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Abstract: Tiller density is indicative of the overall health of winter wheat (Triticum aestivum L.) and is
used to determine in-season nitrogen (N) application. If tiller density exceeds 538 tillers per m2 at
GS 25, then an N application at that stage is not needed, only at GS 30. However, it is often difficult
to obtain an accurate representation of tiller density across an entire field. Normalized difference
vegetative index (NDVI) and normalized difference red edge (NDRE) have been significantly cor-
related with tiller density when collected from the ground. With the advent of unmanned aerial
vehicles (UAVs) and their ability to collect NDVI and NDRE from the air, this study was established
to examine the relationship between NDVI, NDRE, and tiller density, and to verify whether N could
be applied based on these two indices. From 2018 to 2020, research trials were established across
Virginia to develop a model describing the relationship between aerial NDVI, aerial NDRE, and tiller
density counted on the ground, in small plots. In 2021, the model was used to apply N in small
plots at two locations, where the obtained grain yield was the same whether N was applied based
on tiller density, NDVI, or NDRE. From 2022 to 2023, the model was applied at six locations across
the state on large scale growers’ fields to compare the amount of GS 25 N recommended by tiller
density, NDVI, and NDRE. At three locations, NDVI and NDRE recommended the same N rates as
the tiller density method, while at two locations, NDVI and NDRE recommended less N than tiller
density. At one location, NDVI and NDRE recommended more N than tiller density. However, across
all six locations, there was no difference in grain yield whether N was applied based on tiller density,
NDVI, or NDRE. This study indicated that UAV-based NDVI and NDRE are excellent proxies for
tiller density determination, and can be used to accurately and economically apply N at GS 25 in
winter wheat production.

Keywords: wheat; tiller density; nitrogen application; UAV; NDVI; NDRE

1. Introduction

Tiller production in winter wheat (Triticum aestivum L.) is the development of shoots
from buds at the base of the main stem and is a critical factor to final yield [1]. Early
leaf and tiller development is crucial because the number of tillers per plant is a critical
yield component [2–4]. This is because tillers initiated in the fall make up the majority of
spikes, compared to tillers initiated from 1 January until Zadok’s growth stage (GS) 30,
and contribute up to 87% of grain yield, i.e., while tillers will continue to develop into the
spring, the tillers produced in the fall will contribute the most toward yield [5]. Scharf
and Alley (1993) [6] showed that when tiller density is low in spring, then N should be
split and applied at GS 25 and GS 30 to stimulate additional yield. If tiller densities are
not sufficient in late January to early February, then N should be applied to optimize and
stimulate the needed tiller growth. Any tiller produced in March or later contributes less
than 2% to the overall yield [7]. The number of tillers per square meter (tiller density) is
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the proper method to determine whether a crop needs a split N application at GS 25. If
the crop has a tiller density of 538 tillers per m2 or greater, then a single application at
GS 30 is sufficient [8]. If the tiller density is less than 538 tillers per m2, then N should be
applied at GS 25. If the tiller density is 323 to 537 tillers per m2, then 45 to 56 kg N ha−1

should be applied. If tiller density is very thin with only 215 to 322 tillers per m2, then 56 to
78 K N ha−1 should be applied [8].

Worldwide, 18% of N applied to cropping systems is applied to wheat [9] and this
is one of the largest expenses to producers, with the cost continuing to rise. From 2021
to 2022, the price of 24-0-0-3 (one of the most common liquid N fertilizers) increased by
267% (Gulasky, A. personal communication, 2022). However, wheat typically only uses
approximately 33% of N application, with the rest being lost through leaching, volatilization,
and denitrification, or immobilization which is not a loss [10]. Leaching of N can pollute to
ground and surface waters causing acidification, eutrophication of aquatic systems, and
toxicity to animals [11]. Therefore, a method to apply N based on need rather than a blanket
application is crucial.

