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Abstract   

The Green Revolution led to India's food independence mostly through the 

inclusion of supply-driven technologies, such as the introduction of high-

yielding cultivars, improved access to water, agrochemicals, and mechani-

zation. The present and future needs target agricultural sustainability with-

out endangering the ecosystem. In this regard, the adoption of precision 

agriculture is required to meet this expected objective. In developed        

nations, precision farming has already experienced tremendous growth. 

However, precision farming methods have taken a while for emerging      

nations in Asia to comprehend, create, and embrace. Moreover, precision 

farming is frequently misunderstood as a sophisticated technological inter-

vention intended for extensive agricultural fields. However, it is essentially a 

science that involves using the "right input" in the "right quantity," at the 

"right time" and in the "right place" to improve input use efficiency. In the 

case of primary nutrients such as nitrogen, phosphorus, and potassium,     

so-called recommendations for nutrient management based on soil tests 

have improved food grain output which increased the nutrient use            

efficiency up to a certain extent. Moreover, the recommendations are made 

for a given agroclimatic region and crops irrespective of site-specific soil 

fertility, cultivars, and agronomic management levels resulting in excess or 

scanty use to crop needs. At this juncture, assessing the nutritional require-

ments of plants proves to be a superior method, as it takes into account the 

cumulative impact of nutrient availability from various sources on plant 

growth at any specific stage, making it a reliable indicator of nutrient acces-

sibility. Rice, the most important food crop, is grown in diverse agroclimatic 

regions at different management levels. Hence, there is an urgent need to 

adopt a precision nutrient management strategy to optimize the yield out-

put. The article offers an overview of several precision instruments available 

for managing nutrients at specific sites and aids in choosing the most      

appropriate one for each circumstances.   
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Introduction   

More than half of the world's population relies mostly on rice as a primary 

food crop. The main reason for the substantial increase in rice production 

during the Green Revolution is the implementation of high-yielding and  
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fertilizer-responsive crops, coupled with the provision of 

necessary resources, which contributed to establishing 

global food security (1). By 2050, the population of the 

world is predicted to grow by 33% and reach 9 billion. In 

order to address the challenges posed by a rapidly growing 

population and diminishing land resources, it is believed 

to be crucial to enhance rice production to maintain food 

security. Although there are various factors that can poten-

tially influence rice production, enhancing soil fertility 

through efficient fertilizer management is considered to be 

a critical factor that can substantially narrow the yield gap 

(2). 

 Early years were often linked with a quick increase 
in agricultural yields in places that significantly increased 

fertilizer usage during the Green Revolution, followed by 

slower relative yield growth in later decades (3, 4).                

A healthy supply of nutrients is essential for the manage-

ment of soil and crops. The productivity of rice crops expe-

riences a notable boost with an increase in the application 

of fertilizers. Fertilizer N is often administered by farmers 

in a series of split applications, however, the quantity of N 

used in each split as well as the timing of the splits can 

differ significantly. In general, farmers use too much nitro-

gen and too little phosphate and potassium fertilizer that 

causes a significant increase in the prevalence of pests, 

diseases, and lodging (5). 

 The blanket fertilizer recommendations don't take 

into consideration the significant differences in soil fertility 

that are prevalent in agricultural systems (6). Hence, with 

general fertilizer recommendations, nutrients may be     

applied too much or insufficiently for diverse sites, limiting 

the effect of the treated nutrients. Nutrient leakages into 

the environment as a result of excessive fertilizer applica-

tion can have negative effects on the ecosystem, including 

the contamination of surface and ground waters (7, 8). 

 At this peak time to replenish depleted soils and 

maintain the sustainability of the environment and agri-

cultural production over the long run, adopting precision 

nutrient management in rice has become imperative (9). 

The key benefit of this strategy is the synchronisation of 

fertilizer application to crop needs. Many smart instru-

ments, such as the leaf colour chart (LCC), chlorophyll  

meter, green seeker etc. are frequently used to help with 

this, and information and communication technology (ICT) 

based decision support systems, such as the nutrient    

expert (NE), rice crop manager (RCM), and rice advise, are 

also rapidly gaining popularity (10). This review clearly 

highlights the ability of all the prominent smart tools in 

administering the need-based application of fertilizer to 

rice and help in evaluating their potential to improve nutri-

ent use efficiency. 

Role of primary nutrients in rice       

In general, the primary nutrients viz., nitrogen, phosphorus 
and potassium are needed in large quantities to fulfil the 

plant growth demands conferring marked enhancement in 

rice yield. Nitrogen being the structural component of sev-

eral metabolically active substances like amino acids, nu-

cleotides, nucleic acids, chlorophyll etc.            conferred its 

role in dry matter production by regulating various meta-

bolic processes in plant viz., photosynthesis and respira-

tion (11-13). Moreover, many studies indicated that top 

dressing of nitrogen at the panicle initiation stage was not-

ed to minimize spikelet sterility, increase spikelet number 

and ultimately the panicle weight (14, 15). This was mainly 

due to the role of absorbed nitrogen during panicle initia-

tion in keeping the leaves green after heading, contrib-

uting towards active photosynthesis and      indeed, grain 

yield (16). 

 Phosphorus is the second most important nutrient 

after nitrogen that determines the root development and 

tiller performance and is thereby responsible for the early 

establishment of seedlings (17). Moreover, studies indica-

ted that grain fertility was reported to be reduced signifi-

cantly under phosphorus deficiency which might be       

attributed to prolongation in days to panicle emergence 

(18, 19). Although, prolongation in days to heading and 

maturity could be beneficial for increased dry matter accu-

mulation it concomitantly increases susceptibility to vari-

ous biotic and abiotic stresses. In an investigation con-

ducted in the central highlands, Madagascar it was ob-

served that under optimal temperatures the biomass    

production and grain yield of rice were improved with  

phosphorus deficiency while on the other hand, a           

contrasting response was realized in terms of biomass pro-

duction and grain yield under low-temperature stress (20).  

 The role of potassium in osmotic adjustment and 

regulating the cell turgor influenced cell enlargement, con-

ferring plant growth and development. Besides, additional 

application of inorganic potassium reported an increase in 

both the production and translocation of photo-

assimilates from source to sink entailing heavier grains 

(21). The positive role of potassium in osmo-regulation 

might have rendered facile uptake of nitrogen and       

phosphorus from the soil which was held responsible for 

influencing the rice growth and productivity. However, in 

many regions of India the soils are saturated with            

potassium and therefore the response obtained through 

potassium application was low. However, in saline condi-

tions, the response of potassium to productivity was     

observed to be more significant than under optimum    

conditions (22). 

 The importance of fertilizers in increasing rice yield 

was recognised in light of the aforementioned facts. Yet, 

using too much fertilizer to get the desired output was bad 

for the environment (23). To maintain food security and 

reduce the flow of unwanted fertilizers into the environ-

ment, it will be necessary to provide sufficient amounts of 

reactive nutrients. 

Fertilizer consumption and cereal production in devel-

oped and developing nations        

According to the data available in world bank database on 
cereal production and fertilizer consumption from 1960 to 

2020 the following illustrations were depicted in Fig. 1 and 

Fig. 2 for both developed and developing nations (24). As 

seen in Fig. 1, both developed and developing nations 

have shown an increase in cereal production from               
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25 to 70 million tonnes and 35 to 175 million tonnes,       

respectively as observed with the advancement in years. 

Also, it was stated that, on an average, developing coun-

tries produce more cereal than developed ones. Similarly, 

when fertilizer use was assessed, it was found that devel-

oping countries consume more fertilizer over time than 

developed countries.  

Present scenario of fertilizer consumption in India         

The fertilizer consumption was burgeoning since the intro-

duction of high-yielding and fertilizer responsive varieties 

in the country. According to the fertilizer association of 

India (FAI), nitrogenous fertilizers (20.40 million tonnes) 

rank first in consumption followed by phosphorus and 

potassium fertilizers in the tune of 8.97 million tonnes and 

3.15 million tonnes, respectively (25). This was mainly   

ascribed due to an increase in budget allocation of govern-

ment subsidy from Rs 21,535 to Rs 90,539 crores on nitrog-

enous fertilizers in the last 10 years (2010 to 2020).    

Among those nitrogenous fertilizers, urea occupies 50% of 

the total fertilizers consumed which is followed by          

diammonium phosphate (DAP). 

Strategies for primary nutrient optimization in rice        

The use of optical sensors and the adoption of decision 

supporting system (DSS) guided nutrition management 

are the two main methods used to optimise primary nutri-

ents (26) (Fig. 3). Here, some of the most popular tools are 

discussed, including the leaf colour chart (LCC), chloro-

phyll meter, green seeker, and decision support systems. 

Leaf colour chart       

The leaf colour chart is a plastic reference strip with a se-

ries of panels based on the brightness of green produced 

by nitrogen application, which ranges from excessive to 

deficient amounts (27). It was first commercialised by Fuji 

Film Co. in 1980 and named as "Standard rice leaf colour 

scale". This scale consisted of seven panels, with light 

green representing panel 1 and dark green representing 

panel 7. 

Fig. 1. Trend of cereal production in developed and developing nations from 1960 to 2020.  

Fig. 2. Trend of fertilizer consumption in developed and developing nations from 1960 to 2020.  
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 Based on this prototype, the International Rice   

Research Institute (IRRI) and the Philippines Rice Research 

Institute (PRRI) developed a leaf colour chart (LCC) in 1996. 

