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Nitrogen (N) use efficiency in rainfed agriculture is generally low because of poor management and unavailability of suitable rice genotypes. There is a need to select rice genotypes with high N use efficiency for these specific environments, which was investigated at the Bangladesh Rice Research Institute, Regional Station, Rajshahi, in two successive years. The performance of six rice genotypes, IR7437170-1-1, BR7873-5*(NIL)-51-HR6, IR83377-B-B-93-3, International Rice Research Institute (IRRI) 123, IR83381-B-B-6-1, and Binadhan-7, were tested under four N rates (0, 55, 83, and 110 kg N ha−1) in a strip-plot design. Grain yields generally increased up to 83 kg N ha−1 and declined thereafter. Depending on N rates, mean grain yields increased by 35–45% compared to the control (N0). However, the grain yields of IR83377-B-B-93-3, IRRI 123, and Binadhan-7 increased up to 110 kg N ha−1. N uptake and its use efficiencies were the highest in IR83377-B-B-93-3, which was at par with those in IRRI 123. Bangladesh Rice Research Institute (BRRI) dhan56 and Binadhan-7 showed intermediate performance, while BRRI dhan57 and IR83381-B-B-6-1 showed lower N uptake and N efficiencies. Between 16.5 and 19.2 kg N uptake was required to produce 1 ton of paddy. The genotypes IR83381-B-B-93-3 and IRRI 123 were the most N use efficient irrespective of N rates, but BRRI dhan57 and IR87781-B-B-6-1 were observed to be inefficient genotypes, while BRRI dhan56 and Binadhan-7 were intermediate. Thus, this study indicates the need to test existing and new germplasm for optimal N rates and their NUE, especially in rainfed environments where optimized resource use is essential for higher yields and increased farmers' income.
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INTRODUCTION

More than 50% of rice fields (5.1 m ha) in Bangladesh are rainfed (Karmakar et al., 2015), which may experience early, intermittent, or terminal drought, hampering yields and contributing to inefficient use of added inputs. Of all plant nutrients, N is the most yield limiting in different agro-ecological zones of the world (Fageria and Baligar, 2005), and the utilization efficiency of applied N in rainfed systems is lower than in irrigated lowland rice ecosystems (Haefele et al., 2008). A major reason for N limitation in these systems is low recovery efficiency of applied N (Fageria et al., 2011). Uptake of applied N is typically less than 40% in cereal crops (Raun et al., 2002); this low uptake is associated with N losses from the soil through leaching, denitrification, and volatilization (Fageria and Baligar, 2005). Many research studies have focused on crop management to improve N efficiency by reducing N losses and increasing N uptake. However, genotype selection for improved N use efficiency (NUE) is another option of resource optimization. Many studies worldwide have been accomplished on nitrogen use efficiencies of rice genotypes under water stress (Haefele et al., 2008; Wu et al., 2016); however, limited research has been conducted on genotype selection for increased NUE under rainfed environments in Bangladesh. It could be an important step to improve rice yield through better use of applied and indigenous soil N.

Screening, selection, and evaluation of rice genotypes in the breeding process are usually conducted under standard conditions, including the use of high inputs and optimal crop management practices (Haefele et al., 2008). Fertilizer rates used by breeders are often above the rates used by most farmers (Inthapanya et al., 2000a). In general, fertilizer use in rainfed areas is lower than in irrigated culture due to several reasons including limited resources and risk management. Development of rice genotypes with improved NUE is therefore essential for rainfed ecosystems (Kant et al., 2011). Widespread acceptance and adoption of rice varieties by rainfed farmers depends on performance under suboptimal nutrient conditions considering that many farmers cannot afford or do not intend to apply fertilizers at the recommended levels. Genotypic variability and genotype by N rate interactions might exist (Gallais and Coque, 2005; Ju et al., 2015), and studies needs to be conducted in real field conditions to be relevant for farmers. Therefore, screening of rice genotypes under suboptimal nutrient conditions is necessary to identify genotypes that are most likely to perform well in farmers' field conditions.

