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Abstract 

Riethmuller-Haage. I., 2006. On the optimization of low dosage application systems: 

Improvement of dose advice and early detection of herbicidal effects. PhD thesis, 

Wageningen University, The Netherlands. With summaries in English, French and 

Dutch. 

Application of herbicides at rates below the recommended label dose has received 
considerable attention in recent years as it is a means of reducing overall herbicide use. To 
minimize the risk of inadequate weed control in these situations, the Minimum Lethal 
Herbicide Dose (MLHD) technology, which was specifically developed for the use of low 
rates of photosynthesis inhibiting herbicides, relies on an appropriate calculation of the 
optimum herbicide dose and on an early detection method of herbicidal effects to evaluate the 
efficacy of the treatment shortly after application. The study described in this thesis was 
undertaken to further improve the prediction of the optimum dose of photosynthesis-
inhibiting herbicides and to explore the opportunities of expanding the MLHD-technology to 
acetolactate synthase (ALS) inhibiting herbicides. 

The first part of the study examined the influence of pre-spraying weather factors on the 
efficacy of photosynthesis-inhibiting herbicides. The results put forward that pre-spraying 
weather conditions have a considerable effect on herbicide efficacy and that this effect is 
mainly through an effect on herbicide uptake. Herbicide-specific correlations between uptake 
and individual weather parameters were found. These correlations were non-species specific 
and indicate that inclusion of pre-spraying weather conditions in advisory systems that 
recommend on the use of reduced herbicide dose rates is recommendable. 

In the second part of the study the extension of the MLHD technology to acetolactate 
synthase (ALS) inhibiting herbicides, particularly the development of an early detection 
method of herbicidal efficacy, was explored. Application of the ALS inhibiting herbicides 
metsulfuron-methyl on Solatium nigrum and Polygonum persicaria plants resulted in a 
progressive reduction in CO2 fixation and the relative quantum efficiency of photosystem I 
(OPSI) and photosystem II (0PSn) electron transport, emerging a couple of days after herbicide 
application. Opsn turned up to be one of the most promising and practical parameters to use 
when designing an early detection method for sensing the toxicity of metsulfuron-methyl. The 
loss of Opsn was light-dependent and could be earliest detected at the base of the youngest 
leaf of treated plants. 

Keywords: Acetolactate inhibiting herbicides, dose, herbicide efficacy, fluorescence, 
photosynthesis, photosynthesis inhibiting herbicides, uptake, weather, weed. 
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Abbreviations 

AA820nm Parameter corresponding to complete oxidation of P700 

<D Maximal apparent quantum yield (non-rectangular hyperbola) 

•5C02 Quantum efficiency of gross CO2 fixation 

(Dpsi Quantum efficiency of photosystem I electron transport 

^PSH Quantum efficiency of photosystem II electron transport 

^psuseonm Quantum efficiency of photosystem II electron transport measured at 560 nm 

"Dpsneeonm Quantum efficiency of photosystem II electron transport measured at 660 nm 

8 Curvature term of light response curve 

+ Little sensitive herbicide * species combination 

++ Normal sensitive herbicide x species combination 

+++ Very sensitive herbicide x species combination 

A CO2 fixation rate (//mol m 2 s -1) 

Amax Light saturated rate of CO2 fixation (//mol m~2 s_1) 

a.i. active ingredient 

ANOVA Analysis of variance 

b Slope of the logistic curve at dose ED50 

c Upper asymptote of the logistic curve (g) 

CHEAL Chenopodium album 

[Chi] Chlorophyll content 

CV Coefficient of variation 

DAS Days after Sowing 

DAT Days after Treatment 

DNA Deoxyribonucleic acid 

DSS Decision support system 

DW Dry Weight (g) 

ED50 Herbicide dose giving 50% response (e.g. 50% reduction of plant DW) 

ED90 Herbicide dose giving 90% response (e.g. 90% reduction of plant DW) 

FL Full Light 

Fm Dark adapted maximum fluorescence 

Fss Relative fluorescence yield obtained under steady-state irradiance 

Fv Variable fluorescence 

GR Growth Rate (g day"1) 

G. Rad. Global radiation (KJ m"2 h"1) 

I Irradiance (//mol m~2 s_1) 

JPSI Index of linear photosynthetic electron transport through PSI 
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MLHD 

OL 

PAR 

POLPE 

PSI 

PSII 

PUL 

Qi 
Q2 

Q3 

RGR 

RH 

RNA 

SENVU 

SLA 

SOLNI 

YL 

Index of linear photosynthetic electron transport through PSII 

Rate constant for P700+ reduction by electrons coming from PQH2 pool 

Light conditions 

Leaf Area (cm2) 

Leaf Area Ratio (m leaf kg'1 plant) 

Least Significant Difference 

Leaf Weight Ratio (kg leaf kg_1 plant) 

Minimum Lethal Herbicide Dose 

Oldest leaves 

Photosynthetically active radiation 

Polygonum persicaria 

Photosystem I 

Photosystem II 

Penultimate leaf 

Quartile 1 

Quartile 2 

Quartile 3 

Relative Growth Rate (d"') 

Relative humidity (%) 

Ribonucleic acid 

Senecio vulgaris 

Specific Leaf Area (m2 leaf kg-1 leaf) 

Solarium nigrum 

Youngest leaf 
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Changes in crop production after 1960 

In the second half of the last century, developments in cultivation techniques, 
mechanization and plant breeding have resulted in drastic improvements in crop 
productivity in Europe. Between 1960 and 2000, cereal yields have increased from 2.1 
to 6.0 t ha-1, maize yields from 2.5 to 6.0 t ha~' and sugar beet yields from 33.6 to 63.3 
t ha-1 (FAOSTAT data, 2005). These yield increases have also been due to higher 
levels of external inputs, particularly fertilisers and chemical crop protection agents. 

Historians have traced the use of plant protection products to the time of Homer 
around 1000 B.C., but humans began to seriously develop and use modern plant 
protection products extensively during the second half of the 20th century. From the 
2.27 million tons of plant protection products used in 2001 worldwide, herbicides 
accounted for the largest proportion of total use (40%), followed by insecticide use 
(25%) and fungicide use (10%) (EPA, 2004). That same year, about 0.33 million tons 
of these pesticides were used in Europe (Eurostat, 2005). Fungicides made up the 
largest pesticide group accounting for 41% of the total weight of active ingredients, 
followed by herbicides (39%) and insecticides (12%). However, the situation varies 
from one country to another due to differences in climatic conditions and type of crops 
grown. In southern European countries (France, Italy, Portugal, Spain, and Greece), 
where fungal diseases are the main problem, fungicides dominate. In France, Italy and 
Portugal fungicides accounted for more than 50% of the sales. Herbicides made up the 
largest group of pesticide sales for central and northern European countries. In the 
United Kingdom, herbicides and desiccants accounted for 69% of the total, whereas 
fungicides accounted for 18% and insecticides for 2%. In Denmark, Sweden and 
Finland, herbicides and desiccants accounted for more than 80% of the sales (Figure 1). 
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Bottom - • Top of bar 

Figure 1: Pesticide use (kg) per hectare in 1996 (Eurostat, ECPA). 
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It is also noteworthy that The Netherlands, with its very intensive agriculture, was one 
of the countries with the highest pesticide use in kg ha-1. 

