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Abstract

Optimum herbicide use is a key factor affecting the success of any integrated weed management
strategy. The main objective of the current study was to implement a method based on spectrom-
eter measurements for the in situ evaluation of herbicide efficacy and the detection of potentially
herbicide-resistant weeds. Field trials were conducted inGreece between 2018 and 2020 in several
durumwheat fields (Triticum durumDesf.). In all trials, the overall effect of herbicide application
on the recorded Normalized Difference Vegetation Index (NDVI) values (at 1 and 2 wk after
treatment [WAT]) was significant (P≤ 0.001). For the majority of the surveyed fields, low
NDVI valueswere recorded after 2,4-D application and amixture of clopyralidþ florasulam from
1WAT, suggesting their increased efficacy. In several cases, the application of pyroxsulamþ flor-
asulam resulted in significant NDVI reductions at 2WAT. As observed at the end of the growing
seasons, the herbicides that reduced NDVI resulted in lower weed biomass. Strong correlations
were observed between weed aboveground biomass and NDVI (2 WAT). In particular, R2 values
were 0.8234 to 0.8649, 0.8453, 0.8595, 0.8149, and 0.8925 for the Aliartos, Thiva, Domokos,
Larissa, and Orestiada fields, respectively. The overall effects of herbicide application on wheat
grain yield were also significant (P≤ 0.001). Pot experiments confirmed that the high NDVI val-
ues in some cases could be attributed to the presence of herbicide-resistant weeds. For instance,
the resistance indices of two accessions of catchweed bedstraw (Galium aparine L.) to mesosul-
furon-methyl þ iodosulfuron-methyl-sodium ranged between 9.7 and 13.2, whereas one sterile
oat [Avena sterilis L. ssp. ludoviciana (Durieu) Gillet & Magne] accession was 8.8 times more
resistant to fenoxaprop-p-ethyl than a susceptible one. The present study is targeted at making
a significant contribution toward establishing cause–effect relationships and presenting a useful
tool for developing more effective weed management practices in more arable crops and under
different soil and climatic conditions.

Introduction

Weeds are adaptable to all environments, and in the absence of any control methods, severe
infestations might result in complete yield losses for important crops (Chauhan 2020).
Globally, weeds have been demonstrated as the most important pest group in wheat
(Triticum aestivum L.), rice (Oryza sativa L.), maize (Zea mays L.), and soybean [Glycine
max (L.) Merr.] production systems (Oerke 2006). Globally, herbicide application is preferred
over other weed management options in most agricultural regions to achieve optimum weed
control and higher yields with the lowest economic cost. Moreover, herbicide use is associated
with reduced levels of soil erosion and greenhouse gas emissions and increased levels of water
conservation (Gianessi 2013). However, overreliance on herbicides is often associated with poor
performance in the field and increased herbicide resistance (Peterson et al. 2018).

Optimizing current herbicides’ efficacy is now a priority, given the absence of new herbicide
mechanisms of action along with the phaseout of several active ingredients (Rueegg et al. 2007).
To deal with this situation, research has been carried out to develop methods to evaluate her-
bicide efficacy against targeted weed species as quickly as possible. For instance, the rapid detec-
tion of herbicide resistance has been themajor objective of several studies (Boutsalis 2001; Kaiser
et al. 2013; Kaundun et al. 2011; Wang et al. 2016; Zhang et al. 2016). Although such techniques
have provided important results, most focused only on the detection of herbicide resistance in a
small number of weed species without evaluating herbicide efficacy at the field level. In any case,
the role of sensors and precision agriculture is crucial in developing more effective weed man-
agement strategies (Gée and Denimal 2020).

The Normalized Difference Vegetation Index (NDVI) is the most widely used vegetation
index in agricultural settings (Xue and Su 2017). NDVI is estimated as the normalized
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differences between near-infrared (NIR) and red reflectance
[NDVI = (RNIR – Rred)/(RNIR þ Rred)], where RNIR and Rred are
the reflectance values measured in the NIR (770 nm) and red
regions (660 nm), respectively (Tremblay et al. 2009). NDVI is a
nondestructive tool for estimating various parameters regarding
vegetation growth and health status. For instance, several studies
have highlighted the importance of using NDVI values to make
estimations regarding crop phenology, canopy development, veg-
etation biomass, and final yield performance in major crops
(Berger et al. 2019; Ravier et al. 2017; Vannoppen et al. 2020;
Wang et al. 2020; Yang et al. 2020). Regarding its practical imple-
mentation in the field of weed management, NDVI is mainly used
for weed detection andmapping in agricultural fields. For example,
NDVI has been used for the detection of late-emerging weed
patches in soybean and wheat (Koger et al. 2003; López-
Granados et al. 2006). Savin et al. (2017) noted that weeds’ contri-
bution to the NDVI values obtained in spring barley (Hordeum
vulgare L.) fields is significant, especially if a measurement is taken
in the middle of the growing season.

There is evidence that weed responses to stress factors can be esti-
mated via sensor-based techniques (Peteinatos et al. 2016). Abiotic
factors such as drought periods along with insect and disease infesta-
tions are important parameters inducing plant stress. In these cases,
lower NDVI values are recorded, indicating the role of this index in
evaluating vegetation health status (Durgun et al. 2020; Franke and
Menz 2007; Nansen et al. 2009; Naser et al. 2020; Vannoppen et al.
2020). Herbicide application is also a factor inducing stress in treated
plants. Carotenoid inhibition, leaf bleaching, and lower chlorophyll
content in the meristematic tissues are the typical outcomes of herbi-
cide application affecting plant health (Peñuelas and Filella 1998).
Although NDVI is not targeted to detect herbicide injury symptoms
exclusively, it has been reported to detect changes in vegetation
growth caused by herbicide application (Streibig et al. 2014). Henry
et al. (2004) stated that the process of red light’s absorption followed
by energy reflectance in the NIR region is an attribute of healthy veg-
etation. Given the way NDVI is computed (Tremblay et al. 2009), a
decrease in the health status of vegetation can be detected from
reduced NDVI values. In a recent study, Lewis et al. (2014) used
NDVI as part of their herbicide evaluation processes. The use of
NDVI has been suggested for the evaluation of wheat’s tolerance
to selective herbicides and the detection of herbicide injury symptoms
in maize (Zea mays L.) and soybean (Henry et al. 2004; Kong et al.
2009; Thelen et al. 2004). It must be noted that the majority of these
studies focused on cultivated species and not on weeds treated with
herbicides. Given the limited evidence available, research is required
to investigate whether NDVI is a reliable index for providing infor-
mation regarding the efficacy of herbicide application onweeds. If this
vegetation index is proven to be a reliable tool for this purpose, it can
serve as the basis for developing novel strategies to evaluate herbicide
efficacy shortly after treatment. However, any novel sensor-based
technique in agriculture should be compared with the classic destruc-
tive methods for calibration purposes (Xue and Su 2017).

The main objective of the current study was to implement a
method for the in situ evaluation of herbicide efficacy in several
durum wheat (Triticum durum Desf.) fields in Greece. The herbi-
cide efficacy evaluation was based on the NDVI values recorded at
1 and 2 wk after treatment (WAT). Destructive measurements
were carried out to validate the reliability of the method, and
the effect of herbicide application on wheat yield performance
was also evaluated. Another research target was to validate in
pot experiments whether the high NDVI values were linked with
the presence of herbicide-resistant weeds.

Materials and Methods

Description of the Experimental Fields

Two-year field trials were conducted in the 2018 to 2019 and 2019
to 2020 growing seasons in several durum wheat fields in Greece.
Fields in Aliartos (Aliartos 1, Aliartos 2), Thiva, Domokos, Larissa,
and Orestiada were selected for field experiments based on local
farmers’ concerns regarding increased weed infestation levels
and low efficacies of herbicide applications.

