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An optical sensor like Green Seeker (GS) is an emerging tool for site-specific in-

season fertilizer nitrogen management strategy. The objective of this study was to

establish an in-season estimate of yield (INSEY)–grain yield (GY) relation in wheat

grown under Eastern plains of India using normalized di�erence vegetation index

(NDVI) at 45 and 65 days after sowing (DAS). Data revealed lower NDVI values at

65 DAS over 45 DAS in no-nitrogen (N), phosphorus (P), and potassium (K) applied

control plots as well as in N-rich plots (225 kg ha−1 N); on the contrary, the values

were higher at 65 DAS over 45 DAS in treatments where some N fertilizers were

added based on NDVI readings at 45 DAS. Response index (RI) showed higher

chances of response to external application of N in NDVI-based treatments. The

INSEY–GY relation for wheat at 45 and 65 DASwas worked out as a power function

of y = 64265x1.171 and y = 46949x1.036 (y is the attainable yield in kg ha−1 and

x is INSEY), respectively. The yields could fairly be predicted through this relation

even at 45 DAS, though the relationship was more robust at 65 DAS (R2 = 0.94). A

prescriptive dose of 60 kg N ha−1 as basal + 60 kg N ha−1 at crown root initiation

(CRI) stage followed by NDVI sensor-guided N application (at 45 and 65 DAS)

brought about a significant improvement in yield performances, N use e�ciencies

with higher net returns, and benefit-to-cost ratio. The results proved the reliability

of the NDVI sensor as an important tool for the optimization of fertilizer nitrogen

in wheat grown under the Eastern plains of India. The new INSEY–GY relation

developed through this trial could successfully be used for yield prediction in the

Eastern plains of India under changing climate.
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1. Introduction

Rice (Oryza sativa L.) and wheat (Triticum aestivum L.) are a

staple food for a large population in South Asia, and their assured

supply is essential for the food security of this region. Thus, this

rice–wheat cropping is one of the most important systems in the

entire Indo-Gangetic plains (IGP), covering countries such as India,

Bangladesh, Nepal, and Pakistan. Only in the Eastern Gangetic

plains, the rice–wheat cropping system is practiced on over 6.22

million hectares (Timsina et al., 2018), and the farmers of the entire

IGP continue to intensify growing wheat as a winter season crop

due to high subsidies for power, fertilizer, and irrigation water,

and well-developed production and marketing systems (Saharawat

et al., 2009). The crop yields of the Eastern Gangetic plains are,

however, low due to a range of biophysical (poor soil fertility status,

imbalanced fertilization, water and temperature stress, pest and

disease infestation, and high weed pressure) factors (Islam et al.,

2019). In the rice–wheat system, sub-optimal nutrient management

in these tracts results in low nutrient use efficiency, nutrientmining,

as well as monetary loss (Dhawan et al., 2021). Soils of India,

Eastern plains in particular, are inherently deficient in N supply

because of the topographical location in the subtropical climate

that hinder the accumulation of soil organic matter, a primary

source of soil N (Dwivedi et al., 2017). Again, N is highly mobile

in the soil–plant system and prone to losses resulting in reduced

recovery of applied N by the crop, making it difficult for its

efficient management (Ladha et al., 2005). The contribution of N

fertilizer to increased global food production cannot be ignored for

feeding the ever-growing human population. On the contrary, the

soils of Eastern India are not so deficient in P and K in general.

Thus, better nutritional management, nitrogen in particular, needs

immediate attention for maintaining the sustainability of the rice–

wheat system which suffers from production fatigue.

As a general cultivation practice, all phosphatic and potassic

fertilizers along with 50% of N are applied as basal at final land

preparation just before the seeding of wheat; the rest of 50% N

is top-dressed either one or two times based on irrigation events

(Pathak et al., 2006). Due to the large-scale blanket application of

fertilizers, particularly N fertilizers over the region, the nitrogen

use efficiency suffers to a great extent (Majumdar et al., 2013; Mitra

et al., 2019), and as reported by Dobermann et al. (2003), there is

large spatial and temporal variability of soil N which exists in this

region contributing to poor fertilizer use efficiency, N in particular.

As reported from various experiments carried out over these

Eastern plains, split application of N fertilizers was found to

performmuch better toward the enhancement of crop productivity

as well as nitrogen use efficiency (NUE) (Rahman et al., 2002;

Majumdar et al., 2013; Singha and Mitra, 2020). However, the

number of splits and quantities of N to be applied in each split is

a debatable issue in fertilizer management for maximizing wheat

yield with better NUE as there are contradictory references. We

know NUE is affected by soil type, temperature regimes, the

application rate of N fertilizer, soil moisture conditions, and crop

rotation (Halvorson et al., 2002). We have tried using a leaf

color chart (LCC) and Soil Plant Analysis Development (SPAD)

chlorophyll meter for better synchronization of N application in

wheat, as these are simple handheld devices that are used for rapid,

non-destructive measurement of leaf chlorophyll. It was found that

these handheld diagnostic tools are very reliable in real-time N

management in certain crops (Ladha et al., 2005), but these tools

have the greatest limitations in that we are simply taking into

account the leaf color, not taking into account the photosynthetic

rates or total biomass production of the crop or even expected

yields in working out fertilizer requirement, especially N. Under

the circumstances, the use of Green Seeker (GS), an optical sensor,

could measure the spectral vegetation index—the normalized

difference vegetation index (NDVI) which is linked with leaf area as

well as green biomass (Raun et al., 2002). An index of an in-season

estimate of yield (INSEY) could be worked out as a measure of the

accumulated biomass per day from the time of seeding to the day

of taking observation through the sensor. INSEY could help guide

N application, and this INSEY–grain yield (GY) relation could

optimize N scheduling in wheat successfully (Singh et al., 2011) as

witnessed in the northwestern plains, the wheat bowl of India. We

strongly believe that there is a huge difference in crop expression

over the entire Eastern plains in comparison to the northwestern

plains for which the GY-INSEY relation would be different for

this zone; however, no such study has yet been conducted in the

Eastern plains of India to precisely manage fertilizer N in wheat

using NDVI sensor. Keeping these in the background, the present

experiment has been planned to optimize N scheduling in wheat

through the use of NDVI sensor-GS, and we have tried to establish

a new equation for in-season prediction of wheat yield using NDVI

sensor for this Eastern plains of India.

