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ABSTRACT
Images from unmanned aerial vehicles (UAV) can serve as a baseline for studies in weed science, complementing
observations obtained in the ground. The objective of this work was to determine soybean (Glycine max (L.) Merr.)
plant injury caused by pre-emergence herbicides in sandy and clayey soils, using a low-cost UAV. The experiment was
conducted in a randomized complete block design, with four replicates and seven treatments consisted of herbicides
(diclosulam, chlorimuron, sulfentrazone, flumioxazin, and S-metolachlor), hand weeded and untreated treatments.
Ground-based evaluations were carried out to assess soybean crop injury, plant stand, leaf chlorophyll content, plant
height, canopy distance and grain yield. Images were taken using a UAV equipped with an RGB (red green and blue)
camera. Soybean plants sprayed with diclosulam had lower plant reflectance in the R (98.9), G (147.1) and B (74.3) range
than the other treatments in sandy soil. In clayey soil, hand weeded treatment had higher plants (30.8 cm) and untreated
favored smaller plants (24.9 cm) compared to herbicide treatments. In sandy soil, soybean yield of all treatments was
similar, however in clayey soil, soybean yield treated with chlorimuron and flumioxazin was higher than 5000 kg ha-1
and better than the others treatments. The nutrient-poor soil (sandy) may have aggravated the plant injury caused by
herbicides and explain the lower yield observed compared to clayey soil. It was determined soybean plant injury caused
by pre-emergence herbicides with the use of unmanned aerial vehicles, providing complementary results to ground-based
measurements, indicating the potential of this technology for low-cost evaluations in weed science.
Key words: Digital weed management, Glycine max, low-cost RGB sensor, post-application evaluation, spectral
responses.

INTRODUCTION
Application of herbicides is the main method used for control of weeds in commercial fields around the world (Peterson
et al., 2018; Moss, 2019). The use of pre-emergence herbicides has increased in the last years, but it requires extra care
regarding crop injury (Heap and Duke, 2018; Kumar et al., 2018). Assessing crop injury after herbicide application is
important to determine potential yield losses and choose solutions for its mitigation (Huang et al., 2018). Crop injury
caused by pre-emergence herbicides is mostly dependent on the product rate and soil type (Jursík et al., 2015). Crops have
complex responses to weeds, involving several agronomic interactions. Therefore, the identification of injuries caused by
herbicides usually requires field evaluations by trained professionals, which makes the monitoring of large fields difficult
for researchers and farmers (Riechers and Green, 2017).
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Although ground-based evaluations are the main method to evaluate the effects of herbicides, practical alternatives for
the evaluation of crop injury on a large scale can increase the efficiency of injury identification for different crops, soils,
environments, and herbicide rates (Arnold et al., 2013). Remote sensing is among these alternatives; it has been recently
used to determine crop responses to insecticides (Alves et al., 2017). However, the efficacy of using unmanned aerial
vehicles (UAV) to determine crop responses to other agrochemicals in large fields is unknown.
Crop injury can be detected by remote sensing because stressors usually affect plant morpho-physiology characteristics
(Prabhakar et al., 2011). Changes in plant reflectance at visible wavelengths may indicate effects on photosynthetic
pigments. Vegetation indices are based on mathematical combinations of wavelengths reflected by plants. These
equations include spatial and temporal patterns of vegetation photosynthetic activities that are related to canopy properties
(Richardson et al., 1992). A combination of wavelengths into vegetation indices may improve the accuracy of predictions
when compared to individual wavelengths (Richardson et al., 2002; Alves et al., 2015). Considering sensors that record
only visible wavelengths, modified photochemical reflectance index (MPRI), photochemical reflectance index (PRI), and
visible atmospherically resistant index (VARI) are the most common vegetation indices used in agriculture (Xue and Su,
2017). Studies have determined herbicide damages to crops, but none have included the use of UAV and pre-emergence
herbicides simultaneously (Duddu et al., 2019; Zhang et al., 2019). In general, UAV are easier to use and cheaper for
large-scale evaluations than other direct contact systems and ground observations. The UAV images can also be used for
crop insurance companies to make legal reports and for quick evaluations of crop quality. Furthermore, UAV can operate
in different soil types and rough areas (Saadatseresht et al., 2015).
The use of UAV in agriculture increased in the last decade and opened new opportunities to make weed management
more efficient since it is possible to improve weed monitoring, weed control and crop injury evaluation. Therefore, we
hypothesized that the use of UAV could be a useful tool to assess soybean herbicide effects, especially in large areas. This
study was undertaken to determine soybean plant injury caused by pre-emergence herbicides in sandy and clayey soils,
using a low-cost UAV and ground-based measurements.

