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ABSTRACT

Herbicides inhibiting protoporphyrinogen oxidase (Protox) have been
commercialized for more than 30 years, although their molecular site of action
remained unknownuntil 1989. The patent literature indicates that there are
thousands of compounds, representing numerous chemical classes, with this
modeof action. The most active Protox inhibitors apparently compete for the
substrate-binding site of Protox, mimicking portions of the proto-
porphyrinogen molecule. Light is required for the developmentofinjury, with
symptoms becoming visible within a few hours of application. The
relationship betweenactivity in the field and the mechanism ofaction of these
compounds will be discussed. Most Protox-inhibiting herbicides are usually
applied post-emergence and have broad spectrum weed control. However,
more recent commercial Protox inhibitors are extending their use to new crops
and to pre-emergence applications. Still, as a herbicide family, their overall
impact on the agrochemical market has been limited to a few major crops due

to their relatively narrowselectivity. Future use may increase because weeds
have not evolved resistance to these herbicides and high levels of crop

resistance may be imparted bygenetic engineering. Toxicological issues will

be addressed, even though these compounds are not considered to be of
significant toxicologicalrisk.

INTRODUCTION

Nitrofen, a diphenyl ether, was introduced on the agrochemical market more than 30 years
ago. Althoughits mode ofaction remained unknown during most of its agrochemical use,
this compound was,in fact, the first Protox-inhibiting herbicide to be commercialized. Since
then, a large number of experimental Protox-inhibiting molecules have been synthesized

(Anderson etal., 1994; Reddy ef al., 1997). However,relatively few of these compounds

have been commercialized because of their narrow crop selectivity. Commercial Protox

inhibitors can be categorized in three broad chemical groups: the diphenyl ethers (e.g,

acifluorfen), the phenyl heterocycles such as the oxadiazoles (e.g., oxadiazon), and the

heterocyclic phenylimides(e.g., flumiclorac) (Figure 1) (reviewed by Andersonet al., 1994;
Reddyet al., 1997). 



 

°

Dipheny! ether Oxadiazole

Triazolinone Phenylphthalimide    
Figure 1. Structural characteristics of several Protox-inhibiting classes of herbicides

Most Protox-inhibiting herbicides have broad weed spectra that often control both

monocotyledonous anddicotyledonous weeds. They are used primarily on soybean, though

some of these herbicides are suitable for use on other crops (Table 1). Compounds with

greater selectivity for cereals and small grains (bifenox and fluoroglycofen) are currently not

available in the U.S. market. Protox-inhibiting herbicides are almost exclusively used as

foliar-applied materials, and they havelittle pre-emergenceactivity. However, more recently

discovered structures such as sulfentrazone have excellent pre-emergenceactivity (Table 1)

(Theodoridis et al., 1992). The mostactive of these herbicides can be applied at rates as low

as 1 g per hectare. The growing understanding of the mechanisms of action and resistance to

these unique herbicides maybroadentheir use to other agrochemical markets.

Table 1. Protoporphyrinogen oxidase-inhibiting herbicides commercially available’.

 

Common U.S. Trade Main Crop Application Primary Source

Name Name b

“Acifluorfen —-Blazer® ~Soybean, peanutand rice POST BASF

Bifenox Foxpro® Small grain PRE/POST

—

Rhone-Poulenc

 

Flumiclorac Resource® Soybean and corn PRE/POST Valent

Fluoroglycofen Complete® Cereal crops POST Rohm and Haas

Fomesafen Reflex® Soybean POST Zeneca

Lactofen Cobra® Soybean POST Valent

Oxadiazon Ronstar® Grasses and Ornamentals POST Rh6ne-Poulenc

Oxyfluorfen Goal® Vegetable crops PRE/POST

—

Rohm and Haas

Sulfentrazone Authority® Soybean, sugarcane, PRE FMC

tobacco Corporation

‘Information from the WSSA Herbicide Handbook and FMC technical bulletin (see

references); "PRE = pre-emergence applied; POST = post-emergenceapplied.

