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Abstract

A significant reduction in nitrogen (N) losses from agricultural fields will make a positive impact on the environment. Managing
nitrogen for the optimum application provides economic benefits as well as environmental protection. This study presents a model
that was developed to determine the optimum ratio of N to yield based on N sensor indices in winter wheat. A quadratic polynomial
model was used to characterize the relationship between N and yield for the optimum N rate. The N was applied to the Bezostaja
and Ahmetaga wheat varieties at 0 kgNha™!, 80kgNha™!, 120kgNha!, 160kg N ha! and 200 kg N ha™! ratios. The results
showed that the most economical mean estimated N rate was 167.6 kg N ha™! for Bezostaja and 206 kg N ha™! for Ahmetaga.
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1. Introduction

One of the most important issues in the world’s
wheat production is to increase the yield of wheat
while ensuring the best fertilizer management
strategy. It was determined that an optimal amount of
N fertilizer should be applied to increase N utilization
efficiency. N fertilizer optimization and application
times are the most important factors for determining
maximum wheat yield. N fertilizer applications will
provide a significant contribution to the world
economy, and it will be possible to reduce the
environmental pollution caused by fertilization.

Wheat yield increase and the reduction of N
fertilizer costs depend on effective N management
practices. Correct prediction of the N status is very
important for managing its application to increase
yield.

This study aimed to establish a model using an
optical sensor to determine the actual in-season N

requirements based on the relationship between the
normalized difference vegetation index (NDVI) and
the N status for mid-season wheat yield. It is necessary
to know the real N status level in the field to develop
successful variable applications of it. Also, the
negative environmental effect of using chemical
inputs can be reduced.

Experiments that were conducted under a
different NDVI growing RI suggests that correct
prediction of the RI for the yield at Feekes growth
stages 5, 9 and 10.5 can be made for 23 winter wheat
species. This capability to determine the
responsiveness of the crop to additional N at an early
level of growth requires alteration of N management
schemes and potentially elevates the yield and
effectiveness of N use (Mullen et al., 2003).

Smil (1997) suggested that reducing N
fertilizer usage may be possible by increasing
efficiency with more suitable fertilization methods.
Methods to reduce losses in N fertilizers include the
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application of soil and plant analysis to determine
fertilizer used according to plant needs, the adoption
of a fertilization strategy that is suitable for the
quantity of annual rainfall and distribution, the
preference for split applications and the absence of a
fertile surface (Mosier et al., 1996; Tiirker et al.,
2012).

Studies show that leaf chlorophyll values
indicate a close relationship between plant N content
and yield (Peltonen et al., 1995; Tindall et al., 1995).

Cassman et al. (2002), Mullen et al. (2003), and
Raun et al. (2002) suggested that the N contents of
plants can be detected with optical sensors and that
fertilizer applications can be made accordingly, as an
alternative to leaf analysis. The spectral reflection
values produced by plants have come to the fore with
thoughtful precision agriculture approaches, which
can be identified through proximal or remote sensing
techniques. An example of precision agriculture
studies on N is the attempt to improve spread fertilizer
applications, where the readings are made through
optical sensors to alter the usage parameters
automatically. Solie et al. (1996) stated that the
optimal area size of the data to obtain the most
profitable N fertilization strategy, as well as the most
efficient use of N (NUE) values, is one square meter.

It has been reported that the variation in these
areas can only be determined by optical sensors and
that automatic manure regulation can be made
accordingly (Stone et al., 1996), which will increase
the NUE value across the field. The implementation of
automated manure regulating systems in the state of
Oklahoma in the US was promoted, and it would be
profitable due to the large size of its farms where
64.8% of the agricultural enterprises use small plots of
5 hectares. The application of these types of automated
systems would not be profitable in Turkey because of
its relatively small farm sizes — except large
corporations that include the General Directorate of
Agricultural Research and Policy of Turkey. Farmers
in the US are generally applying N to wheat for a short
period (Olson and Swallow, 1984), because it is
cheaper to harvest in the autumn and less expensive to
implement once it is known that the application of N
in the US increases the NUE values (Raun and
Johnson, 1999).