MATERIALS AND METHODS
The study was conducted at commercial farms in Rio Verde (17°45ʹ28.7ʹʹ S, 51°02ʹ06.6ʹʹ W, 819 m a.s.l.) and Montividiu
(17°26ʹ37.2ʹʹ S, 51°08ʹ35.8ʹʹ W, 878 m a.s.l.), Goiás State, Brazil, during the rainy season, with non-irrigated crops. One
trial was conducted in a sandy soil (82% sand, 10% silt and 8% clay, pH [CaCl2] 5.6, organic matter 1.4 g dm-3, 61.3
mg P dm-3, 23 mg K dm-3, 2.3 cmolc Ca+2 dm-3; 0.7 cmolc Mg+2 dm-3 and 2.1 H+Al cmolc dm-3) located in Rio Verde and
another in a clayey soil (20% sand, 12% silt and 68% clay, pH [CaCl2] 5.7, organic matter 3.7 g dm-3, 54 mg P dm-3, 54
mg K dm-3, 5.3 cmolc Ca+2 dm-3; 1.9 cmolc Mg+2 dm-3 and 3.9 cmolc H+Al dm-3) located in Montividiu. According to prior
evaluations, the predominant weed species in the study area were Benghal dayflower (Commelina benghalensis L.), white
eye (Richardia brasiliensis Gomes), southern sandbur (Cenchrus echinatus L.) and goose grass (Eleusine indica (L.)
Gaertn.) A broad-spectrum herbicide (paraquat) was applied to the crops in both trials, at the label rate (400 g ha-1), at 5 d
before the establishing of the experimental plots.
The experiments were conducted in a randomized complete block design, with seven treatments and four replicates.
Each plot had area of 4 × 4 m with soybean (Glycine max (L.) Merr.) plants grown from ‘P96Y90’ seeds (Pioneer HiBred International Inc., Johnston, Iowa, USA), with spacing of 0.5 m between rows and 20 plants m-1. The treatments
consisted of applications of pre-emergence herbicides for soybean at the label rates diclosulam at 35.3 g ha-1 (N-(2,6dichlorophenyl)-5-ethoxy-7-fluoro-[1,2,4]triazolo[1,5-c]pyrimidine-2-sulfonamide; Corteva Agriscience LLC,
Midland, Michigan, USA), chlorimuron at 20 g ha-1 (2-[(4-chloro-6-methoxypyrimidin-2-yl)carbamoylsulfamoyl]
benzoic acid; FMC Agricultural Caribe Industries Ltd., Manati, Puerto Rico) sulfentrazone at 200 g ha-1 (N-[2,4dichloro-5-[4-(difluoromethyl)-3-methyl-5-oxo-1,2,4-triazol-1-yl]phenyl]methanesulfonamide; FMC Corporation,
Baltimore, Maryland, USA), flumioxazin at 50 g ha-1 (2-(7-fluoro-3-oxo-4-prop-2-ynyl-1,4-benzoxazin-6-yl)-4,5,6,7tetrahydroisoindole-1,3-dione; Sumitomo Chemical Co., Ltd., Oita-shi, Oita, Japan) and S-metolachlor at 1728 g ha-1
(2-chloro-N-(2-ethyl-6-methylphenyl)-N-[(2S)-1-methoxypropan-2-yl]acetamide; CABB AG, Pratteln, Switzerland);
hand weeded and untreated (control treatments). The herbicides were applied under good environmental conditions
at the soybean planting time (10 March 2018 for the clayey soil; and 10 August 2018 in the sandy soil), using a
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CO2-pressurized backpack sprayer containing a spray tip model TeeJet AIXR 110.015 (TeeJet Technologies, Glendale
Heights, Illinois, USA), operated at a pressure of 275 kPa and calibrated to deliver 100 L ha-1 of solution.
The injuries (chlorosis + necrosis) caused by the herbicides were determined at 7, 14, 21, 28, and 35 d after planting
(DAP) by rating soybean plants on a scale from 0 (no injury) to 100 (dead plant). Leaf chlorophyll contents were indirectly
measured at 35 DAP, using a portable radiometer (GreenSeeker, Falcon Inc., Sunnyvale, California, USA). Plant stand (14
DAP), plant height, and canopy distance (35 DAP) were also evaluated. All measurements were carried out using the two
central rows of each plot.
Trial flights were carried out at 35 DAP using a quadcopter UAV (Phantom 4 Advanced, DJI, Shenzhen, China)
equipped with an RGB (red green and blue) camera (20 MP CMOS, DJI) with lateral and frontal overlaps of 80% (pixel
of 1.0 cm). The flights were conducted at 30 m height between 10:00 and 11:00 h under cloudiness < 30%. The images
were orthorectified using the Pix4D 3.2.23 program (Pix4D SA, Lausanne, Switzerland), and analyzed using an imaging
program (QGIS Development Team, Boston, Massachusetts, USA). Common vegetation indices were calculated using
the RGB bands (Table 1). Spectral reflectance from the sampling points was obtained by averaging the values of the pixels
in six areas (0.05 × 0.05 m each) within the two central rows of each plot.
The data of injury, ground-based data, individual wavelengths and vegetation indices were subjected to ANOVA by the
F-test (α = 0.05), considering the blocks as a fixed effect. When the F-value was significant, the means were subjected to
the Tukey’s pairwise comparison test using the software Minitab 18 (Minitab Statistical Software).

