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Abstract

Efficient termination of cover crops is an important component of cover crop management.

Information on termination efficiency can help in devising management plans but estimating

herbicide efficacy is a tedious task and potential remote sensing technologies and vegeta-

tive indices (VIs) have not been explored for this purpose. This study was designed to evalu-

ate potential herbicide options for the termination of wheat (Triticum aestivum L.), cereal rye

(Secale cereale L.), hairy vetch (Vicia villosa Roth.), and rapeseed (Brassica napus L.), and

to correlate different VIs with visible termination efficiency. Nine herbicides and one roller-

crimping treatment were applied to each cover crop. Among different herbicides used,

glyphosate, glyphosate + glufosinate, paraquat, and paraquat + metribuzin provided more

than 95% termination for both wheat and cereal rye 28 days after treatment (DAT). For hairy

vetch, 2,4-D + glufosinate and glyphosate + glufosinate, resulted in 99 and 98% termination

efficiency, respectively, followed by 2,4-D + glyphosate and paraquat with 92% termination

efficiency 28 DAT. No herbicide provided more than 90% termination of rapeseed and high-

est control was provided by paraquat (86%), 2,4-D + glufosinate (85%), and 2,4-D + glypho-

sate (85%). Roller-crimping (without herbicide application) did not provide effective

termination of any cover crop with 41, 61, 49, and 43% termination for wheat, cereal rye,

hairy vetch, and rapeseed, respectively. Among the VIs, Green Leaf Index had the highest

Pearson correlation coefficient for wheat (r = -0.786, p = <0.0001) and cereal rye (r = -0.804,

p = <0.0001) with visible termination efficiency rating. Whereas for rapeseed, the Normal-

ized Difference Vegetation Index (NDVI) had the highest correlation coefficient (r = -0.655, p

= <0.0001). The study highlighted the need for tankmixing 2,4-D or glufosinate with glypho-

sate for termination instead of blanket application of glyphosate alone for all crops including

rapeseed and other broadleaf cover crops.
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1. Introduction

1.1 Cover crops and their termination

Cover crops have gained importance in sustainable cropping systems due to their potential

benefits, such as reduced soil erosion and, enhanced nutrient cycling, water quality, and soil

conservation [1–5]. The specific benefits cover crops provide depends on both the species

(grasses, legumes and brassica) and the amount of biomass produced. Despite numerous bene-

fits, growing cover crops, is associated with challenges, such as, ineffective termination at late

growth stages, which may affect the emergence and yield of cash crops [6]. For example,

approximately 12% yield reduction has been reported in corn (Zea mays L.) and soybean

((Glycine max L.) Merr.) due to incomplete termination of cereal rye (Secale cereale L.) and a

cereal rye-legume cover crop mixture [7, 8]. Similarly, ineffective termination of hairy vetch,

wheat (Triticum aestivum L.), annual ryegrass (Lolium perenne L. sspmultiflorum (Lam.) Hus-

not), and crimson clover (Trifolium incarnatum L.) can significantly reduce the soybean yield

by 7–29% [9–11]. Poor termination of cover crops has also been reported to impact the growth

and vigor of cash crops, especially early in the season, by secretion of allelochemical and deple-

tion of soil moisture and nutrients [6].

In general, growers terminate cover crops utilizing three approaches: chemical, mechanical,

and winter kill, depending on termination timing, cover crop species and crop growth stage. A

nationwide survey of 1691 cover crop growers conducted in 2012 and 2013 indicated that 48%

of growers use herbicides, 21% use mechanical methods, and 20% rely upon winter kill for ter-

mination of cover crops [12]. Mechanical termination methods include rolling, rolling-crimp-

ing, roll-chopping, undercutting, and mowing [13–15]. Roller-crimping is the most common

mechanical tool used for assisting with cover crop termination. However, roller-crimpers are

not effective for the termination of cover crops in the early season (March to mid-April) but

are more effective as they reach maturity [16]. As such, employing roller-crimpers may lead to

delayed planting of the cash crop. Winter kill of cover crops is also an option for cover crop

termination of non-winter-hardy species, but is dependent on prevailing temperatures and is

not a viable termination option for diverse locations and not effective in warmer winters [17].

Winter killing of cover crops also limits the benefits of cover crop planting, especially when

grown for weed suppression benefits [18].

Owing to the listed issues associated with mechanical termination and winter kill, cover

crop growers often prefer chemical termination strategies for effective termination of cover

crops. In a survey conducted by Oliveira et al., [19] in Nebraska, it was observed that 95% of

cover crop growers use herbicides for cover crop termination and similar trends have been

observed in Delaware, Maryland and Virginia (DELMARVA) region (Mark VanGessel, per-

sonal communication). Chemical termination is achieved by various selective and non-selec-

tive herbicides before or after cash crop planting. The use of herbicides for cover crop

termination also assists in controlling winter annual weeds growing alongside with cover crop

plants. The termination efficiency of herbicides varies by cover crop species [20]. For instance,

among various herbicides, glyphosate is found to be effective for termination of various grassy

cover crop species such as cereal rye, winter wheat and annual ryegrass [6]. In a study con-

ducted across five states (Arkansas, Indiana, Missouri, Mississippi and Wisconsin), Whalen

et al., [9] reported 94–99% termination efficiency for cereal rye with the application of glypho-

sate alone or in combination with other herbicides. Similarly, in a study conducted in Arkan-

sas, Palhano et al., [20] reported greater than 95% termination efficiency for cereal rye and

wheat with the application of glyphosate. However, glyphosate is not effective for the termina-

tion of non-grass species [21, 22]. For instance, previous studies have found that termination

efficiencies ranged from 56–69% in legumes and 58–86% for brassicas when using glyphosate
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[20]. Other popular herbicides such as 2,4-D and dicamba provide improved termination effi-

ciencies for hairy vetch (80–87%) but very poor efficiencies for rapeseed (10–34%) [22]. How-

ever, glufosinate, another non-selective herbicide, showed the highest termination efficiency

for hairy vetch (95%) [20], while showing a decreased efficiency (79%) compared to glyphosate

