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Abstract: Weed infestations and associated yield losses require effective weed control 

measures in soybean and sugar beet. Besides chemical weed control, mechanical weeding 

plays an important role in integrated weed management systems. Field experiments were 

conducted at three locations for soybean in 2013 and 2014 and at four locations for sugar 

beet in 2014 to investigate if automatic steering technologies for inter-row weed hoeing 

using a camera or RTK-GNSS increase weed control efficacy, efficiency and crop yield. 

Treatments using precision farming technologies were compared with conventional weed 

control strategies. Weed densities in the experiments ranged from 15 to 154 plants m−2  

with Chenopodium album, Polygonum convolvulus, Polygonum aviculare, Matricaria 

chamomilla and Lamium purpureum being the most abundant species. Weed hoeing using 

automatic steering technologies reduced weed densities in soybean by 89% and in sugar  

beet by 87% compared to 85% weed control efficacy in soybean and sugar beet with 

conventional weeding systems. Speed of weed hoeing could be increased from 4 km h−1 with 

conventional hoes to 7 and 10 km·h−1, when automatic steering systems were used.  

Precision hoeing technologies increased soybean yield by 23% and sugar beet yield by 37%. 

After conventional hoeing and harrowing, soybean yields were increased by 28% and sugar 

beet yield by 26%. 
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1. Introduction 

Soybean and sugar beet are both very sensitive to weed competition with yield losses of 15%–40% 

in soybean [1] and 77% in sugar beet [2] recorded even at low weed densities of 5 plants m−2. In addition 

to yield losses, weeds in soybean and sugar beet reduced crop quality, complicated harvest and served 

as hosts for insect pests and diseases pathogens [3]. Strong weed competition in soybean and sugar beet 

can be explained by favorable growing conditions for weeds in spring at the time of sowing, relatively 

slow crop growth in the early vegetation period and wide row spacing [1]. In Germany, Chenopodium 

album L., Galium aparine L., Matricaria chamomilla L. and M. inodora L., Stellaria media (L.) Vill. 

and Polygonum convolvulus L. [4,5] are most frequent in sugar beet; Echinochloa crus-galli L., 

Chenopodium album L., Amaranthus retroflexus L. and Solanum nigrum L. are the main weeds listed in 

soybean [6]. 

Under European cropping conditions, weed control in soybean and sugar beet is mostly performed 

by combinations of pre-emergent and post-emergent herbicide applications [4,7,8]. Yet, herbicide 

treatments can decrease the quality of the crop. In particular, the studies of Wilson [9] showed that 

different post-emergence herbicides reduced sugar beet leaf area up to 29% in case of two triflusulfuron 

applications. The use of ethofumesate plus desmedipham plus phenmedipham resulted in a 22% 

reduction in leaf area. He pointed out that sugar beet cultivars differed with regard to the response 

towards herbicides. Root yield reduction of nine investigated sugar beet cultivars provoked by herbicide 

treatments ranged from 3 to 11%. 

Furthermore, it could be shown that certain herbicides remain in soil and water [10]. Repeated  

use of herbicides with the same mode of action resulted in the evolution of herbicide resistant weed 

populations [11]. For example, resistant populations of Chenopodium album L. to metamitron in sugar 

beet [12] and Apera spica-venti L. Beauv. to branched chain amino acid synthesis inhibitors in winter 

wheat [13]. Integration of preventive, non-chemical and chemical methods of weed control with reduced 

doses have successfully been carried out in several studies in soybean and sugar beet [1,14–17]. 

Gummert et al. [18] summarized integrated weed management strategies for sugar beet production. 