RESULTS AND DISCUSSION
The reflectance of soybean plants in the different treatments was similar, regardless of the soil type (Figure 1), except
for those subjected to application of the herbicide diclosulam, which had lower plant reflectance in the Red (98.9),
Green (147.1) and Blue (74.3) range than the other treatments in the sandy soil (Figure 1, Table 2). Despite the effects
on chlorophyll content (Table 3), changes at these visible wavelengths may have been affected by other photosynthetic
pigments, such as carotenoids or anthocyanins (Carter and Knapp, 2001). Chlorimuron, sulfentrazone, flumioxazin and
S-metolachlor did not affect soybean reflectance at individual wavelengths and vegetation indices, in the sandy soil (Table
2). Considering the researched literature, this study is the first report of potential effects of pre-emergence herbicides,
based on remote sensing data.
Figure 1. Orthomosaic map with images of soybean plants to evaluate injuries caused by application of pre-emergence
herbicides on sandy (a) and clayey (b) soils. Images taken 35 d after planting, in both trials.

T1: Diclosulam at 35.3 g ai ha-1; T2: chlorimuron at 20 g ai ha-1; T3: sulfentrazone at 200 g ai ha-1; T4: flumioxazin at 50 g ai ha-1; T5:
S-metolachlor at 1728 g ai ha-1; T6: hand weeded; T7: untreated.