(94–99%) for cereal rye [9]. Most of these studies evaluated non-selective herbicides like glyph-

osate, glufosinate and paraquat, which need to be used for cover crop termination before

planting of the cash crops especially with non-herbicide resistant cash crops.

Recently, planting green (planting cash crops in standing cover crops) and then terminating

cover crops one-to two-weeks after crop planting to allow higher cover crop biomass accumu-

lation, weed suppression, and timely planting of cash crops, has grown in popularity. For

instance, one study observed a 94–181% increase in cereal rye cover crop biomass with plant-

ing green as compared to planting brown (terminating cover crops before planting cash crop)

[23]. Whereas, in another study, planting green led to 212–272 increase in cereal rye and

wheat biomass and 12–28% increase in horseweed (Conyza canadensis L. Cronq.) control as

compared with planting brown [24]. However, termination of cover crops in case of planting

green scenario becomes an issue when non-glyphosate and glufosinate resistant crops are

planted. Therefore, it is important to evaluate some selective herbicide options and compare

them with non-selective herbicides for termination of commonly grown cover crops.

1.2 Vegetative Indices (VI)

The most commonly used methods for estimating cover crop termination efficiency with the

use of herbicides are visual ratings, counting plant survival rates after application, and estimat-

ing biomass percentage changes. However, these methods are time-consuming and labor-

intensive indicating a need to develop rapid and cost-effective methods to estimate cover crop

termination efficiency. The use of unmanned aerial vehicles (UAVs) is increasing rapidly in

agricultural research [25]. UAV-mounted remote sensing instruments provide a reliable and

more objective estimate of phenotypic variation in plants as compared to the visual assess-

ments [26]. Healthy and well-growing green plant tissues strongly absorb wavelengths in the

red portion of visible light (~620–700 nm), while reflecting the majority of incoming solar irra-

diance in the near-infrared (NIR) wavelengths (~701–1399 nm) [27]. Plant tissues also differ

in the absorbance and reflectance of wavelengths in other regions of the optical spectrum

(350–2500 nm), and the mathematical combination of absorbance and reflectance of light

energy in different bands can be used to calculate vegetation indices [28]. For instance, the

NIR ratio (reflectance NIR/reflectance RED) was the first vegetative index (VI) to be used and

found to have a strong correlation with leaf area index [29]. Numerous VIs has been developed

to estimate crop biophysical and biochemical characteristics. For example, the normalized dif-

ference vegetation index (NDVI), and the normalized difference red-edge index (NDREI)

accurately estimate biomass in cereal grass cover crop species (up to 1500–1900 kg ha -1) [30,

31]. Additionally, the green normalized differential index (GNDVI) was significantly correla-

tion with cover crop biomass (r = 0.58) and leaf chlorophyll content (r = 0.4) [32].

Along with crop nutrition and health assessment, in recent times, vegetative indices and

remote sensing tools have been used to evaluate the herbicide injury on crops [33]. Zhang

et al., [34] used hyperspectral images to calculate the Herbicide Damage Ratio Index (HDRI)

and Herbicide Damage Normalized Index (HDNI) for estimating dicamba injury on dicamba

sensitive soybean and found that the extent of dicamba injury on soybean can be estimated

with hyperspectral images with over 90% accuracy. In another study, Oseland et al., [33] used

different vegetative indices for evaluating 2,4-D and dicamba injury and yield reduction for

soybean and found that NDREI is the more accurate index in estimating yield loss. Huang
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et al., [35] found that NDVI can efficiently estimate cotton (Gossypium hirsutum L.) yield loss

following glyphosate exposure. However, information on the use of VIs for estimating the

cover crop termination efficiencies of different herbicides is limited. Herbicides used for cover

crop termination cause a reduction in leaf area and growth, and changes in plant coloration

that can be assessed with VIs. Therefore, this study was designed with two objectives: (1) To

evaluate the efficacy of different herbicides for the termination of commonly grown cover

crops (wheat, cereal rye, hairy vetch, and rapeseed) and (2) to correlate the visually estimated

termination efficiency data with different VIs (NDVI, GNDVI, NDRE, etc.) to find the most

effective indices for estimating cover crop termination efficiency.

