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ARTICLE INFO ABSTRACT
Keywords: Improved fertilizer management, with a combination of organic and inorganic inputs, has the
Integrated plant nutrition systems potential to enhance rice yield while maintaining soil health. However, studies on the effects of
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broadcast prilled urea (PU) and urea deep placement (UDP) applied in combination with organic
inputs (poultry litter [PL] and vermicompost [VC]), as integrated plant nutrition systems (IPNSs),
on rice yields and nitrogen use efficiency (NUE) under alternate wetting and drying (AWD)
irrigation are limited. We conducted field experiments during the dry and wet seasons of 2018,
2019, and 2020 to investigate the effects of fertilizer treatments, including control (no nitrogen),
UDP, PU, and IPNSs (PU + VC, PU + PL, and UDP + PL) on rice yield and NUE under two
irrigation regimes — AWD and continuous flooding (CF). The results revealed that fertilizer
treatment and irrigation regime had significant (p < 0.05) interaction effects on rice yield and the
agronomic efficiency of N (AEy) during the dry season. UDP significantly (p < 0.05) boosted rice
yield, total dry matter (TDM), and NUE as compared to broadcast PU in both wet and dry seasons.
Similarly, the IPNS treatment of UDP with PL significantly (p < 0.05) boosted rice yield, TDM,
and NUE in comparison to broadcast PU. Under AWD irrigation, UDP alone produced higher rice
yields than other treatments, while UDP, and UDP with PL produced similar yields under CF
irrigation. During the dry season, AWD irrigation significantly (p < 0.05) increased rice yield,
TDM, and AEyx when compared to CF conditions, but during the wet season, AWD irrigation
demonstrated a rice yield and NUE equivalent to CF. This research implies that using a UDP alone
or in combination with PL as an IPNS could be a good way to boost crop productivity while also
maintaining soil fertility.

1. Introduction

Rice is an important cereal crop for world food security. It serves as about 20 % of the energy source for more than 50 % of the world
population [1]. In Bangladesh, rice is cultivated in two to three seasons every year and covers 11.4 million hectares (ha) of land,
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yielding 36.6 million metric tons (mt) in 2019-20 [2]. Boro, or dry season rice (December/January to April/May), contributes more
than 50 % (19.6 million mt) of the total annual production, covering about 4.8 million ha. Boro rice requires relatively high doses of
fertilizers compared to the Aus (pre-monsoon) and Aman (monsoon) seasons. The average rice yield increment for the last 40 years
(1979-80 to 2019-20) was higher in the dry Boro season (37 %) compared to the wet seasons, Aus (25 %) and Aman (31 %).

Nitrogen (N) fertilizer plays an important role in sustainable rice production. But excessive and improper use of N fertilizers is
associated with low nitrogen use efficiency (NUE), contributing to environmental pollution and increased greenhouse gas (GHG)
emissions [3-9]. Nitrogen losses to the environment are higher when it is applied through a broadcast method. Improper fertilizer
application is associated with degradation of the soil’s physical, chemical, and biological qualities, resulting in poor soil fertility
[10-12]. Therefore, it is necessary to find an alternative fertilizer management strategy to boost crop productivity and ameliorate soil
fertility, particularly under the current scenario of the international fertilizer crisis. Farmers’ access to chemical fertilizers is poor due
to the increasing price of chemical fertilizers in the international market. The Government of Bangladesh has given a significant
amount of subsidy on fertilizers to increase crop production, which not only poses a financial burden but also increases environmental
pollution due to excessive use of fertilizers. Therefore, the integrated use of organic inputs and inorganic fertilizers, known as an
integrated plant nutrition system (IPNS), might be an alternative for reducing the use of chemical fertilizers while increasing rice yield
and maintaining soil fertility and soil health.

The application of organic inputs can ensure balanced fertilization by providing both macro and micronutrients. Application of
organic inputs can increase soil organic matter and improve physical, chemical, and biological characteristics, leading to a greater
supply of nutrients [13,14]. Organic inputs, such as poultry litter (PL) and vermicompost (VC), release N slowly, improve crop pro-
ductivity, and help in maintaining sustainable soil health [15-17]. In addition, the incorporation of organic inputs provides other
nutrients, including total potassium (K), total phosphorus (P), and micronutrients [14,18], and can reduce soil bulk density, improve
soil porosity, and increase water-holding capacity, resulting in improved soil physical properties [19]. In addition, organic inputs can
decrease the leaching loss of nutrients and increase the nutrient retention capacity of the soil [20]. In contrast, due to the relatively low
nutrient content of organic inputs, these cannot provide sufficient nutrients to meet the plant’s demands. Therefore, the combined
application of organic and inorganic fertilizer, i.e., IPNS, is considered a sustainable approach to improving crop productivity and soil
fertility [14,17]. The IPNS approach could be used to reduce the use of inorganic fertilizer for the establishment of a balanced linkage
between fertilizer inputs and crop demands. PL and VC are locally available sources of organic inputs in Bangladesh. Many studies have
shown that the integrated use of organic inputs in combination with 50 % of the recommended NPK from inorganic fertilizer improves
soil pH, bulk density, water-holding capacity, aggregate stability, electrical conductivity (EC), cation exchange capacity (CEC), soil
organic matter, total N, available P and K, microbial biomass N, and enzymatic activities [15,17,18,21-23]. Similarly, IPNS could
increase crop yield, total nitrogen uptake (TNU), and NUE. Therefore, IPNSs might be considered an effective tool for sustainable crop
production as they maintain soil fertility and restore soil health. However, most of the previous studies were conducted with either
organic inputs solely or the addition of organic inputs with the recommended inorganic fertilizer [18,23-25]. The present investigation
introduced PL- and VC-based IPNS, in which amounts of organic and inorganic fertilizer were customized at a 1:1 ratio based on the
nutrient content calculation of the organic input.

