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Abstract

Pigweeds (Amaranthus species), negatively impact crop production systems
throughout the world. They are distinguished from each other using manual
methods that are tedious and time-consuming to complete. Hyperspectral
light reflectance properties of plant leaves and canopies have shown promise
for detecting and mapping weeds in crop production systems. Vegetation in-
dices derived from hyperspectral reflectance data enhance differences be-
tween plants, leading to better detection of them from other targets. The ob-
jective was to evaluate the biomass and structural index, the biochemical in-
dex, the red edge index, the water and moisture index, the light-use efficiency
index, and the lignin cellulose index for measuring differences among six
pigweed species: Amaranthus albus (L), A. hybridus (L), A. palmeri (8.
Wats.), A. retroflexus (L), A. spinosus (L), and A. tuberculatus [(Moq.) Sau-
er]. Two experiments were conducted under greenhouse conditions. Hyper-
spectral reflectance measurements were collected from the plant canopies on
two dates for each experiment. Analysis of variance (ANOVA) and Tukey’s
honest significant difference (HSD) test were used to determine if statistical
differences (P < 0.05) existed among the pigweed species canopies and to
identify which species were statistically different for a vegetation index, re-
spectively. The ANOVA analysis detected statistical differences among the
canopy vegetation index values. Tukey’s HSD showed that the biochemical
index and the red edge index detected differences between two to three pig-
weeds species on all dates of data collection. However, the differences were
date-specific. Furthermore, statistical differences were not observed for all six
species for any vegetation index. On the data collection dates, A. a/bus and A.
tuberculatus index values were statistically different from other pigweed spe-
cies for one or more of the vegetation indices. Future research should focus
on using the vegetation indices in combination with each other to measure
differences between the pigweed species and between them and other weeds
and crops.

DOI: 10.4236/ajps.2020.1112138 Dec. 14, 2020

1934 American Journal of Plant Sciences


https://www.scirp.org/journal/ajps
https://doi.org/10.4236/ajps.2020.1112138
https://www.scirp.org/
https://doi.org/10.4236/ajps.2020.1112138
http://creativecommons.org/licenses/by/4.0/

R. S. Fletcher

Keywords

Hyperspectral, Palmer Amaranth, Remote Sensing, Weeds

1. Introduction

Pigweeds (Amaranthus spp.) negatively impact crop production systems in the
United States and throughout the world [1] [2] [3] [4] [5]. They grow fast and
compete with crops for light, water, and nutrients [6]. Pigweeds serve as host
plants for crop pests, including insects, viruses, and fungi [7] [8]. Their pollen
can cause an allergic reaction to sensitive individuals [9] [10]. Pigweeds known
to cause problems in agriculture are Amaranthus albus, A. blitoides, A. hybridus,
A. palmeri, A. powelli, A. retroflexus, A. spinosus, and A. tuberculatus [5] [6].
They have developed resistance to herbicides used in crop production systems
[5].

Weed distribution surveys are often done manually, which can be laborious,
especially if a lot of hectares need surveying. Different pigweed species are
commonly found growing together in the same field. They are distinguished
from each other using manual methods, which are time-consuming. Ref [11] in-
dicated that it is difficult to differentiate between pigweeds before flowering and
that at maturity distinguishing between them is less complicated, but not alto-
gether straight forward. Thus, for this study, it is proposed to use hyperspectral
vegetation indices to differentiate between pigweed species.

Hyperspectral data are captured at numerous narrowband contiguous wave-
lengths. Hyperspectral light reflectance data acquired from plant leaves and ca-
nopies have shown promise for differentiating between plants. Furthermore, ve-
getation indices derived with hyperspectral reflectance data have enhanced plant
mapping and separation of plants from other targets [12] [13] [14].