Strong drive to reduce pesticide use in Europe 

When DDT became available for civilian use in 1945, there were only a few people 
who expressed second thoughts about this new miracle compound. However, by 1962, 
Rachel Carson exposed the hazards of the pesticide DDT in her book Silent Spring. 
Her research revealed the harmful side-effects of DDT: contamination of the food 
chain, risks of cancer and genetic damage and the extinction of species (Lear, 2005). 
Since then, public concerns about the side-effects of pesticides on the environment and 
on human health have increased (DeFelice et al., 1989; Kudsk, 1989). The rapid 
progress in analytical chemistry has made it possible to detect pesticides in very small 
concentrations, and as a consequence the public has been concerned about the 
presence of pesticides in the environment and in agriculture produce. Additional 
drivers to reduce the use of pesticides were the need to reduce the cost of the crop 
production and the rapid progress in the development of pesticide resistance. 

The EU Fifth Environmental Action Programme (5EAP) set out a series of targets 
for the year 2000, including 'the significant reduction in pesticide use per unit of land 
under production, and conversion to methods of integrated pest control, at least in 
areas of importance for nature conservation'. In Denmark, Sweden and later The 
Netherlands, pesticide action plans, demanding reduced use and emission of 
pesticides, were passed through national Parliaments. 

In October 2000, the 'Directive 2000/60/EC of the European Parliament and of the 
Council establishing a framework for the Community action in the field of water 
policy' (EU Water Framework Directive) was adopted. The purpose of this Directive 
is to establish a framework for the protection of inland surface waters (rivers and 
lakes), transitional waters (estuaries), coastal waters and groundwater. It is hoped that 
this Directive will encourage the European community to meet specific standards and 
that all aquatic ecosystems and, with regard to their water needs, terrestrial ecosystems 
and wetlands, meet 'good status' by 2015. 

Dose optimization of herbicides in Europe 

Herbicide labels contain the dose recommendations of the manufacturer and as 
agrochemical companies can be held liable by farmers in case control is not 
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satisfactory, label recommendations tend to reflect worst-case conditions. Hence, it is 
not surprising that under optimum conditions, herbicide doses can often be reduced 
below label recommendations and still provide adequate control (Kudsk & Streibig, 
2003). The use of optimized herbicide doses has been widely adopted by farmers in 
European countries such as Denmark, Sweden, Finland and The Netherlands. 

Adjusting herbicide doses to the prevailing conditions in the field by taking into 
account, for example, both abiotic and physiochemical factors, is an overwhelming 
task to most end-users. Development of decision support systems (DDS) is one way to 
motivate farmers and agricultural contractors to adopt knowledge on herbicide dose 
optimization. 

In Denmark a computer-based weed DSS 'PC Plant Protection' has been developed 
to achieve this task (Kudsk, 1999). The system provides farmers with herbicide 
solutions for specific fields, not only by specifying the most suitable herbicides, but 
also by suggesting specific doses on the basis of the weed flora and the spraying 
conditions. This DSS is currently under evaluation in Norway (Netland, 2005). In 
Sweden, decision support guidelines have been developed for spring cereals 
incorporating information on total weed density, competitive ability of the weed 
species, climatic conditions and crop vigour (Bostrom & Fogelfors, 2001). In Sweden 
the 1995/96 survey (Eurostat ECPA, 1996) showed a reduction in overall pesticide use 
of 46% in tonnes of active ingredient applied compared to 1990. The largest reduction 
was for fungicides and insecticides followed by herbicides (-40%). In 1995/96, low 
herbicide doses were used on more than 50% of the cereal area cultivated in Sweden. 

The Minimum Lethal Herbicide Dose methodology 

The Minimum Lethal Herbicide Dose (MLHD) methodology (Kempenaar et al., 2002; 
Ketel et al., 1996), specifically developed for photosynthesis inhibiting herbicides, has 
shown to be a decision support system leading to the use of herbicides at lower rates. 
The methodology allows the calculation of the minimum dose of a photosynthesis 
inhibiting herbicide that is just appropriate for killing the weeds in the field. A couple 
of days after application, photosynthesis related techniques based on fluorescence 
signals emitted by treated plants are used to verify whether or not the herbicide 
application will, ultimately, result in the death of the weeds. Under field conditions, 
particularly under low temperatures in spring, the visible effects of herbicide action are 
often only apparent one or two weeks after spraying, which is too long a delay in the 
event that a second application of herbicide is necessary. An early detection method 
permits a prompt second herbicide application in case of failure. This last element is of 
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particular importance for ensuring that even though minimal doses of herbicides have 
been employed, there is a guarantee that the treatment will be successful in eliminating 
the weeds. Such a guarantee contributes to the adoption of this methodology by 
farmers, agricultural contractors and others (Kempenaar et al., 2004). 

Outline of the thesis 

The general objective of this study was to investigate whether or not there was a 
possibility for possible improvements of the Minimum Lethal Herbicide Dose 
(MLHD) methodology. The following sub-questions were asked: 
• Would an extension of the MLHD, in which the advised dose would also be based 

on weather conditions, result in a further optimization of herbicide use, without 
lowering herbicide efficacy? 

• Would it be possible to develop an early assessment tool to reliably predict, in the 
field, whether or not the application of acetolactate synthase inhibiting herbicides 
(ALS inhibitors), an increasingly important group of herbicides, is affecting weed 
plants? 

Taking into account pre-spraying weather conditions 
Several authors suggested that environmental conditions before, during and after 
herbicide application might be an important factor determining the efficacy of 
herbicides (Caseley, 1987, 1989; Kudsk, 1989; Kudsk & Kristensen, 1992; Lundkvist, 
1997a). For that reason, weather factors appear to be a good basis for determining the 
appropriate reduced dose rate. Taking into account the weather component could be a 
useful addition in improving the prediction of the MLHD. Given the risk-avoiding 
character of the MLHD-methodology, and the uncertainty of weather predictions, pre-
spraying weather conditions seems the most logical basis for helping improve the 
advised dose rate. 

In the current research, presented in Chapter 2, special attention was paid to the 
effect of pre-spraying weather conditions on the weed plant growth rate and final 
herbicide efficacy. To this purpose, a number of pot experiments were conducted in 
which the foliar-applied herbicide metribuzin (photosystem II inhibitor, HRAC group 
CI) was sprayed on Polygonum persicaria plants grown under greenhouse conditions 
(2002) and field conditions (2003). In 2004, research was undertaken to determine the 
influence of pre-spraying weather conditions on herbicide uptake and efficacy for a 
combination of four weed species and two herbicides. 
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Develop an early assessment tool to predict the effects ofALS inhibitors on weeds 
The acetolactate synthase inhibitors herbicides (ALS inhibitors, HRAC group B), were 
discovered in the mid-1970's and are an increasingly important group of herbicides. 
ALS inhibitors provide a broad-spectrum weed control at doses of 2-75 g ha-1. Such 
low use rates have reduced the amount of chemicals applied to the field by a factor 
100-1000 over conventional herbicides and it helped solving handling of the herbicide 
as well as application and container-disposal issues. These herbicides are widely used 
around the world because in addition to their relatively low use rates they have a 
limited environmental impact, a low mammalian toxicity, a high margin for crop 
safety, a large application window and a high efficacy (Green & Strek, 2001; Peterson, 
2001). ALS inhibitors selectively inhibit acetolactate synthase (EC 4.1.3.18), which is 
the first common enzyme involved in chloroplastidic biosynthesis of essential 
branched chain amino acids (valine, leucine and isoleucine). 

