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1. General introduction 


Weed problems are still bothering millions of farmers and challenging thousands of weed 
 scientists all over the world. Despite all weed control efforts, the average yield losses due to 
 weeds are estimated at 7.5% and 25% in developed and developing countries, respectively 
 (Parker & Fryer, 1975). Weed control methods have been dominated by the use of herbicides 
 for the last three decades. However, increasing environmental concerns regarding pesticide 
 use and the widespread development of herbicide resistance in weed species have increased 
 political focus on this area. The Danish government decided in 1987 that the amount of 
 herbicides used and the so-called ‘treatment index’ (TI) should be reduced by 50% in 1997 
 compared to the average level from 1981 to 1985. A TI of 1 is defined as one treatment of a 
 field with the manufacturers recommended dose (Thonke, 1988). Unfortunately, conventional 
 Danish farmers and agricultural companies still struggle to meet this demand. One way of 
 reducing herbicide use could be to implement mechanically methods. Organic production 
 meets the demand easily since no herbicides are used at all in weed control. Organic 
 production has a fairly large share of e.g. the dairy market in Denmark and generally the 
 Danish consumer is positive against the organic concept. It is accepted that organic products 
 are fairly more expensive but within reasonable limits. So far especially organic sugar has 
 been difficult to produce requiring up to 150 hours per ha manual weed hoeing in the row 
 (Ascard et al., 1993) and hence resulting in a price too high for the consumer. There is a 
 potential market for developments of systems that can help controlling weeds in the sugar 
 beet row without herbicides (for the organic farmers) or as an alternative to using herbicides 
 (for the conventional farmers).  


Today’s physical weed control can be divided into inter-row (between rows) and in-row 
 (in the row between beet plants) weed control (Fig. 1). Between the rows hoes, brush weeders 
 and flamers are suitable and do a good job (Ascard et al., 1993; Ascard & Mattson, 1994; 


Rasmusssen, 1992). The only efficient in-row tool for the last many decades has been the very 
labour-intensive hand-held hoe. There has been investigations to use brush-weeders and 
torsion-weeders for in-row weed control (Melander, 1992), but it is difficult to avoid crop 
damage when a sufficient level of weed control must be obtained. Precision sowing between 
rows to make rows parallel across the sowing direction has been proposed as an alternative 
potential. With parallel rows across it is possible to hoe across the field. Experiments with 
hoeing across the field initially without precision sowing have been reported as a promising  
alternative (Olsson, 1995). However, with this system it was not possible to hoe closer than 2 
- 4 cm to the single crop plant, which is probably not close enough  to avoid yield loss from 
weeds standing closer. Robotic weeding has been implemented in tomato using image 
analysis techniques to control a spot sprayer targeting single weed plants without hitting and 
damaging the tomato (Lee et al., 1999) and a somewhat similar system has been developed 
for transplanted cauliflower (Tillett et al., 1998). Developments in highly accurate weed 
control measures fit into development of robotic weeding devices. However, there is a need 
for an in-row weed-controlling device capable of controlling weeds very close to the crop 
without using any herbicides at all.  



(7)Figure 1. General picture of a beet field infested with weeds (A) after existing inter-row weed 
 control techniques (B) and after a future in-row weed control technique (C). 


Hoeing uproots or cover the weeds by soil and thereby delays or impedes weed growth. 


Furthermore, the disturbance of the soil often initiates new weed seed germination and 
emergence. With cutting at ground level minimal soil disturbance will occur, dicotyledons can 
be killed and monocotyledons can be reduced in size and delayed in growth (Jones & Blair, 



(8)1996). Different mechanical devices to cut weeds have been presented and proven beneficial 
 (Nawroth & Estler, 1996). Research has been done to reconstruct the individual positions of a 
 sugar beet plant in a row structure in the field with a sensor system combining infrared light 
 sources and photoelectric cells, together with some signal processing (Bontsema et al., 1998). 


A rotating flail disc was designed to cut continuously between the beets in the row to control 
 the weeds. The precision of the system had a standard deviation of 2 cm, again setting limits 
 to how close to the beet it was possible to cut weeds without risking damage to the beet. The 
 challenge for existing mechanical cutting devices is precision and speed and there is a 
 growing interest for finding alternatives to mechanical systems.   


An alternative could be a CO2 laser. Lasers are e.g. used for cutting industrial materials 
 (Allmen & Blatter, 1995) and to cut wood (Grad & Mozina, 1998). A laser concentrates a 
 large amount of energy in a narrow laser beam and can be directed precisely and quickly on to 
 targets. Furthermore, the laser beam can be focused into a narrow area to increase energy per 
 area and, on the other hand, decrease danger outside of the focus range. Various types of 
 lasers are available in the ultraviolet regime (UV lasers ~ 200-400 nm), in the infrared regime 
 (IR lasers ~ 700-1500 nm) or in the far infrared regime (FIR lasers ~ 5 -15 µm, e.g. CO2


lasers). UV and IR lasers cut via explosive ejection, i.e. ablation, of plant tissue generated by 
 multiphoton and avalanche electron ionisation (Bloembergen, 1974). CO2 lasers cut due to 
 large light absorption in tissue water molecules and with a subsequent strong heating and 
 explosive boiling (Langerholc, 1979). A CO2 laser has been used to burn seed heads of rye 
 (Secale cereale L.) as a project of weed control (Bayramian et al., 1993) and has been 
 investigated by cutting in potato tuber (Bilanski & Ferrez, 1991). A laser might be a usable 
 cutting device on an autonomous in-row weeder but more investigations regarding energy 
 requirements and possible selectivity must be made. The magnitude of a stem or a leaf 
 thickness should be looked upon since one might expect a correlation between energy 
 requirements to cut a stem or leaf and the stem/leaf thickness. A comparison to cutting with a 
 pair of scissors should also be done to investigate if there is a biologically different response 
 to cutting with laser. 


Hoeing is usually done several times during the growing season in organic sugar beets 
 starting as early as possible to optimise the weed control. However, the optimal time for 
 controlling the weed by cutting might be later in the season compared to usual mechanical or 
 chemical controlling times. The plants may be easier to find and cut when they have a certain 
 size and the critical period for weed control might be affected. What would it mean for beet 
 yield if different weeds close to the beet were cut at various times in the growing season? A 
 matter of interest would also be whether a postponing of the cut would give a different effect? 


This could be beneficial for other reasons, i.e. easier to distinguish between weed and beet, 
 easier to move in the field due to climatic conditions etc. 


Plant growth can be affected by various factors during the growing season, resulting in 
 different yield levels. Crop growth-limiting and crop growth-reducing factors interact. For 
 example, weeds compete with crops for environmental resources that are in limited supply. 


