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Abstract

:

In Northwestern Pakistan’s rice-based cropping systems, the prevalent reliance on inorganic nitrogen fertilizers (INF) has led to insufficient nitrogen (N) contributions from soil organic manures (OM). This study aims to evaluate the impact of organic sources (OS), including animal manures (AM) and crop residues (CR), on crop growth rates (CGR) in a rice-wheat rotation. A two-year field experiment involving hybrid rice (Oryza sativa L., Pukhraj) was conducted in Batkhela, Khyber Pakhtunkhwa. Various OS and inorganic-N (urea) combinations were applied, emphasizing their influence on CGR. The findings highlight poultry manure (PM) application as the most impactful on CGR, while wheat straw (WS) application resulted in the lowest CGR among the six OS investigated. Additionally, the use of AM showcased superior CGR compared to CR. In the initial year, the highest CGR occurred, with 75% of N sourced from urea and 25% from OS. In the second year, a balanced 50% N application from each source yielded the highest CGR. Urea and PM demonstrated the most robust CGR among OS combinations, while urea and WS yielded the lowest. Notably, onion leaves, a cost-effective option, delivered promising results comparable to berseem residues, indicating their potential as organic manure, especially in sulfur-deficient soils. These findings underscore the viability of onion residue management as a cost-effective alternative to ammonium sulfate fertilizers with global applicability. The abstract recommends promoting organic sources, particularly poultry manure and onion leaves, alongside inorganic-N fertilizers to enhance CGR and reduce dependence on costly alternatives. However, further research and field trials are necessary to explore the long-term impacts of these organic sources on soil health, nutrient cycling, and the sustainability of rice-based cropping systems in Northwestern Pakistan and beyond. In conclusion, this study investigates the influence of organic sources on CGR in rice-wheat rotations, emphasizing the superiority of poultry manure and onion leaves. The findings highlight cost-effective alternatives to conventional fertilizers, emphasizing the need for further research to validate long-term sustainability and applicability beyond the study area.
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1. Introduction


Rice is a vital staple food and one of the major cash crops in Pakistan, ranking third in cultivation and contributing significantly to the country’s agricultural sector. It is the primary source of calories for over four billion people globally [1,2]. However, rice yields in the Malakand Division of Khyber Pakhtunkhwa Province, Northwestern Pakistan, remain modest compared to other regions, ranging from 1633 kg ha−1 in Lower Dir to 2323 kg ha−1 in Swat [3]. Recent studies have highlighted the importance of crop growth rates and analysis in improving rice productivity. For instance, a study by Khan et al. [4] emphasized the significance of monitoring crop growth rates to identify growth-limiting factors and optimize nutrient management practices. Another study by Ahmad et al. [5] explored the use of advanced crop growth analysis techniques to assess the impact of environmental factors on rice growth and development. These recent findings emphasize the need for comprehensive crop growth analysis to enhance rice yields and address the productivity challenges in rice cultivation.



Nitrogen plays a crucial role in increasing crop yield by supporting various physiological and metabolic processes in plants. It is an essential component of proteins, enzymes, chlorophyll, and nucleic acids, which are vital for plant growth and development. Adequate nitrogen availability promotes vigorous vegetative growth, enhances photosynthesis, and improves nutrient uptake and utilization efficiency. Recent studies continue to emphasize the significance of nitrogen in maximizing crop productivity. For instance, a study by Kant et al. [6] conducted on maize highlighted that nitrogen fertilization significantly increased grain yield by promoting plant biomass accumulation and optimizing photosynthetic activity. Another study by Liu et al. [7] demonstrated that nitrogen application in wheat positively influenced yield components, such as spike length, kernel number per spike, and grain weight. These findings underscore the importance of proper nitrogen management strategies to ensure optimal crop growth and higher yields to ultimately contribute to global food security.



Nitrogen deficiency in rice impedes growth and reduces yield by affecting vital physiological and metabolic processes, such as photosynthesis and protein synthesis. Studies, like those by Fu et al. [8] and Zhao et al. [9], confirm the adverse impact of nitrogen deficiency on plant height, leaf area index, biomass accumulation, and grain yield in rice, emphasizing the need for effective nitrogen management [10,11].



In modern rice-based cropping systems, the imbalanced use of chemical fertilizers results in reduced production, soil depletion, nutrient imbalance, and environmental contamination [12,13,14]. Organic manures, including Cattle Manure, Poultry Manure, Sheep Manure, Onion leaves, Wheat Straw, and Berseem Straw, offer a cost-effective and sustainable solution [15,16,17,18,19,20]. Studies by Huang et al. [21], Cong et al. [22] and Dai et al. [23] showcase the benefits of these organic manures, such as improved soil fertility, nutrient availability, and enhanced crop productivity, promoting sustainable agriculture practices and mitigating environmental concerns.



Crop growth rates and analysis are indispensable tools in agriculture, providing insights into crop development, health, and productivity. Monitoring these rates aids in assessing plant vigor and biomass accumulation and predicting yield potential. Research, such as that by Hidayatullah and Amanullah [19], and Amanullah and Hidayatullah [24], emphasizes the importance of growth analysis in evaluating nutrient management practices and optimizing rice growth and yield. By leveraging crop growth rates, farmers and researchers can make informed decisions to enhance productivity, resource utilization, and overall agricultural sustainability.



To explore the influence of varying ratios of crop residues, animal manures, and urea on the growth rates and growth analysis of hybrid rice (Pukhraj), a field experiment was conducted in Batkhela, Northwestern Pakistan, situated in the Malakand Division. The primary objective of the experiment was to evaluate the feasibility and effectiveness of substituting chemical fertilizer N with more economical and efficient alternatives. The study comprehensively examined the impact of these organic manures on multiple facets of rice growth, encompassing soil water-holding capacity, aeration, seed germination, and root development. The overarching goal was to foster sustainable and productive rice cultivation practices in the region.



The findings of this research project yield valuable insights into optimizing nutrient management practices by seamlessly integrating organic manures with chemical fertilizers. This integrated approach proves instrumental in enhancing both crop growth and yield within the rice-based cropping system of Northwestern Pakistan.




2. Materials and Methods


2.1. Site Description


A field experiment was conducted to investigate the impact of organic and inorganic nitrogen fertilizers on rice (Oryza sativa L., hybrid Pukhraj) and their residual effects on subsequent wheat (Triticum aestivum L., cv. Siran) in a rice-wheat cropping system at Butkhela, Malakand Agency, Northwest Pakistan, during 2011–2012 (year one) and 2012–2013 (year two). Butkhela is situated at 34°37′0″ N and 71°58′17″ E in Degrees Minutes Seconds (DMS) or 34.6167 and 71.9714 in decimal degrees.



The soil at the experimental site is clay loam, slightly alkaline (pH = 7.3), non-saline (ECe = 1.02 dS m−1), moderately calcareous (CaCO3 = 7.18%), with low soil fertility containing minimal organic matter (0.71%), total nitrogen (0.051%), and extractable phosphorus (5.24 mg kg−1) and zinc (0.93 mg kg−1). Weather data for the experimental period are illustrated in Figure 1. Detailed information on the 26 treatment combinations involving various sources and ratios of organic and inorganic nitrogen fertilizers is presented in Table 1.




2.2. Experimentation


The rice nursery was sown on 5 June, and one-month-old seedlings were transplanted on 5 July in both years. Organic manure was applied 30 days before transplanting, while the required urea was applied in two equal splits, i.e., 50% at transplanting and 30 days after transplanting. Nitrogen at the rate of 120 kg N ha−1 was adjusted from fertilizer (urea) after using different sources of organic manures. Nitrogen concentration (%) and C:N ratios of various organic and inorganic nitrogen sources are provided in Table 2.



All plots were separated by approximately 30 cm ridges to prevent the movement of water/nutrients among different treatments. Water for each treatment was separately applied from the water channel. The experimental treatments were arranged in a simple randomized complete block design (RCBD) with four replications. The plot size was 12 m2 (3 m × 4 m), with approximately 300 plants per plot and a plant-to-plant distance of 20 cm apart. A uniform dose of 60 kg P2O5 ha−1 as triple superphosphate (46% P2O5) and 60 kg K2O ha−1 as sulfate of potash (50% K2O) was applied to all treatments, including the control (no nitrogen applied), during seedbed preparation.