There are no published methods for predicting the effectiveness of the application 
of an ALS inhibitor, but changes in photosynthesis related parameters of treated plants 
have been observed. Photosynthesis related parameters are commonly used parameters 
and are used in areas like screening for environmental stress tolerance in plant 
breeding and production programs, in air pollution studies (Lichtenthaler & Rinderle, 
1988; Odasz-Albrigtsen et al., 2000; Popovic et al., 2003), in studies on the toxicity 
induced by herbicides (Judy et al., 1991; Percival & Baker, 1991) and in studies on 
environmental stress such as chilling, freezing, heat stress and nutrient deficiency (De 
Groot et al., 2003; DeEll & Toivonen, 1999; Kingston-Smith et al., 1997, 1999). 

The purpose of the first investigations, presented in Chapter 3, was to determine if 
and how long after application the photosynthetic apparatus of two common weed 
species were affected by an ALS inhibiting herbicide. Once it was clearly established 
that the photosynthetic apparatus of both weed plants was affected by an ALS 
inhibiting herbicide, a more detailed study, presented in Chapter 4, on the influence of 
the ALS inhibitor metsulfuron-methyl on the operation, regulation and organization of 
photosynthesis in Solanum nigrum was conducted. The potential use of the different 
photosynthesis related parameters for assessing the effects of metsulfuron-methyl on 
weed plants was investigated and the relevance of the different parameters for field use 
was discussed in Chapter 5. The effects of light intensity after application of the ALS 
inhibitors on the detection of Opsn efficiency were discussed in Chapter 6. In 
Chapter 7, the results of four years of experimentation were combined and placed into 
perspective. 
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Are pre-spraying weather conditions a major 
determinant of herbicide efficacy? 

I Riethmuller-Haage, L Bastiaans, C Kempenaar, V Smutny & MJ Kropff 

Submitted 

Abstract 
To evaluate whether the effect of pre-spraying weather conditions on herbicide 
efficacy was mainly through an effect on plant growth rate, P. persicaria plants were 
exposed to different light intensities for one to four days before application of 
metribuzin. Specific leaf area, rather than plant growth rate or plant size, was the only 
parameter that correlated well with herbicide efficacy in both years of experimen­
tation. The negative relationship between the ED50 and the specific leaf area puts 
forward that leaf characteristics might be an important determinant of herbicide 
efficacy, for instance through an effect on herbicide uptake. In the third year of 
experimentation, this hypothesis was confirmed as clear relations between uptake and 
herbicide efficacy were found for a combination of four plant species {Solarium 
nigrum, Senecio vulgaris, Chenopodium album, Brassica napus) and two herbicides 
(phenmedipham and bentazon). For phenmedipham, an apolar herbicide, uptake was 
negatively correlated with global radiation and positively correlated with relative 
humidity. For the polar herbicide bentazon exactly the opposite was found. These 
results were non-species specific. This research shows the importance of the sensitivity 
of herbicide x species combinations and indicates that including pre-spraying weather 
conditions in the establishment of the reduced dose rate advice is relevant. 
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Introduction 

In 2000, herbicides accounted for 40% of pesticide use worldwide in terms of the 
volume of active ingredient (EPA, 2004). Increased concerns about environmental side 
effects of herbicides, development of herbicide resistance in weeds and the economic 
drive to reduce the cost of inputs have resulted in an increasing pressure on farmers to 
reduce the use of herbicides. The quantity of herbicides applied to crops can be 
reduced by cutting down the number of applications, by applying spot spraying rather 
than full-field applications or by using reduced dose rates. However, the reverse side 
of all of these tactics is that they increase the risk of inadequate control. 

The Minimum Lethal Herbicide Dose (MLHD) technology (Kempenaar et al., 
2002a; Ketel, 1996) is a decision support system developed in the Netherlands for 
photosynthesis-inhibiting herbicides which advices on the application of low dosages 
while minimizing the risk of inadequate control. Based on weed species and weed size 
it provides an estimate of the lowest dose of the herbicide needed to control the weed 
population. Photosynthesis measurements, conducted a few days after application, 
point out whether the herbicide application will ultimately result in the death of the 
weeds. This is of specific importance, as under field conditions in spring the visible 
effects of herbicide action are often only apparent several days after spraying, which is 
too long a delay in the event that a second application of herbicide is necessary. Early 
detection is an essential element of the MLHD-technology, as it provides a guarantee 
that even though minimal doses have been employed, the treatment will be successful 
in killing the weeds. Several authors suggested that environmental conditions before, 
during and after herbicide application might be an important basis for determining the 
reduced dose rate (Caseley, 1987, 1989; Kudsk, 1989; Kudsk & Kristensen, 1992; 
Lundkvist, 1997a). For that reason it seems useful to explore whether inclusion of a 
weather component could help improve the prediction accuracy of the MLHD 
methodology. Given the risk-avoiding character of the MLHD-methodology, and the 
uncertainty of weather predictions, pre-spraying weather conditions seem the most 
logical basis for helping to improve the advised dose rate. The current research 
explored whether pre-spraying weather conditions do have a clear and consistent effect 
on the efficacy of herbicides 

Studies in controlled environments have shown that conditions that promote 
growth rate, such as temperature (Devine, 1989; Wanamarta & Penner, 1989), high 
relative humidity (Caseley, 1989; Kudsk et al., 1990) and water supply, improve the 
activity of many foliar-applied herbicides. The importance of weed growth rate for 
herbicide efficacy has been stressed by several authors, among them are Hammerton 
(1967), Coupland (1989) and De Ruiter (1999). Lundkvist (1997b) quantitatively 
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demonstrated that, under Swedish field conditions, performance of herbicides applied 
under conditions that facilitated higher growth rates gave better results for the two 
tested herbicides [mixture of dichlorprop-P/MCPA (synthetic auxins, HRAC group O) 
and tribenuron-methyl (ALS inhibitor, HRAC group B) mixed with a wetting agent] 
when applied on a natural weed population. Lundkvist (1997a) also found that the 
most pronounced effects of weather could be ascribed to the day of application and the 
day before. 

In this study, special attention was paid to the effect of pre-spraying weather 
conditions on herbicide efficacy. For this purpose, a number of pot experiments were 
conducted in three consecutive years. In 2002 and 2003, the combination of metribuzin 
and Polygonum persicaria was used to evaluate whether the effect of pre-spraying 
conditions on herbicide efficacy was mainly through an effect on plant growth rate. In 
2004, combinations of four weed species {Solarium nigrum, Senecio vulgaris, 
Chenopodium album, Brassica napus) and two herbicides (bentazon and phenmedi-
pham), which differed in polarity, were used to verify whether the effect of pre-
spraying weather conditions was brought about through an effect on herbicide uptake. 