A vegetation index is a mathematical combination or transformation of two or
more spectral bands of data. They provide information on vegetation condition,
status, and health, accentuate green plants spectral properties so that the plants
appear distinct from other features, and allow reliable spatial and temporal
comparisons of photosynthetic activity and canopy structural variations [15]
[16] [17] [18]. Vegetation indices have shown the ability to estimate plant bio-
mass, leaf area index, and pigment concentration, to detect plant stress, and to
determine plant management practices influences on plant growth and devel-
opment [17]. Vegetation indices derived from the narrow bands of hyperspectral
data allow the user to better tune in the plant characteristics mentioned above
and are referred to as narrowband or hyperspectral vegetation indices [17] [19].
In a pre-plant weed detection study, seven hyperspectral vegetation indices were
more effective than single-band data in separating weeds from nontargets such
as residue and bare soil [14]. Compared with broadband vegetation indices,

hyperspectral narrowband vegetation indices have been documented to improve
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estimates of vegetation and agricultural crops biophysical and biochemical pa-
rameters [15] [17] [19].

Hyperspectral vegetation indices have been separated by researchers into six
categories: biomass and structural indices, biochemical indices, red edge indices,
water and moisture indices, light-use efficiency index, and lignin and cellulose
index. The biomass and structure indices values correlate well with plant bio-
mass, leaf area index, plant height, and grain yield [19] [20]. The biochemical
indices have shown promise for assessing plant pigments such as carotenoids,
anthocyanins, and chlorophyll and for detecting nitrogen deficiency in plants
[21] [22]. The red edge indices have been useful for monitoring plant stress and
drought [20]. The water and moisture indices have shown promise for measur-
ing plant water content of plants [19] [20]. The light use efficiency index is best
for monitoring photosynthetic activity of plants [23] [24] [25]. The lignin and
cellulose index has been useful for estimating plant lignin and cellulose content
and plant residue [20].

Currently, an information gap exists in using hyperspectral remotely sensed
vegetation indices to differentiate between pigweed species based on their cano-
py architecture. The objective of this study was to evaluate the biomass and
structural index, the biochemical index, the hyperspectral red edge index, the
water and moisture index, the light-use efficiency index, and the lignin cellulose
index for measuring differences among Amaranthus albus, A. hybridus, A. pal-
meri, A. retroflexus, A. spinosus, and A. tuberculatus grown under the same en-
vironmental conditions. If researchers, producers, and consultants could diffe-
rentiate between pigweeds using hyperspectral vegetation indices, then they
would have a better understanding of pigweed populations in fields, leading to

better management decisions.

2. Methods and Methods
2.1. Experimental Background

The study was conducted in a greenhouse at the United States Department of
Agriculture, Agricultural Research Service facility located in Stoneville, MS
(33.424673" Latitude, —90.912048" Longitude). Planting dates were October 11,
2019, and December 12, 2019, for experiments one and two, respectively. Seeds
of each pigweed species (A. albus, A. hybridus, A. palmeri, A. retroflexus, A.
spinosus, and A. tuberculatus) were planted in a 10.16 cm square form pot
(Greenhouse Mega Store, Danville, IL) filled with commercial potting mix (Pro
Mix BX, Premier Tech Horticulture, Quakertown, PA) and allowed to emerge
and grow to the two-leaf stage prior to transplanting a single plant into a seed
tray [22.86 cm (length) x 16.51 cm (width) x 6.35 cm (height), Garland, Prod-
ucts Limited, Kingswinford, England] containing commercial potting mix (same
mix used to plant the seeds). The seeds were obtained through the United States
National Plant Germplasm System (North Central Regional Plant Introduction

Station, Ames, IA). After transplanting, the plants were arranged in a rando-
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mized complete block design consisting of 6 blocks and 6 treatments (Ze., each
plant A. albus, A. hybridus, A. palmeri, A. retroflexus, A. spinosus, and A. tu-

berculatus).

2.2. Greenhouse Conditions

The greenhouse temperature was maintained between 20°C and 26.7°C. Plants
were subjected to a 14 hr. daylength. Between the hours of 0600 to 0800 and
1700 to 2000, lighting was provided by sodium vapor lamps to supplement sun-
light and provide light before sunrise and after sunset. Plants were watered when
needed and fertilized weekly with a commercial fertilizer (Dyna-gro 777, Rich-
mond, CA).