2. Materials and methods

2.1. Experimental site

The study was conducted in the research field of ‘Uttar Banga

Krishi Viswavidyalaya’ (UBKV), Cooch Behar, West Bengal, India

(26◦24’02.2”N latitude, 89◦23’21.7”E longitude, 43 msl), in two

consecutive wheat seasons during 2017–2018 and 2018–2019. The

soil, on which the experiment was carried out, was sandy loam in

texture with a good drainage facility having pH 5.78 with 0.83%

organic C, 188.16 kg ha−1 mineralizable nitrogen, 27.05 kg ha−1

available phosphorus, and 141.90 kg ha−1 available potassium.

2.2. Agroclimatic conditions

Being located in a subtropical humid climate, the experimental

site receives higher annual rainfall (3,000mm); however, a major

proportion of the total rainfall (2,200–2,500mm) is received during

monsoon months (June–September), keeping the winter season

almost dry. The temperature began to rise from February to March

and reached its peak from April to May. The relative humidity

remained very high almost throughout the year except during

the winter season. During the wheat crop growing period, there

was not much variation in minimum and maximum temperatures

(data not given) during both years and fair cool weather during

vegetative growth and a bit of warm weather during later stages

prevailed suggesting an overall favorable temperature regime

for the crop during both the seasons. In both years, the crop
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received rainfall (36mm and 9.62mm during 2017–2018 and

2018–2019, respectively) during March when the crop was almost

at maturity.

2.3. Treatment details

The experiment was laid out in a randomized block besign

(RBD) comprised of 10 treatments of different N scheduling

including the use of NDVI sensor-GS. The treatments comprising

of T1= absolute control (no application of NPK); T2= 150 kg ha−1

N (1/2 as basal + 1/4thCRI + 1/4th active tillering); T3 = 120 kg

ha−1 N (1/2 as basal + 1/4thCRI + 1/4th active tillering); T4 =

150 kg ha−1 N (1/2 as basal + 1/2 CRI); T5 = 120 kg ha−1 N (1/2

as basal + 1/2 CRI); T6 = 30 kg N ha−1 as basal +30 kg N ha−1 at

CRI+NDVI sensor-based N; T7= 30 kg N ha−1 as basal+60 kg N

ha−1at CRI+ NDVI; T8= 60 kg N ha−1 as basal +60 kg N ha−1at

CRI + NDVI; T9 = 60 kg N ha−1 as basal +30 kg N ha−1at CRI

+ NDVI; and T10 = N-rich 225 kg ha−1 N (1/2 as basal + 1/2

CRI). The NDVI data were taken at 45 and 65 days after sowing

(DAS) coinciding with the second and third irrigation events. Each

treatment was replicated three times. The sizes of each experimental

plot were 8m x 2 m.

2.4. Crop management practices

The land preparation started with plowing twice using a

tractor-drawn cultivator. The soil was kept open for the next

10 days for bringing down the soil moisture. Afterward, a

rotavator was used criss-cross for bringing the desirable tilth.

The phosphorus (60 kg ha−1 P2O5) and potassium (40 kg ha−1

K2O) were supplied uniformly in all the treatments except control

(T1) through single super phosphate and muriate of potash,

respectively. HD 2967, a recommended high-yielding variety for

the timely sown irrigated condition under this zone (Eastern

plains of India) having a yield potential of 6.2 t ha−1, was used

in this experiment. This variety ‘HD 2967’ was developed by the

Indian Agricultural Research Institute, New Delhi, India, and the

pedigree of the variety is ALONDRA/CUCKOO/URES-81/HD-

2160-M/HD-2278[4251][4282]; HD-2733/K-9423/K-9351 [4281].

After treating the seeds with carbendazim @ 2.5 g kg−1 of seeds,

the seeds were sown in lines 20 cm apart at 2–3 cm depth with a

seed rate of 100 kg ha−1. Metribuzin at 300 g ha−1 was used as

pre-emergence herbicides to keep the experimental plots free from

weeds during initial growth, while the later flashes of broad-leaved

weeds were controlled through post-emergence Carfentrazone

at 20 g ha−1, applied 4 weeks after sowing. Considering the B

and Zn deficiency in this zone, soluble B (0.2%) and chelated

Zn (0.1%) were applied as foliar spray twice at 35 and 55

DAS. The crop received four irrigations at CRI, active tillering,

jointing, and milking stage in both years. The crop was harvested

manually, and the yield was estimated based on the net plot of

12.8 m2 (8 inner lines, each of 8m length with 20 cm spacing)

excluding the border rows. Grain yield was recorded at 12%

moisture content.

2.5. Soil and plant analyses

The pH of the experimental soil was determined with

Sorensen’s pH meter (1909), using soil–water suspension (1:2.5)

by the potentiometric method. Mineralizable nitrogen and

available phosphorus and potassium were analyzed using the

hot alkaline potassium permanganate method (Subbaih and

Asija, 1956), Olsen’s method (Olsen et al., 1954), and the

neutral ammonium acetate-flame photometer method (Brown

and Warncke, 1988), respectively; the wet digestion method was

followed for determining organic C (Walkley and Black, 1934).

