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Abstract

Sensor-guidance and camera-based weed detection systems have improved weed con-

trol, resulting in higher weed control efficacy (WCE), less herbicide use, and less crop

damage. In this study, four sensor-guided inter- and intra-row weeding systems were

tested in sugar beet, maize, and sunflower. Those four systems included (1) camera-

guided inter-row hoeing (HOE), (2) HOE + intra-row finger weeding (HOE+F), (3) HOE

+ camera-guided intra-row hoeing (HOE + InRow) and (4) HOE + intra-row band

spraying (HOE + BS). A broadcast herbicide treatment and an untreated plot were

included as control. Six experiments were conducted in 2022 and 2023 in Southwest-

ern Germany. Inter-row and intra-row weed density and crop density were assessed

before and after treatment. Yield was measured for each plot. The systems were evalu-

ated based on WCE, crop losses (CL), yield, and herbicide savings. All sensor-based

weeding systems controlled at least on average 77% of the weeds. HOE+BS achieved

91% WCE and was similar to the broadcast herbicide application (92% WCE). HOE on

average controlled 90% of the inter-row weeds but only 69% of the in-row weeds.

HOE and HOE+F had 14% less intra-row WCE than inter-row WCE. HOE+InRow

resulted in 77% inter-row and intra-row WCE. Sensor-guided weed control did not

cause significant CL or yield reduction compared to the broadcast herbicide applica-

tion, except for HOE+InRow in maize 2023 because of wrong setting in the segmenta-

tion and weed/crop classification algorithm. This study underlines that sensor-guided

hoeing and the combination of band spraying with inter-row hoeing provide effective

and robust alternatives to conventional broadcast herbicide application in row crops.

K E YWORD S

band spraying, finger weeders, herbicide application, in-row hoeing, mechanical weed control,
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1 | INTRODUCTION

Uncontrolled weeds can cause approximately 40% yield loss in maize

and sunflower and up to 100% in sugar beet (Oerke, 2006; Gummert

et al., 2012). Crops with wide row spacing such as maize, sunflower,

and sugar beet are extremely sensitive to weed competition in the

critical period of weed control, which is during the first 4–6 weeks

after sowing (Knezevic et al., 2002). Chemical weed control is a com-

mon practice in conventional farming systems. Herbicides often pro-

vide effective and cost-efficient weed control. However, the efficacy

of herbicides has decreased due to the development of many

herbicide-resistant weed populations (Moss et al., 2019). European

policies aim to reduce herbicide use because of their potential nega-

tive side-effects on the environment including biodiversity (European
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Commission, 2020). The dependence on herbicide use can be reduced

if preventive methods of weed management such as diverse crop

rotations, stale seeding, ploughing, competitive crop cultivars, cover

cropping, and living mulches are applied (Hillocks, 2012; Riemens

et al., 2022).

Mechanical weed control including hoeing and harrowing can

replace post-emergence herbicide applications as direct weed control

method (Riemens et al., 2022). However, weed control efficacy (WCE)

for mechanical weed control in row crops varied from 40% to 90%.

Low WCE was observed, when the soil was relatively wet during

mechanical weeding and when weed species emerged earlier than the

crop and were taller at time of mechanical weed control (Melander

et al., 2005; Pannacci & Tei, 2014; Van der Weide et al., 2008). Another

disadvantage of mechanical weeding in row crops is the lower intra-

row WCE compared to inter-row WCE, even when intra-row weeding

elements such as finger weeders, torsion weeders or rotary harrows

were used (Gerhards et al., 2020; Melander et al., 2005; Pannacci &

Tei, 2014; Van der Weide et al., 2008). Combinations of inter-row hoe-

ing with band spraying are promising alternatives to standard herbicide

treatments resulting in high inter-row and intra-row WCE (Van der

Weide et al., 2008).