Even though applying N based on tiller density has been proven beneficial to wheat
production, it is often not utilized due to tiller variability across the field and the amount
of time involved in physically counting tillers [12]. Vegetation indices incorporating red
and near-infrared (NIR) canopy reflectance, such as NDVI, are now widely used for N
monitoring models for several crops [7,13]. Previous work on 22 site-years in Virginia from
2000 to 2002, has shown that ground collected NDVI was well correlated with tiller density,
with r2 of 0.74, indicating that NDVI collected with hand-held optical sensors at GS 25 has
the ability to predict tiller density without having to physically count the tillers [14]. While
they found that there is a saturation point at which NDVI will no longer increase as tiller
density increases, this occurs beyond GS 25 when an N recommendation would be needed.

Aerial indices from UAV platforms or satellite can often outperform ground measure-
ments as they provide an overall view of the entire area, not just a small area where the
hand-held reflectance sensor is being pointed. For example, in peanut, ground indices
predicted leaf loss from disease at an r2 of 0.30, while aerial indices predicted leaf loss at an
r2 of 0.73 [15]. Oakes and Balota (2016, unpublished data) also found that aerial NDVI was
correlated with ground NDVI at an r2 of 0.89. Similarly, Zhang et al. 2021 found that image
data from an UAV could non-destructively diagnose wheat N status in China. Similarly,
Jiang et al. (2020b) [16] found that an active sensor mounted to an UAV platform could
successfully monitor the growth and N nutrition status of winter wheat.

While abundant work has been carried out using ground NDVI and aerial sensors
towards monitoring crop N status, little work has specifically examined the relationship
between aerial indices and early season tiller density to determine N split application rates
in winter wheat production. Therefore, the objectives of the study were to (1) determine
the relationship between aerial indices and tiller density, (2) use aerial indices to develop a
model for N application requirement at GS 25 in small plots, and (3) validate the model in
large scale settings in growers’ fields.

2. Materials and Methods
2.1. Small Plot Design

Four site-years were selected across Virginia from 2018 to 2020 to determine the rela-
tionship between aerial NDVI/NDRE and tiller density. In the 2018–2019 growing season,
research was conducted at the Eastern Virginia Agricultural Research and Extension Center
(EVAREC) near Warsaw, the Southern Piedmont Agricultural Research and Extension
Center (SPAREC) near Blackstone, and the Tidewater Agricultural Research and Extension
Center (TAREC) near Suffolk, while in the 2019–2020 growing season, research was con-
ducted at EVAREC only. Planting and harvest dates and soil type information for each
location are shown in Table 1. GS 25 N was applied in small plot trials from 2019 to 2021
using the model developed. These trials were located at EVAREC and TAREC during the
2020–2021 growing season.
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Table 1. Location, crop, and soil information for small plot winter wheat trials in 2019 and 2020.

Location Coordinates Soil Type Planting Date Harvest Date

EVAREC * 2019 37.99645 N−76.76401 W Kempsville sandy loam 19 October 2018 17 June 2019
SPAREC 2019 37.08673 N−77.97302 W Appling fine sandy loam 24 October 2018 12 June 2019
TAREC 2019 36.68106 N−76.76801 W Rains fine sandy loam 29 November 2018 5 June 2019

EVAREC 2020 37.99084 N−76.77325 W Kempsville loam 7 November 2019 24 June 2020

* EVAREC: Eastern Virginia Agricultural Research and Extension Center. SPAREC: Southern Piedmont Agricul-
tural Research and Extension Center. TAREC: Tidewater Agricultural Research and Extension Center.

At each location, the cultivar “Hilliard” was planted at a seeding rate of 144 seeds m−1

with a Hege plot drill in seven row plots that measured 2.74 m long × 1.52 m wide. Plots
were planted in conventionally tilled fields at EVAREC and SPAREC and no-till at TAREC.
The plots from 2018 to 2020 were used for linear regression model development and they
were arranged in a randomized complete block design (RCBD) with four replications, and
with N rate and application timing being the main effects (Table 2). The rates and timing
were selected to achieve a diverse combination of rates split among GS 25 and GS 30, and
totaling 134.5 kg N ha−1, which is the optimum N recommended for high yield production
of winter wheat in Virginia [1]. N applications were made using 12-0-0-1.5 at GS 25 and 24-
0-0-3 at GS 30 and were applied with a backpack sprayer. In this way, seven combinations
were designed (Table 2). In addition, five more N rates and timing combinations were
created, with the purpose of generating differing tiller densities. Planting and harvest
information for each location are shown in Table 1. Based on these data sets, two linear
regression models were developed for NDVI and NDRE to predict tiller density, and these
models were used to determine N rates at GS 25 in small plot trials at EVAREC and TAREC
during the 2020–2021 growing season (Figures 1 and 2).