Aerial plant parts were separated into grain and straw. After

crushing, samples were prepared for grain and straw nitrogen

content separately. The total N content in plants was determined

by the modified micro-Kjeldahl method (Jackson, 1973). The total

uptake of nitrogen by wheat at harvest was determined on a

dry weight basis by multiplying the total dry matter of the crop

with its corresponding content of nitrogen. It was expressed in

kg ha−1.

2.6. Observations based on NDVI sensor

Normalized difference vegetation index (NDVI), a good

indicator of green biomass, was determined by dividing the

difference between near-infrared and red wavebands by the sum

of these two wavebands. In general, NDVI values range from −1.0

to 1.0, with negative values indicating clouds, water surfaces, rocks,

snow, etc; bare soils usually have lower positive values (0.10–

0.15), and plants will always have higher positive values above

0.2 (sparse vegetation within 0.4–0.5 while dense vegetation has

0.5 and above). Several studies have shown that the NDVI value

of a matured wheat crop ranges between 0.4 and 0.8 depending

on variety and climatic conditions (Thapa et al., 2019; Gozdowski

et al., 2020). In the present experiment, GS was calibrated based

on the value of NDVI reading in the N-rich treatment where

225 kg N ha−1 was applied. NDVI sensor-GS was used for the

splitting of nitrogen in four treatments (T6, T7, T8, and T9) in

the present experiment. The sensor was passed over the crop

at a height of approximately 0.9m above the crop canopy and

oriented so that the 0.6m sensed width was perpendicular to

the row and centered over the row. With the advancing stage of

growth, sensor height above the ground increased proportionally.

Nitrogen doses usingNDVI-GSwere calculated as per the following

discrete components:

2.6.1. Normalized di�erence vegetation index
Normalized difference vegetation index (NDVI) measurements

made by Green Seeker were based on the following formula as

given by Raun et al. (2002) and Singh et al. (2011):

NDVI = [(NIRref/NIRinc)-(Redref/Redinc)]/ [(NIRref/NIRinc)

+ (Redref/Redinc)]

where NIRref and Redref = magnitude of reflected near-infrared

and red lights; NIRinc and Redinc = magnitude of the incident

near-infrared and red lights.
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2.6.2. In-season estimation of yield
In-season estimation of yield (INSEY) was expressed as the

measure of the daily accumulated biomass from the time of planting

to the day of sensing. It was measured based on the following

formula as given by Raun et al. (2002) and Singh et al. (2011):

INSEY = NDVI/days of sensing

2.6.3. Yield potential with no added inputs (YP0)
Yield potential (YP0) with no added fertilizer was calculated

from the following power equation model as given by Raun et al.

(2002) and Singh et al. (2011):

YP0 = a (INSEY)b

where the values of constants ‘a’ and ‘b’ were used as depicted

in graphs; the Coefficient of Determination (R2) value was also

determined using MS Excel.

2.6.4. Response index (RINDVI)
The magnitude of response to N fertilization was predicted

from RINDVI as per the following formula given by Raun et al.

(2002) and Singh et al. (2011):

RINDVI = NDVI of N rich strip/NDVI of the test plot

RIHarvest = Maximum yield/yield of the test plot

One N-rich strip (NRS) was laid out along with experiment

(T10) as a prerequisite for precisely working out the N requirement

based on the possible response of that crop to applied N.

2.6.5. Predicted attainable yield (YPN)
The yield potential achievable with applied N fertilizer (YPN)

was predicted based on RI and YP0.

For a particular treatment before any mid-term N application,

yield could be predicted by YPN/RI as RI represented the percent

yield increment to achieve the attainable grain yield (5 t ha−1 for

the present experiment).

2.6.6. Fertilizer N recommendation
The fertilizer N dose was calculated based on the following

formula as given by Singh et al. (2011) and Ratanoo et al. (2018a):

Fertilizer N dose (kgha−1) = [1.8 x (YPN − YP0)/100 x 0.5]

The average percentage of N in grain at harvest was 1.8% over

IGP. The divisor 0.5 represents the fertilizer N use efficiency factor

of 50% for wheat.

In the third year, GS-based nitrogen recommendations were

put under farmers’ participatory demonstration in which five doses

(60, 90, and 120 kg N ha−1 upto CRI followed by GS at 45 and 65

DAS along with absolute control and N-rich strip at 225 kg N ha−1)

were validated.

2.6.7. NUE indices
The following NUE indices were worked out as per the

standard formula:

• Agronomic N-use efficiency (kg grain kg−1 nutrient applied

over control) = [yield under test treatment (kg ha−1)–yield

under control (kg ha−1)]/[unit of nitrogen applied in the

treatment (kg ha −1)].

• Physiological efficiency (kg biomass kg−1 nutrient uptake) =

[(biomass yield under fertilizer treatment (kg ha−1) – biomass

yield under control (kg ha−1)]/[(N uptake of nutrient in test

treatment (kg ha−1) – N uptake of nutrient in control (kg

ha −1)].

2.7. Production economics

To identify the most remunerative treatment, the economic

parameters viz., the total cost of cultivation ( ha−1), gross return

( ha−1), net return ( ha−1), and benefit-to-cost ratio (B:C) were

calculated for wheat grown under various N scheduling and

interpreted accordingly. In the calculation of the economics of

cultivation, the purchase rates of inputs and the selling rates of

outputs were assumed as per the prevailing local market rates.