Camera-guided inter-row hoeing with hydraulic side shift control

increased WCE in sugar beet, maize and soybean from 70% to 85%

(Kunz et al., 2015; Machleb et al., 2018). Recent field studies in cereals

showed that camera-guided hoeing could achieve higher WCE and

higher yield than conventional herbicide applications (Saile

et al., 2022). Higher WCE of camera-guided inter-row hoeing was

attributed to a closer distance of the hoeing blades to the crop row.

Automatic guidance allowed increasing the driving speed from approxi-

mately 3–6 to 8–12 km�1 without causing any crop damage. Higher

driving speed resulted in a higher burial of weeds with soil and thus,

increased WCE. Camera-guided hoeing systems can work with a maxi-

mum lateral offset from the crop row centre of 20 mm at a forward

speed of up to 10 km h�1 without causing crop losses (CL) (Gerhards

et al., 2020; Griepentrog et al., 2007). This exact guidance system also

facilitates intra-row weeding with finger weeders, torsion weeders and

ridging tools (Gerhards et al., 2020). However, those intra-row tools

failed when the weed plants were taller compared to the crop plants

(Gerhards et al., 2020; Machleb et al., 2021). It needs more effective

and selective tools for intra-row weed control. One such approach is

robotic weeding using machine learning for classifying weeds and crop

plants in digital images and targeting hoeing elements and spot sprayers

only on weed plants (Gerhards et al., 2023).

Inter-row hoeing can also be combined with intra-row band

spraying. This combination reduced herbicide use in sugar beet by

70% and 50% in maize (Mehrtens et al., 2005; Wiltshire et al., 2003).

Inter-row hoeing plus band spraying resulted in equal WCE in maize

and sugar beet as broadcast herbicide application (Kunz et al., 2018;

Mehrtens et al., 2005). However, Gerhards et al. (2023) observed that

band spraying had almost 30% (66% WCE) lower efficacy when it was

applied simultaneously with inter-row hoeing. If band spraying and

inter-row hoeing were carried out in two consecutive passes, band

spraying had 95% WCE, which was equal to the broadcast herbicide.

The objective of this study was to combine camera-guided inter-

row hoeing with the following weeding approaches: (1) in-row finger

weeding, (2) band spraying, and (3) camera-controlled intra-row hoe-

ing in maize, sunflower, and sugar beet. It was aimed to evaluate

WCE, CL, and yield of those combined treatments in comparison to

solely inter-row hoeing, broadcast herbicide application, and an

untreated control. It was hypothesised that (i) WCE and yields of the

combined inter-row and intra-row hoeing and inter-row hoeing plus

band spraying treatments would be equal to the broadcast herbicide

treatment, (ii) crop plant losses would be lower for camera-based

intra-row hoeing compared to the conventional finger weeding treat-

ment, and (iii) in-row WCE of band spraying would be equal to the in-

row WCE of the broadcast herbicide treatment.

2 | MATERIALS AND METHODS

2.1 | Experimental sites and design

Six field experiments were conducted in sugar beet (Beta vulgaris L.),

sunflower (Helianthus annuus L.), and maize (Zea maize L.) during 2022

and 2023. The experiments were located in different fields at the Uni-

versity of Hohenheim Research Station Ihinger Hof, Germany

(48�44032.500N 8�55031.100 E). Mean temperature during the growing

season from April until September in 2022 was 1.3�C higher than the

long-term average of 13.1�C. In 2003, temperatures were only 0.7�C

above the long-term average. Ihinger Hof received sufficient precipi-

tation in both years with 650 mm rainfall in total. Both years were

characterised by drought periods in May/June 2022 and July/August

2023. However, fields were not irrigated during those dry periods.

Experiments were established on a loamy soil at Ihinger Hof. Fertilisa-

tion and plant protection, besides weed control, were carried out in all

trials according to common practice. Crops were sown at an inter-row

distance of 50 cm in all experiments. Cultivars, seed rates and sowing

dates are given in Table 1. All six experiments were realised as one

factorial randomised complete block design with four replicate blocks.