Organic manures were applied 30 days before transplanting, while 50% of the required urea was applied during transplanting, and the remaining 50% was applied 30 days later. All plots treated with N-fertilizers received a total of 120 kg N ha−1, sourced either from exclusive organic or inorganic N sources or through a combination of both (Table 1). Following the rice harvest, a wheat variety (Siren-2010) was planted in October in both years.




2.3. Data Collection


Crop growth rate (CGR) data were collected at three growth stages: transplanting to tillering, tillering to panicle initiation, and panicle initiation to physiological maturity. CGR was calculated based on dry matter accumulation per unit of ground area per unit of time. Table 3 shows a statistical analysis of the data, while Table 4, Table 5 and Table 6 show mean data combined over the years.




2.4. Dry Matter Partitioning


At tillering, the panicle initiation stage, and physiological maturity, five plants within each treatment were harvested. Leaves, stems, and panicles were separated, dried, and weighed by an electronic balance to record data on the dry weight of the leaf, stem, and panicles (no panicles were observed at tillering). Dry weight plant−1 at each growth stage was calculated as the sum of the dry weights of the plant components.




2.5. Crop Growth Rate


Crop growth rate (CGR), defined as dry matter accumulation per unit ground area per unit time, was determined at various growth stages (transplanting to tillering, tillering to panicle initiation stage, and panicle initiation stage to physiological maturity) according to the procedures used by Amanullah and Stewart [25].


CGR = W2 − W1/(GA) (t2 − t1) (g m−2 day−1)











W1 = Dry weight (g) m−2 at the beginning of interval; W2 = Dry weight (g) m−2 at the end of interval; t2 − t1 = The time interval between the two consecutive samplings; GA = Ground area occupied by plants at each sampling.



The findings from this study will provide insights into the effects of organic and inorganic nitrogen fertilizers on hybrid rice growth in the rice-wheat cropping system in Northwestern Pakistan, contributing to the optimization of nutrient management practices for sustainable and productive rice cultivation in the region.




2.6. Statistical Analysis


The statistical analysis for this study employed analysis of variance (ANOVA) combined over the years, with treatment means subjected to comparison through the Least Significant Difference (LSD) test at a significance level of p < 0.05 [26]. Comprehensive parameter-specific ANOVAs are presented in Table 3, offering a detailed breakdown of statistical assessments for each studied variable.



There were 26 treatment combinations (T), as shown in Table 1. T1 = Control where no organic or inorganic nitrogen was applied. T2 = 100% nitrogen was applied from urea only. T3 to T8 = 75% nitrogen was applied from urea, and 25% nitrogen was applied from different organic sources. T9 to T14 = 50% nitrogen was applied from urea, and 50% nitrogen was applied from different organic. T15 to T20 = 25% nitrogen was applied from urea, and 75% nitrogen was applied from different organic sources. T21 to T26 = 100% nitrogen was applied from six different organic sources (three animal manures viz. cattle, poultry, and sheep, and three crop residues viz. onion, wheat, and berseem residues, respectively).



Out of the total 26 treatments, there was one control, one sole urea, six sole orogenic sources (OS), and 18 different mixtures combinations between urea + OS also including three different ratios of urea and organic sources [75:25, 50:50, and 25:75]. The detailed ANOVA is shown in the following Table 3.





3. Results


3.1. CGR from Transplanting to Tillering (TR-TI)


Crop growth rate (CGR) from the transplanting to the tillering stage was significantly affected by organic sources (OS) in both years (Y), i.e., in 2011 (year one) and 2012 (year two) and when averaging the two years (years mean) (Table 4). However, the Y × OS interaction had no influence on CGR. According to the average of two years’ data, the CGR obtained from applying poultry manure (PM) was the highest (4.06 g m−2 day−1), followed by cattle manure (CM) (3.96 g m−2 day−1) and sheep manure (SM) (3.91 g m−2 day−1), and lowest was recorded with wheat straw (WS) (3.07 g m−2 day−1). Although CGR showed a non-significant response to Y × OS, it was generally higher in 2012 than in 2011. In 2011, the CGR ranged between 2.70 (WS) and 3.51 g m−2 day−1 (PM), while in 2012, it ranged between 3.45 (WS) and 4.62 g m−2 day−1 (PM). The ratios (R) in 2011, 2012, the mean of two years, and the Y × R interaction had a significant effect on CGR up to tillering (Table 4). The two-year averaged data showed that the use of the ratio of 50U:50OS for N produced higher CGR up to tillering (6.34 g m−2 day−1) than the other two ratios. The Y × R interaction indicated that in 2011, the CGR was higher when using a 75U:25OS ratio, but in 2012, the ratio of 50U: 50OS produced the higher CGR up to tillering. The CGR up to tillering increased by 25, 23, and 7% in 2012 over 2011 while using different ratios of 50U: 50OS, 25U: 75OS and 75U: 25OS, respectively. The mixtures (M) in 2011, 2012, the mean of two years, and Y × M had a significant effect on CGR up to tillering (Table 4). The CGR varied significantly between 4.13 (U + WS) to 6.49 g m−2 day−1 (U + PM) in 2011 and between 5.24 (U + WS) to 7.42 g m−2 day−1 (U + PM) in 2012.



The average of two years’ data showed that N applied as U + PM resulted in substantially higher CGR up until tillering (6.96 g m−2 day−1), whereas U + WS resulted in the lowest CGR (4.68 g m−2 day−1). Combining U and AM resulted in higher CGR up to tillering than combining U and CR (Table 4), as shown by the Y × M interaction. While U + AM showed a 12–21% increase in CGR from 2011 to 2012, U + CR showed a 20–23% increase in CGR from 2011 to 2012 up until tillering. U + BS yielded a 23% increase in CGR during tillering in 2012 compared to 2011, whereas U + PM yielded a 16% increase. The CGR from planting to tillering was greater in the rest of the plots (N treated plots) compared to the control (N not applied) according to the planned mean comparison. The CGR up to tillering increased by 16% in the rest plots in 2012 compared to 2011, whereas it fell by 10% in the control plots in the same time period, leading to a significant year × (control vs. rest) interaction. Single-urea applications resulted in significantly greater CGR through tillering than mixes. In 2012, the CGR up to tillering was lower in the sole urea plots than in 2011, whereas it was higher in the mix plots by 19% in 2012 than in 2011. This difference indicates a significant year × (U vs. Mix) interaction. Figure 2 shows that application sole U produced higher CGR than the mixture during 2011. However, the mixture produced higher CGR than U in 2012. Tillering CGR was increased more by mixed applications than by pure OS applications. In 2012, the CGR was higher for both pure OS and mixed applications than in 2011. There was a significant Y × (OS vs. M) interaction in 2012 because the CGR up to tillering increased by 22% using pure OS compared to 2011, whereas it increased by 19% using a mixture (Figure 2). The CGR up until tillering was greater when solitary urea was applied as compared to pure OS. There was a substantial Y × (U vs. OS) interaction, as the CGR up to tillering was 22% higher in 2012 than in 2011 when using pure OS but only 1% higher when using solitary urea. There was no statistically significant difference between AM and CR in terms of CGR up until tillering. There was no statistically significant Y × (AM vs. CR) interaction because the CGR up to tillering increased by 18% in 2012 compared to 2011 when using AM but by 21% when using CR. Sole urea was more effective for increasing CGR through tillering than OS + mixes. There was a substantial Y × (U vs. pure OS + mix) interaction in 2012 because the CGR up to tillering increased by 19% with pure OS + mix compared to 2011 but only increased by 1% with solitary urea (Figure 3).




3.2. CGR from Tillering to Panicle Initiation (TI-PI)


When considering the two years and the Y × OS interaction, the use of OS had no significant effect on CGR from the tillering to the panicle initiation stage in 2011 and 2012 (Table 4). The two-year average data showed that the application of PM resulted in the highest CGR (35.70 g m−2 day−1), while the application of WS resulted in the lowest CGR (27.99 g m−2 day−1).