2.8. Statistical analyses

The data were analyzed on an individual year basis using the

analysis of variance (ANOVA) method for RBD. The significance

of various sources of variation was tested by the mean square error

by Fisher–Snedecorst “F” test at probability levels of 0.05 (Cochran

and Cox, 1955; Panse and Sukhatme, 1967). Mean separation for

different treatments under different parameters was performed

using Tukey’s honestly significant difference (HSD) test (p≤0.05).

The functional relation between INSEY and grain yield was

expressed in a power function as follows: yield without further

addition of N = a (INSEY)b; the values of constants a and b were

depicted from graphs; and coefficient of determination (R2) value

was also determined using MS Excel.

3. Results and discussion

3.1. NDVI values

Normalized difference vegetation index (NDVI) values were

taken at two stages of crop growth, i.e., at 45 and at 65 days after

sowing (DAS). These two stages were coinciding with the second

and third irrigation for the wheat crop. For calculating the amount

of nitrogen required for topdressing (if any) during the second and

third irrigation, NDVI readings were taken during these 2 days.

Sixty five days old wheat crop was just prior to or at beginning of

jointing stage, the last stage for prescriptive nitrogen management

in wheat (Ali et al., 2020). Before taking this reading, only one

split of N was applied at the crown root initiation (CRI) stage

except for the absolute control. NDVI values varied significantly

under various N splitting treatments, and it ranged from 0.29 under
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absolute control to 0.77 under N-rich plots where 225 kg ha−1 of N

was applied during 2017–2018 (Table 1). The trend was similar in

2018–2019 also, where NDVI values ranged between 0.29 and 0.78

under absolute control and N-rich plots, respectively (Table 2).

In both the years where 225kg ha−1 of N was applied (N-rich

treatment), the NDVI value showed a higher value (0.74) as

compared with other treatments at 45 DAS. As nitrogen was not

applied in control plots (T1), the leaves were lacking greenness; in

contrast, the leaves were dark green under N-rich plots (T10) due

to excess N application. Even in treatments where 150 kg ha−1 of N

was applied, NDVI values were fairly higher due to greener leaves.

It was noted that the NDVI values at 65 DAS were lesser than NDVI

values recorded at 45 DAS in control plots as well as N-rich plots;

on the contrary, the values were higher at 65 DAS over 45 DAS

in most of the treatments, particularly in treatments where some

N fertilizers were added based on NDVI readings at 45 DAS. As

there was no further addition of N fertilizers after the CRI stage in

N-rich plots (T10) as well as in T4 and T5, the canopy greenness

was gradually reduced. The addition of N at 45 DAS helped the

crop to improve the canopy greenness afterward reflected through

higher NDVI values. In general, NDVI values at 45 days were higher

in treatments having higher doses of fixed rate of N at planting

and CRI stages; while at 65 DAS, the increase in NDVI values was

more in treatments having N application at 45 DAS coinciding

with the second irrigation. Ratanoo et al. (2018a) recorded 11.7%

to 22.2% increase in NDVI values in treatments receiving N with

irrigation events. NDVI measurements at proper growth stages are

very important, as the relationship between in-season estimation

and grain yields is purely based on NDVI readings.

3.2. Response index (RI)

The response index (RI) was computed based on NDVI values

at 45 DAS, and the RI data presented in Tables 1, 2 indicated a

significant difference among various treatments comprising various

splitting of N applications. RINDVI was very useful in predicting

the response of the crop to added N application. Being the ratio

between NDVI-rich N plots and the NDVI-treatment plots, the

values were higher in control plots (2.66 and 2.69 during 2017–2018

and 2018–2019, respectively), signifying higher chances of those

plots responding to external application of N. It was evident that in

treatments where higher amounts of N were added within 45 DAS,

there were lower values of RINDVI, and in contrast, RINDVI values

were higher in treatments with a lesser amount of N application.

It indicated that a lesser amount of N was necessary to attain the

target yield for plots with higher N fertilization; on the contrary,

there might be higher responses from external N application in

plots receiving lower N for attaining the yield target.

RINDVI values at 45 DAS were ranging between 1.04 to 1.24 and

1.05 to 1.26 under fixed N-applied plots (T2-T5) during 2017–2018

and 2018–2019, respectively; whereas it ranged between 1.24 to 1.33

and 1.22 to 1.30 during 2017–2018 and 2018–2019, respectively

under the Green Seeker (GS)-guided N application plots (T6–T9)

(Tables 1, 2). It signified that a 4–26% yield increment could be

possible throughN application for fixedN-applied plots while a 22–

33% increase in yield could be possible in GS-guided N-treatments.

In fixed N-treated plots, the N application rate was quite higher

at the initial stages (upto CRI) than in GS-guided N application

treatments (T6–T9), where the rate of N application was initially

lesser, making an avenue for more application in subsequent stages

based on NDVI sensor-provided values. RINDVI values were closely

related to RIHarvest during both 45 and 65 DAS. Johnson and Raun

(2003) found a positive correlation between RI NDVI and RIHarvest
at Feekes 5–6 (in our experiment, it coincided with 45 DAS) and

Feekes 7–8 (in our experiment, it coincided with 65 DAS). Mullen

et al. (2003) obtained similar relationships between RINDVI and

RIHarvest with data recorded at different growth stages of winter

wheat. This was in line with the findings of Ratanoo et al. (2018a)

who showed higher RI in NDVI-treated plots over fixed N-treated

plots. It was evident that the values were in general narrower at 65

days over the values at 45 days. With the advancement of crop age,

the responsiveness of the crop toward the external application of

N was gradually reduced, as the crop had a narrower window to

utilize the added N. The crop was moving toward its reproductive

phase, and the addition of N fertilizer after 65 days was perceived

to be less responsive for the crop. It was evident that in GS-guided

treatments where higher amounts of total N (152–155 kg ha−1 of N)

were added upto 65 DAS (T8), RI value was 1.00 (similar to N-rich

plots), indicating no further requirement of N beyond this point

for attaining the target yield. Raun et al. (2001) reported higher RI

values with the treatment comprising no pre-plant N application as

compared with the values resulting from pre-plant N application. It

was also evident that the application of comparatively lower doses

of nitrogen at early stages of growth and thereafter N application

using response index could be a powerful tool to attain the desired

grain yield without much increase in the rate of N application.