2.3. Hyperspectral Measurements

Hyperspectral reflectance measurements of the plant canopies were obtained
with the FieldSpec 3 spectroradiometer (ASD, Malvern Panalytical, Westbo-
rough, MA) and the FieldSpec4 high-resolution spectroradiometer (ASD, Mal-
vern Panalytical, Westborough, MA), for experiments one and two, respectively.
Specifications for the FieldSpec 3 spectroradiometer were as follows: spectral
range—350 - 2500 nm; spectral resolution—3 nm @ 700 nm and 10 nm @
1400/2100 nm; sampling interval—1.4 nm @ 350 - 1050 nm and 2 nm @ 1000 -
2500 nm. Characteristics of the FieldSpec4 high-resolution spectroradiometer
were as follows: spectral range—350 - 2500 nm; spectral resolution—3 nm @ 700
nm and 8 nm @ 1400/2100 nm; spectral sampling—1.4 nm @ 350 - 1000 nm and
1.1 nm @ 1001 - 2500 nm. The software used to operate the spectroradiometers
automatically resamples the data into a 1 nm spectral resolution.

The hyperspectral reflectance measurements were obtained by placing the
spectroradiometer’s sensor 30 cm above the plant canopy, resulting in a 13.5 cm
diameter field of view for the sensor. Each plant canopy reflectance value was an
average of 15 reflectance readings, which is recommended to obtain good spec-
tral outputs with the FieldSpec spectroradiometers [26]. For Experiment 1, the
measurements were acquired on December 4 and December 18, 2019. Experi-
ment 2 data collection dates were February 8 and February 27, 2020. The hyper-
spectral reflectance data were acquired under sunny conditions, +2 hrs. of solar
noon outside of the greenhouse. The spectroradiometers were calibrated with a
white spectralon panel at 15-minute intervals. Black felt was employed to cover
the top portion of the plant tray and hide the potting mix surface and was used
to cover the cart surface where the plant tray was placed to obtain the measure-
ments [27]. This procedure was used to provide a uniform background for all
spectral readings [27].

At the time of the hyperspectral measurements, the pigweed growth stages
range from vegetative to flowering. The differences in growth stages occurred
because the plants grew at different rates. For the measurements collected on the
second date in both experiments, if the seed head of the pigweed plant was

greater than 5 cm, then the portion greater than 5 cm was clipped from the top
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of the plant. This action allowed the sensor viewing area to be equal for each
plant measurement, as well as the integration of the seed head into the mea-

surements.

2.4. Post Processing of Spectral Measurements

Post processing the spectral data involved three steps: 1) splice correction, 2)
removal of noisy bands and bands commonly not used for remote sensing of
plants, and 3) spectra smoothing with Savitsky-Golay filter [28]. Splice correc-
tion was used to eliminate gaps (errors) in the spectroradiometers’ detector ar-
rays signal occurring at 1000 nm and 1800 nm [26]. It was completed with the
ViewSpec Pro software (Version 6.2; ASD Inc., Boulder CO). Wavelengths less
than 400 nm (not commonly used for remote sensing of plants), water absorp-
tion bands (1330 - 1480 nm and 1788 - 1990 nm, noisy due to strong water ab-
sorption), and noisy spectral bands (2350 - 2500 nm, sensor noise) were re-
moved from the spectral dataset. The Savitsky-Golay filter was used to smooth
the spectra; n = 25 was applied as the filter smoothing value. Waveband removal
and Savitsky-Golay filtering were achieved with the R software [29] package
hsdar [30].