CGR increased from year one to year two despite the lack of a meaningful response to the Y × OS interaction. The CGR varied between 286.06 and 33.51 g per square meter per day in 2011 and between 29.92 and 37.88 g per square meter per day in 2012. CGR was significantly affected by the ratios in 2011 and 2012, as well as by the mean ratio over the years, although the Y × R interaction was not significant (Table 4). Applying the N as 75% from U and 25% from OS resulted in the highest CGR (52.54 g m−2 day−1), whereas applying the ratio of 25%U:75%OS resulted in the lowest CGR. Despite the lack of statistical significance between Y and R in terms of CGR, the ratio of 75U:25OS had the highest CGR in both 2012 and 2011. Table 4 shows that the CGR of rice was significantly affected by the mixtures (M) in 2011 and 2012 but not by the two-year mean or the Y × M interaction. In 2011, the CGR ranged from 37.54 (U + WS) to 57.67 (U + PM) g m−2 day−1, and in 2012, it was even more extreme, going from 41.94 (U + WS) to 59.76 (U + PM) g m−2 day−1. The average of the two years’ worth of data showed that the CGR produced by applying N in the form of U + PM was greater than that of the other treatments (58.72 g m−2 day−1) but not significantly so. CGR grew more with U + AM than U + CR in both years (Y × M interaction). When U + AM was used, the CGR increase in 2012 over 2011 was between 4 and 10%, whereas when U + CR was used, the CGR increase was between 3 and 10%. CGR was increased by 10% in 2012 over 2011 when using a combination of U + WS and U + CM, whereas it was increased by only 3% when using U + OL. Compared to the control group, the rest (N-treated plots) had better CGR, as determined by the intended mean comparison.



In 2012, the CGR rose by 6% in the uncontrolled plots compared to 2011, whereas it fell by 13% in the controlled plots. The CGR was increased when only urea was used instead of a combination. In 2012, the CGR was down 3% in the solo urea-treated plots compared to 2011, while it was up 7% in the mix plots, leading to a non-significant year × (U vs. Mix) interaction. CGR was increased more by using mixes than by using OS alone. In 2012, the CGR was higher for both pure OS and mixed applications than in 2011. While the CGR increased by 11% in 2012 compared to 2011 while utilizing pure OS, the CGR climbed by just 7% when employing a blend of OS and M, rendering the Y × (OS vs. Mix) interaction insignificant. Urea alone resulted in a greater CGR than olive oil alone.



There was no statistically significant Y × (U vs. OS) interaction because the CGR went up 11% in 2012 compared to 2011 when using pure OS, while it went down 3% when using solo urea. While AM resulted in a slightly greater CGR than CR, the difference was not statistically significant. Using either AM or CR, the CGR rose by 7% in 2012 compared to 2011, and the Y × (AM vs. CR) interaction was not statistically significant. The CGR improved more when only urea was used as opposed to pure OS + mixes. Pure OS + M increased CGR by 7% in 2012 compared to 2011, while single urea lowered CGR by 3% in 2012 compared to 2011. This Y × (U vs. OS + Mix) interaction was not statistically significant.




3.3. CGR from Panicle Initiation to Physiological Maturity (PI-PM)


The mean of the two years of data showed that organic sources had a substantial effect on CGR at PM, while effects from 2011, 2012, and the Y × OS interaction were not statistically significant (Table 5). The two-year average data showed that the CGR acquired with PM application was the highest (32.88 g m−2 day−1), followed by CM (30.46 g m−2 day−1) and being on par with SM (29.06 g m−2 day−1), and the CGR obtained with WS application was the lowest (21.44 g m−2 day−1). While there was no statistically significant relationship between CGR and the Y × OS interaction, it was generally greater in 2012 than in 2011.



The CGR varied from 17.92 (BS) to 28.59 (PM) g m−2 day−1 in 2011 and from 24.75 (WS) to 37.16 (PM) g m−2 day−1 in 2012. There was no statistically significant relationship between CGR and the ratios (R) in 2011, 2012, the two-year mean, or the Y × R interaction (Table 5). Based on averages over two years, the highest CGR (31.12 g m−2 day−1) was achieved with an application of N comprised of 50% urea and 50% organic source (50U:50OS). Using a 50U:50OS N ratio in both years, the CGR was higher in 2011 according to the Y × R interaction. Using N at 50U:50OS, 25U:75OS, and 75U:25OS resulted in a 50, 47, and 44% increase in CGR in 2012 compared to 2011. The effects of the mixtures (Mix) on CGR were not statistically significant (Table 5). Based on the average of two years’ data, it was found that the CGR produced by applying N as U + PM was comparable to other combinations (at 30.00 g m−2 day−1).



Combining urea with animal manures (U + AM) resulted in a higher CGR than using urea with crop residues (U + CR) (Table 5). When compared to 2011, U + AM led to a CGR increase of between 43% and 55% in 2012. CGR increased by 55% in 2012 compared to 2011 when U + PM was used. According to the planned mean comparison, the CGR produced by the rest of the plots was greater than that of the control. There was a significant Y × (control vs. rest) interaction due to a 20% rise in CGR in the rest plots from 2011 to 2012 and a 15% drop in CGR in the control plots from 2011 to 2012. When compared to applications including both urea and OS, those involving only urea resulted in more CGR. In 2012, compared to 2011, the CGR grew by 1% in the sole urea plots but by 24% overall. However, when compared to using pure OS, CGR was increased when combinations were used. In 2012, the CGR was higher for both pure OS and mixed applications than in 2011.



A significant Y × (OS vs. Mix) interaction was found since the CGR increased by 19% in 2012 compared to 2011 when utilizing pure OS and by 24% when applying a combination (Figure 4). The CGR increased more when sole urea was used as opposed to when alone OS was used. There was a highly significant Y × (U vs. OS) interaction, as the CGR rose by 19% in 2012 compared to 2011 when using only OS but rose by only 1% when using only urea. Although AM resulted in a greater CGR than CR, the difference was not statistically significant. When compared to 2011, CGR with AM climbed by 23% in 2012, while CGR with CR increased by 22% in the same time period. When compared to using pure OS + mixes, the CGR improved when only urea was used. Significant Y × (U vs. OS + Mix) interaction was observed because of the 23% increase in CGR in 2012 over 2011 with OS + Mix and the 1% increase in CGR in 2012 over 2011 with solitary urea (Figure 5).





4. Discussion


The application of poultry manure as the sole organic manure resulted in increased crop growth rates (CGR) at all three growth stages [CGR from transplanting to tillering (TR-TI), CGR from tillering to panicle initiation (TI-PI), and CGR from panicle initiation to physiological maturity (PI-PM)] as compared to the CGR with other organic sources (OS). However, the CGR at all three growth stages was significantly (p < 0.05) reduced when wheat straw (WS) was used alone. The variation in CGR under different organic sources can be explained by the shifts in the C/N ratio that occur when switching between different OS. The application of poultry manure (PM) with its low C/N ratio (12:1) increased CGR, while the application of wheat straw (WS) with its high C/N ratio (116:1) decreased CGR at all growth stages.



Our research reveals that reducing the C/N ratio of organic sources accelerates the decomposition process, leading to increased nutrient availability. This, in turn, fosters the growth and development of rice, ultimately enhancing the CGR in rice. The elevated C/N ratio observed in wheat straw, coupled with its sluggish decomposition in wetland soils (rice fields), plays a significant role in diminishing crop growth rates when utilized in such environments. Organic materials characterized by high C/N ratios, such as cereals (like wheat), are more prone to nitrogen competition with standing crops. This competition often results in nitrogen insufficiency, leading to a substantial reduction in both rice crop growth and development. Consequently, the overall CGR of rice experiences a significant decline under these conditions.



Moreover, submerged soils (rice fields) present challenges in terms of organic matter decomposition. Our findings underscore the potential benefits of composting wheat straw before its application in rice cultivation, showcasing the capacity to enhance both CGR and final yield. Consequently, for wetland rice farming, opting for well-decomposed or low C/N ratio organic manures, such as animal manures, emerges as a preferable and more effective choice than cereal residues. This approach ensures improved nutrient availability and contributes to the overall success of rice cultivation in submerged soil conditions.