2. Material and methods

2.1 Cover crop planting, termination, and experimental design

The experiment was conducted at the Eastern Shore Agricultural Research and Extension Cen-

tre in, Painter, VA (37.5889, -75.8234) from October 2021-May 2022 on Bojac sandy loam soil

(coarse-loamy, mixed, semiactive, thermic Typic Hapludults) with pH 5.7 and soil organic

matter<1%. The study was repeated (two experimental runs) over time with a gap of 15 days

in planting. The experiment was arranged in a randomized complete block design with four

replications. Termination treatment included nine herbicide options and mechanical termina-

tion with roller-crimper (no-herbicide treatment). Termination treatment was a fixed factor

and experimental run was kept as random factor. The plot size for each treatment was 2.43

m × 3.65 m. A V-bar roller-crimper (I&J Manufacturing, Gordonville, PA), 2.4 m in length, 38

cm diameter, 9.5 mm thickness, and weighing 1002 kg (Fig 1), was used in the experiment for

rolling-crimping treatment. A check (no herbicide, only roller-crimper) treatment was

included in the study for comparison purposes. Four cover crops species; wheat (Triticum aes-
tivum L.), cereal rye (Secale cereal L.), hairy vetch (Vicia villosa Roth), and rapeseed (Brassica
napus L.) were planted in strips of 2.43 m x 64 m on 5th and 20th October 2021, for the first

and second experimental run, respectively. The field was tilled to prepare a fine seedbed before

planting of cover crops. The respective cover crop seeding rate, variety, growth stage, and bio-

mass at termination are listed in Table 1. Monthly rainfall and average temperature data

throughout the experiment period are shown in Fig 2.

For termination of cover crops, the herbicides were applied on April 10th and April 25th,

2022, for the first and second run respectively, using a CO2- pressurized backpack sprayer. The

sprayer was fitted with a 2.54 m wide boom, with 5 flat fan nozzles (XR8002) spaced 50.8 cm

apart, delivering 187 L/ha of spray volume at 207 kPa. Suitable adjuvants were added as per the

herbicide product label requirements. Herbicide product names and rates used for termination

of respective cover crops have been given in Table 2.

Termination efficiency for all cover crop species was recorded 14 and 28 days after termina-

tion (DAT) on a 0–100 scale (0 = no termination and 100 = complete termination). Fresh and

dry biomass of cover crop species was recorded one day before termination and 28 days after

termination. Samples were kept at 65–70 ˚C for 6–7 days for the drying process. Percentage

biomass reduction following herbicide application was calculated using the following Eq (1):

Percentage biomass reduction ¼
DWCk � DWTTð Þ

DWCk
� 100 ð1Þ

DWTT is the dry weight for respective termination treatment and DWCk is the dry weight

of check treatment at 28 days after termination.
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2.2 Aerial image acquisition

A Phantom 4 (Fig 3a) drone (DJI, Shenzhen, Guangdong, China) fitted with Micasense

Rededge-M camera (MicaSense, Seattle, Washington, USA) was used to capture multispectral

aerial images of cover crop plots, 28 DAT (Fig 3a). UAV flights were conducted at an altitude

of 30 m above ground level with an operating speed of 2.3 m/s at noon (12–2 PM) time. The

sky was clear, without any clouds when the images were taken. All images were collected verti-

cally (0-3˚ from nadir), with 80% front and 70% side overlap. Micasense RedEdge-M camera

(Fig 3b) captured images in five bands, blue (center 475 nm, bandwidth 20 nm), green (center

560 nm, bandwidth 20 nm), red (center 668 nm, bandwidth 10 nm), red-edge (center 717 nm,

bandwidth 10 nm) and near-infrared (center 840 nm, bandwidth 40 nm). Pixel size was 0.8 cm

and the shutter speed was below 2 ms-1 for all five bands. Drone flight parameters were kept

constant for both experimental runs.

2.3 Aerial image processing and vegetation indices calculation

Drone flights produced 68 images for each experimental run, which were processed using

Pix4DMapper (Pix4D SA, Lausanne, Switzerland) to generate a 16-bit orthomosaiced image.

Radiometric calibration to reflectance was performed for solar irradiance and camera proper-

ties by using images of reflectance panel (Fig 3c) captured before the drone flight and respec-

tive irradiance values for different bands. Data images were processed using Pix4DMapper for

automatic geometric correction. Pix4DMapper processed images in three steps: (1) identifying

Fig 1. V-bar roller crimper (I&J Manufacturing, Gordonville, PA); 2.4 m in length, 38 cm diameter, 9.5 mm

thickness, weighing 1002 kg used for rolling-crimping treatment.

https://doi.org/10.1371/journal.pone.0284529.g001

Table 1. Seeding rate, variety, and biomass of respective cover crop species at termination.

Cover crop species Variety Seed rate (kg/ha) Biomassa (t/ha)

Experimental run 1 Experimental run 2

Wheat Dyna-Gro 9070 130 5.53 5.82

Cereal rye Wrens Abruzzi 125 6.14 5.98

Hairy vetch Aumerit 25 4.28 4.51

Rapeseed Trophy Rape 8 3.46 3.37

aBiomass samples were collected from all the plots of respective cover crop species one day before termination, and represented as dry biomass after drying the samples

for 6–7 days in a dryer at 65 ºC

https://doi.org/10.1371/journal.pone.0284529.t001
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Fig 2. Monthly average temperature and rainfall during the experiment duration. Rainfall does not include 37cm

snowfall received during Jan 2022.

https://doi.org/10.1371/journal.pone.0284529.g002

Table 2. Herbicide product names, and rates used for termination of respective cover crop species. Adjuvants added with respective herbicides are shown in

footnotes.