The plots in all experiments were 3 m wide and 20 m long, with the

longer side in the sowing direction of the crop.

2.2 | Treatments

All experiments contained an untreated control (CON), a broadcast

herbicide treatment (HERB) and four sensor-based weed control

treatments:

1. Camera-guided inter-row hoeing with hydraulic side-shift con-

trol (HOE)

2. Treatment HOE combined with in-row finger weeding (HOE+F)

3. Treatment HOE combined with camera-based intra-row hoeing

(HOE+InRow)

4. Treatment HOE combined with herbicide band spraying

(HOE+BS)
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The CON plots were left untreated for the entire growing season.

However, it was ensured that the untreated control also received the

same number of passes with the tractor wheels as the other treat-

ments. Hoeing was conducted when sugar beet had two true leaves

and sunflowers and maize four true leaves. Mechanical weeding was

carried out when it was relatively dry and at least three consecutive

days without rainfall were forecasted after the treatment. Weeds

were in the seedling stage or had developed two true leaves at the

time of hoeing. Inter-row hoeing and finger weeding were done at a

driving speed of 5 km h�1. Camera-based intra-row hoeing required

a lower forward speed of 1 km h�1 for image analysis and moving

weeding elements in and out of the crop rows. Broadcast- and band

spraying were applied with a plot sprayer (Schachtner-Fahrzeug- und

Gerätetechnik, Ludwigsburg, Germany) equipped with flat jet nozzles

(Lechler, AD 130–02) for broadcast application or band

nozzles (Lechler, E 8002 (60 M)) for band spraying, at a pressure of

2.4 bar and a speed of 4.5 km h�1. Band nozzles have a narrow spray

angle (80�) and a uniform distribution over the spray width. Flat jet

nozzles have a wider spray angle (130�) that overlap with the spray

angle of the neighbouring nozzles to guarantee a uniform droplet

distribution.

2.2.1 | Broadcast herbicide application

Broadcast herbicide applications were realised with a 3 m wide boom

with 7 nozzles at the recommended field rates, according to the crop

(Figure 1). Nozzles had a distance of 50 cm to the ground. In sugar

beet, a post-emergence tank-mix of 1.25 L ha�1 Betasana® SC

(160 g L�1 phenmedipham, UPL) + 1.0 L ha�1 Oblix® SC (500 g L�1

ethofumesat, UPL) + 1.5 L ha�1 Goltix Gold (700 g L�1 metamitron,

ADAMA) was applied 21 days after sowing (DAS). In sunflowers

2022, Bandur® SC (600 g L�1 aclonifen, Bayer CropScience) was

applied 5 DAS with 1.0 L ha�1 as a pre-emergence herbicide. In Maize

2022, the pre-emergence herbicide Spectrum® plus EC (250 g L�1

pendimethalin, 212.5 g L�1 dimethenamid-P, BASF) was applied

TABLE 1 Experimental details of the six experiments including cultivar, code, year, seed rate, sowing date (DD-MM-YYYY), application time
splitted in herbicide pre- and post-emergence and mechanical treatment in days after seeding (DAS).

Crop, cultivar Code Year

Seed rate

(seeds ha�1) Sowing date

Herbicide treatments

(DAS)

Mechanical treatments

(DAS)