The northwest part (Rajshahi region) of Bangladesh is drought prone and experiences low and erratic rainfall and extreme temperature events (Karmakar et al., 2015) and has limited irrigation potential (Saleh and Bhuiyan, 1995; Saleh et al., 2000). Drought is also predicted at the beginning of the wet season (WS), usually prior to transplanting of rice seedlings, and at the reproductive stage (panicle initiation to panicle exertion and grain filling) (Karmakar and Sarkar, 2015). However, rice crops could experience intermittent drought at any growth stage due to uneven rainfall patterns (Kamoshita et al., 2008). The majority of northwest Bangladesh is considered the Barind Tract, featuring a series of undulating terraces and higher elevation ranging between 20–40 m asl (Riches, 2008). Mean annual rainfall is lowest (1,000 to 1,200 mm) in the northwestern region (Saleh et al., 2000; Karmakar et al., 2012) compared to 1,000 to 5,000 mm in other areas in Bangladesh (Karmakar and Sarkar, 2015). Karmakar et al. (2010) reported that only 800 mm of rain occurred in Rajshahi during 2009, and the trend is declining by 3.1 mm year−1 during last five decades (Ferdous and Baten, 2011).

Water and nutrient availability are the two major constraints that cause low productivity in most of the rainfed rice fields of Asia (Haefele et al., 2008). Consequently, most rice farmers achieve <60% of the genetic yield potential of high-yielding rice varieties (Dobermann and Fairhurst, 2000) because of many factors including low NUE. Efficient and cost-effective N management practices intend to maximize N uptake from applied and soil indigenous N sources and thus reduce production cost and environmental pollution. Optimal plant N uptake at harvest of modern rice varieties has been estimated at about 15 kg N t−1 grain yield (Dobermann, 2005; Witt et al., 2007), but in general, it has not been characterized in drought-prone rice systems. Therefore, cultivar improvement for tolerance to abiotic stress especially drought must be combined with management approaches that improve NUE in rainfed environments (Fischer, 1998). Improving N-efficient genotypes, combined with proper agronomic management, offers exciting prospects to improve NUE of the system. Therefore, this study was conducted to investigate the response of different rice genotypes under a range of N rates and to identify N use-efficient genotypes for rainfed environments.



MATERIALS AND METHODS


Description of Experimental Site

The experiments in this study were conducted at the experimental farm of the Bangladesh Rice Research Institute, Regional Station, Rajshahi, Bangladesh (24°22′N, 88°40′E; 40 m from sea level) in the High Gangetic River Floodplain. Initial soil properties of the experimental field, which is classified as calcareous alkaline silty loam (BARC, 2018) are shown in Table 1.


Table 1. Soil properties of composite samples (0–20 cm) collected from the experimental plots at BRRI Regional Station, Rajshahi.
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Experimental Setup and Crop Management

The experiments utilized six rice genotypes and four N rates in a strip-plot design with three replications during two successive WSs (2010 and 2011) from July to November. N rates considered were N0 = control (no N applied), N55 = 55 (33% lower than the recommended dose applied), N83 = 83 [soil test based (STB), recommended dose applied], and N110 = 110 kg N ha−1 (33% higher than the recommended dose applied), and N with different rates was placed in vertical plots, while the six rice genotypes (Table 2) were placed in horizontal plots. The rice genotypes were collected from the International Rice Research Institute (IRRI), Bangladesh Rice Research Institute (BRRI), and Bangladesh Institute of Nuclear Agriculture (BINA). The breeding lines were developed by crossing drought-tolerant entries with high-yielding popular drought-susceptible lines. The parentage of the rice genotypes is presented in Table 2. Unit plot size was 3 × 4 m.


Table 2. Rice genotypes used in this study.
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Seedlings were grown according to traditional farm practice. Sprouted seeds were sown in a seedbed at 80 g m−2 (BRRI, 2011) on 15 July in each year. The seedbed was fertilized with N, P, K, and S at 46, 20, 30, and 18 kg ha−1, respectively. Triple super phosphate (TSP), muriate of potash (MOP), and gypsum were applied basally during the final land preparation. Urea was top dressed at 10 days after seeding (DAS). Land preparation was done by plowing followed by puddling of the flooded field after sufficient rainfall. Individual plots were separated by levees. A polythene sheet was placed down to a 50-cm depth inside the levees to prevent lateral nutrient movement between treatments. The STB nutrient rates (15, 38, 11, and 1 kg ha−1, respectively, for P, K, S, and Zn) were applied in all plots as basal fertilizer. Three 25-day-old seedlings were transplanted at 20 cm × 15 cm spacing on 10 August in both years. According to each treatment, N as urea was top dressed in three equal splits at about 10, 25, and 40 days after transplanting (DAT), synchronizing with rainfall or wet soil conditions. Standard crop management practices were followed for all treatments (BRRI, 2011).