For all the studied sites and fields, experiments were set up during
the initial growth stages of durum wheat. In each field, sowing had
already been carried out by the local farmers approximately 2 mo
before trial establishment. After communicating with the landowner
of each field, we noted that the soil of each field had been plowed to
approximately 25-cm depth for seedbed preparation before durum
wheat was sown in both the experimental years. Durumwheat sowing
was carried out during November, for both the growing seasons, in
Aliartos, Thiva, andDomokos. Crop sowingwas conducted later, dur-
ing December, for both growing seasons in the fields of Larissa and
Orestiada (Table 1). In all fields, wheat was sown in rows with 20-cm
row spacing and 5-cm spacing within the rows. In 2018 to 2019 and
before experimental setup, our research group noticed awheat density
of around 300 plants m−2 in each field. The same wheat density was
observed during the second growing season. After wheat was sown in
2018, we walked through each field on the two diagonals to identify
the dominant weed species present. In each field, a position with rep-
resentative weed flora was selected for field experimentation in 2018
and GPS coordinates were noted (Gerhards et al. 1997); these same
locations were used for the second series of experimental runs carried
out during 2019 to 2020 (Table 1). Before experimental setup, soil
samples were taken from each field to perform soil analyses for both
experimental years (Table 2). Typical climatic conditions for Greece
prevailed during both the growing seasons in the experimental fields
of the regions surveyed (Table 3).

Experimental Setup

For every field trial, the area selected for experimentation was sep-
arated into blocks (replications), and each block was separated into
seven plots. All the separate field trials were conducted as a ran-
domized complete block design with seven different experimental
treatments in four blocks. Each plot was 2.5-m wide and 4-m long.
Block size was 70 m2, and as a result, the whole experimental area
in each studied field was 280 m2.

At experimental setup, durum wheat plants were at the middle of
their tillering stage. In most cases, weeds were between the 4- and
6-leaf growth stages. The weeds and the durum wheat plants were
treated with five POST herbicides, resulting in a total of six different
herbicide treatments, because 2,4-Dwas applied at two rates. A weedy
check (control) treatment was also included. The POST herbicides
were 2,4-D, a prepackaged mixture of pyroxsulam þ florasulam, a
prepackaged mixture of florasulamþ clopyralid, a prepackaged mix-
ture of mesosulfuron-methyl-methyl þ iodosulfuron-methyl-
sodium-methyl, and fenoxaprop-p-ethyl. The application rates for
the herbicides used and the abbreviations for the seven experimental
treatments applied during the current study are presented in Table 4.
Herbicides were applied with a pressurized backpack Gloria® 405 T
sprayer (Gloria Haus- & Gartengeraete GMBH, Daermannsbusch
7, 58456 Witten, Germany) equipped with five flat spray nozzles
(spray angle: 80°) delivering 300 L ha−1 of spray solution at 300
kPa. An exception was made for 2,4-D, which was applied with
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200 kPa pressure according to the recommendations provided on the
product label.

Data Collection

In each field, four metallic 0.25-m2 quadrats were placed perma-
nently around the middle of each plot in areas with uniform weed
flora and away from the plot margins. Each quadrat contained two
rows of durum wheat along with weeds. Herbicides were applied
after the major weed species present in the quadrats were identified
visually (data not shown). NDVI values were used as an estimate of
herbicide efficacy, given the evidence derived from previous studies
(Lewis et al. 2014). To make the evaluations possible, auxinic her-
bicides (2,4-D, clopyralid), acetolactate synthase (ALS) inhibitors
(pyroxsulam, florasulam, mesosulfuron-methyl-methyl, iodosul-
furon-methyl-sodium-methyl), and an acetyl-CoA carboxylase
(ACCase) inhibitor (fenoxaprop-p-ethyl) were selected for this
study. These herbicides cause chlorotic symptoms in the tissues
of the treated vegetation, and the symptoms are usually obvious
a short period after treatment. There is evidence indicating that
broadleaf weeds enter a decay phase approximately 72 h after treat-
ment with auxinic herbicides, with the weeds displaying chlorosis,
necrosis, senescence, and plant death (Grossman 2010). Although
photosynthesis is not regarded to be a primary target of ALS-inhib-
iting herbicides, changes in chlorophyll fluorescence responses are
observed in the treated plants (Riethmuller-Haage et al. 2006).
Injury symptoms due to application of fenoxaprop-p-ethyl, a lipid
synthesis inhibitor belonging to the aryloxyphenoxypropionate
family, are expressed in the leaf tissues of weeds between 7 to 14
d after treatment (Gunsolus and Curran 1991).

At 1WAT, a very short time for field test results, we returned to
each field for the first NDVI measurements in the areas marked by
the quadrats. At approximately 2 WAT, NDVI values were mea-
sured for a second time. Hereafter, the timing of the first NDVI
measurements is referred to as “1 WAT,” and the timing of the
second NDVI measurements is referred to as “2 WAT.” We tried
and almost managed to adhere to the timings of measuring NDVI
at 1 WAT and 2 WAT; but this was dependent on weather

conditions and predicted forecasts. The measurements were per-
formed using a Trimble® GreenSeeker® handheld crop sensor
(Trimble Agriculture Division, Westminster, CO, USA). The sen-
sor unit has self-contained illumination in both red and NIR bands
and measures reflectance in the red and NIR regions of the electro-
magnetic spectrum (Tremblay et al. 2009) according to Equation 1:

NDVI ¼ NIR � Red
NIDþ Red

[1]

The direction of the device was parallel to the direction of the
crop rows. The sensor was held stable at approximately 20 to 25 cm
above the weed leaf area for 5 s, in the area delimited from the rows
of the crop, and focused only on the weeds. The 5-s time period was
based on the recommendations of Kong et al. (2009). To measure
the NDVI values of almost all the weeds present in the area
between the crop rows, this action was repeated twice in each quad-
rat. The recorded values from each quadrat were then averaged.
The same course of action was carried out for the other three quad-
rats. The NDVI values recorded from the four quadrats were aver-
aged to obtain a final NDVI value for each plot. We noticed that
almost 2 h are required to accomplish a full measurement in a sin-
gle field. To validate the method and ascertain whether the low
NDVI values corresponded to the most efficient herbicide applica-
tions, destructive measurements were conducted before durum
wheat harvest. In particular, weed samples were selected from
the quadrats of each plot at the crop’s maturity stage (Alba
et al. 2020). The aboveground biomass was harvested by clipping
the vegetation at 3- to 5-cm height as in previous studies (Kanatas
et al. 2020) and was stored carefully in large numbered plastic bags.
Afterward, wheat spikes were harvested by hand from each quadrat
and were also stored carefully in separate plastic bags. The weed
samples and wheat spikes were transferred to the Laboratory of
Agronomy of Agricultural University of Athens. The seeds from
the harvested weeds were sampled and stored at room temperature
for future pot experiments (Travlos et al. 2020); the harvested weed
vegetation was then oven-dried for 48 h at 60 C, and total weed
aboveground biomass per unit area was measured. In addition,
to estimate wheat grain yield, the number of spikes per unit area
(no. m−2), the number of grains per spike, and the weight of
1,000 grains (g) were measured for each plot (Kanatas et al.
2020). The same series of actions, from the experimental setup
until the wheat harvest, were conducted in exactly the same way
for both experimental periods. Details regarding the dates of all
the experimental activities carried out during both years are pre-
sented in Table 5.