Sugar beet, Advena SB 22 2022 80 000 • 19-04-2022 21 Post 21

Sunflower, Delicio CLP SF 22 2022 80 000 • 06-05-2022 5 Pre 18

Maize, Crosbey M 22 2022 93 000 • 09-05-2022 5 Pre, 16 Post 16

Maize, Crosbey M I 23 2023 90 000 • 16-05-2023 5 Pre, 18 Post 18

Maize, Crosbey M II 23 2023 90 000 • 16-05-2023 5 Pre, 18 Post 18

Sunflower, Delicio CLP SF 23 2023 80 000 • 15-05-2023 5 Pre 22

F IGURE 1 Broadcast herbicide application with Schachtner-plot sprayer in maize 2023.
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5 DAS, with 2.5 L ha�1. As a post-emergence herbicide, MaisTer®

power OD (31.5 g L�1 foramsulfuron, 1.0 g L�1 iodosulfuron, 10 g L�1

thiencarbazon, 15 g L�1 cyprosulfamide, Bayer CropScience) was

applied 16 or 18 DAS, with 1.0 L ha�1. In 2023, the same herbicide

programme was used for maize and sunflower.

2.2.2 | Band spraying application

For band spraying, equal herbicide rates were applied as for the

broadcast herbicide application. However, herbicides were only

sprayed in a 20 cm wide band over the top of the crop row (Figure 2).

This resulted in 60% less herbicides compared to the broadcast herbi-

cide treatment. Herbicides were sprayed in the morning and inter-row

hoeing was done later in the afternoon on the same day. Herbicide

mixtures and timings for band spraying were the same as for the

broadcast application.

2.2.3 | Camera-guided inter-row hoeing

For all inter-row hoeing treatments, a 3 m wide hoe (K.U.L.T.-Vision

control, KULT-Kress, Kürnbach, Germany) was used (see Figure 3).

The hoe was equipped with a hydraulic side-shift control to guide the

F IGURE 2 Band spraying boom and nozzles mounted on a Schachter plot sprayer in maize in spring 2023.

F IGURE 3 Sensor-guided 3 m wide K.U.L.T.-Vision inter-row hoe in maize.
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no-till sweeps in the centre between the crop rows with a distance of

5 cm to the crop rows. An RGB camera was used for real-time row

detection, mounted on the flexible tool bar of the hoe scanning diago-

nally forward with four crop rows in the field of view. The images

were segmented into green pixels of the plants and background of

soil, stones, and dead plant residues. The areas of the highest green

intensity were connected to the centre of the crop row (Tillett

et al., 2002). This resulted in a robust and fast row detection even if

the plant leaves overlapped in the inter-row area. The forward speed

of camera-guided inter-row hoeing was 8 km h�1. The no-till sweeps

were guided 2 cm deep in the soil.

2.2.4 | Camera-guided intra-row hoeing and finger
weeding

Pairs of finger weeders were mounted between the no-till sweeps

on the flexible part of the hoeing frame. They were guided exactly

above the crop rows with a 1 cm overlap of the fingers for the

treatment HOE+F (Figure 4). Treatment HOE+InRow was realised

with four camera-controlled intra-row weeding knives with hydrau-

lic opening and closing mounted on the flexible part of the hoeing

frame exactly above the crop row. A multispectral camera (AD-130

GE, Jai, Japan) was placed 10 cm in front and 30 cm above the crop

row taking images of 30 cm � 20 cm size with the longer side

across the crop row. The camera was triggered by an encoder in

the wheel of the hoe taking into account different forward speeds.

Images were segmented into plants and soil and plants were classi-

fied into weed and crop. If no crop and weed were identified in the

image, the in-row knives were closed and moved into the crop row.

Otherwise, the knives were opened (Figure 4). Eleven images were

analysed per second (Gerhards et al., 2023). Therefore, the maxi-

mum forward speed of this treatment was 1 m s�1.

2.3 | Data collection

Weed density and crop density (plants m�2) were measured 1 day

before and after weed control treatment. The efficacy of the her-

bicide treatments was assessed 14 days after the application. The

efficacy of mechanical weeding was measured 1–3 days after

treatment before plants recovered from burial and before new

weeds emerged. Weed density was counted using a 0.1 m2 frame.

