
operated mini plow in the experimental plots according to the
experimental design at the initiation of the tillering and panicle
emergence stages. Weeds were manually removed from plots,
and recommended cultural practices were used to control insects,
pests, and diseases by spraying suitable chemical formulations to
reduce yield losses in both seasons. The experimental field was
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surrounded on each side and covered with a net placed at a height
of 2m in both seasons to avoid crop damage by birds and rodents.

Data Collections and Observations

Daily minimum and maximum temperature (°C), and daily
rainfall (mm) data for both seasons were collected from Kho
Hong Agrometeorology-Agricultural Information Center, Hat
Yai, located 1.8 km from the experimental site. Agronomic data
collection and plant sampling for determining N concentrations
were performed at maturity during the harvest for each planting
date. The number of days to flowering and days to maturity was
recorded when 50% of flowering occurred, and 50% of plants
reached physiological maturity in each experimental plot. Stem
height was recorded from the ground surface to the topmost
panicle or leaf. Stem density was counted at the time of maximum
stem formation stage, and stems/tillers having at least one visible
leaf were included. Plants from a 1-m” area in each plot were
manually harvested and used to record grain yield and yield
components. Eight sample hills were manually harvested from
the demarcated area to determine aboveground biomass yield.
Plants from border rows were not harvested in each plot to
avoid border effect. Rice straw and grain samples were dried in
an oven at 65°C at various time intervals until constant weight
(Yousafetal,, 2016), and dry weights of samples were obtained to
determine grain yield and aboveground biomass.

Nitrogen Concentration, Nitrogen Uptake,

and Nitrogen Use Efficiency

Grain and straw samples were collected from each replication
and treatment in both seasons. The straw samples were first
chopped, and then the straw and grain samples were oven-dried
at 65°C to a constant weight (Yousaf et al., 2016). The oven-dried
grain and straw samples were ground to 1 mm using a grinder
model “Retch Cyclone Mill Twister” (Hussain et al, 2021a).
The Kjeldahl method (Kjeldahl, 1883) was used to determine
concentrations at the Central Analytical Laboratory of Faculty
of Natural Resources, Prince of Songkla University, Thailand.
Grain and straw N uptake for each treatment was computed
by multiplying grain yield and straw yield with corresponding
N concentrations (Abbasi et al., 2012; Hammad et al., 2017).
Nitrogen use efficiency (NUE) for agronomic N efficiency [AEN;
increase in grain yield (kg) relative to applied N (kg)] of applied
N (Equation 1), nitrogen recovery efficiency (REx; N absorbed
and used by plant) (Equation 2), partial factor productivity (PFP:
ratio between grain yield and amount of fertilizer applied N
uptake) (Equation 3), and nitrogen harvest index (Equation 4)
were computed as outlined by Wang et al. (2018).

grain yield (Ny) — grain yield (Ng)
ABy = & (1)
N fertilizer applied (Ny)

N uptake (Nyx) — N uptake (Ny)

REy = 100 2
N N fertilizer applied (N) o @
grain yield
PFP = ————M——— 3
N fertilizer applied ©)
NHI = grain N content ()
" total plant N uptake

April 2022 | Volume 13 | Article 895811



Hussain et al.

Water Input and Crop Water Productivity
Irrigation water data for each PD were recorded with
the amount of water applied using a sprinkler irrigation
system. Daily rainfall data were collected from Kho Hong
Agrometeorology-Agricultural Information Center, Hat Yai,
Office of the Thai Meteorological Department. Irrigation water
and rainfall received during each PD were added to calculate
the total water input. Crop water productivity (kg m~3) was
computed by dividing grain yield (kg) by total water input (m?)
using Equation (5) as described by Liu etal. (2019) and Zhou et al.
(2017).

= Grain yield
Crop water productivity (kgm ™) = —————
rop water productivity (kg m™) Totil watee Tipat

Economic Assessment

Economic assessment for profitability based on grain yield (kg
ha™') obtained from N fertilization relative to non-N fertilized
plots was performed. Urea was used as a N fertilizer source, and
N application cost for NFR was computed based on the prevailing
market price (800 Thai Baht = USS$ 23.76 per 50-kg bag) of urea
fertilizer. Dawk Pa-yawm rice product selling price of $ 1.78 per
kg (Thai Baht 60 = USS$ 1.78 per kg.) was taken from farmer’s
market, and used in an economic assessment. Marginal benefit-
cost ratio (MBCR), which provides the marginal assessment
of economic returns of various treatments, was computed
(Equation 6) (Rahman et al., 2011; Anwar et al., 2021):

Gross returny aqded — Gross returngongrol

MBCR = (6)

Gross costy added — GTOSS COSt control

Statistical Analysis

The analysis of variance (ANOVA) function of statistical package
Statistix 8.1 (Tallahassee, FL, United States) (Duangpan et al,,
2022) was used for statistical analysis and to evaluate the effects of
applied N treatments, PDs, seasons, and their interactions. Least
significant difference (LSD) was used for mean comparisons
at a 5% probability level. The relationship among applied
NFRs, agronomic attributes of upland rice, N uptake, and crop
water productivity was evaluated by regression analysis using
Statistix 8.1 and Microsoft Excel (Santiago-Arenas etal., 2021). A
correlation analysis was performed to determine the association
among the studied attributes, and the “Corrplot” package (Wei
and Simko, 2021) of the R program (Core Team, 2021) was
utilized to compute Pearson’s correlation coefficients and visuals.
The “ggplot2” package (Wickham, 2016) was used for the
graphical output of boxplots for computed NUEs.