Pot Experiments

After screening the NDVI along with the weed biomass values
recorded, the weed accessions that were suspected of being resist-
ant to specific herbicides were recognized and tested for their resis-
tance status in pot experiments. The current study presents the
results of whole-plant bioassays evaluating the response of two
accessions of catchweed bedstraw (Galium aparine L.), one of corn
poppy (Papaver rhoeas L.), and one of sterile oat [Avena sterilis L.
ssp. ludoviciana (Durieu) Gillett & Mange] to herbicides that were
applied in our field trials.

The seeds for two accessions of G. aparine presented here were
derived from the fields in Aliartos. Accession GA (ART-1) was col-
lected from the Aliartos 1 field; accession GA (ART-2) was collected
from the Aliartos 2 field. After their initial storage, the collected

Table 1. Geographic position of each experimental field and wheat sowing
dates for both growing seasons (2018–2019 and 2019–2020).

Field Geographic position

Wheat sowing dates

2018–2019 2019–2020

Aliartos 1 38.639°N, 23.274°E 14 November 18 November
Aliartos 2 38.641°N, 23.206°E 13 November 19 November
Thiva 38.555°N, 23.677°E 15 November 16 November
Domokos 39.104°N, 22.542°E 6 November 7 November
Larissa 39.986°N, 22.480°E 4 December 9 December
Orestiada 42.021°N, 26.634°E 3 December 7 December

Table 2. Soil conditions of each experimental field.a

Field Soil type pH
Organic matter

—%—

Aliartos 1 Sandy clay (SC) 7.55 6.31
Aliartos 2 Sandy clay (SC) 7.69 6.58
Thiva Sandy clay (SC) 7.51 6.22
Domokos Clay (C) 7.61 7.24
Larissa Sandy loam (SL) 7.44 6.65
Orestiada Clay (C) 6.82 6.30

aData were averaged over both the growing seasons (2018–2019 and 2019–2020).
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seeds were buried in the soil at approximately 3- to 4-cm depth in
large rectangular pots (28 by 30 by 70 cm3) and kept outdoors under
natural conditions for 3mo to break their dormancy, as suggested in
the recent study by Wang et al. (2016). Afterward, seeds were
removed from the soil, air-dried, placed in paper bags, and stored

temporarily at room temperature until use. The P. rhoeas accession
PR (THV) was collected from Thiva. The pretreatment of these
P. rhoeas seeds was carried out with 0.5 g L−1 KNO3 for 24 h as sug-
gested byGolmohammadzadeh et al. (2020). To release dormancy in
the seeds of the A. sterilis ssp. ludoviciana oat accession AS (ORD),

Table 3. Mean monthly temperature and total monthly precipitation for the experimental fields during both the growing seasons (2018–2019 and 2019–2020).

Origin Climatic parameter November December January February March April May June

2018–2019
Aliartos Mean T (C) 13.2 7.1 6.3 7.9 11.8 14.2 19.4 25.5

Rainfall (mm) 120.4 123.6 178.6 111.4 104.4 68.0 8.0 21.4
Thiva Mean T (C) 12.5 7.4 6.4 7.7 11.7 13.3 18.4 25.3

Rainfall (mm) 69.6 68.2 119.4 107.4 38.4 61.4 25.4 1.8
Domokos Mean T (C) 10.7 3.9 2.4 5.5 10.6 11.8 16.6 23.0

Rainfall (mm) 48.2 42.6 132.8 68.8 53.2 48.8 25.4 28.4
Larissa Mean T (C) 12.8 6.5 4.6 8.6 13.0 15.2 20.4 26.8

Rainfall (mm) 66.8 27.6 68.8 19.2 19.2 18.0 35.4 21.2
Orestiada Mean T (C) 10.1 3.8 3.8 5.6 10.1 12.7 18.7 24.6

Rainfall (mm) 50.0 33.6 97.8 19.0 9.4 100.4 51.8 33.2
2019–2020

Aliartos Mean T (C) 15.0 9.3 5.8 8.7 11.1 13.2 20.0 23.3
Rainfall (mm) 101.0 133.9 41.0 38.8 134.6 124.2 44.8 29.8

Thiva Mean T (C) 15.5 9.4 6.7 9.3 11.1 13.1 19.8 23.4
Rainfall (mm) 79.0 99.4 35.4 42.2 57.6 83.8 23.6 8.4

Domokos Mean T (C) 12.6 6.2 4.7 7.6 9.0 11.6 18.2 21.2
Rainfall (mm) 110.4 74.4 9.6 45.4 67.0 93.2 68.0 25.0

Larissa Mean T (C) 15.3 9.0 6.1 9.9 12.1 14.7 21.3 25.0
Rainfall (mm) 70.8 124.4 1.2 17.8 57.0 48.6 32.1 19.8

Orestiada Mean T (C) 13.7 6.3 3.2 6.9 9.9 11.8 17.7 22.0
Rainfall (mm) 26.0 16.8 4.8 33.2 23.8 71.8 50.6 52.0

Table 4. Descriptions of the experimental treatments.

Treatment Herbicides Rate (g ai/ae ha−1) Trade name Manufacturer

T1
(untreated)

— — — —

T2 2,4-D 600 Crossbow™
600 EC

Corteva Agriscience Hellas, Athens, Greece; https://
www.corteva.gr

T3 2,4-D 1200 Crossbow™
600 EC

Corteva Agriscience Hellas, Athens, Greece; https://
www.corteva.gr

T4 Pyroxsulam þ florasulam 18.82þ 3.71 Broadway™ 85
WG

Corteva Agriscience Hellas, Athens, Greece; https://
www.corteva.gr

T5 Clopyralid þ florasulam 4.5þ 3.75 Primus®
Perfect SC

Corteva Agriscience Hellas, Athens, Greece; https://
www.corteva.gr

T6 Mesosulfuron-methyl þ iodosulfuron-
methyl-sodium

15þ 3 Atlantis® WG Bayer Hellas S.A.I.C, Athens, Greece; https://www.
cropscience.bayer.gr

T7 Fenoxaprop-p-ethyl 82.8 Puma S® 6.9
EW

Bayer Hellas S.A.I.C, Athens, Greece; https://www.
cropscience.bayer.gr

Table 5. Dates of herbicide applications, Normalized Difference Vegetation Index (NDVI) measurements, wheat harvest, and weed biomass harvest during both
growing seasons (2018–2019 and 2019–2020).

NDVIb

Herbicide applicationa 1 WAT 2 WAT Harvestc

Field 2018–2019 2019–2020 2018–2019 2019–2020 2018–2019 2019–2020 2018–2019 2019–2020