It consists of six colour panels arranged in ascending order 

of rice leaf greenness (28). Furthermore, IRRI researchers 

worked to establish a link between spectral reflectance 

from leaves and chlorophyll content, reducing the number 

of panels to four. Nonetheless, Zheijiang Agriculture      

University (ZAU) in China and the University of California, 

Davis (UCD) in the United States developed an eight-

panelled ZAU-LCC and UCD-LCC, respectively. 

 Initially, the four and six-colour panel IRRI-LCCs 

were used in India in the first decade of the twenty-first 

century to create LCC usage guidelines that were tailored 

to the country's circumstances. Later, customised LCCs 

were introduced in various regions of India. LCC-based 

fertilizer nitrogen management protocols were standard-

ised for various crops like rice, maize and wheat (29). In the 

interim, Punjab Agricultural University (PAU) introduced 

an LCC with six coloured panels that was specifically     

designed for north-western India. Due to the use of shades 

that correspond to 3.5 and 4.5 in place of the first two   

panels of the IRRI-LCC, the PAU-LCC provides a higher level 

of precision when assessing the level of greenness in 

leaves. Similarly, for irrigated rice ecologies a five-coloured 

panel known as IIRR-LCC was developed by the Indian  

Institute of Rice Research (IIRR) located at Hyderabad and 

a five-coloured panel viz., NRRI-LCC with a similar pattern 

was created by NRRI Cuttack and is ideal for rice varieties 

grown in eastern India. 

 The basic idea behind all LCCs is same, despite the 

visual differences in the range of green colours, a user can 

estimate the amount of nitrogen supplied to the crop in 

real time by comparing a leaf to the reference panel on 

LCC (30). Although the LCC may not be as precise as a  

chlorophyll meter in determining the leaf N status in field 

crops, it offers a straightforward, affordable, quick, and 

non-destructive method for measuring changes in the  

level of leaf greenness (22). The LCC readings were typi-

cally taken at intervals of 7 to 10 days following the most   

recent fully expanded leaves on crop plants in order to 

synchronise the nitrogen application to the crop demand 

(31). The recommended amount of fertilizer nitrogen, 

which is typically between 20 and 45 kg N per hectare      

(kg N/ha), is applied when the leaf colour falls below a spe-

cific threshold of greenness on the LCC (32). The threshold 

LCC score is determined by a series of preliminary experi-

ments for a varietal group in a particular area. 

Chlorophyll meter         

A chlorophyll meter is a simple and portable equipment 

used to assess the relative chlorophyll content of leaves. In 

1983, Minolta Co. released the first chlorophyll meter for 

use on a commercial scale. The meter readings were speci-

fied as SPAD values, which show the relative quantities of 

Fig. 3. Beneficial influence of different strategies of primary nutrient optimization on rice.  
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chlorophyll contained in plant leaves. The SPAD meter is 

commonly used to assess the chlorophyll content in a leaf 

by comparing the transmission of red (650 nm) and infra-

red (940 nm) light, resulting in a SPAD value (33).           

Moreover, due to the strong and linear relationship        

between leaf N concentration and chlorophyll content, 

SPAD values were also used to evaluate the real-time 

greenness index in rice fields and decide whether nitrogen 

top dressing is necessary (34). Nevertheless, the correla-

tion between the weight-based leaf nitrogen concentra-

tion and chlorophyll meter readings is subject to variation 

based on the growth stage and variety of the crop, prima-

rily due to differences in leaf thickness. In order to address 

this issue, Peng and his co-workers carried out an experi-

ment on rice and found that to mitigate the influence of 

leaf thickness on chlorophyll meter values, one can over-

come this issue by representing foliar nitrogen concentra-

tion on a leaf area basis rather than a weight basis (35).  

 Using the correlation between leaf area-based    
nitrogen concentration and chlorophyll meter (SPAD) 

measurements, the SPAD threshold was calculated. Below 

this level, the crop would experience N deficit, which will 

reduce production. The requirement for nitrogen top 

dressing was determined by Peng and his co-workers    

using a single SPAD threshold of 35, which corresponds to 

a foliar nitrogen concentration of 1.4 g N/m2 of leaf area 

(36). Under well-controlled experimental circumstances, 

this particular threshold proves to be adequate in attain-

ing the highest possible yield potential in the IR72 rice     

variety (37).  

 In relation to fertilizer N, soil N contributes more to 

rice production. So, the effectiveness of applied N can be 

improved if N fertilizer application is adapted to the soil's 

capacity to deliver N (38). Due to the great geographical 

and temporal diversity of lowland rice soils, it is challeng-

ing to establish the indigenous N supply. Based on the 

findings of Peng et al., (36) utilizing SPAD-guided nitrogen 

management enhances the synchronization between crop 

nitrogen requirements and supply, resulting in elevated 

grain yields, enhanced efficiency in fertilizer usage, and 

improved harvest indices (39).  

 Moreover, they hypothesise that rice plants that are 

more productive as a consequence of SPAD-based N     

control will be less likely to lodge and are more resistant to 

ailments like sheath blight and blast (40). The SPAD read-

ing is influenced by specific situations, just like any other 

diagnostic tool. These include the kind of variety, plant 

density, environmental factors, the presence of other    

nutrients than nitrogen in the soil and plants, and biotic 

and abiotic plant stressors that lead to leaf chlorosis (41). 

Indeed, rice plants that are deficient in phosphorus (P) 

often exhibit dark green leaves, which can lead to elevated 

SPAD measurements. However, when other nutrients in 

the soil and plants are adequately supplied, the SPAD 

method proves to be effective. It serves as a valuable tool 

for fine-tuning nitrogen fertilization, provided that SPAD 

values are appropriately calibrated for a specific situation 

and varietal group (42). 

 In practical applications, when the greenness of rice 

leaves falls below a certain threshold, nitrogen fertilizer 

doses are commonly applied. However, it is important to 

note that the growth stage of the plant and recent environ-

mental conditions such as temperature, moisture stress, 

and sunlight exposure can influence the level of leaf green-

ness (43). For instance, if the sky is persistently cloudy for a 

week or longer, rice leaves tend to lose some of their green 

colour from lack of sunlight. Hence, occasionally adopting 

the incorrect threshold for leaf greenness may result in 

poor fertilizer management decisions that result in yield 

loss and/or inefficient fertilizer N usage. To assist with       

in-season nitrogen fertilizer applications for rice under 

such conditions, utilizing the concept of dynamic thresh-

old greenness or sufficiency index method may prove to be 

more effective compared to relying on a fixed threshold 

level of leaf greenness (35). The concept of dynamic 

threshold greenness emerged due to the need for individu-

al calibration of SPAD meters for each field, soil type, culti-

var, and environmental conditions. This calibration is   

necessary because SPAD meter readings alone do not   

carry any inherent meaning (44). The most effective    

method to calibrate the SPAD meter involves establishing 

reference strips within each field that are over-fertilized or 

nitrogen-rich. By utilizing the readings from these           

reference strips as a benchmark, the threshold leaf green-

ness for a specific crop growth stage and season in a given 

field can be defined precisely (45). Dynamic threshold 

greenness is determined through the utilization of a SPAD 

meter, where it is expressed as a percentage of the SPAD 

value observed in the nitrogen-rich strip. This measure-

ment is commonly referred to as a sufficiency index (46). 

When the sufficiency index value drops below a specific 

threshold, such as 90%, it indicates the need for nitrogen 

fertilizer recommendation to the crop (49) (Table 1). 

Green seeker         

Green seeker is a comprehensive optical sensing and     

application system that provides a more effective and  

precise method for promptly applying fertilizer. Although 

the Green seeker technology was developed around the 

same period as the N-Sensor, its commercial viability has 

only emerged recently (50). In 2001, N Tech Industries Inc. 

obtained a license from Oklahoma State University in the 

United States to utilize the technology that had been    

developed by the university. 

 Based on predictions of early-season N uptake and 

potential yield, green seeker evaluates crop N demands 

using reflectance measurements. The ratio of energy that 

is reflected from an item in relation to the energy that 

strikes  is known as reflectance (51). A crop's spectral    

Chlorophyll meter Manufacturer Wavelengths used 

SPAD 502 Konica Minolta 650,940 

atLeaf Plus FT Green LLC 640,940 

CCM 200 plus Opti-Sciences 653,931 

MultispeQ PhotosynQ 655,950 

Table 1. Types of chlorophyll meter manufactured by various companies (47, 
48).  
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reflectance varies significantly between the visible red 

range and the near-infrared area of the electromagnetic 

spectrum. Plants frequently reflect less red and blue light 

than green, giving the impression that they are green to 

the human eye because chlorophyll absorbs these colors 

(52). The quantity of near-infrared radiant radiation that is 

significantly reflected off the plant surface depends on the 

characteristics of the leaf tissues, their cellular composi-

tion, and the interfaces between the protoplasm, chloro-

plast, cell wall, and air. Consequently, spectral reflectance 

data may be utilized to compute a variety of vegetative 

indices that have good correlations with plant agronomic 

and biophysical factors linked to photosynthetic activity 

and plant productivity (53). 

 Since the NDVI calculation takes into account both 

red and near-infrared light, it aids in the assessment of 

photosynthetic activity. Nevertheless, rather than only 

reflecting the impact of one component, NDVI must be 

understood as a measurement of aggregated plant deve-

lopment that takes into account a number of plant growth 

characteristics. Physical factors picked up by the index are 

probably connected to leaf area or total biomass (54). 

 It measures spectral reflectance from the crop      
canopy using an active light source to generate the non-

normalized difference vegetative index (NDVI), which is 

then used to quantify the amount of nitrogen (N) applied 

to the crop by comparing it with a nitrogen-rich strip    

within the field (32). Both the red (650 nm) and near-

infrared (770 nm) portions of the spectrum are emitted 

from the inbuilt light source in the sensor unit. The gadget 

measures the amount of emitted light that is reflected to 

the sensor from the perceived region (55). 

