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Abstract

Palmer amaranth (Amaranthus palmeri S. Wats.) is a major weed problem of
cotton (Gossypium hirsutum L.) production systems in the southern United
States. Hyperspectral remote sensing has shown promise as a tool for crop
weed discrimination, and there is a growing interest in using this technology
for identifying weeds in cotton production systems. Information is lacking on
differentiating Palmer amaranth from cotton with an okra leaf structure
based on canopy hyperspectral reflectance properties. Two greenhouse stu-
dies were conducted to compare canopy hyperspectral reflectance profiles of
Palmer amaranth to canopy hyperspectral reflectance profiles of okra and
super-okra leaf cotton and to identify optimal regions of the electromagnetic
spectrum for their discrimination. Ground-based hyperspectral measure-
ments of the plant canopies were obtained with a spectroradiometer (400 -
2350 nm range). Analysis of variance (ANOVA, p < 0.05), Dunnett’s test (p <
0.05), and difference and sensitivity measurements were tabulated to deter-
mine the optimal wavebands for Pa/mer amaranth and cotton discrimination.
Results were inconsistent for Palmer amaranth and okra leaf cotton separa-
tion. Optimal wavebands for distinguishing Palmer amaranth from su-
per-okra leaf cotton were observed in the shortwave infrared region (2000 nm
and 2180 nm) of the optical spectrum. Ground-based and airborne sensors
can be tuned into the shortwave infrared bands identified in this study, facili-
tating application of remote sensing technology for Palmer amaranth dis-
crimination from super-okra leaf cotton and implementation of the technol-
ogy as a decision support tool in cotton weed management programs.
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Remote Sensing Technology

1. Introduction

Cotton (Gossypium spp.) is an important crop grown throughout the world. It is
an important source of fiber and is one of the few crops with unique leaf shapes:
1) normal, 2) sub-okra, 3) okra, and 4) super-okra. Leaf shape plays a major role
in cotton survival [1]. In cotton production systems, advantages and disadvan-
tages have been documented for sub-okra, okra, and super-okra versus normal
leaf cotton. A detailed review is provided in [1] and the references therein the
differences between normal leaf versus sub-okra, okra, and super-okra leaf cot-
ton types. Below is a summary of those differences.

Normal leaf cotton retains fewer bolls and produces yields that are equivalent
to or slightly less than sub-okra leaf cotton (0 to less than 5%). In comparison to
normal leaf cotton, okra-leaf cotton has better chemical spray penetration
(+26%), less boll rot (—44%), and more flowering (+38%) and produces yields
ranging from 8% less than to 20% greater than normal leaf cotton. Okra-leaf
cotton produces less lint trash (15%), has lower boll retention (-13%), and
reaches maturity approximately 6.5 days earlier than normal leaf cotton. Su-
per-okra leaf cotton boll retention is 21% less than normal leaf cotton, and it has
20% less lint trash, produces 93% more flowers, and matures approximately ten
days earlier, and has produced yields equivalent to or slightly less than (0% to
—8%) normal leaf cotton. Research findings are inconsistent for the effect of
cotton leaf type on disease and insect resistance.

Palmer amaranth is a major weed affecting cotton production systems in the
southern U.S. [2] [3] [4]. In ideal environmental conditions, it grows faster and
outcompetes cotton plants for available resources [5], and it has been linked to a
reduction in cotton yield [3] [5] [6] [7]. Palmer amaranth is a prolific producer
of seeds [2] [3] [8]; therefore, if allowed to mature, it establishes a seed bank that
will affect next year’s crop. Additionally, Pa/mer amaranth has developed resis-
tance to several herbicides, mainly glyphosate; thus, making it difficult to control
the aggressive weed [2] [9]. Chemical and mechanical methods are available for
controlling Palmer amaranth [3] [10]. To better implement those strategies,
producers need tools to help them identify or differentiate Pa/mer amaranth
from cotton plants. There is a growing interest in using remote sensing technol-
ogy for identifying weeds in cotton production systems.

Multispectral and hyperspectral light reflectance properties of plant leaves and
canopies have shown promise for identifying optimal wavebands for crop weed
discrimination [11]. Successes have been observed in spring wheat (7riticum
aestivum L.) and canola (Brassica napus L.) [12], soybean (Glycine maxL.) [13],
and sunflower (Helianthus annuus L.) [14]. Reference [15], using hyperspectral
data, identified optimal wavebands for separating cotton with different leaf col-
ors from Palmer amaranth and redroot pigweed (Amaranthus retroflexus L.).
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Their study focused on leaf and not canopy reflectance measurements. Current-
ly, there is no research available comparing the canopy hyperspectral profiles of
okra and super-okra leaf cotton to the canopy hyperspectral profile of Palmer
amaranth. Also, no information is available on which regions of the spectrum
are optimal for okra and super-okra leaf canopies separation from Pa/mer ama-
ranth.

