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Abstract: Amaranthus palmeri S. Wats., or commonly Palmer amaranth, is an invasive plant species
that has invaded many countries worldwide and causes significant yield losses to annual spring
crops. Palmer amaranth biotypes were detected in maize and sorghum fields in Western Greece and
cotton fields in Central Greece in 2020. The infestations were recorded both inside the crops and in
the margins of the fields, indicating that Palmer amaranth could be characterized as an invasive
weed for these regions and, thus, must be urgently managed. Four biotypes were screened for re-
sistance to 2,4-D and nicosulfuron by using NDVI, canopy cover, photochemical efficiency, plant
height and fresh weight values. All biotypes showed resistance to nicosulfuron. Resistance cases to
important herbicides (i.e., ALS and synthetic auxins) in spring crops, such as maize and cotton, in-
dicate that management could become even more challenging if farmers do not adopt integrated
strategies and tools to manage this weed. The eradication of Palmer amaranth plants is imperative,
since it has yet to be dispersed in several agricultural areas of Greece. Palmer amaranth is recom-
mended to be enlisted as quarantine pest for regulation in Greece.
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1. Introduction

Palmer amaranth (Amaranthus palmeri S. Wats.) belongs to the Amaranthaceae family
and is a C4 dioicous plant species. It is mainly wind-pollinated and demonstrates high
fecundity with up to 600,000 seeds per plant being recorded [1]. Palmer amaranth can be
easily identified in the flowering stage. The female plants develop a long cylindrical in-
florescence (up to 60 cm) with prickly surface from the central stem, while the male inflo-
rescence is smoother. Palmer amaranth has rapid growth rate that leads in high biomass
accumulation and thus, results in more intense competition with crops for nutrients, wa-
ter and light irradiation. The identification of Palmer amaranth is crucial even from the
first vegetative growth stages. Redroot pigweed (Amaranthus retroflexus L.) is another spe-
cies of genus Amaranthus that is common in Greece and looks similar to Palmer amaranth
in the first vegetative growth stages, hence making the identification a major challenge.
Both species present a high variability in the fields. However, the main difference is the
inflorescence and the hair on the leaves. The biology and ecology of A. palmeri have been
reviewed and are thoroughly presented in the pest risk analysis for Palmer amaranth,
generated by EPPO, and the review of Ward et al. (2013) [1].

There are currently 69 confirmed herbicide-resistance cases globally of Palmer ama-
ranth with single or multiple mechanisms of action. The majority has been recorded in
soybean, cotton and maize, and less in sorghum, squash and orchards [2,3]. Some herbi-
cides, though, are extensively used by farmers in Greece in various crops for the pre-
emergence and post-emergence weed management (Table 1). Sulfonylureas and synthetic
auxin resistance is expected to pose a major threat for the sustainability of agricultural
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production in spring arable crops, since the post-emergence weed management in maize
and cotton relies strongly on those. Pendimethalin and S-metolachlor are two efficient
herbicides that are widely used in Greece for pre-emergence weed control. Should Palmer
amaranth evolve resistance to these active ingredients, the weed will become dominant in
spring crop fields and might alter the weed flora. It has to be noted that the pollen of
Palmer amaranth can be transferred through wind in long distances (over 300 m), bringing
herbicide resistance traits in new biotypes, as the weed is an obligate outcrosser. Herbicide
resistance cases have been already reported in Spain [4]. Recently, the weed has been de-
tected in soybean fields in Italy, where, notably, herbicide resistance is already present [5].

Table 1. Herbicides’ active ingredients to which Palmer amaranth has evolved resistance.