Decision support tools          

A strategy for feeding crops with nutrients as and when 

necessary is called site-specific nutrient management 

(SSNM) (56, 57). Using SSNM principles has increased agri-

cultural output, nutrient usage efficiency (NUE), and 

farmer income, according to a number of studies. Using 

SSNM concepts in various circumstances is made easier by 

the 4 R Nutrient Stewardship concept proposed by Inter-

national Plant Nutrient Institute (IPNI), which emphasises 

using the right amount of fertilizer at the right time from 

the right sources using the right ways (58). In order to aid 

with decision-making for scheduling nutrients in accord-

ance with SSNM principles, two software applications, 

such as nutrition expert and rice crop manager, were     

developed.  

Nutrient expert        

The Nutrient expert (NE) is an intuitive computer-based 

decision support tool developed by IPNI that makes it easi-

er to decide how much fertilizer is needed to a farm (59). It 

was initially developed in Microsoft Access to direct the 

delivery of fertilizer to hybrid maize in southern Asia, but 

over time it changed into a web-based system and spread 

to other geographical areas and crops like rice, wheat etc. 

As a result, there is less   possibility of over- or under-

fertilizing the crop (60). This tool assists in estimating the 

rates of nutrient application at the field level, taking into 

account predicted yield,     influence of climate, soil type, 

and crop management practices adopted by the farmer 

(58). In nutrient omission studies set out in farmers' fields, 

which call for at least one crop season, the parameters 

required for nutrient expertise are often assessed. Crop 

advisers can create fertilizer recommendations for a place 

using NE even without data from field trials since parame-

ters can be inferred using proxy information such as grow-

ing environment, indicators of soil fertility, the farmer's 

cropping patterns, use of fertilizer inputs and crop residue 

management, and current yields of farmers (61). In this 

tool, the projected increase in yield resulting from the ap-

plication of specific fertilizer nutrients nitrogen (N), phos-

phorous (P), and potassium (K) are utilized to determine 

the precise quantity of fertilizer  required for a crop in a 

particular location. This is achieved by assessing the dis-

parity between the potential yield achievable with suffi-

cient nutrients and the yield limited by nutrient deficien-

cies (62). 

 According to the research, applying nutrition       

experts produced grain yields that were substantially  

higher than those produced by using the recommended 

fertilizer dose. Consequently, using fertiliser recommenda-

tions based on the soil's capability for supplying nutrients, 

particularly with the help of nutrient experts, helped to 

achieve improved crop yields (63). 

Rice crop manager     

RCM is an online tool available at no cost, designed to as-

sist farmers in making informed decisions regarding nutri-

ent management in rice by providing valuable recommen-

dations (64). In collaboration with national partners across 

Asia, the International Rice Research Institute (IRRI) devel-

oped the web-based decision support tool called nutrient 

manager for rice in 2008. The purpose of this tool is to fa-

cilitate the dissemination of fertilizer recommendations 

based on site-specific nutrient management (SSNM) to rice 

farmers. In 2013,  nutrient manager for rice underwent a 

name change and became as rice crop manager (RCM). 

Alongside this update, enhancements were made to the 

tool, which was subsequently adopted and utilized by na-

tional programs in various Asian countries. Its primary 

function is to calculate site-specific crop and nutrient man-

agement strategies aimed at increasing yield and profita-

bility for both irrigated and rainfed rice cultivation (65). 

The tool is accessible at http://cropmanager.irri.org.  

 In a field trial conducted in Philippines, revealed 

that the average amounts of N, P, and K applied per       

hectare were 82 kg, 10 kg, and 21 kg, respectively, using a 

decision support system called RCM. Comparatively, in a 

different practice called farmer’s practice, the application 

rates were 93 kg, 11 kg, and 18 kg/ha, respectively. Grain 

yield in farmer’s practice ranged from 1.82 to 6.49 t/ha, 

and it was observed that RCM increased the average yield 

by 6% (66). 

Machine learning      

Machine learning is a significant technological advance-

ment that plays a crucial role in  assisting with nutrient 

management decisions by leveraging existing data.        
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Machine learning can be categorized into three primary 

types: supervised learning, unsupervised learning, and 

reinforcement learning. In supervised learning, input data 

is linked to output through training  datasets, while unsu-

pervised learning identifies patterns in large datasets by 

grouping data into clusters based on certain features. Gen-

erally, when creating a machine learning model for nutri-

ent management, decision tree-based algorithms are fre-

quently employed. Among these, artificial neural networks 

(ANN), which rely on radial basis function networks, per-

ceptron algorithms, and back propagation techniques, are 

highly popular for developing predictive models. 

Nutrient omission        

The omission plot approach is used to evaluate the 

amount of fertilizer needed to get a desired yield. With the 

exception of the nutrient of interest, which is the missing 

nutrient, all the main nutrients are used in this procedure 

(67). The method gives a rough assessment of the soil's 

natural nutrient supply. The amount of fertilizer needed is 

then determined by calculating the yield gap between the 

maximum yield that can be obtained and the yield          

obtained using the omission plot approach (68). 

Impact of precision nutrient management on growth and 

productivity of rice         

Over the past sixty years, the combination of fertilizer    
application and genetic advancements in cereal crops has 

played a significant role in enhancing crop productivity 

and improving global food security. However, in the case 

of rice, the use of fertilizers has surpassed the rate of yield 

improvement. However, overuse of fertilizers beyond crop 

needs is highly detrimental to the environment whereas, 

underuse may cause global food insecurity (69). In this 

situation, the precision nutrient management approach 

plays a major role in optimizing the nutrient requirement 

based on crop demand.  

 In kharif transplanted rice, it was shown that LCC-

based nitrogen management with a threshold of 4 resulted 

in a significant improvement in grain production of 19.96% 

above its recommended nitrogen management and a save 

of 18 kg N/ha (70). While, it was discovered that in rabi 

transplanted rice, a leaf colour chart with a threshold of 5 

produced grain yield increases of 158 and 10.44% relative 

to the absolute control and recommended dose of nitroge-

nous fertilizers, respectively (71). With the use of fertilizer 

N, hybrid rice's grain production improved, and a consid-

erable rise was seen up to 120 kg N/ha. When compared to 

120 kg N/ha, an additional increase in the N rate did not 

result in a discernible gain in rice output. Depending on 

the diversity of the soil and weather conditions, the utiliza-

tion of LCC 4 (Leaf Color Chart 4) for nitrogen (N) manage-

ment in hybrid rice led to the implementation of 80-110 kg 

N/ha, resulting in a reduction of 10-40 kg N/ha compared 

to the conventional practice of applying 120 kg N/ha in 

three equal portions at specific growth stages. In terms of 

nitrogen use efficiency, LCC 4's agronomic efficiency and 

recovery efficiency were better than LCC 5's observations 

(40). Moreover, for basmati rice Lone et al. (72) suggested 

using the threshold leaf colour value LCC 4 by                    

administering 20 kg N/ha to maintain the critical green-

ness level and Subedi et al. (73) discovered that using LCC 

4 as the threshold allowed for good yields and high fertili-

zer N   usage efficiency for dry direct seeded rice. Some key 

case studies are presented in the Table 2. 

 Chlorophyll meters are potential substitutes in esti-

mating the greenness index, as LCC cannot detect subtle 

variations in leaf greenness. The influence of chlorophyll 

meters on the grain yield of rice is presented in Table 3. 

Hou et al. (77) demonstrated that leaf SPAD readings in-

creases when N rates increases, and the SPAD-guided N 

management lowered N rates and enhanced N use effi-

ciency without reducing grain production. Further, it was 

reported that the productivity of partial factors and N   

agronomic efficiency increases by 10.0% and 14.2%,      

respectively, over farmer practice. In comparison to fixed 

time nitrogen management and control, Singh et al. (78) 

observed a 5.76 and 44.58% increase in yield with a corre-

sponding saving of 30 kg N/ha by adopting SPAD based 

90% sufficiency index strategy. In another experiment, the 

top dressing of nitrogen at a SPAD threshold of 37 record-

ed a maximum grain production of 6098 kg/ha and further 

increasing the rate and quantity of N treatment at a higher 

SPAD threshold of 38, on the contrary lowered the grain 

yield. In addition, the adoption of real-time nitrogen    

management showed a significant reduction in N applica-

tion rate by 27 to 54% of the current N fertilizer guideline 

without lowering rice grain yield (79). These results are 

supported by Ghosh et al. (80), indicating that the medium 

rate of N topdressing at SPAD 37 produced grain and straw 

yields equivalent to fixed time nitrogen management while 

saving 33.3% of fertilizer N. Interestingly, despite increas-

ing total N rates and the quantity of N applications while 

employing a higher SPAD threshold to 38, no improvement 

Threshold 

Grain yield (kg/ha) 

References 
Control 

Recommend-
ed dose of 
fertilizer 

LCC based N 
management 

LCC 3 3079 -NA- 4850 (74) 

LCC 4 2474 5499 6533 (75)  

LCC 5 2435 5696 6291 (70) 

 LCC5 -NA- 3803 4833 (76)  

Table 2. Effect of leaf colour chart (LCC) on grain yield of rice.  

NA- Not Applicable  

Threshold 

Grain yield (t/ha) 

References 
Control 

Recom-
mended 

dose of ferti-
lizer 

SPAD-based 
N manage-

ment 

SPAD 35 2.84 -NA- 4.67 (82) 

SPAD 35 2.48 3.35 3.88 (83) 

SPAD 36 3.62 5.70 5.83 (79) 

SPAD 37.5 3.38 5.78 5.86 (78) 

Table 3. Effect of SPAD 502 on grain yield of rice.  