Cover crop species Herbicide active ingredient Herbicide product name Rate (g ae or ai/ha)

Wheat and cereal rye Clethodima Select Maxx1 275

Glufosinateb Liberty1 657

Glyphosateb Roundup Powermax1 1268

Glufosinate + Glyphosateb Liberty1 + Roundup Powermax1 1268 + 657

Paraquatc Gramaxone1 700

Paraquat+metribuzinc Gramaxone1 + Glory 4L1 560 + 262

Quizalofopc Provisia™ 233

Saflufenacild Sharpen1 100

Sethoxydimc Poast1 425

Rapeseed and hairy vetch 2,4-Dc LOW VOL 4 1068

2,4-D + glufosinateb LOW VOL 4+ Liberty1 534 + 657

2,4-D + glyphosateb LOW VOL 4 + Roundup Powermax1 534 + 1268

Dicamba XtendiMax1 560

Glufosinateb Liberty1 657

Glyphosateb Roundup Powermax1 1268

Glyphosate+glufosinateb Liberty1 + Roundup Powermax1 1268 + 657

Paraquatc Gramaxone1 700

Thifensulfuron + tribenuronc Harmony Extra1 24 + 12

aNon-ionic surfactant applied at 0.25% v/v
bAmmonium sulfate applied at 1% w/v
cCrop oil concentrate applied at 1% v/v
dMethylated seed oil applied at 1% v/v

https://doi.org/10.1371/journal.pone.0284529.t002
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the overlapping points in the images and geo-rectifying images, (2) densifying the point cloud

and generating mesh, and (3) generating digital surface model (DSM) and orthomosaicing

images. Polygon with the ground size of 2.13 m × 3.35 m was generated for each experimental

plot in collected imagery using QGIS 3.16 Hannover (QGIS Geographic Information System,

Open-Source Geospatial Foundation Project). Each plot polygon was buffered by excluding 30

cm on all four sides to account for the edge effects. Reflectance values for all five bands (exam-

ple, Fig 4) were then extracted from each plot polygon using the “Zonal Statistics as

Fig 3. (a) Phatom-4 drone mounted with MicaSense RedEdge-M camera, (b) MicaSense RedEdge-M camera, and (c) Reflectance panel for

radiometric calibration.

https://doi.org/10.1371/journal.pone.0284529.g003

Fig 4. Reflectance map for respective bands and RGB image of the plots, (a) Blue, (b) Green, (c) NIR, (d) Red-

edge, (e) Red, and (f) RGB image.

https://doi.org/10.1371/journal.pone.0284529.g004
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“Table tool” from toolbar and individual reflectance map generated by Pix4DMapper as

“Input Value Raster”. Once reflectance value for each band was extracted from individual plot,

formulas given in Table 3 were used to calculate respective VIs (Table 3).

2.4 Statistics and data analysis

We conducted analysis of variance (ANOVA) on the visual estimates of termination efficiency

14 and 28 DAT and percentage biomass change 28 DAT for each species using SAS PROC

MIX model (SAS Institute Inc., Cary, NC, USA). The effect of the experimental run and its

interaction with termination treatment were found non-significant (Table 4), therefore, for

final analysis, the experimental run was considered as a random effect. Means were separated

using Fisher’s protected least significance difference (LSD) at 5% level of significance. Visible

termination efficiency data 28 DAT was correlated with different vegetative indices (Table 3)

values using SAS JMP Pro 16 (SAS Institute Inc., Cary, NC, USA), to evaluate vegetative indi-

ces that provide good estimate of termination efficiency of different herbicides. Two best per-

forming indices were selected for each cover crops and linear regression was fitted for

termination efficiency and respective indices value using SAS JMP Pro 16 to better understand

the relationship between them.

3. Results and discussion

3.1 Wheat

Paraquat provided effective termination (93%) of wheat 14 DAT (Table 5), and it was similar

to paraquat + metribuzin (89%), glyphosate (88%), and glyphosate + glufosinate (88%). Termi-

nation efficiency with sole application of glufosinate (77%) was less than paraquat and para-

quat + metribuzin. At 28 DAT, termination efficiency for paraquat, paraquat + metribuzin,

glyphosate and glyphosate + glufosinate was greater than 95% (Table 5). Palhano et al., [20]

also reported greater than 90% termination after 28 DAT with glyphosate and glyphosate + glu-

fosinate. However, Palhano et al., [20] found less than 90% termination efficiency with para-

quat and paraquat + metribuzin. Greater termination efficiency with paraquat and paraquat

+ metribuzin in this experiment as compared to Palhano et al., [20] could be attributed to

Table 3. Vegetative indices calculated for estimating cover crop termination efficiency and their respective

formula.

