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Abstract: Sustainable crop and weed management is among the crucial challenges in the era of the EU
Green Deal. The main objective of the present study was to apply an innovative approach for the rapid
assessment of herbicide efficacy in maize (Zea mays) crop in four different trials during two years.
Weed NDVI values were recorded at two weeks after treatment, while weed biomass and crop yield
were also measured. The results revealed significant differences between the several treatments.
In many cases, significant effects of herbicide application on the normalized difference vegetation
index (NDVI) values and weed biomass were noticed at two weeks after treatment. Moreover, the
mixture nicosulfuron + rimsulfuron + mesotrione resulted in high efficacy on the crop yield of all
fields. Consequently, our approach can allow for an early prediction of the real field efficacy of several
herbicides and thus act as an alert for the farmers in order to choose the most efficient herbicide,
avoid applications of low efficacy and reduce the herbicide inputs.
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1. Introduction

Weeds have been identified as the most important pests for important crops like
wheat, rice, maize and soybean [1]. Up to now, chemical control has played a pivotal role
in successful weed management. However, the development of herbicide-resistant weed
biotypes tends to put into danger their overall efficacy [2]. Furthermore, recent policies like
the EU Green Deal and “Farm to Fork” strategy have set ambitious and challenging goals
toward a more sustainable agriculture and a vast reduction in herbicide use [3].

Several sensor-based approaches have been developed for evaluating plant health and
estimating crop growth and productivity [4]. Among the several indices, the normalized
difference vegetation index (NDVI) is one of the most widely used [5,6]. In precision
agriculture, the NDVI is used to identify differently managed zones in herbaceous crops [7].
In particular, a novel method based on the NDVI was recently proposed by Travlos et al.
(2021) for the early assessment of the herbicides’ efficacy in durum wheat crop [8], while
hyperspectral imaging and machine learning were used for the early detection of the
herbicidal effect [9].

Furthermore, unmanned aerial vehicle (UAV) platforms, sensor technologies and
Sentinel-2 multispectral time-series data have been lately used and studied toward the
identification and assessment of herbicide-resistant weeds and the efficacy of glyphosate-
based herbicides [10,11].

The aim of the present study was to evaluate our novel method in terms of herbi-
cide performance in maize crop. The assessment of herbicide performance was based on
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the NDVI values recorded within a few days after the application. Destructive measure-
ments were taken to validate the reliability of the method whereas the effect of herbicide
application on maize yield was also studied.

2. Materials and Methods
2.1. Site Description

Field trials were carried out and repeated for two consecutive growing seasons in
several maize (Zea mays L.) fields in Pyrgos region, Western Greece (Table 1). The selection
of fields was based on the reports of local farmers for the inadequate efficacy of herbicide
applications. For each location, soil properties of fields and meteorological data were
recorded. Before experimental establishment, soil samples were taken at 0–25 cm depth
in order to have an idea of the main soil characteristics of each trial, which are described
in Table 1. Regarding the weather data, the average monthly air temperature and rainfall
were collected on a daily basis and given as mean monthly values for the study period
(Figure 1). The climatic conditions in both experimental seasons were quite similar and
typical of the Mediterranean basin.

Table 1. Specific geographic position and soil features of experimental fields in maize crop for both
growing seasons.

Field Geographic Position Type of Soil pH Organic Matter %

Pyrgos1 37.667872◦ N, 21.477450◦ E Clay 7.15 3.1
Pyrgos2 37.661711◦ N, 21469247◦ E Clay 7.41 2.65
Pyrgos3 37.5543099◦ N, 21.5860696◦ E Clay 7.29 3.02
Pyrgos4 37.6512367◦ N, 21.4501098◦ E Clay 7.24 4.05
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sons (Table 2) at an approximate rate of 70,000 to 80,000 seeds ha−1. In all fields, the crop 
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insect pest control practices were followed since infestations were not detected in any ex-
perimental run for both growing seasons. The abovementioned crop management proce-
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Figure 1. Monthly mean temperature (Tmean) and total rainfall during the two growing seasons
(1st experimental year and 2nd experimental year) where the experiments were conducted.