Lower values of response index at later growth stages could be

attributed to canopy closure influence on the sensor as noted by

Teal et al. (2006) in maize and Ali et al. (2014) in direct-seeded

rice. NDVI readings vis-à-vis response index, when captured at the

jointing stage (65 DAS), could explain the variability in yields at

maturity (Ali et al., 2020).

3.3. In-season estimation of yield (INSEY)

In-Season Estimation of Yield (INSEY) was determined by

using NDVI values and the crop age at the date of sensing. At 45

DAS during both years, this value was lowest in the control plot,

while it was the highest for N-rich plots (Tables 1, 2). As this value

was basically an indicator of per day dry matter production of the

crop, it was clear that biomass production per day was lowest for

control plots and highest under N-rich plots at 45 DAS. Actually,

the treatment receivingmore N during the initial part of the growth

recorded higher INSEY at 45 DAS as this treatment showed higher

canopy greenness as reflected through higher NDVI values.

However, this estimation was too early from the overall

perspective as the scenario changed afterward through another

split application which was still awaited at 45 DAS. For GS-based

treatments (T6–T9), the values were comparatively lesser over fixed

N-treated (T2–T5) plots at 45 DAS. This was attributed to the

lower rate of N application up to 45 DAS in GS-guided plots. At

65 DAS during both years, this value was highest in plots fertilized
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TABLE 1 Evaluation of NDVI sensor-based N management in wheat at 45 days after sowing.

Treatments N application up to 45 DAS NDVI RINDVI RIHarvest INSEY Yield achievable
under current N
rate (kg ha−1)

2017–
18

2018–
19

2017–
18

2018–
19

2017–
18

2018–
19

2017–
18

2018–
19

2017–
18

2018–
19

2017–
18

2018–
19

T1 0 0 0.29 0.29 2.66 2.69 2.82 3.75 0.0064 0.0064 - -

T2 112.5 112.5 0.65 0.65 1.18 1.20 1.05 1.07 0.0144 0.0144 - -

T3 90 90 0.62 0.62 1.24 1.26 1.15 1.24 0.0138 0.0138 - -

T4 150 150 0.74 0.74 1.04 1.05 1.09 1.08 0.0164 0.0164 - -

T5 120 120 0.67 0.67 1.15 1.16 1.20 1.23 0.0149 0.0149 - -

T6 60 60 0.58 0.60 1.33 1.30 1.20 1.26 0.0129 0.0133 3,766 3,846

T7 90 90 0.60 0.63 1.28 1.24 1.10 1.16 0.0133 0.0140 3,896 4,038

T8 120 120 0.62 0.64 1.24 1.22 1.00 1.00 0.0138 0.0142 4,026 4,103

T9 90 90 0.59 0.63 1.31 1.24 1.11 1.16 0.0131 0.0140 3,831 4,038

T10 225 225 0.77 0.78 1.00 1.00 1.10 1.09 0.0171 0.0173 - -

T1 = absolute control(No application of NPK); T2 = 150 kg ha−1 N (1/2 as basal + 1/4th CRI + 1/4th active tillering); T3 = 120 kg ha−1 N (1/2 as basal + 1/4th CRI + 1/4th active tillering); T4 = 150 kg ha−1 N (1/2 as basal + 1/2 CRI); T5 = 120 kg ha−1 N (1/2 as

basal+ 1/2 CRI); T6= 30 kg N ha−1 as basal+ 30 kg N ha−1 at CRI+NDVI sensor-based N; T7= 30 kg N ha−1 as basal+60 kg N ha−1 at CRI+NDVI; T8= 60 kg N ha−1 as basal+60 kg N ha−1 at CRI+NDVI; T9= 60 kg N ha−1 as basal+30 kg N ha−1 at CRI

+ NDVI; T10= N rich- 225 kg ha−1 N (1/2 as basal+ 1/2 CRI). NDVI, Normalized difference vegetation index and INSEY, In-season estimation of yield.

TABLE 2 Evaluation of NDVI sensor-based N management in wheat at 65 days after sowing.

Treatments N application upto 45 DAS NDVI RINDVI RIHarvest INSEY Yield achievable
under current N
rate (kg ha−1)

2017–
18

2018–
19

2017–
18

2018–
19

2017–
18

2018–
19

2017–
18

2018–
19

2017–
18

2018–
19

2017–
18

2018–
19

T1 0 0 0.26 0.26 2.85 2.96 2.82 3.75 0.0040 0.0040 - -

T2 150 150 0.73 0.73 1.01 1.05 1.05 1.07 0.0112 0.0112 - -

T3 120 120 0.72 0.72 1.03 1.07 1.15 1.24 0.0111 0.0111 - -

T4 150 150 0.73 0.73 1.01 1.05 1.09 1.08 0.0112 0.0112 - -

T5 120 120 0.73 0.73 1.01 1.05 1.20 1.23 0.0112 0.0112 - -

T6 104 102 0.68 0.70 1.09 1.10 1.20 1.26 0.0105 0.0108 4,595 4,545

T7 130 125 0.70 0.74 1.06 1.04 1.10 1.16 0.0108 0.0114 4,730 4,805

T8 155 152 0.74 0.77 1.00 1.00 1.00 1.00 0.0114 0.0118 5,000 5,000

T9 132 125 0.70 0.75 1.06 1.03 1.11 1.16 0.0108 0.0115 4,730 4,870

T10 225 225 0.74 0.77 1.00 1.00 1.10 1.09 0.0114 0.0118 - -

Treatments are presented in Table 1.
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with 60 kg ha−1 of N as basal plus 60 kg ha−1 of N at CRI and