Vegetation Indices Formula Reference

Blue Normalized Difference Vegetation Index (BNDVI) rNIR� rBLUE
rNIRþrBLUE [36]

Blue Wide Dynamic Range Vegetation Index (BWDRVI) 0:1�rNIR� rBLUE
0:1�rNIRþrBLUE [37]

Chlorophyll Index Green (CIG) rNIR
rGREEN � 1 [38]

Chlorophyll Index Red-edge (CIRE) rNIR
rRedEdge � 1 [38]

Green Blue Normalized Difference Vegetation Index (GBNDVI) rNIR� rGREENþBLUE
rNIRþrGREENþBLUE [36]

Green Leaf Index (GLI) 2�rGREEN� rRED� rBLUE
2�rGREENþrREDþrBLUE [39]

Green Normalized Difference Vegetation Index (GNDVI) rNIR� rGREEN
rNIRþrGREEN [40]

Green Ration Vegetation Index (GRVI) rNIR
rGREEN [41]

Normalized Green Red Difference Index (NGRDI) rGREEN� rRED
rGREENþrRED [42]

Normalized Difference Red-edge Index (NDREI) rNIR� rRedEdge
rNIRþrRedEdge

[40]

Normalized Difference Vegetation Index (NDVI) rNIR� rRED
rNIRþrRED [42]

Pan Normalized Difference Vegetation Index (PNDVI) rNIR� ðrGREENþrREDþrBLUEÞ
rNIRþðrGREENþrREDþrBLUEÞ

[36]

https://doi.org/10.1371/journal.pone.0284529.t003
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greater spray volume used in this study (187 L/ha) as compared to 143 L/ha by Palhano et al.,

[20]. Paraquat being a contact herbicide, exhibits higher efficacy with increased spray coverage

[43].

Among ACCase inhibitor herbicides used in the study, quizalofop provided greater termi-

nation, 48 and 60% at 14 and 28 DAT, respectively, as compared to clethodim (35 and 40%)

and sethoxydim (34 and 42%). Childers et al., [44] reported more than 95% wheat injury with

the application of quizalofop at early crop growth stages, however, in this study, 60% termina-

tion efficiency was observed. Lower termination efficiency with quizalofop application in this

study can be attributed to the wheat growth stage as herbicides were applied for termination at

booting stage. Other reason for lower termination efficiency with quizalofop could be prevail-

ing high temperature conditions in this study as compared to study conducted by Childers

et al., [44]. Metabolism of quizalofop increases at high temperatures resulting in lower wheat

injury [45]. Reduced activity of other ACCase inhibiting herbicide activity at higher tempera-

tures has been reported by Smeda and Putnam, [46] and Matzrafi et al., [47].

The effect of different termination treatments on biomass 28 DAT was also significant. Her-

bicides with greater than or equal to 95% termination efficiency (paraquat, paraquat + metribu-

zin, glyphosate, glyphosate + glufosinate) resulted in 24–29% biomass reduction (Table 5).

Reduction in biomass with glufosinate and quizalofop was 16%, followed by saflufenacil

(11%), whereas clethodim and sethoxydim caused less than 10% biomass reduction (Table 5).

Use of the roller-crimper provided 41% termination efficiency and 10% biomass reduction 28

DAT as compared to>80% termination efficiency reported by Ashford and Reeves, [16].

Lower termination efficiency with the roller-crimper could be attributed to the use of roller-

Table 5. Effect of termination treatment on termination efficiency and biomass change for wheat and cereal ryea.

Wheat Cereal rye

Treatment Rate

(ai g

ha-1)

Visible

termination

(14 DAT)

Visible

termination

(28 DAT)

Biomass

reduction

(%)

Visible

termination

(14 DAT)

Visible

termination

(28 DAT)

Biomass

reduction

(%)

Clethodimb 275 35d 40d 9de 34d 38c 7c

Glufosinatec 657 77b 78b 16c 93a 96a 27a

Glyphosatec 1268 88ab 97a 26ab 94a 97a 28a

Glufosinate

+ Glyphosatec
1268

+ 657

88ab 95a 26ab 93a 96a 27a

Paraquatd 700 93a 96a 24b 99a 99a 26a

Paraquat

+metribuzind
560

+ 262

89a 96a 29a 96a 98a 24a

Quizalofopd 233 48c 60c 16c 50bc 53bc 13bc

Saflufenacile 100 36d 41d 11d 61b 64b 17b

Sethoxydimd 425 34d 42d 6e 41cd 43c 9c

Rolling-

crimpingf
34d 41d 10de 34d 61b 13bc

aVisible termination and biomass reduction means with a column followed by the same letter are statistically similar

to each other at 5% level of significance
bNon-ionic surfactant applied at 0.25% v/v
cAmmonium sulfate applied at 1% w/v
d Crop oil concentrate applied at 1% v/v
eMethylated seed oil applied at 1% v/v
fV-bar roller crimper (I&J Manufacturing, Gordonville, PA) was hollow from inside, 2.4 m in length, 38 cm diameter,

9.5 mm thickness, fully filled with water weighing 1002 kg used for rolling-crimping treatment

https://doi.org/10.1371/journal.pone.0284529.t005
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crimper at booting stage compared to anthesis and soft dough stage by Ashford and Reeves,

[16]. Termination efficiency of wheat with roller-crimper significantly varies with wheat

growth stage, with better termination at late growth stages [16].

3.2 Cereal rye

Termination efficiency for cereal rye was greater than 90% 14 DAT for paraquat, paraquat

+ metribuzin, glyphosate, glufosinate, and glyphosate + glufosinate. At 28 DAT, all of these

herbicide treatments provided greater than 95% termination efficiency (Table 5). Cornelius

and Bradley, [6] and Palhano et al., [20] also reported more than 90% termination efficiency

with the use of glyphosate alone or in combination with glufosinate. However, both studies

found less than 90% termination with glufosinate, and paraquat alone or in combination with

a photosystem II (PS II)-inhibitor herbicides (atrazine and metribuzin). Greater termination

efficiency in this study can be attributed to higher spray volume, which provided increased

spray distribution and greater canopy distribution [43]. Saflufenacil provided 61 and 64% ter-

mination efficiency 14 and 28 DAT, respectively. Whereas termination efficiency with ACCase

inhibitor herbicides; quizalofop, sethoxydim, and clethodim was 53, 43, and 38%, respectively,

28 DAT. Each of the three ACCase-inhibitors were statistically similar in terms of their efficacy

(Table 5).