Active Ingredient Site of Action

Classification
HRAC Group

Foramsulfuron, iodosulfuron-methyl, mesosulfuron-
methyl, rimsulfuron, trifloxysulfuron, nicosulfuron, Inhibition of acetolactate synthase (ALS) B
halosulfuron-methyl, pyrithiobac-sodium

Pendimethalin Microtubule assembly inhibition K1

S-metolachlor Inhibition of cell division K3

Mesotrione Inhibition of 4-hydroxyphenyl-pyruvate-diox- 0
ygenase (4-HPPD)

Glyphosate Inhibition of EPSPS synthase G

2,4-D, dicamba Synthetic auxins O

It has been suggested that the management of Palmer amaranth requires the integra-
tion of several methods, such as the combination of herbicides with different mechanisms
of action [6]; the active ingredients rotation; the use of cover crops, such as rye [7]; the
increase of crop competitiveness through density sowing and row-spacing adjustments;
and the optimized soil tillage in order to prevent Palmer amaranth seeds from soil seed-
bank come in the soil surface.

The aim of this research was to screen Greek Palmer amaranth biotypes for putative
resistance to a synthetic auxin (2,4-D) and an ALS inhibitor (nicosulfuron). For this pur-
pose, assessment of the response of the weed to herbicides was conducted through remote
sensing and agronomic traits. This research also aims to reveal the significance of a smart
application that measures canopy cover for rapid and robust evaluation of herbicide effi-
cacy.

2. Materials and Methods
2.1. Weed Detection and First Surveys

Field monitoring was conducted in June and July 2020 in maize and sorghum fields
in Vonitsa region, Western Greece, and cotton fields in Domokos region, Central Greece
(Table 2), to identify Palmer amaranth infestations after reports from farmers on failed
herbicide applications against an unknown weed. A total number of more than 20 fields
was randomly surveyed. Each surveyed field was walked through by the two diagonals
and a representative sample of seeds was collected. The surveyed maize and sorghum
fields were under monoculture at least during the last 10 years. Cotton crop was also a
monoculture for the specific fields in Central Greece. In both regions, farmers apply post-
emergence herbicides in spring (ALS and 2,4-D, in rotation and in tank mixtures) to man-
age weeds. Moreover, some pre-emergence herbicides are also applied in cotton. Tillage
is exclusively conventional, with yearly deep ploughing, disc harrowing and the use of
cultivator in spring prior to sowing.
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Table 2. Palmer amaranth biotypes location in Greece.

Biotype Region Crop Location Coordinates

Cotton-S Central Greece cotton 39°21'42"N, 22°28'79"E
Cotton-R1 Central Greece cotton 39°22'83"N, 22028'22"E
Cotton-R2 Central Greece cotton 39°22'46"N, 22°28'04"E
Maize Western Greece maize 38°52'12"N, 20°51'51"E

2.2. Seed Collection and Plant Samples

Palmer amaranth seeds and seedlings were collected from the inspected fields and
transferred to the Laboratory of Agronomy of the Agricultural University of Athens,
Greece, in June/July 2020 (latitude, 37°59'02"N; longitude, 23°42'09"E). The seeds were air-
dried, threshed, placed in paper bags, stored at room temperature and sown. In total, 12
pots were used for each biotype. Plastic pots had 13-L capacity and were filled with a mix
of herbicide-free soil from the experimental field of the Agricultural University of Athens
and peat at the ratio of 1:1 (v/v). The soil of the experimental field is clay loam (CL) with
pH value of 7.29, whereas the contents of CaCOs and organic matter were 15.99% and
2.37%, respectively. All pots were placed outdoors (with mean temperature ranging be-
tween 24.3 and 39.1 °C and mean relative humidity lower than 45.4%) and properly irri-
gated throughout the experimental run.

2.3. Experimental Design

The experiment was a factorial arrangement of biotype and herbicide treatment ar-
ranged in a completely randomized design. The three experimental treatments were ap-
plied in 4 pots (4 replications) for each biotype. Herbicide treatments included an un-
treated control, 2,4-D at a rate of 600 g a.e. ha™ and nicosulfuron at a rate of 45 g a.i. ha™'.
Herbicides were applied when the majority of the plants was at 4-8 leaves and at 8-12 cm
height. All herbicide applications were carried out with a custom-built, compressed-air,
low-pressure flat-fan nozzle experimental sprayer. Spraying was carried out at 0.2 MPa
pressure, and the spraying angle was 80°. The height between the conical nozzle and the
soil level was 40 cm for all the experimental treatments. The spray head was set to move
over the plants at 1.5 km h', and the apparatus was calibrated to deliver the equivalent of
200 L ha™. The spraying was conducted when the air temperature was 27 °C and the hu-
midity 20%.

