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Abstract: The percent canopy cover and health of winter wheat are important crop performance
indicators. Thus, understanding how tillage management practices affect these indicators is beneficial
for improving crop performance and consequently yield. The availability of high-resolution drone
data with spectral characteristics provides an opportunity to examine the percent canopy cover
and health of winter wheat in different tillage systems. This is because the use of drones provides
real-time high spatial resolution and temporal images to effectively monitor winter wheat conditions
throughout the growing season. Nonetheless, very limited studies have utilized drone data for
assessing the percent canopy cover and health conditions of winter wheat for different tillage practices.
This study aimed to examine the percent canopy cover and health of winter wheat in no-till and
conventional tillage plots using a drone. We used the mean Normalized Difference Vegetation Index
(NDVI) ± Standard Deviation (SD) (0.89 ± 0.04) of winter wheat for the growth stages of tillering,
jointing, and boot/heading to generate the percent wheat canopy cover. The Normalized Difference
Red-Edge (NDRE) produced for winter wheat at the middle and late growth stages was used as a
proxy for wheat health condition. We found that the mean percentage canopy cover of winter wheat
was about 4% higher in no-till compared to conventional tillage plots in most of the growing season.
The mean NDRE ± standard error (SE) of winter wheat was about 0.44 ± 0.01 and 0.43 ± 0.01 for
no-till and conventional tillage plots, respectively, during the mid- and late growth stages. There was
no significant difference in either the percent canopy cover or health of winter wheat between no-till
and conventional tillage plots. The results generated in this study could be used to support farmers’
decision-making process regarding tillage practices and wheat crop performance.

Keywords: percent canopy cover; health; wheat; no-till; conventional tillage; drone

1. Introduction

Winter wheat is an important small grain crop that is generally used worldwide to
enhance food security [1,2]. For example, in the United States (US), wheat is ranked third
among field crops in production, planted acreage, and gross farm receipts after corn and
soybeans. Farmers supplied about 1.8 billion bushels of wheat from 37.3 million acres of
harvested area in the year 2023/2024 [3].

The percent canopy cover and health of winter wheat are essential performance charac-
teristics for understanding crop physiological condition, biomass, and yield potential [4–6].
Drone multispectral images could be easily used to infer the percent canopy cover and
health of winter wheat. This is because wheat responds differently to spectral reflectance
information from drones [7]. Based on wheat reflectance data, the percent canopy cover
and health could be easily determined and monitored in agricultural fields. Vegetation
indices derived from spectral bands such as the Normalized Difference Vegetation Index
(NDVI) and Normalized Difference Red-Edge (NDRE) are generally used as proxies for
crop condition and structure that include but are not limited to canopy cover and crop
health [8–10]. The NDVI is a ratio of red (640–670 nm) and near-infrared (850–880 nm)
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spectral bands [11,12], whereas the NDRE is a ratio of red-edge (670–780 nm) and near-
infrared (850–880 nm) spectral bands [13,14]. Although the NDVI and NDRE are generally
correlated, leaves are more translucent to red-edge light than red light. When the NDVI
becomes saturated at the middle and late crop growth stages due to the presence of dense
vegetation, the NDRE is less prone to saturation at these growth stages. This is because
the red-edge wavelength in the NDRE goes through crop leaves much more deeply than
the red wavelength in the NDVI at the middle and late growth stages of crops [15–17].
Hence, the NDRE is more appropriate for the middle and late growth stages of crops. At
these stages, crops must have accumulated excessive amounts of chlorophyll in leaves,
resulting in a low penetration of the red light. If there is plant stress due to poor irrigation,
disease, nitrogen deficiency, and pests, the NDRE is a better proxy to detect these changes
relative to the NDVI. For example, Boiarskii and Hasegawa [15] compared differences in
crop vegetation activities for the NDVI and NDRE. They found a uniform distribution of
the NDVI with a visible green color wherever vegetation was present. They also found
no reduced greenery with NDVI values wherever vegetation was present. In contrast, the
NDRE showed lower values in crop vegetation with low chlorophyll content and in areas
where less nitrogen was applied.