Climatic Conditions of the Experimental Sites

The experiments were conducted under rainfed conditions. The soil was puddled and initially flooded in both seasons and subsequently became dried out as the only water received after planting was from rainfall. Data on rainfall, air temperature, and sunshine hours were collected from the nearby meteorological station of BRRI Rajshahi, 50 m away from the experimental plots. Total rainfall from July to November of 2010 and 2011 was 461 and 810 mm, respectively (Figure 1). Although the total rainfall in July to November 2010 was much lower than in 2011, rainfall in 2010 was well-distributed throughout the season, especially up to the reproductive stage of the crop (mid-October 2011). Uneven distribution of rainfall was observed in 2011; major rains occurred during mid-July to mid-September, and thereafter, no rains occurred. The crop was therefore severely affected by drought in 2011. Relative humidity (%) in July to November of 2010 and 2011 was presented in Figure 2. During the experimentation period, the highest and the lowest temperatures were 38 and 13.6°C in July and 37.5 and 13.3°C in November, respectively. However, monthly mean maximum and minimum temperatures were 32.6°C and 24.2°C in 2010 and 32.1 and 23.8°C in 2011, respectively, at BRRI Rajshahi. The mean daily sunshine duration was 6.14 and 5.65 h in 2010 and 2011, respectively.


[image: Figure 1]
FIGURE 1. Rainfall distribution in the experimental field of BRRI Rajshahi during July–November 2010 and 2011 (Data source: Weather station of BRRI Rajshahi, Bangladesh).



[image: Figure 2]
FIGURE 2. Relative humidity (%) in the experimental field of BRRI Rajshahi during July–November 2010 and 2011 (Data source: Weather station of BRRI Rajshahi, Bangladesh).




Measurements and Sample Analyses

At maturity, the crops were harvested from 6 m2 in each plot to determine grain yield. Grain and straw samples were collected from each plot and oven-dried at 72°C for 3 days until a constant weight. Grain yield was adjusted to 14% moisture content and expressed as t ha−1. Samples were finely ground to pass through a 0.5-mm sieve and analyzed for N according to Bremner (1996) and Yoshida et al. (1976) in the laboratory of the Department of Soil Science, Bangladesh Agricultural University, Mymensingh.



Nitrogen (N) Use Efficiency Assessment

The following parameters were assessed to determine nitrogen use efficiency.



Partial Factor Productivity of Nitrogen

The partial factor productivity of nitrogen (PFPN) refers to the amount of grain yield produced for each kg of N applied (Dobermann, 2005; Rakotoson et al., 2017) and calculated according to the following formula:
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where PFPN, partial factor productivity of nitrogen; GY+N, grain yield with N application (kg ha−1); and FN, the amount of N applied (kg ha−1). Grain yields at a given level of fertilizer N represent the sum of yield without N inputs (GY0N), plus the increase in yield from applied N (ΔGY+N). Thus, the PFPN can also be expressed as follows:

[image: image]
 

Agronomic Efficiency of Nitrogen

The agronomic efficiency of nitrogen (AEN) is the incremental efficiency of applied N. The AEN reflects how much additional yield is produced for each kg of N applied. The agronomic efficiency from applied N is the ratio of kg grain yield increase per kg N applied (Dobermann and Fairhurst, 2000; Dobermann, 2005; Rakotoson et al., 2017):

[image: image]

where AEN, agronomic efficiency of nitrogen; GY+N, grain yield with N application; GY0N, grain yield without N application; and FN, amount of N applied, all in kg ha−1.



Recovery Efficiency of Nitrogen

Recovery efficiency of nitrogen (REN) is the uptake efficiency for the applied N. REN is the answer to the question of how much N applied was recovered and taken up by the crop and how much remained in the soil or was lost from the field. REN from applied N is the ratio of kg N taken up per kg N applied (Dobermann and Fairhurst, 2000; Dobermann, 2005; Rakotoson et al., 2017):
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where REN, recovery efficiency of nitrogen; UN+N, total plant N uptake measured in aboveground biomass at physiological maturity (kg ha−1); UN0N, total N uptake without the addition of N (kg ha−1); and FN, amount of N applied (kg ha−1).