Termination treatments resulting in greater than 95% termination efficiency (paraquat,

paraquat + metribuzin, glyphosate, glufosinate, and glyphosate + glufosinate) 28 DAT reduced

the cereal rye biomass by 24–28%, but all of these treatments were statistically similar with

each other (Table 5). Saflufenacil resulted in 17% reduction in biomass, followed by quizalofop

(13%). Biomass reduction in sethoxydim and clethodim treated plots was less than 10%

(Table 5). The biomass reduction results followed a trend similar to termination efficiency dis-

cussed above.

Termination efficiency with the roller-crimper remained at 34% 14 DAT, and increased to

61% 28 DAT (Table 5), which is lower than the recommended termination required (90% or

greater) for sowing of cash crops into the cereal rye residues [48]. Greater than 90% termina-

tion efficiency of cereal rye at late growth stage with roller-crimping has been reported by Kor-

necki [49] and Mirsky et al., [50]. Lesser termination efficiency of the roller-crimper in our

experiment can be attributed to use of roller-crimper at jointing and jointing-booting stage for

experimental run one and two, respectively, as compared to Mirsky et al., [50] where cereal rye

was terminated at soft dough stage. Cereal rye termination efficiency using a roller-crimper is

dependent on the growth stage and terminating at late crop growth stage improves the termi-

nation efficiency [50]. Kornecki et al., [48] also reported lesser termination efficiency for cereal

rye at early growth stage termination with a roller-crimper.

3.3 Hairy vetch

Termination efficiency of hairy vetch 28 DAT was greatest with 2,4-D + glufosinate (91%),

which was statistically similar to glyphosate + glufosinate (89%), and paraquat (87%). Glufosi-

nate, 2,4-D, 2,4-D + glyphosate, and dicamba provided 72–79% termination efficiency 14

DAT (Table 6). Whereas termination efficiency 14 DAT with glyphosate and thifensulfuron

+ tribenuron remained lowest (63%) among all herbicides used in the experiment. Roller-

crimping resulted in 32% termination efficiency 14 DAT (Table 6). At 28 DAT, 2,4-D + glufosi-

nate resulted in 99% termination efficiency, which was greatest among all termination treat-

ments used for hairy vetch, but statistically similar to glyphosate + glufosinate, paraquat, and

2,4-D + glyphosate with 98, 92, and 92% termination efficiency, respectively (Table 6). Whalen

et al., [9] also reported more than 90% termination efficiency for hairy vetch 28 DAT with
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2,4-D + glufosinate and 2,4-D + glyphosate. The termination efficiency with paraquat was

approximately 80% (12). Sole use of 2,4-D, dicamba and glufosinate provided 86, 87, and 84%

termination efficiency 28 DAT, however the three herbicides were statistically similar

(Table 6). At 28 DAT, thifensulfuron + tribenuron and glyphosate provided 79 and 74% termi-

nation efficiency (Table 6). Similar results were observed by Pittman et al., [22], where 80, 87,

81, and 69% termination efficiency at 28 DAT with 2,4-D, dicamba, glufosinate, and glypho-

sate was reported. All termination treatments reduced hairy vetch biomass 28 DAT. Maximum

biomass reduction was observed in 2,4-D + glufosinate (44%) treated plots followed by glypho-

sate + glufosinate (43%). 2,4-D, dicamba, paraquat, and 2,4-D + glyphosate treated plots

resulted in 32, 34, 38, and 39% biomass reduction 28 DAT, respectively. Biomass reduction 28

DAT was the greatest with hairy vetch among all cover crop species, which is attributed to

rapid decomposition of dead plant tissue. Hairy vetch, a leguminous crop, has a low C:N ratio

as compared to non-leguminous plants, and has a faster decomposition rate compared to non-

leguminous cover crop species [51]. Faster decomposition rate for hairy vetch plant residues

has been also reported by Sievers and Cook, [52]. Roller-crimping did not provide effective ter-

mination of hairy vetch 14 and 28 DAT, with only 32 and 49% termination efficiency, respec-

tively (Table 6). Roller-crimping resulted in the lowest biomass reduction (11%). Greater

termination efficiency for hairy vetch with roller-crimpers can be achieved if the crop is termi-

nated at late flowering to early pod stage, whereas termination at vegetative-early flowering

stage increases the chance for poor termination [53].

Table 6. Effect of termination treatment on termination efficiency and biomass change for hairy vetch and

rapeseeda.