Table 1. Vegetation index equations used to evaluate crop response in soybean experiments.
Index

Description

MPRI
PRI
VARI

Modified photochemical reflectance index
Photochemical reflectance index
Visible atmospherically resistant index

Equation
(G - R)/(G + R)
(B - G)/(B + G)
(G - R)/(G + R - B)

Reference
Yang et al. (2009)
Gamon et al. (1997)
Gitelson et al. (2003)

G: Green; R: red; B: blue.
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The results found using images obtained from the quadcopter UAV (Table 2) were complementary with those of
ground-truthing measurements (Tables 3 and 4). The spectral responses of soybean plants grown in the sandy soil showed
some variability, which was unnoticed by the ground measurements. In the clayey soil, the hand weeded treatment had
higher plants (30.8 cm) than the other treatments (Table 3). Additionally, with the application of herbicides plant height
was greater than or equal to the untreated treatment (24.9 cm). The results obtained with the UAV could be used for
weed evaluations as a baseline for detailed studies and analyses, revealing particularities that extend visual, groundbased observations. However, well-trained professionals are important to complement the image information by locally
inspecting the area (Maes and Steppe, 2019; Marston et al., 2019). Moreover, the low injury rate observed during the
evaluations carried out by a trained researcher may be unnoticed during inspections of large commercial fields.
Table 2. Reflectance of soybean plants, at visible wavelengths and derived vegetation indices (mean ± standard deviation),
to application of pre-emergence herbicides on sandy and clayey soils, evaluated at 35 d after soybean planting.
Treatments

Red

Green

Blue

MPRI

VARI

PRI

Sandy soil
Diclosulam
Chlorimuron
Sulfentrazone
Flumioxazin
S-metolachlor
Untreated
Hand Weeded

98.9 ± 9.3b
107.1 ± 8ab
111.8 ± 12.1ab
109.1 ± 4.8ab
119.6 ± 8.3a
121.8 ± 6.5a
115.9 ± 7.2a

147.1 ± 0.5b
159.0 ± 9.2ab
162.4 ± 7.7ab
162.6 ± 7.1ab
170.5 ± 9.0a
174.0 ± 1.6a
166.5 ± 4.9a

74.3 ± 0.01b
82.5 ± 0.01ab
84.0 ± 0.01ab
88.5 ± 0.01ab
96.0 ± 0.01a
98.0 ± 0.01ab
81.2 ± 0.01a

Diclosulam
Chlorimuron
Sulfentrazone
Flumioxazin
S-metolachlor
Untreated
Hand Weeded

88.4 ± 10.5a
88.3 ± 8.6a
85.6 ± 13.6a
86.5 ± 6.6a
83.8 ± 9.2a
87.0 ± 5.4a
79.5 ± 3.7a

156.6 ± 9.3a
157.1 ± 8.0a
155.5 ± 12.1a
155.6 ± 4.8a
152.1 ± 8.3a
154.3 ± 6.5a
145.9 ± 7.2a

81.0 ± 0.5a
83.1 ± 9.2a
80.0 ± 7.7a
79.4 ± 7.1a
75.4 ± 9.0a
75.1 ± 1.6a
73.6 ± 4.9a

0.201 ± 0.1a
0.200 ± 0.01a
0.188 ± 0.1a
0.205 ± 0.1a
0.178 ± 0.1a
0.181 ± 0.01a
0.183 ± 0.01a

0.286 ± 0.01ab
0.288 ± 0.01ab
0.270 ± 0.01ab
0.303 ± 0.01a
0.265 ± 0.01ab
0.268 ± 0.01b
0.254 ± 0.01ab

-0.340 ± 0.01a
-0.324 ± 0.04a
-0.324 ± 0.02a
-0.304 ± 0.05a
-0.287 ± 0.03a
-0.292 ± 0.04a
-0.357 ± 0.08a

0.284 ± 0.01a
0.288 ± 0.01a
0.295 ± 0.01a
0.289 ± 0.01a
0.296 ± 0.01a
0.282 ± 0.01a
0.304 ± 0.01a

0.426 ± 0.1a
0.432 ± 0.01a
0.444 ± 0.1a
0.430 ± 0.01a
0.435 ± 0.1a
0.410 ± 0.01a
0.445 ± 0.01a

-0.322 ± 0.03a
-0.316 ± 0.03a
-0.325 ± 0.02a
-0.329 ± 0.03a
-0.344 ± 0.03a
-0.349 ± 0.03a
-0.345 ± 0.02a

Clayey soil

Means followed by the same letter in the columns within each soil type are not different by the Tukey’s test (p > 0.05).
MPRI: Modified photochemical reflectance index; VARI: Visible atmospherically resistant index; PRI: Photochemical reflectance index.