It was reported that N fertilization in the spring
is not very important in terms of loss of evaporation in
arid regions, but spring fertilization is advantageous in
areas with relatively low precipitation (Christensen
and Meints, 1982).

In addition to the autumn and spring
comparisons, timing of spring fertilization has been
studied by other researchers, and early use of
fertilization in spring is required to reach the
maximum biological yield (Feil, 1997).

Studies indicate that delaying spring
fertilization will increase the content of NUE and
grain protein (Banziger et al., 1994; Cassman et al.,
2002; Feil, 1997).

It is important to reduce crop loss by
determining the early fertilization times that would
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provide the best results in terms of both yield and
protein (Palta et al., 2003).

2. Material and methods
2.1. Plant material, field trial, and sensor

Experiments were performed in randomized
blocks with five repetitions at the Haymana Research
Farm, Ankara, Turkey, over two consecutive years:
2016 and 2017. The specific coordinates of the
experimental site within the farm were 39°37'00.05"
north and 32°41'39.09" east. Field experiments were
carried out with the two commercial varieties of bread
wheat (T = Bezostaja, T>» = Ahmetaga) and N rates of
0 kg Nha', 80 kg N ha!, 120 kg N ha'!, 160 kg N
ha! and 200 kg N ha ! in the form of AN.

T1 and T2 represent the selected seed varieties.
The Bezostaja was called T1, and the Ahmetaga was
called T2. G1, G2, G3, G4, and G5 represented
different fertilizing levels of AN. The fertilizing levels
were 0 kg N ha™! for G1, 80 kg N ha™! for G2, 120 kg
N ha™! for G3, 160 kg N ha™! for G4, and 200 kg N
ha™! for G5, respectively.

All other agricultural practices, including
preplant fertilizing, were executed as recommended
(before planting). Fertilization application was carried
out on at 140th day after planting, NDVI values were
collected in a different stage of plant growth including
Z21 (225.9°C at 55th day after planting), Z30
(392.8°C at 86th day after planting), Z37 (568.8°C at
116th day after planting), Z50 (928.8°C at 136th day
after planting), Z55 (1006.4°C at 146th day after
planting), and Z60 (1122.7°C at 160th day after
planting) using the Green Seeker handheld sensor
(NTech, Ukiah, California).

The working principles of the GreensSeeker
sensor (Trimble, California, U.S.A.) based on NDVI,
which is a unit of measure that is designed to factor
both near-infrared (NIR) and red light (R) reflectance.
The NDVI was calculated from the NIR and R values
using Eq. (1). Healthy vegetation reflects more red and
blue light.

NDVI = (NIR-R)/(NIR+R) (1)

where: NDVI — normalized difference vegetation
index; NIR — near-infrared; R — redlight.

2.2. Data analysis

The data were analyzed using Tukey’s multiple
comparison method. Statistical Analysis System
(SAS, SAS Institute, NC, US) software was used for
analyses. The results of the analyses were assessed in
relation to different N rates and seed varieties. The
models acquired for estimating yield were used to
calculate the optimum economic rate of N fertilizer.
The mean values from two different trials were used
to determine the optimum fertilizer rate.

The concept of response index (RI) was
explored to determine the most suitable fertilization
time. This index was computed for the NDVI and yield
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independently. The Rl for yield is accepted to be
Rlharvest and indicates the crop response to applied N
(Johnson and Raun, 2003), and in-season sensor
measurements of the NDVI indicate N uptake between
trial sites that received the N. Trial sites that did not
receive N were used for computing the NDVI response
index (Mullen et al., 2003) by using the following
equations (Egs. 2-3). The NDVlIna represents the
NDVI measurements of the plots that provided the
maximum values. The NDVlconrol represented the
NDVI measurements of control plots that were
managed by farmers on the experimental site. The
Yieldmax represented the maximum yield that was
obtained from the plots. Yieldeonrol represented the
maximum yield that was obtained from the control
plots that were managed by farmers.