Fertilizer use efficiency and its effects on crop yields can be influenced by several other management factors, including irrigation.
Generally, rice is cultivated with continuous flooding (CF) irrigation. Alternate wetting and drying (AWD) is an irrigation technology
that has multiple benefits, such as saving water by up to 30 % and reducing CH4 emissions and the arsenic (As) content of grain [7,8,26,
27]. The impacts of AWD on rice yield vary according to the agroecological zone and management practice. Other conditions, such as
the degree of soil dryness, the type of soil, the timing of irrigation, climatic factors during the rice-growing season, soil hydrological
conditions, N fertilizer management, and rice cultivars, all have an impact on yield [5,28-31]. Due to water scarcity and a depleting
groundwater table, AWD irrigation is gaining popularity in Bangladesh [26,32]. Previous findings have shown that AWD irrigation
with urea deep placement (UDP) increases yields and NUE due to improved root morphology and increased oxygen concentration in
the rhizosphere soil, which contributes to maintaining the appropriate ratio of NH{ /NO3 [29,31,33]. In contrast, under CF conditions,
UDP retains most of the N as non-exchangeable NH4-N in the root zone, providing N throughout the rice growing season [34]. The
dry-wet episodes of AWD irrigation change the soil properties and the fate of soil N, particularly the dynamics of carbon (C) and N. In
general, AWD irrigation increases the mineralization rate of C and N, resulting in increased nutrient loss. But studies on the effects of
AWD irrigation with various fertilizer management practices on rice yield and NUE are contradictory [5,30,31,35,36]. Islam et al. [30]
reported that fertilizer treatment had a significant interaction effect on rice yield NUE. In contrast, Dong et al. [36] observed that AWD
irrigation significantly reduced NUE due to increased NH3 volatilization compared to CF irrigation. In addition, the effects of IPNS,
especially the combined application of organic (PL/VC) and inorganic (PU/UDP) fertilizers, on rice yield and NUE under AWD irri-
gation are unknown. Thus, further research is needed to determine the effects of IPNS-based chemical fertilizers with various irrigation
regimes on rice yield and NUE under different agroecological zones of Bangladesh. This type of research will be important in achieving
higher rice yields, maintaining soil fertility, and providing insights into the process behind the interplay between IPNS and irrigation
regime for sustainable rice farming.

Therefore, this study was conducted to determine the effects of chemical fertilizer in IPNS treatments, as well as the interactions
with different irrigation regimes (AWD versus CF), on rice yield and NUE. It is hypothesized that the sole application of UDP as part of
an IPNS under AWD irrigation could boost rice yield and NUE compared to broadcast PU and IPNS treatment under CF irrigation.
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2. Materials and methods
2.1. Experimental site and weather conditions

The field experiments were carried out at Bangladesh Rice Research Institute (BRRI), Gazipur, Bangladesh (latitude: 23°59'25",
longitude: 90°24'33"), for nine consecutive rice growing seasons across three years (2018-2020). There were three rice growing
seasons (Aus, Aman, and Boro) in each year. The Aus season lasts from April/May to July/August, whereas the Aman season lasts from
July/August to November/December. Most of the rice grown during the Aus and Aman seasons is rainfed, though some supplementary
irrigation may be needed in the early Aus season and the late Aman season. Boro, on the other hand, is a dry season in which rice is
cultivated from December/January to April/May and is fully reliant on irrigation. The experiment site has a humid sub-tropical
monsoon climate. The mean annual rainfall is around 2000 mm, with the majority of it falling between June and October. Fig. 1
depicts daily rainfall and mean air temperatures over the course of the trial. The soil organic carbon content of post-harvest soil of Boro
2020 for each treatment is presented in Table 1 and the physicochemical properties of the soil are given in Table S1.

2.2. Experimental design and treatments

Seven fertilizer treatments with different organic and inorganic nutrient sources and N rates in different seasons are presented in
Table 2. These treatments were arranged in a split-plot design with three replications, where water management was considered as the
main plot and fertilizer treatments as sub-plots. The sources of N fertilizer were prilled urea (PU), urea deep placement (UDP), poultry
litter (PL), and vermicompost (VC). The N rates for Aus and Aman seasons were similar at 52-78 kg ha™!, while the rate for the Boro
season was 78-104 kg N ha~! (Table 2). All fertilizer treatments were tested under two different irrigation regimes — AWD and CF. For
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Fig. 1. Daily average rainfall and air temperature for the Aus, Aman, and Boro seasons of 2018, 2019, and 2020 during the trial period. a, b, and ¢

indicate air temperature and rainfall in the year 2018, 2019, and 2020, respectively. (Data source: Weather station, Bangladesh Rice Research
Institute, Gazipur).
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Table 1
The soil organic carbon content (SOC) of post-harvest soil of Boro 2020 for each treatment at BRRI farm, Gazipur.
Treatments SOC (%) Analysis method Comment
Control-NO 1.35 Wet oxidation Initial SOC: 1.31 %
UDP-N52 1.42
PU-N52 1.37
PU-N78 1.39
IPNS-N52 (PU + VQC) 1.51
IPNS-N52 (UDP + PL) 1.57
IPNS-N52 (PU + PL) 1.54

UDP, PU, VC, PL, and IPNS refer to the urea deep placement, prilled urea, vermicompost, poultry litter, and integrated plant nutrition system,
respectively.