Four random positions were selected per plot, both for intra- and

inter-row area. For calculating total weed density, intra- and inter-

row weed density was used in combination. Crop density was

measured at four random positions per plot using a 1 m stick

placed along the crop row. The sunflower experiment was har-

vested in an area of 2 m � 10 m in the centre of each plot using a

plot combine harvester (Zürn 150, Germany). Seed yield was

recalculated for a dry matter content of 86%. The two centre rows

of sugar beet were harvested by hand in each plot and fresh root

biomass was determined. Silage maize yield was assessed in a

2 m � 10 m area in the centre of each plot using the same har-

vester as for sunflower.

2.4 | Data analysis

The data were analysed with the statistical software RStudio (Version

3.4.1, R Foundation for Statistical Computing, Vienna, Austria).

Figures were created with OriginPro 2022b (OriginLab Corporation,

Northampton, United States). Prior to analysis, the data were tested

for homogeneity of variance and normal distribution of residuals by

utilising residual plots and a quantile-quantile plot. Transformations of

the response variables were not needed to fulfil requirements for

ANOVA. An analysis of variance (ANOVA) was performed using the

following linear one-factorial model.

F IGURE 4 University of Hohenheim InRow-Hoe in maize on the left side and finger weeders used in sunflowers on the right side.

GERHARDS ET AL. 5 of 14



Yik ¼ μþaiþbkþeik , ð1Þ

where Yik is the observed value (yield, crop and weed density after

weeding) of treatment a in block b, μ denotes the general mean and

ai represents the fixed effects of the ith treatment, while bk and eik

represent the random effects of the kth block and the residual error

for each plot, respectively. The means of the fixed effects were com-

pared with Tukey's HSD test at p ≤ 0.05. The same test was also

used for pairwise comparisons of inter-row and intra-row weed

densities.

WCE was calculated according to Equation (2) separately for

inter- and intra-row areas as suggested by Piepho et al. (2024).

WCE¼100% 1�wa=wbð Þ, ð2Þ

where wa is the weed density after treatment and wb is the weed den-

sity before the treatment in the same plot. CL were calculated accord-

ing to Equation (3), with Ca representing the crop density after

treatment and Cb showing the crop density before treatment in the

same plot.

CL¼100% 1�Ca=Cbð Þ: ð3Þ

For ANOVA of WCE and CL, data from all experiments were

combined with treatment as a fixed effect and crop/year as a random

effect. The means of the treatments were compared with Tukey's

HSD test at p ≤ 0.05.

3 | RESULTS

Chenopodium album L., Polygonum convolvulus L., Galium aparine L.,

Fumaria officinalis L. and Echinochloa crus-galli (L.) Pal. Beauv. were the

dominating weed species in all six experiments. Treatments signifi-

cantly reduced weed density in all experiments. Crop density was sig-

nificantly affected by treatment only in the maize experiment M 22.

Treatment had a significant effect on yield in sugar beet SB 22 and

maize M I 23 (Table 2).

3.1 | Maize trials

Weed density was highest in 2022, with an average of 80 weeds m�2

in the untreated control. The treatments HERB, HOE+F, and HOE

+BS resulted in the lowest weed densities in all three maize experi-

ments. Inter-row and intra-row weed densities did not differ in these

three treatments. However, none of these treatments reduced weed

density to less than 7 weeds m�2 in 2022. In 2023, less than three

weeds m�2 were counted in these treatments. Inter-row hoeing

(HOE) significantly reduced weed densities compared to the untreated

control but resulted in higher weed densities compared to HERB,

HOE+F, and HOE+BS in two maize experiments. In 2022, weed den-

sity after inter-row hoeing (HOE) still amounted to 30 weeds m�2

(Figures 5–7 left). In the maize M 22 trial, HERB, HOE+InRow, HOE

+F, and HOE+BS significantly reduced weed density compared to

HOE and CON. In two maize experiments, intra-row weed density in

the HOE treatment was higher than inter-row weed density. Camera-

guided inter-row and intra-row weed hoeing (HOE+InRow) per-

formed well in 2022 but resulted in significantly higher weed density

in both experiments in 2023. HOE+InRow was the only treatment

that reduced maize density in one experiment (Figure 5 middle). Maize

yield was equal in all treatments in 2022 and 2023 II. In 2023 I,

maize yield was significantly higher in the treatments HERB and HOE

+F compared to CON with only 30 t ha�1 and HOE+InRow with

33 t ha�1 (Figure 6 right).