Table 2. Nitrogen rates and timing for small plot winter wheat trials in 2018–2020.

Treatment
Nitrogen Rates (kg N ha−1)

1 Dec GS 25 GS 30 Total N

1 0 0 0 0
2 0 44.8 0 44.8
3 0 67.3 0 67.3
4 0 89.7 0 89.7
5 0 44.8 89.7 134.5
6 0 67.3 67.3 134.5
7 0 89.7 44.8 134.5
8 33.6 0 0 33.6
9 33.6 33.6 67.3 134.5
10 33.6 33.6 44.8 112.1
11 33.6 67.3 33.6 134.5
12 33.6 67.3 67.3 168.1

2.2. Validation in Small Plots

During 2020–2021, plots received N at GS 25 based on either direct count of tiller den-
sity or aerial NDVI and NDRE imaging using the regression models previously developed.
GS 30 N application was based on the amount of N applied at GS 25 in order to achieve
a total of 134.5 kg N ha−1. These application methods were arranged in an RCBD with
four replications. Planting and harvest information, N rates, timing, and methods for each
location are presented in Table 3.
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Figure 1. The relationship between tiller density and aerial NDVI developed from small plots in
2018–2020.
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Figure 2. The relationship between tiller density and aerial NDRE developed from small plots in
2018–2020.

2.3. On-Farm Plot Design

After regression models between tiller density and vegetation indices were established
and tested in small plots in 2020–2021, these models were validated in large scale settings
in growers’ fields. Six site-year combinations were established from 2021 to 2023. In the
2021–2022 growing season, sites were established in growers’ fields near Warsaw, VA
(WRVA), Champlain, VA (CHVA), and Suffolk, VA (SFVA); in 2022–2023, at WRVA, Spring
Grove, VA (SGVA), and Dinwiddie, VA (DWVA). Information on location, planting and
harvest dates, soil type and tillage, and plot size are shown in Table 4. The plot size was
dependent on the growers’ spray equipment. Nitrogen rates were based on the direct count
of tiller density and NDVI- and NDRE-based regression models developed in small plots.
Strips were arranged in an RCBD with three replications for each N application at GS 25,
i.e., aerial NDVI- and NDRE-based models, and direct tiller count, were implemented at all
locations with the exception of DWVA 2023 where only aerial NDVI and tiller density were
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used due to land constraints. GS 30 N application was based on the amount of N applied
at GS 25 in order to achieve a total of 134.5 kg N ha−1. The recommended N rate by each
model at GS 25 was compared with the rate based on tiller density count (Table 5). Each
strip was combined individually at harvest to determine grain yield differences based on
the nitrogen application method.

Table 3. Location, planting, and harvest dates, as well as N rates applied at GS 25 and GS 30 winter
wheat growth stages in small plot validation trials where GS 25 N was applied based on tiller density
and aerial vegetation indices.

Location
Planting Harvest

Method
N Rate Applied (kg ha−1)

Date Date GS 25 GS 30

EVAREC * 2021 22 October 2020 16 June 2021 Tiller density (861 tillers/m2) 0 134.5
NDVI (0.52) 56.0 78.5
NDRE (0.21) 56.0 78.5

TAREC 2021 22 October 2020 8 June 2021 Tiller density (431 tillers/m2) 45.0 89.7
NDVI (0.61) 45.0 89.7
NDRE (0.25) 45.0 89.7

* EVAREC: Eastern Virginia Agricultural Research and Extension Center. TAREC: Tidewater Agricultural Research
and Extension Center.

Table 4. Site description and cultural practices for on-farm winter wheat trials in 2022 and 2023.