RESULTS
Weather

Mean daily maximum and minimum temperatures ranged from
24 to 37 and 21 to 26°C during the first season and 27-37
and 22-26°C during the second season, respectively (Figure 1).
The mean maximum and minimum temperatures were similar
within respective PDs during both seasons. However, the mean
maximum and minimum temperatures were slightly different
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from planting to flowering and from flowering to maturity
during each PD in both seasons. Mean maximum temperature
was higher in the first season, and minimum temperature was
comparatively higher in the second season for PD3 (Table 1).
The highest total rainfall received during PD1 was 1,152 mm
during the first season and 1,061 mm during the second season,
whereas PD2 and PD3 received 997 and 652mm during the
first season and 823 and 444 mm during the second season,
respectively (Figure 1). However, the rainfall distribution from
planting to flowering and from flowering to the physiological
maturity period of each planting date was highly variable. Early
planting (PD1) received 921- and 1,060-mm rainfall during the
planting to flowering period of the first and second seasons,
respectively. Intermediate planting (PD2) received 966- and 777-
mm rainfall during the sowing to flowering period of the first
and second seasons, respectively. Late planting (PD3) received
652- and 443-mm rainfall, comparatively less than PD1 and PD2
during the sowing to flowering period of the first and second
seasons, respectively. From flowering to physiological maturity,
PDI received 231 mm as the highest rainfall during the first
season. However, during the second season, PD1 received only
1-mm rain because of delayed planting, while PD2 received 31-
and 46-mm rainfall from the flowering to physiological maturity
period during the first and second seasons, respectively. During
the flowering to physiological maturity period in the first season,
delayed planting at PD3 did not receive any rainfall, and in
the second season, only 1-mm rainfall occurred (Table 1). High
temperatures and most dry spells occurred during the growing
period of delayed planting on PD3 in both seasons.

Crop Performance and Effect of Season

The statistical analysis indicated that various NFRs, under the
effect of seasons (S) and in the interaction of NFR x planting date
(PD), NFR x S, and NFR x PD x §, did not significantly affect
days to flowering. However, PD alone and in the interaction with
the seasons (PD x §) significantly influenced day to flowering,
whereas the interactions of NFR and PD were not significantly
different. Similarly, N fertilization under various NFRs alone and
in the interaction of NFR, PD, and S did not significantly affect
days to maturity. However, days to maturity was significantly
influenced under the effect of PD, S, NFR x PD, NFR x S,
and PD x S. Stem height, stem density, and panicle density
acted similarly and were significantly affected under NFR, PD,
S, and in the interaction of NFR x S, whereas they were not
significantly influenced under NFR x PD, PD x §, and NFR x
PD x S. Grain yield and aboveground biomass acted similarly
and were affected significantly under NFR, PD, S, NFR x PD,
NFR x §, and; PD x S, whereas they were not influenced
under the combined interaction of NFR, PD, and S (Table 2).
The effect of season was significantly different in both seasons
(Table 2). Rainfall occurrence and distribution were higher and
comparatively suitable in the first season (Figure 1). Crop growth
and maturity duration were extended (Figure 2); therefore, the
upland rice performed better in the first season than in the second
season (Figure 3).
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FIGURE 1 | Mean daily maximum (Tmax), minimum temperature (Tmin), and dally rainfall during the experimental growing period (days) of the first season, (A)
2018-2019, and the second season, (B) 2019-2020. PD: planting date. (data source: Kho Hong; Hat Yai Agrometeorclogy-Agricultural Information Center: Thal
Meteorological Department, Thailand).

TABLE 1 | Mean maximum temperature (Tmax), minimum temperature (Tmin), and total rainfall from planting to flowering and flowering to physiclogical maturity of each
planting date (PD) during the growing seasons of 2018-2019 and 2019-2020.

Planting date Tmax ("C) Tmin {°C) Rainfall (mm) Irrigation (mm)
Duration 2018-2019  2019-2020 2018-2019 2019-2020 2018-2019 2019-2020 2018-2019  2019-2020
Planting to flowering PD1 318 318 238 23.8 921 1060 75 75
PD2 31.4 31.2 239 238 966 777 55 135
PD3 311 31.2 24.0 23.9 652 443 155 245
Flowering to physiological ~ PD1 308 31.0 239 241 231 1 30 20
maturity PD2 314 3.9 24.1 234 31 46 40 20
PD3 335 33.4 233 24.5 0 1 50 60
Phenology and Nog, respectively, under PD2 during the first season, while

Phenology was not significantly influenced by N fertilization.
However, flowering in PD1 during the first season crop under
Nygg occurred 4 days earlier than under Ny; whereas maturity
was delayed 2-4 days under N fertilization compared to Nj.
PD significantly affected phenology, and days to flowering and
maturity were decreased by 6-11 and 15-20 days, respectively,
under PD2 and PD3 at various NFRs except for days to maturity
during the second season (Figures 2A-D). Crop duration was
relatively shorter in the second season than in the first season
possibly because of prevailing climatic conditions.

Stem Height

NFR and PD significantly affected stem height during both
seasons. Stem height was increased with an increase in NFR, and
maximum stem height was observed at Ngy under all the PDs
during both seasons. Increase in stem height under the effect
of N addition ranged 33-40% under PD1, 18-26% under PD2,
and 23-36% under PD3 during the first season and 11-25%
under PD1, 7-23% under PD2, and 10-19% under PD3 during
the second season. Under the influence of PDs, maximum stem
height was observed in PD2 at all NFRs during both seasons.
Stem height increased by 15, 4, 3, and 4% for Ny, N3, Ngg,
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it was increased by 8, 4, 8, and 6% for Ny, N3g, Ngg, and
Ny, respectively, under PD2 during the second season. Delayed
planting (PD3) resulted in a decline in stem height by 15, 12,
6, and 8% for Ny, N39, Ngo, and Nog, respectively, under PD3
during the first season, and by 11, 8, 19, and 15% for Ng, Nag,
N, and Ngg, respectively, under PD3 during the second season
(Figures 2E,F). PD alone had a significant positive impact on
stem height.