The NDVI provides a good indicator of crop health (chlorophyl content in leaves) in
the early and middle crop growth stages, whereas the NDRE provides a sensitive indicator
of crop health in the middle and late crop growth stages that includes but is not limited
to the concentration of chlorophyll in leaves, the density of leaves, and soil background
effects [15]. High NDRE values imply the crop is healthier with high chlorophyll content in
leaves, a high density of leaves, and an abundance of nitrogen in the leaves. In contrast,
low NDRE values indicate the crop is less healthy with low chlorophyll content in leaves, a
low density of leaves, and a deficiency of nitrogen in the leaves [15].

Soil tillage is a farm management practice that involves the mechanical alteration of
soil for crop growth and production [18]. No-till generally refers to conservation tillage
that allows for a minimum of 30% of the surface of the soil covered with crop residue after
planting to minimize soil erosion [18,19]. In contrast, conventional tillage involves the
flipping of the topsoil layer and breaking up the soil into tiny bits [20]. This results in a
significant soil disturbance issue whereby the top layer of the field’s plants decays and
degrades thereby releasing carbon dioxide and methane in the process [20]. The benefits of
no-till over conventional tillage include but are not limited to (1) the low cost of cultivation,
(2) reducing the soil temperature because of crop residues acting as insulators, (3) the
sequestration of carbon, and (4) soil moisture conservation [19,21,22].

Both no-till and conventional tillage management procedures can create changes in soil
physical characteristics [23,24]. Soil tillage could affect bulk density, and this can directly
affect crop establishment, seedling emergence, root growth, porosity, water infiltration, and
crop production. Furthermore, no-till has been found to create more stable aggregates in
the soil upper horizon thereby leading to high total porosity [25].

Soil tillage procedures such as no-till and conventional tillage have also been found
to affect the productivity of wheat. For example, Latifmanesh et al. [26] examined wheat
biomass production and yield in different soil tillage systems. They found through field
experiments that no-till and subsoiling with rotary tillage stimulated wheat biomass pro-
duction. Furthermore, they also found that wheat yield was the highest in no-till and
subsoiling with rotary tillage relative to strip rotary tillage and rotary tillage [26].

In contrast, Yan et al. [27] evaluated the effects of no-till, subsoil tillage, and deep
tillage on the productivity of wheat. Their results indicated that subsoil tillage and deep
tillage improved wheat grain yield relative to no-till [27]. Similarly, Kraska et al. [28]
conducted experiments to understand the effects of tillage practices on wheat yield and
health (diseases). They found that plough tillage increased wheat ear density, grain number
per ear, and consequently yield relative to conservation tillage. However, their findings
showed that the health of winter wheat was not altered by plough and conservation tillage
practices [28].
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Soil tillage systems have also been found not to significantly affect the yield of winter
wheat [29,30]. For example, De Carcer et al. [29] combined the effects of crop succession and
soil tillage systems, i.e., lowest tillage vs. highest tillage on wheat yield, and soil properties
at three soil depths (0–10, 10–20, and 20–50 cm). They found that soil tillage systems had
no significant effect on wheat yield for the periods from 1977 to 2016.

Other recent studies have explored how tillage systems alter crops’ spectral response
such as the NDVI [31,32]. For example, Martins et al. [31] examined the effect of three
tillage procedures (no-tillage, smallest tillage, and regular tillage) on the spectral response
of the bean crop. They found no significant influence of tillage systems on NDVI values.

Although several recent studies have explored the effect of tillage practices on crop
yield and spectral response, very limited studies have examined percent wheat canopy
cover in no-till and conventional tillage practices using drones. Furthermore, examining
wheat health condition with tillage systems using drones has also been very limited. The
goal of this study is to examine the percent canopy cover and health of winter wheat in
no-till and conventional tillage plots using a drone. Central to this goal is to understand
if no-till and conventional tillage practices influence the percent wheat canopy cover and
health (the chlorophyll content, density of leaves, and nitrogen deficiency in leaves).

2. Materials and Methods
2.1. Study Area

We conducted the study in about a 4047 m2 plot situated at Tennessee State University’s
(TSU) campus farm site in Davidson County, Tennessee. The location is situated from
around latitude 36◦10′33′′ to 36◦10′35′′ N and from longitude 86◦49′35′′ to 86◦49′38′′ W
(Figure 1).