  



To date, there is only one phytotoxin of natural origin known to inhibit Protox. Cyperin,
which wasisolated from a several weed fungal pathogens (Weber & Gloer, 1988: Striele er
al., 1991; Venkaltsubbaiah ef al., 1992), is a diphenyl ether that resembles many
commercially available Protox inhibitors (Figure 1). However,its 159 value (concentration
required for 50% inhibition) was high (60M) (Harrington ef al., 1995), relative to
commercial inhibitors. The least active commercial Protox inhibitor has an I50 value 1 uM.
This high I5¢ value meansthat other molecular targets may be involved in the modeofaction
of this natural product. Finally, several commercial herbicides with structural similarities to
Protox-inhibiting diphenyl ethers are used for weed control in cereals (e.g., diclofop), but
their primary modeofaction is not inhibition of Protox. Instead, these compounds inhibit
fatty acid synthesis at the level of acetyl-CoA carboxylase (ACCase). Recent comprehensive
reviews and books on several aspects of Protox-inhibiting herbicides are available (Duke ef
al., 1991, Duke & Rebeiz, 1994, Scalla & Matringe, 1994, Dayan & Duke, 1997, and Reddy
et al., 1997).

FATE IN THE ENVIRONMENT

Protox inhibitors are not knownto be a threat to the environment. Theprincipal form of
degradation is associated with microbial activity, though some of these herbicides (e.g.,
diphenyl ethers) are also susceptible to photodegradation (Table 2). The half-life of this class
of herbicides vary greatly and is affected bysoil quality. Half-life can be veryshort (i.e., less
than a weekfor lactofen) but canbe as long as 280 days(e.g. sulfentrazone) (Table 2).

Table 2. Fate of Protoporphyrinogen Oxidase-inhibiting Herbicides in the Environment’.

 

Common Sorption Degradation Mobility Volatilization Half-life

Name (K,.; mL/g) (days)

 

Acifluorfen 113 photo/microbiol. negligible negligible 14-60

Bifenox 10,000 microbiol. significant negligible 7-14

Flumiclorac strong photo/hydrol. negligible negligible 1-6

Fluoroglycofen 1,364 photo/microbiol. moderate negligible 7-21

Fomesafen 60 photo moderate negligible 100

Lactofen 10,000 microbiol. negligible negligible 3-7

Oxadiazon 3,200 not available low negligible 60

Oxyfluorfen 100,000 photo/microbiol.  negligible/low low 30-40

Sulfentrazone 160-192* microbiol. moderate negligible 110-280
 

“Information from the WSSA Herbicide Handbook and FMC technical bulletin (see

references); *Reddy, K. N., Locke, M. A., and Gaston, L. A., 1997, personal communication.

Not surprisingly, some limitations on crop rotation are required with the more persistent

Protox inhibitors (e.g., fomesafen and sulfentrazone). Nevertheless, the excellent, broad

spectrum pre-emergence activity associated with greater soil persistence of sulfentrazone, 



relative to other Protox-inhibiting herbicide, makes this herbicide uniquein its class for the

moment. Nosignificant limitation on crop rotations have been associated with foliar-applied

Protox inhibitors. As @ group, the relatively high soil adsorption combined with rapid

microbial degradation makes Protox-inhibiting herbicides not readily susceptible to leaching

in the soil. However, leaching maybe of concern with bifenox. Also, soil quality may affect

leaching of fluoroglycofen, and metabolites of lactofen may be highly mobile in soil. None of

these compounds have volatilization problems (vapor pressure lower than 107 mm Hgat

25°C), and are not expected to cause drift-related injury to non-target crops.

MODE OF ACTION OF PROTOX-INHIBITING HERBICIDES

In spite of the extensive agrochemical use of these herbicides, their mode of action eluded

scientists for manyyears. Indeed,the exact site of inhibition and mechanism of action were

discovered nearly two decadesafter the first Protox inhibitor was commercially introduced in

1969. Matringe & Scalla (1988) demonstrated that the chlorophyll precursor protoporphyrin

[X (Proto) accumulatedin acifluorfen-treated plant tissues. The following year, they reported

that this abnormal accumulation was in response to inhibition of Protox, the enzyme

responsible for its synthesis (Matringeer al., 1989). The apparent paradox ofinhibition of an

enzyme leading to the accumulation of its catalytic product is explained by altered

compartmentation of porphyrin intermediates (Lee et al., 1993). Because of the

photodynamicnature ofthe intermediates involved in the porphyrin pathway, the carbon flow

is tightly regulated. Cytotoxic intermediates like Proto do not accumulate. They are rapidly

converted to chlorophylls or chlorophyll intermediates. Reduction of the carbon flowthrough

the porphyrin pathway by inhibiting Protox induces an uncontrolled accumulation of

Protogen. This colorless and photodynamically inactive intermediate leaks out of the

chloroplast outer membraneinto the cytoplasm. In this environment, Protogen is converted

into the highly photodynamic Proto, This conversion can occur spontaneously in light, but is

also enzymatically catalyzed by herbicide-insensitive plasma membrane Protox (Lee ef al.,

1993). In the presenceoflight, this photosensitized Proto generates highly reactive oxygen

radicals that induce lipid peroxidation of the relatively unprotected plasma membrane

(Devine er al., 1993) (Referto figure 3 for anillustration of the mode of action).