another 32–35 kg ha−1 at 45 DAS (T8) which was similar or even

higher than the INSEY obtained in N-rich plots. A fair amount of

N addition through the NDVI sensor at 45 days helped to increase

INSEY in T8 signifying higher production of dry matter per day

under the treatment. Despite a higher total application of N (225 kg

ha−1) under N-rich strips (T10), no addition of N at 45 DAS

reduced the chances of further enhancement of INSEY values. The

treatment receiving better splitting of N guided through GS was

supposed to be a powerful tool for harnessing the yield of wheat

with better N management. It was noted that in all the treatments

having different N splits, INSEY was much lower during 65 DAS

than 45 DAS, despite some improvements in NDVI values in 65

DAS. This was attributed to higher crop age as the crop almost

progressed toward its reproductive growth. However, in-season

estimation of yield at 65 days of crop age could give a more reliable

estimate than its estimation at 45 DAS.

Figures 1A, B shows the INSEY-grain yield (GY) relation for

wheat at 45 and 65 DAS, respectively (we have used the station trial

data for 2 years as well as the data from the farmers’ field during the

third year for validation). This relation was expressed as a power

function by using the following equations:

y = 64265x1.171(at 45 DAS)

y = 46949x1.036(at 65 DAS)

In these equations, y is attainable yield in kg ha−1and x

is INSEY.

A value of R2 during 45 DAS (0.90) suggested that even at

45 DAS, the yields could be predicted fairly. This stage actually

coincided with Feeks 5–6 stages when the first node appeared

on the plant. This relationship was more robust at 65 DAS as

reflected by the R2 value (0.94), which coincided with Feeks 7–8

stage when the flag leaf developed with more visible nodes. These

equations were suggestive of the wider applicability of this relation

in predicting the midterm yields of wheat, and these equations

may be used for this zone while going for N application in wheat

through an optical sensor. The robust relationships between in-

season sensor-based estimates of yield at Feekes 5–6 and 7–8

stages and actual wheat yields under the northwestern plains of

India were previously reported (Singh et al., 2011; Ratanoo et al.,

2018a,b). The response of wheat to fertilizer N defined by the

sensor was highly correlated with the response index. Gupta (2006)

also studied the effect of crop canopy sensors on efficient nitrogen

management in Indo-Gangetic plains. Farmers cannot produce

the same yields from the same fields every year, despite the same

cultivar being planted on the same date with similar management

practices. This is due to temporal variability in crop growth which

has higher impacts on yield levels through variable responses to

applied N fertilizers. However, an in-season response index based

on NDVI readings could represent a viable method or approach

for identifying environments where the potential to respond to N

fertilizer exists (Ali et al., 2020). In fact, optical sensors have opened

up a new approach to acquiring crop growth information in a rapid

non-invasive manner (Teal et al., 2006; Zhang et al., 2019).

3.4. Calculated N doses and actual yields

Considering the attainable/target yield of 5 t ha−1, the

achievable yield at 45 DAS was estimated for all GS-guided

treatments (T6–T9), and it showed that the treatment in which

60 kg ha−1 of N was applied both at basal and at CRI (T8), it

recorded the maximum yield (4026 and 4103 kg ha−1 during 2017–

2018 and 2018–2019, respectively) with the current rate of fertilizer

application without subsequent addition. The amount of N to be

applied further to attain the target yield of 5 t ha−1 was worked

out for all these treatments, and it showed that for achieving the

desired yield target, more N was required for all these treatments.

The estimated amount of N was ranging between 35–44 kg ha−1

during 2017–2018 and 32–42 kg ha−1 during 2018–2019 for getting

the attainable yield of 5 t ha−1. The situation changed a lot for all

GS-guided treatments when the doses were calculated at later dates

viz., 65 DAS. The treatment receiving 60 kg ha−1 of N at basal,

60 kg ha−1 of N at CRI, and another 32–35 kg ha−1 of N at 45

DAS based on GS (T8) reached the attainable yield target of 5 t ha−1

itself suggesting no need for further addition of fertilizer to achieve

the target yield at 65 DAS. Moreover, for the rest of the GS-guided

treatments (T6, T7, and T9), there was still the requirement of some

amount of N (lesser than the amount required at 45 DAS) even at

this point to achieve the desired yield (Tables 1, 2). However, the

application of N at 65 DAS based on the target yield under the other

treatments could not achieve the yield target. The crop could not

utilize the applied N at later stages, and a portion of it was lost from

the soil–plant system as noted by Ali et al. (2015).

Based on the various splitting of N guided through NDVI

sensor-GS, there was much variation in overall N management

strategies. In some treatments, there were four splitting of

N including the basal application during both years of

experimentation though the total amount of N added to the

crop varied between 118 and 142 kg ha−1. The detailed doses and

splitting of N under various treatments, GS-guided treatments in

particular, are presented in Table 3.

The estimated yield with GS-based N management was

compared with the actual yield obtained under the specified

treatment. This comparison could be helpful to assess the actual

performance of the crop in relation to various doses and splits of

N application, which in turn would validate the findings. Table 4

presents that the maximum grain yield (4.957 and 5.068 t ha−1

during 2017–2018 and 2018–2019, respectively) was achieved with

the treatment in which 60 kg N ha−1 was applied as basal+60 kg

Nha−1 at CRI +GS-based N application at 45 and 65 DAS (T8).