Table 3. Plant stand, plant height, canopy distance, and chlorophyll content (mean ± standard deviation) of soybean
crops at 35 d after application of pre-emergence herbicides on grown in sandy and clayey soils.
Treatments
Sandy soil
Diclosulam
Chlorimuron
Sulfentrazone
Flumioxazin
S-metolachlor
Untreated
Hand weeded

Plant stand

Plant height

Plants per plot

Canopy distance

20.5 ± 1.3a
19.0 ± 1.4a
20.5 ± 0.6a
20.3 ± 0.5a
20.5 ± 1.9a
20.0 ± 0.8a
20.3 ± 1.0a

19.3 ± 3.0a
20.7 ± 1.7a
19.7 ± 1.3a
19.7 ± 1.9a
20.0 ± 1.7a
20.1 ± 0.6a
18.8 ± 1.7a

20.0 ± 0.1a
19.0 ± 1.4a
19.3 ± 0.5a
19.8 ± 1.0a
19.5 ± 0.6a
20.3 ± 1.0a
21.0 ± 0.8a

25.0 ± 1.5b
24.9 ± 1.8b
26.3 ± 1.5b
26.9 ± 2.2b
26.7 ± 0.8b
24.9 ± 2.1b
30.8 ± 1.7a

Chlorophyll content
Dimensionless

cm
10.6 ± 2.6a
8.9 ± 2.8a
10.4 ± 2.1a
7.8 ± 3.7a
10.0 ± 2.3a
8.1 ± 2.6a
13.4 ± 3.7a

72.8 ± 11.0a
75.0 ± 5.7a
74.8 ± 6.5a
79.0 ± 2.8a
74.7 ± 4.3a
72.35 ± 6.3a
77.5 ± 4.4a

Clayey soil
Diclosulam
Chlorimuron
Sulfentrazone
Flumioxazin
S-metolachlor
Untreated
Hand weeded

5.6 ± 1.9ab
6.3 ± 1.8ab
4.4 ± 2.0b
3.2 ± 3.5b
4.0 ± 1.3b
4.2 ± 0.9b
9.5 ± 2.1a

80.9 ± 1.2a
81.6 ± 0.8a
81.9 ± 3.2a
82.3 ± 2.5a
83.7 ± 0.5a
81.8 ± 1.9a
84.7 ± 1.4a

Means followed by the same letter in the columns within each soil type are not different by the Tukey’s
test (p > 0.05).
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Table 4. Soybean plant injury (mean ± standard deviation) caused by application of pre-emergence herbicides on
sandy and clayey soils. Injury scale is between 0 (no injury) and 100 (dead plant).
Treatments
Diclosulam
Chlorimuron
Sulfentrazone
Flumioxazin
S-metolachlor
Untreated
Hand weeded

7 DAP

14 DAP

0
0
0
0
0
0
0

0.3 ± 0.5a
0.5 ± 1.0a
0.5 ± 1.0a
0.8 ± 1.0a
1.0 ± 0.8a
0.0a
0.0a

21 DAP

28 DAP

35 DAP

0.0b
1.5 ± 1.0a
0.3 ± 0.5b
0.0b
0.8 ± 0.5ab
0.0b
0.0b

0.8 ± 1.0a
1.3 ± 1.0a
0.5 ± 1.0a
0.3 ± 0.5a
0.8 ± 1.0a
0.0a
0.0a

0
0
0
0
0
0
0

0.3 ± 0.5ab
0.3 ± 0.5ab
1.0 ± 0.1a
0.3 ± 0.5ab
0.5 ± 0.6ab
0.0b
0.0b

0
0
0
0
0
0
0

Sandy soil

Clayey soil
Diclosulam
Chlorimuron
Sulfentrazone
Flumioxazin
S-metolachlor
Untreated
Hand weeded

