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Abstract: Field experiments were conducted to establish precision N management technology for
nitrogen (N) topdressings in Bt (Bacillus thuringiensis) cotton (Gossypium hirsutum) along with the
quantification of nitrous oxide emissions from the soil. The treatments consisted of five fixed N rates
(0, 60, 90, 120 and 150 kg N ha−1 applied in two split doses) and eight site-specific N management
(SSNM) treatments of applying different N rates at 40 days after sowing (DAS) and the application
of leaf colour chart (LCC)-guided 30, 45 or 60 kg N ha−1 at 55 DAS only in four treatments and at
both 55 and 85 DAS (first flowering and boll formation stages) in the remaining four treatments. A
higher R2 value between the total N uptake and the leaf N concentration at 85 DAS than at 55 DAS
strongly suggested that fertilizer N management based on leaf N concentration measured in terms of
LCC scores led to an adequate total N uptake resulting in a respectable yield. Topdressings of 45 to
60 kg N ha−1 at 40 DAS and an LCC-based application at 55 DAS produced seed cotton yields on a
par with the addition of 150 kg N ha−1 based on a soil test basis along with an improved recovery
and agronomic efficiency use, and remarkably lowered the nitrous oxide emissions as estimated
using the CCAFS (Climate Change, Agriculture and Food Security)-Mitigation Option Tool.

Keywords: leaf colour chart; nitrogen use efficiency; nitrous oxide emissions; growth stages of cotton;
leaf greenness; Bt cotton

1. Introduction

An inadequate supply of nitrogen (N) to Bt (Bacillus thuringiensis) transgenic cotton
hybrids impacts not only their yield but also protein synthesis and metabolism, which is
critical in transgenic crops as it can potentially alter the cry toxin expression [1]. Due to a
large variation in soil fertility in northern India, the standard blanket region-wide fertilizer
N recommendation leads to an N application in excess of the needs of the crop in many
cases, resulting in low fertilizer N use efficiency and enhanced nitrous oxide emissions from
the soil to the environment [2]. Cotton growers mostly do not take the risk of low yields due
to limiting N and apply subsidized fertilizer N above the standard recommendation. Little
attention is paid to low N use efficiency and the damage that can be done to the environment
or soil health. In north-western India, the standard fertilizer N recommendation for Bt
cotton consists of broadcasting a fertilizer N dose of 75 kg ha−1 at about 40 days after
sowing (DAS) when at each hill only one plant is retained and another 75 kg N at 55 DAS
i.e., the first flowering stage [3]. Need-based N management strategies help to synchronize
the fertilizer N supply and crop demand and thereby maximize the N uptake.
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The optimization of fertilizer N use in field crops can be achieved by synchronizing
crop N demand with the supply of N from all N sources on a field-specific basis during the
cropping season [4]. To replace the blanket fertilizer recommendations designed for a re-
gion with similar soil and climate attributes, this approach can meet the N needs of crops by
applying N at the appropriate crop growth stages in order to achieve optimum yield levels.
In large fields in developed countries, it is now possible to achieve site-specific N manage-
ment (SSNM) through variable-rate fertilizer N applicators using crop sensors. However,
for smallholder farmers in developing countries these expensive implements/machines
are not appropriate. Smallholder farmers in developing countries often use the intensity
of the green colour of the leaves of crop plants as a subjective indicator of the N needs of
the crops. However, visual estimates of the greenness of leaves are often influenced by
sunlight variability and human bias [5].

To quantify the site-specific N needs of field crops in real-time, an estimation of the N
status of the leaves in terms of the chlorophyll content or leaf greenness is valuable [6]. In
recent decades, this has been accomplished by using hand-held chlorophyll meters, which
interpret the colour of the leaves in terms of the relative chlorophyll content. However,
due to the prohibitive cost of chlorophyll meters, farmers in developing countries now
use a leaf colour chart (LCC) to quantify the leaf colour to assess the relative quantity of
chlorophyll (leaf greenness) or N in the leaves. It is a low-cost tool for estimating the leaf N
status and consists of a plastic sheet with six panels with a range of green colours varying
from light green to dark green. By comparing the reflection of the light from the leaf surface
and different panels on the LCC, the relative leaf N status is estimated in terms of leaf
greenness [7]. A large number of studies on field-specific N management in cereal crops
have demonstrated the usefulness of LCCs [2].