Inhibition of Protox as a mechanismofherbicide actionis efficient for several reasons. First,

the toxicity is not directly dependent uponthe level of inhibition of the pathway since the

phytotoxic response arises from the accumulation of Proto. So, while the net chlorophyll

synthesis maynot be greatly affected bya partial inhibition of Protox, plants can be exposed

to cytotoxic levels of Proto accumulation. Second, there is little substrate competition with

the herbicide because inhibition of Protox causes the substrate to be lost to the cytoplasm.

A large number ofpotent Protox inhibitors of varying structures exists. However, they

apparently all compete for the samesite on the enzyme, suggesting that the binding pocket

may be very promiscuous. Herbicidal Protox inhibitors apparently mimic portions of the

Protogen molecule (Figure 2). The best Protox inhibitors most closely approximate the

geometric shape and electronic characteristics of one-half of the Protogen molecule.

However, to our knowledge, no Protox inhibitors have been designed by attempts to mimic

portions of the Protogen molecule. Quantitative structure-activity relationship (QSAR) 



analyses have been somewhat successful in predicting the herbicidal activities of these
compounds (Nandihalli er al., 1992; Reddy et al., 1995; Reddy ef al., 1997). However,
equations derived from one set of compounds maynotpredict the activity of structurally
different groups of herbicides, nor of inactive stereoisomers within the set from which the
predictive equations were derived. The major limitation in QSAR work is that the 3-D
conformation of Protox has not been determined. Therefore, the topography of the binding
pocket and conformational changes occurring during the binding, and at each step of the
oxidation of Protogen to Proto, as well as during binding of the herbicide, are unknown.
Plant Protox has recently been cloned andits sequence determined (Ward & Volrath, 1995).

 

   
Figure 2. Three-dimensional optimized structures of (A) Protogen and (B) acifluorfen

The forthcoming determination of the 3-D conformation of the binding pocket may enable
rational design of new, moreactive herbicides.

MECHANISMS OF RESISTANCE

Plants have several mechanisms ofresistance to herbicides. The most commoninvolve

hindered uptake and translocation, rapid metabolic degradation, and/or resistance at the

molecular site. However, the complicated mode of action of Protox-inhibitors provides

several more unusualsites for possible herbicide resistance (Figure 3).

Reduced uptake and translocation of Protox-inhibiting herbicides through the shoots may

accountfor the resistance of some species (Matsumoto ef al., 1994) but does not play a major

role in resistance to those that are soil-applied (Dayan er al., 1996, 1997a,b). On the other 



hand, metabolic degradation of Protox inhibitors seems to plays a key role in crop tolerance

to these herbicides. Resistance of soybean to acifluorfen and two phenyltriazolinonesis due

primarily to rapid metabolic degradation ofthe herbicides (Frear ef al., 1983; Dayan ef al.,

1997a,b). However, these herbicides act so rapidly that metabolic degradation does not

provide a large margin for error, and some crop damage, often referred to as “bronzing”, is

common. This might be a significant factor with those herbicides that have longer soil

persistence.

There are no cases ofnatural resistance in whole plants associated with herbicide-insensitive

chloroplastic Protox. Nevertheless, herbicide-resistant Protox has been isolated from

tobacco and soybean cell cultures (Pornprom ef al., 1994). However, whole plants have not

been regenerated from thesecell lines.

Rice appears to be moretolerant to the oxidative stress induced by Protox inhibitors relative

to the targeted weeds (Matsumotoef al., 1994). We have reported that a similar mechanism

maybe involvedinthe differential sensitivity of soybean cultivars to sulfentrazone (Dayan et

al., 1997b). Otherspecies (e.g., mustards) and older tissues of somespecies that are sensitive

in the seedling stage are apparently resistant due to enzymatic degradation of Protogen to

non-toxic compounds(Jacobsefal., 1996).
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Figure 3. Schematic of possible mechanisms ofresistance to Protox-inhibiting herbicides.

Mode ofaction sequence is shownas dotted lines and possible mechanismsofresistance are

in boxes(see text for description). Adapted from Dukeet al., 1997.