Aliartos 1 8 January (3.0) 9 January (2.9) 16 January 15 January 22 January 22 January 6 June 6 June
Aliartos 2 8 January (3.1) 9 January (3.0) 16 January 15 January 22 January 22 January 7 June 7 June
Thiva 8 January (3.3) 9 January (3.0) 16 January 15 January 22 January 22 January 8 June 8 June
Domokos 7 January (2.6) 8 January (1.3) 14 January 14 January 21 January 21 January 11 June 11 June
Larissa 1 February (0.6) 1 February (0.3) 8 February 8 February 15 February 16 February 23 June 26 June
Orestiada 3 February (2.0) 3 February (2.5) 10 February 10 February 17 February 17 February 28 June 30 June

aThe wind speed values (km h−1) were recorded at the time of spraying, and they are presented in parentheses.
bWAT, weeks after treatment.
cWheat harvest and weed biomass harvest were performed on the same dates.
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collected from Orestiada, the seeds were individually nicked with
two dental tweezers and placed in petri dishes on two sheets of
Whatman No.1 paper filter disk (Whatman, Maidstone, UK) satu-
rated with 6 ml of distilled water. The petri dishes were kept at 2 to 4
C in a refrigerator for a period of 7 d, as in previous studies (Travlos
2013). After all the appropriate pretreatment processes, the non-
dormant weed seeds could be used for sowing. Twenty seeds of
G. aparine, 100 seeds ofP. rhoeas, and 10 seeds ofA. sterilis ssp. ludo-
viciana were sown in separate plastic pots (12 by 13 by 15 cm3) and
placed outdoors (under natural sunlight conditions with air temper-
atures ranging from 11 to 24 C). The seeds were sown at 1-cm depth
to achievemaximum seedling emergence. Pots had been filled with a
mix of herbicide-free soil from the experimental field of the
Agricultural University of Athens and peat at a ratio of 1:1 (v/v).
The soil of the experimental field is clay loam with a pH value of
7.29, with CaCO3 and organic matter content of 15.99% and
2.37%, respectively. The pots were uniformly watered as needed
and rerandomized each week to achieve uniform growth conditions
for all plants. After the weeds passed the cotyledon stage, they were
thinned to five individuals per pot.

The G. aparine accessions, GA (ART-1) and GA (ART-2), were
evaluated regarding their response to the mixture of mesosulfuron-
methyl þ iodosulfuron-methyl-sodium (Atlantis® WG, Bayer Hellas
S.A.I.C, Athens, Greece) and also to the mixture of pyroxsulamþ flor-
asulam (Broadway™ 85 WG, Corteva Agriscience Hellas, Athens,
Greece). The response of the P. rhoeas accession PR (THV) to meso-
sulfuron-methyl þ iodosulfuron-methyl-sodium was also studied, as
was the response of the A. sterilis ssp. ludoviciana accession AS
(ORD) to different fenoxaprop-p-ethyl (Puma S® 6.9 EW, Bayer
Hellas S.A.I.C, Athens, Greece) application rates. For each dose–
response experiment presented, the herbicides were applied at 0.25X,
0.5X, X, 2X, and 4X the recommended field dose suggested from the
label of each commercial product. The recommended field dose for
the sulfonylurea prepackage mixture is 500 g ha−1, which is equivalent
to 15 g mesosulfuron-methylþ 3 g iodosulfuron ha−1. The recom-
mended field dose for the triazolopyrimidine mixture is
265 g ha−1, which is equivalent to 18.8 g pyroxsulamþ 3.7 g florasulam
ha−1. The recommended field dose for fenoxaprop is 82.8 g ai ha−1. Two
runs of each experiment were conducted, established in a completely
randomized design with four replicates (pots). Herbicides were applied
with a pressurized backpack Gloria® 405 T sprayer equipped with five
flat spray nozzles (spray angle: 80°) delivering 300 L ha−1 of spray sol-
ution at 300 kPa pressure. For G. aparine, herbicide applications were
performed when the weeds were at the 2- to 3-whorl (a circular pattern
of leaves occurring in Galium spp.) growth stage, as suggested by
Papapanagiotou et al. (2019a). For P. rhoeas, the herbicides were
applied at the 6-leaf growth stage (Rey-Caballero et al. 2017); for
A. sterilis ssp. ludoviciana, the treatments were applied at the 13 to
15 Zadoks stage (Travlos et al. 2011). An untreated control was kept
for each experiment. At 4 WAT, the broadleaf weeds were harvested,
and their freshweight wasmeasured. ForA. sterilis ssp. ludoviciana, the
fresh weight measurements were carried out at 21 DAT. Accessions of
each species susceptible to the corresponding herbicide were also
included in each dose–response experiment, treated with the same her-
bicide doses as the putative resistant accessions.

Statistical Analysis

According to our research protocol, we implemented the same
experimental treatments in every durum wheat field studied.
However, each trial initiated in each field during 2018 to 2019
was a separate experiment that was repeated during 2019 to

2020. There was no repetition in space, as our method targets pro-
viding in situ herbicide efficacy evaluation at the field level and giv-
ing specific recommendations to each farmer for maximum weed
control. Thus, data from each field were analyzed separately across
the two growing seasons.

Normal distribution of all data was checked with a Shapiro-
Wilk test (Shapiro and Wilk 1965), while homoscedasticity was
tested by performing Levene’s test (Levene 1960). Because the var-
iances were homogenous in all cases, arcsine square-root transfor-
mations of the data were not required. Such transformations are
much more useful in studies in which herbicide efficacy is
expressed as a percentage of the untreated control (Ahrens et al.
1990). For each separate field trial, the NDVI values recorded from
the first measurements and the secondmeasurements as well as the
total weed biomass and wheat grain yield values were subjected to
ANOVA using Statgraphics Centurion XVI (Statgraphics
Technologies, Inc., P.O. Box 134, The Plains, VA 20198, USA).
Analyses were performed at the α= 0.05 significance level. The fac-
tors of herbicide treatment and year and the interactions between
these factors were considered as fixed effects, while the factor of
block (replication) was considered as a random effect for analyzing
data derived from each trial. For each field trial, the effects of year
and year by herbicide treatment interactions on the studied param-
eters were not significant (P ≥ 0.05). Therefore, data were pooled
across the two experimental years. Multiple comparisons were per-
formed to separate means among treatments using Fischer’s LSD
test at an α= 0.05 significance level. A linear regression was also
performed according to the linear model:

y ¼ aþ bx [2]

where y represents the values of total aboveground biomass, and x
represents the NDVI values recorded at 2 WAT for each field trial.
The slope is represented by b. The selection of NDVI values at 2
WAT was made according to the hypothesis that all the treated
weeds would have exhibited more obvious chlorotic symptoms
in their leaf tissues, compared with 1 WAT, if they were affected
by the herbicide application.

ANOVA was used to analyze the data obtained from the pot
experiments. Because the ANOVAs indicated no significant treat-
ment by experimental run interactions, means were averaged over
the repeated experiments. The weed fresh weight data were
expressed as a percentage of the untreated control. The GR50 values
were obtained by nonlinear regression using the following log-
logistic equation (Seefeldt et al. 1995):

y ¼ cþ <ðd � cÞ=1þ exp fb ½logðxÞ � logðGR50Þ�g> [3]

where y represents dry weight at herbicide dose (x); c and d denote
the lower and upper limits, respectively; GR50 is the herbicide dose
centered between the asymptotic values; and b is the slope of the
response curve. The level of resistance was expressed by means of
the resistance index (RI), which was calculated as the ratio of the
GR50 of each potentially resistant (R) accession by the GR50 of the
corresponding susceptible (S) biotype (R/S).