Physiological Efficiency of Nitrogen

Physiological efficiency of nitrogen (PEN) equates how much additional yield is produced for each additional kg of N uptake. PEN from applied N is the ratio of kg grain yield increase per kg N taken up (Dobermann and Fairhurst, 2000; Dobermann, 2005; Rakotoson et al., 2017):
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where PEN, physiological efficiency of nitrogen; GY+N, grain yield with N application (kg ha−1); GY0N, grain yield without N application; and UN+N, total N uptake (kg ha−1).



Internal Efficiency of Nitrogen

Internal efficiency of nitrogen (IEN) is the utilization efficiency of the nutrient taken up by the crop. Thus, IEN is the answer to the question of how much yield is produced per kg N taken up from both fertilizer and indigenous (soil) sources. The IEN is the ratio of kg grain per kg N taken up (Dobermann and Fairhurst, 2000; Dobermann, 2005; Rakotoson et al., 2017):
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where IEN, internal efficiency of N; GY, grain yield (kg ha−1); and UN, total N uptake (kg ha−1) from both the indigenous and applied fertilizer sources.



Nitrogen Harvest Index

Nitrogen harvest index (NHI) is computed as the ratio of total grain N uptake and total plant N uptake. NHI can be expressed using the following formula (Singh et al., 1998; Fageria et al., 2010; Tayefe et al., 2011):
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where NHI, nitrogen harvest index; GN, grain N uptake (kg ha−1); TN, total plant N uptake (kg ha−1).



Statistical Analysis

Data gathered in the experiment were subjected to analysis of variance (ANOVA) using the statistical software CropStat 7.2, followed by the least significant difference (LSD) test and post hoc test according to Gomez and Gomez (1984).




RESULTS


Effect of Nitrogen (N) Rates, Rice Genotypes, and Their Interaction
 
Effect of N Rates on Grain Yield, Yield Components, and Agronomic Attributes

Grain yield was significantly (p ≤ 0.01) influenced by N rates (Figure 3). Irrespective of tested genotype, grain yield generally increased with higher N application rate up to N83 and attained its plateau at N110. In general, the mean grain yield increased by 35–45% depending on the N rate compared to the control (N0). Growth duration, plant height, tillers and panicles per square meter, grains per panicle, 1,000-grain weight, spikelet sterility, biological yield, and harvest index were significantly (p ≤ 0.01) influenced by the N rate in both years (Table 3). Irrespective of genotype, growth duration was the longest (115 days) in the N110 treatment, while it was the shortest in the N0 treatment (109 days). Irrespective of genotype, growth duration reduced 6% in N0 treatment compared to N110. Plant height followed similar trends as growth duration in that it generally increased up to N110 from the control treatment. Plant height and tillers and panicles per square meter were highest in N110 and were lowest in N0. In contrast, grains per panicle increased up to N83 and thereafter decreased insignificantly in N110. The N rates had statistically significant effects on 1,000-grain weight ranging from 22.0 to 22.9 g, which was a 4% reduction without nitrogen to the highest dose. Biological yield was significantly affected by the N rate and was the highest (9.51 t ha−1) in N83 and N110 in 2010 and the lowest (5.98 t ha−1) in N0. Nevertheless, the biological yield increased up to N83 and thereafter decreased to some extent in N110 during 2011. There was a significant difference in harvest index among the treatments in that the harvest index increased with greater N rates up to N83 and then declined. Harvest index values ranged from 0.44 in N0 (control) to 0.48, 0.50, and 0.47 in N55, N83, and N110, respectively.


[image: Figure 3]
FIGURE 3. Mean rice grain yield and its increase as influenced by N rates and genotypes in a drought-prone rainfed rice system. Bars indicate the standard error of the mean.



Table 3. Effect of N rates on growth duration, yield components, and agronomic attributes (averaged across all genotypes).
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Genotypic Variability in Yield, Yield Components, and Agronomic Attributes at Different N Levels

ANOVA revealed significant (p < 0.01) differences among the genotypes in terms of grain yield in both years (Figure 4). The genotype IR83377-B-B-93-3 produced the highest mean grain yields (4.43 and 4.31 t ha−1 in 2010 and 2011, respectively), irrespective of N rate, which was statistically similar to IRRI 123. The lowest grain yields (3.47 and 3.23 t ha−1 in 2010 and 2011, respectively), were observed for BRRI dhan57 followed by IR83381-B-B-6-1. Yield difference between the highest and lowest yielders was 23%. In case of grain production in kg ha−1 day−1, IR83377-B-B-93-3 produced the highest amount (38 kg ha−1 day−1) followed by BRRI dhan56 (37 kg ha−1 day−1) and IRRI 123 (36 kg ha−1 day−1), while it was lowest in IR83377-B-B-6-1 (32 kg ha−1 day−1).