A promising alternative to chemical weed control is weed hoeing, which can be done between the 

row (inter-row hoeing) and within crop rows (intra-row hoeing). For soybean in Europe, in-row hoeing 

occupied around 20% and intra-row hoeing less than 1%. Intra- and inter-row hoeing in sugar beet did 

not exceed 1%. Hoeing can control larger weeds and grass-weeds, which are difficult to remove by 

flexible tine harrows and the risk of crop damage for inter-row hoeing, is usually lower compared to 

harrowing [19,20]. Dierauer and Stöppler-Zimmer [21] found that 90% of the weeds between the crop 

rows were uprooted and 75% of the weeds within the crop row were covered by soil after two passes of 

hoeing in maize and peas. However, the effect strongly depends on soil conditions, weed species and 

growth stages of weed species. Highest efficacies were achieved when crops at the time of hoeing were 

taller than the weeds [21–23]. 
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The use of mulch systems can reduce soil erosion and surface runoff of soil particles by more than 

50% [24]. Gummert et al. [18] mentioned that the erosion risk was enhanced after hoeing, due to 

incorporation of organic matter into the soil. However, weed hoeing in arable crops reduced water 

evaporation from the soil surface, which is of concern in areas with low rainfall in early summer [22]. 

Few studies were conducted to investigate weed control efficacy, crop response and yield effect of weed 

hoeing in sugar beet and soybean. 

New automatic row guidance systems for inter-row hoeing have been developed in the last  

15 years [25–28]. Optical sensors and RTK-GNSS technologies identify the position of crop rows and 

hydraulic systems steer inter-row hoes close to crop rows. However, little information is available on 

the performance of these technologies in sugar beet and soybean. 

The objectives of this study were to investigate innovative weed control methods using precision 

farming technologies for mechanical weed management in soybean and sugar beet in comparison with 

conventional hoeing methods. Optical sensors and high accuracy RTK-GNSS were applied to guide 

mechanical hoes close to the crop row. We investigated if those precision farming technologies were 

capable of increasing weed control efficacy and crop yield. We also tested if precision farming 

technologies allowed hoeing at higher speeds compared to conventional hoeing. We hypothesized 

precision hoeing technologies had significant weed suppressive effects within crop rows due to soil 

coverage especially at higher driving speeds. 

2. Results and Discussion 

2.1. Weed Density 

Weed densities in the untreated plots varied from 15 to 150 plants m−2 with the highest weed density 

in soybean at March-Buchheim in 2013 and the lowest density in sugar beet at Renningen in 2014. The 

most abundant weed species observed were common lambsquarters (Chenopodium album), wild 

buckwheat (Polygonum convolvulus), prostrate knotweed, (Polygonum aviculare L.), wild chamomile 

(Matricaria chamomilla), and purple deadnettle (Lamium purpureum L.). Weed species composition 

was typical for German soybean and sugar beet production areas [5,6]. 

All treatments significantly reduced weed density compared to the untreated control. When averaged 

over all treatments, weed hoeing using automatic steering technologies reduced weed densities in 

soybean by 89% and in sugar beet by 87% compared to 85% weed control efficacy in soybean and sugar 

beet with conventional weeding systems (Figure 1). Highest weed control efficacy in sugar beet was 

achieved with a goosefoot hoe steered by RTK-GNSS reducing weed density to 5 plants m−2 compared 

to 52 plants m−2 in the control treatment. Weed control efficacy in the inter-row area was not significantly 

different from efficacy within crop rows (data not shown). This was possibly due to the fact that hoeing 

blades uprooted weeds between crop rows and covered weeds with soil within rows with both effects 

leading to high control efficacy. Weed control efficacy in soybean using precision hoeing systems was 

slightly higher at a speed of 7 and 10 km h−1 compared to 4 km h−1. 

In conventional soybean treatments, combinations of hoeing and harrowing reduced weed  

density from 154 to 19 plants m−2. Only hand weeding completely eliminated all weeds (Figure 1).  

The conventional weed control treatments in sugar beet using herbicides and combinations of flexible 
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tine harrowing with herbicide resulted in highest reduction of weed density from 15 to 1.5 plants m−2 

(Figure 1). The use of a finger-weeder within crop rows did not significantly increase weed control 

efficacy compared to hoeing without a finger weeder. The type of hoeing blades (cutting blade and 

goosefoot-blades) did not have significant effects on weed control efficacy. 