2.2. Experimental Setup and Design

For all the studied fields, experimental trials were conducted on already established
maize fields. According to farmers, seedbed preparation of each trial was carried out
one week before sowing by plowing with a cultivator to a depth of 20 cm and followed
by harrowing. Maize sowing was carried out at the beginning of April for both growing
seasons (Table 2) at an approximate rate of 70,000 to 80,000 seeds ha−1. In all fields, the
crop was sown in rows separated by 75 cm, with 5 cm spacing within the rows. No disease
and insect pest control practices were followed since infestations were not detected in
any experimental run for both growing seasons. The abovementioned crop management
procedures were identical in all experimental fields.
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Table 2. Maize sowing dates for each growing season (1st experimental year and 2nd experimental year).

Field 1st Experimental Year 2nd Experimental Year

Pyrgos1 8 April 5 April
Pyrgos2 10 April 6 April
Pyrgos3 6 April 9 April
Pyrgos4 10 April 8 April

Regarding the experimental setup, we walked through each field on the two diagonals
in order to define the most frequent weed species [7]. In each field, areas with representative
weed flora were chosen for the establishment of the field trials, and GPS coordinates
were recorded [12] to resettle the trials in the following year. The selected area was
organized in a randomized complete block design (RCBD) with seven treatments and four
replications, resulting in a total of twenty-eight plots. The plot size of each treatment was
2.5 m long × 4 m wide with 5 rows and occupied a surface of 10 m2. The total experimental
area in each maize field was 280 m2.

Fields were treated with six different post-emergence herbicides including five prepack-
aged herbicide mixtures, and 2,4-D at the maximum recommended application dose
(Table 3). A weedy check (control) treatment was also added. Herbicides were applied
with five spray nozzles (spray angle: 80◦) of the pressurized backpack sprayer Gloria ©
405 T (Gloria Haus & Gartengeraete GMBH, Witten, Germany). Sprayers were calibrated
to deliver 300 L·ha−1 of spray solution at 300 kPa except for 2,4-D, which was applied
with 200 kPa pressure according to the registration’s recommendations. At the time of
herbicide application, maize plants had reached the phenological stage of 2–6 true leaves
corresponding to stages 12–16 of the BBCH scale, while weeds were between 3 and 5 leaves.

Table 3. Description of the treatments, mechanism of action, application rates, commercial products
and manufacturer names included in the treatment list in all four sites for both experimental years.

Treatment Active Ingredient Mechanism of
Action Rate (g·a.i.·ha−1) Trade Name Manufacturer

T1 1 - - - - -

T2
Nicosulfuron +
rimsulfuron +

mesotrione

ALS + ALS +
4-HPPD inhibitors

39.6 + 99 + 118.8
+ 1080

Arigo 51 WG +
Codacide EC

Corteva Agriscience
Hellas, Athens, Greece

T3
Nicosulfuron +
rimsulfuron +

dicamba

ALS + ALS
inhibitors + natural

auxins

400.4 + 422.4 +
374 + 1080

Hector max WG +
Codacide EC

Corteva Agriscience
Hellas, Athens, Greece

T4 Nicosulfuron +
rimsulfuron

ALS + ALS
inhibitors 38.61 + 9.63 Principal Corteva Agriscience

Hellas, Athens, Greece

T5 Florasulam +
mesotrione

ALS + 4-HPPD
inhibitors 7.515 + 120.15 Cabatex extra Corteva Agriscience

Hellas, Athens, Greece

T6 Mesotrione +
nicosulfuron

4-HPPD + ALS
inhibitors 112.5 + 45 Elumis 105 OD Syngenta Hellas,

Athens, Greece

T7 2 2,4 D ester Natural auxins 600 Crossbow 600 EC Corteva Agriscience
Hellas, Athens, Greece

1 Untreated control. 2 2,4-D rate is expressed as g·a.e.·ha−1. All other herbicide rates are expressed as g·a.i.·ha−1.

2.3. Data Collection

To evaluate herbicide efficacy, NDVI, weed dry biomass and maize yield measure-
ments were carried out. Prior to measurements, three 0.25 m2 metal quadrats were placed
permanently around the middle of each plot with awareness of including a uniform weed
flora and remaining away from plot margins. Each quadrat was positioned between the
rows of maize crop in order to contain only the weed species. To measure weed NDVI,
a Trimble ® GreenSeeker® handheld sensor (Trimble Agriculture Division, Westminster,
CO, USA) was used. The sensor unit has self-contained illumination in both red and near-
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infrared (NIR) ranges and shows the reflectance in the red (visible 660 nm) and NIR (visible
770 nm) portion of the electromagnetic spectrum [12,13] corresponding to the subsequent
Equation (1):