Table 2

Treatments description used in this study.
Treatments Description N rate (kg ha ')

Aus Aman Boro

Control N control 0 0 0
UDP Urea deep placement 52 52 78
PU Prilled urea 52 52 78
PU Prilled urea 78 78 104
IPNS (PU + VC) PU with vermicompost (VC) as integrated plant nutrition systems (IPNS) 52 52 78
IPNS (UDP + PL) UDP with poultry litter (PL) as IPNS 52 52 78
IPNS (PU + PL) PU with PL as IPNS 52 52 78

the UDP treatment, three sizes of briquettes (0.9 g, 1.8 g, and 2.7 g) were used as per the treatment and required N rate. Briquettes were
buried 8-10 cm deep in the middle of four rice hills, spaced 40 cm apart (62,500 placement sites per hectare). With this spacing, the
application of 0.9 g, 1.8 g, and 2.7 g briquettes provided 26, 52, and 78 kg N ha™!, respectively. Deep placement was performed 7-10
days after transplanting (DAT) the rice, when puddled soil was settled. Each experimental plot had dimensions of 4.8 m x 3.2 m.

2.3. Crop management

In the Aus and Aman seasons, the complete amount of PU was broadcast in two equal splits at 7-10 DAT and 25-30 DAT, while in
the Boro season, PU was applied in three equal splits at 7-10 DAT and at maximum tillering and panicle initiation stages. In the IPNS
treatments, 50 % of the total N was supplied through inorganic fertilizer and organic inputs provided the remaining 50 % N. The
recommended fertilizer rates of P, K, sulfur (S), and zinc (Zn) were 10, 50, 6, and 0 kg ha~!in the Aus-Aman seasons and 15, 75, 10, and
1 kg ha~! in the Boro season (FRG, 2018). There was some variation in the rates of P, K, and S fertilizers in the organic inputs.
Therefore, additional P and S were not required from chemical fertilizer in those treatments including organic inputs, while K fertilizer
was required in the organic input treatments. After calibration of organic input nutrients, K (muriate of potash, MoP) fertilizer was
used as basal during the final land preparation in PL- and VC-treated plots at 53 g and 91 g, respectively, in the Aus and Aman seasons
and at 126 g and 129 g, respectively, in the Boro seasons. During final land preparation, well-decomposed (air-dried) PL and VC were
incorporated into the soil. The nutrient status of PL and VC is presented in Table 3.

Two to three rice seedlings were transplanted at 20 x 20 cm distance. Crop varieties were BRRI dhan65, BRRI dhan62, and BRRI
dhan28 for the Aus, Aman, and Boro seasons, respectively. P (triple superphosphate, TSP), K (MoP), S (gypsum), and Zn (zinc sulfate)
fertilizers were used as basal during final field preparation in all plots, except the sole organic input plots. The organic input plots
receive K, S, and Zn fertilizer.

The CF plots were irrigated continuously until two weeks prior to harvest, whereas the AWD plots were irrigated according to the
safe AWD principle [26]. At 10 DAT, a perforated PVC pipe (15 cm depth) was placed in each AWD plot to monitor floodwater depth.
Daily monitoring for floodwater level was performed within the PVC pipe, and irrigation was applied once the water level in the AWD

Table 3

The nutrient status (%) of poultry litter and vermicompost.
Organic manures/nutrient content (%) Poultry litter Vermicompost

Aus-Aman Boro Aus-Aman Boro

C 13 12 23 20
N 1.21 1.15 1.69 1.55
P 1.15 1.10 0.67 0.65
K 0.91 0.89 0.82 0.79
S 0.38 0.37 0.33 0.35
CN 10.5 10.7 13.7 12.9
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pipe dropped 12-15 cm below the soil surface (Fig. 2). The monsoon rains in the Aus and Aman seasons disturbed the AWD cycle even
though the floodwater depth was checked regularly to schedule irrigation and maintain the AWD cycle. However, plots were irrigated
continuously for a week following topdressing with PU during the flowering stage, regardless of whether they were managed using
AWD or CF.

2.4. Rice yield and NUE

For grain and straw yield, rice plants from 5 m? areas in the middle of each plot were harvested at ground level. Harvested rice
plants were threshed and grains were cleaned by the winnowing method. The grain yield was adjusted to a moisture level of 14 %. The
grain and straw samples were prepared and analyzed for total N content using the micro-Kjeldahl method [37] to quantify the total N
uptake by plant and estimate NUE. The NUE, including the agronomic efficiency of N (AEy; kg grain kg~ N applied) and recovery
efficiency of N (REy; kg N uptake per kg~ N applied), was determined for all treatments, as described by Singh et al. [38].