As per the recent quantification of global nitrous oxide (N2O) sources and sinks
undertaken by Tian et al. [8], N2O emissions due to human activities have increased from
5600 Gg N annually in the 1980s to 7300 Gg N annually in 2007 to 2016. More than 70% of
this increase has come from direct emissions from fertilizer applications in agriculture. As
the efficient management of fertilizer N is the one of the major strategies to reduce N2O, it
is expected that shifting soil test-based N management to SSNM should lead to reduced
N2O emissions.

Several studies on site-specific N fertilizer management in cotton based on the leaf N
status as measured by chlorophyll meters are available in the literature [9–13]. Keeping
in view the low cost of the LCC and its ease of use by farmers, the major objective of the
present study was to develop protocols for using the 6-panel LCC standardized by the
Punjab Agricultural University to apply crop need-based fertilizer N applications in a given
field at different growth stages of Bt cotton. As the LCC can be used only when the crop
is already growing in the field, an important aspect of the experiments planned for this
study was to find the appropriate basal dose as well as its addition before applying the
LCC-guided dose of nitrogen. Using the Climate Change, Agriculture and Food Security-
Mitigation Option Tool (CCAFS-MOT), N2O emissions from different SSNM strategies
were also compared with region-specific fixed fertilizer N recommendations.

2. Materials and Procedures
2.1. The Location and Climate of the Experimental Fields

The experiments took place at the research farm of the Punjab Agricultural University
in Ludhiana, Punjab, India. The experimental site (30◦56′ N latitude and 75◦23′ E longitude)
is located in the state of Punjab in the Trans-Gangetic agro-climatic zone. The climate of
the experimental site is subtropical and semi-arid. During May and June, the temperature
in summer may reach 45 ◦C with hot and dry weather. The average annual rainfall at the
experimental location is 742 mm, with 75% of that falling between July and September.
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2.2. Weather during the Cotton Season

Figure 1 shows the meteorological data recorded at the meteorological observatory of
the Punjab Agricultural University in Ludhiana during the crop growing seasons according
to conventional meteorological weeks. The mean weekly maximum and minimum tem-
peratures during kharif 2016 ranged from 33.1 to 42.6 ◦C and 19.7 to 29.2 ◦C, respectively,
whereas in kharif 2017, the corresponding ranges were 32 to 39.2 ◦C and 21.0 to 28.5 ◦C,
respectively. The maximum weekly rainfall (152.4 mm) was received in the 26th standard
meteorological week during kharif 2016 whereas in kharif 2017, it was 100 mm and was
received in the 35th standard meteorological week. The mean weekly sunshine hours
ranged from 1.1 to 12 and 3.6 to 11 h per day during kharif 2016 and 2017, respectively.
During May and October, when the cotton was grown, the average monthly maximum and
minimum temperatures varied between 33.4 and 41.0 ◦C and 17.2 and 26.9 ◦C, respectively.
During the cotton growing season, the average total rainfall was 612 mm.
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2.3. Experimental Site and Soil Characteristics

During 2016 and 2017, two field experiments were conducted in the same experimental
field, which had a cotton–wheat crop rotation during 2015. Table 1 shows the physico-
chemical parameters of 0–15 cm soil sampled before initiating the experiment in 2016. The
soil in the 0–0.15 m depth in the field was sandy loam (76% sand, 13% silt and 11% clay),
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pH 7.3 and EC 0.30 dS m−1 [14]. The soil organic carbon content [15] was 3.1 g kg−1 The
accessible P of Olsen was 5.36 mg P kg−1 and the extractable K of ammonium acetate was
96 mg kg−1 [14].

Table 1. Physico-chemical characteristics of 0–15 cm soil sample collected at the initiation of the experiment.