The objectives of this study were to compare canopy hyperspectral reflectance
properties of Palmer amaranth to canopy hyperspectral reflectance properties of
okra and super-okra leaf cotton and to determine optimal regions of the optical
spectrum for differentiating Pa/mer amaranth from okra and super-okra leaf

cotton.

2. Materials and Methods
2.1. Experimental Setup

The research study was conducted at the United States Department of Agricul-
ture, Agricultural Research Service, in Stoneville, MS (Latitude: 33.425168°,
Longitude: —90.911875°). Palmer amaranth and okra and super-okra leaf cotton
plants were grown in a greenhouse. Plant seeds were obtained from seed stock
provided by scientists at the research facility. The Pa/mer amaranth used in the
study was not resistant to herbicides. Two separate experiments were conducted.
On December 12, 2017, and June 5, 2018, seeds of each plant were sown into
seed trays containing commercial potting mix (Pro-Mix BX General Purpose
Potting Mix, Premier Tech Horticulture, Riviére-du-Loup, QC, Canada). Ap-
proximately, ten days after emergence, seedlings were transplanted into 2-liter
pots (Belden Jumbo Senior Square Pot, Greenhouse Mega Store, Danville, IL)
containing commercial potting mix (Pro-Mix BX General Purpose Potting Mix).

The experimental design was a randomized complete block design consisting
of 12 replications and three treatments (ie., okra leaf cotton, super-okra leaf
cotton, and Palmer amaranth). Plants were subjected to 14-hour daylength;
greenhouse lighting was used to supplement ambient lighting conditions in the
early morning (6:00 am - 8:00 am) and the late evening (6:00 pm - 8:00 pm).
Plants were watered and fertilized (Dyna-Gro 777, Richmond, CA) as needed.

The temperature in the greenhouse was maintained between 21.1°C and 32.2°C.

2.2. Data Collection

Canopy reflectance measurements were obtained with the FieldSpec3 (Malvern
Panalytical/Analytical Spectral Devices, Boulder, CO) full range hyperspectral
spectroradiometer. They were acquired on January 15, 2018, and July 13, 2018,
for the first and the second experiments, respectively. Reflectance measurements
were acquired 30 cm above the plant canopy, resulting in the instrument viewing
an area of 139 cm®. The plants were moved from the greenhouse to outside to
obtain the spectral measurements. These measurements were obtained on sunny

days + 2 hours of solar noon. For both experiments, Palmer amaranth plant
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growth stage ranged from vegetative to inflorescence; whereas, the cotton plants
growth stage ranged from vegetative to squaring. The goals were to obtain the
canopy reflectance measurements during the vegetative growth stage and when
the okra and super okra leaf canopies had developed characteristic leaf structure
for its type. However, weather conditions hindered us from collecting the spec-
trum during that time. Thus, data were collected as close as possible to the de-
sired growth stage, the vegetative stage. Furthermore, Palmer amaranth plants
grow much faster than the cotton plants resulting in them being further along in
their growth.

Before collecting the spectral measurements, black felt cloth was used to ob-
scure the potting mix background, and it was used as the background surface for
placing the pots. The black felt reflectance was approximately 3% in the visible to
shortwave infrared regions of the spectrum. At 15-minute intervals, the spectro-
radiometer was calibrated using a white spectralon panel (white reference). Ref-
lectance data obtained for each plant was an average of 15 readings.

The FieldSpec3 spectroradiometer measures light reflectance in the 350 nm to
2500 nm spectral range. Its spectral resolutions are 3 nm at 700 nm and 10 nm at
1400 nm and 2100 nm. The sampling intervals of the instrument are 1.4 nm for
the 350 - 1050 nm range and 2 nm for the 1000 - 2500 nm range. The software
used to operate the instrument interpolates the final spectrum to 1 nm along the
350 nm to 2500 nm range.

2.3. Data Processing

The FieldSpec 3 spectroradiometer has three built-in sensors: 1) one silicon
photodiode array and 2) two separate indium gallium arsenide photodiodes. At
the change point from one sensor to the other, a step occurs in the data. Steps
were eliminated at 1000 and 1800 nm with the splice correction function [16]
[17] of the ViewSpec Pro software (Version 6.2, Malvern Panalytical/Analytical
Spectral Devices, Boulder, CO.).