NA-  Not Applicable  
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in grain production was observed. Similarly, Shantappa    

et al. (81) found that application of N through SPAD 37.5 to 

40.0 revealed saving of N by 90 to 100 kg/ha without con-

siderable reduction in grain yield, and in terms of econo-

mics, rise in SPAD from 30 to 37.5 boosted the net returns 

significantly, but further increase to 40.0 reported loss in 

gross returns and benefit-cost ratio owing to greater cost 

of cultivation.  

 Moreover, since the SPAD 502 is so expensive, com-

peting chlorophyll meters like the atLeaf plus, CCM 200 

plus, Dualex, and MultispeQ are gaining popularity. Real 

leaf chlorophyll, in contrast, displayed a linear correlation 

coefficient with dualex-4 as opposed to SPAD 502 and   

CCM-200. According to which Dong et al. (84) claimed that 

Dualex-4 is a preferable option when compared to the 

SPAD-502 and the CCM-200 for collecting leaf chlorophyll 

data. Unfortunately, employing these chlorophyll meters 

to regulate nitrogen in rice is yet to be explored, thus 

opening up new avenues for investigation. 

 Although the LCC and chlorophyll meter have aided 

in the development of real-time N management tech-

niques for rice, they do not account for photosynthetic 

rates, biomass production, or anticipated yields when     

determining the amount of fertilizer N needed. Recently, 

techniques for calculating the amount of nitrogen (N) that 

crops need have been developed utilising early-season 

predictions of N uptake and potential yield. These tech-

niques are based on measurements of reflectance in the 

red and near-infrared regions of the electromagnetic spec-

trum. Spectral vegetation indices like the normalized 

difference vegetative index (NDVI) are generally used to 

express measured spectral reflectance. The NDVI is sensi-

tive to the leaf area index, green biomass, and photosyn-

thetic efficiency and hence has been demonstrated to offer 

an assessment of photosynthetic efficiency and potential 

productivity of crops (Table 4). According to Billa et al. 

(85), the maximum grain (5411 kg/ha) and straw produc-

tion (6541 kg/ha) of rice was seen when N was adminis-

tered at NDVI value 0.8, which was comparable to NDVI 

value 0.7. Both of these values were noticeably better than 

the other NDVI values of the green seeker tested. In anoth-

er trial by Mohanta et al. (86), green seeker-based nitrogen 

management was claimed to have increased grain output 

by 16.55% in Chellakamarpada village, West Bengal. Simi-

lar to this, it has been reported that green seeker-based 

nitrogen management increased the grain and straw yield 

of kharif rice by 7.47% and 5.49%, respectively, beyond the 

recommended dose of nitrogen in sandy loam soils at 

Dharwad, Bengaluru. 

 All of the sophisticated technologies that have been 

detailed up to this point are only capable of administering 

a precise nitrogen application. Yet, careful administration 

of all the primary nutrients can increase the effectiveness 

of nutrient usage. In this case, the use of ICT-based deci-

sion support systems was created to assist with fertilizer 

recommendations specific to the field. Nutrition expert 

(NE), rice crop manager (RCM), and rice advise (RA) are the 

three most widely utilized ICT-based decision support sys-

tems for rice. These systems enable dynamic nutrient 

management to meet crop conditions and demands.     

According to a study with 209 tests employing rice crop 

manager (RCM) for field-based fertilizer recommendations 

revealed an improvement in grain production ranging 

from 0.25 to 0.65% above farmer's fertilizer practise (FFP) 

for both seasons, kharif and rabi (91). The results of a study 

by Amgain and his co-workers showed that, in the Terai 

areas of Nepal, grain yields from NE-Rice recommenda-

tions were 54.4% and 24.3% greater than farmer's fertilizer 

practise (FFP) for hybrids and improved varieties, respec-

tively. Also, nutrition experts in Terai regions do better 

than in Nepal's mid hills (92). 

Impact of fertilizer use on the environment and climate 

change        

Fertilizers are a vital component that fuels the production 

of food. Nevertheless, the increased usage of synthetic 

fertilizer has resulted in major direct and indirect environ-

mental issues, with estimates placing the origin of more 

than 60% of the nitrogen pollution in agricultural produc-

tion (93). According to recent assessments from the IPCC 

and FAO, synthetic fertilizers account for 13% of all agricul-

tural GHG emissions globally, which accounts to around 

0.7 Gt CO2eq. The buildup or fall of SOM can be caused by 

the application of fertilizers, particularly N to crops. Ferti-

lizer N encourages the formation of both above- and below

-ground plant biomass, which raises SOM concentrations 

when administered in synchronization with the crop 

needs. However, excessive fertilizer N applications may 

hasten SOM loss by causing the organic C and plant litter 

already present in the soil to rot due to increased microbi-

al activity.  

 Nitrous oxide (N2O), a long-lived greenhouse gas 

that builds up in the atmosphere, contributes to climate 

change and stratospheric ozone depletion. Besides, nitrate 

pollution of freshwaters is increasingly becoming a preva-

lent worldwide concern with the growing reliance and us-

age of fertilizer nitrogen. The historical and ongoing uses 

of N fertilizers and manures are reflected in the current 

patterns of nitrate-N enrichment of groundwater. Accord-

ing to one of the most thorough analyses of N2O emissions, 

human sources were responsible for 43% of worldwide 

emissions between 2007 and 2016 (7.3 Tg N/year) (94). 

Among which, 52% of emissions attributed to human    

activities were direct emissions from agricultural N appli-

cations. 

 Apart from that, even relatively little P losses from 

farmland to open waterways might have an impact on  

eutrophication. The excess P in the soil continues to be the 

Region 

Grain yield (t/ha) 

References 
Control 

Green seeker-based 
N management 

Hyderabad, India 2.73 4.33 (87) 

Nepal 3.80 6.13 (88) 

Ludhiana, India 3.85 6.48 (89) 

Ludhiana, India 4.39 7.00 (90) 

Table 4. Influence of green seeker on grain yield of rice.  
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major factor in its transfer to surface water bodies (95). 

Erosion of P-fertilized soil also contributes to the delivery 

of phosphorus to streams and lakes, even though applied 

P is tightly bound to soil components and the release of P 

to the soil solution or runoff water depends on the type of 

soil. Furthermore, the rising demand for phosphate fertiliz-

ers in the agricultural sector has led to the depletion of 

available phosphorus reserves in India, primarily concen-

trated in Rajasthan and Madhya Pradesh. This depletion 

may lead to a shortage of raw materials, affecting the  

manufacturing industries and, ultimately, farmers (96). 

 In South Asia, the effectiveness of fertilizer applica-

tion is only 30–40%. (97). If we can cut N2O emissions,   

lower production costs, and raise fertilizer usage efficiency 

by 5–10%, it will increase yield and boost farmer profitabil-

ity. Contrary to popular belief, precision agriculture is a   

method that may be used to control inputs on smallholder 

farms in the tropics as well as large-scale mechanised 

farms. By making sure that nutrients are given in the   

proper form, quantity, timing, and location, precision   

nutrient management strives to increase the effectiveness 

of fertilizer usage (98).  

Limitations and future scope of research          

The main component of precision nutrition management 

systems is based on the measurement of leaf greenness 

utilizing optical sensors which is influenced by a variety of 

circumstances. These measurements can be impacted by a 

variety of factors like insufficient or excessive supply of 

water or nutrients, soil moisture, organic matter, and    

meteorological conditions, which might result in poor  

nutrient management decisions.  The use of technology-

based precision N management may also be affected by 

several stresses, such as the presence of excessive salts in 

the soil or water, irregular rain, etc. Nevertheless, P and K 

deficits are predicted to interfere with leaf greenness and 

impact the results obtained by optical sensors. Determin-

ing the stressful situations in which need-based N manage-

ment is ineffective is necessary. The quantity of solar radi-

ation that a location receives appears to have an impact 

on the threshold SPAD/LCC levels. For this problem to be 

solved, more information must be gathered.  

 Certain cultivars' leaves may have different spectral 

characteristics. As a result, several thresholds may need to 

be defined for various cultivars. In cases of uncertainty, the 

sufficiency index or dynamic threshold greenness tech-

nique, which maintains a N-rich strip or plot in each field 

where, precise N management is to be practised, may be 

used. The intensity of the green colour and NDVI of the 

plants are also altered by the insect-pest occurrence. It is 

best to stay away from such plants when collecting data. 

Although, precision management of nutrients necessitates 

regular inspections and may cost more labour for addi-

tional splits, but synchronising demand and supply for 

nitrogen is necessary to increase N usage efficiency. How-

ever, the energy used on greater crop monitoring is offset 

by the amount of fertilizer N saved, decline in the frequen-

cy of insect pests occurence, decline in the contamination 

of air and water resources, and in certain situations,      

increased yield. There is a need for well-designed research 

to evaluate the impact of real-time N control on weed ecol-

ogy in cereals. Studying the effects of using SSNM tech-

niques on grain quality is also necessary. 