Building on prior research, evidence suggests a noteworthy impact on various aspects of rice cultivation when employing high C/N organic sources, specifically wheat residues. Studies indicate a reduction not only in CGR but also in crucial parameters such as plant height [19], yield, and yield components [24]. This reduction is consistently observed across all three distinct growth stages of the rice crop [19]. These findings emphasize the comprehensive influence of high C/N organic sources on multiple facets of rice cultivation, further substantiating the importance of optimizing organic sources for enhanced crop performance and productivity.



On the contrary, when compared with wheat straw, the utilization of low C/N organic sources, particularly animal manures, berseem, and onion residues, demonstrates a noteworthy impact on various aspects of rice cultivation, including plant height [19], overall yield, and yield components [24]. These results align with earlier research conducted by [27,28], reinforcing the notion that enhanced yield attributes contribute to an overarching improvement in crop yield. Our own investigations further substantiate this, revealing that animal manures (AM) emerge as the most efficacious method for augmenting rice yield, primarily by fostering an increased CGR across the plant’s developmental stages [24].



Moreover, our study underscores the pivotal role played by animal manures in promoting not only heightened plant stature but also enhanced yield parameters, aligning with the broader theme observed in the works of [27,28]. The observed increase in CGR throughout the developmental phases of the rice plant serves as a key mechanism driving the overall improvement in yield, as elucidated by our findings [24]. The employment of animal manures, especially poultry manure, emerges as a potent strategy for bolstering rice cultivation outcomes, showcasing its multifaceted impact on plant growth, yield, and crucial yield components. These findings not only echo earlier research but also contribute valuable insights into the nuanced dynamics of organic sources in optimizing rice crop production.



The CGR across all three growth stages of rice exhibited a notable increase when nitrogen (N) was applied at a ratio of 75% from urea (U) and 25% from organic sources (OS) during the initial year (75U:25OS). Intriguingly, a shift to a 50% U and 50% OS application in the second year yielded higher CGR at all developmental phases. In 2011, the CGR surpassed that of 2012, potentially attributed to a higher proportion of N from urea and a lower contribution from OS (75U:25OS). Publications stemming from the same study consistently highlight elevated plant height [19], increased yield, and improved yield components [24] associated with the 75U:25OS ratio in the inaugural year. However, the 50U:50OS ratio demonstrated a more favorable impact on CGR at various growth stages in 2012, as indicated by corresponding publications from the study, showcasing augmented plant height, enhanced yield, and improved yield components [24].



Our hypothesis posits that a ratio of 25% U and 75% OS (25U:75OS) could potentially optimize the growth, development, and overall production of the rice crop over time. This conjecture is rooted in the understanding that a higher reliance on organic sources might exert a beneficial influence on the long-term performance of the rice crop. Further exploration of this ratio could offer valuable insights into sustainable and effective nutrient management strategies for rice cultivation. Based on these studies, it can be concluded that OS provides limited benefits in the first year of the rice-based system, but these benefits increase over time in a sustainable manner [19,24].



Our data unearthed compelling insights into the impact of different nitrogen combinations (mixtures) on rice crop performance. Specifically, the amalgamation of urea with animal manures, particularly poultry manure (U + PM), exhibited a pronounced enhancement in CGR across all three growth stages. In stark contrast, the combination of urea and wheat straw (U + WS) was associated with a decrease in CGR throughout the rice plant’s developmental phases. Furthermore, our experimental trials demonstrated that the U + PM combination contributed to both increased plant height [19] and enhanced yield [24] for the rice crop. Conversely, the U + WS combination yielded contrasting results, leading to a reduction in both plant height [19] and overall yield [24]. The observed positive effects of U + PM on growth and yield are postulated to be linked, at least in part, to the lower C/N ratio of 12:1 present in poultry manure [19,24].



Corroborating our findings, Hassanuzazzaman et al. [29] reported that the incorporation of poultry manure fosters increased crop development by supplying ample plant nutrients. Notably, the application of U + PM not only optimizes soil conditions for robust plant growth but also increases total rice biomass and dry weights at the time of harvest [30]. In essence, our study highlights the nuanced influence of nitrogen combinations, particularly emphasizing the positive outcomes associated with the strategic use of urea in conjunction with poultry manure. This not only enhances growth and yield but also aligns with sustainable agricultural practices by optimizing nutrient utilization and minimizing environmental impact.



In the first year of the experiment (2011), solitary urea application outperformed the mixture (U + OS) in terms of CGR at different growth stages. Likewise, Myint et al. [15] found that mineral fertilization was superior to organic manures. However, in the second year (2012), the mixture (U + OS) outperformed solitary urea in terms of CGR. Nevertheless, in both years, CGR was higher when N was applied as a mixture (U + OS) compared to using OS alone. These results are in line with our published data from the same study, which confirms that U + OS increased plant height [19], grain yield [24], and total rice biomass [30] as compared to sole organic sources, especially in the first year of our research.



The marked improvement in CGR observed in the second year, resulting from the application of urea combined with organic sources (U + OS), can be attributed to advancements in the dynamics of crop growth and the generation of elevated yield components [24]. This intricate interplay triggers heightened photosynthetic assimilation, leading to an augmented accumulation of dry matter and total rice biomass [30]. This phenomenon is further facilitated by increased soil nitrogen content and enhanced nitrogen uptake by rice plants [31]. These cumulative effects contribute synergistically to an overall increase in CGR across various growth stages. In essence, the application of U + OS over sole OS in the second year acts as a catalyst, fostering a more robust growth trajectory for the crop. This positive outcome is intricately linked to the promotion of key physiological processes, particularly an enhancement in nitrogen uptake, improved nitrogen usage efficiency, and a concurrent decrease in nitrogen loss from the soil [31].



The advantages of U + OS extend beyond the immediate growth dynamics, encompassing the realm of nutrient management and sustainability. Organic manures play a pivotal role in reducing nitrogen losses [32,33], conserving soil nitrogen through the formation of organic mineral complexes, and ensuring a sustained and prolonged supply of nitrogen to rice plants. This, in turn, leads to an overall increase in total nitrogen on a sustainable basis. The combined application of organic and inorganic nitrogen, as represented by U + OS, surpasses the sole application of urea in terms of grain, straw, and biological yields [34,35]. This substantiates the significance of a balanced and integrated approach to nitrogen management, highlighting the positive and sustainable outcomes achieved through the judicious combination of organic and inorganic nitrogen sources.



Within the treated plots (rest), a discernible increase in CGR at various growth stages was evident, underscoring the positive impact of nitrogen application [6,7]. In stark contrast, the control plots (N not applied) experienced a drastic decrease in CGR [8,9]. This stark contrast emphasizes the critical role of nitrogen in shaping the growth dynamics of wetland rice agriculture. The documented benefits of integrated nitrogen management, encompassing both organic and inorganic sources, further underscore the pivotal role nitrogen plays in wetland rice cultivation [36,37]. Numerous studies have highlighted that such integrated approaches significantly contribute to enhanced paddy production [15,16,24,30]. This surge in productivity can be attributed to the positive influence of integrated nitrogen management on a diverse array of yield components [24] and the total biomass of rice [30].



Moreover, the disparities in nitrogen source absorption emerge as influential factors that significantly shape both plant growth and yield potential [17]. Organic manures, in particular, play a multifaceted role in improving growth and rice yield. They accomplish this by making essential nutrients more available to plants over an extended period, curbing nitrogen volatilization into NH3 gas, and augmenting the soil’s water-holding capacity [11,15,31]. In essence, the findings underscore the critical importance of a balanced and integrated nitrogen management strategy for wetland rice agriculture. By comprehensively addressing nutrient availability, nitrogen loss, and soil water retention, such an approach not only optimizes crop growth and yield but also contributes to the sustainability and resilience of wetland rice ecosystems.