The competitive strength of a species in the absence of growth-limiting factors is largely 
determined by plant characteristics that influence the light interception and light use 



(9)efficiency (e.g. plant height and leaf area). Furthermore plant density, species proportion and 
 spatial arrangement of the plants determine the outcome of competition (Kropff & van Laar, 
 1993). A number of eco-physiological models of competition for light, water and nutrients 
 have been introduced (e.g. Spitters & Aerts, 1983; Kropff & van Laar, 1993). Usually such 
 models are based on the principle that competition is a dynamic process, which can be 
 understood from the distribution of the growth determining (light) or growth-limiting (water 
 and nutrients) resources over the competing species, and the efficiency with which each 
 species uses these resources. However, detailed eco-physiological models require 
 cumbersome parameterisation and uncertainties in parameter values often accumulate in the 
 prediction error. Relative leaf area of the weed has been proposed as an alternative measure of 
 competition (Kropff & Spitters, 1991). Compared to eco-physiological models, relative leaf 
 area models are very simple and have a causal basis with a greater flexibility and wider 
 applicability (Kropff & Spitters, 1991). 


Plasticity of a plant is usually seen as the plant increases allocation towards capturing 
 the most limiting resource. Plants that are primarily limited by light will often allocate 
 relatively more biomass to shoots than to roots than when they are limited by soil resources 
 (Boardman 1977). Plasticity in growth form in response to neighbours is primarily an 
 adaptation to avoid or at least reduce competitive suppression (Schwinning & Weiner, 1998). 


The significance of size asymmetry and plasticity is among other things largely dependent on 
the physical distance between the crop and the weed and is dependent on the spatial 
arrangement of the beet and the weeds (Schnieders, 1999). Usually the competition between 
plants increases when the distance decreases (Weiner, 1982; Weiner 1984). At the same time 
the possibility of cutting a weed without damaging the crop decreases with decreasing 
distance. Interactions between a cut weed and the distance between weed and beet should be 
enlightened because the beet might be able to compete better with a cut weed close to itself 
than to a cut weed further away. Similarly, there is a need for investigating if the distance 
between the weed and the beet influences beet yield. 
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2. Limitations of the research problem 


Research activities in the present work are focused on in-row physical weed control. The 
 thesis consists of a two-year field experiment conducted in 1999 and 2000 and two semi-field 
 experiments conducted in 1999.  


Field experiments 


The field experiment deals with yield response of sugar beet (Beta vulgaris L.) to weeds as 
 response to the distance to the weed. Conducted experiments focus on every single competing 
 beet in order to eliminate usual plot variation and thereby describe single beet yield variation. 


Only one weed plant was used per beet investigated, partly because yield response to varying 
 weed densities is generally rather well documented (Kropff & van Laar, 1993) but mostly to 
 simplify the problem and save man-hours in the field. The distance was chosen beforehand to 
 be 2, 4, or 8 cm because weeds at larger distances are closer to the next beet in the row. Two 
 serious weeds in sugar beet production were chosen as model weeds – either the 
 monocotyledonous Lolium perenne L. or the dicotyledonous Sinapis arvensis L. (Sarpe & 


Torge, 1980). The weeds were transplanted to control the distance factor and to be able to 
 control time of emergence and hence have a constant size of the weeds at time of 
 transplantation. At two (1999) or three (2000) times in the growing season the weeds were cut 
 2 cm aboveground. The cutting was performed manually with a pair of scissors in a height 
 that would be practically possible (i.e. with respect to soil clumps and stones getting in the 
 way). A practically possible cutting height would therefore be above the meristems of most 
 dicotyledons; thus re-growing of weeds should be expected when using cutting. The effect of 
 the cutting strategy on beet yield and total weed biomass was investigated. To investigate 
 possibilities of using early leaf area determination through image analysis to describe yield 
 loss from weeds, digital images were acquired of a subset of the single competing beets as 
 early as possible the two years.  


Semi-field experiments 


One alternative physical weed cutting method is a CO2 laser. The thesis investigates 
 possibilities of using a CO2 laser to cut weeds and compares the results with cutting with 
 scissors. Pot experiments were conducted with Lolium perenne L., Sinapis arvensis L., 
 Chenopodium album L., Beta vulgaris L. or another serious weed in sugar beet production 
 Solanum nigrum L. The beet was included in the experiments to investigate possible 
 differences in tolerance to laser cutting. Investigations included a definition of a novel dose 
 factor as the relative laser beam power versus the velocity of the beam. Only laser beam 
 power rates between 1 and 40 W and velocities between 1 and 15 mm/s were used due to 
 limitations in the used laser. Dose-response models known from herbicide experiments were 
 successfully imported and used to explain the relationship between laser dose and biomass of 
 plant.  


The thickness of a particular stem or leaf is of significant importance when the goal is to 
cut the stem or the leaf most energy efficient with a CO2 laser. Therefore experiments were 
performed to enlighten the relationship between thickness of stem/leaf and energy required 



(11)cutting that particular stem/leaf. Furthermore, a novel technique to measure thickness 
passively was presented. The precision and speed of the laser was outside the area of focus in 
the presented experiments. Note that lasers are used to print ink on the majority of printer 
paper in the world every minute with a precision of sub-mm. 
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3. Objectives of the thesis 


The objectives of the thesis were to: 


1.  Describe yield response of a single beet to a single weed with respect to distance between 
 them and with respect to one cutting of the weed. 


2.  Investigate the potential of measuring leaf area of beet and leaf area of weed early through 
 image analysis to predict yield loss of the beet. 


3.  Investigate energy requirements when cutting plants with a CO2 laser, describe biomass 
 response to increasing laser dose and compare with a cutting with a pair of scissors. 


4.  Investigate the importance of using a specific stem or leaf thickness measure in order to 
cut most energy efficient with a CO2 laser. 
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4. Outline of the thesis 


The effect of distance between sugar beet and transplanted L. perenne or S. arvensis and the 
 effect of cutting the weed one of three times on yield of sugar beet were studied in a two year 
 experiment at the Research Centre Flakkebjerg. Images were acquired and analysed to 
 investigate possibilities of predicting beet yield loss through determination of relative leaf 
 area of the weed. The experimental results are presented in Chapter 5. 


The effect on plant biomass of cutting leaves of L. perenne or stems of C. album or S. 


arvensis with a CO2 laser is presented in Chapter 6. Two cutting heights and three growth 
 stages of the plants are considered and compared with cutting with a pair of scissors. Results 
 from the green house experiments are presented as dose-response curves. 