2018 2019 2020
15 Boro Control UDP-N78
= = =PU-N78 PU-N104

10| g IPNS-N78(PU+VC) IPNS-N78(UDP+PL)

----- IPNS-N78(PU+PL)

Water depth (cm)

15 Aus

Water depth (cm)

15 Aman

10

Water depth (cm)
h o
—
——_,
g

-15 T T T T T T T
coocoooo0o000OQ
FrAOIOLON®O

100

Days after transplanting

Fig. 2. Daily field water depth from transplanting to the harvesting of rice plants in the Aus, Aman, and Boro seasons under AWD irrigation. UDP,
PU, PL, VC, and IPNS denote urea deep placement, prilled urea, poultry litter, vermicompost, and integrated plant nutrition system, respectively. a-
¢, d-f, and g-i indicate water depth in the Boro, Aus, and Aman seasons, respectively.
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2.5. Data analysis

The Statistical Tool for Agricultural Research (STAR 2.0.1, International Rice Research Institute, Philippines) was used to perform
an analysis of variance (ANOVA) for each response variable (grain yield, straw yield, total N uptake, and NUE) following the standard
protocol, as described by Gomez and Gomez [39]. The irrigation regime was the main plot and fertilizer treatments were the sub-plots;
the year was pooled in an ANOVA with a split-plot structure. As differences among rice growing seasons were obvious, analysis was run
individually for the Aus, Aman, and Boro seasons. A combined ANOVA was performed for Aus, Aman, and Boro for each crop year to
see the interaction of treatment with year. Treatment means were compared using Tukey’s honest significant difference (HSD) test at
the 5 % significance level.

3. Results
3.1. Grain yield and aboveground biomass

Application of N fertilizer, irrespective of rate or source, significantly (p < 0.05) increased panicle production per unit area, grain
yield, and straw yield compared to the control treatment. IPNS with UDP considerably (p < 0.05) increased grain yield by about 15-30
% in Aus and 5-10 % in Aman over PU at 52 kg N ha~! and PU with either VC or PL (Tables 4 and 5). Similarly, the IPNS with UDP
treatment significantly (p < 0.05) increased straw yield by about 14-21 % in the Aus season compared to PU and IPNS with PL at 52 kg
N ha™!, while no significant variation in straw yield was observed among the treatments in the Aman seasons (Tables 4 and 5). UDP at
52 kg N ha~! showed a rice yield similar to the higher N rate (78 kg ha™!) of broadcast PU. However, there was no significant variation
in grain yield or total dry matter (TDM) between UDP alone and UDP with PL as an IPNS treatment. Grain yields and TDM were similar
in the Aus season across the three years, while grain yields and TDM were lower in the Aman season in 2018 compared to 2019. AWD
irrigation showed similar rice yields with CF irrigation in both the Aus and Aman seasons, regardless of year or fertilizer treatment
(Tables 4 and 5).

Interaction effects between fertilizer treatments and water regimes on grain yield and aboveground TDM were significant (p <
0.05) in the Boro season (Table 6). UDP with PL produced significantly (p < 0.05) higher grain yield by 12-14 % in AWD irrigation and
by 17-18 % in CF irrigation than PU and PU with VC at 78 kg N ha™!. In AWD irrigation, UDP significantly (p < 0.05) increased grain
yield by 7-22 % irrespective of treatment, while in CF irrigation, UDP showed a higher yield (9-21 %) compared to PU and PU with PL
or VC as IPNS treatments (Table 6). However, AWD irrigation significantly increased grain yield over CF under UDP treatment at 78 kg
N ha~l. UDP with PL gave significantly (p < 0.05) greater TDM by about 11-14 % in AWD irrigation and by about 20-21 % compared
to PU and PU with VC at 78 kg N ha™! (Table 6). Broadcast PU at 104 kg N ha~! showed grain yield and TDM comparable with the
combined application of PU and PL as an IPNS treatment at 78 kg N ha~! under both water regimes (Table 6). There was no significant

Table 4
The impacts of fertilizer, irrigation regimes and year on panicles, grain yield, straw yield, and aboveground total dry matter (TDM) in the Aus season.
Fertilizer management Year Panicle (m~?) Grain yield (t ha™") Straw yield (t ha ') TDM (t ha ')
Mean of irrigation regimes Mean of irrigation regimes Mean of irrigation regimes AWD CF
Effects of fertilizer (mean across year and irrigation regimes)
Control-NO Mean 249c¢ 2.8e 2.9e 5.7e 5.6e
UDP-N52 338a 3.6abc 3.8bc 7.4abc 7.5 ab
PU-N52 287b 3.0e 3.3d 6.4d 6.1d
PU-N78 321 ab 3.8ab 4.1a 7.8 ab 8.0a
IPNS-N52 (PU + VC) 306 ab 3.4cd 3.7bc 7.2¢ 7.0c
IPNS-N52 (UDP + PL) 343a 3.9a 4.0 ab 8.0a 7.8a
IPNS-N52 (PU + PL) 307 ab 3.4d 3.5cd 7.2¢ 6.6cd
Effects of the year (mean across fertilizer and irrigation regimes)
Mean 318 3.4 3.7 7.1
299 3.4 3.6 6.9
305 3.4 3.6 7.0
Effects of irrigation regimes (means across fertilizer and year)
AWD CF AWD CF AWD CF AWD CF
Mean 305 309 3.4 3.3 3.7A 3.5B 7.1A 6.9B

ANOVA (p values)
Irrigation (I)
Fertilizer (F)

Year (Y)

IxF

IxY

FxY

IxFxY

ns
ns
ns
ns
ns
ns

ns

ns
ns
ns
ns
ns

*

ns
ns
ns
ns
ns

ns
*

ns
ns
ns

Tukey’s honest significant difference (HSD) test indicates that the means denoted by the same lowercase letter or uppercase letter inside a column or
row for the same response variable are not statistically different from one another at the 5 % level of probability. The abbreviations UDP, PU, VC, PL,
and IPNS refer to the urea deep placement, prilled urea, vermicompost, poultry litter, and integrated plant nutrition system, respectively. * and ns
indicate statistically significant and non-significant at the 5 % level of probability.
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Table 5
The impacts of fertilizer, irrigation regimes and year on panicles, grain yield, straw yield and aboveground total dry matter (TDM) in the Aman
season.