2.1.1. Climate

The study location generally experiences cool winters and warm summers. The mean
annual temperature in the summer is around 78 ◦F (26 ◦C), whereas the mean annual
temperature in the winter is about 41 ◦F (5 ◦C) [33]. The mean yearly precipitation is
approximately 51 inches (1300 mm), and it is usually distributed evenly throughout the
seasons [33]. The month of May usually experiences the largest amount of precipitation,
while October receives the smallest amount of precipitation [34].

2.1.2. Soil and landscape

The soil class for the plot location is predominantly Byler silt loam that is moderately
acidic. The soil is extremely deep and moderately well drained. Byler silt loam soil consists
of a friable, moderately medium, and subangular blocky structure, with fine roots and little
brown clay films that are distinct on surfaces of peds. It is established in silty alluvium and
underlying clayey residues of limestone. The depth of bedrock is more than 60 inches. The
texture of the silty mantle over clayey limestone residue varies from around 3 to 6 feet [35].
The plot is situated on a very gentle landscape with a less than 5 percent slope [33].

2.2. Methodology

The methodology mainly involved the growing of winter wheat in no-till and conven-
tional tillage plots. Multispectral and temporal drone data were acquired for the winter
wheat plots. The drone data acquired were used to generate NDVI and NDRE images
for the growth stages of winter wheat. The NDVI images were overlaid with pure winter
wheat polygons to obtain wheat NDVI values. The NDVI images were then reclassified
based on the wheat NDVI values to generate wheat canopy cover maps. The wheat canopy
cover maps were overlaid with no-till and conventional tillage subplot polygons to estimate
the percentage of wheat canopy cover. The drone NDRE images were overlaid with wheat
canopy cover maps to generate the NDRE values for the middle and late stages of winter
wheat (Figure 2). A non-parametric (Mann–Whitney U test) test was used to test for a
significant difference in the percent canopy cover and health of winter wheat in no-till
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versus conventional tillage plots. The test was performed with a total sample size of one
hundred and twenty (n = 120) for the mean wheat percent canopy cover and eighty (n = 80)
for the mean wheat NDRE. The test was performed with power ≥ 80%.
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Figure 2. Approach used to examine percent canopy cover and health of winter wheat in no-till and
conventional tillage plots using drone.

2.2.1. Growing of Winter Wheat

We established no-till and conventional tillage plots for the growing of winter wheat.
Each plot size was 6 m by 6 m, and the plots were randomly assigned for each block. There
were four blocks in total, and each block had a no-till and conventional tillage plot replicated
four times (Figure 3). The plots and the blocks were separated by a 1.5 m alleyway.

A total of 20 no-till plots (n = 20) and 20 conventional tillage plots (n = 20) were used in
the experiment. Based on a power analysis (assuming α = 0.05, 2-tailed) with preliminary
mean wheat percent canopy cover data for no-till and conventional tillage plots, we found
that at least 18 plots per treatment were needed to achieve power ≥ 0.8.

The no-till and conventional tillage plots were identified and prepared for the planting
of winter wheat. A rotary cutter mower was used to cut down existing plots’ vegetation.
Samples of soil were gathered from the plot location to analyze soil moisture (gravimetric
method), particle size, pH, and nutrient recommendations for winter wheat. The ini-
tial weeds on the plots were controlled by applying a non-selective herbicide (2 percent
Roundup®) (Monsanto, Creve Coeur, MO, USA) a few weeks before wheat planting. The
conventional tillage plots were tilled by using a bush hog tiller. The wheat variety “VNS”
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was planted in the no-till and conventional tillage plots on 19 October 2022, using a no-till
planter/drill. The winter wheat seeds were planted in an east-to-west direction. About
45 kg of nitrogen was added to the wheat plots during the tillering growth stage as per
recommendations from the soil tests. The killing of the winter wheat was conducted on
10 June 2023. This was conducted by cutting the winter wheat with a rotary cutter mower.
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2.2.2. Estimation of Percent Wheat Canopy Cover

The percent wheat canopy cover was generated from NDVI values derived from drone
data. We flew an Inspire 2 drone that had an Altum multispectral camera (AgEagle Aerial
Systems Inc., Wichita, KS, USA) during the growth stages (tillering, jointing, boot, heading,
and flowering) of winter wheat. The flight was set at 15 m altitude, 87% overlap, and a
speed of 3 m/s using Pix4D capture version 4.13.1 auto-pilot mode (Figure 4).