 

Figure 1. Weed density in sugar beet (SB) and soybean (SY) measured directly after last 

weed hoeing using automatic steering technologies and conventional weed control methods; 

soybean experiments were conducted at Kleinhohenheim and March-Buchheim in 2013 and 

Kleinhohenheim and Ihinger Hof in 2014; sugar beet experiments were carried out at 

Gützingen, Ihinger Hof, Heidfeldhof and Renningen in 2014. Precision farming technologies 

were tested in SB and SY in 2014. Data of the conventional weed control of different 

locations were averaged. Mean values within the same column followed by an identical letter 

do not differ statistically based on the Tukey HSD test (p ≤ 0.05). 

Weed control efficacies were slightly higher than in the studies by Dierauer and Stöppler-Zimmer [21], 

and almost equal to chemical weed control strategies. Melander et al. [29] suggested that hoeing at higher 

speed could increase soil coverage of intra-row weeds and thus may lead to higher weed suppression. 

We could prove this hypothesis in our study. Hoeing in soybean resulted in higher weed control efficacy 

at a speed of 7 and 10 km h−1 compared to 4 km h−1 without causing crop damage, when automatic 

steering systems were applied. Camera steering systems or high accuracy RTK-GNSS-technologies 

allowed weed hoeing at almost double speed. Higher driving speeds and autonomous operations reduce 

labor costs for mechanical weeding. Reduced labor costs may compensate for the investment in precision 

steering technologies. We assume that automatic steering technologies in general make mechanical weed 

control methods more attractive for practical farming and in future those machines could be operated 

completely autonomous [27]. In the given study, the use of camera steering and RTK-GNSS hoeing 

techniques caused similar margin contributions to the chemical weed control. Nevertheless, the 

application of mechanical weed control is highly cost intensive, time consuming and less area efficient. 

Furthermore, additional conditions for application (e.g., temperature, soil moisture, soil texture) have to 

be satisfied in comparison to chemical approaches. The strong dependency on weather conditions for 
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mechanical weed control has already been shown in Kurstjens and Kropff [30]. Therefore, if mechanical 

weed control is not applicable or successful, an additional cost-effective chemical measure is necessary. 

At present chemical weed control is still a prerequisite for economic and sustainable crop production 

in Europe. The high amount of herbicides on total pesticide use indicates the importance of weed control 

for economic crop production [18]. 

2.2. Crop and Weed Biomass 

Soybean dry shoot biomass six weeks after treatment was significantly lower in the untreated control 

plots compared to all treatments. The lowest crop biomass was observed in the control treatment at IHO 

(3111 kg ha−1). Highest crop biomass of 6363 kg ha−1 was measured after RTK-hoeing with finger 

weeders. Weed biomass was lowest (in average 0.19 kg ha−1) in the RTK-hoeing treatments with and 

without finger-weeder compared to 2700 kg ha−1 in the control plots. After conventional weed control, 

average soybean biomass was 4698 kg ha−1 compared to 3282 kg ha−1 in the control treatment. The 

lowest weed biomass of 0 kg ha−1 was measured after hand-weeding followed by harrowing and hoeing 

with 184 kg ha−1 (Figure 2). 

 

Figure 2. Shoot dry biomass of weeds and soybean (SY), shoot and root dry biomass of 

sugar beet (SB) measured eight weeks after sowing; weeds were controlled using automatic 

steering technologies and conventional weed control methods; soybean experiments were 

conducted at Kleinhohenheim and March-Buchheim in 2013 and Kleinhohenheim and 
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Ihinger Hof in 2014; sugar beet experiments were carried out at Gützingen, Ihinger Hof, 

Heidfeldhof and Renningen in 2014. Precision farming technologies were tested in SB and 

SY in 2014. Data of the conventional weed control of different locations were averaged. 