Fertilizer management Year Panicle (m’2) Grain yield (t ha ™) Straw yield (t ha ™) TDM (t ha ™)

Mean of irrigation regimes Mean of irrigation regimes Mean of irrigation regimes Mean of irrigation regimes

Effects of fertilizer (mean across year and irrigation regimes)

Control-NO Mean 237c 3.5¢ 3.4b 6.9¢
UDP-N52 347a 4.4a 4.5a 8.9a
PU-N52 304b 4.1b 4.2a 8.3b
PU-N78 318b 4.5a 4.4a 8.9a
IPNS-N52 (PU + VC) 300b 4.1b 4.2a 8.4b
IPNS-N52 (UDP + PL) 351a 4.5a 4.3a 8.8a
IPNS-N52 (PU + PL) 319 4.3 ab 4.3a 8.7 ab
Effects of the year (mean across fertilizer and irrigation regimes)
Mean 2018 333a 4.1 4.2 8.3b

2019 303b 4.3 4.3 8.5a

2020 296b 4.3 4.2 8.5ab
Effects of irrigation regimes (means across fertilizer and year)

AWD CF AWD CF AWD CF AWD CF

Mean Mean 312 309 4.2 4.1 4.2 4.2 8.5 8.3
ANOVA (p values)
Irrigation (I) ns ns ns ns
Fertilizer (F) * * * *
Year (Y) * ns ns *
IxF ns ns ns ns
IxY ns ns ns ns
FxY ns ns ns ns
IxFxY ns ns ns ns

Tukey’s honest significant difference (HSD) test indicates that the means denoted by the same lowercase letter or uppercase letter inside a column or
row for the same response variable are not statistically different from one another at the 5 % level of probability. The abbreviations UDP, PU, VC, PL,
and IPNS refer to the urea deep placement, prilled urea, vermicompost, poultry litter, and integrated plant nutrition system, respectively. * and ns
indicate statistically significant and non-significant at the 5 % level of probability.

Table 6
The impacts of fertilizer, irrigation regimes, and year on panicles, grain yield, straw yield, and aboveground total dry matter (TDM) in the Boro
season.

Fertilizer management Year Panicle (m~?) Grain yield (t ha 1) Straw yield (t ha™') TDM (t ha™")
Mean of irrigation regimes AWD CF AWD CF AWD CF

Fertilizer and irrigation regimes interaction
Control-NO Mean 225e 2.6 dA 2.7eA 2.6 dA 2.6 cA 5.2 dA 5.3dA
UDP-N78 348a 6.1 aA 5.8 aB 5.8 aA 5.7 aA 12.0 aA 11.4 aB
PU-N78 295cd 5.0 cA 4.8dA 4.9 cA 4.7bA 9.9 cA 9.5 cA
PU-N104 320abc 5.6bA 5.7abA 5.4abA 5.5aA 11.0bA 11.2abA
IPNS-N78 (PU + VC) 268d 5.1cA 4.9cdA 5.1bcA 4.6bB 10.2 cA 9.6 cB
IPNS-N78 (UDP + PL) 329 ab 5.7bA 5.8 aA 5.6 aA 5.7 aA 11.3abA 11.5 aA
IPNS-N78 (PU + PL) 304bc 5.7bA 5.3bcB 5.7 aA 5.2aB 11.5abA 10.5bB
Effects of the year (mean across fertilizer and irrigation regimes)
Mean 2018 294 5.0 4.8b 9.8b

2019 299 5.1 5.0 ab 10.1a

2020 303 5.1 5.1b 10.2a
Effects of irrigation regimes (means across fertilizer and year)

AWD CF AWD CF AWD CF AWD CF

Mean Mean 296 301 5.1A 5.0B 5.0A 4.9B 10.1A 9.9B
ANOVA (p values)
Irrigation (I) ns * * *
Fertilizer (F) * * * *
Year (Y) ns ns * *
IxF ns * * *
IxY ns ns ns ns
FxY ns ns ns *
IXxFxY ns ns ns ns

Tukey’s honest significant difference (HSD) test indicates that the means denoted by the same lowercase letter or uppercase letter inside a column or
row for the same response variable are not statistically different from one another at the 5 % level of probability. The abbreviations UDP, PU, VC, PL,
and IPNS refer to the urea deep placement, prilled urea, vermicompost, poultry litter, and integrated plant nutrition system, respectively. * and ns
indicate statistically significant and non-significant at the 5 % level of probability.
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variation in grain yield over the three years. However, fertilizer treatments had a significant effect with year on TDM in Boro season
(Table 6). TDM was higher in 2019 and 2020 compared to 2018 under PU at 78 and 104 kg N ha~! and PU with VC. When compared to
CF, AWD irrigation significantly (p < 0.05) increased rice yield and TDM across the years and fertilizer treatments (Table 6).