Rinowi = [NDVl(max) / NDVl(controI)] (2)
Rlharvest = [ Yield(max) / Yield(control) ] 3)

where: Rlnpvi— the ratio of the NDVI measurement of
the plot that provided the maximum value, and the
NDVI measurement of the control plots; NDVImax) — is
the NDVI measurement of the plot that provided the
maximum value; NDVlgontroy — is the NDVI
measurement of control plots; Rlnharvest— is the ratio of
the maximum yield obtained from a plot and the yield
obtained from the control plots; Yieldmay — is the
maximum yield obtained from a plot; Yieldcontroly — is
the yield value obtained from the control plot.

The computed values associated with RI in
accordance with yield and NDVI were compared with
each other. The highest correlation attained by
comparing the two different sets of data indicated the
most suitable period to apply fertilizer. The
relationship between identical NDVI values and N
rates was completed using linear regression methods
to estimate the N requirements of the wheat.

The in-season yield estimation (INSEY) was
used to evaluate the potential yield using GreenSeeker
readings (Franzen et al., 2013). INSEY values were
computed using NDVI readings in any period of
growth divided by the cumulative growing degree day
(CGDD) over the same period from planting to
sensing (Lukina et al., 2001; Teal et al., 2000).
Calculations for INSEY and CGDD are defined in Egs.
(4-5), respectively. Regarding the result of the
correlation analysis between two extracted indexes for
different periods of NDVI measurements, the period
with the highest correlation indicated the most
appropriate time for fertilizing. Then, the relationship
between corresponding NDVI values and nitrogen
rates at this period was used to estimate the nitrogen
requirement by using a linear regression method.

CGDD = (Tmax + Tmin) /12— Thase (4)
INSEY = NDVI / CGDD (5)

where: CGDD - is the cumulative growing degree
day; Tmax — is the daily maximum air temperature; Tpin
— is the daily minimum air temperature; Thase — is the

basic temperature at which product development
begins; INSEY — is the in-season yield estimation;
NDVI — is the normalized difference vegetation index.

Determining the optimum amount of N in the
N fertilizer used is crucial, and the optimum economic
amount of N depends upon the highest possible wheat
yield. The average yield values were used to estimate
the response functions to N to determine the optimum
N rate. Meaningful data from the Haymana research
farm trials were used to calculate the N rate from the
NDVI-based calibration equation. The use of the
equation obtained maximizes the economic return and
avoids unnecessary consumption of N. The effect of
the two seed varieties on the NDVI values were
statistically significant (p < 0.05), and the relationship
between NDVI and additional N rates were determined
for both seed varieties.

3. Results and discussion

The relationship between the yield values and
the N fertilizer rate was statistically significant, which
is shown in Table 1. As the most applicable statistical
model, quadratic polynomial curves were used for
estimating yield values. It is critical to understand
when the N is applied and when the N uptake by plants
occurs. Different opinions have been put forward in
the literature reports on this subject. Out of the entire
development period, at least 80% of the N uptake
occurs during the vegetative growth stage (Austin et
al., 1977; Heitholt et al., 1990; Oscarson et al., 1995;
Palta et al., 1994; Van Sanford and MacKown, 1987).
Baez-Gonzalez et al. (2002); Teal et al. (2006); and
Ali et al. (2014, 2015) stated that NDVI, as measured
by GreenSeeker sensor, is useful in acquiring
information such as potential yield, and N status
studied the relationship between NDVI measurements
with GreenSeeker and grain yield of and found that
R? values ranged from 0.49 to 0.63. Feng and Yang
(2011), indicated that correlated NDVI measured at
jointing to filling stages with grain yield of wheat and
found the values ranged from 0.31 to 0.82. Ali et al.
(2018) studied on rice, and maize proposed that
fertilizer N application should be based on the
relationship  between in-season  GreenSeeker
measurements and total N uptake at maturity.

N fertilizer is a crucial factor in wheat
production; it results in a significant increase in grain
yield compared to no-N treatment (Ercoli et al., 2013),
and yield is increased to a comparable extent by N
application (Zhang et al., 2016). Sapkota et al. (2020)
determined yield and N>O fluxes under two tillage
systems and five N for both rice and wheat. Their
finding proposed that N rates between 120-200 kg N
ha™! in rice and 50-185 kg ha™' in wheat This survey
contribute the ‘optimum’ range for fertilizer N rate for
rice and wheat to maximize crop yield and economic
profit and to minimize. Ma et al. (2019) were
accomplished to investigate the effects of N regime on
wheat yield, photosynthesis, and N balance at different
locate, field experiments including five N levels, from
0 to 300 kg ha™'.