Location Coordinates Soil Type Tillage Plot Size Planting Date Harvest
Date

WRVA *
2022

37.99291
N−76.77572 W

Kempsville
loam

Conventional
Till 7.62 m × 43.89 m 12 November 2021 18 June 2022

CHVA 2022 38.11247
N−77.11279 W

Munden fine
sandy loam,

Teotum loam
No-Till 24.4 m × 152.4 m 11 November 2021 1 July 2022

SFVA 2022 36.68078
N−76.76111 W

Nansemond
fine sandy

loam, Eunola
loamy fine sand

No-Till 8.3 m × 30.5 m 28 October 2021 15 June 2022

WRVA 2023 37.98711
N−76.77781 W

Kempsville
loam

Conventional
Till 7.62 m × 43.89 m 31 October 2022 26 June 2023

SGVA 2023 37.26643
N−77.00152 W

Pamunkey
loam No-Till 24.4 m × 152.4 m 19 October 2022 15 June 2023

DWVA 2023 37.14409
N−77.84373 W

Appling sandy
loam No-Till 24.4 m × 121.9 m 10 November 2022 15 June 2023

* WRVA: Warsaw, VA. CHVA: Champlain, VA. SFVA: Suffolk, VA. SGVA: Spring Grove, VA. DWVA: Dinwid-
die, VA.

2.4. Data Collection and Statistical Procedure

Tiller density was collected in three to four places, in both the small plots and large
on-farm trials, throughout the growing season. Tiller density was directly counted and the
number of tillers per square meter was calculated. Aerial images were collected from all
research plots on the same day tiller density was collected in order to extract aerial NDVI
and aerial NDRE. Dates that aerial images and tiller density were collected are shown in
Table 6. A MicaSense RedEdge sensor affixed to a DJI Matrice 100 was used to collect aerial
images. Images were collected at an altitude of 50 m with a 75% overlap flight plan using
Atlas Flight. The UAV used its built-in GPS to navigate, acquire, and store the images.
After each flight, images were merged into orthomosaics in Pix4D software. Orthomosaic
images were calibrated using the MicaSense calibration panel. Using the NDVI and NDRE
formulas in the Pix4D index calculator where:

NDVI = (NIR − R)/(NIR + R);



Agriculture 2024, 14, 95 6 of 10

NDRE = (NIR − RE)/(NIR + RE);

both indices were extracted from each individual plot to obtain an average of NDVI and
NDRE for the entire plot. Grain yield was collected with a plot combine in the small
research plots and with the growers combine for on-farm trials.

Table 5. N rate, timing, and method used for N application at GS 25 and GS 30 wheat growth stages
at on-farm trials at six year-location combinations in Virginia.

Location Method
N Rate (kg ha−1)

GS 25 GS 30

WRVA 2022 Tiller Density 22.4 95.3
NDVI 67.3 50.4
NDRE 67.3 50.4

CHVA 2022 Tiller Density 56.0 72.9
NDVI 67.3 70.6
NDRE 67.3 70.6

SFVA 2022 Tiller Density 0 107.1
NDVI 0 107.1
NDRE 11.2 98.1

WRVA 2023 Tiller Density 26.9 107.6
NDVI 0 134.5
NDRE 0 134.5

SGVA 2023 Tiller Density 44.8 89.7
NDVI 0 134.5
NDRE 0 123.3

DWVA 2023 Tiller Density 67.3 67.3
NDVI 67.3 67.3

Table 6. Locations and date of flight campaigns and tiller counts in small plots, i.e., to develop
linear regression models for NDVI- and NDRE-based N recommendation rates and on-farm trials, to
validate the models.

Location Flight Dates

EVAREC 2019
18 January 2019

26 February 2019
4 April 2019

SPAREC 2019 28 January 2019
6 March 2019

TAREC 2019

16 April 2019
28 January 2019

26 February 2019
16 April 2019

EVAREC 2020

6 January 2020
4 February 2020

2 March 2020
17 March 2020

EVAREC 2021 9 December 2020
24 February 2021

TAREC 2021 24 February 2021

WRVA 2022 11 February 2022

CHVA 2022 8 February 2022

SFVA 2022 1 February 2022

WRVA 2023 30 January 2023

SGVA 2023 7 February 2023

DWVA 2023 7 February 2023

Pearson correlation coefficients between tiller density and the two aerial indices were
performed in SAS. Linear regression was used to fit the relationship between tiller density
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counts and the NDVI and NDRE. Proc GLM procedure was used to determine the effect
of nitrogen rate decision tool on nitrogen applied and yield using SAS 9.4 software (SAS
Institute, Cary, NC, USA).