NDVI =
NIR − Red
NIR + Red

(1)

NDVI measurements were conducted in the areas marked by the quadrats at 0, 4, 7
and 14 days after treatments (DAT), whereas the first NDVI measurement and the weed
density (0 DAT) preceded the herbicide application. Regarding the procedure of NDVI
records in each plot, the sensor was placed in parallel to the direction of the crop rows
and held stable at a height of 25–30 cm above the weed leaf area. The device was moved
slowly within the limits of the quadrat for 5 s as recommended by Kong et al. [14]. This
procedure was repeated twice per quadrat to detect almost all existing weeds, and then
recorded values were averaged. All NDVI measurements were taken at midday between
13:00 pm and 15:00 pm as suggested by previous relative studies [8].

To validate the method and determine whether the low NDVI values corresponded
to the most efficient herbicide applications, weed population and dry matter were also
recorded before maize harvest. Weeds from two quadrats of each plot were sampled at 0, 7
and 14 DAT. In particular, the aboveground biomass was harvested by cutting at a height
of 3–5 cm height [15], and weed species were identified and counted. Then, the fresh weed
biomass of 7 and 14 DAT destructive measurements was oven-dried at 60 °C for 48 h to a
constant weight to record weed dry weight. Values obtained were transformed per area
unit for density (numbers m−2) and biomass (g·m−2). Simpson index was also calculated
based on the data of the sampled weeds at 0 DAT to evaluate the weed diversity in each
plot [16] (Equation (2)). For the calculation of the index, values of two quadrats per plot
were averaged.

D =
S

∑
i=1

p2
i (2)

At the growth stage of maize grain maturity (BBCH 89), all ears from plants of the
middle rows in an area of 6 m2 were harvested. Then, ears were dried in the oven at
70 ◦C until a constant weight was accomplished and the final yield was determined at a
grain moisture content of 14%. Grain yield per unit area was calculated by multiplying the
number of ears per unit area (number m−2), the number of rows per ear (number ear−1),
the number of kernels per row (number row−1) and the mean weight of one kernel (g),
which was calculated from the 10,000 kernels weight [17].

2.4. Statistical Analysis

Normal distribution of all data was confirmed with the Shapiro–Wilk test [18], while
the variance check was performed by Levene’s test [19]. All data were subjected to a
two-way analysis of variance (ANOVA) using the STATGRAPHICS Centurion XVII Version
statistical software (Statpoint Technologies Inc., The Plains, VA, USA). The site-years and
herbicide treatments were taken into account as fixed effects and replicates as random
effects. Differences between treatments were compared by using Fisher’s least significant
difference (LSD) test, where probabilities are equal to or less than 0.05 (a = 5%). Linear
regressions were also performed according to the following linear model (Equation (3)):

y = a + b × x (3)

where the dependent variable y is weed biomass or grain yield, the independent x is weed
NDVI, a is the intercept and b is the slope of the regression line.

3. Results and Discussion

A total of five most frequent weed species were identified during the two experimental
years, including the grasses Sorghum halepense L. and Echinochloa spp. L. and the broadleaves
Datura stramonium L., Solanum nigrum L. and Amaranthus spp. L. In the field Pyrgos1, the
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dominant weed was Solanum nigrum with a density of 11 and 12 plants m−2 for the first and
second experimental years, respectively (consisting of 70% of total weed flora). A similar
density was recorded in the field Pyrgos 4 for the dominant weed species Echinochloa spp.
Regarding the experimental fields P2 and P3, a high weed diversity was noted and thus no
dominant species emerged (Table 4). Simpson index calculation proved that weed flora was
uniform before the application of herbicide treatments (0 DAT) in each plot of the studied
fields and remained the same during the experimental years. That observation was a
prerequisite for the establishment of field trials in order to ensure that NDVI measurements
would be derived by baseline plots with homogenous weed flora (Table 4).

Table 4. Simpson index of weed flora of each treatment plot before the application of herbicide (0 DAT)
for the first and second experimental years. T: herbicide treatments (T1: untreated control; T2: nico-
sulfuron + rimsulfuron + mesotrione; T3: nicosulfuron + rimsulfuron + dicamba; T4: nicosulfuron +
rimsulfuron; T5: florasulam + mesotrione; T6: mesotrione + nicosulfuron; T7: 2,4-D ester); Y: year.