2.4. Measurements

The evaluation of the efficacy of 2,4-D and nicosulfuron against Palmer amaranth
biotypes was conducted 21 days after treatment (DAT). Fresh weight and plant height
were recorded from 4 individual plants per treatment after clipping of the above ground
biomass. Survival rate was also recorded based on the number of living plants as a pro-
portion of the total number of plants subjected to the herbicide. Remote sensing and smart
applications were also used to identify the susceptibility of Palmer amaranth biotypes to
specific herbicides and quantify the responses (Figure 1). A portable handheld crop sensor
device GreenSeeker Handheld Crop Sensor was used (GreenSeeker Handheld Crop Sen-
sor, Trimble Agriculture Division, Westminster, CO, USA) to record the Normalized Dif-
ference Vegetation Index (NDVI). NDVI is commonly used as an indicator of vegetation
health based on the intensity of reflection of red and far red light [8]. It has to be noted
that recently a novel method (quick test) based on NDVI was developed for the in-season
rapid evaluation of herbicide efficacy and herbicide resistance detection [8]. Canopeo (Di-
vision of Agricultural Sciences and Natural Resources, the OSU App Center and Okla-
homa State University, in Google Play) was also used as an application that allows to ac-
curately determine the percent of green canopy cover, via downward-facing photos taken
from the mobile devices in real time. It is an image-analysis tool that classifies all pixels in
the image and the result of the analysis is a binary image, where white pixels correspond
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to the pixels that satisfied the selection criteria (green canopy) and black pixels correspond
to the pixels that did not meet the selection criteria (not green canopy). Fractional green
canopy cover ranges from 0 (no green canopy cover) to 1 (100% green canopy cover). The
pots were placed in the center of a 0.25 m? quadrat with black background to compare the
canopy cover after the herbicide applications between the treatments and the biotypes.
Moreover, the efficacy of herbicides was measured according to the efficiency of Photo-
system II by estimating the Fv/Fm (maximum photochemical efficiency of PSII or quan-
tum yield) and using FluorPen FP 110 (PSI (Photon Systems Instruments) spol. s r.0., Dra-
sov 470, 664 24 Drasov, Czech Republic). FluorPen FP 110 is a portable, battery-powered
fluorometer that enables quick measurement of chlorophyll fluorescence parameters in
the field. It is equipped with a blue LED emitter (455 nm), optically filtered and precisely
focused to deliver light intensities of up to 3000 pumol m= s to measured plant tissue.
Palmer amaranth plants were covered with black plastic bags for 20 min to stop photo-
chemistry, allowing the measurement of fluorescence in the presence of non-photochem-
ical quenching alone. The measurement was conducted by using 4 leaves for each treat-
ment and for every biotype.

Canopy cover

NDVI  comeo

ORIGINAL CLASSIFIED

IMAGE IMAGE el

Canopy Cover | 32,12 %

Adjustments

Figure 1. Use of handheld instruments and smart applications to measure Fv/Fm, NDVI and canopy cover

2.5. Statistical Analysis

All the data were checked for normal distribution by using the Shapiro-Wilk test.
The variance check was performed by using Levene’s test for all the data. The data were
subjected to analysis of variance (ANOVA), using STATGRAPHICS Centurion XVII Ver-
sion statistical software (Statpoint Technologies Inc., The Plains, VA, USA). The differ-
ences between means were tested at the a = 0.05 significance level, using Fischer’s least
significant difference (LSD) test. Multiple analysis of variance (MANOVA) was conducted
for the factors of biotype and treatment (both as fixed effect) and their interactions. Repli-
cation was considered a random effect. Multiple comparisons (post hoc tests) were per-
formed to separate means among treatments. Regression analysis was conducted at the a
= 0.05 significance level to correlate NDVI and Canopeo measurements, according to the
following linear model:

Y=A+BxX

where Y refers to the values of NDVI, and X represents the values of Canopeo app.
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3. Results
3.1. Weed Detection

Palmer amaranth plants were identified in multiple fields of both regions. The den-
sity was relatively low in Western Greece (3—6 plants per m?) and slightly higher in Central
Greece (5-15 plants per m?). In particular, Palmer amaranth plants were identified in cot-
ton fields (Figure 2A) in Central Greece and in maize and sorghum fields (Figure 2C) in
Western Greece. Infestations were observed both in field margins and among the crops.
The high density in field margins and non-agricultural areas could act as a reservoir for
Palmer amaranth seed production and future seed dispersal and infestations.

Figure 2. Palmer amaranth infestations in cotton (A), maize (C) and field margins (B,D).

3.2. Management

The effects of biotype (B), treatment (T), and their interaction (B x T) on Palmer ama-
ranth fresh weight were significant at p < 0.001 level (Figure 3). The fresh weight of plants
treated with 2,4-D significantly varied between the biotypes (p < 0.05). The Cotton-S bio-
type was more susceptible to 2,4-D compared to the other biotypes from cotton fields in
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terms of fresh weight reduction. The Cotton-R2 biotype demonstrated the highest fresh
weight among the treatments in the case of nicosulfuron, indicating that it was the most
resistant biotype. The other biotypes demonstrated similar fresh weight values after nic-
osulfuron application (Figure 3(1)). In all biotypes, statistically significant differences
were observed between control and 2,4-D treatments (p <0.001). The biotype and the treat-
ment had statistically significant effect (p < 0.005 and p < 0.001, respectively) on plant
height, with their interaction (B x T) being also significant (p < 0.005) (Figure 3(2)). Plants
treated with 2,4-D resulted in lower plant height in comparison to untreated plants and
those treated with nicosulfuron in all biotypes.
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Figure 3. Fresh weight per plant (1) and plant height (2) at 21 DAT for the three A. palmeri biotypes from cotton and the
one from maize. Vertical bars indicate standard errors of the means. The different uppercase letters (A,B and C) indicate
significant differences between the treatments in the same biotype. The different lowercase letters (a, b and c) indicate
significant differences between the biotypes for a specific treatment. Both analyses were carried out after the means sepa-
ration, using Fisher’s least significant difference (LSD) test at p < 0.05.
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Effects of biotype (B), treatment (T) and their interaction (B x T) on NDVI and Cano-
peo values were significantly different (p <0.001), except of the B x T effect on Fv/Fm value
(p=0.114) (Figure 4). The values of the maximum photochemical efficiency of PSII for 2,4-
D for the Cotton-R1 biotype were significantly lower than those recorded in the biotype
Cotton-R2. The plants were still photosynthetically active despite the significant reduction
of their canopy cover. According to the measurements for canopy cover and photosyn-
thetic capacity, nicosulfuron was ineffective in controlling Palmer amaranth (Figure 4 and
Table 3).
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Figure 4. NDVI (1), Canopeo (2) and Fv/Fm (3) values 21 DAT for the three A. palmeri biotypes from cotton and the one
from maize. Vertical bars indicate standard errors of the means. The different uppercase letters (A, B and C) indicate
significant differences between the treatments in the same biotype. The different lowercase letters (a,b and c) indicate
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significant differences between the biotypes for a specific treatment. Both analyses carried out after the means separation,
using Fisher’s least significant difference (LSD) test at p < 0.05.

Table 3. NDVI, Canopeo, plant height, fresh weight per plant and Fv/Fm values for all the studied
A. palmeri biotypes and the treatments 2,4-D and nicosulfuron compared to the untreated control
for each biotype.