Stem and Panicle Density

Stem density was positively influenced by N addition and
N fertilization at the initiation of tillering stage, resulted in
increased number of secondary stems and stem density (m~?2)
in both seasons (Figures 3A,B). Maximum stem density was
observed at Ngg under all the PDs during both seasons. The
increase in stem density under the effect of N fertilization ranged
from 44 to 62% under PD1, 34-59% under PD2, and 53-73%
under PD3 during the first season and were 31-79% under PDI1,
27-50% under PD2, and 35-76% under PD3 during the second
season. Maximum stem density was observed under PD2 at all
the NFRs during both seasons and increased by 11, 3, 10, and
9% in the Ny, N3, Ngo, and Ngg treatments, respectively, during
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TABLE 2 | F-values and significance obtained from the combined analysis of variance for days to flowering, days to maturity, stem height, stem density, panicle density,
grain yield, aboveground biomass, straw nitrogen (N) content, grain N content, total plant N uptake, and crop water productivity of upland rice (genotype: Dawk

Pa-yawm) as influenced by various N fertilization rates (NFRs) and planting dates.

Traits Nitrogen fertilization Planting date (PD)
rate (NFR)

Days to flowering 1.59™ 173.66™
Days to maturity 0.73™ 249.87
Stem height 147.51"* 58.88™
Stem density 416.23" 106.10"**
Panicle density 424.2"* 108.95"*
Grain yield 216.73" 194.00™*
Above ground biomass 602.11°" 271.30™"
Straw N content 1,211.02** 958.70"*
Grain N content 447 25 909.10"*
Total plant N uptake 1,129.38"* 1,401.77*
Crop water productivity 22878 246.59""

“*p < 0.001, *p < 0.01, *p < 0.05, ns, non-significant at p > 0.05.

the first season, and increased by 27, 23, 8, and 7 in Ny, N3,
Ngo, and Ngg, respectively, during the second season. Delayed
planting (PD3) resulted in decline in stem density by 19, 8, 13,
and 12% in Ny, N3g, Ngo, and Ngg, respectively, during the first
season, and by 29, 25, 19, and 17% in N, N39, Ngg, and Ngg,
respectively, during the second season. Similarly, panicle density
was positively influenced by N addition. Nitrogen fertilization
resulted in increased panicle density (m~2) in both seasons
(Figures 3C,D). Maximum panicle density was observed at Ngg
under all the PDs during both seasons. The increase in panicles
under the effect of N fertilization ranged from 46 to 63% under
PD1, 38-65% under PD2, and 51-76% under PD3 during the
first season, and ranged from 37 to 87% under PDI1, 27-60%
under PD2, and 34-79% under PD3 during the second season.
Under the influence of PDs, maximum panicle density (m~2) was
observed under PD2 and at all the NFRs during both seasons,
and it increased by 10, 5, 12, and 11% for N, N3g, Ngg, and Ngg,
respectively, during the first season, whereas it was increased by
24, 15, 6, and 6% in Ny, N3g, Ngo, and Nog, respectively, during
the second season. Delayed planting (PD3) resulted in decline in
panicle density(m“z) by 18, 11, 15, and 13% in Ng, N39, Neo, and
Ny, respectively, during the first season, and by 27, 23, 22, and
19% in Np, N3g, Ngg, and Ny, respectively, during the second
season. PD significantly impacted stem density and panicle
density (Figures 3A-D). Both attributes were increased under
PD2 and decreased under PD3 with Ny. Maximum increase
under PD2 and maximum decrease under PD3 in stem density
were observed with Ny during both seasons. Maximum increase
in stem density and panicle density was observed with Ny in
both seasons.

The regression analysis for stem density (Figures4A,B)
and panicle density (Figures4C,D), and NFR under all
the PDs indicated a highly significant linear relationship
between both seasons and stem density, as well as
panicle density, continued to increase with increase
in NFR.

Frontiers in Plant Science | www.frontiersin.org

Season (S) NFR x PD NFR x S PDxS NFR x PD x S
0.22" 0.79™ 1.56™ 19.09™* 1.80™
901.71** 293" 371 267.98" 1.32
181.63™* 0.90™ 12.27" 0.02 1.94"
1,141.89" 0.34™ 14.64**" 1.46™ 1.93™
1,122.01"** 0.61™ 13.98"** 1.20™ 1.50"™
212,01 12.58* 20T 6.25" 1.88™
1,046.98"* 8.87" 35.13" 8.00" 1.47"
1,927.22* 2097 101.56** 4406 3.24"
404.46"** 34.16** 41.66*" 38.43*** 3.93"
1,393.23*** 50.28*** 99.25** 64.95*** 3.62"
53.31" 12.80"** 21.81™ 3.01™ 1.93™