Plots of Treatments Pyrgos1 Pyrgos2 Pyrgos3 Pyrgos4

1st Experimental Year

T1 0.37Aab 0.69 Abc 0.86 Aa 0.43 Aab
T2 0.40 Aab 0.74 Ab 0.90 Aa 0.44 Aa
T3 0.40 Aab 0.7 Aabc 0.87 Aa 0.46 Aab
T4 0.41 Aa 0.75 Aa 0.87 Aa 0.43 Aab
T5 0.39 Ab 0.75 Aa 0.84 Aa 0.41 Ab
T6 0.37 Aab 0.70 Aabc 0.81 Aa 0.44 Aab
T7 0.33 Aab 0.73 Ac 0.82 Aa 0.41 Aab

2nd Experimental year

T1 0.39 Aab 0.70 Abc 0.88 Aa 0.44 Aab
T2 0.41 Aab 0.72 Ab 0.84 Aa 0.45 Aa
T3 0.37 Aab 0.68 Abc 0.91 Aa 0.44 Aab
T4 0.41 Aa 0.74 Aa 0.88 Aa 0.41 Aab
T5 0.34 Ab 0.73 Aa 0.89 Aa 0.42 Ab
T6 0.41 Aab 0.74 Aabc 0.90 Aa 0.40 Aab
T7 0.42 Aab 0.71 Ac 0.83 Aa 0.44 Aab

LSDT 0.8574 0.0413 0.0506 0.0318
LSDY 0.025061 0.023864 0.0292 0.018381

T ns * ns ns
Y * ns ns ns

* p < 0.05; ns, not significant (p > 0.05). Values belonging to the same characteristics without common letters are
statistically different according to LSD (0.05).

3.1. Herbicide Efficacy

Herbicide treatments significantly affected the NDVI values for both years of experi-
mentation (p < 0.001), whereas non important differences were documented between the
experimental fields (ns; p > 0.05). Since the environmental conditions were similar, NDVI
values of weed flora did not differ between the fields (Figure 1). That fact is easily noticeable
from the NDVI values of the untreated control (T1) at 14 DAT and is in agreement with
previous studies [8]. For instance, the NDVI of T1 for fields Pyrgos1, Pyrgos2, Pyrgos3 and
Pyrgos4 was 0.71, 0.69, 0.71 and 0.69, respectively, in the second year of experimentation.

Regarding the herbicide treatments, chlorotic symptoms were caused in the leaf
tissues of weeds, and weed growth was inhibited compared with the untreated control.
These symptoms were not detectable in the second measurement (7 DAT) of the NDVI
in most of the studied fields. The very short time after application led to insignificant
differences between NDVI values of plots treated with the herbicides and untreated plots
(T1) (ns; p > 0.05). Therefore, data only from the third NDVI measurement (14 DAT) are
presented below (Table 5).
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Table 5. Normalized difference vegetation index (NDVI) values recorded at 14 DAT and total weed
aboveground biomass per unit area (kg·ha−1). Herbicide treatments (T1: untreated control; T2: nico-
sulfuron + rimsulfuron + mesotrione; T3: nicosulfuron + rimsulfuron + dicamba; T4: nicosulfuron +
rimsulfuron; T5: florasulam + mesotrione; T6: mesotrione + nicosulfuron; T7: 2,4-D ester).

NDVI Values Total Weed Biomass (kg·ha−1)

1st Experimental Year

Treatments Pyrgos1 Pyrgos2 Pyrgos3 Pyrgos4 Pyrgos1 Pyrgos2 Pyrgos3 Pyrgos4

T1 0.76 Aa 0.78 Aa 0.72 Aa 0.66 Aa 1604 Aa 1358 Aa 1361.7 Aa 1320.3 Aa
T2 0.55 Ad 0.62 Abc 0.57 Aab 0.55 Aab 497.6 Ac 543 Ac 603.7 Ac 626 Ab
T3 0.48 Acd 0.51 Ac 0.69 Ab 0.48 Ac 643 Ac 498 Ac 753 Ab 392 Ac
T4 0.65 Abc 0.61 Abc 0.71 Aab 0.62 Aab 696 Ab 696 Ab 838 Ab 647 Ab
T5 0.67 Aab 0.70 Aab 0.45 Ac 0.60 Aab 680.6 Ab 653 Ab 488 Ac 601 Ab
T6 0.54 Ad 0.57 Ac 0.61 Aab 0.55 Ab 529.3 Acd 558 Acd 753 Ab 552 Ab
T7 0.59 Abcd 0.68 Abc 0.42 Ac 0.51 Aab 671.7 Abc 705 Abc 492.7 Ac 599 Ab