 Winter crops may be more difficult to handle in real-

time than rice. Since, during the early stages of growth, the 

leaves are small and the growth is sluggish to quantify the 

intensity of the leaf colour. The optimal decision support 

system in these circumstances is a fixed-time variable rate 

fertilizer-N management option with a predefined pre-

scriptive fertilizer N application at the beginning growth 

stages. Prior to beginning need-based N applications,   

appropriate criteria for prescribing N dosages must be  

established. To discriminate between soil types, clear   

criteria must be created to decide where basal N applica-

tion cannot be avoided. In areas where LCC or SPAD meter-

based N management is being studied, more information 

has to be gathered on soil characteristics and/or N provid-

ing capacity in plots with no nitrogen application. Machine 

learning applications can be used to evaluate soil parame-

ters, which make it easier to conduct non-destructive     

analyses of soil samples for mapping, but their accuracy 

and precision have not yet been developed for use in pre-

cise nutrient management. The various ICT-based decision 

support tools are intended to be prospective choice in  

balanced nutrient management, but its effectiveness in 

various cultivars of rice and under various agroclimatic 

circumstances should be validated.  

 

Conclusion   

The precise nutrient management options namely, optical 

sensors, leaf colour charts, omission plot method, and 

crop models can be adopted for enhancement of nutrient 

use efficiency and optimum productivity of rice. Optical 

sensors such as SPAD meter, LCC, and Green Seeker have 

emerged as rapid and reliable instruments to direct real-

time need-based fertilizer-N treatments for effective nitro-

gen management. The fixed time variable rate method, 

which combines a prescribed time for applying basal ferti-

lizer and N top dressing with LCC, SPAD, or optical sensor-

guided corrective N management, appears to be more 

promising in places where the yield in the control plot is 

not less than 3 t/ha. The omission plot approach and deci-

sion support models are the best ways to control nutrients 

other than nitrogen. This review article demonstrated the 

effectiveness of the real-time N management technique in 

rice. In the modern era of ICT, the precision nutrient     

management may emerge as a key driver for boosting rice 

yields per unit area.  

 

Acknowledgements    

The authors would like to express heartful thanks to the 

PG Scholars of Department of Agronomy and Agroforestry, 

Centurion University of Technology and Management for  

their support in collecting relevant literature.    

 



SAGAR   ET AL   10     

https://plantsciencetoday.online 

Authors contributions   

LS and SM have conceptualized and prepared the original 

draft. SS contributed to manuscript making and MS have 

contributed in the preparation of tables and figures. All 

authors read and approved the final manuscript.   

 

Compliance with ethical standards   

Conflict of interest: Authors do not have any conflict of 
interests to declare.    

Ethical issues: None. 

 

References   

1. Meena RN, Yadav L, Ghilotia YK, Meena RK. Food security and 
agricultural sustainability-An impact of Green Revolution. Envi-

ron and Ecol. 2013;31(2C):1190-97. 

2. Rollon RJC, Golis JM, Salas E. Impacts of soil nutrient manage-
ment practices on soil fertility, nutrient uptake, rice (Oryza sati-

va L.) productivity and profitability. J Appl Biology Biotechnol. 
2021;9(2):75-84. 

3. Eliazer Nelson ARL, Ravichandran K, Antony U. The impact of 
the Green Revolution on indigenous crops of India. J Ethnic 
Foods. 2019;6(1):1-10. https://doi.org/10.1186/s42779-019-0011-

9  

4. Singh S, Singh M, Thakur N, Sagar L. Growth and yield of basma-
ti rice under different crop establishment methods and sowing 

environment. Mausam. 2021;72(2):425-34. https://
doi.org/10.54302/mausam.v72i2.613  

5. Aziz SM, Akter T, Ali M, Nasif SO, Shahriar SA, Nowrin F. Effect of 
nitrogen, phosphorus and potassium (NPK) application on in-
sect pests infesting transplanting Aman rice (Oryza sativa L.). 

Asian Res J Agric. 2018;9(3):1-15. https://doi.org/10.9734/

ARJA/2018/42953  

6. Sultana J, Siddique MNA, Abdullah MR. Fertilizer recommenda-
tion for agriculture: practice, practicalities and adaptation in 
Bangladesh and Netherlands. IJBSR. 2015;1(1):21-40. https://

doi.org/10.18801/ijbmsr.010115.03  

7. Craswell E. Fertilizers and nitrate pollution of surface and 
ground water: An increasingly pervasive global problem. SN 

Appl Sci. 2021;3(4):518. https://doi.org/10.1007/s42452-021-

04521-8  

8. Sairam M, Maitra S, Praharaj S, Nath S, Shankar T, Sahoo U, 
Aftab T. An insight into the consequences of emerging contami-
nants in soil and water and plant responses. In:  Emerging Con-

taminants and Plants: Interactions, Adaptations and Remedia-

tion Technologies, Aftab T (Ed.), Cham: Springer International 
Publishing. 2023;pp.1-27. https://doi.org/10.1007/978-3-031-

22269-6_1  

9. Whitmore AP, Goulding KW, Glendining MJ, Dailey AG, Coleman 
K, Powlson DS. Nutrient management in support of environ-

mental and agricultural sustainability. Sustain. 2012;4(10):2513-
24. https://doi.org/10.3390/su4102513  

10. Sharma S, Rout KK, Khanda CM, Tripathi R, Shahid M, Nayak A, 

Buresh RJ. Field-specific nutrient management using Rice Crop 
Manager decision support tool in Odisha, India. Field Crops 

Research. 2019;241:107578. https://doi.org/10.1016/
j.fcr.2019.107578  

11. Jiaying M, Tingting C, Jie L, Weimeng F, Baohua F, Guangyan L, 

Guanfu F. Functions of nitrogen, phosphorus and potassium in 
energy status and their influences on rice growth and develop-

ment. Rice Sci. 2022;29(2):166-78. https://doi.org/10.1016/
j.rsci.2022.01.005  

12. Samui S, Sagar L, Sankar T, Manohar A, Adhikary R, Maitra S, 

Praharaj S. Growth and productivity of rabi maize as influenced 
by foliar application of urea and nano-urea. Crop Res. 2022;57

(3):136-40. https://doi.org/10.31830/2454-1761.2022.019  

13. Samanta S, Maitra S, Shankar T, Gaikwad D, Sagar L, Panda M, 
Samui, S. Comparative performance of foliar application of urea 

and nano urea on finger millet (Eleusine coracana L. 
Gaertn). Crop Res. 2022;57(3):166-70. https://

doi.org/10.31830/2454-1761.2022.025  

14. Ding C, You J, Chen L, Wang S, Ding Y. Nitrogen fertilizer increas-
es spikelet number per panicle by enhancing cytokinin synthe-

sis in rice. Plant Cell Rep. 2014;33:363-71. https://
doi.org/10.1007/s00299-013-1536-9  

15. Ghoneim AM, EE G, Osman MM. Effects of nitrogen levels on 

growth, yield and nitrogen use efficiency of some newly re-
leased Egyptian rice genotypes. Open agric. 2018;3(1):310-18. 

https://doi.org/10.1515/opag-2018-0034  

16. Xie H, Wu K, Iqbal A, Ali I, He L, Ullah S, Jiang L. Synthetic nitro-
gen coupled with seaweed extract and microbial inoculants 

improves rice (Oryza sativa L.) production under a dual cropping 
system. Ital J Agron. 2021;16(2):1800. https://doi.org/10.4081/

ija.2021.1800  

17. Kwon SJ, Kim HR, Roy SK, Kim HJ, Boo HO, Woo SH Kim HH. 
Effects of nitrogen, phosphorus and potassium fertilizers on 

growth characteristics of two species of bellflower (Platycodon 
grandiflorum). JCSB. 2019;22:481-87. https://doi.org/10.1007/

s12892-019-0277-0  

18. Chen XX, Zhang W, Liang XY, Liu YM, Xu SJ, Zhao QY, Zou CQ. 
Physiological and developmental traits associated with the 

grain yield of winter wheat as affected by phosphorus fertilizer 
management. Sci Rep. 2019;9(1):16580. https://doi.org/10.1038/

s41598-019-53000-z  

19. Vejchasarn P, Lynch JP, Brown KM. Genetic variability in phos-
phorus responses of rice root phenotypes. Rice. 2016;9(1):1-16. 

https://doi.org/10.1186/s12284-016-0102-9  

20. Andrianary BH, Tsujimoto Y, Rakotonindrina H, Oo AZ, Rabenari-
vo M, Ramifehiarivo N, Razakamanarivo H. Phosphorus applica-

tion affects lowland rice yields by changing phenological devel-
opment and cold stress degrees in the central highlands of Mad-

agascar. Field Crops Res. 2021;271:108256. https://
doi.org/10.1016/j.fcr.2021.108256  

21. Da Silva AA, Linhares PCA, De Andrade LIF, Chaves JTL, Barbosa 
JPRAD, Marchiori PER. Potassium supplementation promotes 
osmotic adjustment and increases water use efficiency in sugar-

cane under water deficit. Sugar Tech. 2021;23(5):1075-84. 
https://doi.org/10.1007/s12355-021-00997-1  

22. El-Hawary MM, El-Shafey AI. Improving rice productivity by po-
tassium fertilization under saline soils conditions. IJPP. 2016;7
(7):677-81. https://doi.org/10.21608/jpp.2016.46137  

23. Massawe PI, Mrema J. Effects of different phosphorus fertilizers 
on rice (Oryza sativa L.) yield components and grain yields. 
Asian J Adv Agric Res. 2017;3(2):1-13. https://doi.org/10.9734/

AJAAR/2017/37202  

24. Food and Agriculture Organization, Fertilizer consumption and 
Cereal Production from 1960 to 2020 [Internet]; 2023 [Cited 2023 