Plant Fresh

Treatment Biotype NDVI Canopeo Height Weight Fv/Fm
Cotton-S =78.7% -88.5% -50.6%  -93.4% —42%

24D Cotton-R1 -72.1% -80.2% -42.3%  -69.5% —2.9%

’ Cotton-R2 -73.5% ~76.3% -534%  -749%  -3.4%
Maize -80.6% -88.4% -45.8%  -80.5% -11.8%

Cotton-S -14.2% -19.8% -11.8%  —-635%  9.4%

Nicosulfuron Cotton-R1 -5.4% -21.2% -275%  -555%  53%
Cotton-R2 -0.7% -21.8% -16.8%  -11.6% -11.1%
Maize -4.1% -2.6% -8.3% -52.6% -15.2%

The efficacy of 2,4-D and nicosulfuron is recorded in Table 3, where the values rep-
resent the reduction compared to control for all measurements and biotypes. It is observed
that all biotypes are highly resistant to nicosulfuron. The fresh weight reduction signifi-
cantly varied among treatments and ranged between 11.6% and 63.5% as compared to
control. Nevertheless, all Palmer amaranth plants treated with nicosulfuron survived,
while 3%, 5%, 10% and 3% of plants treated with 2,4-D survived in Cotton-S, Cotton-R1,
Cotton-R2 and Maize biotypes, respectively. Plant height for all biotypes was negatively
affected after 2,4-D application, but the plants faced significant reductions in terms of
NDVI, canopy cover and fresh weight.

NDVlIis a robust index that has been extensively used for measuring the response of
weeds to several herbicides. This study highlights the robustness of the mobile application
Canopeo for quantifying the effect of herbicides on weeds. A linear model that was used
to correlate NDVI and Canopeo values (Y =0.139081 + 0.0131745*X; n = 48; p < 0.001; root-
mean-square error (RMSE) = 0.1001) indicated that the regression was positive according
to the value of the correlation coefficient (R = 0.904) and strong given the value of the
coefficient of determination (R? =81.836%). Canopeo app is suggested as an alternative or
an additional tool to NDVI for the evaluation of the herbicide efficacy in small scale pot
experiments. Nevertheless, the measurement of photosynthetic capacity is imperative to
evaluate whether an herbicide is effective against a weed, or it just causes growth inhibi-
tion and the plant tissues recover.

4. Discussion

The current study is the first report of Palmer amaranth in the spring crops of Greece.
Early identification and limiting spread via several pathways are considered to be critical
steps in managing Palmer amaranth. Several studies have shown that Palmer amaranth
seeds can be dispersed via farm equipment, such as cotton gins, contaminated seed mixes
and manure, and this could probably be the case in Greece as well [9,10]. Furthermore,
resistance present in Palmer amaranth biotypes in Greece either evolved due to monocul-
ture of spring crops in some regions or was already present in the seed that was uninten-
tionally introduced. In particular, our findings revealed that all the tested Palmer ama-
ranth biotypes demonstrated resistance to the ALS inhibitor, nicosulfuron. All biotypes
showed susceptibility to the synthetic auxin, 2,4-D. Farmers tend to use ALS inhibitors
and synthetic auxins to manage weeds in spring arable crops; hence, Palmer amaranth
populations might be pressured and evolve resistance, and escaped weeds might be ob-
served (as mentioned above). This is a major challenge to overcome, especially in cases of
field margins where Palmer amaranth is abundant, because, due to cross-pollination,



Agronomy 2021, 11, 1721

9o0f 11

herbicide-resistance genetic traits might be transferred to new populations. The near-field
spray drift has been reported as a potential mechanism that rapidly selects for herbicide
resistant biotypes and might lead to weed-management failures [11].

Overall, 2,4-D is a highly effective herbicide that is used in many crops for the control
of Palmer amaranth. The weed has been controlled efficiently with sequential applications
with 2,4-D in soybean, providing more than 90% control and 99% biomass reduction f14
days after late post-application [12]. At a rate of 560 g a.e. ha™, 2,4-D resulted in 81% con-
trol of Palmer amaranth and 72% reduction of dry weight at 28 days after treatment tar-
geting 5-10 cm glyphosate resistant Palmer amaranth [13]. However, among different bi-
otypes, the susceptibility to 2,4-D varies vastly. In their research, Kumar et al. (2020) ob-
served that the visible injury of Palmer amaranth, due to 2,4-D, ranged between 58 and
100% at 21 days after treatment in an assessment of 28 Kansas populations, indicating the
evolution of resistance [14]. In double-crop soybean, 2,4-D at a rate of 561 g a.e. ha™' pro-
vided only 5% control of Palmer amaranth 8 weeks after sowing [15].