As predicted from the GY–INSEY relation, the actual yield was

very close or slightly higher than 5 t ha−1, which validated the

robust relation between INSEY and grain yield. In the treatment

in which lesser N was applied (T2, T5, and T6), the grain yield

was also recorded lower. The actual yields recorded under farmers’

fields in the third year also reflected the superiority of GS-guided

treatment T8 (data used in INSEY–GY relation Figures 1A, B. It

was noted that higher N application during CRI stages followed by

further application based on NDVI sensor recorded good yields as

compared with lower doses of N application at CRI.

Higher amounts of fertilizer N than the required amount

will certainly lead to higher N losses and lower N use efficiency.

This GY–INSEY relation suggested that there is a need of
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FIGURE 1

*GY–INSEY relationship at (A): 45 and (B): 65 DAS. *2017–2018 and 2018–2019 station data and 2019–2020 farmers’ field data were used in

developing the relation.

TABLE 3 Nitrogen application at various growth stages under di�erent treatments.

Treatments 2017–18 2018–19

Basal 21 DAS 45 DAS 65 DAS Total Basal 21
DAS

45
DAS

65
DAS

Total

T1 0 0 0 0 0 0 0 0 0 0

T2 75 37.5 37.5 0 150 75 37.5 37.5 0 150

T3 60 30 30 0 120 60 30 30 0 120

T4 75 75 0 0 150 75 75 0 0 150

T5 40 40 40 0 120 40 40 40 0 120

T6 30 30 44 15 119 30 30 42 16 118

T7 30 60 40 10 140 30 60 35 7 132

T8 60 60 35 0 155 60 60 32 0 152

T9 60 30 42 10 142 60 30 35 5 130

T10 112.5 112.5 0 0 225 112.5 112.5 0 0 225

Treatments are presented in Table 1.

synchronizing fertilizer N application with N demand of the

crop and N supply from all sources other than fertilizer. In-

season estimation is essential for setting up strategies to optimize

nitrogen fertilization and reduced environmental risks associated

with fertilizer N use (Yao et al., 2012). Several studies indicated

the reliability of spectral measurements in estimating the yields

of many crops (Feng and Yang, 2011; Ali et al., 2014, 2015,

2018).

3.5. Total N uptake and NUE

Total N uptake varied significantly with respect to various N

scheduling during both years of experimentation (Table 4). It was

ranging between 31.4 to 103.6 kg ha−1 and 23.9 to 108.8 kg ha−1

during 2017–2018 and 2018–2019, respectively. The maximum

uptake was recorded in N-rich treatment followed by GS-guided

T8 treatment (60 kg ha−1 applied basal+ 60 kg N ha−1 at CRI and

two GS-based applications at 45 and 65 DAS), being statistically at

par with each other. In general, in the treatment in which higher

doses of N were applied, the total uptake was on the higher side. It

was due to higher absorption and translocation of the absorbed N,

thereby to the grain part under the treatments in which a higher

amount of N was applied; due to higher yields as well as higher

N percentage in plant parts, the total uptake was higher. Kumar

and Yadav (2005) reported that the time of N application had a

significant effect on nitrogen uptake by wheat. The split application

of N after the first irrigation significantly increased the N uptake. A

significant increase in N uptake in 3-split application over 2-splits

was noted at Ludhiana, India (Mattas et al., 2011). While studying

the relationship between N uptake and grain yield, Ali et al. (2015)

found a weak relationship at early stages due to lower N uptake.

However, at later stages, they reported a robust relationship.

With increasing rates of nitrogen application, there was a

gradual decline in agronomic NUE and physiological efficiency

(PE) ensuing in the law of diminishing return. Increasing the doses

of N from 120 to 150 kg ha−1 as well as N-rich plots showed

lower agronomic NUE and PE (Table 4). N application at 120 kg
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TABLE 4 Grain yield, total biomass production, and NUE of wheat as influenced by various nitrogen scheduling.

Treatments Grain yield

(t ha−1)

Total Biomass
(t ha−1)

Total N uptake

(kg ha−1)

Agronomic
e�ciency (kg

grain kg−1 of N)

Physiological
e�ciency (kg

grain kg−1 of N
uptake)

2017–
18

2018–
19

2017–
18

2018–
19

2017–
18

2018–
19

2017–
18

2018–
19

2017–
18

2018–
19

T1 1.757d 1.353d 4.92d 3.74d 31.4e 23.9e - - - -

T2 4.725ab 4.720ab 11.57b 11.32ab 93.9abc 94.8b 19.79ab 22.45ab 106.4b 106.9b

T3 4.296bc 4.098c 11.24bc 10.37b 84.6cd 79.6d 21.16a 22.88ab 118.9a 119.0a

T4 4.527b 4.700ab 11.23bc 11.61ab 89.4bcd 93.9bc 18.47b 22.31b 108.5ab 112.6a

T5 4.140c 4.125c 10.43c 10.52b 80.0d 80.9d 19.86ab 23.10ab 113.3a 119.0a

T6 4.148c 4.030c 10.50c 9.95bc 80.6d 76.9d 20.09ab 22.69ab 113.4a 117.4a

T7 4.523b 4.355bc 11.44c 11.10b 91.0bcd 84.9cd 19.76ab 22.74ab 109.4ab 120.7a

T8 4.957a 5.068a 12.04ab 12.66a 97.6ab 99.9ab 20.65a 24.44a 109.3ab 110.9a

T9 4.450bc 4.385bc 11.22c 11.06b 89.6bcd 84.8cd 18.96b 23.32a 108.2ab 120.3a

T10 4.513b 4.637b 13.11a 13.40a 103.6a 108.8a 12.25c 14.60c 113.3a 113.8a

Significance level ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ∗∗

Treatments are presented in Table 1.
∗∗Significance at 1% level of probability.