0
0
0
0
0
0
0

1.5 ± 1.0a
1.0 ± 1.2a
0.5 ± 1.0a
0.5 ± 1.0a
1.0 ± 1.2a
0.0a
0.0a

1.0 ± 1.2ab
1.3 ± 1.5ab
2.5 ± 0.6a
0.5 ± 1.0ab
1.5 ± 1.0ab
0.0b
0.0b

Means followed by the same letter in the columns within each soil type are not different by the Tukey’s
test (p > 0.05).
DAP: Days after application.

The pre-emergence herbicides caused no crop injuries at 7, 14, and 35 DAP, regardless of the soil type, presenting similar
results to those of the control treatments (Table 4). In the sandy soil, chlorimuron and S-metolachlor caused slightly more
plant injury than the other treatments at 21 DAP. In the clayey soil, sulfentrazone caused slightly more plant injury than
the control treatments at 21 and 28 DAP (Table 4). Considering the evaluation times within each treatment, diclosulam,
chlorimuron, and S-metolachlor caused minor injuries (≤ 1.0) in plants at 14 DAP in the sandy soil, which presented few
chlorotic symptoms that disappeared at 35 DAP (Table 4). Diclosulam, chlorimuron, sulfentrazone, and S-metolachlor
caused few injuries at the first evaluations in the clayey soil, and the few chlorotic symptoms also disappeared at 35 DAP.
Similarly, flumioxazin caused nonsignificant soybean plant injury (≤ 0.5) in the clayey soil, in any evaluation time.
In the sandy soil, the soybean yield of the seven treatments was similar. In the clayey soil, the yield of soybean plants treated
with pre-emergence herbicides was better compared to the untreated treatment or no weed control (3000 kg ha-1) (Figure
2). The weed competition in that treatment caused a lower nutrient uptake by reducing water and nutrient availability
to soybean plants (Thevathasan et al., 2000; Nadeem et al., 2018). The limited nutritional resources in the sandy soil
may have aggravated the plant injury caused by pre-emergence herbicides and explain the lower yield observed with
application of herbicides compared to clayey soil (Figure 2).
The evaluation of soybean plant injury caused by applications of pre-emergence herbicides can be carried out using
UAV. Remote sensing can be used to facilitate weed management and provide timely identification of injuries caused by
herbicides and information for other crop management practices (Robles et al., 2010). Further studies should evaluate
carotenoids and anthocyanins to better understand the correlation of photosystems and modes of action of herbicides that
may not be associated with chlorophyll contents. Furthermore, the results of the present study showed that pre-emergence
herbicides applied at the label rates did not affect soybean plants, regardless of the soil type (Table 4). These pesticides could
promote higher crop injury when applied at higher rates than those recommended for the crop and production environment
(Jursík et al., 2015). Considering the soil types when deciding on the use of pre-emergence herbicides is important to
prevent injuries caused by herbicides and to have an efficient weed control (Yamaji et al., 2016). Therefore, adjusting
herbicide rates according to field environmental conditions and applying the products at the label rates is recommended.
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Figure 2. Yield of soybean plants after application of pre-emergence herbicides on sandy (a) and clayey (b) soils.

Means separated by the same letter did not differ by the Tukey’s test (p > 0.05).

CONCLUSIONS
It was determined soybean plant injury caused by pre-emergence herbicides with the use of unmanned aerial vehicles,
providing complementary results to ground-based measurements, indicating the potential of this technology for low-cost
evaluations in weed science.

ACKNOWLEDGEMENTS
This research was partially funded by the Graduate Program in Agricultural Sciences of the Instituto Federal Goiano
Campus Rio Verde.