Grain Yield and Aboveground Biomass

Grain yield was positively affected by varying N additions on all
the planting dates, and maximum grain yield was obtained with
Ny in both seasons (Figures 3E,F). Grain yield was increased by
25-75% at PD1, 30-105% at PD2, and 38-94% at PD3 during
the first season and by 12-32% at PD1, 11-56% at PD2, and
5-41% at PD3 during the second season. Maximum grain yield
was obtained in PD2 at all the NFRs in both seasons, and it
was increased by 14, 18, 53, and 33% in Ny, N3g, Ngg, and Nog,
respectively, under PD2 during the first season, whereas it was
increased by 14, 14, 32, and 34% for Ng, N3g, Ngo, and Ngg,
respectively, under PD2 during the second season. A decline in
grain yield was observed because of delayed planting at PD3
as compared to PD2, and grain yield was decreased by 25, 20,
41, and 29% for Ny, N3g, Ngo, and Ny, respectively, at PD3
during the first season, whereas it was decreased by 22, 26,
31, and 29% for Ny, N3p, Ngo, and Ngy, respectively, at PD3
during the second season. Similarly, aboveground biomass was
also positively influenced by N addition, and N fertilization
resulted in increased aboveground biomass in both seasons
(Figures 3G,H). Maximum aboveground biomass was observed
at Ngo at all the PDs during both seasons. Nitrogen addition
increased aboveground biomass by 28-73% at PD1, 45-81% at
PD2, and 40-83% at PD3 during the first season, and by 22-59%
at PD1, 29-64% at PD2, and 21-50% at PD3 during the second
season. A decline in aboveground biomass was also observed
because of delayed planting at PD3 as compared to PD2, and
it was decreased by 19, 22, 27, and 19% in Ny, N3g, Ngo, and
Ngo, respectively, at PD3 during the first season, whereas it was
decreased by 15, 20, 24, and 22% for Ny, N3p, Ngo, and Ngp,
respectively, at PD3 during the second season.

The effect of PD was considerable on grain and aboveground
biomass yields under all the NFRs. Grain yield and aboveground
biomass were increased at PD2 and decreased under delayed
planting, PD3. The regression analysis for grain yield
(Figures 4E,F) and aboveground biomass (Figures 4G,H),
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and NFRs under all the PDs indicated a highly significant linear
relationship between in both seasons and grain yield, as well as
aboveground biomass, continued to increase with increase in
NFR in this assessment.

Nitrogen Uptake

Rice straw N content, grain N content, and total plant N uptake
significantly (p < 0.001) differed under the effect of treatments
and their interactions, including NFR, PD, S, NFR x PD, NFR x
S, PD x S, and NFR x PD x § (Table 2). A significant increase
in straw, grain and total N uptake was observed with increase in

NFR under all the PDs during both seasons (Figure 5). The effect
of N fertilization on rice straw N content ranged from 59 to 181%
atPD1, 69 to 160% at PD2 and 54 to 186% at PD3, and 45 to 140%
at PD1, 55 to 153% at PD2, and 60 to 129% at PD3 during the
first and the second seasons, respectively (Figures 5A,B). Under
the influence of PDs, maximum straw N content was observed
at PD2 and all the NFRs during both seasons. Straw N uptake
increased at PD2 by 43, 52, 38, and 32%, whereas it increased
by 30, 39, 51, and 37% for No, N],o, N(,o, and Nqo during the
first and second seasons, respectively, when compared to PDI.
Delayed planting (PD3) resulted in decline in straw N content
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by 43, 48, 46, and 37% and by 42, 40, 46, and 48% for Ny, N3,
Neo, and Ngg at PD3 as compared to PD2 during the first and
second seasons, respectively. A significant linear relationship was
indicated between NFR and straw N content for all the planting
dates in both seasons (Figures 6A,B).

Rice grain N content increased by 31-125% at PD1, 52-159%
at PD2, and 48-152% at PD3 during the first season, and by
19-73% at PDI, 18-90% at PD2, and 13-88% at PD3 during
the second season (Figures 5C,D). Under the influence of PDs,
maximum grain N content was observed at PD2 at all the NFRs
during both seasons. Grain N uptake increased by 55, 80, 98,
and 78% during the first season, whereas it was increased by
57, 55, 83, and 71% for Ng, N3g, Ngo, and Ngg, respectively, at
PD2 during the second season when compared to PD1. Delayed
planting (PD3) resulted in decline in rice grain N content by 50,
51,59, and 51% during the first season, and by 48, 51, 53, and 49%
during the second season for Ny, N3y, Ngo, and Ngg, respectively,
at PD3 when compared to PD2. Grain N content continued to
increase with increase in NFR under all the PDs, and a linear
relationship was observed (Figures 6C,D).

A similar trend was observed for total plant N uptake
(Figures 5E,F). Total plant N uptake was increased by 44-152,
60-159, and 51-168% during the first season and by 30-102,
32-114, and 32-105% during the second season at PD1, PD2,
and PD3, respectively. Under the influence of PDs, maximum
total plant N uptake was observed in PD2 at all the NFRs during
both seasons. Total plant N uptake was increased by 49, 65, 65,
and 54% during the first season, whereas it was increased by
45, 48, 68, and 54% during the second season in Ny, N3g, Neo,
and Ny, respectively, when PD2 compared to PDI1. Delayed
planting (PD3) resulted in decline in total plant N uptake by
20, 35, 50, and 51% during the first season, and by 46, 46,
50, and 48% during the second season in Ny, N3g, Ngg, and
Ny, respectively, at PD3 as compared to PD2. The regression
analysis for total plant N uptake and NFR under all the PDs
also indicated a highly significant linear relationship during both
seasons (Figures 6E,F).