 In Chapter 7 the significance of incorporating the thickness of a stem of Beta vulgaris 
 L. or Solanum nigrum to optimise cutting with a CO2 laser is presented. Stem thickness is 
 determined with a novel non-destructive method using a He-Ne laser. One cutting height and 
 two growth stages of the plants are considered.  


A general discussion and conclusion with reflectance to developments of a new 
theoretical in-row weed-controlling device is presented in Chapter 8 and a summary of the 
complete Ph.D. thesis is found in Chapter 9 and 10 (danish). 
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5. Sugar beet yield response to Lolium perenne L. or Sinapis arvensis L. 



growing at three different distances from the beet and cut various times –  Prediction of yield loss based on early relative weed leaf area 


TORBEN HEISEL, CHRISTIAN ANDREASEN* & SVEND CHRISTENSEN†


Department of Crop Protection, Danish Institute of Agricultural Sciences, Research Centre 
 Flakkebjerg, DK-4200 Slagelse, Denmark, *Department of Agricultural Sciences, The Royal 
 Veterinary and Agricultural University, Agrovej 10, DK-2630 Taastrup, Denmark and 


†Department of Agricultural Engineering, Danish Institute of Agricultural Sciences, DK-8700 
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Correspondence: T Heisel, Department of Crop Protection, Research Centre Flakkebjerg, 4200 Slagelse, 
 Denmark. Tel: +45 58 11 33 00; Fax: +45 58 11 33 01; E-mail: Torben.Heisel@agrsci.dk  



Summary 


A sugar beet field experiment was conducted in 1999 and 2000 to measure beet yield when 
 Sinapis arvensis L. or Lolium perenne L were growing 2, 4 or 8 cm from the beet. The weed 
 was cut once in the growing season (late May, mid June or early July) and the number of 
 neighbour beets to every single beet were registered. Leaf cover of a non-cut subset of the 
 data were analysed by using image analysis in order to investigate whether this could be used 
 to predict beet yield loss early in the growing season. Increasing distance from 2 to 8 cm 
 between beet and weed increased the beet yield significantly in average with 20%, regardless 
 of weed species.  The beet yield increased significantly when cutting of the weed was 
 postponed to mid June and the total weed biomass increased significantly when cutting was 
 postponed to the period between mid June and early July. The number of neighbours 
 described an approximate linear yield decline of the single beet. Results from image analysis 
 showed that approximately 33 g of beet yield was lost per per cent relative leaf area of the 
 weeds, in spite of variation in growing conditions. The results are discussed in relation to 
 potentials in robotic in-row weed control.  


Keywords: distance, weed cutting, relative leaf area, image analysis, Sinapis arvensis L., 
Lolium perenne L. 
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Introduction 


Hoeing is the most common mechanical weed control method in organic sugar beet (Beta 
 vulgaris L.) production. A hoeing machine usually performs hoeing between the rows (inter 
 row weeding) whereas hoeing between sugar beets in the row (intra row weeding) is done 
 manually with a handheld hoe. Manual weed hoeing in organic sugar beet production often 
 accounts for up to 150 man-hours per ha (Ascard et al., 1993). Thus, there is a potential 
 interest in finding alternative time saving weed control methods.  


Hoeing uproots or covers the weeds by soil and thereby delays or impedes weed growth. 


A disadvantage of hoeing is that the disturbance of the soil often initiates new weed seed 
 germination and emergence. Cutting a weed at ground level can be an alternative method 
 where soil disturbance is reduced (Jones & Blair, 1996). Dicotyledons can be killed, whereas 
 monocotyledons can be reduced in size and their growth may be delayed. Different 
 mechanical devices to cut weeds (Nawroth & Estler, 1996) and a new and potentially energy-
 efficient and precise CO2 laser method has been presented (Heisel et al., 2001). Hoeing is 
 usually done several times during the growing season in organic sugar beets starting as early 
 as possible to optimise the weed control. The optimal time for controlling the weed by cutting 
 might be later in the season, because the plants may be easier to find and cut, when they have 
 a certain size and because the critical period for weed control might be affected. Hence, there 
 is a need for investigating how the beet yield is affected if weeds are cut later in the season.  


The yield suppressing ability of the weed is highly dependent on the distance between a 
 crop plant and a weed (Weiner, 1982; Frank, 1990; Pike et al., 1990). Usually the competition 
 between plants increases when the distance decreases. However, the ability to cut a weed 
 without damaging the crop decreases with decreasing distance. Interactions between a cut 
 weed and the distance between weed and beet should be enlightened because the beet might 
 be able to compete better with a cut weed close to itself than to a cut weed further away. 


Kropff & Spitters (1991) proposed the use of the relative leaf area of weeds as a robust 
 predictor of competition because it accounts for the density as well as the size of the weeds. 


Early observations of the relative leaf area have successfully been used to predict yield loss in 
 e.g. Zea mays L. (Ngouajio et al., 1999) and in sugar beet (Kropff & Spitters, 1991). An early 
 image analysis of the leaf area of beet and weeds might similarly be a good prediction of the 
 yield loss caused by the weeds. The relative leaf area of the weed could then be used in an 
 autonomous or on-line decision algorithm whether a single weed plant should be controlled or 
 could be left uncut. 


Developments in highly accurate weed control measures fit into development of robotic 
 weeding devices. Robotic weeding has been implemented in tomato using image analysis 
 techniques to control a spot sprayer targeting single weed plants without hitting and damaging 
 the tomato (Lee et. al., 1999). A somewhat similar system has been developed for 
 transplanted cauliflower (Tillett et al., 1998). This has also been done in sugar beet research 
 to distinguish weeds from the crop and control the weeds in the row (Bontsema et al., 1998). 


A rotating flail disc was designed to cut all weed seedlings between the beets in the row.  The 
precision of the system had a standard deviation of 2 cm, which sets the limit of how close to 
the beet it is possible to cut weeds without damaging the beet.  



(16)Our objective was to investigate yield response of sugar beet to transplanted Lolium 
 perenne L. or Sinapis arvensis L. with respect to the distance between beet and weed and an 
 aboveground weed cutting at various growth stages. Furthermore, early leaf area 
 measurements of beets and weeds were performed by image analysis to investigate the 
 possibility to predict yield loss caused by uncontrolled weeds.  



Materials and methods 


Establishment and treatment dates for the complete trial are summarised in Table 1 and all 
 factors are listed in Table 2. One weed plant per beet plant was used and the planting distance 
 between weed and sugar beet plants was chosen beforehand to be 2, 4, or 8 cm. Two 
 competitive weed species, the monocotyledonous Lolium perenne L. and the dicotyledonous 
 Sinapis arvensis L., were chosen (Sarpe & Torge, 1980). The species were transplanted in a 
 growing sugar beet crop in order to obtain the chosen distances. The growth and 
 transplantation of the weed plants were synchronised to the crop establishment in order to 
 obtain crop weed competition similar to natural weed seedlings. The weeds were cut 2 cm 
 aboveground twice in 1999 and three times in 2000.  