2.5. Hyperspectral Vegetation Indices

Hyperspectral vegetation indices for studying vegetation and agricultural crops
have been separated into the following categories [16] [20]: biomass and struc-
tural indices, biochemical indices, red edge indices, water and moisture indices,
light-use efficiency index, and lignin and cellulose index. For this study, one ve-
getation index within each category was tested for separating the pigweeds. To
keep the comparison even, this study focused on using the highest ranked nor-
malized difference version of the equation [19] within each category (Table 1).
The selections only applied to the biomass and structural indices, the biochemi-
cal indices, the red edge indices, and the water and moisture indices because
they consisted of more than one normalized difference index to choose from

[19] [31]. Also, normalized difference vegetation index values range from

Table 1. Hyperspectral vegetation indices, and the center wavelengths and the band-
widths used to create the indices.

Inde BI* BIA B2 B2\ Eauation
* (nm) (nm) (nm) (nm) duatt

Biomass and structural index 855 20 682 5 (855 — 682)/(855 + 682)
Biochemical index 550 5 515 5 (550 — 515)/(550 + 515)

Red edge index 855 5 720 5 (855 — 720)/(855 + 720)

Water and moisture index 855 20 970 10 (855 —970)/(855 + 970)
Light use and efficiency index 570 5 531 1 (570 — 531)/(570 + 531)

Lignin and cellulose index 2205 5 2025 1 (2205 — 2025)/(2205 + 2025)

a. B =band; A = bandwidth.
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negative one to positive one and these indices have the potential to normalize
sun angle, topographic effects, and some atmospheric effects [32]. The vegeta-
tion indices were derived from the 1 nm hyperspectral data. The hsdar package
in R software was used to resample the data to the appropriate wavelength and

create the vegetation index value for the plant samples.

2.6. Statistical Analysis

Analysis of variance (ANOVA) [33] was used to measure the statistical differ-
ence (P < 0.05) among pigweed group means for each vegetation index. Then
Tukey’s honest significant difference (HSD) [34] test was tabulated to identify
which pigweed means were statistically different (£ < 0.05). Analyses were com-

pleted with the R software package agricolae [35] [36].

3. Results
3.1. Spectral Response Curve

Figure 1 shows the mean canopy hyperspectral reflectance curves of the pig-
weeds. Their spectral response patterns were typical for green plants. Reflectance
increased in the visible green region of the spectrum (500 - 600 nm). A steep in-
crease in reflectance occurred in the red edge area, followed by a plateau in ref-
lectance within the near infrared region. Two additional peaks were evident in

the shortwave infrared section of the spectrum.
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Figure 1. Mean canopy hyperspectral curves (n = 6) of pigweeds for experiment 1, (A)
December 4, 2019, and (B) December 18, 2019, and for experiment 2, (C) February 8,
2020, and (D) February 27, 2020. AMAL—Amaranthus albus, AMHY—A. hybridus,
AMPA—A. palmeri, AMRE—A. retroflexus, AMSP—A. spinosus, and AMTU—A. tu-
berculatus, re—red edge.
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The near infrared region of the spectrum exhibited the greatest difference
among the pigweed spectral responses. For the 2019 dataset on the first and
second data collection dates, the greatest differences were between A. tubercula-
tus and A. spinosus and between A. retroflexus and A. tuberculatus, respectively.
Noticeable contrasts occurred between A. spinosus and A. albus on February 8
and between A. tuberculatus and A. albus on February 27 for the 2020 mea-
surements.

Apparent differences were also observed in the spectral responses of the pig-
weeds in the visible region and shortwave infrared part of the light spectrum.
The differences were more evident in the shortwave infrared region compared
with the visible region. Generally, an increase was seen in the plants’ reflectance
from the first date to the second date for both experiments. The only exception
was A. tuberculatusin the first experiment.