Nitrogen Use Efficiencies
Nitrogen fertilization influenced N use efficiencies, including
agronomic efficiency (AEy), recovery efficiency (REy), partial
factor productivity (PFP), and N harvest index (NHI), and all
varied under varying NFRs. Maximum AEy (kg kg’l) was as
follows: 18.8 in Ny and Ngy at PD1, 35 in Ngg, at PD2, and
24.7 in Ny at PD3 during the first season, and 9.1 in Ngg at
PDI, 18.4 in Ngo at PD2, and 9 at Ngo at PD3 during the
second season (Figures 7A,B). Significant variability in AEy was
observed under the influence of PD, and maximum AEy was
observed at PD2 at all the NFRs. Agronomic efficiency was
increased by 36, 162, and 60% for N39, Ngo, and Ngy, respectively,
during the first season, and it was increased by %, 102 and 97
for N3p, Ngo, and Ngg, respectively, during the second season.
Delayed planting (PD3) resulted in decline in AEy by 4, 60,
and 30% during the first season, and by 63, 51, and 43% during
the second season in N3g, Ngg, and Ngg at PD3 as compared to
PD2, respectively.

Recovery efficiency varied under N fertilization, and
maximum REy of 50% in Ngg, 88% in N3, and 44% in Ngg
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during the first season, and 27% in Ngo, 48% in Ngo, and 22% in
Neo during the second season was observed, respectively, at PD1,
PD2, and PD3 (Figures 7C,D). Significant variation in REyx was
observed under the influence of PD, and maximum REy was
observed at PD2 at all the NFRs. REy was increased by 101, 82,
and 57% during the first season, and by 56, 106, and 63% during
the second season in the N3y, Ngg, and Ny, respectively. Delayed
planting (PD3) resulted in decline in REy by 55, 59, and 43%
during the first season, and by 46, 55, and 50% in N3, Ngg and
Ny, respectively, under PD3 as compared to PT2 during the
second season.

Partial factor productivity (PFP) gradually decreased with
increase in NFR, and the maximum observed during the first
season were 94.2, 111.4, and 89.1 kg kg~!, and 79 kg kg ~'at PD1,
89.8kg kg~ ! at PD2, and 66.6 kg kg ' at PD3 during the second
season (Figures 7E,F). PFP varied among the planting dates, and
maximum PFP was also observed under PD2 at all the NFRs.
PFP increased by 18, 53, and 33% during the first season, and
by 14, 32, and 34% during the second season in N3, Ngy and
Ngg, respectively. PFP declined by 20, 41 and 29% during the first
season and by 26, 31, and 29% during the second season in N3,
Nio, and Ny, respectively, at PD3 as compared to PD2.

N harvest index (NHI) differed under N fertilization, and
maximum NHI observed were 47% in N3y and Ngg at PDI,
54% in Ngo and Ngg at PD2, and 50% in N3y at PD3 during
the first season, and 53% in N3y and Ngy at PD1, 57% in Ng
at PD2, and 55% in Ngg at PD3 during the second season
(Figures 7G,H). NHI varied among the PDs, and maximum NHI
was also observed at PD2 and all the NFRs. Nitrogen harvest
index increased by 9, 20, and 16% during the first season and
increased by 5, 9, and 11% during the second season, respectively,
with the N3, Ngo, and Ngg treatments. Nitrogen harvest index
also declined by 3, 13, and 12% during the first season, and by
8, 7, and 1% during the second season with N3j, Ngo, and Ngy,
respectively, under PD3 as compared to PD2.

Crop Water Productivity

Crop water productivity was significantly (p < 0.001) different
under the effect of NFR, PD, S, NFR x PD, and NFR x S, whereas
no significant interaction was observed for PD x S and NFR x
PD x § (Table 2). Crop water productivity was highly influenced
by seasons. An increase in crop water productivity was observed
with increase in NFR, and maximum crop water productivity
was at Ngg under all the PDs during both seasons (Figure 8).
The increase in crop water productivity ranged from 25 to 75,
30 to 105, and 38 to 94% during the first season, and 12-32,
11-56, and 5-41% during the second season at PD1, PD2, and
PD3, respectively, under the effect of N addition. Maximum crop
water productivity was observed at PD2 in all the NFRs during
both seasons. Crop water productivity increased by 33, 36, 74,
and 54% during the first season, and by 33, 34, 56, and 58%
during the second season in Ny, N39, Ngg, and Noj, respectively,
at PD2. Delayed planting (PD3) resulted in decline in crop water
productivity by 4, 3, 26, and 10% during the first season, and by
4, 4, 11, and 8% during the second season in Ny, N3, Ngo, and
Noj, respectively, under PD3 as compared to PD2. The regression
analysis between NFR and crop water productivity under all the
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PDs showed a highly significant linear relationship during both
seasons (Figures 9A,B).

Pearson’s Correlation

Pearson’s correlation assessment of pooled data for studied
agronomic traits of upland rice indicates a strong correlation
among agronomic traits, N uptake, NUE, and crop water
productivity (Figure 10). N uptake, NUE, and crop water
productivity indicated the highest significant positive association
between grain N content (GN) and total plant N uptake (TPNU)
of 0.99. The correlation between TPNU and straw N content
(SN), grain yield (GY) and TPNU, and aboveground biomass
(AGB) and SN was 0.98. Correlation between stem height (SH),

Frontiers in Plant Science | www.frontiersin.org 12

and panicle density = GY, and SN = GY, and GN (0.97) > SH
and stem density (0.96) > GY. Furthermore, correlation of AGB
— TPNU (0.95) > and AGB = SH (0.94) > SD and AGB (0.93)
> AGB and GN. In contrast, the highest negative association was
observed between days to flowering and crop water productivity
(—0.68), and days to maturity and N harvest index (—0.6).