Results and Discussion

Herbicide Efficacy

The overall effect of herbicide application on the NDVI values
recorded both at 1 and 2 WAT in the first field in Aliartos
(Aliartos 1) was significant (P ≤ 0.001). The species that occurred
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at the highest density in this field was G. aparine for both years (data
not presented). The lowest NDVI values corresponded to the appli-
cations of 2,4-D at either 600 or 1,200 g ae ha−1 (T2, T3) and the mix-
ture of clopyralidþ florasulam (T5) as observed at 1WAT (Table 6).
The rapid effects of 2,4-D application on G. aparine have been well
documented by Grossmann (2010). The results of the second
NDVI measurements were similar, and the values recorded for the
remaining herbicide treatments (T4, T6, T7) remained high
(Table 7). The aboveground weed biomass measurements were in
accordance (R2= 86.94%; Figure 1) with the NDVI values recorded
at 2 WAT, indicating that the auxinic-herbicide treatments (T2,
T3, T5) provided the highest levels of weed control. Clopyralidþ flor-
asulam has been reported as an effective mixture against broadleaves,
especially when combined with cultural practices (Kanatas et al.
2020). High NDVI and weed biomass values were observed for the
mixture of mesosulfuron-methyl þ iodosulfuron-methyl-sodium
(T6) (Table 8). The same result was obtained regarding the mixture
of pyroxsulamþ florasulam (T4). This finding is in line with another
study inwhich the low efficacy of thismixture against broadleaves was
noted (Hada et al. 2020). The observations were quite similar for the
second field inAliartos (Aliartos 2), a fieldwhere the dominant species
was againG. aparine. High NDVI and weed biomass reductions were
attributed to the application of clopyralidþ florasulam (T5) as well as
to the application of 2,4-D at both application rates (T2, T3). The
results of this field trial are in line with the findings of Baghestani
et al. (2007). The opposite results were obtained for T4 and T6 treat-
ments (Tables 6–8). The regression betweenNDVI andweed biomass
was again noticeable (Figure 1; R2= 82.34 %). Such results validate
that NDVI values at 2 WAT pose a reliable estimate of herbicide effi-
cacy and agree with another study in which lower NDVI values were
attributed to aminocyclopyrachlor application as compared with clo-
pyralid (Lewis et al. 2014). In both these field trials, very few grasses
were present in the experimental fields, and they did not contribute
significantly to the values for NDVI and weed biomass. In any case,
the small populations of grasses observed in some plots did not sur-
vive the T4, T6, and T7 treatments (visual observation). However, the

low efficacy of the T4 and T6 treatments against the broadleaf weeds
created concerns about the presence of herbicide-resistant
populations.

Four herbicide treatments (T2, T3, T4, T5) were effective in
Thiva given the low NDVI values recorded after their application,
as noted at 1 and especially 2 WAT (Tables 6 and 7). The NDVI
values recorded at 2 WAT were positively correlated with the total
weed biomass values measured at the end of the two growing sea-
sons (R2= 0.8652; Figure 1). These findings align with earlier stud-
ies in which this vegetation index was used to detect herbicide
injury symptoms on cultivated species by nondestructive means
(Kong et al. 2009; Thelen et al. 2004). Combined over 2018 to
2019 and 2019 to 2020, the applications of 2,4-D (T2, T3), pyrox-
sulam þ florasulam (T4), and clopyralid þ florasulam mixture
(T5) resulted in significantly lower aboveground weed biomass
as compared with the T1, T6, and T7 treatments (Table 8). In a
field where P. rhoeas was present in almost all quadrats for both
the growing seasons (data not presented), high NDVI and weed
biomass values were recorded for the mesosulfuron-methyl þ
iodosulfuron-methyl-sodium mixture (T6). To examine the
response of this population to the sulfonylurea mixture in pot
experiments, P. rhoeas seeds were collected from this field. This
species is notorious for developing resistance to herbicides com-
monly applied in wheat fields. Recent studies reported that popu-
lations of P. rhoeas have emerged in the Mediterranean area with
increased ability to exhibit resistance to 2,4-D via translocation,
and other populations exhibit multiple resistance patterns to
2,4-D and ALS-inhibiting herbicides (Kati et al. 2019; Torra
et al. 2017). Resistance to 2,4-D is quite an interesting topic, as
novel resistancemechanisms have been reported in noxious broad-
leaf weed species (de Queiroz et al. 2020). Thus, the sufficient effi-
cacy of 2,4-D–based treatments and the mixture containing
clopyralid (T5) reported in our study is encouraging. In the field
trial carried out in Domokos, ivy-leaved speedwell (Veronica
hederifolia L.) was the most frequently emerged species for both
the years (data not shown). The chlorotic symptoms in the leaf

Table 6. Normalized Difference Vegetation Index (NDVI) values recorded at 1 wk after treatment.a

Field

Treatment

T1 T2 T3 T4 T5 T6 T7 LSD P-value

Aliartos 1 0.645 a 0.530 b 0.505 b 0.650 a 0.520 b 0.650 a 0.650 a 0.05 ***
Aliartos 2 0.650 a 0.520 b 0.520 b 0.650 a 0.525 b 0.655 a 0.650 a 0.05 ***
Thiva 0.645 a 0.500 b 0.505 b 0.555 b 0.525 b 0.645 b 0.640 a 0.07 ***
Domokos 0.665 a 0.535 bc 0.490 c 0.560 b 0.520 bc 0.580 b 0.660 a 0.06 ***
Larissa 0.670 a 0.525 b 0.495 b 0.655 a 0.505 b 0.660 a 0.655 a 0.07 ***
Orestiada 0.675 a 0.645 a 0.635 a 0.535 b 0.635 a 0.555 b 0.670 a 0.06 ***

aData were averaged across the two growing seasons (2018–2019 and 2019–2020). The means are separated according to Fischer’s LSD test at α= 0.05 significance level. Different letters in the
same row indicate significant differences among treatments.

Table 7. Normalized Difference Vegetation Index (NDVI) values recorded at 2 wk after treatment.a

Field

Treatment

T1 T2 T3 T4 T5 T6 T7 LSD P-value

Aliartos 1 0.650 a 0.535 b 0.505 b 0.64 a 0.525 b 0.660 a 0.635 a 0.05 ***
Aliartos 2 0.655 a 0.525 b 0.525 b 0.640 a 0.535 b 0.650 a 0.650 a 0.05 ***
Thiva 0.645 a 0.525 b 0.500 b 0.530 b 0.520 b 0.600 a 0.640 a 0.06 ***
Domokos 0.670 a 0.535 bc 0.495 c 0.515 bc 0.510 bc 0.550 b 0.675 a 0.05 ***
Larissa 0.675 a 0.530 b 0.490 b 0.645 b 0.500 b 0.645 a 0.640 a 0.06 ***
Orestiada 0.670 a 0.660 a 0.640 ab 0.505 b 0.630 a 0.525 b 0.660 a 0.06 ***

aData were averaged across the two growing seasons (2018–2019 and 2019–2020). The means are separated according to Fischer’s LSD test at α= 0.05 significance level. Different letters in the
same row indicate significant differences among treatments.
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tissues of weeds treated with auxinic herbicides are visible a very
short time after application (Gunsolus and Curran 1991). In the
present study, the sensor detected those symptoms at 1 WAT,
whereas at 2 WAT, lower NDVI values corresponded to T4 and

T6 treatments as compared with the control (T1) (Tables 6
and 7). The correlation between NDVI and total weed biomass val-
ues was noticeable (R2= 0.8595; Figure 1). The lower efficacy of the
sulfonylurea mixture and the low dose of 2,4-D were at some point

Figure 1. Linear regression between Normalized Difference Vegetation Index (NDVI) (at 2 wk after treatment) and weed biomass (kg ha−1) for the fields of Aliartos (Aliartos 1,
Aliartos 2) and Thiva. R2 values are presented for each field trial (vertical and horizontal bars represent the standard errors of the measurements).