3.2. Nitrogen uptake and nitrogen harvest index

Fertilizer treatments had significant (p < 0.05) effects on total N uptake (TNU) for each of the three growing seasons (Tables 7-9),
while N harvest index (NHI) was significant (p < 0.05) in Aus and Boro seasons (Tables 7 and 9). UDP significantly (p < 0.05) increased
TNU by about 22 % in Aus, 17 % in Aman, and 30 % in Boro compared to broadcast PU at a similar N rate (Tables 7-9). However, the
difference in NHI was insignificant (p > 0.05) between the PU and UDP treatments in all seasons (Tables 7-9). Among the IPNSs, UDP
with PL significantly (p < 0.05) increased TNU by about 16-18 % in Aus, 3-15 % in Aman, and 6-23 % in Boro compared to PU with PL
and PU with VC, while the difference in NHI was insignificant (p > 0.05) (Tables 7-9). TNU was comparable between UDP alone, UDP
as an IPNS at a lower N rate (52 kg ha™! in Aman and 78 kg N ha™! in Boro), and broadcast PU at a higher N rate (78 kg ha™! in Aman
and 104 kg N ha~!in Boro). TNU was higher in 2018 in the Aus season, while it was lower in 2018 in the Aman season (Tables 7 and 8).
Similarly, TNU was higher in the Boro season in 2018 and 2020 compared to 2019. Across the years and fertilizer treatments, there was
significant variation in TNU and NHI between the two irrigation regimes (Tables 7-9).

3.3. Nitrogen use efficiency

Both the AEy and REy were affected by fertilizer treatment during the Aus and Aman seasons (Tables 7 and 8). In Aus and Aman
seasons, UDP alone or in combination with PL significantly (p < 0.05) increased NUE (AEy and REy) compared to broadcast PU at a
similar N rate or PU with VC. Across the years and fertilizer treatments, AWD irrigation produced similar AEy and REy values with CF
conditions in Aus and Aman seasons (Tables 7 and 8).

Water management had significant (p < 0.05) interaction effects with fertilizer treatments on AEy in the Boro season (Table 9).
UDP alone or in combination with PL significantly (p < 0.05) increased AEx compared to broadcast PU under CF irrigation, but IPNS
treatments had no significant effects under AWD irrigation (Table 9). The highest REy was observed in UDP alone and UDP with PL as
an IPNS treatment compared to the other treatments (Table 9). Higher AEy and REy were observed in 2020 compared to 2018 and
2019. Across the fertilizer treatments and years, the highest AEy and REy values were observed in AWD irrigation compared to the CF
irrigation in the Boro season (Table 9).

4. Discussion
4.1. Grain yield and aboveground biomass

The combined application of organic inputs and inorganic fertilizer plays a key role in improving rice yield compared to the sole
application of broadcast chemical fertilizers at similar N rates. Application of poultry litter with urea deep placement or prilled urea
increased rice yield and total aboveground dry matter compared to PU at similar N rates in Aus (wet) and Boro (dry) seasons (Tables 4
and 6). These results are in close agreement with previous findings [8,9,15,17,23]. In IPNS treatments, the consistent supply of dis-
solved organic carbon and nitrogen to the soil due to slow mineralization of organic inputs might have synchronized N supply with
plant demand, thus increasing rice yield and TDM. In addition, the slow and gradual release of N from organic sources is an extra
advantage over the single application of chemical fertilizer for getting higher yields [17,18]. Increasing the N supply could help to
increase effective tiller production, which could lead to higher rice yield [15-17,21]. In addition, UDP applied in anaerobic soil layers
(anaerobic zone) ensures prolonged N availability and enhanced biological N fixation, which promotes root growth and effective
tillers, thus resulting in higher rice yield and TDM [5,30,34]. Further, the higher yields and TDM in the UDP treatment compared to PU
treatment (Tables 4-6) could be due to the increase the contact of clay particles with fertilizer granules leading to reduce NH}-N
concentration in floodwater, thus reduction in N loss through volatilization and surface runoff [5,30,40,41]. Hence, the application of
UDP, either solely or combined with PL, could play a significant role in improving rice yield. Moreover, organic inputs can improve the
biological properties of soil, particularly enhancing microbial biomass carbon and soil enzymatic activities that could be participating
in the microbial decomposition of organic matter and nutrient turnover [15,42]. Microbial biomass carbon provides a steady source of
C to microbes, resulting in an improvement in soil health [15,18,43]. Long-term application of organic inputs increases CEC and bulk
density and improves soil aeration [15,44]. However, no additional advantage of using vermicompost over poultry litter as part of
IPNS was found in this study for Boro season (Table 6). As VC contains a relatively higher C:N ratio compared to PL (Table 3), the
mineralization of VC could be relatively slower than PL, which could be delaying nutrient availability at the early stage of the rice
plant. Thus, the plant would suffer nutrient shortage at the early stage of rice growth, which might be associated with reduced tiller and
panicle production, resulting in lower yield [17,21].

Previous findings on the impacts of AWD on rice yield are inconsistent and inconclusive [5,29,31,35,36]. However, in this study,
we found a significant (p < 0.05) relationship between fertilizer management and water regime with rice yield in Boro season and TDM
production during Aus and Boro season (Tables 4 and 6). AWD irrigation substantially (p < 0.05) enhanced rice yield and TDM
compared to CF when N fertilizer was deep-placed (Table 6), which is in good agreement with previous findings [30,45]. A larger yield
increment from the UDP treatment under AWD practice is probably related to higher panicle production and higher NUE (Table 9). On
the other hand, AWD irrigation showed a rice yield and TDM similar to CF when N fertilizer was applied as broadcast PU, while AWD
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Table 7
The impacts of fertilizer, irrigation regimes and year on total nitrogen uptake (TNU), N harvest index (NHI), agronomic efficiency (AEy) and recovery
efficiency of N (REy) in the Aus season.