Economic Assessment and Profitability

The economic analysis for Dawk Pa-yawm grain productivity per
hectare indicated that increase in NER of up to 90kg N ha™"
provided the highest economic benefit for all the PDs during both
seasons (Table 3). Maximum additional profits for PD1, PD2,
and PD3 were 3,005.95, 4,809.15, 3,222.42 US$ ha~! during the
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errors of 3 replicates) of crop water productivity under varying planting dates within each N fertiiization rate is indicated by lowercase letters above the bars.
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FIGURE 9 | Linear regression relationships between nitrogen fertilization rates and crop water productivity (A,B), of upland rice obtained from the first season, (A)
2018-2019, and second the season, (B) 2019-2020 data. ™** Significant at p < 0.001.

first season and 1,213.03, 2,393.62, 1,366.33 US$ ha™' during
the second season (Table 3). 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 Ngg during both seasons. The highest
additional profit obtained were 1,373.63, 3,741.95, and 4,809.15
USS ha™! during the first season, and 486.78, 1,966.28, and
2,393.62 USS ha™! during the second season in N3y, Ngg, and Ngg,
respectively, compared to Ny, at PD2 (Table 3). If the Marginal
benefit-cost ratio (MBCR) is considered, maximum MBCR was
also observed at PD2 and it was valued at 44.32, 60.37, and 51.73
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for the first season, and 15.71, 31.72, and 25.75 for the second
season in N3g, Ngo and Noy, respectively. An increase in grain
yield productivity and profitability with an increase in nitrogen
rate up to Ngo at PD2 indicated the highest MBCR with values of
60.37 and 31.72 for the first and second season, respectively.

DISCUSSION

Identification of suitable N fertilizer rate and agronomic
management of N fertilizer application synchronized with
ideal planting date is critical for enhancing rainfed upland
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FIGURE 10 | Correlation plot of Pearson’s corelation analysis among the studied traits of upland rice (genotype: Dawk Pa-yawm). Blue and orange shaded squares
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nitrogen; REN, recovery efficiency of applied nitrogen; PFP, partial factor productivity; NHI, nitrogen harvest index; CWP, crop water productivity.

rice productivity. Inadequate N fertilization during improper
planting date the rice crop growth period leads to reduced
N utilization efficiency and ultimately affects the productivity
and profitability of upland rice production. Traditional practices
of N fertilization and planting date adopted by small land-
holders growing upland rice needs to be adjusted according
to the soil nutrient status, upland rice N fertilizer demand,
and favorable climatic conditions. Water availability during the
rainfed upland rice growth period is a crucial element that can

16

significantly influence the utilization efficiency of fertilization.
Therefore, agronomic management of suitable N fertilization rate
synchronized with ideal planting date is essential to enhance
resource use efficiency, productivity, and profitability.

In the experimental location, the average maximum and
minimum temperatures during the experimental growth period
ranged from 24 to 37°C and 21 to 26°C for the first season
and 27-37 and 22-26°C for the second season, respectively.
According to Acquaah (2007) and Buddhaboon et al. (2011),
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TABLE 3 | Grain yield production, nitrogen fertilization cost, and economic retumn of upland rice (genotype: Dawk Pa-yawm) calculated for various nitrogen fertilization

rates as affected by planting dates.

Growing season Nitrogen fertilization Planting dates Grain yield Gross return Nitrogen fertilization Additional profit over Gross margin over MBCR*

rate
kg ha™' tha' USS ha™’
2018-2019 0 PD1 2.26 4,024.64
PD2 257 4,574.72
PD3 193 3,436.05
30 PD1 283 5,031.19
PD2 3.34 5,948.35
PD3 267 4,755.62
60 PD1 3.06 5,450.21
PD2 467 8,316.67
PD3 2.76 4,915.69
90 PD1 395 7,030.59
PD2 5.27 9,383.87
PD3 3.74 6,658.50
2019-2020 0 PD1 212 3,770.95
PD2 242 4,306.48
PD3 1.89 3,372.24
30 PD1 237 4,219.25
PD2 269 4,793.26
PD3 2.00 3,554.68
60 PD1 2.67 4,746.65
PD2 3.52 6,272.76
PD3 243 4,329.57
90 PD1 2.80 4,983.99
PD2 3.76 6,700.11
PD3 2.66 4,738.57

cost control control
US$ ha™' UsSha' US$ ha™’

30.99 1,006.55 975.56 32.48
30.99 1,373.63 1,342.64 4432
30.99 1,319.57 1,288.58 42.58
61.98 1.425.58 1,363.60 23.00
61.98 3,741.95 3,679.96 60.37
61.98 1,479.64 1,417.66 23.87
92.97 3,005.95 291298 3233
92.97 4,809.15 4,716.18 51.73
92.97 3,222.42 3,129.48 34,66
30.99 448.30 417.30 14.47
30.99 486.78 455.79 15.71
30.99 182.44 151.45 5.89
61.98 975.70 913.72 15.74
61.98 1,966.28 1,904.30 31.72
61.98 957.33 895.34 156.45
92.97 1,213.03 1,120.06 13.05
9.97 2,393.62 2,300.65 2575
92.97 1,366.33 1,273.36 14.70

MBCR, marginal benefit-cost ratio.

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 the optimal temperature
range of 25-30°C (Sparks, 2009). The average maximum
and minimum temperatures were similar within respective
PDs during both seasons. However, the mean maximum and
minimum temperatures were different from planting to flowering
and from flowering to maturity during each PD in both seasons.
The mean maximum temperature was decreased with delay in
planting date, whereas the mean minimum temperature was
increased from the planting to flowering period. In contrast,
the mean maximum temperature was increased with delay in
planting date, while the mean minimum temperature was not
significantly different from flowering to physiological maturity.
The highest mean maximum temperature from flowering to
physiological maturity was observed at PD3 during both
seasons, which indicated that most hot intervals prevailed during
PD3. Temperature difference significantly impacts crop growth
duration, and PD 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 life cycle (Aslam et al,

2017). In general, crop growth duration decreased with increase
in temperature because of 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.