REFERENCES
Alves, T.M., MacRae, I.V., and Koch, R.L. 2015. Soybean aphid (Hemiptera: Aphididae) affects soybean spectral reflectance.
Journal Economic Entomology 108(6):2655-2664. doi:10.1093/jee/tov250.
Alves, T.M., Marston, Z.P., MacRae, I.V., and Koch, R.L. 2017. Effects of foliar insecticides on leaf-level spectral reflectance
of soybean. Journal of Economic Entomology 110(6):2436-244. doi:10.1093/jee/tox250.
Arnold, T., De Biasio, M., Fritz, A., and Leitner, R. 2013. UAV-based measurement of vegetation indices for environmental
monitoring. p. 704-707. In Seventh International Conference on Sensing Technology (ICST), Wellington, New Zealand. 3-5
December. Institute of Electrical and Electronics Engineers (IEEE), New York, USA. doi:10.1109/ICSensT.2013.6727744.
Carter, G.A., and Knapp, A.K. 2001. Leaf optical properties in higher plants: linking spectral characteristics to stress and
chlorophyll concentration. American Journal of Botany 88(4):677-684. doi:10.2307/2657068.
Duddu, H.S.N., Johnson, E.N., Willenborg, C.J., and Shirtliffe, S.J. 2019. High-throughput UAV image-based method is more
precise than manual rating of herbicide tolerance. Plant Phenomics 20:1-9. doi:10.34133/2019/6036453.
Gamon, J., Serrano, L., and Surfus, J.S. 1997. The photochemical reflectance index: an optical indicator of
photosynthetic radiation use efficiency across species, functional types, and nutrient levels. Oecologia 112:492501. doi:10.1007/s004420050337.
Gitelson, A.A., Viña, A., Arkebauer, T.J., Rundquist, D.C., Keydan, G., and Leavitt, B. 2003. Remote estimation of leaf area
index and green leaf biomass in maize canopies. Geophysical Research Letters 30(5):1-4. doi:10.1029/2002GL016450.
Heap, I., and Duke, S.O. 2018. Overview of glyphosate-resistant weeds worldwide. Pest Management Science 74(5):1040-1049.
doi:10.1002/ps.4760.
Huang, Y., Reddy, K.N., Fletcher, R.S., and Pennington, D. 2018. UAV low-altitude remote sensing for precision weed
management. Weed Technology 32(1):2-6. doi:10.1017/wet.2017.89.
Jursík, M., Soukup, J., Holec, J., Andr, J., and Hamouzová, K. 2015. Efficacy and selectivity of pre-emergent sunflower
herbicides under different soil moisture conditions. Plant Protection Science 51:214-222. doi:10.17221/82/2014-PPS.
Kumar, D., Jayaswal, D., Jangra, A., Mishra, K.K., and Yadav, S. 2018. Recent approaches for herbicide resistance management
in weeds: A review. International Journal of Chemical Studies 6(4):2844-2850. Available at https://www.chemijournal.com/
archives/2018/vol6issue4/PartAU/6-4-564-767.pdf (accessed July 2020).
Maes, WH., and Steppe, K. 2019. Perspectives for remote sensing with unmanned aerial vehicles in precision agriculture.
Trends in Plant Science 24(2):152-164. doi:10.1016/j.tplants.2018.11.007.

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 82(4) OCTOBER-DECEMBER 2022