Palmer amaranth has been recently listed as a recommended invasive plant species
for regulation in EPPO A2 list (2020). Arianoutsou et al. (2010) considered Palmer ama-
ranth as a naturalized alien species of Greek flora [16]. However, our record is the first
report of Palmer amaranth in agricultural areas in Greece and highlights the importance
of treating A. palmeri as a weed and a threat for agricultural production. Soybean, cotton
and sweet potato are some crops with slow first growth that are vulnerable to Palmer
amaranth competition and suffer high yield losses. For instance, sweet potato yield has
been reported to be reduced by 0.5% on average for every 1 cm of height of Palmer ama-
ranth [17]. Soybean interference with Palmer amaranth has been reported to result in high
yield losses if early infestation occurs 0-2 weeks after soybean emergence [18]. Proper
actions should be conducted in the areas of investigation about the introduction of the
weed among farmers, agricultural advisors and policy-makers. Should Palmer amaranth
distribution be limited on Western Greece and Central Greece the following years, then
the management would become less complicated and challenging. Weed mapping tools
and new technologies, such as Decision Support Systems [19], are useful tools to track the
invasiveness dynamics of Palmer amaranth and avoid the evolution of herbicide re-
sistance by adopting strategies that focus on the long-term management of the weed. The
exploitation of weed emergence and phenology prediction models are considered valua-
ble tools to achieve early control and mitigate the impact to yields [20]. Moreover, in the
present study we suggest that the measurement of photosynthetic capacity along with
other parameters and indices is imperative to evaluate whether an herbicide is effective
against a weed and quantify this effect.

Houston et al. (2019) suggested that, for the management of Palmer amaranth, a pre-
emergence herbicide and repeated treatments with effective post-emergence herbicides
are required [21]. The addition of adjuvants in the tank mixtures has been proven a very
efficient option to increase herbicide efficacy against the noxious weeds Lolium rigidum,
Conyza canadensis and Conyza sumatrensis [22,23] and could be also applied against Palmer
amaranth along with other methods [6,7]. The management of Palmer amaranth cannot
rely exclusively on chemical means, due to the emerging herbicide resistance cases and
the goals of European Green Deal for 50% reduction of chemical input by 2030. Under this
context, herbicide alternatives are imperative to be included in integrated weed manage-
ment programs. Sowing of a winter cover crop, such as rye (Secale cereale L.) combined
with herbicides, has been reported to reduce the growth of Palmer amaranth [8,24]. Graz-
ing is another strategy that could be adopted to reduce the weed germinable seed bank,
but only in some orchards and uncultivated land [25]. Natural herbicides, such as pelar-
gonic acid, and false seedbed technique are promising tools that have been tested under
Greek conditions and could be applied for the management of Palmer amaranth [26,27].
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5. Conclusions

In the present study, Palmer amaranth has been reported for the first time in maize,
sorghum and cotton fields in Greece. This highly invasive weed species is expected to
cause significant yield losses if no effective weed-management programs are adopted. A
first screening of four biotypes of Palmer amaranth from two agricultural regions of
Greece via NDVI, canopy cover, photochemical efficiency, plant height and fresh weight
revealed that the weed has probably evolved resistance to nicosulfuron (ALS inhibitor).
Herbicide resistance may result in herbicide failures, increase of production costs and
long-term threat for the sustainability of important crops for the Greek agricultural sector,
such as maize, cotton, soybean and sorghum. Further research should be conducted to
evaluate several herbicides, validate the herbicide resistance cases and find alternatives
for the long-term management of Palmer amaranth. On this axis, remote sensing and
smart applications are useful tools to conduct rapid and robust research.
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