[image: Figure 4]
FIGURE 4. Average grain yield of the rice genotypes in this study across all N treatments during 2010WS and 2011WS. Bars indicate the standard error of the mean.




Interaction Effect of N Rates and Genotypes on Yield and Yield Components

The interaction effect of N rates and genotypes on grain yield was significant in both experimental years (Figure 5). The highest grain yield (5.43 t ha−1) was obtained in the combination of IR83377-B-B-93-3 × N110 followed by IRRI 123 × N110 (5.23 t ha−1) in 2010. Generally, yield was lower in control plots, and it was the lowest (2.35 t ha−1) with the BRRI dhan57 × N0 combination during 2011. Genotypic variation was 36% between the highest and lowest yielders in N110. Yield variation in control plots was significantly lower compared to the fertilized plots, and the variation was highest in N110. Growth duration, grains per panicle, spikelet sterility, and harvest index were significantly affected by the interaction of N rates and genotypes. However, the interaction effect on the remaining parameters was insignificant in both years. IRRI 123 matured in 124 days at N110, whereas BRRI dhan57 matured at 100 days at N0. The interaction of genotypes and N rates had no significant effect on 1,000-grain weight. The harvest index was significantly affected by the N rate × genotype interaction and generally increased from N0 to N83 for most genotypes and thereafter remained stable with N110.


[image: Figure 5]
FIGURE 5. Interaction of genotypes and N rates on grain yield of the rice genotypes during 2010WS and 2011WS. Bars indicate the standard error of the mean.





Nitrogen Content and N Use Efficiencies
 
Effect of N Rates on Its Content and Use Efficiencies

Among the tested genotypes, grain N content, total biomass N content, kg N uptake t−1 grain yield, PFPN, AEN, REN, PEN, and NHI were significantly affected by N rates in both years (Table 4). Irrespective of genotype, total N content in the grains increased with higher N rates up to N83 and then slightly reduced in both years. The highest N uptake in the grains (53 kg ha−1 in 2011) was obtained at N83, and the lowest (21 kg ha−1) was in the N0 treatment, and it was 60% higher in N-fertilized treatments without N plots. In contrast, total plant N content increased by 53 and 57% from N0 to N110 treatments in 2010 and 2011, respectively. Similarly, the N (kg) uptake t−1 grain yield also increased continuously with greater N rate, and it was 21 and 28% in the highest N rate (N110) compared to N0 in 2010 and 2011, respectively. PFPN decreased with increased N rates, and the mean reduction was 22 and 45% in the N110 and N83 treatments, respectively. In both years, AEN was statistically similar in N55 and N83, but it was significantly higher in comparison to N110. The highest REN (0.52 and 0.59 kg kg−1 in 2010 and 2011, respectively), was observed in N83 followed by N55, and it was the lowest in N110. PEN and IEN also decreased continuously from lower N to higher N doses. Irrespective of genotype, IEN varied significantly among the treatments. IEN fluctuated from 46 to 67 kg grain kg−1 N uptake among the treatments in both years, and it was 31% from N0 to N110. NHI varied significantly from 0.52 to 0.59 kg kg−1 in N0 (control) to N110, but the highest value obtained was in the N83 treatment in both years.


Table 4. Effect of N rate on its content and use efficiencies (averages across tested genotypes).
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Genotypic Variation in N Content and N Use Efficiencies