Fertilizer management Year TNU (kg ha™1) NHI AEy (kg grain kg~ N) REn (%)

Mean of irrigation regimes Mean of irrigation regimes Mean of irrigation regimes Mean of irrigation regimes

Effects of fertilizer (mean across year and irrigation regimes)

Control-NO Mean 39.6e 0.57c - -
UDP-N52 64.3b 0.63a 17.0 ab 50a
PU-N52 52.6d 0.60 ab 4.7¢ 27c
PU-N78 71.1a 0.60 ab 13.4b 42b
IPNS-N52 (PU + VC) 56.7cd 0.61 ab 12.5b 35b
IPNS-N52 (UDP + PL) 66.7b 0.60 ab 22.6a 54a
IPNS-N52 (PU + PL) 57.6¢ 0.60 ab 11.4b 37a
Effects of the year (mean across fertilizer and irrigation regimes)
Mean 2018 61.0a 0.60a 15.6a 46a

2019 56.7b 0.60a 13.0a 48a

2020 57.4b 0.60a 12.2a 47a
Effects of irrigation regimes (means across fertilizer and year)

AWD CF AWD CF AWD CF AWD CF

Mean Mean 58.9 57.8 0.60 0.60 135 13.7 40 41
ANOVA (p values)
Irrigation (I) ns ns ns ns
Fertilizer (F) * * * *
Year (Y) * ns ns ns
IxF ns ns ns ns
IxY ns ns ns ns
FxY ns ns ns ns
IxFxY ns ns ns ns

Tukey’s honest significant difference (HSD) test indicates that the means denoted by the same lowercase letter or uppercase letter inside a column or
row for the same response variable are not statistically different from one another at the 5 % level of probability. The abbreviations UDP, PU, VC, PL,
and IPNS refer to the urea deep placement, prilled urea, vermicompost, poultry litter, and integrated plant nutrition system, respectively. * and ns
indicate statistically significant and non-significant at the 5 % level of probability.

Table 8
The impacts of fertilizer, irrigation regimes and year on total nitrogen uptake (TNU), N harvest index (NHI), agronomic efficiency (AEy) and recovery
efficiency of N (REy) in the Aman season.

Fertilizer management Year TNU (kg ha™ 1) NHI AEy (kg grain kg’1 N) REy (%)

Mean of irrigation regimes Mean of irrigation regimes Mean of irrigation regimes Mean of irrigation regimes

Effects of fertilizer (mean across year and irrigation regimes)

Control-NO Mean 49.7c 0.5%a - -
UDP-N52 80.1a 0.60a 17.7a 58a
PU-N52 68.4b 0.62a 11.9b 36b
PU-N78 80.0a 0.60a 12.6b 39b
IPNS-N52 (PU + VC) 69.2b 0.62a 12.2b 37b
IPNS-N52 (UDP + PL) 79.9a 0.63a 18.7a 58a
IPNS-N52 (PU + PL) 77.5a 0.62a 15.7 ab 53a
Effects of the year (mean across fertilizer and irrigation regimes)
Mean 2018 67.9b 0.57¢ 14.1 46

2019 75.8a 0.65a 14.7 48

2020 72.7a 0.62b 15.5 47
Effects of irrigation regimes (means across fertilizer and year)

AWD CF AWD CF AWD CF AWD CF

Mean Mean 72.8 71.4 0.62 0.61 15.3 14.2 50 44
ANOVA (p values)
Irrigation (I) ns ns ns ns
Fertilizer (F) * ns * *
Year (Y) * * ns ns
IxF ns ns ns ns
IxY ns ns ns ns
FxY ns ns ns ns
IXxFxY ns ns ns ns

Tukey’s honest significant difference (HSD) test indicates that the means denoted by the same lowercase letter or uppercase letter inside a column or
row for the same response variable are not statistically different from one another at the 5 % level of probability. The abbreviations UDP, PU, VC, PL,
and IPNS refer to the urea deep placement, prilled urea, vermicompost, poultry litter, and integrated plant nutrition system, respectively. * and ns
indicate statistically significant and non-significant at the 5 % level of probability.
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Table 9
The impacts of fertilizer, irrigation regimes and year on total nitrogen uptake (TNU), N harvest index (NHI), agronomic efficiency (AEy) and recovery
efficiency of N (REy) in the Boro season.

Fertilizer management Year TNU (kg ha™) NHI AEy (kg grain kg’1 N) REy (%)

Mean of irrigation regimes Mean of irrigation regimes AWD CF Mean of irrigation regimes

Fertilizer and irrigation regimes interaction

Control-NO Mean 32.9d 0.53b - - -
UDP-N78 97.5a 0.59a 44.8 aA 39.2aA 83a
PU-N78 75.0c 0.57 ab 30.7 cA 27.2 cB 54c
PU-N104 92.9 ab 0.56 ab 28.5 cA 28.4 cA 58¢
IPNS-N78 (PU + VC) 76.1c 0.56 ab 32.3cA 28.8bcA 55¢
IPNS-N78 (UDP + PL) 93.5a 0.57a 39.0bA 39.5 aA 78 ab
IPNS-N78 (PU + PL) 88.3b 0.57 ab 39.7bA 33.2bB 71b
Effects of the year (mean across fertilizer and irrigation regimes)
Mean 2018 80.3a 0.56b 32.3b 66b
2019 74.9b 0.54b 34.6 ab 61b
2020 83.1a 0.60a 35.8a 73a
Effects of irrigation regimes (means across fertilizer and year)
AWD CF AWD CF AWD CF AWD CF
Mean Mean 80.3 78.7 0.57 0.56 35.8A 32.7B 69A 64B
ANOVA (p values)
Irrigation (I) ns ns *
Fertilizer (F) * * *
Year (Y) * * *
IxF ns ns * ns
IxY ns ns ns ns
FxY ns ns ns ns
IxFxY ns ns ns ns