Materials and methods 

2002 Experiment 
In 2002, a greenhouse pot experiment was conducted to assess the influence of plant 
growth rate on the activity of the foliar-applied herbicide metribuzin. Growth rates 
were manipulated by exposing the plants to two levels of light intensity. Seeds of 
Polygonum persicaria (ladysthumb) were germinated in a greenhouse (22°C / 18°C for 
day / night temperatures, RH 70% and a photoperiod of 12 hours) on a moistened 
potting soil and sand mixture (2:1). Eleven days after sowing (11 DAS) plants were 
transferred into 1 dm3 pots, with one plant per pot. The transplants were grown in a 
greenhouse from 11 to 17 DAS with day / night temperatures of 18°C / 14°C, RH 70% 
and a photoperiod of 12 h provided by natural light supplemented with high-pressure 
mercury lamps. At 17 DAS, half of the P. persicaria plants remained under full light 
conditions (FL; treatments A and B), whereas the other half of the plants were put 
under reduced light conditions (RL; treatments C and D). The light intensity was 
reduced by 65 to 70% by placing two layers of cheese cloth 1 m above the top of the 
plants. The presence of cheese cloth did not significantly affect the light spectrum 
(data not shown). The experiment consisted of four blocks and within each block a full 
light and a shaded area were randomly assigned. Within each block, each treatment 
was represented by 88 plants. The plants remained in those conditions for 6 days. At 
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23 DAS, 8 plants of treatments A and B referred to as AB (23 DAS) and 8 plants from 
treatments C and D referred to as CD (23 DAS) were sprayed. Right after that, 
treatment B was transferred to reduced light conditions, whereas treatment C was 
transferred to full light conditions. Treatment A and treatment D remained under the 
same light conditions as before. From 24-27 DAS, 8 plants per treatment were selected 
daily and sprayed with an air-pressurized laboratory track sprayer delivering 400 litres 
ha ' at 3.0 bar (1.2 mm Birchmeier nozzles, boom rate 3.5 km IT1). Plants were 
sprayed with metribuzin (Sencor, Bayer CropScience), at a range of 8-herbicide doses 
(from untreated to recommended field dose; logarithmic scale). After the herbicide 
treatment all plants were put under full light conditions. Two weeks after spraying, 
plant dry weight (after at least 48 h at 70°C) was assessed. 

Throughout the experiment, regular observations were made to determine leaf area 
(LI-3100, LI-COR LAMBDA Instruments Corporation, Lincoln, Nebraska, USA) and 
leaf and stem dry weight (after at least 48 h at 70°C). From 11 DAS to 23 DAS these 
observations were made every two days, whereas daily observations were made from 
23 DAS to 27 DAS. Sample size on each observation day was 4x4 plants per treatment 
(A to D). Observations were used to estimate the relative growth rate (RGR) for plants 
growing in the different light environments. Additionally, leaf area ratio (LAR), leaf 
weight ratio (LWR) and specific leaf area (SLA) were calculated. 

2003 Experiment 
In 2003, a pot experiment was conducted to assess the effect of plant growth rate and 
plant size on the activity of the foliar-applied herbicide metribuzin. The trials were 
conducted in April / mid-May 2003 (trial 1), mid-May / June 2003 (trial 2) and mid-
June / July (trial 3). For each trial, 3 batches off. persicaria plants were sown at a-5-
day time interval (sowing time 1, 2 and 3), to create plants differing in size. For trial 
III, only data of sowing time 1 and 3 were obtained due to poor establishment of the 
plants of the second sowing. Sowing procedure, initial growing conditions and 
greenhouse settings were similar to those in 2002. Eleven days after sowing, seedlings 
were transplanted and kept in the greenhouse for about 5 days to get an optimal 
establishment and a gradual adaptation to outside conditions (greenhouse settings: 
18°C / 12°C for day / night temperatures, RH 70% and a photoperiod of 10 h). All 
plants of one trial were sprayed at the same time. 

From transplanting to the beginning of the light treatment, pots were randomly put 
in 100 pots-trays and put outside on trolleys. Four days before application of the 
herbicide (beginning of the light treatment), half of the plants were put under full light 
(FL) and the other half under reduced light (RL) conditions. The light intensity was 
reduced by 65 to 70% by placing two layers of cheesecloth 1 meter above the top of 
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the plants. During the light treatment the trays were put in a split plot design with four 
blocks (first split: light regime, second split: sowing time). Within each light regime 
and each sowing time, 8 weed plants were distributed randomly. P. persicaria plants 
were sprayed with metribuzin (Sencor, Bayer CropScience) with a range of 8-
herbicide doses (from untreated to recommended field dose; logarithmic scale) and 
were placed under full light conditions after spraying. At application time, plants sown 
at sowing time 1, 2 and 3 were respectively 38, 33 and 28 days old. Spraying equip­
ment was comparable to 2002. Two weeks after spraying, plant dry weight (after at 
least 48 h at 70°C) was assessed. 

Plant dry weight was assessed 4 days before application of the herbicide and at 
spraying time, using 4x4 plants for each combination of sowing time and light 
condition. Leaf area, and leaf and stem dry weight (after at least 48 h at 70°C) were 
determined. 

2004 Experiment 
In 2004, an outside trial was conducted to sort out whether the main effect of pre-
spraying weather conditions on herbicide efficacy was through an effect on herbicide 
uptake. Plastic trays of 0.25 m2 were filled with a mixture of pot ground and sand 
(3:1). After flattening of the soil surface, seeds of four species, particularly Solarium 
nigrum (black nightshade), Senecio vulgaris (groundsel), Chenopodium album (fat 
hen) and Brassica napus (oilseed rape) were sown in trays at ca. one millimetre below 
soil surface. All trays were covered with a plastic sheet and put in the greenhouse with 
day / night temperatures of 22°C / 18°C, RH 70% and a photoperiod of 12 h to get an 
optimal emergence. From 14 to 20 DAS, plants were put outside the greenhouse. Few 
days before application of the herbicide, the number of weed plants per tray was 
thinned to 35 plants for S. nigrum and S. vulgaris, 20 plants for C. album and 15 plants 
for B. napus. 

In order to assess whether pre-spraying weather conditions had an influence on 
uptake and herbicide efficacy, 6 groups of plants were raised with a one-week interval. 
Each group was sprayed at 3 weeks after sowing, from July 22 till August 26. Each 
group was sub-divided into three sub-groups and sprayed with (1) bentazon (Basagran, 
480 g I/1, BASF) a polar herbicide, (2) bentazon + 1% v/v of oilseed rape oil or (3) 
phenmedipham (Herbasan, 160 g L_l, Bayer Cropscience) an apolar herbicide. Plants 
were sprayed with a range of 5-herbicide doses (from untreated to half recommended 
field dose; logarithmic scale), using a hand carried 2-m wide boom sprayer delivering 
either 400 litres ha-1 (bentazon) or 300 litres ha-1 (phenmedipham) at 2.0 bar (Teejet 
XR11004VS nozzles, 4 km h_1). The experiment consisted of a completely random­
ized design with 240 trays (4 block x 4 species * 3 herbicides x 5 doses) per group. 

11 
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After spraying, trays were randomly put into a greenhouse to standardize as much as 

possible the post-spraying weather conditions (day / night temperatures of 18°C / 14°C 

and 70% relative humidity). Two weeks after spraying, plant dry weight (after at least 

48 h at 70°C) and plant height (from soil surface to plant tip) were assessed. 