Mean values within the same column followed by an identical letter do not differ statistically 

based on the Tukey HSD test (p ≤ 0.05). 

In sugar beet, all treatments significantly increased dry crop shoot and root biomass. Precision hoeing 

treatments did not significantly differ from each other (Figure 2). Crop biomass was lowest in the control 

plots with 4035 kg ha−1 and highest (6302 kg ha−1) after shallow RTK-hoeing with finger-weeder. Weed 

biomass in average was reduced to 127.5 kg ha−1 after precision hoeing in sugar beet. The deep  

RTK-hoeing with the finger-weeder resulted in the lowest weed biomass. Conventional weed control 

methods also significantly increased sugar beet biomass and decreased weed biomass compared to the 

control plot. Sugar beet dry biomass was highest after the herbicide application with 5451 kg ha−1. The 

lowest crop biomass of 4197 kg ha−1 was observed in the control plots. Weed biomass was highest in 

the control plots with 1420 kg ha−1. The treatments hoeing, harrowing plus hoeing, harrowing plus 

herbicide and hoeing with cutting blade reduced weed biomass in average by 95%. The correlation 

between mean crop yield and mean weed biomass was found to be negative. Sugar beet and soybean 

yields expressed correlation coefficient values of r = −0.32 and −0.72, respectively, to weed biomass. 

The results of Figure 2 support very high weed control efficacies presented in Figure 1 and suggest 

that early weed competition causes significant dry crop biomass and yield losses in soybean and sugar 

beet. All mechanical weed control methods did not reduce crop biomass compared to hand-weeding and 

herbicide applications. Therefore, we can conclude, that weed hoeing in soybean and sugar beet was 

very selective. 

2.3. Crop Yield 

Yields of soybean and sugar beet were significantly higher in all treatments compared to the control 

plots demonstrating the importance of effective weed control in both crops. 

In the precision hoeing experiment, the highest soybean yield of 3.2 t ha−1 was recorded in the  

hand-weeding plots, where weed competition was completely eliminated (Figure 3). Lowest yield was 

measured in the control plots with 2.5 t ha−1. Precision hoeing using a camera guidance system or  

RTK-GNSS system at the speeds of 7 and 10 km h−1 resulted in a yield of 3.1 t ha−1 compared to the 

same treatment at the lower speed (4 km h−1) yielding 3 t ha−1 (not significant). After conventional weed 

control, highest soybean yield of 2.5 t ha−1 was again recorded in the hand-weeded treatment. 

Conventional hoeing, harrowing and hoeing and harrowing and hoeing in turn yielded at 2.3 t ha−1,  

2.4 t ha−1 and 2.2 t ha−1, respectively. Harrowing alone showed 12.5% less yield than the combination 

of hoeing and harrowing. Without any weed control, soybean yield was only 1.8 t ha−1. 

White sugar yields ranged from 10.1 t ha−1 in the control plots to 14.6 t ha−1 after RTK-hoeing  

(Figure 3). Yields were equal among all precision hoeing treatments with an average of 13.5 t ha−1. 

In sugar beet, averaged over all conventional treatments at all locations highest white sugar yield was 

observed in the herbicide treatment with 15.8 t ha−1. The combination of harrowing and hoeing and 

harrowing with herbicide resulted in significantly higher yields than the hoeing treatments with 
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goosefoot-blades and cutting-blade (Figure 3) indicating that harrowing in sugar beet might favor crop 

growth. Treatments had no statistical effect on sugar content (data not presented). 

 

Figure 3. Yield of crop in t ha−1 in the sugar beet (SB) and soybean (SY) treatment at Ihinger 

Hof, Gützingen, Heidfeldhof, Renningen, Kleinhohenheim in the year 2013 and 2014 and 

March-Buchheim in 2013. Precision farming experiments were conducted at Ihinger Hof in 

SB and SY in 2014. Data of the conventional farming experiments of different locations 

were averaged. Bars represent mean values, within each experiment and measurement date, 

significant differences (p ≤ 0.05) are topped by different letters. 