The N content and NUEs of the tested genotypes varied significantly (p ≤ 0.01) with the exception of AEN, REN, and PEN (Table 5). Irrespective of treatment, the highest amount of grain N content (44 and 47 kg ha−1) was found in the genotype IR83377-B-B-93-3, which was at par with IRRI 123 (43 and 46 kg ha−1), and the lowest grain N content was observed in BRRI dhan57 (32 and 33 kg ha−1) in 2010 and 2011, respectively. Among genotypes, differences in total plant N uptake were significant in 2010 (p ≤ 0.01) and 2011 (p ≤ 0.05). Greater N uptakes were observed in IR83377-B-B-93-3 and IRRI 123, medium ranges were observed in BRRI dhan56 and Binadhan-7, and lower N uptakes were observed in BRRI dhan57 and IR83381-B-B-6-1. The amount of N (kg) required per ton of grain yield was also significantly different among the genotypes and also the years. The amount of required N varied between 16.5 and 17.9 kg N t−1 grain and between 18.3 and 19.2 kg N t−1 grain in 2010 and 2011, respectively. The mean variation among the genotypes was 16.5 to 19.2 kg N t−1 grain production, and the variation was 14%. PFPN varied significantly from genotype to genotype with a range of 37 to 48 and 35 to 47 kg kg−1 in 2010 and 2011, respectively. The highest PFPN (48 kg kg−1) was obtained in IR83377-B-B-93-3 followed by IRRI 123 (46 kg kg−1), and the lowest was found in BRRI dhan57 (36 kg kg−1). We observed substantial differences in relation to AEN, REN, and PEN among the genotypes (Table 5); however, the variability was not significant. The IEN varied significantly (p ≤ 0.01) among the genotypes in both years. BRRI dhan56 and IR83377-B-B-93-3 showed the highest IEN (61 kg kg−1) followed by IRRI 123 (60 kg kg−1), and the lowest IEN (56 kg kg−1) was found in IR83381-B-B-6-1. Genotypic responses to NHI differed significantly among genotypes in both years ranging from 0.52 to 0.58.


Table 5. Nitrogen content and N use efficiencies among tested rice genotypes (average over N treatments).
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Interaction Effect of N Rates and Genotypes on N Content and N Use Efficiencies

Interaction effects of N rate and genotype (N × V) were significant for grain N content, kg N uptake t−1 grain, PEN, and NHI in 2010, while significant interaction effects were detected for N content in grain, kg N uptake t−1 grain, PEN, PFPN, and IEN in 2011. However, interaction of V × N for total plant N, PFPN, AEN, REN, and IEN was insignificant in 2010 as well as for total plant N, AEN, REN, and NHI in 2011. Grain N content was the highest (57 kg kg−1) for the interaction of N110 × IR83377-B-B-93-3, which was at par with N110 × IRRI 123 (56 kg kg−1) and was lowest for N0 × BRRI dhan57 (17 kg kg−1). Significant V × N interaction was found for kg N uptake t−1 grain, at the level of p ≤ 0.05 and p ≤ 0.01 in 2010 and 2011, respectively. The amount of kg N uptake t−1 grain was highest (20.2) in N110 × IR83381-B-B-6-1 and lowest (14.4) in N0 × IR83377-B-B-93-3. In general, kg N uptake t−1 grain increased with greater N rates. PFPN and PEN followed the reverse trend and decreased with increasing N rates. Variation in the V × N interaction on PFPN and PEN ranged from 27 to 80 and 29 to 78, respectively, in both years, and it was 66 and 63%, respectively. The genotypes BRRI dhan56, BRRI dhan57, IR83377-B-B-93-3, and IR 83381-B-B-6-1 showed the highest NHI values at N83, whereas IRRI 123 and Binadhan-7 showed the highest NHI values at N55.



Relationship Between Yield and N Content

The relationships between plant N content and grain yield are presented in Figure 6. There were significant correlations of grain yield and plant N content for all genotypes. A close relationship between total N uptake in plant and grain yield was observed for all genotypes, and the linear regressions accounted for 68.6 to 98.6% of the variance in yield. The slope of the regression as another measure of nitrogen use efficiency was the steepest for Binadhan-7 and IR83377-B-B-93-3, and it was the lowest for BRRI dhan56. Grain yield showed significant and positive association with total above-ground biomass N contents at maturity. BRRI dhan56, BRRI dhan57, and IR 83381-B-B-6-1 produced the highest grain yields with N83 that were also highly related with their biomass N contents at maturity. Similar results were also found for the cultivars IR83377-B-B-93-3, IRRI 123, and Binadhan-7 with N110.


[image: Figure 6]
FIGURE 6. Relationship between grain yield and plant N contents at maturity of the tested rice genotypes (averaged over N treatments).