Simultaneous with each of the regular herbicide applications, application of [14C] 

bentazon, [l4C] phenmedipham and [14C] bentazon + oil was conducted in an isotop-

laboratory on a separate set of plants grown under the same conditions. [14C] 

herbicides were applied with a Burkard Microapplicator PAX 100 fitted with a 50 juL 

syringe to the youngest fully expanded leaves, e.g. the second leaf of S. nigrum, S. 

vulgaris and B. napus plants, and the first pair of leaves of C. album plants. The 

experiment consisted of a complete randomized design with 48 plants (4 blocks x 4 

species x 3 herbicides) per group. The [14C] herbicides solutions were applied as four 

1 uL drops (0.21 kBq/d -1) to a discrete area (diameter < 1 cm) outlined with a water­

proof pen on the adaxial surface in the median part of the leaf. The concentration of 

the herbicides was equivalent to the molarity of the herbicides when these compounds 

were applied at a rate of 315 g ha ' at a spray volume of 400 (bentazon) and 300 

(phenmedipham) L ha-1. To find out how much [14C] herbicide was applied to the 

leaves, a series of four 1 //L drops were dispensed into a scintillation vial prior to each 

treatment. After 24 h, the treated leaf was cut and washed for 40 s with 5 ml 

demineralized water (bentazon and bentazon + oil) or aqueous alcohol at 1:1 v/v 

(phenmedipham) to remove residual chemical deposits. The amount of [14C] 

herbicides was counted in a sample of 0.5 mL of the washing solution dissolved in 

scintillation liquid (4.5 mL; Packard Ultima Gold, Packard Instruments BV, The 

Netherlands). The efficiency of the washing procedure was tested in two ways as 

described by De Ruiter and Meinen (1998). When the leaf surface was washed directly 

after application of the [14C] herbicides, a recovery of 97% was measured for bentazon 

and bentazon + oilseed rape oil and 93% for phenmedipham. To determine the 

efficiency of the washing after the drops had dried, four 1-^L drops were applied on 

glass slides and put in climate chamber for 24 h. The glass slides were washed for 40 s 

with 5 ml demineralized water (bentazon and bentazon + oil) or aqueous alcohol at 1:1 

v/v (phenmedipham). A recovery of 99% was measured for bentazon and bentazon + 

oilseed rape oil and 94% for phenmedipham. 

Data analysis The response of above ground plant dry matter (y) to increasing 

herbicide dose (x) was analysed using a log-logistic curve (Christensen et al., 1990; 

Seefeldt et al., 1995; Streibig, 1992; Streibig et al., 1993): 

y = a+
 l + e(-HLogu)-Log(EDso})) Equation 1 

12 
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where c is the upper asymptote of the curve and the mean response of the control 
plants, a is the lower asymptote of the curve and the mean response at very high doses 
(usually set to zero), ED50 is the dose giving 50% response (e.g. 50% reduction of 
plant DW) and b is the slope of the curve around ED50. Logistic regressions were 
performed using Genstat 8 (Lawes Agricultural Trust, IACR-Rothamsted, UK). The 
same software was used for simple linear regressions, correlations analysis and 
analysis of variance. Simple linear regressions and correlation analysis were used to 
explore possible relationships between ED50, GR, RGR, plant size and SLA (2002, 
2003) and herbicide uptake and individual weather parameters (2004). Analysis of 
variance was performed on growth rate, plant dry weight and other plant 
characteristics, as well as on herbicide efficacy and uptake. 

Results 

2002 Experiment 

Plant growth At 17 DAS, plants of P. persicaria had an average dry weight of 9.75 mg 
(Table 1), a leaf area of 2.66 cm2 per plant, and values of LAR, SLA and LWR which 
are typical of herbaceous species (Poorter & Van der Werf, 1998). Plants exposed to 
full light conditions from 17 to 23 DAS (treatments A and B) grew significantly faster 
than plants exposed to reduced light conditions (treatments C and D) with relative 
growth rates of 1.18 and 1.13 d1, respectively. Also from 23 to 27 DAS P. persicaria 
plants exposed to full light conditions (treatment A and C) grew significantly faster 
than plants exposed to reduced light conditions (treatment B and D) with relative 
growth rates of 1.26 and 1.17 d_1, respectively. The use of cheese cloth thus generated 
significant differences in relative growth rate between covered and uncovered plants. 

At both 23 and 27 DAS this resulted in significant differences in plant dry weight 
between plants that remained unshaded (treatment A) and plants that were consistently 
shaded from 17-27 DAS (treatment D). Apart from differences in growth rate and 
plant dry weight, differences in plant characteristics were obtained. In response to the 
reduced light level, the LAR increased. This increase in LAR was almost fully due to 
an increase in SLA as the LWR remained constant at around 0.72 kg leaf kg-1 plant. 
No significant effect on leaf area (LA) was observed, as under reduced light conditions 
the reduction in plant dry weight was compensated by an increased LAR. 

13 
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Table 1: Dry weight (DW, g plant-1), leaf area (LA, cm2), leaf area ratio (LAR, m2 leaf kg -1 

plant), specific leaf area (SLA, m2 leaf kg-1 leaf) and leaf weight ratio (LWR, kg leaf kg -1 

plant) and the RGR from the exponential curve fitting for treatment A to D measured at 17, 23 

and 27 DAS. Figures followed by different letters are significantly different. 

DAS 

17 
23 

Treatment 

A B C D 

AB 
CD 
s.e.d 

DW 

9.75 x 10"3 

26.73 x 10"3 b 

20.23 x 10"3 a 

2.33 x IO"3 

LA 

2.66 

8.76 

8.45 

n.s 

LAR 

27.28 

32.76 a 

41.75 b 

1.38 

SLA 

41.68 

45.74 a 

58.34 b 

2.35 

LWR 

0.66 

0.72 

0.72 

n.s 

RGR 

1.18"' 

1.13 a* 

27 A 
B 
C 
D 
s.e.d 

63.25 x IO"3 b 

50.61 x 10"3 ab 

45.69 x 10"3 ab 

36.56 x 103 a 

19.59 x 10"3 

22.62 

20.22 

18.14 

17.62 

n.s 

35.76 a 

39.96 b c 

39.70 a b 

48.19 c 

3.36 

48.80 

54.93 

55.78 

67.24 

n.s 

0.73 

0.73 

0.72 

0.72 

n.s 

1.26 b* 

1.17 a* 

1.26b* 

1.17 a* 

RGR for the period 17-23 DAS; RGR for the period 23-27 DAS. 

Table 2: Dry weight at spraying (DW, g plant-1), growth rate (GR, g day"'), leaf area (LA, 

cm2) and parameters b, c (g plant-1) and ED5o (g ha -1) of the logistic regression for treatments 

A, B, C and D sprayed at 23 to 27 DAS. Final harvest at 14 days after application of the 