The data were smoothed with the Savitzky-Golay [18] filter (n = 25 points to
use for smoothing the data) and were aggregated to 10 nm wavebands. The filter
and the selected bandwidths preserved features of the spectral data such as rela-
tive maxima, minima, and widths. Wavebands that are not commonly used for
remote sensing of vegetation (Ze., reflectance values below 400 nm), that occur in
strong atmospheric water absorption regions (1360 nm - 1450 nm and 1800 nm -
1990 nm), and that represented noisy spectra were removed (Ze., wavebands
above 2350 nm). Data processing was completed with HSDAR package [19] of R
software (Version 3.4.3, “Kite-Eating Tree,” [20]).

2.4. Data Analyses

Data were analyzed with analysis of variance (ANOVA, p < 0.05, [21] [22]),
Dunnett’s test (p < 0.05, [23]), difference analysis, and sensitivity analysis [24].
ANOVA provided general information on regions of the spectrum where dif-

ferences existed among groups. Dunnett’s test was used to determine statistically
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significant differences between Palmer amaranth and a specific cotton group
spectrum. It was tabulated only in regions of the spectrum in which the ANOVA
indicated statistically significant (p < 0.05) differences among groups. Reflec-
tance difference was tabulated by subtracting the mean Palmer amaranth spec-
trum from the mean spectrum for a specific cotton group. Reflectance sensitivity
was determined by dividing the mean difference of Pa/mer amaranth and a cot-
ton group by the mean of the Palmer amaranth spectrum. It was used to deter-
mine the optimal wavebands for Palmer amaranth and cotton discrimination.
Reflectance sensitivity values are positive or negative. The closer the value is to
zero on the positive or negative scale, the lower is its ranking. Statistical analysis
was completed with the R software [20].

3. Results
3.1. Qualitative Assessment of Hyperspectral Reflectance Curves

The mean hyperspectral reflectance curves of Palmer amaranth, okra leaf cotton,
and super-okra leaf cotton canopies are illustrated in Figure 1(a) and Figure
2(a). The curves were similar in pattern and were representative of the typical
spectral curve for healthy vegetation in that healthy vegetation minimum reflec-
tance occurs in the visible region of the spectrum with a notable increase in the
green region of the visible spectrum (500 - 600 nm); a sharp increase in reflec-
tance arises from 600 - 800 nm and plateaus at 900 nm in the near infrared re-
gion of the spectrum; and then the reflectance decreases in the shortwave infra-
red region of the spectrum.

Differences were observed in the amplitudes of the plant spectral curves in the
visible, near infrared, red edge, and shortwave infrared regions of the spectrum.
Generally, Palmer amaranth canopy hyperspectral reflectance values were lower
than the okra leaf cotton canopy hyperspectral reflectance values in the near
infrared region of the spectrum. In the shortwave infrared region of the spec-
trum, Palmer amaranth canopy hyperspectral response was greater than su-

per-okra leaf cotton canopy hyperspectral response.

3.2. Data Analyses

For experiments one and two, statistically significant differences (p < 0.05) in
reflectance values of the plant groups were observed for 69 (1460 - 1790 nm and
2010 - 2350 nm) and 166 wavebands (400 - 1350 nm, 1460 - 1790 nm, and 2000 -
2350 nm), respectively (Figure 1(a) and Figure 2(a)). Dunnett’s test indicated
for the first experiment that statistically significant differences occurred for Pal-
mer amaranth and super-okra leaf cotton for all 69 bands identified by the
ANOVA (Figure 1(b), 1460 - 1790 nm and 2010 - 2350 nm); in contrast, no sta-
tistically significant differences were observed between Palmer amaranth and
okra leaf cotton reflectance values.

For the second experiment, Dunnett’s test showed that the differences in ref-

lectance values were statistically significant (p < 0.05) between Palmer amaranth
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Figure 1. (a) Mean (n = 12) canopy reflectance of Pa/mer amaranth (PAL), okra leaf cotton (OK), and super-okra leaf cotton
(SOK), January 15, 2018. Reflectance difference of (b) PAL versus SOK leaf cotton. Gray shaded areas in (a) indicate a statistically
significant difference in reflectance between groups as determined with ANOVA (p < 0.05). Gray shaded areas in (b) represent
statistically significant difference between PAL and SOK leaf cotton as determined with Dunnett’s test (p < 0.05). Reflectance sen-

sitivity of (c) PAL versus SOK leaf cotton in Dunnett’s test statistically significant zones.