The multispectral Altum camera takes images in the spectral bands blue (450 to
520 nm), green (520 to 590 nm), red (630 to 690 nm), red-edge (690 to 730 nm), near-infrared
(IR) (770–890 nm), and longwave infrared thermal (LWIR) (10,600 to 11,200 nm) [36,37].
Multispectral images were captured every 2 s. More than five thousand drone images
were acquired, and the images had a spatial resolution of around 1 cm. The Altum camera
was linked to a Global Positioning System (GPS) and a Downwelling Light Sensor (DLS)
integration module. The GPS information was used to allow the Altum multispectral
camera system to appropriately geotag images. The DLS connected to the drone Altum
multispectral camera is a five-band incident light sensor that assesses the ambient light
during drone flight for the spectral bands blue (450 to 520 nm), green (520 to 590 nm),
red (630 to 690 nm), red-edge (690 to 730 nm), and near-infrared (770–890 nm). It records
the information to the metadata of the drone TIFF images. These data can be used to
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rectify global lighting variations during flights such as clouds covering the sun. The images
acquired by the drone were pre-processed by mosaicking and subsetting. Radiometric
and geometric correction was also conducted on the images. The acquired images were
geotagged and routinely mosaicked in Pix4D mapper version 4.5. The camera and sun
irradiance method were used to carry out the radiometric correction using calibrated
reflectance panel images that were taken before and after each flight. Additionally, even
though the mosaicked drone image acquired was geotagged with geographic coordinates,
geometric correction was still carried out on the mosaicked image. This was conducted
using ground control points to adequately match the drone images to features on the
ground especially plot boundaries. The geometric correction was conducted using more
than 50 ground control points that were taken from field data of plot boundaries and
ranging poles. The geometric correction was carried out with a root mean square (RMS)
value of less than 1 pixel. The georeferenced drone imagery was later clipped to the 4047 m2

winter wheat field plot area.
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The NDVI for the growth stages of winter wheat was generated from drone spectral
and multitemporal data using Equation (1) [38].

NDVI =
Near − Infrared − Red
Near − Infrared + Red

(1)

The mean wheat NDVI ± Standard Deviation (SD) for growth stages (tillering, jointing,
boot/heading) was used as a measure to classify and delineate the canopy cover of winter
wheat. The late flowering stage of winter wheat was not considered because the wheat
turned golden yellow at this stage, and the NDVI values were not easily differentiated from
non-wheat features such as background soil. We digitized pure wheat stands in the drone
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multitemporal images using polygons. The polygons were overlaid to NDVI images in
order to extract wheat NDVI values. The wheat NDVI values were analyzed for the growth
stages of tillering, jointing, and boot/heading. The mean wheat NDVI ± SD (0.89 ± 0.04)
was used to classify and generate winter wheat canopy cover throughout the planting plot
field. The 6 m by 6 m no-till and conventional tillage plots were subsetted to 4 m by 4 m
subplots in order to minimize plot edge effects in wheat canopy cover extractions. The
wheat canopy cover maps derived from NDVI classification were overlaid to 4 m by 4 m
subplots. The area of wheat within each subplot was divided by the area of the subplot
(16 m2) times 100 to generate the percent canopy cover of winter wheat. The percent canopy
cover of winter wheat in no-till and conventional tillage plots was analyzed and tested.

2.2.3. Wheat NDRE

The NDRE produced for winter wheat was used as a proxy for wheat health condition
(the chlorophyll content in leaves, density of leaves, and nitrogen limitation in leaves). We
generated the NDRE using Equation (2) [39].

NDRE =
Near − Infrared − Red − Edge
Near − Infrared + Red − Edge

(2)

The NDRE was created for the middle and late stages (jointing, boot/heading) of
winter wheat. These are growth stages when the crop has built up large amounts of
chlorophyll in the leaves, and the red light poorly passes through [15]. We overlaid the
winter wheat canopy cover map generated using the NDVI values to the NDRE map to
extract wheat NDRE values for the no-till and conventional tillage plots.