Rainfall distribution was different and highly variable among
PDs and seasons. Maximum rainfall and high rainfall intervals
occurred during PD1 in both seasons. All the PDs received
maximum rainfall from planting to flowering. PD2 received a
suitable distribution of rainfall during the growth period as
compared to PD1 and PD3; therefore, 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 PDI received the
highest rainfall from planting to flowering and particularly from
flowering to maturity, crop duration was increased because
of 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 in the terminal stages, and
that sunny or hot days may shorten crop growth duration
(GRiSP, 2013). In the second season, PD1 received maximum
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rainfall during the planting to flowering period and received only
1 mm from flowering to physiological maturity accompanied by
higher average temperatures; hence, crop growth duration was
significantly decreased.

The difference in temperature and rainfall distribution
influenced crop duration and supplementary irrigation. We
observed that PD1 received the highest rainfall; thus, maximum
runoff and flash events occurred during PDI, 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 causes
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 a 30-day
delay in planting of the Thai rice KDML—105 cultivar would
enhance yield by 23% in the 2050s (Babel et al,, 2011). The
results from our study and findings of Luo et al. (2022) and
Babel et al. (2011) strongly support that adjustment in PD would
help to enhance natural resource use efficiency, particularly the
optimal use of rainfall, with the benefit of reduced or even no
supplementary irrigation.

In this study, the agronomic performance of upland rice was
positively influenced by N fertilization. According to Zhang et al.
(2020), N addition positively impacts plants’ photosynthesis and
physiological mechanisms, which determines yield. We observed
that upland rice was responsive to NFR and N fertilization at
various NFRs, resulted in increased stem height under all the
PDs in both seasons. The synergy between NFR and stem height
was well reported (Millard, 1988; Wu et al., 2020) because of the
effective role of N fertilization in cell growth and enhancement of
stem enlargement. Zhang et al. (2020) also found that increase
in N fertilization positively influenced the stem height of rice
plants. Similar findings were also reported by Jahan et al. (2020).
They stated that the stem height of rice plants was enhanced
by increased N fertilization. Stem height, under the influence of
PD, was negatively affected, and lowest stem height was observed
at PD3 at all the NFRs during both seasons. This was possibly
due to higher temperatures and low rainfall during PD3, as
most of the hot and dry intervals occurred during PD3. Rice
is highly vulnerable and sensitive to water stress (Singh et al.,
2017), and the decline in stem height of rice is well-documented
under water stress (Ichsan et al., 2020; Hussain et al., 2021a,b).
A positive correlation prevails among NFR, stem density, and
panicle density of rice. We observed that N fertilization positively
influenced stem density and panicle density under all the PDs
in both seasons. According to Chen et al. (2020), high N
input resulted in increased stem buds’ growth, which increased
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 increase in panicle
density (m™2). In contrast, stem density and panicle density
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were decreased at PD3 under the influence of PD. A decline
in stem density, as well as panicle density, possibly occurred
because of the overall less rainfall (planting to maturity) and
high temperature (particularly from flowering to maturity) that
prevailed during PD3. Prevalence of slightly higher temperature
above the ambient temperature results in triggered growth of rice,
higher stem height, and stem density (Yoshida, 1973; Dubey et al,,
2018). However, if higher temperature prevails during active stem
formation stages, it results in 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). Increase in stem height and stem density contributes to
aboveground biomass (Hussain et al.,, 2021a), while increase in
panicle density contributes to grain yield (Dubey et al., 2018).
Nitrogen addition increased the performance of yield attributes,
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 increase in grain yield as
well as aboveground biomass under increased N supply.

Pearson’s correlation assessment also revealed significant,
strong, and positive associations among stem height, stem
density, panicle density, grain yield, and aboveground biomass
indicating that enhanced performance of contributing attributes
positively affected grain yield and aboveground biomass
production. A strong positive relationship between grain yield
and aboveground biomass was also observed because of
enhanced sink capacity, since grain productivity can be attributed
to development of greater sink capacity (Zhou et al,, 2019) and
increased biomass productivity (Zheng et al., 2020). In contrast,
planting date altered grain yield and aboveground biomass
production, causing decline at PD3, possibly because of high
temperature and less rainfall. Reduction in rice grain yield, as
well as aboveground biomass production, was observed under
reduced water supply or water stress, and prevalence of hot
intervals is also well documented (Zain et al., 2014; Torres and
Henry, 2018; Hussain et al., 2021b).