Parameters Values

Sand (%) 76.0

Silt (%) 13.0

Clay (%) 11.0

Available N (kg ha−1) 145

pH (1:2 soil solution ratio) 7.3

EC (dSm−1) (1:2 soil solution ratio) 0.29

Soil organic carbon (%) 0.30

Olsen’s P (kg ha−1) 12.1

Ammonium acetate extractable K (kg ha−1) 221.0

2.4. Soil and Crop Management

In both 2016 and 2017, before establishing the experiments, the fields were levelled
after two ploughing rounds and irrigated with about a 100 mm depth of irrigation. Once the
field capacity (23%) level of soil moisture was achieved, the fields were ploughed, levelled
and divided into 39 experimental plots each measuring 8.25× 5.40 m2. A randomised block
design was employed with 13 treatments and was replicated thrice. Bt cotton (cv. RCH 650)
was sown in rows in the first week of May in both the years. The spacing between the rows
was maintained at 67.5 cm. The distance between two plants in a row was kept at 75 cm.
One plant per hill was kept after 40 days of planting. In different treatment plots, fertilizer
N as urea was applied to the cotton as per the treatment. Phosphorus and potassium were
applied as a basal dose of 187.5 kg single super phosphate and 50 kg muriate of potash
per acre at the time of sowing. N was applied as urea in all treatments and at various
phases of the growth of the crop. During both 2016 and 2017, three flood irrigations each
of 75 mm depth were applied to the cotton as and when required depending on rainfall
events. Standard procedures as described by the Punjab Agricultural University [3] were
followed to control pests, diseases and weeds.

2.5. Description of the Treatments

The N levels in the treatments T1 to T5 were graded: no N control, 60, 90, 120 and
150 kg N ha−1. The first dose (75 kg N) was administered at 40 DAS and a similar dose at
55 DAS. Treatments T6 to T13 of the SSNM comprised applying 30, 45, 60 and 75 kg N ha−1

at 40 DAS and applying LCC-guided 30, 45 or 60 kg N ha−1 only at 55 DAS (treatments T6,
T8, T10 and T12) and both at 55 and 85 DAS (treatments T6, T8, T10 and T12 and treatments
T7, T9, T11 and T13, respectively). At 55 DAS, either 30, 45 or 60 kg N ha−1 was applied if
the greenness of the fourth fully expanded leaf from the top was more than an LCC score
of 4.1, between 3.8 and 4.1 or less than 3.8, respectively (adjustable dose 1 or Ad1). After
85 days of planting, the decision to apply 30, 45 or 60 kg N ha−1 was made depending
on whether the greenness of the fourth fully expanded leaf from the top was more than
an LCC score of 4.0, between 3.7 and 4.0 or less than 3.7, respectively (adjustable dose 2
or Ad2). Table 2 shows the amount of fertiliser N administered in various treatments at
40 DAS and as adjustable doses based on the criteria for Ad1 at 55 DAS and Ad2 at 85 DAS.
The LCC readings pertaining to the upper fourth leaf were used, aiming at guiding the
fertilizer N application at 55 DAS (Ad1) and at 85 DAS (Ad2) as per the critical LCC scores
established in the study carried out by Arun Shankar et al. [16]
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Table 2. Description of the treatments and mean LCC scores recorded at 55 and 85 DAS in different
treatments in two years. The adjustable fertilizer N doses applied in different treatments at 55 DAS
(Ad1) and at 85 DAS (Ad2) were applied using the LCC score at Ludhiana, India in 2016 and 2017.