2nd Experimental year

Pyrgos1 Pyrgos2 Pyrgos3 Pyrgos4 Pyrgos1 Pyrgos2 Pyrgos3 Pyrgos4

T1 0.71 Aa 0.69 Ba 0.71 Aa 0.69 Aa 1642 Aa 1463 Aa 1113 Aa 1437 Aa
T2 0.42 Ad 0.51 Bbc 0.68 Aab 0.59 aab 411.6 Ac 514 Ac 583.7 Ac 611.7 Ab
T3 0.58 Acd 0.54 Bc 0.55 Ab 0.41 Ac 626.7 Ac 411.7 Ac 809.7 Ab 418.7 Ac
T4 0.6 Abc 0.53 Abc 0.65 Aab 0.60 Aab 722 Ab 722 Ab 827.7 Ab 543 Ab
T5 0.62 Aab 0.63 Aab 0.54 Ac 0.56 Aab 756 Ab 756 Ab 5147 Ac 679 Ab
T6 0.47 Ad 0.52 Bc 0.68 Aab 0.63 Ab 590.4 Acd 590.3 Acd 723 Ab 572.7 Ab
T7 0.54 Abcd 0.53 Abc 0.58 Ac 0.54 Aab 680.6 Abc 68.07 Abc 57.27 Ac 63.7 Ab

LSDT 0.0985 0.0985 0.0943 0.0856 129.44 128.56 127.457 132.435
LSDY 0.0342 0.0509 0.0504 0.0645 69.188 69.188 68.128 70.79

T *** *** *** *** *** *** *** ***
Y ns *** ns ns ns ** ns ns

** p < 0.01; *** p < 0.001; ns, not significant (p > 0.05). Values belonging to the same characteristics without common
letters are statistically different according to LSD (0.05).

The analysis of variance revealed significant effects of herbicide application on the
NDVI values at 14 DAT in the first field at Pyrgos (Pyrgos1) (p < 0.001). On the contrary,
there were no significant differences between the experimental years (ns; p > 0.05). All
herbicide treatments reduced the weed NDVI values across the growing seasons, exactly
as found in previous studies [20–22]. For the first experimental year, the lowest value
(0.48) was recorded in plots treated with nicosulfuron + rimsulfuron + dicamba (T3) at
14 DAT. During the following year, the highest decline in the NDVI (40.8 %) was caused by
nicosulfuron + rimsulfuron + mesotrione (T2) compared with the untreated plots (T1). The
effect of herbicide application was well depicted in the dry biomass of weeds, where all
treatments led to a significant decrease compared with untreated plots (T1) (p < 0.001). The
lowest values of weed growth (biomass production) were noted in the experimental plots
treated with nicosulfuron + rimsulfuron + mesotrione (T2), recording 497.6 kg ha−1, a fact
that follows the low NDVI values (Table 5).

Regarding the results of the Pyrgos2 field, herbicide treatments negatively affected
the existing weeds in total. The measurement of the NDVI at 14 DAT demonstrated the
high efficacy of the herbicide mixture nicosulfuron + rimsulfuron + dicamba (T3) for both
experimental years. In particular, NDVI values were reduced compared to untreated
plots (T1) by 34% and 26% in the first and second experimental years, respectively. Even
though the florasulam + mesotrione mixture (T5) tended to reduce NDVI values, it showed
the lowest herbicide efficacy. This finding was also presented in the increased weed
biomass across the experimental years. Moreover, the efficacy of herbicide application with
nicosulfuron + rimsulfuron + dicamba (T3) was also observed in the aboveground weed
biomass, the lowest values recording 497.6 kg ha−1 and 411.7 kg ha−1 for the first and
second year, respectively (Table 5).