Table 1. Establishment/treatment dates and number of data points (n) of the various types. 


 1999 2000 


Action  S. arvensis  L. perenne  S. arvensis  L. perenne 
 Seeding in trays  27 April  21 April  17 April  14 April 
 B. vulgaris sowing  21 April  17 April 


19 May  10 May 


Weed 


transplantation  (n = 142)  (n = 142)  (n = 319)  (n = 319) 


28 May  12 May 


Image acquisition  


(with CUTTIME 0)  (n = 17)  (n = 17)  (n = 17)  (n = 17) 


CUTTIME 0  No cutting 


CUTTIME 1  6 June ~ 515° temperature sum  29 May ~ 538° temperature sum 
 CUTTIME 2  21 June ~ 725° temperature sum  14 June ~ 744° temperature sum
 CUTTIME 3  -  3 July ~ 1027° temperature sum 
 Weed harvesting  6 August  20 October  25 September 


Single beet harvest  26 – 29 October  13 – 15 November 
 (n = 284)  (n = 638) 
 Plot beet harvest  9 – 11 November  20 – 22 November 
 Growing conditions and general design 


S. arvensis and L. perenne were seeded in speedling trays and grown on watered cloth in an 
outdoor voliere. The plant density in the trays was continuously thinned to one plant per tray 
hole. One hectare was sown with sugar beets (cv. Marathon). The row distance was 50 cm and 
the seed distance 18 cm. The experiment was a completely randomised block design with 56 
plots of 2.5 m x 10 m in 1999 and with 80 plots of 2.5 m x 5 m in 2000. The plots were laid 
out in a northeast – southwest direction in 1999, and in the north – south direction in 2000. 



(17)Each plot consisted of one combination of the factors DISTANCE from beet to weed (2, 4, or 
 8 cm), two and three weed cuttings in 1999 and 2000 (CUTTIME) and the two weed species 
 (SPECIES). The combinations were replicated three times (REPL) in the block design.  


Table 2. Complete list of factors and measurements in the experiments. 


 Description  Values 


BEETFW  Fresh weight of the competing beet with 
 transplanted weed 


Continous (kg) 
 Factors 


YEAR  Experiment year  1999 or 2000 


REPL  Block experiment with three replicates  1, 2 or 3 both years 


PLOTNO  Plot number  1 – 51 (1999), 1 – 72 (2000) 
 SPECIES  Weed species transplanted  S. arvensis or L. perenne 
 DISTANCE  Distance between weed and beet  2, 4 or 8 cm 


NEIGHB  Number of neighbour beets to every beet   0, ½, 1, 1½,…, 6½, 7 or 8 
 CUTTIME  Cut with a pair of scissors 2 cm from soil 


surface 


~520°, ~730°, ~1030°C  tempe-
 rature sum (Table 1), None 
 WEEDDW  Dry weight of non-cut and re-growing 


weeds at harvest time (Table 1) 


Continuos (g) 
 LABEET  Leaf area of the single beet (see Table 1)  Continuos (pixels) 
 RELLAW  Relative leaf area of the transplanted 


weed as percentage of total leaf area  


Continuos (%) 


Weeds were transplanted in the field with one weed plant per third beet plant (the competing 
 beet plant) in two rows. The second and fourth rows were chosen out of five (Fig. 1). Weeds 
 were transplanted on the same side of the sugar beet in all plots (southwest in 1999, south in 
 2000). The number of competing beet plants were 284 in 1999 and 638 in 2000. Naturally 
 occurring weeds were removed by hoeing, flaming, brush weeding or hand hoeing in 1999 
 and by post-transplantation spraying, hoeing, flaming or hand hoeing in 2000.   


After a daily temperature sum (CUTTIME) of approximately 520, 730 or 1030°C 
 (corresponding to late May, mid June or early July) weeds were cut with a pair of scissors 
 approximately 2 cm from the soil surface enabling both weed species to be able to re-grow. 


All non-controlled plants and re-grown plants were harvested 2 cm from the soil surface when 
 the growth stopped (see Table 1) and the final weed dry weights (WEEDDW) were measured 
 after 24 hours drying at 90°C. The competing beet plants were harvested individually and the 
 fresh weight (BEETFW) was measured after cleaning. Neighbour beets were defined as the 
 beets encircling the competing beet. The number of neighbour beets (NEIGHB) in a 36 cm * 
 100 cm rectangle with the competing beet in the centre (see Fig. 1) was measured to enable an 
 analysis of the effect of missing beets plants.  


Image analysis 


Two beets with transplanted weed in each plot, one in each row, were randomly chosen (see 
example in Fig. 1). A 0.1m2 area (0.35 m x 0.28 m) with the beet in the centre was 



(18)photographed. The photos were taken vertically with a digital camera (Olympus Camedia C-
 1400 XL) from a fixed stand 60 cm from the soil surface. Zoom factor, shutter speed and 
 aperture dimensions were fixed as well. The camera used a resolution of 1280 x 1024 (24 bit), 
 resulting in a pixel size of 0.27 mm and an area of 0.000729 cm2. A total number of 34 photos 
 were taken both years. In the case of overlapping leaves in the image, manual cutting of 
 overlapped leaves was performed with a PC mouse to determine leaf area of the cut out image 
 and leaf area of the original image. 


Figure 1. Example of an experimental plot with eight competing beets (bold) and transplanted 
 weeds (e.g. L. perenne). The dotted frame is the visual registration of neighbours. The small 
 frame is the photo area used for image analysis.  


The leaf area of the beet (LABEET) and transplanted weed was analysed with the software 
 GIPS™ 3.0, GadeData®, (Image House A/S). The analysis consisted of a conversion of the 
 image into the HSI range (hue, saturation and intensity) and a pixel masking using range 
 intervals (Russ, 1995). We used the range intervals from Table 3 to give a satisfactory 
 masking result. One pixel erosion and one pixel dilation were performed to make the object 
 identification robust. Finally masked, eroded and dilated areas were converted to leaf area 
 objects.  


Table 3. Range interval used for masking the three different plant types in the image analysis 
 data. 


 Hue Saturation Intensity 


Min Max Min Max Min Max 


S. arvensis  0 0.68 0.07  1 0.49 1 


L. perenne  0.50 1 0.12  1 0.58 0.95 


B. vulgaris  0.52 0.73 0.17  1  0.77  1 



(19)The relative leaf area of the weed (RELLAW) was calculated as the percentage of the total leaf 
 area of weeds and beets in each image. 