Tukey’s honest significant difference (HSD) test indicates that the means denoted by the same lowercase letter or uppercase letter inside a column or
row for the same response variable are not statistically different from one another at the 5 % level of probability. The abbreviations UDP, PU, VC, PL,
and IPNS refer to the urea deep placement, prilled urea, vermicompost, poultry litter, and integrated plant nutrition system, respectively. * and ns
indicate statistically significant and non-significant at the 5 % level of probability.

irrigation gave a higher rice yield and TDM over CF (Table 6). Although AWD irrigation could lead to enhanced N loss through
leaching, nitrification, and subsequent denitrification, some reports have shown that it does not increase N loss due to the reduction in
vertical NH4-N and total N leaching [46,47]. In AWD irrigation, rice plants can get N from both NH} and NO3 synchronously as per
demand due to the continuous wetting and drying [35,36,48]. However, across the irrigation regimes and fertilizer treatments,
significantly higher yield and TDM were observed in AWD irrigation than in CF irrigation (Table 6). Because AWD irrigation increases
the root-to-shoot ratio, root activity, and grain-filling rate and reduces panicle degeneration, it thus increases grain yield [18,49].

4.2. Nitrogen uptake and nitrogen use efficiency

Integrated use of poultry litter with UDP or PU significantly (p < 0.05) enhanced the agronomic efficiency and recovery efficiency
of N compared to sole application of PU in Aus and Boro seasons (Tables 7 and 9). The higher AEy and REy might be correlated with
higher grain yield and total N uptake (Tables 4-9). Our findings are in line with the literature [8,17,23,30]. Organic inputs release
nutrients slowly and steadily, which provides sufficient nutrients throughout the rice-growing season. Moreover, organic inputs reduce
N leaching due to improvement in root morphology and physiological features, which could help the plant to take in nutrients from the
soil more quickly and easily [23,50]. On the other hand, UDP alone increased TNU, AEy, and REy compared to broadcast PU
(Tables 7-9). UDP applied in subsurface soil increases the contact of fertilizer granules with clay particles of soil, reducing N loss as
NHj; volatilization, which could increase the TNU and NUE. Moreover, UDP improves root growth by providing more N in the
rhizosphere compared to broadcasting urea [34,51]. UDP also ensures prolonged N availability and promotes biological N fixation
throughout the rice-growing season due to most of the N being retained in the non-exchangeable NHj form in the reduced (anaerobic
layer) zone [34,40]. Thus, the combined application of organic (PL) and inorganic (UDP) fertilizer improves TNU and NUE by
providing additional C and N substrates. However, the incorporation of VC with PU as IPNS reduced TNU and NUE compared to the
combined application of PU with PL in this study, which might be linked with lower rice yield (Table 9). With relatively slow
mineralization of VC, the plant could suffer a nutrient shortage at the early stage of growth, reducing tiller and panicle production, thus
resulting in lower yield.

There was a statistically significant (p < 0.05) relationship between irrigation regime and fertilizer treatment with AEy, while the
relationship with TNU and REy was insignificant in Boro season (Table 9). AWD irrigation increased AEy compared to CF under PU
with PL as an IPNS treatment, which could be associated with the increased rice yield (Table 6). Across fertilizer treatments and years,
AWD irrigation increased AEy and REy compared to CF conditions (Table 9). This is because AWD irrigation improves root
morphology and physiology, which could help the plant take up more nutrients from soil. Moreover, this could increase the oxygen
concentration in the rhizosphere soil, which would help maintain an appropriate NHj /NO3 ratio, thus increasing TNU and NUE [29,
31,33,52]. The findings of this study suggest that combining organic (PL) input and inorganic (UDP) fertilizers, and sole application of
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UDP with AWD irrigation could be a promising alternative for enhancing rice yield and NUE while conserving irrigation water, with
the added benefits of improved soil health and rice yield [7-9,26].

5. Conclusion

The combined application of organic inputs and inorganic fertilizer as an IPNS can increase rice yield, TDM, and NUE compared to
broadcast PU. The effects were consistent across three seasons and three years. In both wet and dry seasons, the sole application of UDP
increased rice yields, TDM, and NUE compared to PU at similar N rates. Compared to CF conditions, AWD irrigation increased rice
yields, TDM, and NUE during Boro season across the years and fertilizer treatments. Under AWD irrigation, UDP alone or in combi-
nation with poultry litter as an IPNS resulted in a greater rice yield and TDM than CF. The findings imply that either a single application
of UDP or a combined application of UDP with PL as an IPNS under AWD irrigation is agronomically sound, as this technique saves
irrigation water while also improving soil health. Since our results are from a single location we suggest further study across different
agro-ecological zones of Bangladesh to draw a comprehensive conclusion. In addition, the research was conducted using single rice
varieties irrespective of seasons, it is necessary to conduct additional research utilizing several rice cultivars to determine how fertilizer
affects different rice varieties across the country.
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