3. Experimental Section 

3.1. Experimental Sites and Design 

Soybean trials in 2013 were located at Kleinhohenheim (KH), (48.73° N, 9.20° E, 400 m altitude) 

and March-Buchheim (MB) (48.06° N, 7.78° E, 219 m altitude). In 2014, soybean experiments were 

carried out at KH and the experimental station of the University of Hohenheim Ihinger Hof (IHO) 

(48.74° N, 8.92° E, 478 m altitude). Sugar beet experiments in 2014 were conducted at Gützingen (GÜ) 

(49.62° N, 9.88° E, 290 m altitude), IHO, Heidfeldhof (HD) (48.71° N, 9.19° E, 370 m altitude) and 

Renningen (RE), (48.74° N, 8.90° E, 478 m altitude). All experimental fields were located in the 

southwest of Germany. At IHO the soil was a deep loam on subsoil clay. The soil in RE was a sandy to 

silty loam. In KH, GÜ and HD, soils were characterized as silty loam. Average yearly rainfall varied 

between 660 mm in KH and 790 mm in IHO and average temperatures ranged from 9.2 °C in IHO to 

10.2 °C in MB. All experiments were designed as a randomized complete block design with four 
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replicates. The plot size was 20–30 m−2 depending on the machinery used for sowing. Row distance was 

0.5 m in both crops. 

 

3.2. Set up of Experiments 

Soybean, cv. Sultana was sown on 4 June and 16 June in 2013 and 6 May and 8 May in 2014 at a 

density of 60 seeds m−2 with an experimental drilling machine (Deppe). The seeds were inoculated with 

HiStick® (Bradyrhizobium japonicum) directly before sowing. Fields were ploughed during winter and 

cultivated twice in April/May before sowing. 

Sugar beet, cv. Hannibal was sown in March 2013 at a density of 100,000 seeds ha−1 with a precision 

driller (Kuhn Maxima 2Tl) after seed-bed cultivation. Seeds were treated with 0.6 mg a.i. seed−1 

thiamethoxam [3-[(2-chloro-5-thiazolyl)methyl]tetrahydro-5-methyl-N-nitro-4H-1,3,5-oxadiazin-4-imine] 

and 0.08 mg a.i. seed−1 tefluthrin [(2,3,5,6-tetrafluoro-4-methylphenyl) methyl(1R,3R)-rel-3-[(1Z)-2-

chloro-3,3,3-trifluoro-1-propenyl]-2,2-dimethylcyclo-propanecarboxylate]. Winter cereals were grown 

in the previous year before the experiments were set up. After harvest of winter cereals, white mustard 

(Sinapis alba L.) was cultivated as a cover crop. Approximately 3 weeks before sowing of sugar beet, 4 

L ha−1 Taifun® Forte (360 g a.i. L−1 glyphosate [N-(phosphonomethyl)glycine]) and nitrogen (120 kg 

ha−1 N) as urea ammonium nitrate (47% N) were applied. Shortly after emergence of sugar beet,  

4 kg ha−1 Frunol Delicia® slug-lentils were spread (30 g a.i. kg−1 metaldehyde [2,4,6,8-tetramethyl-

1,3,5,7-tetraoxacyclooctane]). 

Experiments included 18 treatments (Table 1). Six conventional mechanical weed control methods 

were applied pre-emergence harrowing with a flexible-tine harrow (Hatzenbichler, 3 m wide) and  

post-emergence hoeing with goose-foot blades or cutting blades alone, and the combination of hoeing 

and harrowing and a combination of harrowing with herbicides in sugar beet were tested at five locations 

(GÜ, HD, RE, KH, MB). In treatment 16, pre-emergence harrowing was followed by post-emergence 

hoeing, post-emergence harrowing and again post-emergence hoeing. Post-emergence harrowing and 

hoeing was carried out between 2 and 8 leaf stages of the crops. 