3.2. Statistical Results

Table 2 summarizes the analysis of variance among treatment results for the
experiments. Vegetation indices values varied among pigweed species with dif-
ferences (P < 0.05) recorded based on date for the following indices: 1) Decem-
ber 4, 2019—the biochemical index and the red edge index; 2) December 18,
2019—the biomass and structure index, the biochemical index, the red edge in-
dex, the water and moisture index, the light use and efficiency index, and the
lignin and cellulose index; 3) February 8, 2020—the biomass and structure in-
dex, the biochemical index, the red edge index, the light use and efficiency index,
and the lignin and cellulose index; and 4) February 27, 2020—the biomass and
structure index, the biochemical index, the red edge index, the water and mois-
ture index, and the lignin and cellulose index. On all measurement dates, statis-
tically significant differences were identified among the pigweed mean values for
the biochemical index and the red edge index.

Table 3 summarizes the Tukey’s HSD results. The biochemical index and the
red edge index measured a statistical difference between two or more pigweeds
for each date of data collection. On December 4, 2019, A. Aybridus was separable
from A. spinosus and A. albus with the biochemical index; A. tuberculatus was
distinguishable from A. palmeri with the red edge index. On December 18, 2019,
A. hybridus and A. retroflexus biochemical index values were greater than A.
tuberculatus biochemical index values, and A. a/bus biochemical index values
were less than A. Aybridus biochemical index values. The red edge index indi-
cated that A. tuberculatus was distinguishable from A. spinosus. On February 8,
2020, a statistical difference was observed between A. albus and A. hybridus, A.
spinosus, and A. palmeri for the biochemical index and between A. spinosus
versus A. Aybridus, A. palmeri, and A. retroflexus for the red edge index. On
February 27, 2020, A. tuberculatus, A. hybridus, A. spinosus, and A. retroflexus
biochemical index values were less than A. a/bus biochemical index values. Ad-
ditionally, A. tuberculatusbiochemical index values were greater than A. pa/meri
biochemical index values. Furthermore, a statistical difference existed between
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Table 2. Analysis of variance (ANOVA) statistics for vegetation indices based on treat-

ments (pigweed species).

Experiment Date

1 December 4, 2019

December 18, 2019

2 February 8, 2020

February 27, 2020

Vegetation Index
Biomass and structural index
Biochemical index
Red edge index
Water and moisture index
Light use and efficiency index
Lignin and cellulose index
Biomass and structural index
Biochemical index
Red edge index
Water and moisture index
Light use and efficiency index
Lignin and cellulose index
Biomass and structural index
Biochemical index
Red edge index
Water and moisture index
Light use and efficiency index
Lignin and cellulose index
Biomass and structural index
Biochemical index
Red edge index
Water and moisture index
Light use and efficiency index

Lignin and cellulose index

ANOVA Statistic*
F=0.70; P=0.63; df = 5, 25
F =4.04; P=0.008; df = 5, 25
F=3.22; P=0.02;df=5,25
F=1.69; P=0.17;df =5, 25
F=1.27; P=0.31;df=5,25
F=0.39; P=0.85; df =5, 25
F =4.86; P=0.003; df = 5, 25
F =6.26; P<0.001; df =5, 25
F =3.62; P=0.01;df = 5,25
F=2.77; P=0.04;df =5, 25
F=3.39; P=0.02;df =5, 25
F =8.89; P<0.001; df =5, 25
F=3.02; P=0.03; df =5, 25
F =4.07; P=0.008; df = 5, 25
F =6.74; P<0.001; df =5, 25
F=2.0; P=0.11;df =5, 25
F=3.09; P=0.03; df =5, 25
F=2.62; P=0.05; df =5, 25
F=12.18; P<0.001; df = 5,25
F =8.23; P<0.001; df =5, 25
F =8.39; P<0.001;df =5, 25
F =8.56; P<0.001; df =5, 25
F=1.03; P=042;df=5,25

F=7.68; P<0.001; df =5, 25

a. df—degrees of freedom, F—F-value.

Table 3. Mean comparisons (n = 6) of the pigweed species for each vegetation index se-

parated by experiment and date.