Agrochemicals 2024, 3 18

In terms of the experimental field at Pyrgos3, the highest efficacy was observed by
the application of the florasulam + mesotrione (T5), while the lowest efficacy was showed
by nicosulfuron + rimsulfuron (T4) for both years. The herbicide mixture T5 caused a
significant decrease in the NDVI values of 37.5% and 24% in the first and second experi-
mental years, respectively. These low NDVI values were followed by a reduction in weed
biomass at 14 DAT in both experimental years. In particular, the application of T5 caused
a 64.2% and 53.8% decrease in aboveground weed biomass in the first and the following
experimental years. On the contrary, herbicide mixture T4 had no effect on the NDVI
compared to the untreated plants in the first growing season, while, in the following year,
an insignificant reduction of 8.4% was recorded. A similar trend was documented in the
impact of the nicosulfuron + rimsulfuron mixture (T4) on the growth of weeds (Table 5).

According to the analysis of variance, significant effects of herbicide treatment were
revealed on the NDVI values and weed biomass at 14 DAT in the field at Pyrgos4 (p < 0.001)
for both experimental years. All herbicide treatments decreased the NDVI, while the
application of nicosulfuron + rimsulfuron + dicamba (T3) reduced the index the most
compared to the untreated plants (T1). Among the experimental years, T3 showed the
highest herbicide efficacy in the second year, resulting in a 40.6% NDVI reduction compared
to the untreated plots (T1). The effect of T3 on weed flora was also well depicted in the low
values of weed biomass at 14 DAT for both experimental years (Table 5). The herbicide
mixture of nicosulfuron + rimsulfuron + dicamba (T3) reduced the weed biomass in about
one-third of the untreated plots (T1). In general, it has to be also noted that the NDVI had a
significant and positive correlation with weed biomass (Figure 2), confirming the capability
of the specific vegetation index to evaluate weed growth. This finding is in agreement
with previous studies in which spectral broadband vegetative indices were used for the
quantification of the damage caused by the chemical control. Pause et al. [11] revealed that
several vegetation indices and their time-series analysis can be used to quantify the impact
of herbicides on vegetation and that the availability of satellite-based multi-spectral data
can be exploited. Furthermore, this quick assessment of the herbicides’ performance shown
in the present study could be also used as a potential indication of herbicide resistance and
is based on the different chlorophyll content and cell wall structure of the susceptible and
resistant biotypes [10].
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T1 0.76 Aa 0.78 Aa 0.72 Aa 0.66 Aa 1604 Aa 1358 Aa 1361.7 Aa 1320.3 Aa 
T2 0.55 Ad 0.62 Abc 0.57 Aab 0.55 Aab 497.6 Ac 543 Ac 603.7 Ac 626 Ab 
T3 0.48 Acd 0.51 Ac 0.69 Ab 0.48 Ac 643 Ac 498 Ac 753 Ab 392 Ac 
T4 0.65 Abc 0.61 Abc 0.71 Aab 0.62 Aab 696 Ab 696 Ab 838 Ab 647 Ab 
T5 0.67 Aab 0.70 Aab 0.45 Ac 0.60 Aab 680.6 Ab 653 Ab 488 Ac 601 Ab 
T6 0.54 Ad 0.57 Ac 0.61 Aab 0.55 Ab 529.3 Acd 558 Acd 753 Ab 552 Ab 
T7 0.59 Abcd 0.68 Abc 0.42 Ac 0.51 Aab 671.7 Abc 705 Abc 492.7 Ac 599 Ab 

2nd Experimental year  
 Pyrgos1 Pyrgos2 Pyrgos3 Pyrgos4 Pyrgos1 Pyrgos2 Pyrgos3 Pyrgos4 

T1 0.71 Aa 0.69 Ba 0.71 Aa 0.69 Aa 1642 Aa 1463 Aa 1113 Aa 1437 Aa 
T2 0.42 Ad 0.51 Bbc 0.68 Aab 0.59 aab 411.6 Ac 514 Ac 583.7 Ac 611.7 Ab 
T3 0.58 Acd 0.54 Bc 0.55 Ab 0.41 Ac 626.7 Ac 411.7 Ac 809.7 Ab 418.7 Ac 
T4 0.6 Abc 0.53 Abc 0.65 Aab 0.60 Aab 722 Ab 722 Ab 827.7 Ab 543 Ab 
T5 0.62 Aab 0.63 Aab 0.54 Ac 0.56 Aab 756 Ab 756 Ab 5147 Ac 679 Ab 
T6 0.47 Ad 0.52 Bc 0.68 Aab 0.63 Ab 590.4 Acd 590.3 Acd 723 Ab 572.7 Ab 
T7 0.54 Abcd 0.53 Abc 0.58 Ac 0.54 Aab 680.6 Abc 68.07 Abc 57.27 Ac 63.7 Ab 