3.2 | Sugar beet trial

All treatments resulted in a significant reduction of weed density (1–2

weeds m�2) compared to the untreated control with 21 weeds m�2.

Intra-row weed density in the HOE treatment was significantly higher

than inter-row weed density. In all other treatments, inter-row and

intra-row weed densities were equal with less than 3 weeds m�2

(Figure 8 left). Crop density was not affected by treatments (Figure 8

middle). Inter-row hoeing combined with camera-guided in-row hoe-

ing (HOE+InRow) resulted in significantly higher yield (89 t ha�1)

compared to the untreated control with only 62 t ha�1 (Figure 8

right).

TABLE 2 p-values from the analysis of variance (ANOVA) for the assessed parameters weed and crop density after weeding and yield of the
factor treatment in all experiments separately.

Experiment/parameter Inter-row weed density Intra-row weed density Crop density Yield

M 22 <0.001 <0.001 0.039 0.734

M I 23 <0.001 <0.001 0.089 0.032

M II 23 <0.001 <0.001 0.711 0.823

SB 22 <0.001 <0.001 0.058 0.041

SF 22 0.029 0.021 0.061 0.052

SF 23 0.012 0.014 0.671 0.626

Note: p-values below α < 0.05 are highlighted in bold.
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3.3 | Sunflower trials

All treatments significantly reduced weed density compared to the

untreated control with 16–30 weeds m�2 (Figures 9 and 10 left). Hoe-

ing and band spraying in 2023 showed the lowest inter-row weed

density with only one weed m�2 remaining after the treatment

(Figure 10 left). Inter-row weed density in HOE and HOE+Inrow

was significantly lower than in HOE+F and Herb. All other treat-

ments resulted in weed densities with at least three weeds m�2.

Similar to the experiments in maize and sugar beet, intra-row weed

density in the HOE treatment was significantly higher than inter-

row weed density. In all other treatments, inter-row and intra-row

weed densities were equal (Figures 9 and 10 left). There was no sig-

nificant difference in sunflower density across all treatments. Sun-

flower yield was equal across all treatments (Figures 9 and 10

middle and right).

3.4 | Average herbicide savings, WCE and CL
across all trials

For inter-row hoeing plus band spraying (HOE+BS), 60% savings were

realised. Crop stand losses were very low without significant differ-

ence between the treatments. HERB and HOE+BS resulted in higher

F IGURE 5 Intra-row and inter-row weed densities (plants m�2) after treatment, crop density after treatment (plants m�2) and yield (t ha�1) in
the maize experiment 2022 (M 22) at Ihinger Hof. Means with the same letter are not significantly different according to Tukey HSD test at
p ≤ 0.05. Bars represent the standard error of the mean.
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total WCE and intra-row WCE than HOE, BOE + F and HOE+InRow.

HOE had the lowest intra-row WCE. Inter-row WCE of HOE and

HERB were higher than for the other treatments (Table 3).

4 | DISCUSSION

The data have proven the hypothesis that camera-guided inter-row

hoeing in combination with band spraying in maize, sugar beet, and

sunflower resulted in similar yield and WCE as the conventional

broadcast herbicide treatment. Camera-guided inter-row hoeing and

combinations of camera-guided inter-row hoeing with intra-row finger

weeding and camera-guided intra-row hoeing achieved significantly

less WCE, with an average of 77%–82% WCE. Taking into account

that only a single pass of mechanical weeding was applied, camera-

guided hoeing has a great potential to replace broadcast herbicide

applications. Usually, two to three passes of hoeing are applied in

sugar beet, maize, and sunflower (Pannacci & Tei, 2014). Van der

Weide et al. (2008) and Asaf et al. (2023) determined 60%–80% WCE

with finger weeding and pointed out that finger weeders must be

steered as close as possible to the crop rows. Otherwise, the risk of

crop damage is high. With automatic steering in the present study, fin-

ger weeding did not cause any crop damage and achieved more than

80% WCE except for one study in sunflower.