Recent studies have shown that the combined application of chemical and organic nitrogen fertilizers in a 50:50 ratio can significantly enhance crop growth and crop growth rate, ultimately improving the final yield of rice crops [19,24,30,31]. This integrated approach capitalizes on the benefits offered by both types of fertilizers, synergistically optimizing nutrient availability and utilization. For instance, research by [38] demonstrated that the combined application of urea (chemical fertilizer) and poultry manure (organic fertilizer) in equal proportions resulted in higher plant height, increased tiller production, and improved grain yield in rice. Another study by [39] supported these findings, revealing that the 50:50 ratio of chemical and organic nitrogen fertilizers improved nutrient uptake efficiency, enhanced photosynthesis, and ultimately led to higher rice yields. These findings underscore the importance of integrating chemical and organic nitrogen sources in a balanced ratio to maximize the growth and yield potential of rice crops.



Recent studies have consistently demonstrated that nitrogen-treated plots in rice cultivation exhibit higher growth and yield compared to nitrogen-control plots. These findings emphasize the crucial role of nitrogen fertilization in optimizing rice production. For instance, nitrogen application significantly improved plant height [19,40], tiller production, panicle length, and grain yield in rice [24]. Similarly, a study conducted by [41,42,43,44,45,46,47] reported that nitrogen-treated plots exhibited enhanced leaf area index, higher number of productive tillers, increased grain weight, and overall improved rice yield compared to the control plots. These findings highlight the importance of proper nitrogen management in rice farming to ensure optimal crop growth, maximize yield potential, and meet the increasing demand for this essential staple food.




5. Conclusions


In summary, this study addresses critical aspects of hybrid rice cultivation and nutrient management practices, bringing significant findings and implications to light. Restating the problem, the observed decline in crop growth rate in the absence of nitrogen application underscores the pivotal role of nitrogen fertilization in maximizing rice crop productivity.



Summarizing the overall arguments and findings, the differential effects of various organic sources on crop growth rate underscore the importance of considering the carbon-to-nitrogen ratio (C/N ratio) in organic fertilizer selection. Poultry manure, with its lower C/N ratio, emerged as more beneficial for rice growth compared to wheat residue with a higher C/N ratio. Berseem and onion residues exhibited heightened effectiveness in promoting crop growth, suggesting the potential of specific crop residues as organic fertilizers for enhancing rice productivity.



Discussing the implications, the optimization of nitrogen sources is crucial for maximizing crop growth rate. The combination of 75% nitrogen from inorganic sources (urea) and 25% nitrogen from organic sources (crop residues) proved effective in the first year, while a balanced 50% nitrogen contribution from both sources yielded better results in the second year. These findings emphasize the importance of finding the right balance between inorganic and organic nitrogen sources for sustainable and enhanced crop growth.



Moreover, the utilization of onion wastes as organic manure holds promising prospects, particularly in regions with calcareous and sulfur-deficient soils. The sulfur content in onion residues can address sulfur deficiencies, potentially reducing reliance on expensive nitrogen fertilizers like ammonium sulfate. The economic benefits of using onion residues, often readily available at low or no cost, can significantly enhance the income of smallholder farmers.



In light of these findings, we recommend further exploration and validation of organic fertilizer combinations and alternative sources in different agroecological contexts. Research efforts should focus on optimizing nutrient management strategies to achieve sustainable and high-yielding rice production. Additionally, investigations into the long-term effects of organic and inorganic nitrogen sources on soil fertility, nutrient cycling, and environmental sustainability are warranted.



In conclusion, this research illuminates the significance of nitrogen fertilization, organic fertilizer selection, and nutrient management practices for hybrid rice cultivation. The findings offer valuable insights for farmers, policymakers, and researchers, aiming to enhance crop growth rates, yield composition, and overall agricultural sustainability. By harnessing the potential of organic fertilizers and optimizing nitrogen source combinations, it is possible to achieve improved rice crop productivity while minimizing environmental impacts and supporting the economic well-being of farmers worldwide.







Author Contributions


Methodology, A.; Supervision, A.; Writing—original draft, A.; Software, H.U.; Data curation, H.U. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the Higher Education Commission (HEC) of Pakistan, Islamabad under indigenous PhD fellowship (No. 106-1529-AV6-060).




Data Availability Statement


Data supporting reported results can be requested by contacting the corresponding author. The data are not publicly available due to compliance with data protection regulations.




Acknowledgments


We are thankful to the farmer Shah Hussain who provided us with the field for two years without any cost. The help of Inamullah, District Director, Agriculture Extension Malakand is also highly appreciated.




Conflicts of Interest


The authors declare that they have no competing interests.




References


	



Rathod, S.; Chitikela, G.; Bandumula, N.; Ondrasek, G.; Ravichandran, S.; Sundaram, R.M. Modeling and Forecasting of Rice Prices in India during the COVID-19 Lockdown Using Machine Learning Approaches. Agronomy 2022, 12, 2133. [Google Scholar] [CrossRef]

	



Rathod, S.; Yerram, S.; Arya, P.; Katti, G.; Rani, J.; Padmakumari, A.P.; Somasekhar, N.; Padmavathi, C.; Ondrasek, G.; Amudan, S.; et al. Climate-Based Modeling and Prediction of Rice Gall Midge Populations Using Count Time Series and Machine Learning Approaches. Agronomy 2021, 12, 22. [Google Scholar] [CrossRef]

	



Amanullah; Inamullah; Alkahtani, J.; Elshikh, M.S.; Alwahibi, M.S.; Muhammad, A.; Ahmad, M.; Khalid, S. Phosphorus and Zinc Fertilization Influence Crop Growth Rates and Total Biomass of Coarse vs. Fine Types Rice Cultivars. Agronomy 2020, 10, 1356. [Google Scholar] [CrossRef]

	



Amanullah, O.G.; Al-Tawaha, A.R. Integrated nutrients management: An approach for sustainable crop production and food security in changing climates. Front. Plant Sci. 2023, 14, 1288030. [Google Scholar] [CrossRef] [PubMed]

	



Wen, Y.; Li, Y.; Yuan, L.; Li, J.; Li, W.; Lin, Z.; Zhao, B. Comprehensive assessment methodology of characteristics of soil fertility under different fertilization regimes in North China. Trans. Chin. Soc. Agric. Eng. 2015, 31, 91–99. [Google Scholar]

	



Liu, X.; Bai, Y.; Du, X.; Ma, Y.; Li, Q.; Zhang, M. Effects of Nitrogen Application Rate on Yield, Absorption, and Utilization of Winter Wheat. Front. Plant Sci. 2020, 11, 212. [Google Scholar] [CrossRef]

	



Kant, P.; Thakur, V.; Srivastava, A.K.; Nayak, A.K. Nitrogen Fertilization and Grain Yield of Maize: A Meta-Analysis. Agronomy 2021, 11, 691. [Google Scholar] [CrossRef]

	



Fu, Y.Q.; Zhong, X.H.; Zeng, J.H.; Liang, K.M.; Pan, J.F.; Xin, Y.F.; Liu, Y.Z.; Hu, X.Y.; Peng, B.L.; Chen, R.B.; et al. Improving grain yield, nitrogen use efficiency and radiation use efficiency by dense planting, with delayed and reduced nitrogen application, in double cropping rice in South China. J. Integr. Agric. 2021, 20, 565–580. [Google Scholar] [CrossRef]

	



Zhao, Z.; Yan, S.; Liu, F.; Ji, P.; Wang, X.; Tong, Y. Effects of Chemical Fertilizer Combined with Organic Manure on Early Rice Yield and Nitrogen Fate in Paddy Field. J. Shenyang Agric. Univ. 2019, 50, 728–733. [Google Scholar]

	



Amanullah; Almas, L.K.; Shah, P. Timing and Rate of Nitrogen Application Influence Profitability of Maize Planted at Low and High Densities in Northwest Pakistan. Agron. J. 2010, 102, 575–579. [Google Scholar] [CrossRef]

	



Hidayatullah, A.; Jan, A.; Shah, Z. Residual effect of organic nitrogen sources applied to rice on the subsequent wheat crop. Int. J. Agron. Plant Prod. 2013, 4, 620–631. [Google Scholar]

	



Hou, H.Q.; Ji, J.H.; Liu, X.M.; Lv, Z.Z.; Lan, X.J.; Liu, Y.R. Effects of different proportion of organic fertilizers on rice yield and nitrogen use efficiency. Soils 2020, 52, 758–765. [Google Scholar]