Precision inter-row hoeing using automatic steering technology alone or in combination with the 

finger-weeders [23] in the intra-row area was investigated in nine treatments (treatment 3–11). These 

technology were only available at IHO in 2014. A Kult-robocrop® hoe with a width of 3 m was used for 

precision hoeing (Figure 4). The hoe was equipped with 6 goose-foot blades or cutting blades at a 

distance of 0.5 m for inter-row weeding and twelve finger-weeders running over the crop rows. Using a 

DGPS receiver with RTK correction signal during sowing, a virtual AB-line was created. According to 

this AB-line, the seed rows are oriented parallel. The hoe was guided along the virtual AB-line with a 

distance of 5 cm to the crop row using an automatic steering system on the tractor so that the hoeing 

blade is situated right between the crop rows. Alternatively to GNSS-steering, a camera was placed 

above the rows pointing forwards to determine the row position. Based on the position of crop rows,  

an active control of the hoe was performed. Camera and image analysis system were adjusted to  

row spacing. 
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Table 1. Description of experimental treatments investigated in soybean (SY) 2013/2014 

and sugar beet (SB) in 2014. 

Crop Treatment Description Speed (km/h) 

SB SY 1 No weed control  

SB  2 Herbicide 5 

Precision hoeing 

SB SY 3 RTK hoe, 2 cm deep 7 

SB SY 4 RTK hoe, 2 cm deep 4 

 SY 5 RTK hoe, 5 cm deep 7 

 SY 6 RTK hoe, 5 cm deep 4 

SB SY 7 RTK hoe 2 cm deep with finger-weeder 7 

SB SY 8 RTK hoe 2 cm deep with finger-weeder 4 

SB SY 9 Camera hoe, 2 cm deep 10 

SB SY 10 Camera hoe, 2 cm deep 7 

SB SY 11 Camera hoe, 2 cm deep 4 

Conventional hoeing 

SB SY 12 Conventional hoe, 2 cm deep 4 

SB SY 13 Pre-emergence harrow and hoe, 2 cm deep 7/4 

SB  14 Pre-emergence harrow and herbicide 7/5 

SB  15 Hoe with cutting blade, 2 cm deep 4 

 SY 16 
Pre- + post-emergence harrow + hoe 2 cm 

deep 
7/4 

 SY 17 Post-emergence harrow, 3 times 7 

 SY 18 Repeated hand weeding  

 

Figure 4. Photo of the Kult-robocrop® hoe with a camera-based automatic steering system 

in sugar beet at 8-leaf stage at Ihinger Hof. 

An untreated control was included in all experiments (treatment 1). In soybean, repeated  

hand-weeding was carried out in one treatment to analyze soybean growth and yield without the effects 

of weed competition (treatment 18). In sugar beet, one treatment contained only chemical weed control 



Agronomy 2015, 5 139 

 

 

with 200 L water ha−1 at each time of application (treatment 2). A mixture of 3 L ha−1 Goltix Titan®  

(525 g a.i. L−1 metamitron [4-amino-3-methyl-6-phenyl-1,2,4-triazin-5(4H)-one] and 40 g a.i. L−1 

quinmerac [7-chloro-3-methyl-8-quinolinecarboxylic acid]) and 4.5 L ha−1 Betanal Expert® (151 g a.i. L−1 

ethofumesate [2-ethoxy-2,3-dihydro-3,3-dimethyl-5-benzofuranyl methanesulfonate], 75 g a.i. L−1 

phenmedipham [3-[(methoxycarbonyl)amino]phenyl (3-methylphenyl) carbamate], 25 g a.i. L−1 

desmedipham [ethyl [3-[[(phenylamino)carbonyl]oxy]phenyl]carbamate]) was used three times, with 

equal rates at IHO, HD, RE and GÜ. Treatment dates are listed in Table 2. In treatment 14,  

pre-emergence harrowing was conducted and then herbicides were applied three times. 