The complex mechanismofaction ofProtox inhibitors provides several potential mechanisms

for evolved resistance in weeds (Figure 3). Yet, no cases of evolved resistance have been

verified. This could be due, in part, to the relatively short-lived selection pressure of these 



fast-acting foliar-applied herbicides. However, the recent development of more persistent

soil-active Protox inhibitors will increase the selection pressure, increasing the probability of

the evolution ofresistance.

TOXICOLOGICAL CONSIDERATIONS

Protox inhibitor herbicides have passed toxicological evaluations prior to registration. These

compounds have little acute toxicity and, with the exception of oxyfluorfen and

sulfentrazone, have no teratogenic or mutagenic activity (Table 3). However, most of the

evaluations were made before the exact site of action of these molecules was discovered.

Protox is a key enzymein both heme and chlorophylls biosynthetic pathways. Consequently,

the sensitivity of animal mitochondrial Protox (location of heme biosynthesis) is of concern.

Mammalian Protox is as sensitive to Protox-inhibiting herbicides as chloroplastic Protox

(Scalla & Matringe, 1994). These compounds can causegreatly elevated levels of porphyrins

in animals administered with oral doses of these compounds (Krijt et al., 1994). However,

these herbicides are either not readily absorbed by the body and/or are rapidly degraded by

metabolism (Hunt etal., 1977; Alder et al., 1977; Leung et al., 1991). Thus, relatively high

doses of herbicides are required to elicit an effect, and porphyrin levels return to normal

within days after withdrawalofthe herbicide.

Table 3. Toxicity of Protoporphyrinogen Oxidase-inhibiting Herbicides’.

 

Skin

sensitization>
Oral LD5o° —_—‘Teratogenicity4 Mutagenicity®

mg/kg mg/kg/d

Acifluorfen none 1540 not available negative

Bifenox n/a >5000 noneat 200 n/a

Flumiclorac none >5000 > 1500 negative

Common Name

 

Fluoroglycofen none 1500 not teratogenic negative

Fomesafen none > 1200 not available n/a

Lactofen none >5000 not teratogenic negative

Oxadiazon none > 5000 not available n/a

Oxyfluorfen none > 5000 toxic at 120 positive/negative

Sulfentrazone none >2000 25 negative

“Information from the WSSA Herbicide Handbook and FMCtechnical bulletin (see

references); ’Guineapig; ‘rat; “rabbit; “Amestest; n/a = not available.

 

In healthy individuals, these compoundsare not considered to be of significant toxicological

risk due to their effects on porphyrin metabolism. To date, no health problems have been

associated with human consumption ofcrops treated with these compounds (Duke & Rebeiz,

1994). 
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ABSTRACT

JV 485 is a new herbicidal a.i. for use against grass and broad-leaved weedsin

winter wheat. This paper summarises the results of more than 100trials from

1995-1997. JV 485 showsstrength against Alopecurus myosuroides and most

broad-leaved weeds found in UK wheat including-Galium aparine. Following

a pre-emergence application, surprising consistency and high levels of weed

control were achieved, over a wide range of conditions. This reliability was

superior to current pre- and post-emergence standards.

INTRODUCTION

JV 485 is a new herbicide discovered by Monsanto and jointly developed in Europe with

Bayer. (Prosch et al., 1997).

This paper reviewsthe results of three years trials carried out in the United Kingdom by Bayer

and Monsanto. The main objective in these trials was to investigate activity against

Alopecurus myosuroides and Galium aparine, but effects against other grass and broad-

leaved weed species were also measured.

MATERIALS AND METHODS

JV 485 was tested as a 500 g/l SC formulation inall trials. The standards varied between

seasons andtrials protocols but the most commonly used were: pendimethalin 400 g/l SC;

isoproturon (IPU) and diflufenican (DFF) as 500:50 g/l SC or 500:20 g/l SC; isoproturon in

various formulations; clodinafop-propargyl and cloquintocet-mexyl 240:60 g/l EC; clodinafop-

propargyl, cloquintocet-mexyl and trifluralin 12:3:383 g/l EC; an adjuvant mineral oil (970

g/l) was usually included where recommended with post-emergence treatments.

JV 485 was applied pre-emergence of the crop and weeds. It was compared with pre-

emergence and post-emergence standards.

Trials were sited in commercial crops of winter wheat. Efficacy trials were sited in fields

knownto have aninfestation of the target weed. Cropsafety trials were generally carried out

on weed-freesites. 