herbicide. Figures followed hv different letters are sitJnificantlv different 

Spraying 

23 DAS 

24 DAS 

25 DAS 

26 DAS 

27 DAS 

23 DAS 

24 DAS 

25 DAS 

26 DAS 

27 DAS 

Treatment 

AB 
A 
B 
A 
B 
A 
B 
A 
B 
CD 
C 
D 
C 
D 
C 
D 
C 
D 

DW 
26.73 x 
31.62 x 

30.50 x 

39.52 x 

36.99 x 

50.20 x 

43.27 x 

63.25 x 

50.61 x 

20.23 x 

22.84 x 

22.03 x 

28.78 x 

26.72 x 

36.26 x 
31.26 x 

45.69 x 

36.56 x 

io-3 

io-3 

IO"3 

IO"3 

IO"3 

IO"3 

IO"3 

10"3 

IO"3 

IO"3 

IO"3 

IO"3 

IO"3 

IO"3 

IO3 

IO"3 

IO"3 

IO"3 

GR 

4.89 x IO"3 

3.77 x IO"3 

8.22 x IO"3 

6.49 x IO"3 

10.36 x IO"3 

6.28 x IO"3 

13.05 x IO"3 

7.35 x IO"3 

2.62 x IO"3 

1.81 x IO"3 

5.94 x IO"3 

4.68 x IO"3 

7.48 x IO"3 

4.54 x IO"3 

9.43 x IO"3 

5.31 x IO"3 

LA 
8.76 

11.16 

11.37 

14.57 

13.40 

17.32 

16.55 

22.62 

20.22 

8.45 

10.15 

9.40 

12.39 

12.01 

13.53 

15.38 

18.14 

17.62 

b 
-1.712 

-1.275 

-1.275 

-1.382 

-1.382 

-1.518 

-1.518 

-2.252 

-2.252 

-1.712 

-1.486 

-1.486 

-1.182 

-1.182 

-1.661 

-1.661 

-1.243 

-1.243 

c 
0.316 

0.376 

0.308 

0.322 

0.303 

0.402 b 

0.317 a 

0.436 

0.413 

0.251 

0.231 

0.233 

0.245 

0.245 

0.329 b 

0.256 a 

0.463 b 

0.332 a 

ED50 

12.64 

9.55 

14.49 

13.84 

18.37 

20.32 

10.72 

35.89 

20.46 

8.11 

11.07 

9.51 

9.57 

4.19 

13.27 

14.55 

4.02 

6.71 
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Herbicide efficacy For each herbicide application date, data on plant dry weight 
obtained at 14 days after application were fitted pair wise (treatment A and B; 
treatment C and D) to the logarithm of the herbicide dose. The log-logistic dose 
response curve gave an accurate description of plant dry weight (R2 > 0.85). Only in 
one situation (treatment C and D at 25 DAS) the residuals seemed non-randomly 
distributed. The outcomes of the logistic regressions are summarized in Table 2. 

For each pair the shape factor (b) of the log-logistic dose response curve did not 
differ significantly and for that reason the value was kept identical. Parameter c, which 
describes the upper asymptote of the response curve, representing the DW of the 
control plants, increased with herbicide application time, as plants were allowed to 
grow until exactly two weeks after application. 

Significant differences in parameter c were only observed when plants had been 
exposed to different light conditions for either 3 (26 DAS) or 4 (27 DAS) days. Sig­
nificant differences in ED50 between plants that were exposed to different light con­
ditions for one to four days prior to herbicide application were not observed (Table 2). 

As pair wise comparisons did not reveal significant differences in ED50, simple 
linear regression was used to explore possible relationships between ED50 and GR, 
RGR, plant size (DW and LA) and SLA. These simple regression analyses demon­
strated positive linear relationships between the ED50 and GR (r = 0.62; F pr = 0.011; 
Figure la), the ED50 and DW (r = 0.69; F pr < 0.001; Figure lb) and the ED50 and LA 
(r = 0.54; F pr = 0.014; Figure lc). The analysis also showed a nearly significant 
negative linear relationship between the ED50 and SLA (r = -0.42; F pr = 0.065; 
Figure le). No significant linear relationship was found between the ED50 and RGR 
(r = 0.13; F pr = 0.574; Figure Id). 

Correlation analysis demonstrated strong correlations between GR and DW 
(r = 0.62; F pr = 0.014), GR and LA (r = 0.67; F pr = 0.007) and DW and LA 
(r = 0.92; F pr < 0.001) indicating that GR and plant size (DW and LA) were 
confounded. No correlation was recorded between SLA and GR, DW or LA. 

2003 Experiment 

Plant growth In all three trials, the differences in sowing time resulted in significant 
differences in plant size at spraying (Table 3). Apart from plant dry weight (F pr < 
0.001) and leaf area (F pr < 0.001) this difference was present in the number of leaves 
per plant. The largest difference in plant size between plants of sowing time 1 and 
plants of sowing time 3 was obtained in trial I, when P. persicaria plants of sowing 
time 3 were still extremely small and had just reached the 2-leaf-stage. 

For all three trials, it appeared that only for the largest plants (trial I sowing time 1, 
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trial II sowing times 1 and 2, trial III sowing time 1) a 4-day difference in light 

condition resulted in significant differences in plant DW at spraying. P. persicaria 

plants exposed to full light were heavier than plants exposed to reduced light 

conditions. The LA, however, remained mostly unaffected by light condition, as only 

in one situation (trial 3; sowing time 1) a significant difference was recorded (Table 3). 

Significant changes in plant characteristics, consistent with those observed in 2002, 

were obtained. In response to the reduction of the light level, the LAR increased 

significantly by 24 to 49%. The increased LAR was completely due to an increase in 

SLA, whereas LWR remained unaffected. 
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Figure 1: Relationships between the ED50 (g ha~ ) and dry weight in g plant" (a), growth rate 

in g day-1 (b), leaf area in cm2 (c), relative growth rate in d_1 (d) and specific leaf area in m2 

leaf kg leaf1 (e) for P. persicaria plant treated with metribuzin (2002 experiment) and 

exposed to either full light (closed symbols) or reduced light (open symbols). Linear 

regressions are included. 
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Herbicide efficacy Also in this case the log-logistic dose response curve gave an 

accurate description of plant dry weight against herbicide dose (R2 > 0.86). The results 

of the logistic regressions are summarized in Table 3. Within a trial, no significant 

differences in shape factor (b) were recorded. Significant differences in the upper 

asymptote of the dose response curve (parameter c) were mainly present between early 

and late sown plants, except for trial II, where c-values for early and late sown plants 

were comparable and, surprisingly, plants of sowing time 2 had the highest c-value. 

ED50 varied from 10 to 65 g ha-1, except for the earliest sowing in trial 1, where an 

ED50 of 206 g ha-1 was obtained with plants that were exposed to full light conditions. 

The average ED50 (around 40 g ha-1) dose was larger than the average ED50 recorded 

in 2002 (around 14 g ha-1) when plants were grown in the greenhouse. Linear 

regression was used to investigate which of the parameters tested in 2002 (GR, DW, 

LA and SLA) was the best determinant of herbicide efficacy. Correlation analysis 

showed that, despite changes in the experimental set up, the positive correlation 

between GR and DW (r = 0.62; F pr = 0.014), GR and LA (r = 0.67; F pr = 0.007) and 

DW and LA (r = 0.67; F pr = 0.007) remained. No correlation was recorded between 

SLA and GR, DW or LA. 

Contrary to what was found in 2002 for greenhouse grown weeds, statistical 

analyses demonstrated the absence of linear relationships between the ED50 and GR 

(r = 0.11; F pr = 0.686; Figure 2b), the ED50 and DW (r = -0.12; F pr = 0.674; Figure 

2a) and the ED50 and LA (r = -0.35; F pr = 0.199; Figure 2c). Figure 2a-c clearly show 

that the difference between plants put under light and shaded conditions (the lines that 

connect the two treatments for each trial x sowing time combination) was much larger 

than the average trend (bold regression line), indicating that the investigated 

characteristics were not the main determinants for herbicide efficacy. Regression 

analysis confirmed the negative linear relationship between the ED50 and SLA 

(r = -0.60; F pr = 0.018; Figure 2d). For this parameter the lines that connect the light 

and shaded treatment within each sowing time x trial combination and the average 

trend were for most cases largely identical. This negative relationship between ED50 

and SLA puts forward that leaf characteristics might be an important determinant of 

herbicide efficacy. 