Table 2. Selection of treatments and timings for treatments (DAS = Days after sowing) in 

soybean (SY) and sugar beet (SB) experiments at locations Ihinger Hof (IHO), Gützingen 

(GÜ), Heidfeldhof (HD), Renningen (RE), Kleinhohenheim (KH) and March-Buchheim 

(MB); (PF = Precision Farming; CV = Conventional Farming). 

Location Cultivation Technology Crop Year Treatment DAS 

MB CV SY 2013 12, 13, 16, 17, 18 3, 10, 17, 30 

KH CV SY 2013 12, 13, 16, 17, 18 3, 10, 17, 30 

KH CV SY 2014 12, 13, 16, 17, 18 3, 10, 17, 30 

IHO PF SY 2014 3, 4–12 27, 37, 50 

MB CV SY 2013 12, 13, 16, 17, 18 3, 10, 17, 30 

IHO PF SB 2014 2–4, 7–12 34 , 49 , 66 

GÜ CV SB 2014 2, 13, 14 4, 35, 47, 60 

HD CV SB 2014  2, 12, 15 11, 22, 43 

RE CV SB 2014 
2, 13 3, 27, 45, 59 

12, 14, 15 3, 27, 48, 70 

3.3. Data Collection 

Weed density was counted between the crop rows and in the intra-row area before the first treatment 

and directly after each treatment using a frame of 0.5 m−2 at three locations in each plot. Shoot and root 

biomass of sugar beet, soybean shoot biomass and weed biomass were measured eight weeks after 

sowing in an area of 1 m−2 in each plot. Plants were washed and dried at 80 °C for 48 h. Then dry matter 

was determined. Soybean was harvested in October using a plot combine harvester (Hege 180). Sugar 

beet was harvested in September/October with a plot harvester (Edenhall 623). Yield was determined 

for dry soybean. Sugar beets were washed and then yield was measured. Sugar content was analyzed 

according to the standard procedure [31]. 

3.4. Statistical Analysis 

Statistical analysis was conducted with statistical software language R version 3.1.1, “agricolae” 

package [32]. Data were fitted by a linear model (lm) using Equation (1): 

Yijkl = μ+αj + βi + γk + δl + (βγ)ik + (βδ)il + (γδ)kl + (βγδ)ikl + eijkl (1) 

where Yijkl describes the yield in treatment i, block j, location k and year l, αj is the effect of block j, βi 

is the effect of treatment i, γk is the effect of location k, δl is the effects of year l, (βγ)ik represents the 
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interaction of treatment i and location k, (βδ)il represents the interaction of treatment i and year l, (γδ)kl 

represents the interaction of location k and year l, (βγδ)ikl represents the interaction of treatment i, 

location k and year l and eijkl is the residual error in treatment i, block j, location k and year l. 

Weed density, weed and crop biomass, yield and sugar content were tested using analysis of variance. 

Afterwards, multiple comparison tests were performed using the Tukey HSD test at a significance level 

of p ≤ 0.05. All data were analyzed using the Shapiro-Wilk test for normality and the Levene test for 

homogeneity of variance. If necessary, data were transformed to achieve the requirements for analysis 

of variance. 

4. Conclusions 

Automatic machine guidance systems for inter-row weed hoeing have slightly increased efficacy of 

weed control compared to conventional mechanical weed control methods. 

However, further investigations and developments are needed to determine accuracy of precision 

steering systems and the optimal distance of hoeing blades to the crop rows. Inter-row hoeing could be 

combined with selective chemical (band-application) or mechanical weed control in the intra-row area. 

For intra-row hoeing, new sensor technologies differentiating between crops and weeds and automatic 

steering systems to guide the hoe exactly along and within a crop row [25,26,33,34] could be used. 

Weeds close to the crop, however, will remain a major constraint of mechanical weeding. Close-to-crop 

area needs to be defined for different crops and hoeing systems. This area needs to remain untreated to 

avoid crop damage. 
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