Experiment Date BSI® BCI REI WMI LUE LCI

1 December 4, AMHY AMHY AMTU AMHY AMSP AMTU
2019 0.7370a  0.2940a 0.1974a 0.0142a 0.0027a 0.3545a

AMTU AMRE AMSP AMSP AMPA AMRE

0.7363a 0.2760ab 0.1906 ab 0.0071a -0.0015a 0.3487 a

AMRE AMTU AMAL AMRE AMHY AMAL

0.7289a 0.2695ab 0.1768 ab 0.0063a -0.0017a 0.3468 a

AMSP AMPA AMRE AMTU AMRE AMHY

0.7130a 0.2673ab 0.1640ab 0.0059a -0.0019a 0.3425a
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Continued

December 18,
2019

February 8,
2020

February 27,
2020

AMPA
0.7083 a

AMAL
0.6948 a

AMHY
0.7821 a

AMSP
0.7663 a

AMRE
0.7600 a

AMAL
0.7158 ab

AMPA
0.7117 ab

AMTU
0.6451 b

AMSP
0.7512 a

AMHY
0.7118 ab

AMPA
0.7068 ab

AMRE
0.6838 ab

AMTU
0.6718 ab

AMAL
0.6629 b

AMTU
0.8159 a

AMSP
0.8134a

AMHY
0.7995 a

AMRE
0.7946 ab

AMPA
0.7649 bc

AMAL
0.7595 ¢

AMSP
0.2328 b

AMAL
0.2237 b

AMHY
0.2914 a

AMRE
0.2751 ab

AMSP
0.2607 abc

AMPA
0.2472 abc

AMAL
0.2248 bc

AMTU
0.2099 ¢

AMHY
0.2492 a

AMSP
0.2421 a

AMPA
0.2388 a

AMRE
0.2243 ab

AMTU
0.2140 ab

AMAL
0.1844 b

AMTU
0.2869 a

AMHY
0.2794 ab

AMSP
0.2794 ab

AMRE
0.2789 ab

AMPA
0.2509 bc

AMAL
0.2302 ¢

AMHY
0.1581 ab

AMPA
0.1538 b

AMSP
0.2273 a

AMAL
0.2211 ab

AMRE
0.2128 ab

AMHY
0.2071 ab

AMPA
0.1936 ab

AMTU
0.18351b

AMSP
0.2354 a

AMAL
0.2078 ab

AMTU
0.2021 ab

AMPA
0.1964 b

AMHY
0.1808 b

AMRE
0.1766 b

AMTU
0.2946 a

AMSP
0.2866 ab

AMRE
0.2641 bc

AMAL
0.2590 bc

AMPA
0.2493 ¢

AMHY
0.2448 ¢

AMPA
0.0042 a

AMAL
0.0009 a

AMTU
0.0205 a

AMHY
0.0142 ab

AMPA
0.0096 ab

AMRE
0.0077 ab

AMSP
0.0038 ab

AMAL
—0.0011 b

AMSP
0.0036 a

AMHY
0.0022 a

AMTU
0.0018 a

AMPA

-0.0005 a —0.0010 ab

AMRE

-0.0017 a —0.0013 ab

AMAL

—-0.0066 a —0.0032 b

AMSP
0.0216 a

AMHY
0.0201 ab

AMRE
0.0158 abc

AMPA
0.0114 bed

AMAL
0.0109 cd

AMTU
0.0063 d

AMAL

—0.0030 a

AMTU

—0.0059 a

AMPA
0.0032 a

AMTU
0.0025 a

AMRE

—0.0013 a

AMSP

—0.0037 a

AMAL

—0.0046 a

AMHY

—0.0050 a

AMRE
0.0037 a

AMAL

0.0015 ab

AMPA

0.0010 ab

AMSP

AMHY

AMTU

AMPA
0.0068 a

AMSP
0.0059 a

AMRE
0.0048 a

AMHY
0.0037 a

AMTU
0.0035 a

AMAL
0.0032 a

AMPA
0.3315a

AMSP
0.3222a

AMSP
0.3793 a

AMAL
0.3675a

AMHY
0.3668 a

AMRE
0.3581 a

AMPA
0.3206 a

AMTU
0.2463 b

AMSP
03174 a

AMPA
0.2839 ab

AMRE
0.2834 ab

AMHY
0.2736 ab

AMAL
0.2664 ab

AMTU
0.2326 b

AMSP
0.4028 a

AMAL
0.3873 ab

AMRE
0.3692 abc

AMTU
0.3634 abc

AMHY
0.3559 bc

AMPA
0.3304 ¢

a. For each vegetation index on a specific date, means within a column followed by different letters are statistically
significantly different at P < 0.05 according to Tukey’s honest significant difference test. b. BSI—biomass and
structural index, BCI—biochemical index, REI—red edge index, WMI—water and moisture index, LUE—Ilight use
and efficiency index, LCI—lignin and cellulose index, AMAL— Amaranthus albus, AMHY— Amaranthus
hybridus, AMPA— Amaranthus palmeri, AMRE— Amaranthus retroflexus, AMSP— Amaranthus spinosus,
and AMTU— Amaranthus tuberculatus.
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A. tuberculatus versus A. retroflexus, A. albus, A. palmeri, and A. hybridus, and
between A. spinosus versus A. palmeri and A. hybridus for the red edge vegeta-
tion index. A. tuberculatus and A. spinosus red edge vegetation index values
were higher than the other pigweeds red edge vegetation index values.

The biomass and structure index and the lignin and cellulose index ranked
second in detecting statistical differences between the pigweeds (Table 3). On