3. Results and Discussion
3.1. Comparison of Tiller Density Count with NDVI and NDRE

Results from the small plot trials across four site-years showed that tiller density was
significantly (p < 0.001) correlated with aerial NDVI with 75% (R2 = 0.75) (Figure 1). The
model describing this relationship is

Tiller count = 0.00071NDVIa + 0.2623

where NDVIa is aerial NDVI extracted from images taken at 50 m altitude with 75% forward
and lateral overlay. Aerial NDRE was also significantly (p < 0.001) correlated with tiller
density with an R2 = 0.71. The relationship was described by

Tiller count = 0.00064NDREa + 0.0209

where NDREa is aerial NDRE extracted from the same images as the NDVI.
Previous research has shown that a winter wheat crop with 538 tillers m2 or more at

GS 25 does not need any N application at this time [6]. Using this base line and the linear
regression equations from our small plot trials, we determined at which NDVI and NDRE
values nitrogen should be applied and in what amounts. For example, these equations
show that 538 tillers m2 corresponded to an aerial NDVI of 0.62, and an aerial NDRE of
0.29 (Table 7). Therefore, following recommendations from Heiniger et al. (2021) at GS 25,
if the crop has an aerial NDVI of 0.62 or greater, then N should not be applied. If the NDVI
is less than 0.62, then N should be applied. Table 7 shows which rates should be applied at
which NDVI and NDRE values and how this corresponds to tiller density. These data show
that aerial NDVI and NDRE are excellent proxies for tiller density as they can accurately
determine tiller density in winter wheat.

Table 7. Nitrogen rate recommendations for tiller density, aerial NDVI, and aerial NDRE.

Tiller Density Aerial NDVI Aerial NDRE

Tillers per m2 kg N ha−1 NDVI kg N ha−1 NDRE kg N ha−1

538+ tillers 0 0.62+ 0 0.29+ 0
430–528 45 0.55–0.61 45 0.24–0.28 45
323–419 56 0.48–0.54 56 0.17–0.23 56
215–312 67 0.40–0.47 67 0.11–0.16 67

3.2. Nitrogen Application to Small Plots Using Indices

Using the remote values in Table 7, GS 25 N was applied using the NDVI and NDRE
and compared to tiller density at EVAREC and TAREC in 2021. At EVAREC, NDVI and
NDRE recommended 56 kg N ha−1, while tiller density recommended 0 kg N ha−1. At
TAREC, tiller density, NDVI, and NDRE all recommended 36 kg N ha−1 at GS 25 (Table 8).
Analysis of variance showed that there was no difference in grain yield among the three
nitrogen rate decision methods at either location (Table 8).

3.3. On-Farm Plots

In 2021–2022 and 2022–2023, the N rates derived from aerial NDVI and NDRE in
Table 7 were used for GS 25 applications in the on-farm large plots. Analysis of variance
of N applied at GS 25 showed no significant location × rate decision method interaction
(Table 9). At CHVA and SFVA in 2022, and at DWVA in 2023, there was no significant
difference between the amount of nitrogen recommended by NDVI, NDRE, or tiller density
(Table 10). There was a significant difference in the amount of nitrogen recommended at
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WRVA in 2022 as NDVI and NDRE recommended 67.3 kg N ha−1, and tiller density only
22.4 kg N ha−1 (Table 10). At WRVA and SGVA in 2023, tiller density recommended signifi-
cantly more N to be applied at GS 25 (Table 10). The tiller density method recommended
44.8 kg N ha−1 to be applied at GS 25 at SGVA in 2023 and 26.9 kg N ha−1 at WRVA in 2023,
while NDVI and NDRE recommended that no N was needed at either location (Table 10).
The difference in recommended N rate between methods can be attributed to the location
and field variability, which was better accounted for using aerial images than physically
counting tillers, e.g., NDVI and NDRE averaged the entire strip and tiller counting was at
random locations within the strip.