Statistical analyses  


Firstly, we wanted to test which factors had a significant effect on the beet fresh weight 
 (BEETFW). Secondly, we investigated whether the relative leaf area of untreated weeds based 
 on image analysis effected the yield loss of sugar beets. A general linear model with mixed 
 effects and maximum likelihood estimation (Henderson, 1982; Weisberg, 1985) was used to 
 describe the variation in fresh weight of the single beet (BEETFW) for both investigations. 


The plot number (PLOTNO) was included as random effect whereas the rest were included as 
 fixed effects. A square root transformation was used to stabilise the variance. The two full 
 models for the complete data set and the image data set were in a simplified form: 


Complete data (n = 922) 


√BEETFW =  YEAR + REPL + PLOTNO + DISTANCE + SPECIES +      (1) 
         CUTTIME + NEIGHB + error 


Image data (n = 68) 


√BEETFW =  YEAR + REPL + PLOTNO + DISTANCE + SPECIES +      (2) 
 NEIGHB + LABEET + RELLAW + error 


The errors and the effects of PLOTNO were expected to be normally distributed with a mean 
 value of zero and variation σ2. YEAR, REPL, SPECIES and CUTTIME were analysed as class 
 variables whereas the rest were analysed as continuos variables. Both models were analysed 
 with all two-way interactions included. Hereafter the models were reduced by eliminating 
 non-significant (P < 0.05) interactions between factors and factors one at a time and 
 simultaneously testing the new reduced model against the parent model using twice the 
 difference between the calculated values for the logarithm to the likelihood (–2LogL) for the 
 two models. The calculated difference is approximately Chi2-distributed with the difference in 
 degrees of freedom between the two models as degrees of freedom. 


Statistical analyses were performed in the software package SAS™ 8 (SAS, 2000). 


Regression was performed in Figs. 6 – 7 with Microsoft® Excel™  – in Fig. 6 weighted by 
 numbers of samples. 



Results and discussion 


The growing conditions were different in the two years (Fig. 2). In 1999 the spring was cooler 
and the summer warmer than in 2000. Furthermore, the autumn was extremely dry in 1999, 
all together resulting in smaller beets (BEETFW) in 1999. 



(20)Figure 2. Daily mean temperature (lines) and precipitation (piles with symbol) in the 
 experiment from 1 April to 1 October in 1999 (solid) and 2000 (dotted and hollow). 


Complete data (n = 922) 


After successive reducing model 1 until it only consisted of significant factors we ended up 
 with model 3: 


√BEETFW = YEAR + DISTANCE + CUTTIME + NEIGHB + error       (3) 


F-test for significance, estimate and standard error of estimate for each factor is shown in 
 Table 4. There was a significant difference in the beet yield between the years (Table 4) 
 mainly due to site and climatic conditions (Fig. 2).  
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(21)Figure 3. Mean beet fresh weight and standard deviation with weeds at 2, 4 or 8 cm distance 
 or no weeds in 1999 (solid) or 2000 (hollow/dotted). Each point is the mean values of 
 approximately 100 (1999) or 200 (2000) samples.  


Table 4. Final model (3) on the total data set with 908 degrees of freedom for error after 
 successive reductions of model 1 with F-test for significance, estimate, estimate unit and 
 standard error of estimate (SE). 


Effect   F-test† Estimate Unit  SE 


YEAR 1999  1.48  √kg  0.027 


2000  11***


1.58  √kg  0.027 


DISTANCE  8** 0.013 √kg/cm  0.0045 


CUTTIME  520 ºC  0.061 0.029 


730 ºC  0.081 0.030 


1030 ºC  0.061 0.036 


 No cutting 


3*


0 


√kg difference 
 compared to  


No cutting 


- 
 NEIGHB  153*** -0.11 √kg/NEIGHB  0.0088 


† *, **, *** - Significant at P<0.05, P<0.01 or P<0.001.


The effect of weed species decreased linearly within the distance 2 to 8 cm from the sugar 
 beets in both years (Fig. 3 - note that Figs. 3 - 4 and 6 - 7 were transformed back in scale). 


The sugar beet yield with weeds at 2 cm distance was approximately 20% lower compared to 
 weeds at 8 cm distance from the beet plants. Similar results were presented with different 
 distances between Datura stramonium L and Xanthium strumarium L. on Glycine max L. 


(Pike et al., 1990). A linear approximation showed a high correlation coefficient of G. max 
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(22)yield and increasing distance to the two weed species. Similarly, the distance factor was found 
 significant in describing annual plant growth rate of Pinus rigida L. and intra-specific 
 competition from neighbour trees (Weiner, 1984). A linear model with varying distances to 
 neighbour trees provided the best fit. All together studies on inter- and intra-specific 
 competition shows that competition between plants decreases with increasing distance, i.e. the 
 need for control is largest for the weed closest to the beet. This conclusion extends the 
 challenge to control weeds in the sugar beet row by cutting. 


Figure 4. Mean beet fresh weight and standard deviation when weeds were cut at 520, 730 or 
 1030ºC daily temperature sum, no cutting or no weeds as control in 1999 (solid) or 2000 
 (hollow/dotted). Each point is the mean values of approximately 80 (1999) or 160 (2000) 
 samples. 


There was a significant effect of postponing the cutting of the weeds to mid June (Table 4). In 
 1999 the fresh weight of beets were largest when the weeds were cut during mid June. This 
 effect was not significant in 2000 (Fig. 4). Farahbakhsh & Murphy (1986) made a glass house 
 pot experiment to study competition between sugar beet and the weed species Avena fatua L., 
 Alopecurus myosuroides L. and Stellaria media L. The different time of emergence of the 
 species and plant density were important factors of the severity of crop yield loss. There was 
 no competition effect from the weeds on crop yield if the weeds were removed just before the 
 true six-leaf stage. Similar to those findings we found a significant higher yield when the 
 cutting of the weeds was postponed until mid June (approximately 2 months after emergence) 
 (Figs. 4 and 5). Our results suggest that the optimal period of weed cutting is a period 
 between the final flush of weed emerge and the mutual overlapping of the leaves and roots of 
 the species. Mid June was also a period were the weed species were susceptible to cutting. A 
 higher weed level competition, e.g. higher weed density may change this conclusion. There 
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(23)were no significant interactions between date of cutting and the other factors i.e. sugar beets 
 did not gain from increasing the asymmetric competition between the species. 