2004 Experiment 

Pre-spraying weather conditions Both the highest mean air temperatures and the 

highest global radiation during the last 48 hours before application of the herbicides 

were recorded for sprayings 2, 3, 4 and 5 (Table 4). However, sprayings 2 and 3 were 

considerably dry with no precipitation, a mean RH around 65 to 70% and only 10 h 
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Figure 2: Relationships between the ED50 (g ha-1) and dry weight in g plant-1 (a), growth rate 

in g day-1 (b), leaf area in cm2 (c) and specific leaf area in m2 leaf kg plant-1 (d) for P. 

persicaria plants treated with metribuzin (2003 experiment) and exposed to either full light 

conditions (full symbols) or reduced light conditions (empty symbols). I, II and III for trials 1, 

2 and 3, respectively; 1, 2 and 3 for sowing time 1, 2 and 3, respectively. Linear regression for 

all trials x sowing times is included. 

with more than 90% RH. Sprayings 4 and 5 had some precipitation (2.7 and 7.3 mm, 

respectively) and a mean RH around 77%. The minimum average air temperature and 

global radiation during the last 48 hours before application of the herbicides were 

recorded for sprayings 6 and 1, for which the average air temperature was 5 to 6 °C 

lower than the maximum recorded at spraying 3 and the global radiation was almost 

half of what was measured for sprayings 2 or 3. Sprayings 6 and 1 had an amount of 

precipitation of more than 5 mm in the 48 hours prior to application of the herbicides. 

Tendencies at 48 hours before application were comparable to those at 24 and 72 hours 

(data not shown). The last 12 hours before application, corresponding mainly to the 

night prior to spraying (8 pm to 8 am), were relatively dry with no rain at all for 

sprayings 2, 3, 4 and 5. Sprayings 1 and 6 had some rain so that RH was higher than 

90% during the 12-hours period. For both 48 and 12 hours before application of the 
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Table 4: Mean air temperature (°C), global radiation (KJ m"2 h"1), precipitation (mm) and 

mean relative humidity (%) during the last 12 and 48 hours before application of the 

herbicides for spray 1 to 6 (2004 experiment). 

12 hours before application 

Mean air temperature 

Global radiation 

Precipitation 

MeanRH 

48 hours before application 

Mean air temperature 

Global radiation 

Precipitation 

MeanRH 

Spray 

1 

17.4 

297.3 

2.0 

95.0 

17.8 

534.7 

5.2 

92.0 

Spray 

2 

16.4 

420.5 

0.0 

77.1 

17.9 

872.8 

0.0 

70.6 

Spray 

3 

19.6 

175.6 

0.0 

89.8 

22.7 

816.9 

0.0 

65.8 

Spray 

4 

19.5 

240.3 

0.0 

84.8 

21.4 

589.0 

2.7 

77.0 

Spray 

5 

17.9 

152.4 

0.0 

90.2 

20.6 

692.4 

7.3 

78.4 

Spray 

6 

15.2 

112.6 

5.2 

95.1 

16.4 

409.2 

14.1 

90.0 

Table 5: Linear regression coefficients (r) between mean air temperature (T°C), global 

radiation (G.Rad. in KJ m~2 h_1), precipitation (P in mm) and mean relative humidity (RH in 

%) during the last 12 and 48 hours before application of the herbicides (2004 experiment). 

12 h 

48 h 

G. Rad. 

P 

RH 

G. Rad. 

P 

RH 

T°C 

-0.07 

- 0.73 * 

-0.12 

12 h 

G. Rad. 

-0.42 

-0.71 

P 

+ 0.64 § 

T°C 

+ 0.48 

-0.58 

- 0.70 § 

48 h 

G. Rad. 

-0 .83* 

-0.89* 

P 

+ 0.77 * 

(*) P < 0.05, (#) P < 0.10, (§) P < 0.20. 

Table 6: Number of fully expanded leaves for B. napus, C. album, S. nigrum and S. vulgaris 

at spraying 1 to 6 (2004 experiment). 

B. napus 

C. album 

S. nigrum 

S. vulgaris 

Spray 1 

1.9 

2.3 

1.0 

1.9 

Spray 2 

2.0 

2.3 

1.9 

2.0 

Spray 3 

2.3 

3.3 

2.1 

2.2 

Spray 4 

3.0 

4.0 

3.2 

3.1 

Spray 5 

2.2 

3.8 

2.0 

2.2 

Spray 6 

2.0 

3.0 

1.6 

2.0 

Average (± stdev) 

2.2 (± 0.38) 

3.1 (±0.75) 

2.0 (± 0.73) 

2.2 (± 0.44) 
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herbicides, significant negative correlations were found between the global radiation 

and precipitation and the global radiation and the mean relative humidity. Precipitation 

was positively correlated with the mean relative humidity (Table 5). 

Plant size at spraying At the time of spraying, B. napus had on average 2.2 leaves, C. 

album 3.1 leaves (equivalent to 1.6 pairs), S. nigrum 2.0 leaves and S. vulgaris 2.2 

leaves per plant. For the four species considered, plants were smallest at spraying 1 

and largest at spraying 4 (Table 6). The coefficient of variation was largest for S. 

nigrum plants (36% compared to 17%, 24% and 20% for B. napus, C. album and S. 

vulgaris, respectively) indicating that the growth of S. nigrum plants was more 

influenced by pre-spraying weather conditions than that of the other three species. 

Herbicide uptake Analysis of variance clearly showed that both the herbicide and the 

species had a significant effect on uptake. On average, the lowest uptake was recorded 

for bentazon used alone (34%), whereas the highest uptake was obtained when oil was 

added to bentazon (88%). Phenmedipham (63%) held an intermediate position (Table 

7). The average uptake of B. napus (70%) and C. album (69%) was significantly 

higher than that of S. nigrum (57%) and S. vulgaris (51%). 

No herbicide * species interaction was observed. Between the different sprayings, 

the uptake of bentazon was highly variable with coefficients of variation (CV) varying 

from 23% (S. nigrum) to 50% (C. album). Adding oil to bentazon clearly improved 

herbicide uptake and reduced its variability. The CV was still 16% for S. vulgaris, but 

lower than 6% for the three other species. Variability in uptake was intermediate with 

phenmedipham. For this herbicide the CV was 8% for B. napus, whereas it ranged 

between 17% (C. album) and 26% (S. nigrum) for the other species (Table 7). 

Table 7: Uptake (%) of phenmedipham, bentazon and bentazon + oil for B. napus, C. album, 

S. nigrum and S. vulgaris. Figures followed by the same letter are not significantly different. 

Standard error of the uptake are between parentheses (2004 experiment). 

Plant species 

B. napus 

C. album 

S. nigrum 

S. vulgaris 

Average 

Bentazon 

41.2 (±13.29) 

42.7 (±21.50) 

27.1 (± 6.14) 

22.6 (± 8.43) 

33.8 c 

Herbicides 

Bentazon + oil 

96.9 

93.0 

87.0 

78.9 

88.4 a 

(± 1.31) 

(± 3.48) 

(± 5.01) 

(± 12.95) 

Phenmedipham 

71.6 

71.4 

57.1 

53.2 

62.9 b 

(± 6.03) 

(±11.94) 

(± 15.28) 

(±11.83) 

Average 

69.9 a 

68.9 a 

56.9 b 

51.2 b 
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Herbicide efficacy For each spraying time, the data on plant dry weight at two weeks 
after spraying were fitted to herbicide dose for all plant species and herbicide 
combinations, using Equation 1. R2 values were always larger than 0.90, whereas 
residuals were homogeneously distributed around the fitted curves, indicating a good 
fit of the experimental data to the model. For the shape factor (b) an average value of -
3.80 (± 1.28) was obtained. No significant differences for this parameter were found 
among the combinations of spraying time x plant species x herbicide. For all four 
species, c-values were different from spraying time to spraying time (data not shown) 
as growth conditions after application of the herbicides were not completely identical. 