Table 8. Total weed aboveground biomass per unit area (kg ha−1).a

Field

Treatment

T1 T2 T3 T4 T5 T6 T7 LSD P-value

kg ha−1

Aliartos 1 1,790 a 483 b 196 b 1,638 a 361 b 1,686 a 1,819 a 509 ***
Aliartos 2 1,939 a 578 b 423 b 1,663 a 386 b 1,712 a 1,803 a 529 ***
Thiva 1,800 a 378 b 142 b 451 b 484 b 1,422 a 1,809 a 541 ***
Domokos 1,944 a 505 b 187 b 178 b 191 b 553 b 1,929 a 506 ***
Larissa 1,688 a 805 b 296 c 1,345 a 303 c 1,361 a 1,391 a 513 ***
Orestiada 1,868 a 1,702 a 1,725 a 112 b 1,700 a 158 b 1,914 a 531 ***

aData were averaged across the two growing seasons (2018–2019 and 2019–2020). The means are separated according to Fischer’s LSD test at a= 0.05 significance level. Different letters in the
same row indicate significant differences among treatments.
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expected, given the recommendations on the product labels.
However, the V. hederifolia populations were very sensitive to
the triazolopyrimidine mixture (T4), clopyralid þ florasulam
(T5), and the increased dose of 2,4-D (T3). The results from this
trial are agreement with Mayerová et al. (2018), who obtained
higher than 90% levels of weed control after 2,4-D applications
in wheat fields where Veronica spp. individuals were present at
a density of approximately 20 plants m−2.

In Larissa, the dominant species was blessed milk thistle
[Silybum marianum (L.) Gaertn.], a native broadleaf weed species
of the Mediterranean basin (Tamouridou et al. 2016). The treat-
ments containing auxinic active ingredients (T2, T3, T5) reduced
NDVI at 1 and 2 WAT in comparison to the control (T1) and the
mixtures based on ALS inhibitors (T4, T6) (Tables 6 and 7).
Noticeable R2 values (0.8149) were obtained between NDVI
(2WAT) and weed biomass (Figure 2). Themeasurements of weed
biomass validated that the T4 and T6 treatments did not affect the
S. marianum populations. A population of this species has been
reported to be reduced by only 8% after treatment with chlorsul-
furon at 15 g ai ha−1 (Zand et al. 2007). In a study by Shimi et al.
(2006), these mixtures were effective when applied at the seedling
growth stage of S. marianum. However, in the present study, the
weeds were in their rosette stage, and it was expected that only
the auxinic herbicides could provide adequate levels of control.
The reduced weed biomass values in the T5 plots are in line with
the suggestions of Khan et al. (2009) regarding the efficacy of
clopyralid and clopyralid mixtures at all stages of growth. 2,4-D
reduced weed biomass only at the high concentration (T2), as
shown in Table 8. Although NDVI was 20% lower in the plots
treated with 2,4-D at 600 g ae ha−1 (T2) than in the untreated plots
(T1) at 2 WAT (Table 7), the recorded weed biomass values were
high at the end of both the growing seasons. A possible explanation
might be that the weeds exhibited some regrowth, and many indi-
viduals survived the treatment in contrast to the initial chlorosis
detected in their leaf tissues. Regrowth is a common phenomenon
observed after application of 2,4-D against noxious weeds belong-
ing to the thistle (Asteraceae) family (Lym andDeibert 2005). Small
patches of grass weeds were also present in some plots but were
effectively controlled by mesosulfuron-methyl þ iodosulfuron-
methyl-sodium (T6) and fenoxaprop-p-ethyl (T7). This explains
the slight differences observed in NDVI (2 WAT) and weed bio-
mass between these treatments and the control (T1).

The NDVI values recorded at 1 WAT were significantly
(P ≤ 0.001) affected by herbicide application in Orestiada. Low val-
ues corresponded to themixtures of pyroxsulamþ florasulam (T4)
and mesosulfuron-methyl þ iodosulfuron-methyl-sodium (T6),
whereas higher values were observed for the remaining herbicide
treatments (T2, T3, T5, T7) and the control treatment (T1). In this
field, the most dominant species was Avena sterilis ssp. ludoviciana
(data not presented), the most widespread and harmful weed in
cereals in Greece (Travlos et al. 2008). Although the differences
were not significant, lower NDVI values were observed at 1
WAT for the treatments based on 2,4-D (T2, T3) and the mixture
of clopyralid þ florasulam (T5), as shown in Table 6. This can be
explained by the presence of small patches of broadleaf weeds that
were effectively controlled, as shown by the measurements carried
out a very short time after application. In the majority of our field
trials, the satisfactory performance of 2,4-D against the broadleaves
is encouraging, given the cases where noxious species develop
resistance via translocation of the active ingredient out of the
treated leaf tissues (Goggin et al. 2016). The same has to be noted
for the mixture of clopyralid þ florasulam. The use of herbicides

with different modes of action in mixtures is inevitable to deal with
the aggravated situation regarding the resistance patterns evolved
widely to ALS-inhibiting herbicides (Ntoanidou et al. 2017). Low
NDVI values were also observed for the two herbicidemixtures tar-
geting both grasses and broadleaves (T4, T6). The second NDVI
measurements validated the high efficacy of these two treatments
(Table 7). Lower values corresponded to the triazolopyrimidine
mixture (T4); the difference was noticed but was not significant.
The high NDVI values for the T2, T3, and T5 treatments did
not indicate herbicide inefficacy, as this was a durum wheat field
infested mainly with A. sterilis ssp. ludoviciana. The same cannot
be noted for the treatment based on the ACCase herbicide fenox-
aprop-p-ethyl (T7). The NDVI at 2WAT was very close to the val-
ues recorded for the control, suggesting herbicide inefficacy. The
measurements of aboveground biomass validated this trend, being
in full accordance with the NDVI values (Figure 2; R2= 0.8295).
The R2 value observed in this field trial was almost 90%, suggesting
that NDVI was an accurate index of herbicide efficacy. The low
weed biomass values recorded for the sulfonylurea prepackage
mixture agree with the findings of Travlos et al. (2011), who sug-
gested it as an efficient alternative for the control of diclofop-resist-
ant A. sterilis ssp. ludoviciana accessions that were also cross-
resistant to fenoxaprop-p-ethyl. However, recent research from a
study of wheat fields of Greece detected noticeable levels of resis-
tance in A. sterilis ssp. ludoviciana populations to this herbicide
mixture (Papapanagiotou et al. 2019b). In any case, this trend
was not observed during the current study, where it was also
noticed that the other mixture based on ALS inhibitors (T4; pyrox-
sulam þ florasulam) provided excellent control of the A. sterilis
ssp. ludoviciana populations along with the elimination of the
small patches of broadleaves.

Wheat Grain Yield

Wheat grain yield was significantly affected by herbicide applica-
tion in the first field trial in Aliartos (Aliartos 1) as indicated by
ANOVA (P ≤ 0.001). Combined across the 2 yr, the applications
of clopyralidþ florasulam (T5) and 2,4-D at both application rates
(T2, T3) resulted in the highest grain yield values. For instance,
yield increases obtained for T3 treatment ranged between 26%
and 30% as compared with the plots of control (T1) and mesosul-
furon-methyl þ iodosulfuron-methyl-sodium (T6) (Table 9).
Wheat yield has been reported to be favored by the increased weed
control levels provided by 2,4-D applications either as a single
treatment or in mixtures with MCPA (Baghestani et al. 2007;
Walsh et al. 2009). In the second field trial carried out in
Aliartos (Aliartos 2), it was also noticed that the higher grain yield
values corresponded with treatments containing auxinic herbicides
(T2, T3, T5), whereas significantly lower yields were obtained in
the plots treated with pyroxsulamþflorasulam, mesosulfuron-
methyl þ iodosulfuron-methyl-sodium and fenoxaprop-p-ethyl
(T4, T6 and T7, respectively) (Table 9). For example, the applica-
tion of 2,4-D at 600 g ae ha−1 (T2) increased wheat yield by 25% to
28% in comparison to the two herbicide mixtures that are based on
ALS inhibitors (T4, T6). The low values for grain yield obtained
after the application of pyroxsulam þ florasulam align with the
findings of another recent study in which this particular mixture
did not positively impact wheat yield (Mahmoud and Safina
2017). In contrast, Zargar et al. (2020) noticed that tribenuron
was the most effective herbicide against G. aparine and its appli-
cation was beneficial for wheat’s productivity. In Thiva, wheat
yield was affected at a significant point from herbicide application
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(P ≤ 0.001). Averaged over the two growing seasons, the low weed
biomass reductions after the application of the sulfonylurea mix-
ture (T6) resulted in approximately 25% lower yield than the values
recorded after the T2, T3, T4 and T5 treatments, which were

beneficial for wheat yield performance (Table 9). The yield losses
attributed mainly to P. rhoeas competition are in accordance with
Wilson et al. (1995), who highlighted the negative impact of this
weed onwheat’s productivity. The higher yields in the plots treated

Figure 2. Linear regression between Normalized Difference Vegetation Index (NDVI) (at 2 wk after treatment) and weed biomass (kg ha−1) for the fields of Domokos, Larissa, and
Orestiada. R2 values are presented for each field trial (vertical and horizontal bars represent the standard errors of the measurements).