The relation between harvested weed biomass (WEEDDW) and CUTTIME is shown in 
 Fig. 5. There was a significant decrease in weed biomass when postponing the cutting until 
 mid June or later both years. Hence, our results indicate that it is an advantage to postpone 
 one weed control cutting until mid June or later to reduce the weed biomass amount and to 
 increase the beet yield. 


Figure 5. Mean weed biomass (WEEDDW) and standard deviation when weeds were cut at 
 520, 730 or 1030 ºC daily temperature sum or no cutting as control in 1999 (solid) or 2000 
 (hollow/dotted). Each point is the mean values of approximately 80 (1999) or 160 (2000) 
 samples.  


The number of neighbours to the single beet had a significant reducing effect on the single 
 beet yield (Table 4) which could be described by a weighted regression line on the mean 
 values of approximately 0.33 kg per neighbour beet (NEIGHB) (Fig. 6). Beets compensate for 
 the extra space arisen by a missing neighbour by growing bigger itself. Previous research 
 showed that one to four missing beets in a row resulted in a yield decline comparable to only 
 0.22, 0.86, 1.08, or 1.78 normal beets (Lindhard & Jørgensen, 1928). Further, increasing 
 space from 600 - 2600 cm2 increased a single beet size approximately linear from 0.4 to 1.5 
 kg whereas the total beet yield per area was constant and approximately 6 ton per ha. A study 
 of the role of numbers of neighbours on individual plant growth rate has also been presented 
 for P. rigida (Weiner, 1984). The result of the study showed that the number of neighbours 
 was a significant variable describing individual plant growth rate, which supports our 
 experimental results. 
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(24)Figure 6. Regression line (dotted) of the mean beet fresh weight as a function of number of 
 beet neighbours weighted with number of samples (given) and the standard deviation for the 
 means (solid). 


Image data (n = 68) 


Model (4) is the result of successive reductions of model 2 (including all 2-way interactions) 
 until it only consisted of statistically significant factors. 


√BEETFW = YEAR + NEIGHB + RELLAW + error      (4) 
 F-test for significance, estimate and standard error of estimate for each factor are shown in 
 Table 5. Similar to the total data set, the yield in 2000 was significantly higher and increasing 
 numbers of neighbour beets reduced the beet yield (Table 5).  


Table 5. Final model (4) on the subset image data set with 62 degrees of freedom for error 
 after successive reductions of model 2 with F-test for significance, estimate, estimate unit and 
 standard error of estimate (SE). One pixel equals 0.000729 cm2. 


Effect  F-test† Estimate  Unit SE 


YEAR 1999  1.56  √kg  0.0033 


2000  9**


1.92  √kg  0.0033 
 NEIGHB  14*** -0.12 √kg/NEIGHB  0.031 


RELLAW  8** -1.13  √kg/cm2 0.40 


†  **, *** - Significant at P<0.01 or P<0.001. 
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(25)With increasing relative leaf area of the weed (RELLAW) a decrease in the potential yield of 
 the single beet was found (Table 5; Fig. 7). The relationship of the mean values could be 
 described reasonably well with a linear model with approximately the same regression 
 coefficients for both years (about 33 g beet yield loss per per cent RELLAW). It is important to 
 note that these regression coefficients may not be constant if the competing species have 
 different growth rates. The result however indicates that the relative leaf area of weeds in the 
 beginning of the growing season can be used to predict the yield loss of the two weed species. 


Similar results have been presented for several crops (see the introduction). Lotz et al. (1996), 
 however, concluded that the accuracy of prediction of yield loss based from the relative weed 
 leaf area needs to be improved before it can be applied in practical weed management 
 systems. The effects of abiotic factors on plant development and morphology and a 
 specification of a time period in which assessments should be done may improve the accuracy 
 of yield loss prediction. 


The effect of the variable DISTANCE between weed and crop plants was not significant 
 in this subset (P = 0.07) unlike in the complete data set (model 3). This was probably because 
 some of the effect from the distance factor was already expressed in the leaf area e.g. the leaf 
 area of beets with a weed at 2 cm was smaller than the leaf area of beets with a weed at 8 cm. 


We found no significant effect of the factor SPECIES in either model 3 or 4 probably because 
 the competitiveness of S. arvensis and L. perenne were alike.  


Figure 7. Regression lines of the mean beet fresh weight in November as a function of 
 relative leaf area of the transplanted weed in May (RELLAW) in 1999 (solid) or 2000 (dotted). 


Each point is the mean values of 10 to 20 data points. 
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(26)Decision-makings for weed control require competition models generating accurate and 
 reliable predictions of the potential crop yield reduction. Detailed eco-physiological models 
 (e.g. Kropff & Spitters, 1993) require cumbersome parameterisation and uncertainties in 
 parameter values can accumulate in the prediction error. Compared to eco-physiological 
 models, the presented statistical regression model is very simple and has a causal basis with a 
 greater flexibility and wider applicability (Kropff & Spitters, 1991). 


Previous research on automatic vision measurements applied to crop field imaging often 
 fails when there are overlapping leaves (see Andreasen et al., 1997). We chose to do a manual 
 clipping of overlapping leaves on the digital image to cope with this problem because the 
 image analysis task was not our issue. However, a future autonomous vehicle with a weed-
 cutting mission needs to have this problem solved. A priori morphological shape knowledge 
 of plants may enlighten part of this problem (Soille, 2000). 


Precise detection of the position of the sugar beet or the position of weeds in the row is 
 necessary for efficient mechanical weed control in the row. A system combining geo-
 referenced seeds of e.g. sugar beets with Real Time Kinematics - Global Positioning System 
 and a sensor or computer-vision for single plant detection could reconstruct the individual 
 positions of a sugar beet plant and make robotic steering of e.g. a flail disc or a laser realistic. 


Results indicate that it is important to remove the weeds closest to the beet and hence a 
 mechanically robust and precise system is needed.  
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Summary 


Stems of Chenopodium album and Sinapis arvensis and leaves of Lolium perenne were cut 
 with a CO2 laser or with a pair of scissors. Treatments were carried out on greenhouse-grown 
 pot plants at three different growth stages and at two heights. Plant dry matter was measured 
 two to five weeks after treatment. The relationship between dry weight and laser energy was 
 analysed using a non-linear dose-response regression model. The regression parameters 
 differed significantly between the weed species. At all growth stages and heights S. arvensis 
 was more difficult to cut with a CO2 laser than C. album. When stems were cut below the 
 meristems, 0.9 and 2.3 J/mm of CO2 laser energy dose was sufficient to reduce by 90% the 
 biomass of C. album and S. arvensis, respectively. Regrowth appeared when dicotyledonous 
 plant stems were cut above meristems, indicating that it is important to cut close to the soil 
 surface to obtain a significant effect. When cutting L. perenne plants with 2-true leaves at a 
 height of two cm from the soil surface with a laser, the biomass decreased significantly 
 compared with plants cut by scissors, indicating a delay in regrowth. This delay was not 
 observed for the dicotyledonous plants nor for the other growth stages of L. perenne. 