643

Marston, Z.P., Cira, T.M, Hodgson, E.W., Knight, J.F., Macrae, I.V., and Koch, R.L. 2019. Detection of stress induced by
soybean aphid (Hemiptera: Aphididae) using multispectral imagery from unmanned aerial vehicles. Journal of Economic
Entomology 113(2):779-786. doi:10.1093/jee%2Ftoz306.
Moss, S. 2019. Integrated weed management (IWM): why are farmers reluctant to adopt non-chemical alternatives to herbicides?
Pest Management Science 75(5):1205-1211. doi.org/10.1002/ps.5267.
Nadeem, M.A., Tanveer, A., Maqbool. R., Abbas, T., and Farooq, N. 2018. Efficacy evaluation of fertilizers and weed control
practices to mitigate wheat nutrient and yield losses. Planta Daninha 36:e018169013. doi:10.1590/s0100-83582018360100029.
Peterson, M.A., Collavo, A., Ovejero, R., Shivrain, V., and Walsh, M.J. 2018. The challenge of herbicide resistance around the
world: a current summary. Pest Management Science 74(10):2246-2259. doi:10.1002/ps.4821.
Prabhakar, M., Prasad, Y.G., Thirupathi, M., Sreedevi, G., Dharajothi, B., and Venkateswarlu, B. 2011. Use of ground based
hyperspectral remote sensing for detection of stress in cotton caused by leafhopper (Hemiptera: Cicadellidae). Computers
and Electronics in Agriculture 79(2):189-198. doi:10.1016/j.compag.2011.09.012.
Richardson, A.D., Duigan, S.P., and Berlyn, G.P. 2002. An evaluation of noninvasive methods to estimate foliar chlorophyll
content. New Phytologist 153(1):185-194. doi:10.1046/j.0028-646X.2001.00289.x.
Richardson, A.J., Wiegand, C.L., Wanjura, D.F., Dusek, D., and Steiner, J.L. 1992. Multisite analyses of spectral-biophysical
data for sorghum. Remote Sensing of Environment 41(1):71-82. doi:10.1016/0034-4257(92)90062-O.
Riechers, D.E., and Green, J.M. 2017. Crop selectivity and herbicide safeners: Historical perspectives and development, safenerregulated gene expression, signaling, and new research directions. p. 123-143. In Biology, Physiology and Molecular
Biology of Weeds. CRC Press, Boca Raton, Florida, USA.
Robles, W., Madsen, J.D., and Wersal, R.M. 2010. Potential for remote sensing to detect and predict herbicide injury on water
hyacinth (Eichhornia crassipes). Invasive Plant Science and Management 3(4):440-450. doi:10.1614/IPSM-D-09-00040.1.
Saadatseresht, M., Hashempour, A.H., and Hasanlou, M. 2015. UAV photogrammetry: a practical solution for challenging
mapping projects. The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences
XL-1/W5:619-623. International Conference on Sensors & Models in Remote Sensing & Photogrammetry, Kish Island,
Iran. 23-25 Nov. doi:10.5194/isprsarchives-XL-1-W5-619-2015.
Thevathasan, N.V., Reynolds, P.E., Kuessner, R., and Bell, W.F. 2000. Effects of controlled weed densities and soil types
on soil nitrate accumulation, spruce growth, and weed growth. Forest Ecology and Management 133(1-2):135-144.
doi:10.1016/S0378-1127(99)00304-7.
Xue, J., and Su, B. 2017. Significant remote sensing vegetation indices: A review of developments and applications. Journal of
Sensors 2017:1-17. doi:10.1155/2017/1353691.
Yamaji, Y., Honda, H., Hanai, R., and Inoue, J. 2016. Soil and environmental factors affecting the efficacy of pyroxasulfone for
weed control. Journal of Pesticide Science 41(1):1-5. doi:10.1584/jpestics.D15-047.
Yang, Z., Rao, M.N., Elliott, N.C., Kindler, S.D., and Popham, T.W. 2009. Differentiating stress induced by greenbugs
and Russian wheat aphids in wheat using remote sensing. Computers and Electronics in Agriculture 67:64-70.
doi:10.1016/j.compag.2009.03.003.
Zhang, J., Huang, Y., Reddy, K, and Wang, B. 2019. Assessing crop damage from dicamba on non-dicamba-tolerant
soybean by hyperspectral imaging through machine learning. Pest Management Science 75(12):3260-3272.
doi:10.1016/j.compag.2009.03.003.

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 82(4) OCTOBER-DECEMBER 2022

644