Hairy vetch Rapeseed

Treatment Rate

(ai g/

ha)

Visible

termination

(14 DAT)

Visible

termination

(28 DAT)

Biomass

change

(%)

Visible

termination

(14 DAT)

Visible

termination

(28 DAT)

Biomass

change

(%)

2,4-Db 1068 72c 86bc 32c 52ef 50e 7d

2,4-D

+ glufosinatec
534

+ 657

91a 99a 44a 82a 85a 22a

2,4-D

+ glyphosatec
534

+ 1268

78b 92ab 39ab 69b 85a 23a

Dicamba 560 76bc 87bc 34bc 36h 40f 6d

Glufosinatec 657 79b 84cd 26de 55de 60d 11bc

Glyphosatec 1268 63d 74e 23e 61cd 69c 13b

Glyphosate

+glufosinatec
1268

+ 657

89a 98a 43a 68bc 74bc 12bc

Paraquatb 700 87a 92ab 38ab 84a 86a 25a

Thifensulfuron

+ tribenuronb
24

+ 12

63d 79de 30cd 43g 51e 8cd

Rolling-

crimpingd
32e 49f 11f 45fg 43f 9cd

aVisible termination and biomass reduction means with a column followed by the same letter are statistically similar

to each other at 5% level of significance
bCrop oil concentrate applied at 1% v/v
cAmmonium sulfate applied at 1% w/v
eV-bar roller crimper (I&J Manufacturing, Gordonville, PA) which was hollow from inside, 2.4 m in length, 38 cm

diameter, 9.5 mm thickness, fully filled with water weighing 1002 kg used for rolling-crimping treatment

https://doi.org/10.1371/journal.pone.0284529.t006
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3.4 Rapeseed

Paraquat and 2,4-D + glufosinate provided greatest termination efficiency, 84 and 82%, respec-

tively, for rapeseed 14 DAT (Table 6). 2,4-D + glyphosate and glyphosate + glufosinate resulted

into 69 and 61% termination efficiency, followed by a sole application of glyphosate (61%).

Dicamba and 2,4-D (sole application) provided only 36 and 52% termination of rapeseed 14

DAT (Table 6). At 28 DAT, paraquat resulted in 86% termination efficiency followed by 2,4-D

+ glufosinate (85%) and 2,4-D + glyphosate (85%) termination efficiency (Table 6). Sole appli-

cation of glyphosate and glufosinate provided 69 and 60% termination efficiency. However,

2,4-D + glyphosate and glyphosate + glufosinate resulted into 75 and 74% termination.

Whereas 2,4-D and dicamba provided only 50 and 40% termination efficiency, respectively, 28

DAT (Table 6). Thifensulfuron + tribenuron provided 43 and 51% termination 14 and 28

DAT. Askew et al., [21] and Pittman et al., [22] reported 34–70%, 9–40%, 50–67%, and 50–

68% termination efficiency with 2,4-D, dicamba, glufosinate, and paraquat, respectively.

Greater termination efficiency with paraquat in this study is attributed to greater spray volume

used. Askew et al., [21] reported similar termination efficiency with glyphosate + glufosinate

(72%) to this study (74%) 28 DAT, however Askew et al., [21] reported greater termination

efficiency with 2,4-D + glyphosate (96%) as compared to 85% in this study. As compared to

the nontreated check treatment application of paraquat, 2,4-D + glyphosate, and 2,4-D+ glufo-

sinate resulted in 22–25% biomass reduction 28 DAT (Table 6). Glyphosate, glufosinate, and

glyphosate + glufosinate plots showed a biomass reduction of 11–13%, whereas thifensulfuron

+ tribenuron, 2,4-D, and dicamba caused less than 10% biomass reduction (Table 6). Termina-

tion efficiency and biomass reduction with roller-crimping was 43 and 9% 28 DAT, respec-

tively (Table 6). Poor termination of rapeseed with roller-crimper is also reported by Price

et al., [54].

3.5 Correlation of visible termination efficiency and vegetation indices

For all species, the vast majority of VIs decreased as the termination efficiency increased. For

wheat and cereal rye, Pearson correlation coefficients between VIs and visible termination effi-

ciency rating ranged from -0.51 to -0.79 and -0.52 to -0.80, respectively, and were all statisti-

cally significant (p<0.05) (Table 7). Among different VI, Green Leaf Index (GLI) and Blue

Normalized Difference Vegetation Index (BNDVI) had the highest value for correlation coeffi-

cient, -0.79 (p<0.0001) and -0.73 (p<0.0001) for wheat and -0.80 (p<0.0001) and -0.72 (p

<0.0001) for cereal rye, respectively. Therefore, linear regression equation was fitted for GLI

and BNDVI to further quantify the VI values and visible termination efficiency rating in wheat

(Fig 5) and cereal rye (Fig 6). Linear regression of GLI with wheat visible termination effi-

ciency resulted in coefficient of determination (R2) 0.62 and an RMSE of 0.076. (Fig 5). Simi-

larly, for cereal rye the value of R2 and RMSE was 0.65 and 0.061, respectively for GLI (Fig 6).

This indicates that GLI is a better VI for estimation of termination efficiency as compared to

BNDVI. This has been corroborated by Hunt Jr. et al., [39], where they found better correla-

tion of GLI as compared to other VI with total leaf chlorophyll content.