and okraleaf cotton for 107 wavebands (400 - 490 nm, 520 - 640 nm, 670 nm,
690 - 1350 nm, 2000 - 2100 nm, 2310 - 2350 nm) and between Palmer amaranth
and super-okra leaf cotton for 62 wavebands (400 - 510 nm, 650 - 680 nm, 1460 -
1540 nm, 1790 - 2350 nm). According to the sensitivity analysis, the optimal
waveband for Palmer amaranth and okra leaf cotton differentiation on the
second date was at 710 nm (sensitivity = 0.59), the red-edge region of the spec-
trum (Figure 2(d)). For Palmer amaranth and super-okra leaf cotton, sensitivity
analysis indicated that the optimal wavebands occurred in the shortwave infra-
red region of the spectrum at 2180 nm (sensitivity = —0.29) and 2000 nm (sensi-
tivity = 0.42) for the first and second experiment, respectively (Figure 1(c) and
Figure 2(e)).
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Figure 2. (a) Mean (n = 12) canopy reflectance of Pa/mer amaranth (PAL), okra leaf cotton (OK), and super-okra leaf cotton
(SOK), July 13, 2018. Reflectance difference of (b) PAL versus OK leaf cotton and (c) PAL versus SOK leaf cotton. Gray shaded
areas in (a) indicate a statistically significant difference in reflectance between the groups as determined with ANOVA (p < 0.05).
Gray shaded areas in (b) and (c) illustrate statistically significant difference between PAL versus OK leaf cotton and PAL versus
SOK leaf cotton, respectively, as determined with Dunnett’s test (p < 0.05). Reflectance sensitivity of (d) PAL versus OK leaf cot-
ton and (e) PAL versus SOK leaf cotton in Dunnett’s test statistically significant zones.
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4. Discussion

Inconsistencies were observed in the spectral reflectance properties of Palmer
amaranth versus okra leaf cotton; noticeable differences were observed in the
near infrared region of the spectrum between the two plant canopies for the
second experiment compared to the first experiment. Data from the first expe-
riment indicated the near infrared reflectance properties of Palmer amaranth
canopies were like the near infrared reflectance properties of okra leaf canopies,
and on the second date, Pa/mer amaranth near infrared canopy reflectance was
like super-okra leaf canopy reflectance. Near infrared light is highly reflected at
the air-cell water interphase of the spongy mesophyll tissue of plant leaves [25]
[26] [27]. At the canopy level, leaf area, plant biomass, in-canopy shadowing,
and leaf angle contribute to the level of near infrared light reflected by the plant
[28].

For the first experiment, the leaves in the Palmer amaranth canopy were close
together and overlapping. For the second experiment, the Pa/mer amaranth ca-
nopy structure was more open, meaning that more open spaces were apparent
between the leaves. Furthermore, the Pa/mer amaranth plants measured in the
second experiment were more mature than the Palmer amaranth plants meas-
ured in the first experiment. Variations in leaf area, plant biomass, in-canopy
shadowing, and leaf angle contributed to the non-significant and statistically
significant differences observed between Palmer amaranth and okra leaf cotton
for the first and second dates, respectively.

Based on the sensitivity analysis, wavebands in the shortwave infrared region
of the spectrum were deemed optimal for differentiating Pa/mer amaranth and
super-okra leaf cotton (Figure 1 and Figure 2). The shortwave infrared region
of the spectrum is sensitive to the water content in plant leaves [27] [28] [29]
and is also affected by in-canopy shadowing, background, canopy architecture,
and leaf area. Researchers have confirmed that super-okra leaf cotton leaves
were 52% the size of normal cotton leaves and that super-okra leaf cotton leaves
are significantly smaller than okra leaves [1] [30] [31] [32]. Also, it was observed
that super-okra leaf cotton had more background showing through its canopy
compared with Palmer amaranth and okra-leaf cotton when observed at a nadir
position above the canopy. Therefore, we believe that the canopy architecture
and background affected the differences observed between Pa/mer amaranth and
super-okra leaf cotton in the shortwave infrared regions of the spectrum.

Reflectance bands occurring in the same region of the spectrum are usually
highly correlated; thus, any waveband appearing in the statistically significant
zone of the Dunnett’s test in the shortwave infrared region of the spectrum
would suffice for Palmer amaranth and super-okra leaf cotton discrimination.
Therefore, it is believed that a frame based hyperspectral camera sensitive to the
shortwave infrared region of the would have good potential for discriminating

Palmer amaranth from super-okra leaf cotton.
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5. Conclusion

Hyperspectral data can serve as a valuable tool for developing spectral libraries
for Palmer amaranth and cotton, leading to the identification of spectral bands
to use on sensors for Pa/mer amaranth and cotton discrimination. For this study,
shortwave infrared bands were optimal for Pa/mer amaranth and super-okra leaf
cotton differentiation. Commercially available sensors can be tuned to the op-
timal bands identified in this study, facilitating application of remote sensing
technology for Palmer amaranth discrimination from super-okra leaf cotton and
implementation of the technology as a decision support tool in weed manage-
ment programs. Results of the two experiments were inconsistent for Pa/mer
amaranth and okra leaf cotton separation. Therefore, our future research initia-
tives will focus on testing vegetation indices and derivative spectra as tools for

discriminating Pa/mer amaranth and okra leaf cotton.
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