It was expected that intra-row hoeing using machine vision

control of hydraulic cutting knives would even increase WCE and

F IGURE 6 Intra-row and inter-row weed densities (plants m�2) after treatment, crop density after treatment (plants m�2) and yield (t ha�1) in
the maize experiment 2023 (M I 23) at Ihinger Hof. Means with the same letter are not significantly different according to Tukey HSD-test at
p ≤ 0.05. Bars represent the standard error of the mean.
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selectivity compared to intra-row finger weeding. However, this

treatment did not perform well in Maize 2023, because maize

leaves shaded several intra-row weed seedlings in the images, so

that they were not detected by the imaging system. In maize

2022, sugar beet and sunflower, the HOE+InRow treatment per-

formed better than inter-row hoeing with finger weeding with

higher WCE. This is in agreement with earlier studies in sugar

beet using camera-guided inter-row and intra-row weeding

(Gerhards et al., 2023). Camera-guided inter-row hoeing alone

achieved an average WCE of 79.6% in the present study. This is

higher than for conventional inter-row hoeing in earlier studies

with 60%–70% WCE in arable crops (Kunz et al., 2018; Loddo

et al., 2020; Melander et al., 2005; van der Weide et al., 2008).

Higher WCE of camera-guided hoeing can be explained by mov-

ing the hoeing elements closer to the crop row and by higher soil

burial due to higher forward speed of camera-guided hoeing

compared to conventional hoeing (Kunz et al., 2015; Kunz

et al., 2018).

Crop stand losses of all mechanical weeding treatments were very

low, with a maximum of 1.2% for HOE+InRow. This underlines that

camera-guidance and machine vision systems have improved in the past

20 years (Gerhards et al., 2023; Tillett et al., 2002). Crop safety and

robustness have also increased. This will probably promote the adoption

of new sensor-guided weeding technologies into practical farming.

F IGURE 7 Intra-row and inter-row weed densities (plants m�2) after treatment, crop density after treatment (plants m�2) and yield (t ha�1) in
the maize experiment 2023 (MII 23) at Ihinger Hof. Means with the same letter are not significantly different according to Tukey HSD-test at
p ≤ 0.05. Bars represent the standard error of the mean.
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Combining camera-guided inter-row hoeing with intra-row

band spraying (HOE+BS) was the most effective treatment in this

study. This treatment achieved equal WCE as the broadcast herbi-

cide application. On average, HOE+BS resulted in 91.2% WCE

and 60% herbicide savings without causing any crop damage.

Intra-row WCE was even higher for this treatment than for the

conventional broadcast herbicide application. This might be

explained by the fact that intra-row weeds in the combined treat-

ment of inter-row hoeing and band spraying were controlled by

herbicides and burial due to soil movement from the inter-row

hoeing (Gerhards et al., 2020). Inter-row hoeing and band spraying

were realised at a forward speed of 4.5 km h�1, which was much

faster than camera-based intra-row hoeing, which requires low

driving speeds of around 1 km h�1 (Gerhards et al., 2023). Image

processing and hydraulic opening and closing of the cutting knives

are limiting the forward speed. Many of the commercial hoeing

robots, regardless of whether tractor-mounted or fully autono-

mous, are facing the same problems with low forward speed

(Gerhards et al., 2023; McCarthy et al., 2010; Pérez-Ortiz

et al., 2016; Peteinatos et al., 2020). For autonomous robots, the

disadvantage could be compensated by a fleet of many robots

working simultaneously in the field.