Reducing the gap between rice crop N requirement and N
fertilization ensures enhanced efficiency of plant physiological
mechanisms enabling higher N utilization plants. According to
Ullahetal. (2019), the relationship between plant N uptake and N
loss determines rice plant performance, and high N uptake results
in increased dry matter production. Improved N management
results in enhanced N uptake and utilization in plants. However,
N uptake and N use in rice plants are complex mechanisms, as
multiple factors, including climatic, genotypic ability to uptake
N, soil properties, N volatilization, N leaching, and denitrification
affect N dynamics. Increased NFR resulted in enhanced straw
and grain N contents and total plant N uptake, possibly because
of increased N availability. 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 because of high rainfall events at PD1 and low rainfall
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events at PD3. Nutrient availability to plant roots is linked to
soil water status. We observed that PD2 received better rainfall
distributions, thus the maximum straw and grain N contents
and total plant N uptake. Crop water productivity indicated
a significant and positive association with straw N, grain N
content, and total plant N uptake. The reduced N uptake at
PD3 resulted in reduced grain yield and was highly correlated
with straw N, grain N contents, and total plant N uptake.
Reduced source to sink activity resulted in reduced performance
of upland rice. Similar results were also reported by Pal et al.
(2017). Crop water productivity also indicated an increasing
trend with N fertilization, and it was positively associated with
plant N uptake and grain yield. An increasing trend in crop water
productivity is usually accompanied by high grain yield with high
N supply (Santiago-Arenas et al., 2021). However, crop water
productivity was not significantly different at PD3 as compared
to PD2 in both seasons in comparison to the response of other
assessed attributes, particularly grain yield. Grain yield at PD2
was statistically different than at PD3, while it was statistically
similar in PD1 and PD3 for Ngo and Ngg. The contrasting trend
of increase in crop water productivity was not dependent upon
grain yield, as grain yield declined at PD3. Thus, this trend
occurred because of decline in grain yield as well as decreased
water input at PD3. NUEs, including AEy, REy, and NHI, varied
among the NFRs, while PFP decreased under increased NFR.
NUE is decreased under higher N supply (Barbieri et al., 2008)
in rice production systems because of high concentrations of N
in the soil (Santiago-Arenas et al, 2021). Our results for PFP
were in line with the finding of Santiago-Arenas et al. (2021), that
the PFP and AEy;, of direct-seeded rice decreased with increase
in NFR. Variation and decline in 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. The effect of PD differentiated the performance of N
use efficiencies indicating maximum AEy, REn, PFP, and NHI
at PD2. Maximum N efficiencies at PD2 occurred because of
favorable environmental conditions and improved performance
of upland rice at PD2. Maximum efficiencies were reached when
the NFR matched with crop N demand. Yousaf et al. (2016) also
observed a similar trend for NUE in a rice and oilseed crop
rotation. Crop water productivity was also associated with NUE.
Furthermore, AEy, REy, and NHI were significant and positively
associated with crop water productivity, and higher crop water
productivity results in enhanced NUE (Ullah et al., 2019; Lupini
et al,, 2021).

Our results indicate the impact of N fertilization and
improvement in productivity with N fertilization according
to various PDs. We have determined that the N fertilizer
recommendations for upland rice production (DRRD, 2016,
2017; Norsuwan et al, 2020) and N fertilizer application rate
practiced in Thailand (CARSR, 2003; Hussain et al., 2018ab;
Suwanasa et al., 2018; Islam et al, 2020) are not adequate.
Another study conducted under partially controlled conditions
in sheds also exhibited comparable results (Fussain et al., 2022).
Hence, there is a need to adjust the current range (10-75kg
N ha™!) of N fertilization. A significant seasonal impact has
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been indicated in our findings; hence, modification of NFR
as well as PD is necessary to enhance resource use efficiency.
The profitability of crop production is always a concern for
the farming community. In this study profitability from grain
yield with N fertilization was indicated with proper PD. If the
benefit-cost ratio considered fertilization with Nog ranked first
for PD2 while considering MBCR, fertilization with Ngy might be
a suitable NFR. Thus, it should be noted that a linear relationship
was indicated among agronomic traits of upland rice, N uptake
and crop water productivity, and NFR. Therefore, fertilization
with 90 kg N ha~! is recommended for upland rice grown at PD2,

CONCLUSION

Suitable N fertilizer rate (NFR) and ideal planting date (PD)
increased and improved source-to-sink relationship and dry
matter accumulation, which is a component for increasing
the grain yield and profitability of upland rice. Agronomic
adjustment in N fertilization and PD would enhance resource
use efficiency. We found that N fertilization positively influenced
resource use efficiency, upland rice productivity, and profitability;
however, variation in PD significantly altered the results.
Therefore, synchronization of NFR according to PD is necessary.
We found that fertilization with 90kg N ha™' at PD2 (end
of September or start of October) improved the yield and
performance of yield attributes. Grain yield and crop water
productivity were increased by 56 and 105% during the second
and first seasons, respectively, Maximum increase in straw N,
grain N content, and total plant N uptake was also observed with
90kg N ha~! for PD2 by 160, 159, and 159% during the first
season, and by 153, 90, and 114%, respectively, during the second
season. Variations in NUE were observed at all the NFRs in both
seasons. However, maximum N efficiencies, including agronomic
efficiency (AEn), recovery efficiency (REy), partial factor
productivity (PFP), and N harvest index (NHI) at varying NFRs,
were observed at PD2 during both seasons. Highly significant and
positive associations were found among agronomic attributes,
N uptake, NUE, and crop water productivity for upland rice
in a correlation assessment, indicating a direct positive impact
of N fertilization. The impact of N fertilization on grain yield
and profitability was observed, and application of 90kg N ha™!
resulted in maximum profit at all PDs. However, the highest
marginal benefit-cost ratio (MBCR) was observed with Ngy at
PD2 during both seasons. Based on the results, it was suggested
that 90 kg N ha~! should be applied, and that upland rice should
be planted at the end of September or start of October for
enhancing resource use efficiency, improving productivity, and
maximum profitability. Furthermore, since a linear relationship
among NFRs, agronomic traits of upland rice, N uptake, and
crop water productivity was observed, and a significant seasonal
effect was indicated, long-term field investigations considering a
range of NFRs and adoption of forecasting measures, i.e., rainfall
forecasting and yield prediction using crop simulation and
modeling techniques to adjust seasonal PD, are recommended for
upland rice cultivation in Thailand.
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