Keywords: CO2 laser, physical weed control, dose-response, Chenopodium album L., Sinapis 
arvensis L., Lolium perenne L. 



(29)
Introduction 


Environmental concerns about side-effects of herbicides increase the interest in other means 
 of weed control. Hoeing and harrowing are the main alternative methods in arable crops, 
 uprooting or covering the weeds by soil. The mechanical actions of hoeing and harrowing are 
 to uproot and/or cover the weeds, thereby either delaying their growth and thus their 
 competitive ability or eventually kill the weeds. However, a disadvantage of hoeing and 
 harrowing is that the disturbance of the soil often initiates new weed seed germination and 
 emergence. Furthermore, harrowing can cause severe crop damage. Jones & Blair (1996) have 
 demonstrated that another effective method is to cut plants at ground level in order to kill 
 dicotyledonous plants or reduce monocotyledonous plants in size and thereby delay their 
 growth compared with the crop. Grass weed species recovered from some of the treatments 
 whereas broad-leaved weed species rarely recovered.  


There are several advantages of cutting as compared to hoeing and harrowing. No 
 energy is used to drag tools through soil and no soil is physically moved. This may prevent 
 heavy clay soils from compaction. Cutting can be performed with various tools that are 
 quickly moveable such as cutter discs, flail discs and leaf strippers (Nawroth & Estler, 1996). 


These tools were tested on Chenopodium album L. and Echinochloa crus-galli (L.) Beauv. 


and showed that cutting with cutter disc or flail disc 2 cm above ground reduced weed dry 
 matter by 94 to 98 % when compared with untreated plants at 20 days after treatment.  


Lasers are used for cutting industrial materials (Allmen & Blatter, 1995) and in other 
 research areas, e.g. medical surgery (Majaron et al., 1998), wood-cutting (Grad & Mozina, 
 1998) and sample preparation in microscopy (Stehr et al., 1998). A laser concentrates a large 
 amount of energy in a narrow laser beam and can be directed precisely and quickly on to 
 targets. Furthermore, the laser beam can be focused into a narrow area to increase energy per 
 area and, on the other hand, avoid danger outside of the focus range. Various types of lasers 
 are available in the ultraviolet regime (UV lasers ~ 200-400 nm), in the infrared regime (IR 
 lasers ~ 700-1500 nm) or in the far infrared regime (FIR lasers ~ 5 -15 µm, e.g. CO2 lasers). 


UV and IR lasers cut via explosive ejection, i.e. ablation, of plant tissue generated by 
 multiphoton and avalanche electron ionisation (Bloembergen, 1974). CO2 lasers cut due to 
 large light absorption in tissue water molecules and with a subsequent strong heating and 
 explosive boiling (Langerholc, 1979).  


Recently, the authors have compared the ability of UV (355 nm), IR (1064nm) and CO2


(10.6 µm) lasers to cut young stems of C. album, Sinapis arvensis L. and leaves of Lolium 
 perenne L. The investigations indicated that all laser types were able to cut weed stems with 
 doses above 6 J/mm. However, the CO2 laser provided the best effect with the lowest energy 
 use (unpubl. obs.). Similarly, seed heads of rye (Secale cereale L.) have been burned with a 
 CO2 laser as a project of weed control (Bayramian et al., 1993). Levels above a threshold of 
 17.3 J effectively killed developing seed heads. Stem thicknesses were on average measured 
 to 1.1 mm. 


The objective of this study was to investigate whether the cutting of C. album, S. 


arvensis and L. perenne with a CO2 laser could be a potential method of weed control. 


Furthermore, the aim was to test if the response of plant biomass to various levels of laser 



(30)doses could be described by a simple dose-response relationship. The study included three 
 growth stages and two cutting heights above or below the meristems of the cotyledons. The 
 effect of laser irradiation at an arbitrarily chosen threshold level was compared with cutting 
 by scissors. 



Materials and methods 


Growing conditions 


Seeds of three species, C. album, S. arvensis and L. perenne, were sown on 27 October 1998 
 in 35-cL pots. The species were chosen to represent two types of common weeds in especially 
 sugar beet (Beta vulgaris L.) production with two dicotyledonous plants (C. album and S. 


arvensis) and one monocotyledonous plant (L. perenne). A total of 132 pots per species was 
 prepared. In each pot three to four seeds were placed in four holes, two cm from the pot edge 
 and four cm apart in a square. The plants were grown in a greenhouse at the Research Centre, 
 Flakkebjerg at 14 ºC, 75% relative humidity and 16-h light. The pots were placed on a table 
 watered from below. The density per pot was continuously thinned to three (S. arvensis) or 
 four (L. perenne) plants of equal size. Due to insufficient germination C. album pots were 
 thinned to either four, three or two plants per pot at the growth stages cotyledon, 2-true leaves 
 or 4-true leaves, respectively. At every growth stage (cotyledon/1-true leaf, 2-true leaves or 4-
 true leaves), 44 pots per species were taken to Risø National Laboratory to be irradiated by 
 laser or cut by scissors. Four pots per species were untreated. The thickness of the stems of C. 


album, S. arvensis and leaves of L. perenne at the cutting height were measured with a 
 calliper on an average of 10 randomly chosen plants per species. After the treatment the plants 
 were brought back to the greenhouse. Plants treated on the same date were placed in a 
 completely randomised block design. Above-ground fresh weight of all plants was harvested 
 13 days after the last treatment to allow the plants to recover from laser treatment and 
 eventually regrow. Dry weight of plants per pot was determined after 24 hours at 90 ºC and 
 the dry weight per plant (DW) was calculated thereafter. 


Laser and scissors cutting conditions 


A 50-W SYNRAD SH CO2 laser with a 64-mm2 beam at the exit aperture was used. The laser 
was equipped with a lens focusing the beam to 0.6 mm2 at a distance of 24 cm. A computer 
was connected to the laser in order to control the power (in W), direction, and velocity of the 
laser beam. The power of the laser was checked prior to every treatment using an OPHIR 
power meter. We set the power to 4, 10, or 20 W and directed the laser beam 15-cm 
horizontally with velocities of 1, 5, or 10 mm/s on the basis of previous results. Since it is 
unrealistic to perform horizontal laser cuts close to the soil surface in a field, due to an uneven 
surface and since the equipment can be damaged from touching the soil, some tilting of the 
laser beam is required. To simulate inclination of the laser beam, the pots were tilted by 15 
degrees with two of the plants in focus as shown in Fig. 1. A metal plate protected the two 
remaining plants in the pot. After one cut with the laser, the pots were rotated to treat the two 
remaining plants. The cutting was carried out one or two cm from the soil surface except for 
the two early growth stages of C. album and S. arvensis (see Table 1). The intention was to 



(31)simulate a cut above and below the meristem of the two cotyledons. Scissor-cuts were 
 performed on four pots per species per irradiation day. 