April 20]. Available from: https://data.worldbank.org/indicator/
AG.CON.FERT.ZS  

25. The Fertilizer Association of India. All India Production, Import 
and Consumption of Fertilizer Products-2020-21 and 2021-22 
[Internet]; 2023 [Cited 2023 April 20]. Available from: https://

www.faidelhi.org/general/Prodn-imp-cons-fert.pdf  

26. Sairam M, Maitra S, Vishnupriya KK, Sahoo U, Sagar L, Krishna 
TG. Hand-held optical sensors for optimizing nitrogen applica-

tion and improving nutrient use efficiency. IJBS. 2023;10(01):09-
18. https://doi.org/10.30954/2347-9655.01.2023.2  

https://plantsciencetoday.online
https://doi.org/10.1186/s42779-019-0011-9
https://doi.org/10.1186/s42779-019-0011-9
https://doi.org/10.54302/mausam.v72i2.613
https://doi.org/10.54302/mausam.v72i2.613
https://doi.org/10.9734/ARJA/2018/42953
https://doi.org/10.9734/ARJA/2018/42953
https://doi.org/10.18801/ijbmsr.010115.03
https://doi.org/10.18801/ijbmsr.010115.03
https://doi.org/10.1007/s42452-021-04521-8
https://doi.org/10.1007/s42452-021-04521-8
https://doi.org/10.1007/978-3-031-22269-6_1
https://doi.org/10.1007/978-3-031-22269-6_1
https://doi.org/10.3390/su4102513
https://doi.org/10.1016/j.fcr.2019.107578
https://doi.org/10.1016/j.fcr.2019.107578
https://doi.org/10.1016/j.rsci.2022.01.005
https://doi.org/10.1016/j.rsci.2022.01.005
https://doi.org/10.31830/2454-1761.2022.019
https://doi.org/10.31830/2454-1761.2022.025
https://doi.org/10.31830/2454-1761.2022.025
https://doi.org/10.1007/s00299-013-1536-9
https://doi.org/10.1007/s00299-013-1536-9
https://doi.org/10.1515/opag-2018-0034
https://doi.org/10.4081/ija.2021.1800
https://doi.org/10.4081/ija.2021.1800
https://doi.org/10.1007/s12892-019-0277-0
https://doi.org/10.1007/s12892-019-0277-0
https://doi.org/10.1038/s41598-019-53000-z
https://doi.org/10.1038/s41598-019-53000-z
https://doi.org/10.1186/s12284-016-0102-9
https://doi.org/10.1016/j.fcr.2021.108256
https://doi.org/10.1016/j.fcr.2021.108256
https://doi.org/10.1007/s12355-021-00997-1
https://doi.org/10.21608/jpp.2016.46137
https://doi.org/10.9734/AJAAR/2017/37202
https://doi.org/10.9734/AJAAR/2017/37202
https://data.worldbank.org/indicator/AG.CON.FERT.ZS
https://data.worldbank.org/indicator/AG.CON.FERT.ZS
https://www.faidelhi.org/general/Prodn-imp-cons-fert.pdf
https://www.faidelhi.org/general/Prodn-imp-cons-fert.pdf
https://doi.org/10.30954/2347-9655.01.2023.2


11 

Plant Science Today, ISSN 2348-1900 (online) 

27. Friedman JM, Hunt JER, Mutters RG. Assessment of leaf color 
chart observations for estimating maize chlorophyll content by 
analysis of digital photographs. Agron J. 2016;108(2):822-29. 
https://doi.org/10.2134/agronj2015.0258  

28. Houshmandfar A, Kimaro A. Calibrating the leaf color chart for 
rice nitrogen management in Northern Iran. Afr J Agric Res. 
2011;6(11):2627-33. 

29. Singh V, Bhatnagar A, Singh AP. Evaluation of leaf-colour chart 
for need-based nitrogen management in maize (Zea mays) 
grown under irrigated condition of Mollisols. Indian J Agron. 
2016;61(1):64-69. 

30. Jiang J, Zhu J, Wang X, Cheng T, Tian Y, Zhu Y, Yao X. Estimating 
the leaf nitrogen content with a new feature extracted from the 
ultra-high spectral and spatial resolution images in 
wheat. Remote Sens.  2021;13(4):739. https://doi.org/10.3390/
rs13040739  

31. De Souza R, Pena-Fleitas MT, Thompson RB, Gallardo M, Grasso 
R, Padilla FM. The use of chlorophyll meters to assess crop N 
status and derivation of sufficiency values for sweet pep-
per. Sensors. 2019;19(13):2949. https://doi.org/10.3390/
s19132949  

32. Anas M, Liao F, Verma KK, Sarwar MA, Mahmood A, Chen ZL, Li 
YR. Fate of nitrogen in agriculture and environment: agronomic, 
eco-physiological and molecular approaches to improve nitro-
gen use efficiency. Biol Res. 2020;53(1):1-20. https://
doi.org/10.1186/s40659-020-00312-4  

33. Satpute SB, Surje DT, Maity SK. Leaf colour chart based nitrogen 
management in rice-its economic, environmental and techno-
logical dimensions. J Agri Technol.  2014;1(2):62-65. 

34. Chang Q, Tian M. Estimation of rapeseed leaf SPAD value based 
on random forest regression. Agric Res Arid Areas. 2019;37(1):74
-81. 

35. Shibayama M, Sakamoto T, Takada E, Inoue A, Morita K, Yama-
guchi T, Kimura A. Estimating rice leaf greenness (SPAD) using 
fixed-point continuous observations of visible red and near 
infrared narrow-band digital images. Plant Prod Sci.  2012;15
(4):293-309. https://doi.org/10.1626/pps.15.293  

36. Peng S, Laza RC, Garcia FV, Cassman KG. Chlorophyll meter 
estimates leaf area-based nitrogen concentration of rice. Com-
mun Soil Sci Plant Anal. 1995;26:927-35. https://
doi.org/10.1080/00103629509369344  

37. Peng S, Garcia FV, Laza RC, Sanico AL, Visperas RM, Cassman KG. 
Increased N-use efficiency using a chlorophyll meter on high-
yielding irrigated rice. Field Crops Res. 1996;47:243-52. https://
doi.org/10.1016/0378-4290(96)00018-4  

38. Kropff MJ, Cassman KG, Peng S, Mathews RB Setter TL. Quanti-
tative understanding of yield potential. Pages 21-38 in Cassman 
KG (Ed.) Breaking the yield barrier. Proceedings of a workshop 
on rice yield potential in favorable environments. Int Rice Res. 
1994 Institute, P.O. Box 933, Manila, Philippines. 

39. Moe K, Htwe AZ, Thu TTP, Kajihara Y, Yamakawa T. Effects on 
NPK status, growth, dry matter and yield of rice (Oryza sativa) by 
organic fertilizers applied in field condition. Agric. 2019;9(5):109. 
https://doi.org/10.3390/agriculture9050109  

40. Choudhury D, Anand YR, Kundu S, Nath R, Kole RK, Saha J. 
Effect of plant extracts against sheath blight of rice caused by 
Rhizoctonia solani. J Pharmacogn Phytochem. 2017;6(4):399-
404. 

41. Seleiman MF, Al-Suhaibani N, Ali N, Akmal M, Alotaibi M, Refay Y, 
Battaglia ML. Drought stress impacts on plants and different 
approaches to alleviate its adverse effects. Plants. 2021;10
(2):259. https://doi.org/10.3390/plants10020259  

42. Sugar E, Berzsenyi Z, Arendas T, Bonis P. Effect of nitrogen ferti-
lization and genotype on the yield and yield components of 
winter wheat. Die Bodenkultur: J Land Manag Food Environ. 
2016;67(1):25-34. https://doi.org/10.1515/boku-2016-0003  

43. Gupta RK, Singh V, Singh Y, Singh B, Thind HS, Kumar A, Vash-
istha M. Need-based fertilizer nitrogen management using leaf 
colour chart in hybrid rice (Oryza sativa). Indian Agric Sci. 
2011;81(12):1153. 

44. Xiong D, Chen J, Yu T, Gao W, Ling X, Li Y, Huang J. SPAD-based 
leaf nitrogen estimation is impacted by environmental factors 
and crop leaf characteristics. Sci Rep. 2015;5(1):13389. https://
doi.org/10.1038/srep13389  

45. Barutcular C, Toptas I, Turkten H, Yildirim M, Mujde KOC. SPAD 
greenness to estimate genotypic variation in flag leaf chloro-
phyll in spring wheat under Mediterranean conditions. Turk 
Field Crops. 2015;20(1):1-8. https://doi.org/10.17557/.51440  

46. Peterson TA, Blackmer TM, Francis DD, Schepers JS. Using a 
chlorophyll meter to improve N management. A Nebguide in 
Soil Resource Management: D-13. Fertility. 1993; Cooperative 
Extension, Institute of Agriculture and Natural Resources, Uni-
versity of Nebraska, Lincoln, USA.  