the second date for experiment one, A. tuberculatus biomass and structure index
values were less than A. Aybridus, A. spinosus, and A. retroflexus biomass and
structure index values. A. tuberculatus values were lower than the other pig-
weeds values for the lignin and cellulose index. Experiment two first date mea-
surements indicated that a statistically significant difference existed between A.
spinosus and A. albus for the biomass and structure index and between A. tfu-
berculatus and A. spinosus for the lignin and cellulose index. On the second date
for experiment two, A. spinosus biomass and structure index values, and lignin
and cellulose index values were greater than A. a/bus biomass and structure in-
dex values and A. tuberculatuslignin and cellulose index values, respectively.

The water and moisture index ranked third among the vegetation indices for
statistical differences between pigweeds (Table 3). Statistical differences were
observed on two dates, December 18, 2019, and February 27, 2020, for experi-
ments one and two, respectively. On the first date, A. tuberculatus values were
larger than A. albus values. On the second date, A. spinosus and A. hybridus
were higher than A. palmeri, A. albus, and A. tuberculatus, and A. retroflexus
values were greater than A. tuberculatus values.

The light use and efficiency vegetation index ranked last among the vegetation
indices for detecting statistical difference between the pigweeds (Table 3). For
experiment two on the first date, A. retroflexus light use and efficiency index

values were higher than A. tuberculatuslight use and efficiency index values.

4. Discussion

Vegetation indices are sensitive to various plant canopy components. In this
study, six pigweed species canopies were evaluated to determine their effects on
six vegetation indices sensitive to plants’ biophysical and biochemical parame-
ters. The six pigweeds studied are problem weeds in agricultural system. Statis-
tical differences were measured between the pigweeds’ vegetation index values,
thus rejecting the null hypothesis of no difference between the pigweed species
canopies for a vegetation index. On the data collection dates, A. a/bus and A. tu-
berculatus vegetation index values were statistically different from one or more
pigweed species. The biochemical index and the red edge index were the most
consistent indices in measuring differences between the pigweeds. They obtained
statistical differences between pigweed species for each data collection date.

The vegetation indices were derived from narrow spectral bands within the
visible, the red edge, the near infrared, and the shortwave infrared regions of the
spectrum (Figure 1). Major differences were observed between the pigweeds’

spectral reflectance values in the visible, near infrared, and shortwave infrared
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regions (Figure 1). Leaf pigments (chlorophyll) are responsible for leaf and ca-
nopy reflectance responses in the visible region of the spectrum [17] [37]. Plant
canopies’ near infrared reflectance properties are affected by leaf area, leaf
orientation, and biomass [37] [38]. Leaf moisture influences the shortwave
infrared reflectance properties of plants [17] [37]. These differences played a role
in the values obtained by the vegetation indices for each pigweed species (Table
1, Table 3; Figure 1).