Within a column means followed by the same letter is not significantly different using Tukey’s HSD test.

TABLE 5 Production economics of wheat as influenced by various nitrogen scheduling.

Treatments Total cost of cultivation ( ha−1) Gross return ( ha−1) Net return ( ha−1) B:C ratio

2017–
18

2018–
19

2017–
18

2018–
19

2017–
18

2018–
19

2017–
18

2018–
19

T1 42955a 42955a 31626d 24354c −11329d −18601d 0.74e 0.57e

T2 45430a 45430a 85050ab 84960ab 39620ab 39530ab 1.87b 1.87b

T3 44935a 44935a 77328bc 73764b 32393bc 28829c 1.72c 1.64cd

T4 45430a 45430a 81486abc 84600ab 36056b 39170ab 1.79bc 1.86b

T5 44935a 44935a 74520c 74250b 29585c 29315c 1.66d 1.65cd

T6 44919a 44902a 74664c 72540b 29745c 27638c 1.66d 1.62d

T7 45265a 45133a 81414abc 78390b 36149b 33257bc 1.80bc 1.74c

T8 45513a 45463a 89226a 91224a 43713a 45761a 1.96a 2.01a

T9 45298a 45100a 80100abc 78930ab 34802b 33830bc 1.77c 1.75c

T10 46668a 46668a 81234abc 83466ab 34566b 36798b 1.74c 1.79bc

Significance level ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ∗∗

1 = 0.013 US$; Treatments are presented in Table 1.
∗∗Significance at 1% level of probability.

Within a column means followed by the same letter is not significantly different using Tukey’s HSD test.

ha−1 recorded maximum agronomic and physiological efficiency

whether it was applied in two or three splits; among the GS-guided

treatments, T8 was comparable with lower doses of N application

in terms of NUE. The increase in N use efficiencies was due to

the production of similar yields while using lesser N. GS-guided

N fertilizer application could effectively manage to avoid yield

losses with moderate rates of N fertilizer application. In N-rich

plots, the biological yield was very high; hence, despite very high

N uptake, the PE value was higher. Haile et al. (2012) reported

that yield increased sharply with increasing N application rates, but

NUE significantly decreased with increasing N rates. The values

indicated that the conversion of applied N to yields was higher at

lower levels of N application. Higher NUE in wheat with lesser N

application in the Eastern sub-Himalayan plains of West Bengal,

India, was reported byMondal et al. (2018). The study also revealed

that the application of N based on an NDVI sensor with more
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splits was more efficient as indicated by higher values of agronomic

efficiency as compared with recommended doses whether it was

applied in two or three splits. The NUE in wheat was improved by

more than 15%whenN fertilization was based on INSEY calculated

from optically-sensed NDVI (Raun et al., 2002).

3.6. Production economics

The total cost of cultivation did not vary significantly among

various levels of the N schedule. As all other components of the cost

of cultivation except N fertilizer were constant for all the treatments

(even in control), the treatment in which maximum N was used

resulted in the maximum cost of cultivation, and there was not

much variation in the total cost of cultivation between treatments.

In our experiment, the treatment, in which 225 kg ha−1 of N was

applied (T10), recorded the maximum cost of cultivation. There

was a significant difference in both gross and net returns achieved

with various treatments during both years of experimentation as a

huge variation in yields was noted under various treatments. The

maximum gross returns, as well as the net returns, were achieved

with GS-guided T8 treatment which was significantly higher over

all the treatments studied in the experiment (Table 5).

In this split treatment (T8), there was no requirement for

extra N application at 65 DAS as reflected by the NDVI sensor

though it reflected maximum yields. Mitra et al. (2014) reported

higher net return ( 17,955 ha−1) in ZT wheat with 150 kg N

ha−1 under sub-Himalayan plains of India as compared with

the application of 100 kg N ha−1 ( 11,545 ha−1) and 125 kg N

ha−1 ( 14,650 ha−1). As far as the benefit-to-cost ratio (B:C) was

concerned, a significantly higher B:C was achieved with T8 (1.96

and 2.01 during 2017–2018 and 2018–2019, respectively). It was

followed by the treatment T2 in which the recommended dose of

N (150 kg ha−1) was applied in three splits (50% basal and 25%

each at CRI and tillering). A dose of 60 kg N ha−1 as basal+

60 kg N ha−1 at CRI followed by N application guided through

GS could fetch higher profitability over the recommended doses

of N application. A higher B: C (1.96) in ZT wheat with 150 kg N

ha−1over 100 kg N ha−1 (1.64) and 125 kg N ha−1 (1.80) under

Eastern sub-Himalayan plains was previously reported by Mitra

et al. (2014).

4. Conclusion

It can be concluded from the experimental findings that the

application of the NDVI sensor could be an important tool for

the optimization of fertilizer nitrogen in wheat grown under the

Eastern plains of India. A prescriptive dose of 60 kg N ha−1 as

basal + 60 kg N ha−1 at CRI followed by NDVI sensor-guided

N application (at 45 and 65 DAS) brought about a significant

improvement in yield performances and N use efficiencies with

higher net returns and B:C. There should not be any curtailment

in N doses at basal and CRI (60 kg N ha−1 each); any curtailment in

these doses followed by N application through NDVI sensor at later

stages could not bring about the target yield (5 t ha−1) of the crop.

The new INSEY–GY relation developed through this trial could

successfully be used for fair yield prediction in the Eastern plains

of India.
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