47. Kapotis G, Zervoudakis G, Veltsistas T, Salahas G. Comparison of 
chlorophyll meter readings with leaf chlorophyll concentration 
in Amaranthus vlitus: Correlation with physiological processes. 
Russ J Plant Physiol. 2003;50(3):395-97. https://doi.org/10.1023/
A:1023886623645  

48. Maheswaran S, Asokan R. Multi-crop chlorophyll meter system 
design for effective fertilization. Res J Appl Sci Eng Technol. 
2015;9(2):98-105. https://doi.org/10.19026/rjaset.9.1383  

49. Sagar, L, Maitra S, Singh S, Sairam M. Impact of precision nutri-
ent management on rice growth and productivity in Southern 
Odisha. Agric Sci Dig. 2023 [Published Online]. https://
doi.org/10.18805/ag.D-5824  

50. Kumar S, Didawat RK, Kumar P, Singh VK, Shekhawat K, Singh 
SPYS. Effect of Green Seeker based nitrogen management and 
its interaction with water on growth and productivity of maize 
(Zea mays L.) under conservation agriculture. Ann Plant Soil 
Res.  2022;24(3):500-04. https://doi.org/10.47815/
apsr.2021.10200  

51. Fabbri C, Napoli M, Verdi L, Mancini M, Orlandini S, Dalla Marta 
A. A sustainability assessment of the green seeker n manage-
ment tool: A lysimetric experiment on barley. Sustain. 2020;12
(18):7303. https://doi.org/10.3390/su12187303  

52. Wang Y, Folta KM. Contributions of green light to plant growth 
and development. Am J Bot. 2013;100(1):70-78. https://
doi.org/10.3732/ajb.1200354  

53. Kior  A, Sukhov  V, Sukhova  E. Application of reflectance indices 
for remote sensing of plants and revealing actions of stressors. 
Photonics. 2021;8(12):582.  https://doi.org/10.3390/
photonics8120582  

54. Liu X, Ferguson RB, Zheng H, Cao Q, Tian Y, Cao W, Zhu Y. Using 
an active-optical sensor to develop an optimal NDVI dynamic 
model for high-yield rice production. Sensors. 2017;17(4):672. 
https://doi.org/10.3390/s17040672  

55. Yao L, Wu R, Wu S, Jiang X, Zhu Y, Cao W, Ni J. Design and testing 
of an active light source apparatus for crop growth monitoring 
and diagnosis. IEEE Access. 2020;8:206474-90. https://
doi.org/10.1109/ACCESS.2020.3037966  

56. Dass A, Suri VK, Choudhary AK. Site-specific nutrient manage-
ment approaches for enhanced nutrient-use efficiency in agri-
cultural crops. Research and Reviews: J Crop Sci Tech-
nol. 2014;3(3):1-6. 

57. Shankar T, Malik GC, Banerjee M, Dutta S, Praharaj S, Lalichetti 
S, Mohanty S, Bhattacharyay D, Maitra S, Gaber A, Das AK. Pre-
diction of the effect of nutrients on plant parameters of rice by 
artificial neural network. Agron. 2022;12(9):2123. https://
doi.org/10.3390/agronomy12092123  

58. Das DK, Mandal M. Advanced technology of fertilizer uses for 
crop production. Fertilizer Technology I Synthesıs. Sinha S, Pant 
KK, Bajpai S. (Eds.). Studium Press, LLC, USA. 2015; 101-50. 

https://doi.org/10.2134/agronj2015.0258
https://doi.org/10.3390/rs13040739
https://doi.org/10.3390/rs13040739
https://doi.org/10.3390/s19132949
https://doi.org/10.3390/s19132949
https://doi.org/10.1186/s40659-020-00312-4
https://doi.org/10.1186/s40659-020-00312-4
https://doi.org/10.1626/pps.15.293
https://doi.org/10.1080/00103629509369344
https://doi.org/10.1080/00103629509369344
https://doi.org/10.1016/0378-4290(96)00018-4
https://doi.org/10.1016/0378-4290(96)00018-4
https://doi.org/10.3390/agriculture9050109
https://doi.org/10.3390/plants10020259
https://doi.org/10.1515/boku-2016-0003
https://doi.org/10.1038/srep13389
https://doi.org/10.1038/srep13389
https://doi.org/10.17557/.51440
https://doi.org/10.1023/A:1023886623645
https://doi.org/10.1023/A:1023886623645
https://doi.org/10.19026/rjaset.9.1383
https://doi.org/10.18805/ag.D-5824
https://doi.org/10.18805/ag.D-5824
https://doi.org/10.47815/apsr.2021.10200
https://doi.org/10.47815/apsr.2021.10200
https://doi.org/10.3390/su12187303
https://doi.org/10.3732/ajb.1200354
https://doi.org/10.3732/ajb.1200354
https://doi.org/10.3390/photonics8120582
https://doi.org/10.3390/photonics8120582
https://doi.org/10.3390/s17040672
https://doi.org/10.1109/ACCESS.2020.3037966
https://doi.org/10.1109/ACCESS.2020.3037966
https://doi.org/10.3390/agronomy12092123
https://doi.org/10.3390/agronomy12092123


SAGAR   ET AL   12     

https://plantsciencetoday.online 

59. Kesarwani A, Kumar S. Nutrient expert as decision supporting 
tool to reduce nitrate toxicity in cereal crops. Adv Mater Proc. 
2022;7(1):1-5. https://doi.org/10.5185/amp.2022.010426  

60. Abera T, Debele T, Wegary D. Effects of varieties and nitrogen 
fertilizer on yield and yield components of maize on farmers 
field in mid altitude areas of western Ethiopia. Int J Agron. 2017;
(3):1-13. https://doi.org/10.1155/2017/4253917  

61. Bahadur I, Sonkar VK, Kumar S, Dixit J, Singh AP. Crop residue 
management for improving soil quality & crop productivity in 
India. Indian J Agric Allied Sci. 2015;1(1):52-58. 

62. Thomas CL, Acquah GE, Whitmore AP, Mcgrath SP, Haefele SM. 
The effect of different organic fertilizers on yield and soil and 
crop nutrient concentrations. Agron.  2019;9(12):776. https://
doi.org/10.3390/agronomy9120776  

63. Singh P, Tiwari S, Singh SK, Pal RK. Sustainable rice production 
with nutrient expert as a tool for site specific nutrient manage-
ment. J Pharmacogn Phytochem. 2022;8(5S):399-401. 

64. Tripathi R, Kumar A, Guru P, Debnath M, Mohapatra SD, Mohan-
ty S, Nayak AK. Precision farming technologies for water and 
nutrient management in rice: Challenges and opportuni-
ties. ORYZA-An Int J Rice. 2021;58(1 SPL):126-42. https://
doi.org/10.35709/ory.2021.58.spl.5  

65. Shankar T, Banerjee M, Malik GC, Dutta S. Effect of nutrient 
management on growth, productivity and economics in rice 
based cropping system in lateritic soil of West Bengal. IJCS. 
2020;8(2):2694-98. https://doi.org/10.22271/
chemi.2020.v8.i2ao.9156  

66. Banayo NP, Haefele SM, Desamero NV, Kato Y. On-farm assess-
ment of site-specific nutrient management for rainfed lowland 
rice in the Philippines. Field Crops Res. 2018;220:88-96. https://
doi.org/10.1016/j.fcr.2017.09.011  

67. Atnafu O, Balemi T, Regassa A. Effect of nutrient omission on 
grain yield and yield components of maize (Zea mays L.) at Ker-
sa district, Jimma Zone, Southwestern Ethiopia. Agric Forest 
Fisher. 2021;10(1):7. https://doi.org/10.11648/j.aff.20211001.12  

68. Kumar PP, Shankar T, Maitra S, Ram MS, Bhavana T. Effect of 
nutrient omission on growth and productivity of maize (Zea 
mays L.). Crop Res. 2022;57(3):128-35. https://
doi.org/10.31830/2454-1761.2022.018  

69. SAVCI S. Investigation of effect of chemical fertilizers on envi-
ronment. Apcbee Procedia. 2012;1:287-92. https://
doi.org/10.1016/j.apcbee.2012.03.047  

70. Ali SA, Elamathi S, Singh S, Debbarma V, Ghosh G. Leaf colour 
chart for proficient nitrogen management in transplanted rice 
(Oryza sativa L.) in Eastern Uttar Pradesh, India. Int J Curr Micro-
biol Appl Sci. 2017;6(11):5367-72. https://doi.org/10.20546/
ijcmas.2017.611.513  

71. Sowmya D, Hemalatha S, Prasanthi UA. Growth and yield attain-
ment of Rabi rice (Oryza sativa L.) under precision nitrogen 
management practice. The Pharma Innovat J. 2023;12(3):310-
12. https://doi.org/10.22271/tpi.2023.v12.i3c.18945  

72. Lone AH, Najar GR, Sofi JA, Ganie MA, Mir SA. Calibrating leaf 
colour chart for optimal fertilizer nitrogen management in bas-
mati rice under temperate conditions of Kashmir. Appl Biolo 
Res. 2016;18(3):293-98. https://doi.org/10.5958/0974-
4517.2016.00045.8  

73. Subedi P, Sah SK, Marahattha S, Panta S, Shrestha J. Nitrogen 
use efficiency in dry direct seeded rice under LCC based nitro-
gen management. ORYZA-An Int J Rice. 2018;55(4):590-95. 
https://doi.org/10.5958/2249-5266.2018.00069.3  

74. Pattanaik I, Mishra V, Nayak A, Swain CK, Kumar U, Choudhari B. 
Relative performance of neem coated urea on the basis of need 
based nitrogen management using customized leaf colour chart 
in low land rice (Oryza sativa) of eastern India. Ann Plant Soil 
Res. 2022;24(4):536-42. https://doi.org/10.47815/
apsr.2021.10205  

75. Bhavana B, Laxminarayana P, Latha AM, Anjaiah T. Judicious 

nitrogen management using leaf colour chart for enhancing 
growth and yield of short duration transplanted rice (Oryza 

sativa L). Int J Curr Microbiol Appl Sci. 2020;9(6):2850-56. 
https://doi.org/10.20546/ijcmas.2020.906.345  

76. Sen A, Srivastava VK, Singh MK, Singh RK, Kumar S. Leaf colour 

chart vis-a-vis nitrogen management in different rice geno-
types. Am J Plant Sci. 2011;2(02):223. https://doi.org/10.4236/

ajps.2011.22024  

77. Hou W, Shen J, Xu W, Khan MR, Wang Y, Zhou X, Zhang Z. Rec-
ommended nitrogen rates and the verification of effects based 

on leaf SPAD readings of rice. Peer J. 2021;9:e12107. https://
doi.org/10.7717/peerj.12107  

78. Singh J, Khind CS. Enhancing fertilizer nitrogen use efficiency in 

irrigated rice by using a chlorophyll meter and leaf colour 
chart. The Ecoscan. 2015;9(1&2):663-66. 