DISCUSSION

Genotypes, nitrogen (N) rates, interaction of genotypes by N rates, and effect of year had a significant effect on almost all the variables over the 2 years of investigation of six rice genotypes under four levels of N. These findings are in alignment with those of Rakotoson et al. (2017) who found similar results with 3 years of evaluation of 13 upland rice varieties under two levels of N inputs. Increased nitrogen application rates significantly increased yield of all tested genotypes up to N83 and then declined, which is in agreement with previous reports that grain yield of rice genotypes may increase up to a certain limit of N rate and could then stagnate or even reduced slightly (Singh et al., 1998; Fageria et al., 2010; Zhao et al., 2012). As the highest yields observed were still below the potential yields of most of the germplasms tested, there were likely other yield-limiting factors in these experiments such as inadequate moisture and other nutrient deficiencies. Notably, the rice in this study was grown as a rainfed crop, and the supply of rainwater was deficient. It also indicated from these results that N rates above 83 kg N ha−1 are probably not advisable in the rainfed environments of Bangladesh. We found significant deviations in yield because of variation in yield potential of the tested genotypes. Similar views are reported by Swain et al. (2006) and Zhao et al. (2012). The genotypes IR83377-B-B-93-3 and IRRI 123 had significantly higher yields than the other genotypes at high N application rates. This could be attributed to their higher values for yield components (Tirol-Padre et al., 1996; Gueye and Becker, 2011), which could give them an advantage under mild drought stress as occurred in both years (Singh et al., 1998; Swain et al., 2006). The varieties BRRI dhan56 and BRRI dhan57 were selected for more severely drought-stressed conditions and have a shorter duration to address frequent terminal drought stress, which is common in many rainfed environments. Under these rainfed conditions, the grain yields were generally reduced by an average of 40% in control plots (without N) compared to N-applied plots. These results are in alignment with Haefele et al. (2008) who observed grain yield reductions of 59% in control plots under rainfed conditions. Yield and efficiencies of the rice cultivars were lower in 2011 compared to 2010, as the crop of 2011WS was severely affected by drought stress due to lower and erratic rainfall. Growth duration of the genotypes was significantly affected by the genotypes, N rates, and their interactions, and it was increased with increasing N rates. Panicles per square meter and harvest index were increased with increased N rates; however, the harvest index reduced in the higher N rate (N110). Rakotoson et al. (2017) found that panicles per square meter and the harvest index were consistently positively correlated with N rates.