LSDT 0.0985 0.0985 0.0943 0.0856 129.44 128.56 127.457 132.435 
LSDY 0.0342 0.0509 0.0504 0.0645 69.188 69.188 68.128 70.79 

T *** *** *** *** *** *** *** *** 
Y ns *** ns ns ns ** ns ns 

** p < 0.01; *** p < 0.001; ns, not significant (p > 0.05). Values belonging to the same characteristics 
without common letters are statistically different according to LSD (0.05). 

 
Figure 2. Correlation between NDVI and weed biomass for the experimental field Pyrgos2 during
the first growing season.

3.2. Maize Grain Yield

Maize grain yield was significantly affected by herbicide applications in all studied
fields for both years of experimentation as indicated by the analysis of variance (p < 0.001).
In total, maize plants in plots subjected to herbicide treatments showed a higher grain
yield than plants in untreated control plots (T1). Herbicide applications reduced the
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effect of weed infestation on the final grain yield of maize, while the efficacy of each
treatment differed among fields [20]. In particular, the mixture nicosulfuron + rimsulfuron
+ mesotrione (T2) documented high efficacy on the crop yield of all fields, and the highest
at Pyrgos1 and Pyrgos2 for both experimental years. In Pyrgos1, T2 resulted in an increase
of 35.3% and 33.2% in yield compared with untreated plots (T1) in the first and second
year, respectively. In the second field, T2 caused an even higher rise in yield by 41% and
38.6% for each year, respectively, in comparison with control plants. The application of the
mixture florasulam + mesotrione (T5) resulted in a quite higher efficacy than T2 in Pyrgos3,
recording yields of 1188 kg ha−1 and 1136 kg ha−1 in the first and second year, respectively.
Regarding the field at Pyrgos4, the application of nicosulfuron + rimsulfuron + dicamba
(T3) followed by T2 led to the highest maize yield values compared with the other herbicide
treatments (Figure 3). Several indices like the normalized difference red edge index (NDRE)
and the green normalized difference vegetation index (GNDVI) allowed for early stress
detection in maize crop [23,24]. However, this is the first time that the early-measured
NDVI on weeds managed to give a good indication of final grain yields in maize crop.
Indeed, grain yield showed a negative correlation with the NDVI and weed biomass (−0.39
and −0.5, respectively), confirming the well-known negative effect of weed competition
on crop yield [8,20] and the potential of the NDVI to give an indication of weed and crop
growth and productivity (depending on where, when and how we take this measurement).
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4. Conclusions 
In conclusion, the present study is the first time that our novel NDVI-based method 

was successfully applied in maize crop under real field conditions. The four field trials 
established during two consecutive years ensure repeatability and allow us to have relia-
ble findings. The effects of herbicide treatment on the weed NDVI and weed biomass were 
significant. Moreover, crop yield had a negative correlation with the abovementioned pa-
rameters. Further research is clearly required in order to improve this method, test it in 
more crops, overcome any limitations and increase its potential. 
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Figure 3. The impact of herbicide treatments on maize grain yield in the first (a) and second (b)
experimental years. Herbicide treatments (T1: untreated control; T2: nicosulfuron + rimsulfuron +
mesotrione; T3: nicosulfuron + rimsulfuron + dicamba; T4: nicosulfuron + rimsulfuron; T5: florasulam
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+ mesotrione; T6: mesotrione + nicosulfuron; T7: 2,4 D ester); fields: (P1: Pyrgos1; P2: Pyrgos2;
P3: Pyrgos3; P4: Pyrgos4). Values without a common letter are statistically significant according
to LSD (0.05). Values belonging to the same characteristics without common letters are statistically
different according to LSD (0.05).

4. Conclusions

In conclusion, the present study is the first time that our novel NDVI-based method
was successfully applied in maize crop under real field conditions. The four field trials
established during two consecutive years ensure repeatability and allow us to have reliable
findings. The effects of herbicide treatment on the weed NDVI and weed biomass were
significant. Moreover, crop yield had a negative correlation with the abovementioned
parameters. Further research is clearly required in order to improve this method, test it in
more crops, overcome any limitations and increase its potential.
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