Additionally, within plant canopy shadowing and background influenced the
pigweeds canopy reflectance properties, and thus vegetation index values. Pig-
weed canopy images (Figure 2) acquired on December 4, 2019, show evidence of
how the background was integrated into the plant canopy reflectance measure-
ments. The more open spaces within the plant canopy, the more background
and shadow were incorporated into the overall vegetation index response. For
this study, those parameters caused a reduction in the vegetation index values. In
real-world situations, the background will be soil and even other plants, thus in-
creasing the challenges of separating pigweeds from each other and other plants.

As stated earlier, the plant growth stages ranged from vegetative growth to
flowering. Over time the plants grew and added additional leaf layers. Additional
leaf layers can result in more background being covered and in less canopy sha-
dowing. Generally, increases in vegetation indices values from the first date to
the second date were evident for the vegetation indices.

The pigweed separation was date dependent. These results are representative
of everyday situations. Whether an aerial or ground-based remote sensing sys-
tem is used for measurements, the day of collection will represent that point and
time. Data collected a week later may present a different scenario because the
plants will have grown, or another environmental factor may have stressed the
plants. Therefore, differences among pigweeds will change from one date to the
next. Other researchers testing vegetation indices in weed crop separation have
also documented that differences were date dependent and affected by plant
growth stage [39].

Figure 2. Pictures of pigweeds for experiment 1 acquired on December 4, 2019: (A)
Amaranthus albus, (B) A. hybridus, (C) A. palmeri, (D) A. retroflexus, (E) A. spinosus,
and (F) A. tuberculatus.
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Caution is needed when assessing vegetation index values, especially extreme-
ly low values. For example, the moisture stress index values measured statistical
differences between four pigweed species (Table 3); however, the values were
extremely low, close to zero. There may be a statistical difference, but that dif-
ference may not be transferable to practical applications.

For this study, plant seeds were secured through the United States National
Plant Germplasm System. In fields, an additional factor to consider is the hybri-
dization of two pigweed species. The newly developed plant can have characte-
ristics of both parents. More information is needed on how pigweed hybridiza-
tion affects vegetation index values.

Narrowband vegetation indices are designed to take advantage of the absorp-
tion and the non-absorption features of plants to provide estimates of plant bi-
ophysical and biochemical parameters [17]. That aspect was evident for the ve-
getation indices evaluated in this study. They contained a narrow spectral band
that maximized the difference between pigweeds and one narrow spectral band
in which the differences were minimal (Figure 1). Based on the absorption and
the non-absorption concept, the vegetation indices distinguished between two to
three pigweed species. Additionally, for the red edge index, shifts in the red edge
position would occur for the different pigweed species due to differences in their
chlorophyll content and leaf area. These shifts affect the slope of the spectral
curve in the red edge region, and thus would have an impact on the red edge in-
dex values. Furthermore, the results suggest that a combination of narrowband
vegetation indices may be the best avenue to pursue for separating pigweeds.
Additional avenues are to explore other narrowband combinations for develop-
ing vegetation indices, to test derivative analysis, and to evaluate machine learn-

ing tools as a means for distinguishing between the pigweed species.

5. Conclusion

Narrowband remotely sensed vegetation indices designed to measure biophysi-
cal and biochemical properties of plants have potential for separating pigweed
species. The biochemical index and the red edge index were the most consistent
in pigweed species separation. To maximize pigweed separation in the future, it
is believed that two or more vegetation indices should be used in an ensemble
approach. Future research should focus on that concept and evaluating other
spectral band combinations as indices for differentiating pigweed species from

each other and other weeds and crops.
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