Table 8. GS 25 N recommendation and grain yield for small plot trials in 2021 based on tiller density,
NDVI, and NDRE.

EVAREC 2021 TAREC 2021

Rate
Decision

Tool
kg N ha−1 Grain Yield

(t ha−1)

Rate
Decision

Tool
kg N ha−1 Grain Yield

(t ha−1)

Tiller Density 0 b * 5.2 a Tiller Density 45 a 2.5 a
NDVI 56 a 4.9 a NDVI 45 a 3.0 a
NDRE 56 a 4.6 a NDRE 45 a 2.6 a

* Values followed by the same letters are not statistically different.

Table 9. Analysis of variance for GS 25 applied N at on-farm trials.

Source of Variation df Pr > F

Location (L) 5 ***
N rate decision tool (NRDT) 2 NSˆ

L × NRDT 9 ***
*** Significance at the 0.001 significance level. NS ,̂ not significant.

There were no significant differences among the N application methods across loca-
tions for grain yield and there was no location × application method interaction in these
on-farm trials (Table 11). Grain yield was 6.12 t ha−1 when N was applied based on aerial
NDRE, 6.05 t ha−1 when N was applied based on aerial NDVI, and 5.92 when N was
applied based on tiller density (Table 12).

Table 10. Location, method, and N rates applied at GS 25 at on-farm trials in 2022 and 2023.

Location Method N Rate (kg ha−1)

WRVA 2022 Tiller Density 22.4 kg N ha−1 b *
NDVI 67.3 kg N ha−1 a
NDRE 67.3 kg N ha−1 a

SFVA 2022 Tiller Density 0 kg N ha−1 a
NDVI 0 kg N ha−1 a
NDRE 11.2 kg N ha−1 a

CHVA 2022 Tiller Density 56.0 kg N ha−1 a
NDVI 67.3 kg N ha−1 a
NDRE 67.3 kg N ha−1 a

DWVA 2023 Tiller Density 67.3 kg N ha−1 a
NDVI 67.3 kg N ha−1 a
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Table 10. Cont.

Location Method N Rate (kg ha−1)

SGVA 2023 Tiller Density 44.8 kg N ha−1 a
NDVI 0 kg N ha−1 b
NDRE 0 kg N ha−1 b

WRVA 2023 Tiller Density 26.9 kg N ha−1 a
NDVI 0 kg N ha−1 b
NDRE 0 kg N ha−1 b

* Values followed by the same letter within each location are not significantly different.

Table 11. Analysis of variance for grain yield at on-farm trials.

Source of Variation df Pr > F

Location (L) 5 ***
N rate decision tool (NRDT) 2 NSˆ

L × NRDT 9 NS
*** Significant at p < 0.001 level. NS ,̂ not significant.

Table 12. Grain yield at on-farm trials.

Application Method Grain Yield (t ha−1)

Tiller Density 5.9 a *
NDVI 6.1 a
NDRE 6.1 a

* Numbers followed by the same letters are not statistically different.

4. Conclusions

To determine whether there was a relationship between tiller density and aerial indices
(NDVI and NDRE), this study initially examined the relationship between these indices and
tiller density. Aerial NDVI and aerial NDRE were significantly related with tiller density
and these indices were excellent proxies for tiller density. Subsequent studies, both in small
plots and in larger strips on growers’ fields, showed that these methods recommend similar
amounts of N to be applied at GS 25 and that the grain yield was similar whether N was
applied based on tiller density, NDVI, or NDRE. Based on the results from this study, we
can recommend that aerial NDVI and NDRE can be used as proxies for tiller density using
the equations reported here. Specifically, if NDVI is above 0.62, then N is not needed in that
particular location and field. If below 0.62, then Table 7 should be used for N application
rates at GS 25. Similarly, for aerial NDRE, the threshold was 0.29. The ability to collect
aerial NDVI or NDRE from a field gives growers a valuable tool in becoming able to assess
the status of their winter wheat crop in January and February and help pinpoint the N
needs at early growth stages.

In summary, tiller density is an important tool for growers to determine the rate and
timing of mid-winter N application in winter wheat, but using vegetation indices NDVI
and NDRE sensed remotely from a UAV is even more powerful because it can save growers
time and N.
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