Applications were made by knapsack plot sprayers pressurised by compressed gas. Nozzles

weretypically flat fan, selected to give a medium spray quality at an operating pressure of2 -

3 bar and an application volume of 200 - 250 I/ha. Trials were of randomised block design

with three or four replicates. Plot sizes were usually 10 - 18 m?in efficacy trials and in crop

safety trials 36 - 45 m?.

Crop density was assessed by counting samples of 5 x 1 m of row per plot. Weed control was

normally assessed by counting surviving weeds,typically in 5 x 0.1 m? quadrats perplot or by

estimates of % weed cover. In all trials where A. myosuroides was present a final quadrat
count (5 x 0.1 m? quadrats/plot) of heads was made. Results for weed control have been

included only from thosetrials which hadan infestation level of at least five plants/m*. Crop

tolerance was assessed by wholeplot scores of biomass and estimates of leaf area damaged.

Grain yield from crop safety trials was measured by harvesting a strip through eachplot with a

combine-harvester. The weight of harvested grain was corrected to 14 % moisture content.

A. myosuroides seed samples from a number oftrials in 1996 were tested at IACR

Rothamsted for sensitivity to chlorotoluron and fenoxaprop-P-ethyl (Clarke ef al., 1994).

RESULTS

Crop tolerance - winter wheat

Pre-emergence treatments of JV 485 at the recommendedrate of 175 g/ha were safe to a wide

range of winter wheatcultivars. Slight necrotic spotting to the first emerging wheat leaves

was observed in 27% ofthetrials. At the affected sites the mean leaf area damaged was only

2.8% at crop stages GS10-21, but this effect was transient and the crops grew away normally.

Treatments applied at 350 g/ha were a little more damaging, but not permanently so. Crop

density and grain yield assessments showedlittle or no effect from JV 485 (Table 1).

Table 1. Crop density (Mean oftrials from three years, 1995-97) and grain yield (Mean of

trials from two years, 1995-96), relative to untreated (= 100).

 

Pre-emergence treatments Crop density Relative yield

Rate % No. % No.

a.i. g/ha . Range trials rel. Range trials
 

JV 485 173 91-114 100.1 93-109 11

JV 485 350 71-119 97.4 82-108 1]

Pendimethalin 2000 65-116 9 98.7 87-104 1]

Pendimethalin 4000 42-103 5 95.8 83-103 1]
 

Crop tolerance - following crops

Trial sites were visited in the season following application of JV 485. Succeeding crops were

established under normal farm practices and rotations. Grass (4 sites), linseed (1), maize (1),

spring barley (1), spring beans (1), spring oilseed rape (4), set aside (4), sugar beet (3),

triticale (1), winter barley (6), winter beans (9), winter oilseed rape (4), winter peas (1) and 



winter wheat (41) crops grownonlandpreviously treated with JV 485 showed no detrimental

effects.

Weedcontrol - A. myosuroides

Efficacy trials on A. myosuroides were most frequently sited in crops grown on medium and

heavy soils. These crops were established following a wide range of cultivation methods

including minimum cultivations. Seedbed conditions varied greatly from a fine, level and

moist tilth to very coarse, unconsolidated and dry soils. Trash from the previous crop was

sometimes present, particularly under minimum cultivation systems. The results for A.

myosuroides control (Table 2) showed JV 485 to be a consistently robust and reliable

treatment. It compared very favourably with existing standard treatments, applied pre- or

post-emergence, and a post-emergence sequence.

Table 2. A. myosuroidesresults from three seasons. (Mean % reduction in numbersofA.

myosuroides heads).
 

1995 trials 1996 trials 1997trials

% %

Treatments red’n Range ; red’n Range ‘ Range No.
 

Pre-emergence

JV 485 89.7 69-100 4 90.7 +71-100 3 80-100 23

Pendimethalin 80.2 59-98 ‘ TUS 0-99 § s 0-97 11

IPU/DFF 66.4 11-94 = o - 2 “

Post-emergence

IPU/DFF i 21-100 , 22-99

Clodinafop/IPU/DFF - .

Clodinafop/trifluralin/oil - 43-100

Clodinafop/oil - 10-100

(spring)

Post-emergence

sequence
IPU/DFF autumn

followed by

clodinafop/oil spring - 85-100
 

Treatment doses ga.i/ha

JV 485 175
pendimethalin 2000
IPU/DFF 2500:100
clodinafop/IPU/DFF 30:1000:100

clodinafop 30

clodinafop/trifluralin 30:958

Thefield performance of JV 485at thosesites tested for resistance, at IACR Rothamsted,is

shown in Table 3. Results from 1996 together with three trials from 1997 sited in tested

fields, confirmed the reliability of A. myosuroides control by JV 485 compared with the

standards. The reduced level of control from clodinafop/IPU/DFFat somesites appears to

reflect the fenoxapropresistance status. It must be acknowledged that for strict adherence to

the recommendation an additive should have been included with clodinafopatthis rate. 