79. Ghosh M, Swain DK, Jha MK, Tewari VK. Precision nitrogen man-

agement using chlorophyll meter for improving growth, produc-
tivity and N use efficiency of rice in subtropical climate. J Agric 

Sci. 2013;5(2):253. https://doi.org/10.5539/jas.v5n2p253  

80. Ghosh M, Swain DK, Jha MK, Tewari VK, Bohra A. Optimizing 
chlorophyll meter (SPAD) reading to allow efficient nitrogen use 

in rice and wheat under rice-wheat cropping system in eastern 
India. Plant Product Sci. 2020;23(3):270-85. https://

doi.org/10.1080/1343943X.2020.1717970  

81. Shantappa D, Channabasavanna AS, Halepyati AS, Nagalikar VP, 
Satyanarayan R, Vasudevan SN. Economic adoptability of leaf 

colour chart and chlorophyll meter in nitrogen management in 
low land rice (Oryza sativa L.). Karnataka J Agric Sci. 2011;24

(4):531-32. 

82. Nayak R, Satapathy M, Rath B, Panda RK, Paikaray RK, Jena S. 
Effect of site specific nitrogen management on growth, yield 

attributes and yield of kharif rice (Oryza sativa L.) in rice-
groundnut cropping system in Odisha. The Pharma Innov J. 

2023;12(2):2063-67. 

83. Valinejad M, Vaseghi S. Effect of different N management on 
improving N efficiency in rice-tarom variety. Asian Soil Res J. 

2021;5(2):44-49. https://doi.org/10.9734/asrj/2021/v5i230106  

84. Dong T, Shang J, Chen JM, Liu J, Qian B, Ma B, Zhou G. Assess-
ment of portable chlorophyll meters for measuring crop leaf 

chlorophyll concentration. Remote Sens. 2019;11(22):2706. 
https://doi.org/10.3390/rs11222706  

85. Billa SK, Murthy KR, Ramana A, Jagannadham J. The potential 

of green seeker in nitrogen management of transplanted rice 
crop under north coastal environment of Andhra Pradesh, India. 

Int J Agric Stat Sci. 2020;16(1):1925-29. 

86. Mohanta S, Banerjee M, Malik GC, Shankar T, Maitra S, Ismail IA, 
Dessoky ES, Attia AO, Hossain A. Productivity and profitability of 

kharif rice are influenced by crop establishment methods and 
nitrogen management in the lateritic belt of the subtropical 

region. Agron. 2021;11(7):1280. https://doi.org/10.3390/
agronomy11071280  

87. Bhavana B, Laxminarayana P, Kumar RM, Surekha K, Reddy SN. 

Effect of precision water and nitrogen management on yield 
attributes and yield of aerobic rice under drip system. Int J Envi-

ron Clim Chang. 2022;12:1620-30. https://doi.org/10.9734/
ijecc/2022/v12i1131143  

88. Baral BR, Pande KR, Gaihre YK, Baral KR, Sah SK, Thapa YB, 
Singh U. Real-time nitrogen management using decision sup-
port-tools increases nitrogen use efficiency of rice. Nutr Cycl 

Agro-ecosystems. 2021;119:355-68. https://doi.org/10.1007/
s10705-021-10129-6  

89. Purba J, Sharma RK, Jat ML, Thind HS, Gupta RK, Chaudhary 
OP, Gupta R. Site-specific fertilizer nitrogen management in 
irrigated transplanted rice (Oryza sativa) using an optical      

https://plantsciencetoday.online
https://doi.org/10.5185/amp.2022.010426
https://doi.org/10.1155/2017/4253917
https://doi.org/10.3390/agronomy9120776
https://doi.org/10.3390/agronomy9120776
https://doi.org/10.35709/ory.2021.58.spl.5
https://doi.org/10.35709/ory.2021.58.spl.5
https://doi.org/10.22271/chemi.2020.v8.i2ao.9156
https://doi.org/10.22271/chemi.2020.v8.i2ao.9156
https://doi.org/10.1016/j.fcr.2017.09.011
https://doi.org/10.1016/j.fcr.2017.09.011
https://doi.org/10.11648/j.aff.20211001.12
https://doi.org/10.31830/2454-1761.2022.018
https://doi.org/10.31830/2454-1761.2022.018
https://doi.org/10.1016/j.apcbee.2012.03.047
https://doi.org/10.1016/j.apcbee.2012.03.047
https://doi.org/10.20546/ijcmas.2017.611.513
https://doi.org/10.20546/ijcmas.2017.611.513
https://doi.org/10.22271/tpi.2023.v12.i3c.18945
https://doi.org/10.5958/0974-4517.2016.00045.8
https://doi.org/10.5958/0974-4517.2016.00045.8
https://doi.org/10.5958/2249-5266.2018.00069.3
https://doi.org/10.47815/apsr.2021.10205
https://doi.org/10.47815/apsr.2021.10205
https://doi.org/10.20546/ijcmas.2020.906.345
https://doi.org/10.4236/ajps.2011.22024
https://doi.org/10.4236/ajps.2011.22024
https://doi.org/10.7717/peerj.12107
https://doi.org/10.7717/peerj.12107
https://doi.org/10.5539/jas.v5n2p253
https://doi.org/10.1080/1343943X.2020.1717970
https://doi.org/10.1080/1343943X.2020.1717970
https://doi.org/10.9734/asrj/2021/v5i230106
https://doi.org/10.3390/rs11222706
https://doi.org/10.3390/agronomy11071280
https://doi.org/10.3390/agronomy11071280
https://doi.org/10.9734/ijecc/2022/v12i1131143
https://doi.org/10.9734/ijecc/2022/v12i1131143
https://doi.org/10.1007/s10705-021-10129-6
https://doi.org/10.1007/s10705-021-10129-6


13 

Plant Science Today, ISSN 2348-1900 (online) 

sensor. Precis Agric. 2015;16:455-75. https://doi.org/10.1007/

s11119-015-9389-6  

90. Studman CJ. Computers and electronics in postharvest technol-
ogy-A review. Comput Electron Agric. 2001;30(1-3):109-24. 
https://doi.org/10.1016/S0168-1699(00)00160-5  

91. Sharma S, Rout KK, Khanda CM, Tripathi R, Shahid M, Nayak A, 
Satpathy S, Banik NC, Iftikar W, Parida N, Kumar V. Field-specific 
nutrient management using Rice Crop Manager decision sup-

port tool in Odisha, India. Field Crops Res.  2019;241:p.107578. 

https://doi.org/10.1016/j.fcr.2019.107578  

92. Amgain LP, Timsina J, Dutta S, Majumdar K. Nutrient expert rice
-an alternative fertilizer recommendation strategy to improve 
productivity, profitability and nutrient use efficiency of rice in 

Nepal. J Plant Nut. 2021;44(15):2258-73. https://

doi.org/10.1080/01904167.2021.1889590  

93. Lenka S, Rajendiran S, Coumar MV, Dotaniya ML, Saha JK (2016, 
February). Impacts of fertilizers use on environmental quality. In 

National Seminar on Environmental Concern for Fertilizer Use in 
Future at Bidhan Chandra Krishi Viswavidyalaya, Kalyani on 

February. 2016;Vol. 26:p. 2016. 

94. Tian H, Xu R, Canadell JG, Thompson RL, Winiwarter W, Sun-

tharalingam P, Yao Y. A comprehensive quantification of global 
nitrous oxide sources and sinks. Nat. 2020;586(7828):248-56. 

https://doi.org/10.1038/s41586-020-2780-0  

95. Kleinman P, Sharpley A, Buda A, Mcdowell R, Allen A. Soil con-
trols of phosphorus in runoff: Management barriers and oppor-

tunities. Can J Soil Sci. 2011;91(3):329-38. https://
doi.org/10.4141/cjss09106  

96. Sharma A, Rawat US, Yadav BK. Influence of phosphorus levels 

and phosphorus solubilizing fungi on yield and nutrient uptake 
by wheat under sub-humid region of Rajasthan, India. Int Schol 

Res Not. 2012(2):9. https://doi.org/10.5402/2012/234656  

97. Shukla AK, Behera SK, Chaudhari SK, Singh G. Fertilizer use in 
Indian agriculture and its impact on human health and environ-

ment. Indian J Fertil. 2022;18:218-37. 

98. Parihar CM, Jat HS, Jat SL, Kakraliya SK, Nayak HS. Precision 
nutrient management for higher nutrient use efficiency and 

farm profitability in irrigated cereal-based cropping systems. 
The Indian J Fer. 2020;16(10):1000-14.   

https://doi.org/10.1007/s11119-015-9389-6
https://doi.org/10.1007/s11119-015-9389-6
https://doi.org/10.1016/S0168-1699(00)00160-5
https://doi.org/10.1016/j.fcr.2019.107578
https://doi.org/10.1080/01904167.2021.1889590
https://doi.org/10.1080/01904167.2021.1889590
https://doi.org/10.1038/s41586-020-2780-0
https://doi.org/10.4141/cjss09106
https://doi.org/10.4141/cjss09106
https://doi.org/10.5402/2012/234656