As expected from the product recommendations, use of bentazon on S. nigrum and 
S. vulgaris resulted in a low average ED50 (Figures 3b, 3d). C. album, which was not 
supposed to be very well controlled by bentazon, had a larger average ED50 (388 g 
ha-1) (Figure 3f). Results indicated that bentazon had an intermediate effect on B. 
napus plants with an average ED50 of 166 g ha ' which is consistent with the fact that 
Sinapis arvensis, a closely related species, is rather sensitive to bentazon. 

The dose required to obtain 50% control was however quite variable (Figure 3h). 
Adding oil to bentazon reduced the amount of herbicide required to obtain a sufficient 
level of control, with ED50 between 33 and 48 g ha"1 (for B. napus and S. vulgaris, 
respectively). Moreover, the variability in ED50-doses was considerably reduced. Only 
S. nigrum which was already controlled very well by bentazon alone did not greatly 
benefit from the addition of oil. Phenmedipham provided a reasonable control of C. 
album with an ED50 of 241 g ha-1 (Figure 3e), while S. vulgaris was also quite 
responsive. The herbicide provided a poor control of S. nigrum plants (Figure 3a). 
Phenmedipham had only marginal effects on B. napus, with an average ED50 larger 
than the recommended herbicide dose (Figure 3g). This is not unexpected, as this 
herbicide is not recommended for S. arvensis. 

Relationship between herbicide uptake and herbicide efficacy For all weed species x 
herbicide combinations isolines were included in Figure 3. These isolines consist of all 
combinations of ED50 and percentage uptake that result in an identical herbicide 
uptake as to the average uptake of herbicide at the ED50 point over the six sprayings. 
The figures show that in quite a number of cases the individual data points are 
reasonably well represented by the isolines, indicating that uptake is a major 
determinant of differences in ED50 between spraying times. A poor relationship was 
obtained for phenmedipham applied on B. napus (Figure 3g), for which the use of 
phenmedipham is not recommended. Large deviations from the isolines were also 
observed in a number of other situations. For example, a 40% uptake of bentazon by 
C. album (sprayings 1, 3 and 5) resulted in ED50 varying from 40 g ha-1 at spraying 1 
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Figure 3: Relationship between ED50 (g ha-1) and uptake for S. nigrum (a), S. vulgaris (c), C. 

album (e) and B. napus (g) sprayed with phenmedipham and S. nigrum (b), S. vulgaris (d), C. 

album (f) and B. napus (h) sprayed with bentazon (squares) or bentazon + oil (circles). The 

average uptake / herbicide efficacy isolines are included for each herbicide (2004 

experiment). 
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to 670 g ha~ at spraying 3. Similar observations were recorded for phenmedipham 
where a 65% uptake by C. album (sprayings 3, 4 and 5) resulted in ED50 varying from 
174 g ha-1 at spraying 4 to 418 g ha"' at spraying 5. These deviations from the isolines 
indicate that other factors than uptake affected the outcome of the herbicide treatment 
as well. Results obtained for bentazon with oil were quite well described by the 
isolines derived for bentazon, indicating that the reduction in ED50 that followed from 
the addition of oil resulted completely from an increased uptake of herbicide. For C. 
album, however, the reduction in ED50 was greater than expected, suggesting an 
additional phytotoxic effect of the oil (Figure 3f). 

Influence of pre-spraying weather parameters on uptake Correlation analysis revealed 
significant correlations between herbicide uptake and individual weather parameters. 
Correlations were tested for the last 12, 24, 48 and 72 hours before herbicide 
application but, depending on the plant species x herbicide combination, the strongest 
effects were found for either the last 12 or 48 hours before herbicide application. 
Regression analysis demonstrated that of the tested weather parameters, only global 
radiation and mean relative humidity were significantly correlated with herbicide 
uptake (Table 8). 

Uptake of phenmedipham, by all four species, was significantly positively 
correlated with the mean relative humidity during the last 12 or 48 hours before 
application of the herbicide. A significant negative correlation between the global 
radiation during the last 48 hours before application and uptake of phenmedipham was 
found for B. napus. For the other three species also negative, but non-significant, 
correlations were found between global radiation and uptake of phenmedipham. 

Uptake of bentazon for B. napus, S. nigrum and S. vulgaris was positively 
correlated with the global radiation during the last 12 hours before herbicide 
application. Mean RH in this period was negatively correlated with herbicide uptake 
for B. napus and S. vulgaris. Analysis using weather data during the 48 h before 
application confirmed both trends, though no significant correlations were obtained. 
Adding oil to bentazon did not affect the nature of the correlations but the different 
weed species became much less responsive to individual pre-spraying weather 
parameters. In this case the uptake of bentazon for C. album and S. vulgaris was 
significantly negatively correlated to the mean relative humidity during the last 12 or 
48 hours before application. 
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Discussion 

Herbicide labels contain the dose recommendations of the manufacturer and are 
chosen such that even under non-favourable conditions the application still results in a 
sufficient level of weed control. For this reason it is not surprising that under optimum 
conditions herbicides still provide adequate control at doses well below these label 
recommendations (Kudsk & Streibig, 2003). Reduced dose strategies try to exploit this 
gap in required herbicide dose. Tailor-made dosages are recommended based on 
factors that influence the efficacy of herbicide applications. Among these factors are 
the sensitivity of the weed species to the specific herbicide, the size of the weed plants, 
the precision of the spraying equipment and the environmental conditions before, 
during and after herbicide application. The MLHD-technology, developed in The 
Netherlands, aims at recommending the lowest dose of a herbicide which is just 
sufficient to kill the weed plants and bases this reduced dose rate advice on plant 
species and plant size. If, for what ever reason, a farmer considers the spraying 
conditions non-optimal the system recommends to increase this advised dose rate with 
50%. The MLHD-technology is restricted to photosynthesis-inhibiting herbicides. 

The results of the experiment conducted in 2004 offer an opportunity to illustrate 
the gains and risks associated to the use of reduced dose rates. In 2004, three out of the 
nine herbicide x weed species combinations studied were classified as highly sensitive 
(+++). This involves the use of phenmedipham for the control of C. album and the use 
of bentazon and bentazon + oil used against S. nigrum. All of these combinations were 
used on all 6 spraying dates, resulting in 18 events. In addition, two normal sensitive 
(++) combinations (bentazon and bentazon + oil used against S. vulgaris, n = 12) and 
four less sensitive (+) combinations (phenmedipham for the control of S. vulgaris and 
S. nigrum, bentazon and bentazon + oil used against C. album, n = 24) were studied. 
For each event the ED90 dose derived from the fitted log-logistic curve was compared 
with the advised MLHD-dose, the 1.5 x MLHD-dose and the recommended (or label) 
dose. In Figure 4, the percentage of events in which the ED90 dose was equal to or 
below the specified doses, and consequently a sufficient level of weed control would 
have been obtained, is presented. This figure shows that for the highly sensitive (+++) 
herbicide x weed species combinations the recommended label dose gave an 
appropriate control for more than 95% of the applications. Use of the MLHD advice 
resulted in an appropriate weed control for 70% of the applications. Introduction of a 
safety margin increased this figure to 80%. These figures are lower than what is 
experienced by farmers in the Netherlands who are using the MLHD-technology. 
Under practical conditions the MLHD advice is reported to result in appropriate weed 
control in about 90% of the situations (Kempenaar & Uffing, 2002). One major reason 
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