2.2.4. Statistical Analysis

We carried out a non-parametric (Mann–Whitney U test) test equivalent to the in-
dependent sample t-test for the mean wheat percent canopy cover and NDRE in no-till
versus conventional tillage plots. This is because the Mann–Whitney U test does not make
assumptions about the homogeneity of variances. A total of 60 mean wheat percent canopy
cover samples in no-till plots (n = 60) and 60 mean percent wheat canopy cover samples in
conventional tillage plots (n = 60) were used in the statistical analysis. These represented
the combined percent wheat canopy cover data for the tillering, jointing, and boot/heading
growth stages of winter wheat. Similarly, a total of 40 mean wheat NDRE samples in no-till
plots (n = 40) and 40 mean wheat NDRE samples in conventional tillage plots (n = 40) were
used in statistical analysis. These samples represented combined NDRE plot data for the
jointing and boot/heading growth stages of winter wheat. The Mann–Whitney U test was
carried out with a significant level of 0.05 and confidence interval of 95%. The power (1-β
error probability) of the test for the mean wheat percent canopy cover samples was about
88% with a medium effect size and an α error probability of 0.05. In contrast, the power
(1-β error probability) of the Mann–Whitney U test for the mean wheat NDRE samples was
about 80% with a medium effect size and an α error probability of 0.05.

3. Results
3.1. Percent Wheat Canopy Cover

The mean percent canopy cover of winter wheat in no-till and conventional tillage
plots was about 49% and 45%, respectively, in the tillering and jointing stages (Figure 5). In
the boot/heading stage, the mean percent canopy cover of winter wheat was around 50%
and 49% for no-till and conventional tillage, respectively. (Figure 5). No-till plots had the
highest (50%) mean percent wheat canopy cover, whereas conventional tillage plots had the
lowest (46%) mean percent wheat canopy cover throughout the growth season (Figure 5).
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3.2. Wheat Health

The NDRE that indicated wheat health ranged from 0 to 0.7 in the no-till and conven-
tional tillage plots of the jointing growth stage of winter wheat (Figure 6). In contrast, the
NDRE ranged from 0 to 0.8 in the no-till and conventional tillage plots of the boot/heading
growth stage of winter wheat (Figure 7).
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During the jointing stage, the mean NDRE ± SE for winter wheat was about 0.39 ± 0.006
for no-till and 0.38 ± 0.007 for conventional tillage plots (Figure 8). In contrast, the mean
NDRE ± SE for winter wheat was approximately 0.5 ± 0.01 for both no-till and conventional
tillage plots during the boot/heading stage of the growing season (Figure 8). On average, during
the jointing and boot/heading growth stages, no-till plots had the maximum NDRE (0.44), while
conventional tillage plots had the minimum NDRE (0.43) for winter wheat (Figure 8).
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4. Discussion

During the growing season, from tillering to heading growth stages, the mean percent
canopy cover of winter wheat increased by 1% in no-till plots and 4% in conventional
tillage plots. However, on average, the percent canopy cover of winter wheat was about
4% higher in no-till plots relative to conventional tillage in most of the growing season. The
variability in the percent canopy cover of winter wheat is likely due to weed infestation and
suppression during the growing season [40,41]. The 4% increase in the percent canopy cover
of winter wheat in no-till plots relative to conventional tillage suggests a likelihood of an
increasing wheat biomass and yield with no-till crop production. Other studies have found
an increase in wheat yield from no-till crop production [42–44]. However, other studies
have found a higher yield in winter wheat from conventional tillage systems [30,45]. The
inconsistency in findings suggests a need to further explore the effect of tillage management
practices on wheat yield. Our future study will investigate the effect of tillage practices on
aboveground wheat biomass and yield.

Even though no-till wheat cultivation plots had a 4% increase in percent wheat canopy
cover, we found no significant difference in percent wheat canopy cover between the no-till
and conventional tillage plots with p-value > 0.05 based on the Mann–Whitney U test. This
implies no-till and conventional tillage management practices did not significantly influence
the percent wheat canopy cover. Therefore, farmers who choose either the conservation no-
till or conventional tillage management practice for growing winter wheat will likely attain
similar percent wheat canopy cover. Hence, the goal for choosing no-till or conventional
tillage practices by farmers should probably not rely on substantially increasing the percent
canopy cover of winter wheat.