Table 9. Wheat grain yield (kg ha-1).

Field

Treatment

T1 T2 T3 T4 T5 T6 T7 LSD P-value

kg ha-1

Aliartos 1 3,333.1 b 4,493.3 a 4,810.5 a 3,493.0 b 4,691.4 a 3,555.8 b 3,589.2 b 554.9 ***
Aliartos 2 3,281.4 b 4,552.2 a 4,563.4 a 3,414.0 b 4,593.1 a 3,390.5 b 3,344.1 b 573.8 ***
Thiva 3,446.9 b 4,745.6 a 4,825.7 a 4,776.3 a 4,718.7 a 3,553.3 b 3,454.4 b 534.4 ***
Domokos 3358.3 b 4,551.6 a 4,746.6 a 4,782.9 a 4,700.8 a 4,478.0 a 3,261.1 b 511.7 ***
Larissa 3,228.9 d 4,377.3 c 4,924.7 a 3,830.9 b 4,865.4 bc 3,746.9 d 3,750.2 d 496.7 ***
Orestiada 3,391.6 b 3,609.9 b 3,664.9 b 4,991.3 a 3,619.2 b 4,956.6 a 3,159.4 b 530.6 ***

aData were averaged across the two growing seasons (2018-2019 and 2019-2020). The means are separated according to the Fischer’s Least Significant Difference (LSD) test at a= 0.05
significance level. Different letters in the same row indicate significant differences among treatments.
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with clopyralid þ florasulam (T5) agree with recent studies in
which this mixture was part of integrated weed management strat-
egies against P. rhoeas (Kanatas et al. 2020). Similarly, the T2, T4,
and T5 treatments provided sufficient weed biomass reductions in
Domokos, and the final grain yield was increased by up to 30% in
comparison to the control (T1). The overall effects of herbicide
treatments on wheat grain yield were significant (P ≤ 0.001). The
yield losses due to weed competition in the control plots (T1) were
important in a field dominated by V. hederifolia. This was
expected, because competition from this noxious species affects
wheat tillering and causes nitrogen deficiency during the stem
elongation and flowering growth stages (Angonin et al. 1996).

In Larissa, poor wheat productivity was attributed to the T1, T6,
and T7 treatments. Two years of experimentation revealed the
superiority of the mixture containing clopyralid (T5) and the high
application rates of 2,4-D (T3) over the rest of the herbicide treat-
ments for controlling S. marianum. It is well established that the
management of this species in cereal fields is followed by important
yield increases (Turk et al. 2002). The wheat yields obtained under
the highest 2,4-D application rate are contradictory to the findings
of Soltani et al. (2006), who attributed a 9% reduction to crop
injury after 2,4-D applications. Although we had concerns for
phytotoxicity regarding the application of this treatment, we did
not obtain yield losses in our field trials after applying the herbicide
carefully and in full accordance with the product label recommen-
dations. The T3 and T5 treatments increased grain yield up to 30%
as compared with the control (T1) or T6 treatment. Intermediate
yield values corresponded with the triazolopyrimidine mixture
(T4) (Table 9). Yield reductions attributable to low herbicide effi-
cacy were anticipated in this field, because S. marianum competi-
tion can decrease the number of the grains per spike, weight of
1,000 grains, and final grain yield of wheat by 23% to 26%, 28%,
and 29% to 30%, respectively (Rehman et al. 2020). The weed con-
trol levels induced by the different herbicide treatments did signifi-
cantly impact wheat grain yield for Orestiada as indicated by
ANOVA (P ≤ 0.001). In particular, the application of the triazolo-
pyrimidinemixture (T4) developed for the simultaneous control of
grasses and broadleaves increased wheat yield by 28% as compared

with the treatments devoted only to the control of broadleaves
(T2, T3, T5). In comparison with the control plots (T1) and the
plots treated with fenoxaprop-p-ethyl (T7), the differences were
even greater and ranged between 34% and 37%. Similarly, the sul-
fonylurea mixture was also beneficial for wheat yield performance.
The very low yields in the T1 and T7 treatment plots were expected,
given that a very strong competitor of wheat (e.g., A. sterilis ssp.
ludoviciana) was left uncontrolled along with the presence of some
broadleaves. Avena sterilis ssp. ludoviciana competition is a major
threat for the productivity of wheat, as its presence in the field can
lead to up to 62% yield reductions (Balyan et al. 1991). This annual
grass weed has been reported to be very harmful also in barley,
which is generally considered to exhibit increased competitiveness
against grass weeds in comparison to wheat (Dhima et al. 2000).

Pot Experiments

The G. aparine GA (ART-1) accession derived from the first field
in Aliartos (Aliartos 1) exhibited noticeable levels of resistance to
the mixture of mesosulfuron-methyl þ iodosulfuron-methyl-
sodium. In particular, when treated with half the field dose, the
plants were slightly affected, whereas after the recommended field
dose, fresh weight reduction was recorded at 14% of control. The
application of double the recommended dose resulted in only 30%
fresh weight reduction compared with the control (Figure 3). The
GR50 value (56.83 g mesosulfuron-methylþ 11.37 g iodosulfuron-
methyl-sodium ha−1) of this accession was 13.2 times higher than
the corresponding susceptible accession (Table 10). These results
are in full accordance with the findings of Nosratti and
Muhammadyari (2019), who recorded 85% survival for a G. apar-
ine accession after treatment with the recommended field dose of
mesosulfuron-methyl þ iodosulfuron-methyl-sodium. The out-
come was similar for the dose–response experiments carried out
with the second G. aparine accession, GA (ART-2), derived from
the second Aliartos field (Aliartos 2). The GR50 (41.81 g mesosul-
furon-methylþ 8.36 g iodosulfuron-methyl-sodium ha−1) and RI
(9.7) values were noticeable, suggesting the development of
another resistant accession. A similar case has been reported

Figure 3. The responses of two Galium aparine accessions, GA (ART-1) and GA (ART-2), and one Papaver rhoeas accession, PR (THV), to six doses (0, 0.25X, 0.5X, X, 2X, 4X) of the pre-
packagedmesosulfuron-methylþ iodosulfuron-methyl-sodiummixture (Atlantis®WG; field dose X is 500 g ha−1= 15 gmesosulfuron-methylþ 3 g iodosulfuron-methyl-sodiumha−1). GA
(S1) and PR (S) are susceptible accessions of G. aparine and P. rhoeas, respectively (vertical bars represent the standard errors of the measurements).
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during the last decade in Turkey, where the application of this sul-
fonylurea mixture did not affect two populations of this species
when applied at the recommended field dose, and only the double
dose caused significant biomass reduction (Mennan et al. 2011).