Treatment

Nitrogen Applied (kg ha−1) Mean LCC
Scores at 55 DAS

Mean LCC
Scores at 85 DAS

DAS
Total

2016 2017 2016 201740 55 85

2016 2017 2016 2017 2016 2017

T1 (No N control) 0 0 0 0 0 0 3.85 3.88 3.60 3.73

T2 30 30 - - 60 60 4.00 4.00 3.80 3.82

T3 45 45 - - 90 90 4.00 4.00 4.00 4.00

T4 60 60 - - 120 120 4.12 4.13 4.05 4.03

T5 75 75 - - 150 150 4.15 4.18 4.08 4.07

T6 30 45
(Ad1) †

45
(Ad1) - - 75 75 4.00 4.00 3.83 3.92

T7 30 45
(Ad1)

45
(Ad1)

45
(Ad2)

‡

45
(Ad2) 120 120 4.00 4.00 3.80 3.93

T8 45 45
(Ad1)

45
(Ad1) - - 90 90 4.00 4.03 4.00 4.00

T9 45 45
(Ad1)

45
(Ad1)

45
(Ad2)

45
(Ad2) 135 135 4.00 4.02 4.00 4.00

T10 60 30
(Ad1)

30
(Ad1) - - 90 90 4.13 4.12 4.00 4.00

T11 60 30
(Ad1)

30
(Ad1)

30
(Ad2)

30
(Ad2) 120 120 4.12 4.13 4.02 4.02

T12 75 30
(Ad1)

30
(Ad1) - - 105 105 4.15 4.17 4.02 4.02

T13 75 30
(Ad1)

30
(Ad1)

30
(Ad2)

30
(Ad2) 135 135 4.17 4.17 4.03 4.02

LSD (p = 0.05) 0.07 0.09 0.17 0.17
† Ad1: adaptable quantity of 30, 45 or 60 kg N ha−1 depending on LCC score > 4.1, between 3.8 and 4.1 and <3.8,
respectively. ‡ Ad2: adaptable quantity of 30, 45 and 60 kg N ha−1 depending on LCC score > 4.0, between 3.7
and 4.0 and <3.7, respectively.

2.6. Leaf N Status Measurement, Plant Sampling and Analysis

The 6-panel LCC designed by the Punjab Agricultural University, Ludhiana (India) and
manufactured by Messers N Parameters, Chennai, India (https://www.nitrogenparameters.
com/ (accessed on 12 January 2022)) was used to assess the leaf N status by matching the
leaf greenness with different green shade panels on the LCC. After 55 and 85 days and after
planting in two growth stages of the cotton, the LCC score of the upper fourth fully grown
leaf (of ten disease-free uniform plants per plot) was recorded.

At the maturity of the crop in October/November, the seed cotton from different plots
was manually picked and the yields were recorded. When the plots were harvested, five
uniform stovers from each plot were saved and dried in an oven at 65 ◦C to a constant dry
weight. The samples of stovers, leaves and seeds of cotton were finely ground and digested
with concentrated sulphuric acid. The digests were analysed for total N following the
micro-Kjeldahl method [17]. The total N uptake at maturity was calculated by multiplying
the yield with the % N in different components of the cotton plants.

https://www.nitrogenparameters.com/
https://www.nitrogenparameters.com/
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2.7. Estimation of N2O Emissions Using CCAFS-MOT

The Climate Change, Agriculture and Food Security (CCAFS)-Mitigation Option Tool
(CCAFS-MOT) was used to estimate the total GHG and N2O emissions in terms of the
carbon dioxide equivalent per hectare for a given baseline of agricultural management
techniques (kg CO2 eq ha−1).

2.8. Statistical Analysis and Calculations

Statistical package CPCS1 (Punjab Agricultural University, Ludhiana, India) was
used to analyse the data recorded from the following ANOVA for a randomized block
design. The regression functions between the different variables were established using
Microsoft EXCEL.

The sustainable yield index (SYI) was calculated as:

SYI = (A − Y)/Ymax × 100 (1)

where A and Y are the mean and standard deviation, respectively, and Ymax is the maxi-
mum potential yield observed in different treatments.

The agronomic efficiency (AEN) and recovery efficiency (REN) measurements of
fertiliser N use efficiency were computed as stated by Baligar et al. [18]:

AEN (kg grain kg N applied−1) = (grain yield in N fertilized plot − grain
yield in zero N plot)/(N fertilizer rate)

(2)

REN (%) = (total N uptake in N fertilized plot − total N uptake in zero N
plot)/(N fertilizer rate) × 100.