	



Ondrasek, G.; Begić, H.B.; Romić, D.; Brkić, Ž.; Husnjak, S.; Kovačić, M.B. A novel LUMNAqSoP approach for prioritising groundwater monitoring stations for implementation of the Nitrates Directive. Environ. Sci. Eur. 2021, 33, 23. [Google Scholar] [CrossRef]

	



Ondrasek, G.; Horvatinec, J.; Kovačić, M.B.; Reljić, M.; Vinceković, M.; Rathod, S.; Bandumula, N.; Dharavath, R.; Rashid, M.I.; Panfilova, O.; et al. Land Resources in Organic Agriculture: Trends and Challenges in the Twenty-First Century from Global to Croatian Contexts. Agronomy 2023, 13, 1544. [Google Scholar] [CrossRef]

	



Myint, A.; Yamakawa, T.; Kajihara, Y.; Zenmyo, T. Application of different organic and mineral fertilizers on the growth, yield and nutrient accumulation of rice in a Japanese ordinary paddy field. Sci. World J. 2010, 5, 47–54. [Google Scholar] [CrossRef]

	



Amanullah; Khan, S.-u.-T.; Iqbal, A.; Fahad, S. Growth and productivity response of hybrid rice to application of animal manures, plant residues and phosphorus. Front. Plant Sci. 2016, 7, 1440. [Google Scholar] [CrossRef]

	



Ahmad, R.; Naveed, M.; Aslam, M.; Zahir, Z.A.; Arshad, M.; Jilani, G. Economizing the use of nitrogen fertilizer in wheat production through enriched compost. Renew. Agric. Food Syst. 2008, 23, 243–249. [Google Scholar] [CrossRef]

	



Amanullah, A.; Khan, A. Phosphorus and compost management influence maize (Zea mays) productivity under semiarid condition with and without phosphate solubilizing bacteria. Front. Plant Sci. 2015, 6, 1083. [Google Scholar] [CrossRef]

	



Hidayatullah, A. Sources, ratios and mixtures of organic and inorganic nitrogen influence plant height of hybrid rice (Oryza sativa) at various growth stages. EC Agric. 2015, 2, 328–337. [Google Scholar]

	



Amanullah; Khalid, S. Integrated use of phosphorus, animal manures and biofertilizers improve maize productivity under semiarid condition. In Organic Fertilizers—From Basic Concepts to Applied Outcomes; Larramendy, M.L., Soloneski, S., Eds.; InTech: Rijeka, Croatia, 2016; pp. 137–155. [Google Scholar]

	



Huang, J.; Huang, Z.; Jia, X.; Hu, R.; Xiang, C. Longterm reduction of nitrogen fertilizer use through knowledge training in rice production in China. Agric. Syst. 2015, 135, 105–111. [Google Scholar] [CrossRef]

	



Cong, R.-H.; Zhang, Z.; Lu, J.-W.; Li, X.-K.; Ren, T.; Wang, W.-N. Evaluation of nitrogen requirement and efficiency of rice in the region of Yangtze River valley based on large-scale field experiments. J. Integr. Agric. 2015, 14, 2090–2098. [Google Scholar] [CrossRef]

	



Dai, X.; Song, D.; Zhou, W.; Liu, G.; Liang, G.; He, P.; Sun, G.; Yuan, F.; Liu, Z.; Yao, Y.; et al. Partial substitution of chemical nitrogen with organic nitrogen improves rice yield, soil biochemical indictors and microbial composition in a double rice cropping system in south China. Soil Tillage Res. 2021, 205, 104753. [Google Scholar] [CrossRef]

	



Amanullah, H. Influence of organic and inorganic nitrogen on grain yield and yield components of hybrid rice in Northwestern Pakistan. Rice Sci. 2016, 23, 326–333. [Google Scholar] [CrossRef]

	



Amanullah; Stewart, B.A. Dry matter portioning, growth analysis and water use efficiency response of oats (Avena sativa L.) to excessive nitrogen and phosphorus application. J. Agr. Sci. Tech. 2013, 15, 479–489. [Google Scholar]

	



Steel, R.G.D.; Torrie, J.H.; Dickey, D. Principles and Procedures of Statistics; McGraw-Hill: New York, NY, USA, 1996. [Google Scholar]

	



Ebaid, R.A.; El-Refaee, I.S. Utilization of rice husk as an organic fertilizer to improve productivity and water use efficiency in rice fields. Afr. Crop Sci. Conf. Proc. 2007, 8, 1923–1928. [Google Scholar]

	



Hossaen, M.; Shamsuddoha, A.; Paul, A.; Bhuiyan, M.; Zobaer, A. Efficacy of Different Organic Manures and Inorganic Fertilizer on the Yield and Yield Attributes of Boro Rice. Agriculturists 2011, 9, 117–125. [Google Scholar] [CrossRef]

	



Hasanuzzaman, M.; Ahamed, K.U.; Rahmatullah, M.; Akhter, N.; Nahar, K.; Rahman, M.L. Plant growth characters and productivity of wetland rice (Oryza sativa L.) as affected by application of different manures. Emir. J. Food Agric. 2010, 22, 46–58. [Google Scholar]

	



Amanullah; Hidayatullah; Jan, A.; Shah, Z.; Khan, M.J.; Parmar, B.; Fahad, S. Organic carbon sources and nitrogen man-agement improve biomass of hybrid rice (Oryza sativa L.) under nitrogen deficient condition. In Advances in Rice Research for Abiotic Stress Tolerance; Hasanuzzaman, M., Fujita, M.-S., Nahar, K., Biswas, J.K., Eds.; Woodhead Publishing: Chennai, India, 2019; pp. 447–468. [Google Scholar]

	



Amanullah; Ullah, H.; Soliman Elshikh, M.; Alwahibi, M.S.; Alkahtani, J.; Muhammad, A.; Khalid, S. Nitrogen contents in soil, grains, and straw of hybrid rice differ when applied with different organic nitrogen sources. Agriculture 2020, 10, 386. [Google Scholar] [CrossRef]

	



Matsoukis, A.; Gasparatos, D.; Chronopoulou-Sereli, A. Environmental conditions and drenched-applied paclobutrazol effects on lantana specific leaf area and N, P, K, and Mg content. Chil. J. Agric. Res. 2014, 74, 117–122. [Google Scholar] [CrossRef]

	



Yaduvanshi, N.P.S.; Swarap, A. Effect of continuous use of sodic irrigation water with and without gypsum, farmyard manure, pressmud and fertilizer on soil properties and yields of rice and wheat in a long-term experiment. Nutr. Cycl. Agroecosystems 2005, 73, 111–118. [Google Scholar] [CrossRef]

	



Amanullah; Shah, F. Nitrogen in Agriculture-Updates; InTech: Rijeka, Croatia, 2018; ISBN 978-953-51-5398-6. [Google Scholar]

	



Shah, A.; Shah, S.M.; Mohammad, W.; Shafi, M.; Nawaz, H.; Shehzadi, S.; Amir, M. Effect of integrated use of organic and inorganic N sources on wheat yield. Sarhad. J. Agric. 2010, 26, 559–563. [Google Scholar]

	



Khan, A.R.; Chandra, C.; Nanda, P.; Singh, S.S.; Ghorai, A.K.; Singh, S.R. Integrated nutrient management for sustainable rice production. Arch. Agron Soil Sci. 2004, 50, 161–165. [Google Scholar] [CrossRef]

	



Antil, R.S.; Singh, M. Effects of organic maures and fertilizers on organic matter and nutrients status of the soil. Arch. Agron. Soil Sci. 2007, 53, 519–528. [Google Scholar] [CrossRef]

	



Iqbal, A.; He, L.; Ali, I.; Ullah, S.; Khan, A.; Khan, A.; Akhtar, K.; Wei, S.; Zhao, Q.; Zhang, J.; et al. Manure combined with chemical fertilizer increases rice productivity by improving soil health, post-anthesis biomass yield, and nitrogen metabolism. PLoS ONE 2020, 15, e0238934. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Zhang, X.; Yuan, M.; Wu, G.; Sun, Y. Effects of Partial Replacement of Nitrogen Fertilizer with Organic Fertilizer on Rice Growth, Nitrogen Utilization Efficiency and Soil Properties in the Yangtze River Basin. Life 2023, 13, 624. [Google Scholar] [CrossRef] [PubMed]