Figure 1. Laser cutting arrangement with computer controlled CO2 laser and pot holding 
 device. 


Table 1. Number of pot replicates for the different levels of DOSE and weed growth stages. 


DOSE (J/mm) 


Weed species  Growth stage  0 0.4 0.8 1 2 4 10 20 
 Chenopodium album 


Sinapis arvensis 
 Lolium perenne 


4-true leaves 
 4-true leaves 
 All stages 


2 
 2 
 2 


2 
 2 
 2 


2 
 2 
 2 


2 
 2 
 2 


4 
 4 
 4 


4 
 4 
 4 


2 
 2 
 2 


2 
 2 
 2 
 Chenopodium album 


Sinapis arvensis 


Cotyledon and 2-true leaves 
 Cotyledon and 2-true leaves 


4 
 4 


4 
 4 


4 
 4 


4 
 4 


8 
 8 


8 
 8 


4 
 4 


4 
 4 
 Statistical analyses  


The total laser energy used per travelled distance is introduced because of the functional 
 relationship between power and velocity of the laser beam. The combined factor is called 
 DOSE since it gives a unique measure of the actual energy per travelled distance (DOSE = 
 power/velocity = energy/distance). A low velocity requires more power to obtain the same 
 cutting result and vice versa. A relationship between power and velocity can be expected 
 since Bilanski & Ferrez (1991) found similar results for travel speeds from 38 to 76 mm/s 
 when cutting potato tubers (Solanum tubercerum L.) with a CO2 laser.  


 The relationship between DW and the DOSE was analysed using the dose-response 
 analyses described by Streibig et al. (1993). The following non-linear model was used for 
 each level of weed species, growth stage and cutting height: 
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The errors (E) are expected to be independent and normally distributed with zero mean and 
 variance σ2. The parameter D describes the DW of untreated plants. The parameter C 
 describes the lower asymptote of DW. The parameter ED50 describes the level of DOSE where 
 (D – C) is reduced to 50%. The exponent B describes the slope and the positioning of the 
 dose-response curve around ED50. DOSE was log-transformed to obtain homogeneity of 
 variance.  Unity was added to the dose to avoid negative results of the logarithm (see 
 Equation (1)). 


A contrast analysis in a generalised linear model was used to investigate the difference 
 between cutting with the laser and cutting with scissors. In the analysis the levels of the 
 DOSE above or below a certain threshold are tested to see if they are significantly different 
 from scissor-cutting. The threshold is determined by the respective ED90 value where the 
 maximum dry weight (D) is reduced to 10 %. This level is chosen arbitrarily because it can be 
 compared to common control effects. All analyses were performed with the statistical analysis 
 software SAS (1998). 



Results 


Most of the data points follow a dose-response relationship as described in equation (1) (Figs. 


2 - 4). The estimates for the regression parameters of equation (1) and measurements of the 
 mean thickness are shown in Table 2. Generally ED50 increases with growth stage, indicating 
 that more energy is needed to kill larger plants. Some ED50 and B parameters of S. arvensis 
 have large standard deviations, indicating that the chosen model does not describe the data 
 adequately (Table 2). This was primarily due to scattered data at DOSE values from 4 to 10 
 J/mm. At the cotyledon stage S. arvensis was the only species that could be described by the 
 dose-response relationship because all plants of C. album were cut by the lowest DOSE and 
 only the tips of the L. perenne leaves were cut because the plant height was less than 2 cm. 


The parameter estimates for ED50 vary amongst the three species. At all growth stages 
 and heights L. perenne seems to be the species easiest to cut (lowest ED50 estimate) probably 
 due to the proportionally thinner grass leaves (Table 2). Sinapis arvensis plants needed a 
 significantly larger DOSE than C. album plants at the 4-true leaves stage. When stems were 
 cut below the meristems, 0.9 and 2.3 J/mm of CO2 laser dose was sufficient to reduce by 90% 


the biomass of C. album and S. arvensis, respectively. For a cut above the meristem at a late 
 growth stage S. arvensis required a higher DOSE than the other species (ED50  = 5.2 J/mm). 


The minimum dry weight biomass (C) was generally zero when the cut was done below 
the meristem for the two broad-leaved species. When cut above the meristem C. album 
showed the ability to regrow reflected in the non-zero parameter estimate. Too low DOSE 
levels might be the reason why S. arvensis did not converge to a C parameter different from 
zero, since the asymptotic minimum dry weight level is poorly supported (see Fig. 3). L.  



(33)Figure 2. Fitted CO2 laser dose-response curves of C. album at growth stage cotyledon (• / no 
 fit), 2-true leaves (o / —) or 4-true leaves at cutting height 1 cm (∆ / ---) or 2 cm (× /—) above 
 soil surface. Points equal mean values of data points in Table 1. 


Figure 3. Fitted CO2 laser dose-response curves of S. arvensis at growth stage cotyledon (• / 


—), 2-true leaves (o / ---) or 4-true leaves at cutting height 1 cm (∆ / —) or 2 cm (× / ---) 
 above soil surface. Points equal mean values of data points in Table 1. 
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(34)perenne showed the expected regrowth reflected in non-zero parameter C estimates. The 
 higher the cut the larger the resulting biomass. 


Figure 4. Fitted CO2 laser dose-response curves of L. perenne at growth stage 1-true leaf cut 
 1 cm (• / no fit) or 2 cm (o / no fit), 2-true leaves cut 1 cm (∆ / —) or 2 cm (× / ---) or  4-true 
 leaves cut 1 cm (+ / —) or 2 cm (◊/ ---) above soil surface. P oints equal mean values of data 
 points in Table 1. 


The thickness of the stems and leaves increased with growth stage and there seems to be a 
 linear relationship between ED50 and the thickness of the stems and leaves for the three 
 species (Fig. 5).  


Cutting with scissors provided a better control than laser cutting below the ED90


threshold for the two broad-leaved species (Table 3). The contrast analysis further showed 
 that generally no significant difference in biomass was found between cutting with the 
 scissors and the laser above the threshold. Only L. perenne at the 2-true leaves stage cut with 
 the laser 2 cm from the ground showed a significant (P < 5%) reduction in biomass compared 
 with the scissors.  
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