(3)

3. Results
3.1. Relationship between the LCC Score and Leaf N Concentration in Cotton

The nitrogen concentration increased with an increasing LCC score as recorded from
the fourth leaf from the top at both growth stages (55 and 85 DAS) of Bt cotton (Figure 2).
The R2 values of the LCC score and leaf N concentration were greater at 85 DAS than
at 55 DAS, indicating that the R2 values of the relationships between the LCC score and
leaf N concentration gave a good indication of the leaf N status. At 55 DAS, the leaf N
concentration ranged between 3.8 and 5.4%; it was between 2.8 and 4.0% at 85 DAS. Critical
LCC scores of 4.1 and 4.0 were established by Arun Shankar et al. [16] to differentiate
between the sufficiency and deficiency of N in Bt cotton at 55 and 85 DAS, respectively;
the two different growth stages translated into 4.4 and 3.6% N in the leaf, respectively
(Figure 2).
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3.2. Leaf Greenness as Influenced by Fertilizer N Additions

By the time the cotton crop reached 85 DAS, the LCC score of the fourth leaf from the
top of the main stem, measured at 55 days, had reduced. This trend was true for all the
fertilizer N treatments (Table 2). At 55 DAS, the mean LCC score over the years ranged
between 3.85 in the no N control treatment and 4.17 in the treatment receiving 75 kg N ha−1

after 40 DAS. Among the different treatments, the LCC score at 55 DAS was maintained
above the critical level of 4.1 in the treatments in which 60 and 75 kg N ha−1 were applied
on the 40-day-old crop (treatments T10 to T13) so that only 30 kg N ha−1 was applied at
the end of 55 days. The LCC score after 55 DAS was between 3.8 and 4.1 in the treatments
receiving 30 or 45 kg N ha−1 at 40 days of the crop (treatments T6 to T9), indicating that an
LCC-based dose of 45 kg N ha−1 was delivered at this stage (Table 2). Thus, in comparison
with the application of the recommended 75 kg N ha−1 both at 40 and 55 DAS for Bt cotton
in north-western India, in the SSNM treatments receiving an LCC-guided dose of fertilizer
N only by 55 DAS (T6, T8, T10 and T12), a 30 to 50% less total amount of fertilizer N was
applied than 150 kg N ha−1 (Table 2).

The LCC score in treatments T7 and T9 was between 3.7 and 4.0 at 85 DAS; hence,
45 kg N ha−1 was applied. The LCC score in treatments T11 and T13, on the other hand,
was greater than 4.0, resulting in an LCC-guided dose of only 30 kg N ha−1. Thus, in
treatments T7, T9, T11 and T13, the total quantity of fertiliser N applied was only 10 to
20% less than 150 kg N ha−1, the blanket recommended dose in the region, when the
LCC-guided fertiliser N doses were administered both at 55 and 85 DAS (Table 2).

3.3. Total N Uptake at Maturity, Seed Cotton Yield and Leaf N Concentration

As shown in Figure 3, the total N uptake by Bt cotton was reflected in the seed cotton
yield as well as the N concentration in the fourth leaf from the top both at 55 and 85 DAS,
the two different growth stages. As was expected, the R2 for the relationship between the
total N uptake and the leaf N concentration was higher at 85 days than that at 55 DAS as
the former was closer to the maturity of the crop. These relationships strongly suggested
that fertilizer N management considering the percent N in a leaf corresponding with the
shade number of the leaf colour chart should lead to an adequate total N uptake by the
crop, which subsequently can be translated into a respectable yield level of the crop.
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Figure 3. Cotton seed yield (t ha−1) and N concentration (%) in the fourth leaf from the top after 55
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3.4. Crop Response to LCC-Based Site-Specific Fertilizer N Management

The no N control treatment showed chlorosis of old leaves after 55 DAS and it became
acute after another 30 DAS. Averaged over the years, no N plots recorded a 42% reduction
in the seed cotton yield compared with the plots receiving 150 kg N ha−1 (Table 3), thus
exhibiting a response N application. The response of Bt cotton to increasing amounts of
fertilizer N when half was applied at 40 days and the other half at 55 DAS (treatments
T1 to T5) is shown in Figure 4. The seed cotton yield improved up to an application
of 150 kg N ha−1 but a significant yield enhancement was recorded between the 90 and
150 kg N ha−1 application levels.
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Table 3. Effect of different site-specific N management options based on fixed-time adjustable-dose
fertilizer N treatments and fixed fertilizer N doses on the yield, sustainable yield index and agronomic
efficiency beside the recovery efficiency of fertilizer N in Bt cotton variety RCH 650 in the experiments
conducted in 2016 and 2017 at Ludhiana, India.