	



Wu, D.H.; Chen, C.T.; Yang, M.D.; Wu, Y.C.; Lin, C.Y.; Lai, M.H.; Yang, C.Y. Controlling the lodging risk of rice based on a plant height dynamic model. Bot Stud. 2022, 63, 25. [Google Scholar] [CrossRef] [PubMed]

	



Guo, J.; Hu, X.; Gao, L.; Xie, K.; Ling, N.; Shen, Q.; Hu, S.; Guo, S. The rice production practices of high yield and high nitrogen use efficiency in Jiangsu, China. Sci. Rep. 2017, 7, 2101. [Google Scholar] [CrossRef] [PubMed]

	



Amanullah. Rate and timing of nitrogen application influence partial factor productivity and agronomic NUE of maize (Zea mays L.) planted at low and high densities on calcareous soil in northwest Pakistan. J. Plant Nutr. 2016, 39, 683–690. [Google Scholar] [CrossRef]

	



Amanullah; Khan, I.; Jan, A.; Jan, M.T.; Khalil, S.K.; Shah, Z.; Afzal, M. Compost and nitrogen management influence productivity of spring maize (Zea mays L.) under deep and conventional tillage systems in Semi-arid regions. Comm. Soil Sci. Plant Anal. 2015, 46, 1566–1578. [Google Scholar] [CrossRef]

	



Khan, A., Jr.; Almas, L.K.; Al-Noaim, M.I. Nitrogen Rates and Sources Affect Yield and Profitability of Maize in Pakistan. Crop. Forage Turfgrass Manag. 2015, 1, 1–6. [Google Scholar] [CrossRef]

	



Amanullah. Source and rate of nitrogen application influence agronomic N-use efficiency and harvest index in maize (Zea mays L.) genotypes. Maydica 2014, 59, 80–89. [Google Scholar]

	



Nadia; Amanullah; Arif, M.; Muhammad, D. Improvement in Wheat Productivity with Integrated Management of Beneficial Microbes along with Organic and Inorganic Phosphorus Sources. Agriculture 2023, 13, 1118. [Google Scholar] [CrossRef]

	



Song, W.; Shu, A.; Liu, J.; Shi, W.; Li, M.; Zhang, W.; Li, Z.; Liu, G.; Yuan, F.; Zhang, S.; et al. Effects of long-term fertilization with different substitution ratios of organic fertilizer on paddy soil. Pedosphere 2022, 32, 637–648. [Google Scholar] [CrossRef]








[image: Nitrogen 05 00003 g001] 





Figure 1. Monthly rainfall (mm), and maximum/minimum temperatures (°C) during the rice growing season in the study area. 
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Figure 2. Interactive effect of year × urea vs. mixtures on CGR (g m−2 day−1) from transplanting to tillering. 
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Figure 3. Interactive effect of year × urea vs. pure OS + mixtures on CGR (g m−2 day−1) from transplanting to tillering. 
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Figure 4. Interactive effect of year × pure OS vs. mix on CGR (g m−2 day−1) from panicle initiation to physiological maturity. 






Figure 4. Interactive effect of year × pure OS vs. mix on CGR (g m−2 day−1) from panicle initiation to physiological maturity.



[image: Nitrogen 05 00003 g004]







[image: Nitrogen 05 00003 g005] 





Figure 5. Interactive effect of year x urea vs. pure OS + mix on CGR (g m−2 day−1) from panicle initiation to physiological maturity. 
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Table 1. The 26 treatment combinations while using various sources and ratios of organic and inorganic N-fertilizers (120 kg N ha−1) under a rice-wheat system in Northwest Pakistan.
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Treatments

	
Percent N

Applied from Urea

	
Percent N Applied from Organic Sources




	
Cattle

	
Poultry

	
Sheep

	
Onion

	
Wheat

	
Berseem






	
T1

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
T2

	
100

	
0

	
0

	
0

	
0

	
0

	
0




	
T3

	
75

	
25

	
0

	
0

	
0

	
0

	
0




	
T4

	
75

	
0

	
25

	
0

	
0

	
0

	
0




	
T5

	
75

	
0

	
0

	
25

	
0

	
0

	
0




	
T6

	
75

	
0

	
0

	
0

	
25

	
0

	
0




	
T7

	
75

	
0

	
0

	
0

	
0

	
25

	
0




	
T8

	
75

	
0

	
0

	
0

	
0

	
0

	
25




	
T9

	
50

	
50

	
0

	
0

	
0

	
0

	
0




	
T10

	
50

	
0

	
50

	
0

	
0

	
0

	
0




	
T11

	
50

	
0

	
0

	
50

	
0

	
0

	
0




	
T12

	
50

	
0

	
0

	
0

	
50

	
0

	
0




	
T13

	
50

	
0

	
0

	
0

	
0

	
50

	
0




	
T14

	
50

	
0

	
0

	
0

	
0

	
0

	
50




	
T15

	
25

	
75

	
0

	
0

	
0

	
0

	
0




	
T16

	
25

	
0

	
75

	
0

	
0

	
0

	
0




	
T17

	
25

	
0

	
0

	
75

	
0

	
0

	
0




	
T18

	
25

	
0

	
0

	
0

	
75

	
0

	
0




	
T19

	
25

	
0

	
0

	
0

	
0

	
75

	
0




	
T20

	
25

	
0

	
0

	
0

	
0

	
0

	
75




	
T21

	
0

	
100

	
0

	
0

	
0

	
0

	
0




	
T22

	
0

	
0

	
100

	
0

	
0

	
0

	
0




	
T23

	
0

	
0

	
0

	
100

	
0

	
0

	
0




	
T24

	
0

	
0

	
0

	
0

	
100

	
0

	
0




	
T25

	
0

	
0

	
0

	
0

	
0

	
100

	
0




	
T26

	
0

	
0

	
0

	
0

	
0

	
0

	
100








Where: T1 = Control where no organic or inorganic nitrogen was applied. T2 = 100% nitrogen was applied from urea (inorganic N source) only. T3 to T8 = 75% nitrogen was applied from urea, and 25% nitrogen was applied from different organic sources (animal manures viz. cattle, poultry, and sheep, crop residues viz. onion, wheat, and berseem residues, respectively). T9 to T14 = 50% nitrogen was applied from urea, and 50% nitrogen was applied from different organic sources. T15 to T20 = 25% nitrogen was applied from urea, and 75% nitrogen was applied from different organic sources. T21 to T26 = 100% nitrogen was applied from organic sources only.













 





Table 2. Nitrogen concentration (%) and C:N ratios of various organic and inorganic N sources.
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	N-Sources
	C:N Ratio
	Nitrogen (%)





	Cattle Manure
	18:1
	1.1



	Poultry Manure
	12:1
	2.9



	Sheep Manure
	15:1
	1.2



	Onion Leaves
	17:1
	1.2



	Wheat Straw
	116:1
	0.5



	Berseem Straw
	14:1
	1.7










 





Table 3. Analysis of Variance for Crop Growth Rate of Hybrid Rice “Pukhraj” in Response to Organic and Inorganic N-Fertilizers at Different Growth Stages.
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Level of Significance




	
Sources of Variance

	
DF

	
TR-TI

	
TI-PI

	
PI-PM






	
Years (Y)

	
1

	
***

	
**

	
***




	
Blocks (Years)

	
6

	
-

	
-

	
-




	
Treatments

	
25

	
***

	
***

	
*




	
Control vs. Rest

	
(1)

	
***

	
***

	
***




	
Urea vs Pure OS (Organic Sources)

	
(1)

	
***

	
***

	
ns




	
Among all OS (Sole + Mixtures)

	
(23)

	
***

	
***

	
ns




	
Pure OS vs. Mixtures

	
[1]

	
***

	
***

	
ns




	
Pure OS

	
[5]

	
***

	
ns

	
*




	
Animal Manures (AM) vs. Crop Residues (CR)