In the present study, the accessions GA (ART-1) and GA
(ART-2) were also found to be resistant to the mixture of pyrox-
sulam þ florasulam. Fresh weight reductions were recorded at
25% and 46% in comparison to the control for GA (ART-1) after
treatment with 1X and 2X doses, respectively, while the corre-
sponding biomass reductions for the second accession from
Aliartos, GA (ART-2), were 37% and 55% (Figure 4). Galium
aparine resistance to ALS inhibitors has risen, and new cases have
recently been reported (Papapanagiotou et al. 2019a). After cal-
culating the ratios of the GR50 values of these accessions to the
corresponding of the susceptible accession GA (S2), RIs were
8.3 and 6.1 for GA (ART-1) and GA (ART-2), respectively, sug-
gesting the presence of herbicide-resistant weeds (Table 10).
These results align with the recent study by Deng et al. (2019),
in which G. aparine accessions resistant to sulfonylureas (tribe-
nuron) were also resistant to a triazolopyrimidine herbicide
(flumetsulam).

It must be noted that high NDVI values were recorded for the
resistant accessions after treatment with the corresponding herbi-
cides in our field trials carried out in Aliartos. The same pattern
was observed for Thiva. A P. rhoeas accession, PR (THV), was har-
vested from plots treated with mesosulfuron-methyl þ iodosul-
furon-methyl-sodium where high NDVI values were recorded at
2 WAT. The individuals from this accession were tested for herbi-
cide resistance, as suspected herbicide inefficacywas validated by the
biomass measurements in our field trial. In fact, the development of
P. rhoeas resistance to ALS inhibitors is a widespread phenomenon
in the Mediterranean region and has been well documented in
recent studies (Rey-Caballero et al. 2017; Scarabel et al. 2015).
After treatment with 1X, 2X, and 4X the recommended field doses,
the fresh weight of the weeds was recorded at 69%, 48%, and 21% of
control (Figure 3). The GR50 values were 28.43 and 5.69 g ai ha−1 for
mesosulfuron-methyl and iodosulfuron-methyl-sodium, respec-
tively, resulting in a noticeable RI value (6.2) after calculating the
GR50 (R/S) ratio with the GR50 value of a susceptible accession.
Resistance to mesosulfuron-methylþ iodosulfuron-methyl-sodium
was also reported in the study by Kaloumenos et al. (2011), in which
the applications of 4X the recommended rate did not cause

Table 10. Accessions of each weed species tested for herbicide resistance.a

Fieldb Species Accessionc Herbicides GR50 (g ai ha−1) RI

Aliartos 1 Galium aparine GA (ART-1) Mesosulfuron-methyl þ iodosulfuron-methyl-sodium 56.8þ 11.4 13.2
Aliartos 2 Galium aparine GA (ART-2) Mesosulfuron-methyl þ iodosulfuron-methyl-sodium 41.8þ 8.4 9.7

Galium aparine GA (S1) Mesosulfuron-methyl þ iodosulfuron-methyl- sodium 4.3þ 0.9 1.0
Aliartos 1 Galium aparine GA (ART-1) Pyroxsulam þ florasulam 42.3þ 8.3 8.3
Aliartos 2 Galium aparine GA (ART-2) Pyroxsulam þ florasulam 31.2þ 6.1 6.1

Galium aparine GA (S2) Pyroxsulam þ florasulam 5.1þ 1.0 1.0
Thiva Papaver rhoeas PR (THV) Mesosulfuron-methyl þ iodosulfuron-methyl-sodium 28.4þ 5.7 6.2

Papaver rhoeas PR (S) Mesosulfuron-methyl þ iodosulfuron-methyl-sodium 4.6þ 0.9 1.0
Orestiada Avena sterilis ssp. ludoviciana AS (ORD) Fenoxaprop-p-ethyl 272.4 8.8

Avena sterilis ssp. ludoviciana AS (S) Fenoxaprop-p-ethyl 30.8 1.0

aThe response of each accession to each herbicide is represented by the GR50 (g ai ha−1) and resistance index (RI), e.g., GR50 (R/S) ratio values derived from the dose–response experiments.
bField: the field from which the seeds of each accession were collected.
cAccession: the abbreviated name of each accession. GA (S1) is an accession of Galium aparine susceptible to mesosulfuron-methylþ iodosulfuron-methyl-sodium. GA (S2) is an accession of G.
aparine susceptible to pyroxsulam þ florasulam. PR (S) is an accession of Papaver rhoeas susceptible to mesosulfuron-methyl þ iodosulfuron-methyl-sodium. AS (S) is an accession of Avena
sterilis ssp. ludoviciana susceptible to fenoxaprop-p-ethyl.

Figure 4. The responses of two Galium aparine accessions, GA (ART-1) and GA (ART-2), to six doses (0, 0.25X, 0.5X, X, 2X, 4X) of the prepackaged pyroxsulamþ florasulammixture
(Broadway™ 85 WG; field dose X is 2.65 g ha−1= 18.82 g pyroxsulamþ 3.71 g florasulam ha−1). GA (S2) is a susceptible accession of G. aparine (vertical bars represent the standard
errors of the measurements).
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significant fresh weight reductions in populations of P. rhoeas. The
situation regarding the resistance status of this weed to mesosul-
furon-methyl þ iodosulfuron-methyl-sodium has been aggravated
in the Greek cereal fields (Kati et al., 2019).

Similar concerns arose regarding A. sterilis ssp. ludoviciana
resistance to fenoxaprop-p-ethyl in Orestiada after the NDVI
measurements and weed biomass measurements. The responses
of the individuals of this accession validated the hypothesis that
the high NDVI values were observed due to the presence of her-
bicide-resistant weeds that were not affected by the ACCase her-
bicide. In particular, the applications of fenoxaprop-p-ethyl at
0.5X, 1X, and 2X the recommended field doses resulted in only
10%, 26%, and 39% fresh weight reductions compared with the
control. Applying the herbicide at 4X the recommended rate
reduced A. sterilis ssp. ludoviciana biomass by 56%
(Figure 5). The high GR50 value obtained (272.4) indicated that
the accession was 8.8 times more resistant than a susceptible
accession after calculating the GR50 (R/S) ratio (Table 10).
These results are in line with those of previous study in which
the resistance indices of A. sterilis ssp. ludoviciana to fenoxap-
rop-p-ethyl ranged between 4.1 and 9.4 (Travlos et al. 2011).
Accessions of A. sterilis ssp. ludoviciana from northern
Greece were reported to be four times more resistant to fenox-
aprop-p-ethyl and a wide range of ACCase-inhibiting herbicides
in a very recent study (Papapanagiotou et al. 2019b). Selective
grass weed control in the wheat fields of Greece was mainly
dependent on the repeated use of ACCase-inhibiting herbicides
during the previous years. The situation regarding herbicide
resistance has been aggravated, and alternative strategies are
required for the management of this harmful species, whose
resistant populations tend to be more competitive than the sus-
ceptible ones (Travlos 2013).

To summarize, the pot experiments results support our
hypothesis suggesting that high NDVI values recorded after her-
bicide application might be linked with the presence of herbicide-
resistant weeds in a cultivated area. A critical issue is the optimum
timing for capturing NDVI values to determine which herbicide
is efficient according to each field’s special needs for weed

control. We intend to pursue this goal with further experimenta-
tion. In any case, the present study is targeted at making a signifi-
cant contribution toward establishing cause–effect relationships
and presenting a useful tool for developing more effective weed
management practices in more arable crops and under different
soil and climatic conditions.
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