Treatment

Nitrogen Applied (kg ha−1) in Both 2016 and 2017 Seed Cotton
Yield (t ha−1)
Pooled over
Two Years

Sustainable
Yield Index
Pooled over
Two Years

Agronomic Efficiency (kg
Cotton Seed Yield/kg N
Applied) Pooled over

Two Years

Recovery
Efficiency (%)
Pooled over
Two Years

DAS
Total

40 55 85

T1 0 0 0 0 1.44 45.4 - -

T2 30 30 - 60 2.02 70.2 9.6 69

T3 45 45 - 90 2.30 85.6 9.6 59

T4 60 60 - 120 2.43 90.1 8.3 47

T5 75 75 - 150 2.48 94.2 6.9 40

T6 30 45 (Ad1) † - 75 2.15 77.0 9.5 61

T7 30 45 (Ad1) 45 (Ad2) ‡ 120 2.40 87.1 8.1 41

T8 45 45 (Ad1) - 90 2.33 86.2 9.8 58

T9 45 45 (Ad1) 45 (Ad2) 135 2.38 87.6 7.0 42

T10 60 30 (Ad1) - 90 2.37 87.6 10.4 62

T11 60 30 (Ad1) 30 (Ad2) 120 2.42 88.3 7.3 45

T12 75 30 (Ad1) - 105 2.40 88.6 9.1 57

T13 75 30 (Ad1) 30 (Ad2) 135 2.46 89.6 7.6 48

LSD
(p = 0.05) 0.176 2.28 12.1

† Ad1: adaptable quantity of 30, 45 or 60 kg N ha−1 depending on LCC score > 4.1, between 3.8 and 4.1 and <3.8,
respectively. ‡ Ad2: adaptable quantity of 30, 45 and 60 kg N ha−1 depending on LCC score > 4.0, between 3.7
and 4.0 and <3.7, respectively.
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Two categories of site-specific N management scenarios for Bt cotton were investigated
in the present study after applying different fertilizer N doses 40 DAS, an LCC-based
fertilizer N application at 55 DAS or at both 55 as well as 85 DAS, the critical growth stages.
The results pertaining to the seed cotton yield, sustainability index and fertilizer N use
efficiency parameters as influenced by different site-specific N management treatments are
listed in Table 3. In the first category treatments (T6, T8, T10, T12), although LCC-based
45 kg N ha−1 was applied along with both 30 kg N ha−1 (T6) and 45 kg N ha−1 (T8)
after 40 DAS, the seed cotton yield with treatment T6 was significantly less than all the
site-specific N management treatments (Table 3). The seed cotton yield observed with
treatment T8 was on a par with treatments T10 and T12, in which 60 and 75 kg N ha−1

were applied after 40 DAS, respectively, but after 55 DAS, LCC-based 30 kg N ha−1 was
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applied to both. These results suggested that when the LCC was used for the application of
the fertilizer N dose after 55 DAS, the N applied at 40 DAS must be 45 kg N ha−1 or greater
to obtain statistically similar yields as that obtained with the recommended 150 kg N ha−1.
The sustainable yield index was also the lowest when one-fifth of the recommended dose of
N was applied at 40 DAS and LCC-based fertilizer was applied at 55 DAS (Table 3). In the
second category of site-specific N management treatments in which LCC-based fertilizer N
doses were applied both at 55 and 85 DAS, the seed cotton yields with all four treatments
(T7, T9, T11, T13) were on a par with the optimum yield levels obtained with 150 kg N ha−1

(Table 3). The total amount of fertilizer N applied in these treatments, although less than
150 kg N ha−1 by 10 to 20%, was greater than the total quantity of fertilizer N applied in
the three treatments in the first category that produced optimum seed cotton yields.