In contrast to wheat and cereal rye, all VIs except GLI had a significant correlation coeffi-

cient for visible termination efficiency for rapeseed (Table 7). NDVI (r = -0.66, p<0.0001) had

the highest correlation coefficient value for rapeseed visible termination efficiency ratings, fol-

lowed by PNDVI (r = -0.62, p<0.0001). Linear regression equation was fit for NDVI and

PNDVI, for rapeseed visible termination efficiency (Fig 7). Linear regression equation for visi-

ble rapeseed termination efficiency resulted in R2 of 0.43 and 0.39 and RMSE of 0.075 and

0.088 for NDVI and PNDVI, respectively. However, none of the VIs had a correlation coeffi-

cient greater than -0.7 for termination efficiency of rapeseed. This is likely due to the fact that
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Table 7. Value of Pearson correlation coefficient between termination efficiency and vegetative indices for respec-

tive cover crop species.

Vegetative indices Wheat Cereal rye Hairy Vetch Rapeseed

BNDVI -0.73 -0.72 -0.11ns -0.30

BWDRVI -0.70 -0.68 -0.13ns -0.31

CIG -0.51 -0.57 -0.19ns -0.44

CIRE -0.62 -0.58 -0.17ns -0.38

GBNDVI -0.64 -0.61 -0.20ns -0.56

GLI -0.79 -0.80 0.02ns -0.12ns

GNDVI -0.61 -0.52 -0.20ns -0.42

GRVI -0.58 -0.57 -0.18ns -0.45

NGRDI -0.68 -0.70 0.01ns -0.30

NDREI -0.62 -0.56 -0.19ns -0.36

NDVI -0.62 -0.67 -0.11ns -0.66

PNDVI -0.67 -0.65 -0.16ns -0.62

nsNon-significant at 5% level of significance, correlation coefficient values not followed by ns are significant at 5%

level of significance

BNDVI = Blue Normalized Difference Vegetation Index, BWDRVI = Blue Wide Dynamic Range Vegetation Index,

CIG = Chlorophyll Index Green, CIRE = Chlorophyll Index Red-edge, GBNDVI = Green Blue Normalized

Difference Vegetation Index, GLI = Green Leaf Index, GNDVI = Green Normalized Difference Vegetation Index,

GRVI = Green Ration Vegetation Index, NGRDI = Normalized Green Red Difference Index, NDREI = Normalized

Difference Red-edge Index, NDVI = Normalized Difference Vegetation Index, PNDVI = Pan Normalized Difference

Vegetation Index.

https://doi.org/10.1371/journal.pone.0284529.t007

Fig 5. Scatter plot of Blue Normalized Difference Vegetation Index (BNDVI) and Green Leaf Index (GLI)

response to termination efficiency (n = 88 for each vegetative indices) in wheat. R2 = Coefficient of determination,

RMSE = Root Mean Square Error.

https://doi.org/10.1371/journal.pone.0284529.g005
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some rapeseed plots included plants with yellow flowers which influenced the reflectance and

VI values. Shen et al., [55] also reported the effect of yellow flowers fromHalerpestes tricuspis
on NDVI and Enhanced Vegetation Index (EVI). Yellow colored flowers increase reflectance

in green-red wavelength, but do not affect blue and near infra-red wavelengths, thereby influ-

encing VI values [55]. Similarly, Dixon et al., [56] found that VIs based on plant greenness

decreases with appearance of flowering in plants. In hairy vetch, no VIs were significantly cor-

related with visible termination rating, which is likely due to an infestation of curly dock

(Rumex crispus L.) in a number of hairy vetch plots which had greater termination efficiency.

This infestation caused the well terminated plots to appear green and therefore influenced the

surface reflectance.

To date, VIs have not been used for evaluating the cover crop termination efficiency with

herbicides, but overall blue reflectance-based VIs were found to be better than normal green

reflectance-based vegetation indices for estimation of termination efficiency in our study

(Table 7) for grass cover crop species. Blue band-based VIs have been reported better for esti-

mation of leaf area, biomass, and yield specially at late crop growth stages because of saturation

of green reflectance based VI [36, 37, 57]. However, additional studies are required to evaluate

effectiveness of GLI and other blue reflectance-based VIs for estimating the termination of

other grass cover crops species at different termination timings.

4. Conclusion

This study indicates that efficacy of selective herbicides for termination of wheat, cereal rye,

hairy vetch, and rapeseed was significantly lower than non-selective herbicides alone or combi-

nation of selective and non-selective herbicides. For rapeseed, none of the herbicide treatments

provided more than 90% termination efficiency. This necessitates additional studies with other

herbicides alone or in combination with roller-crimper for effective termination of rapeseed.

We also found that VIs (GLI and BNDVI) were useful for estimating the termination efficiency

Fig 6. Scatter plot of Blue Normalized Difference Vegetation Index (BNDVI) and Green Leaf Index (GLI)

response to termination efficiency (n = 88 for each vegetative indices) in cereal rye. R2 = Coefficient of

determination, RMSE = Root Mean Square Error.

https://doi.org/10.1371/journal.pone.0284529.g006
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of grass cover crop species but further studies are required to understand why GLI and

BNDVI performed better than other vegetation indices in estimating cover crop termination

efficiency. Whereas for rapeseed, NDVI and PNDVI were found more efficient than other veg-

etation indices for estimating termination efficiency, but still had poor relationships overall.

Results from this study indicate that vegetative indices can provide estimates of the cover crop

termination efficiency in cereal cover crops and have the potential to be further applied for

weed control evaluations later in the season.

Supporting information

S1 File. Data indicating impact of herbicides on cover crop biomass and corresponding

vegetative indices.

(XLSX)
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