	
{1}

	
***

	
*

	
**




	
Mixtures

	
[17]

	
***

	
***

	
ns




	
Ratios

	
{2}

	
***

	
***

	
ns




	
Organic Sources in Mixtures

	
{5}

	
***

	
***

	
ns




	
Ratios × Organic Sources

	
{10}

	
ns

	
ns

	
ns




	
Y × Treatments

	
25

	
***

	
ns

	
ns




	
Y × Control vs. Rest

	
(1)

	
***

	
ns

	
**




	
Y × Urea vs. Pure OS

	
(1)

	
***

	
ns

	
*




	
Y × Among all OS

	
(23)

	
***

	
ns

	
ns




	
Y × Pure OS vs. Mixtures

	
[1]

	
*

	
ns

	
**




	
Y × Pure OS

	
[5]

	
ns

	
ns

	
ns




	
Y × AM vs. CR

	
{1}

	
ns

	
ns

	
ns




	
Y × Mixtures

	
[17]

	
***

	
ns

	
ns




	
Y × Ratios

	
{2}

	
***

	
ns

	
ns




	
Y × OS in Mixtures

	
{5}

	
*

	
ns

	
ns




	
Y × Ratios × OS

	
{10}

	
ns

	
ns

	
ns




	
Error

	
150

	
-

	
-

	
-




	
Total

	
207

	
-

	
-

	
-








Where *, **, *** indicates that data is significant at a 5%, 1%, and 0.1% level of probability, respectively. The word ns stands for the non-significant data. ( ) stands for splits of 25, [ ] stands for splits of 23, and { } stands for splits of 17 and 5 degrees of freedom (DF). Note: TR-TI—Transplanting to Tillering, TI-PI—Tillering to Panicle Initiation, PI-PM—Panicle Initiation to Physiological Maturity.













 





Table 4. Crop growth rate (g m−2 day−1) from transplanting to tillering (TR-TI) of rice hybrid “Pukhraj” as affected by organic and inorganic N-fertilizers.
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N Source

	
2011

	
2012

	
Mean






	
Cattle Manure

	
3.37

	
4.55

	
3.96




	
Poultry Manure

	
3.51

	
4.62

	
4.06




	
Sheep Manure

	
3.40

	
4.43

	
3.91




	
Onion leaves

	
3.16

	
4.03

	
3.60




	
Wheat Straw

	
2.70

	
3.45

	
3.07




	
Berseem Straw

	
3.26

	
4.13

	
3.70




	
Level of Significance

	
*

	
***

	
***




	
75U:25OS

	
5.77

	
6.21

	
5.99




	
50U:50OS

	
5.40

	
7.28

	
6.34




	
25U:75OS

	
4.60

	
6.09

	
5.34




	
Level of Significance

	
***

	
***

	
***




	
Urea + Organic sources

	

	

	




	
Urea + Cattle Manure

	
5.83

	
7.04

	
6.43




	
Urea + Poultry Manure

	
6.49

	
7.42

	
6.96




	
Urea + Sheep Manure

	
5.38

	
6.82

	
6.10




	
Urea + Onion Leaves

	
4.83

	
6.20

	
5.52




	
Urea + Wheat Straw

	
4.13

	
5.24

	
4.68




	
Urea + Berseem Straw

	
4.89

	
6.43

	
5.66




	
Level of Significance

	
***

	
***

	
***




	
Planned mean comparison




	
Control

	
2.37

	
2.10

	
2.24b




	
Rest

	
5.10

	
6.14

	
5.62a




	
Urea

	
7.23

	
7.34

	
7.28a




	
Mixture

	
5.26

	
6.53

	
5.89b




	
Pure OS

	
3.23

	
4.20

	
3.72b




	
Mixture

	
5.26

	
6.53

	
5.89a




	
Urea

	
7.23

	
7.34

	
7.28a




	
Pure OS

	
3.23

	
4.20

	
3.72b




	
Animal Manure

	
5.28

	
6.45

	
5.87a




	
Crop Residues

	
4.22

	
5.44

	
4.83b




	
Urea

	
7.23

	
7.34

	
7.28a




	
Pure OS + Mix

	
4.75

	
5.94

	
5.35b




	
Interactions

	
Significance

	
Interactions

	
Significance




	
Y × OS

	
ns

	
Y × U vs. Mix

	
***




	
Y × ratios

	
***

	
Y × OS vs. Mix

	
*




	
Y × mixtures

	
*

	
Y × AM vs. CR

	
ns




	
Y × control vs. rest

	
***

	
Y × U vs. OS + Mix

	
***




	
Y × urea vs. OS

	
**

	

	








Note: *, **, *** indicates that data is significant at 5%, 1% and 0.1% level of probability, respectively. The word ns stands for the non-significant data at a 5% level of probability. Means followed by different letters in the same category are significantly different at a 5% level of probability.













 





Table 5. Crop growth rate (g m−2 day−1) from tillering to panicle initiation (TI-PI) of rice hybrid “Pukhraj” as affected by organic and inorganic N-fertilizers.






Table 5. Crop growth rate (g m−2 day−1) from tillering to panicle initiation (TI-PI) of rice hybrid “Pukhraj” as affected by organic and inorganic N-fertilizers.





	
N Source

	
2011

	
2012

	
Mean






	
Cattle Manure

	
31.06

	
35.45

	
33.26




	
Poultry Manure

	
33.51

	
37.88

	
35.70




	
Sheep Manure

	
31.50

	
34.86

	
33.18




	
Onion leaves

	
30.00

	
33.11

	
31.56




	
Wheat Straw

	
26.06

	
29.92

	
27.99




	
Berseem Straw

	
30.88

	
33.68

	
32.28




	
Level of Significance

	
ns

	
ns

	
ns




	
75U:25OS

	
50.93

	
54.15

	
52.54




	
50U:50OS

	
46.85

	
50.29

	
48.57




	
25U:75OS

	
43.69

	
46.93

	
45.31




	
Level of Significance

	
***

	
***

	
***




	
Urea + Organic sources

	

	

	




	
Urea + Cattle Manure

	
48.58

	
54.12

	
51.35




	
Urea + Poultry Manure

	
57.67

	
59.76

	
58.72




	
Urea + Sheep Manure

	
49.44

	
52.25

	
50.85




	
Urea + Onion Leaves

	
44.96

	
46.21

	
45.58




	
Urea + Wheat Straw

	
37.54

	
41.94

	
39.74




	
Urea + Berseem Straw

	
44.75

	
48.44

	
46.59




	
Level of Significance

	
***

	
***

	
***




	
Planned mean comparison




	
Control

	
25.76

	
22.84

	
24.30b




	
Rest

	
45.75

	
48.43

	
47.09a




	
Urea

	
62.29

	
60.76

	
61.53a




	
Mixture

	
47.16

	
50.45

	
48.81b




	
Pure OS

	
30.50

	
34.15

	
32.33b




	
Mixture

	
47.16

	
50.45

	
48.81a




	
Urea

	
62.29

	
60.76

	
61.53a




	
Pure OS

	
30.50

	
34.15

	
32.33b




	
Animal Manure

	
46.93

	
50.55

	
48.74a




	
Crop Residues

	
39.06

	
42.21

	
40.63a




	
Urea

	
62.29

	
60.76

	
61.53a




	
Pure OS + Mix

	
42.99

	
46.38

	
44.69b




	
Interactions

	
Significance

	
Interactions

	
Significance




	
Y × OS

	
ns

	
Y × U vs. Mix

	
ns




	
Y × ratios

	
ns

	
Y × OS vs. Mix

	
ns




	
Y × mixtures

	
ns

	
Y × AM vs. CR

	
ns




	
Y × control vs. rest

	
ns

	
Y × U vs. OS + Mix

	
ns




	
Y × urea vs. OS

	
ns

	

	








Note: *** indicates that data is significant at 0.1% level of probability. The word ns stands for the non-significant data at a 5% level of probability. Means followed by different letters in the same category are significantly different at a 5% level of probability.













 





Table 6. Crop growth rate (g m−2 day−1) from panicle initiation to physiological (PI-PM) maturity of rice hybrid “Pukhraj” as affected by organic and inorganic N-fertilizers.
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