3.5. N2O Emissions

In cropped ecosystems, the amount of nitrogen fertiliser used is the best measure of
N2O emissions. The CCAFS-MOT model revealed that nitrogen management treatments
differed in terms of N2O emissions (kg CO2 eq ha−1) (Table 4). The model produced N2O
emissions of 101.4 kg CO2 eq ha−1 in the no N treatment, which included no N fertilizer.
Unusually amplified values of estimated N2O emissions were found under soil test-based
N (150 kg N ha−1) followed by T9 (135 kg N ha−1, i.e., 45 kg at 40 DAS followed by an
LCC-based N application of 45 kg each at 55 and 85 DAS) whereas those under T8 (90 kg N
ha−1, i.e., 45 kg after 40 DAS followed by an LCC-based N application of 45 kg at 55 DAS)
or T10 (90 kg N ha−1, i.e., 60 kg at 40 DAS followed by an LCC-based N application of
30 kg at 55 DAS) were lowest (Table 4). The LCC-based N application helped to lower the
N2O emissions by 66.8% over the soil test-based N application without any yield loss.

Table 4. Effect of need-based N management using a threshold approach on an average estimated
N2O emission (kg CO2 eq ha−1) in Bt cotton variety RCH 650 in the experiments conducted in 2016
and 2017.

Treatment

Nitrogen Broadcasted (kg ha−1) in Both
2016 and 2017

Seed Cotton
Yield (t ha−1)
Pooled over
Two Years

N2O Emission
(kg CO2 eq ha−1)

Pooled over
Two Years

DAS
Total

40 55 85

T1 0 0 0 0 1.44 101

T5 75 75 - 150 2.48 1006

T8 45 45 (Ad1) - 90 2.33 603

T9 45 45 (Ad1) 45 (Ad2) 135 2.38 898

T10 60 30 (Ad1) - 90 2.37 603

T11 60 30 (Ad1) 30 (Ad2) 120 2.42 794

4. Discussion

For all the fertilizer N treatments, the LCC score at 55 DAS was higher than that
obtained after 85 DAS (Table 2). This trend reflected the remobilisation of N from the
leaves to the apical bud or nearest developing bolls. Zhu and Oosterhuis [19] reported that
developing bolls became an N sink post-flowering and N was supplied to bolls partly by
the subtending leaves. Wood et al. [9] also reported a decrease in leaf greenness after early
flowering towards mid-flowering.

The response of Bt cotton to increasing amounts of fertilizer N with one half applied
after 40 days and the other half after 55 DAS (treatments T1 to T5) as shown in Table 3
and Figure 4 was in line with already published studies. Venugopalan et al. [20] reviewed
different studies with Bt cotton in India and revealed that the optimum response of irrigated
Bt cotton to the application of N was observed between 90 and 150 kg ha−1. Gangaiah
et al. [21] reported that Bt cotton responded to fertilizer N application up to 120 kg ha−1.
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The wide range in the optimum fertilizer N rate of application to Bt cotton suggests that
in any given field, a standard fertilizer N recommendation would most likely not be able
to provide optimum N nutrition to the crop because of the variability in the N-supplying
capacity of the soil in different fields. Standard fertilizer N recommendations are formulated
in such a way that optimum yields can be produced in all fields in the region. Thus, in
several fields, the standard recommendations will lead to the application of fertilizer N
greater than the actual N need. Although the application of less fertilizer N can lead to
a yield reduction in proportion to the fertilizer shortfall and reduced soil N pool, over-
fertilization can result in excessive vegetative growth and a delay in maturity as well as
adversely affecting the lint yield and fibre quality [9]. As the application of sufficient N only
can ensure an optimum growth [22] and the yield of cotton and high N use efficiency [23],
ideally, the optimum fertilizer N dose needs to be determined for each individual field.