1977
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Fig. 1. NDVI changes in different measurement periods according to the Zadoks growth scale

They obtained the grain yield increased with N
rate, and the maximum values were application rates
of 250 and 337 kg N ha’!, respectively. Aizpurua et al.
(2010) were found the optimum amount of N fertilizer
required to maximize income of soft red winter wheat
in Alava(Spain. Economically optimum rates of N
application (Nyield) varied from 142 to 174 kg N ha™!
depending on the price of both N fertilizer and wheat.
Campillo et al. (2010) carried out a research in
southern Chile, and they found that optimal economic
N rate ranged from 248 to 274 kg ha'!'; also, they found
the increase of applied N continuously decreased
nitrogen efficiencies use in both productive cycles.
Eitel et al. (2008) stated that spectral indices are useful
for estimating crop yield potential and basing in-
season N fertilizer applications, and NDVI is
positively related to crop N status. They found that the
NDVI and other simple indices were highly correlated
with LAI (r? < 0.84) and chlorophyll (r> = 0.70). Li et
al. (2012) carried out a research in southeast Germany
and the North China Plain from 2007 to 2010. They
conducted experiments with different N rates for five
German cultivars and four Chinese cultivars of winter
wheat, and they found that biomass strongly affected
the relationships between vegetation indices and N
concentration before the heading stage. They also
stated that N fertilizer use efficiency and to reduce the
pollution potential by monitoring N concentrations
after the heading stage.

3.1. Evaluation of statistical analyses

Wheat price and net return values derived from
the net return equation used values of 167.6 kg N ha™!
for Bezostaja and 206 kg N ha™! for Ahmetaga to find
the most economic optimum N rate corresponding to
yield. The wheat yield values were obtained when
160 kg N ha ! (for Bezostaja) and 200 kg N ha™! (for
Ahmetaga) of N was applied in accordance with the
statistical analysis. To create this equation, INSEY was
computed from four NDVI readings after the fertilizer

1978

YIELD

was used. NDVI for different measurement periods,
according to the Zadoks growth scale, is shown in Fig.
1. The potential yield was estimated at the
experimental site using (Eq. 6). The estimated
potential yield at the experimental site where the
response of the NDVI values to N fertilizer is
important (with no additional N fertilizer) was as
follows:

Potential Yield = 6952 INSEY-2.302 (R>=0.7674) (6)

Given that CGDD were 928.8°C — with
reference to INSEY=NDVI/CGDD.

The influence of different N rates on yield is
shown in Fig. 2. The result of variance analysis
showed that all quantities and quality parameters were
significantly affected by N rates. The INSEY can be
used to calculate potential yield without additional N
fertilizer. GreenSeeker sensor readings were used to
determine the optimal timing for using N fertilizer. To
achieve this purpose, RI was calculated from different
NDVI measurements and yield over different
measurement periods.

45
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Fig. 2. Relationship between yield and NDVI values
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The conclusion of the regression analysis to
determine the relationship between Rlnpvi and the
corresponding Rlparvest is shown in Table 1. The degree
of N fertilizer used is calculated from the above
equation (Eq. 7). As a result, the computed NDVI
values using GreenSeeker can be used to estimate the
N status.

NDVI = 0.0341 Fertilizer Rate + 0.6073
(R?=0.92) (7

3.2. Estimation of the optimal N rate

The experimental results showed that the
potential winter wheat yield could be found from the
ratio of NDVI measurements after fertilization and
CGDD. The application of N fertilizer at 928.8°C
CGDD was recommended, as this gave the highest
correlation between NDVI indices with respect to the
RI of NDVI and yield at harvest.