The mean NDRE of winter wheat increased by about 28% in the boot/heading growth
stage relative to the jointing. This implies the health of the winter wheat crop was better in
the boot/heading growth stage relative to the jointing. This is likely because during the
boot/heading stage, the winter wheat crop is more mature with a higher chlorophyll con-
tent and density of leaves. Although the wheat crop health improved in the boot/heading
stage, there was no significant difference in crop health between the no-till and conven-
tional tillage plots with p-value > 0.05 based on the Mann–Whitney U test. The mean
NDRE ± SE for winter wheat was around 0.44 ± 0.01 and 0.43 ± 0.01 for no-till and
conventional tillage plots, respectively, throughout the jointing and boot/heading growth
stages. This implies that the no-till and conventional tillage management practices did
not have a significant effect on the chlorophyll content, density of leaves, or nitrogen
concentration in the leaves of winter wheat. The gentle slope in the area likely contributed
to no significant difference in winter wheat’s health in the no-till and conventional tillage
plots. The relatively flat study area likely produced less water flow, minimal soil erosion,
and little losses in nutrients. Therefore, the soil nutrient levels were likely similar in both
the no-till and conventional tillage plots. Consequently, the leaves of winter crop were
likely not deficient in nitrogen content, as demonstrated by the NDRE values between the
no-till and conventional tillage plots. However, our findings were limited to one growing
season of winter wheat. Repeating the experiment will be beneficial to support our results.
Nonetheless, other studies have found similar outcomes relating to tillage management
practices not significantly influencing wheat health [28,46]. This implies repeating our
experiment will likely generate similar findings. Consequently, farmers should likely not
make tillage management decisions based on improving crop health especially in relatively
gentle terrains. Furthermore, the fact that no-till management practice is generally low-cost
in cultivation, helps sequester carbon, and conserves soil moisture [19,21,22], it is likely
the better option for winter wheat growers. This is because farmers will likely achieve a
better wheat canopy cover, crop health, and soil condition in the no-till system relative to
conventional tillage. In contrast, engaging in the conventional tillage practice is usually
more costly, less beneficial to the soil, and growers will likely not achieve an improvement
in wheat canopy cover and health.



Agriculture 2024, 14, 760 12 of 14

5. Conclusions

We have successfully examined the percent canopy cover and health of winter wheat
in no-till and conventional tillage plots using drone data. The mean percent canopy
cover of winter wheat in no-till and conventional tillage plots was around 49% and 45%,
respectively, in the tillering and jointing stages. The mean percent canopy cover of winter
wheat increased to about 50% and 49% in no-till and conventional tillage plots, respectively,
during the boot/heading stage. On average, the percentage canopy cover of winter wheat
was approximately 50% and 46% in no-till and conventional tillage plots, respectively, in
most of the growing season. Furthermore, the mean wheat NDRE that represented winter
wheat health was around 0.44 ± 0.01 and 0.43 ± 0.01 for no-till and conventional tillage
plots, respectively, throughout the jointing and boot/heading growth stages. We found no
significant difference in either the percent canopy cover or health of winter wheat between
the no-till and conventional tillage plots. Although conventional tillage fractures the soil,
disrupts soil structure, and consequently accelerates soil erosion and the loss of nutrients,
our findings suggested that it had no significant effect on wheat canopy cover and health.
We anticipated a significant decrease in wheat canopy cover and health in conventional
tillage plots relative to no-till due to the potential of losing soil nutrients from soil erosion.
The fact that our results proved otherwise is likely due to the flat terrain of the study
area. The gentle terrain of the study area with very little percent slopes likely reduced
water flow and soil erosion thereby minimizing the loss in organic matter and minerals
containing nutrients. This likely resulted in a comparable level of soil nutrients in both
the conventional tillage and no-till plots. Furthermore, the similar level of soil nutrients in
the plots likely contributed to the comparable canopy cover and health of winter wheat
achieved in the no-till and conventional tillage plots. However, our findings were limited
to one growing season of winter wheat. A future study will explore other winter wheat
performance indicators such as canopy height and volume in no-till and conventional
tillage plots using drone data. Furthermore, examining the canopy cover and health of
other small grain crops such as winter rye in no-till and conventional tillage plots is also
an area for further study. In addition, examining winter wheat crop performance in other
farm management practices such as rotation and fertilizer applications will further enhance
our understanding of wheat conditions and productivity.
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