The broadcasting of 45 or 60 kg N ha−1 at 40 DAS and an LCC-based N application
at 55 DAS is a sound SSNM strategy for Bt cotton in north-western India to produce
optimum yields with high fertilizer N use efficiency suggests that ensuring an adequate
plant N status at flowering is very important. According to Oosterhuis et al. [24], nutrient
inadequacy at the flowering stage of cotton may result in a reduced and variable yield. Wu
et al. [10] reported that the leaf spectral properties in cotton must be measured at early
flowering to ensure that sufficient time is allowed to alleviate any N deficiency. The seed
cotton yields among all the site-specific N management treatments except T6 did not differ
significantly. However, due to a variation in the amount of fertilizer N applied only at 55
or both at 55 and 85 DAS, a higher agronomic efficiency (9.1 to 10.4 kg cotton seed yield
per kg N applied) was recorded by applying LCC-based fertilizer N at 55 DAS rather than
at both 55 and 85 DAS (7.0 to 8.1 kg cotton seed yield per kg N applied) (Table 3). Due to
the same reason, the data pertaining to the N recovery efficiency also showed a similar
trend among the different treatments. Although N recovery efficiency in the treatments
where LCC-based fertilizer N was applied only at 55 DAS ranged between 57 to 61%, in
treatments in which LCC-based fertilizer N doses were applied both at 55 and 85 DAS it
ranged between 41 and 48% (Table 3).

Wang [25] reported the usefulness of applying additional N at early flowering/flowering
and at peak flowering stages for cotton cultivars in China. It was observed that delaying
fertilizer applications beyond 55 DAS reduced the yield, particularly under wet conditions,
due to a delayed maturity and rank growth. This was evident also in the present study as
insignificant yield differences and significantly lower N recovery efficiencies were recorded
for the treatments in which LCC-adjustable doses of N were applied at both 55 and 85 DAS
compared with the treatments in which an LCC-adjustable dose of N was applied only at
55 DAS. The only exception was where too little fertilizer was applied at 40 DAS (T6). Thus,
the treatments in which LCC-based fertilizer N was applied at 85 DAS (T7, T9, T11 and T13)
are not suitable for site-specific N management strategies for Bt cotton in north-western
India. As the application of more than 60 kg N ha−1 at 40 DAS did not increase the yield
further but resulted in a higher total fertilizer N application (T12 versus T8 and T10), this
strategy led to reduced fertilizer N use efficiency.

A better utilisation of fertilizer N and its absorption adding an LCC-based N appli-
cation not only resulted in a yield on a par with soil test-based N applications but also
reduced N2O emissions. Therefore, the application of 45 or 60 kg N ha−1 after 40 DAS
and LCC-based N additions at 55 DAS constituted the most appropriate site-specific N
management strategy. This strategy can easily be followed by farmers in the region because
it involves the use of the LCC only at one stage. As comparing the colour of leaves with
colour shades on the LCC can be performed by virtually anyone, this strategy for fertilizer
N management in Bt cotton has the potential to become popular with farmers. Once farmers
understand that this strategy does not allow the application of more fertilizer N than is
needed by the crop, it may be adopted by large number of farmers.
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5. Conclusions

The LCC can reliably provide an estimate of the N content in the leaves of Bt cotton by
visually comparing the reflection of light from the leaf and the six shades of green colour
on the chart. Based on the principles of site-specific N management involving the threshold
leaf greenness at 55 and 85 days after sowing, the LCC can be used to guide fertilizer N
application in Bt cotton as per the need of the crop in a given field. The broadcasting of
45 or 60 kg N ha−1 after 40 days of sowing and an LCC-based N addition at 55 days after
sowing has emerged as the appropriate site-specific N management strategy for Bt cotton in
north-western India. Following this strategy, farmers should be able produce lint and seed
cotton yields comparable with those with the endorsed dose of 150 kg N ha−1, but only with
the use of 60% of the recommended N. Hence, this site-specific N management strategy on
an LCC basis also results in a higher agronomic recovery as well as N use efficiency along
with remarkably lowered nitrous oxide emissions than by applying fertilizer N following
the standard recommendation.
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