Nitrogen uptake and NUEs were significantly influenced by variations in rice genotypes and N levels. These findings are in agreement with Rakotoson et al. (2017) who reported significant genetic variability for NUE, nitrogen uptake efficiency (NUPE), and nitrogen utilization efficiency (NUTE) in both high-N and low-N treatments but a low level of G × N interaction. Similar results are also obtained by Zhao et al. (2012), Tayefe et al. (2011), Fageria et al. (2009), Haefele et al. (2008), Inthapanya et al. (2000b), Witt et al. (1999), and Singh et al. (1998). In general, we have found N uptake in the range of 60 to 80 kg N ha−1. Swain et al. (2006) also reported 33.4 to 65.5 kg ha−1 N uptake under non-water-stressed conditions (0–25 cm standing water). Irrespective of genotype, N uptake ranged from 40 to 93 kg N ha−1 depending on N rates. N uptake by grain varied from 21 to 53 kg ha−1. These results of N accumulation in grain as well as the range of uptake were identical to those in reports by Naklang et al. (2006), Haefele et al. (2003), Roberts (2008), and Witt et al. (1999) for modern varieties in Asia and Africa. We have found decreased NUE with higher N rates in this study that indicated the negative correlation between NUE and N rates. Rakotoson et al. (2017) also observed a negative relationship between grain yield and grain N concentration under low N. The PFPN, AEN, REN, PEN, and IEN were generally higher with lower N rates, and the efficiencies decreased with greater N rates [as previously described by Peng et al. (2006); Tayefe et al. (2011), Inthapanya et al. (2000b), and Singh et al. (1998)]. PFPN varied significantly among the genotypes, ranging from 35 to 48 kg kg−1. The results are in line with the findings of Dobermann and Fairhurst (2000) and Singh et al. (1998) who reported PFPN < 50 and 51 kg kg−1, respectively. Cultivars that generally show higher AEN produce higher yield with higher N rates and ultimately give higher NUE (Zhang et al., 2009) and low NUE for poor-yielding varieties (Ladha et al., 1998). Fischer (1998) also recommended higher NUE for improving rice yield potential. Increases in N uptake efficiency and/or N utilization efficiency lead to an increase of NUEs (Gueye and Becker, 2011; Salem et al., 2011). The AEN was highest (21 kg kg−1) in IR83377-B-B-93-3 and lowest (12 kg kg−1) in BRRI dhan57 in this study. These findings are similar to those of Dobermann and Fairhurst (2000) who stated that AEN of modern rice cultivars ranged from 10 to 25 kg kg−1 but can range from 0 to 35 kg kg−1. Dobermann (2005) also reported that the AEN ranged from 10 to 30 kg grain kg−1 N applied in his other investigation. Ladha et al. (2005) reported AEN values of 22.0 kg grain kg−1 N for rice. Yoshida (1981) reported that AEN ranged from 15 to 25 kg grain yield kg−1 N applied. However, BRRI dhan56 also provided better yield and efficiencies with low N rates. The genotypes IR83377-B-B-93-3 and IRRI 123 also showed higher recovery efficiency (0.43–0.48 and 0.39–0.42 kg kg−1, respectively), that contributed for higher grain yield compared to other genotypes. Dobermann and Fairhurst (2000) found that REN ranged from 0.30 to 0.40 kg N kg−1 in Asia. PEN ranged from 31 to 53 kg kg−1 toward the N rates while it was 27 to 42 kg kg−1 across the genotypes. These results are also in accordance with Dobermann and Fairhurst (2000) who reported that PEN ranges from 22 to 49 kg kg−1 with an average of 35 kg kg−1. IEN of IR83377-B-B-93-3 and BRRI dhan56 was the highest (61 kg kg−1). Grain production was mainly dependent on the utilization of taken up N (Singh et al., 1998; Inthapanya et al., 2000b). IEN varied from 46 to 67 kg kg−1, which is in alignment with Witt et al. (1999) who reported that the optimal IEN of tropical Asian rice is 68 kg kg−1 with a range of 51 to 68 kg kg−1. Although not identical, the findings are close to the IEN boundaries (48 and 112 kg grain kg−1 N) and with the mean (71 kg grain kg−1 N) determined by Haefele et al. (2003). Interaction of N levels and genotypes showed higher NUE at lower N rates than at high N levels as also supported by Gueye and Becker (2011) and Tirol-Padre et al. (1996). We have found that NHI is related with N uptake and NUE, in agreement with Singh et al. (1998). The variations in NHI are related with the capacity of a genotype to utilize N and N levels for growth and development (Singh et al., 1998; Swain et al., 2006). The variations in NHI could be 0.45 to 0.69 (Swain et al., 2006), which is very much true for our findings. Grain yield and plant N content showed a consistent significant relationship across genotypes. Previous studies also suggest that grain yield was linearly and positively correlated with plant N content and that it varied among genotypes (Swain et al., 2006; Fageria et al., 2009; Gueye and Becker, 2011). The significant correlation between grain yield, N uptake, and NUE indicated that the higher grain yield of genotypes IR83377-B-B-93-3 and IRRI 123 was mostly dependent on higher N uptake of the crop under rainfed conditions (Rakotoson et al., 2017). Thus, genotypes IR83377-B-B-93-3 and IRRI 123 were observed to be N efficient, while BRRI dhan57, Binadhan-7, and IR83381-B-B-6-1 were classified as N inefficient.



CONCLUSIONS

Nitrogen levels significantly influenced grain yield, yield components, N uptake, and NUEs of the studied genotypes. Depending on the N rate, grain yield increased by 35–45% compared to the control (N0). BRRI dhan56 produced higher grain yield under lower N levels and was not responsive to higher N application rates, indicating that this variety can be recommended as a low-input genotype suitable for growing in less fertile soils with minimum added N fertilizer. Grain yields of genotypes IR83377-B-B-93-3, IRRI 123, and Binadhan-7 increased up to N110 while BRRI dhan56, BRRI dhan57, and IR83377-B-B-6-1 produced their highest yields at N83. Such responses indicate that N management should be variety specific, and such knowledge must be disseminated among farmers during varietal adoption trials. Among the tested genotypes, IR83377-B-B-93-3 and IRRI 123 were the most N-efficient genotypes. Genotypes IR83377-B-B-93-3 and IRRI 123 were recognized as high yielding and N use efficient at high as well as low N levels under rainfed conditions. That superior genotype linked with proper agronomic management practices could be released as varieties or be utilized to develop N use-efficient varieties under rainfed environments.
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