The necessity for fertilizer can be computed
using the response function of NDVI to different
fertilizer degrees. The effects of different N fertilizer
rates (kg N ha!) on NDVI values and estimated
regression parameters and R? values for the averaged
winter wheat yield response functions to N, and the
estimated regression parameters and R? values, are
shown in Table 2 and Table 3, respectively. Also, the
relationship between Rlnpvi and Rlnarers, and the
relationship between yield and INSEY values,

are shown in Fig. 3 and Fig. 4.

3.3. Simple cost analysis

Control plot is considered a farmer practice and
is the amount of fertilizer applied by the farmer. Five
nitrogen treatments were selected based on farmer
practice on the experimental region. Thus, considering
the amount of 160 as the conventional N rate, other
experimental rates were selected as higher and lower
rates than farmer practice in order to show what the
optimal nitrogen rate exactly is. The values obtained
as a result of the research were 167.6 kg N ha™! for
Bezostaja and 206 kg N™' ha for Ahmetaga. The
economic analysis was carried out with the current
price of ammonium nitrate (AN) fertilizer at
143 $ton L.

The Haymana, Research and Application
Farm, grows crops on 57 hectares of wheatland, and
they apply 200 kg ha™! of pure N. However, we find
the optimum amount of N (167.6 kg ha™! of pure N)
which was applied in this study. The difference was
32.4 kg ha™! of pure N; thus, 97.2 kg of AN fertilizer
more than necessary was applied to 1 hectare because
AN manure composition has 33% pure N. For 57
hectares, approximately 5540.4 kg of manure and at
least 792 § was lost each year. As a result of this study,
this loss was prevented. Since it is the preferred wheat
variety by the farmer, simple cost analysis has been
made for the variety of Bezostaja.

Table 1. Relationship between RiInpvi and corresponding Rlnarvest

RlInbwi Rlnarvest
RInpvi - first reading 8.81
RInpvi - second reading 11.21
RlInpvi - third reading 69.37
RInpvi - fourth reading 77.51
RInpvi - fifth reading 76.57
RlInpvi - sixth reading 65.30

Table 2. The effects of different N fertilizer rates (kg N ha™') on NDVI values

N rate NDVI-1 NDVI-2 NDVI-3 NDVI-4 NDVI-5 NDVI-6
0 0.404+0.075 A | 0.608+0.090 A 0.679+0.066 B 0.6224+0.039 B 0.646+0.102 AB | 0.567+0.106 A
80 0.460+0.149 A | 0.637+0.093 A 0.679+0.035 B 0.696+0.066 AB 0.614+0.043 B 0.549+0.089 A
120 0.495+0.102 A | 0.646+£0.059 A | 0.734+0.067 AB 0.716+0.067 A 0.701+£0.063 AB | 0.485+0.109 A
160 0.467+0.117 A | 0.714+0.060 A 0.784+0.032 A 0.747+0.019 A 0.709+0.093 AB | 0.468+0.063 A
200 0.425+0.118 A | 0.685+0.044 A | 0.747+0.053 AB 0.767+0.022 A 0.740+0.045 A 0.581+0.102 A

Table 3. The effect of N fertilizer rates on yield at the Haymana experimental site

N Rate kg N hat Yield
0 2.153+0.380 B
80 2.623+0.485 AB
120 3.082+0.383 A
160 3.285+0.559 A
200 3.225+0.528 A

1979
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4. Conclusions

Winter wheat growing efficiency is related to
yield that is affected by nitrogen fertilizer. This study
showed that the GreenSeeker sensor has the potential
to evaluate in season grain yield-related to nitrogen
level in winter wheat.

We observed an association between yield and
INSEY. Determining the economically optimal
nitrogen fertilizer rate in terms of wheat price and
nitrogen fertilizer price based on yield applied
nitrogen is was one of the crucial steps to assess the
nitrogen requirement.Accordingly, the quadratic
model was used to determine the relationship between
the applied nitrogen rate and yield. In this study,
applying different Nitrogen fertilizer rates had a
significant effect on the yield parameters.

1980

According to the results, maximum yield was
achieved when 167.6 kg N ha™! for Bezostaja and 206
kg N7! ha for Ahmetaga were applied, respectively.
This study showed that crop reflectance values using
optical sensors could be used to achieve efficient and
lucrative fertilization levels.
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