F IGURE 8 Intra-row and inter-row weed densities (plants m�2) after treatment, crop density after treatment (plants m�2) and yield (t ha�1) in
the sugar beet experiment 2022 (SB 22) at Ihinger Hof. Means with the same letter are not significantly different according to Tukey HSD-test at
p ≤ 0.05. Bars represent the standard error of the mean.
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However, band spraying and inter-row hoeing might also have

antagonistic effects. Warnecke-Busch (2022) observed that herbi-

cide WCE was reduced if hoeing and band spraying were carried

out simultaneously. The author explained this effect by a dust layer

on the weed plants, which inhibits herbicide uptake. In the current

study, inter-row hoeing was conducted after band spraying in two

consecutive passes. Band spraying can also be realised with con-

ventional boom sprayers if cameras for row detection or RTK-GNSS

for seeding and spraying are used. This would even allow band

spraying with pre-emergence herbicides (Griepentrog et al., 2005;

Kunz et al., 2018).

Intra-row weeding robots based on weed/crop classification

with artificial intelligence (AI) will probably gain more importance in

the future. The results of this study with the camera-guided inter-

row and intra-row hoe (HOE+InRow) show 77% WCE and only 1%

crop stand losses, demonstrating the great potential of selective

intra-row hoeing based on AI. Peteinatos et al. (2020) trained neu-

ral networks with 16 weed species and six crops that classified spe-

cies with up to 99% accuracy when plants had developed the first

true leaves. Once a weed has been identified in the intra-row area,

various actuators can be used to target the weeds (Gerhards

et al., 2022).

F IGURE 9 Intra-row and inter-row weed densities (plants m�2) after treatment, crop density after treatment (plants m�2) and yield (t ha�1) in
the sunflower experiment 2022 (SF 22) at Ihinger Hof. Means with the same letter are not significantly different according to Tukey HSD test at
p ≤ 0.05. Bars represent the standard error of the mean.
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F IGURE 10 Intra-row and inter-row weed densities (plants m�2) after treatment, crop density after treatment (plants m�2) and yield (t ha�1)
in the sunflower experiment 2023 (SF 23) at Ihinger Hof. Means with the same letter are not significantly different according to Tukey HSD-test
at p ≤ 0.05. Bars represent the standard error of the mean.

TABLE 3 Average herbicide savings, total, inter-row and intra-row weed control efficacy (WCE) (according to Equation (2)), crops losses (CL)
(according to Equation (3)) across all trials for each treatment applied. Means with the same letter are not significantly different according to

Tukey HSD-test at p ≤ 0.05. SE represents the standard error of the mean.

Treatment Herbicide savings (%) CL (%) Total WCE (%) Intra-row WCE (%) Inter-row WCE (%)

CON 100 - - - -

HERB 0 0.5 (0.4) a 91.6 (2.9) a 93.3 (2.0) a 89.8 (3.7) b

HOE+InRow 100 1.2 (0.8) a 77.2 (5.8) b 76.6 (5.9) b 77.6 (8.3) b

HOE+F 100 0 a 81.7 (7.1) b 74.5 (12.3) b 88.8 (3.4) b

HOE 100 0.8 (0.8) a 79.6 (3.3) b 68.8 (3.14) c 90.4 (3.8) a

HOE+BS 60 0.9 (0.8) a 91.1 (3.5) a 88.3 (5.2) a 93.8 (1.8) a
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5 | CONCLUSIONS

It can be concluded from this study that camera-guided hoeing and

combinations of camera-guided inter-row hoeing with band spraying

provided similar WCE and crop yield as broadcast herbicide treat-

ments. Herbicide WCE was similar within crop rows regardless of

whether it was applied with a band sprayer or a conventional boom

sprayer. Crop plant losses were very low in all treatments with a maxi-

mum of 1.2% without significant differences between the treatments.
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