Table 3. Field performance of herbicides against A. myosuroides and resistance status of

weed seed samples from individualsites.
 

Field performance % red’n in heads Resistance status*

Trial number JV 485  IPU/DFF Clodinafop/ Chloro- Fenox-

IPU/DFF toluron aprop

Rate gai/ha 175  2500:100 30:1000:100 Starsating Starrating
Timing pre-em. post-em. _post-em.

95-164-086/093 94 96
WR-05-96 92 44

96-164-034 96 40

95-274-032 93 95

95-274-034/036 84 53

NM-03/05-96 81 63

MR-03/06-96 78

SR-06/08/13-96 91 50

MR-04/07-96 95 3

WR-03/06-96 95 13

95-274-033 71 60

NR-02-96 81 91

SW-08-96 97 -

ER-07/14/15-96 98

NR-05/09/13-96 -

SW-05-96 95 97 93

NR-04-97 93 87 100**

NM-04/17-96 80 67 95

SR-07/09/16-96 90 97 100

Mean 90.3 66.7 79.0
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* 5=highest level, 1=lowest level, S = Susceptible.

** clodinafop/trifluralin 30:958 g/ha with oil

Table 4. Efficacy against Galium aparine (mean of years 1995-97)

 

Galiumaparine

% red’n. in nos./biomass
Rate a.i.g/ha Mean Range %, trials Total no.

>95% trials

red’n.

Pre-emergence treatments

JV 485 125 63

JV 485 150 qs

JV 485 175 81

Pendimethalin 2000 18

Post-emergence treatment

IPU/DFF 2500:100 . 16
  



Weed control - Galium aparine
 

Control of Galium aparine with JV 485 was excellent at 175 g/ha, but efficacy and reliability,
as shownbytherange, declined at lower rates (Table 4).

Weed control - other weeds (Table 5)

JV 485 gave good control of autumn germinating Avena fatua but its overall effect against
this weed was less reliable than the standard, due to variable activity against spring
germinating weeds.

JV 485 has consistently shown excellent control of Poa annua and Lolium multiflorum.
Reliable reduction of Bromussterilis has been shown and results from a single trial indicate
that use in sequence with other herbicides can result in good controlofthis species.

Table 5. % reduction in numbers/biomass of other weed species (where two or moreresults
were obtained) with JV 485.

 

JV 485 IPU/DFF

pre-emergence No.of post-emergence No. of
Rate a.i. g/ha 175 trials 2500:100 trials
 

Grass weeds

Avenafatua 82

Bromussterilis 82
Lolium multiflorum 97
Poa annua 99

Broad-leaved weeds
Aethusa cynapium 91

Aphanesarvensis

Brassica napus 99

Capsella bursa-pastoris
Geraniumspp.

Lamiumpurpureum

Matricaria spp.

Myosotis arvensis

Papaver rhoeas
Sinapis arvensis
Stellaria media

Veronica hederifolia
Veronica persica

Viciafaba
Viola arvensis
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DISCUSSION

Efficacy with JV 485 against A. myosuroides was more reliable than the widely used
commercial standards. Control wasconsistentin trials over three seasons, showingreliability
despite variationsin soil and weather conditions. Theactivity of pre-emergenceherbicidesis
inevitably influenced by seedbed condition, moisture and soil texture. What is particularly 



encouraging from the data presented here is the remarkable reliability of JV 485 from usage

over a wide range ofpractical conditions. Control remained good despite some very poor

seedbed conditions. This was presumably a feature of shoot uptake of JV 485 (Prosch e/ al,

1997), making efficacy less dependent on soil and moisture conditions than for herbicides

relying on root uptake.

JV 485 offers a new approach to the increasingly difficult problem of controlling A.

myosuroides. A reliable treatment applied soon afterdrilling and effective in a wide range of

soil conditions, JV 485 will give farmers early control of A. myosuroides. In difficult

situations where growers may need to use sequencesofherbicides, JV 485 offers early weed

control, allowing better timing of any subsequenttreatment which might be necessary.

It is clearly desirable that any new chemical should be effective against weed populations

resistant to existing herbicides. This would seem to be the case with JV 485. Its clear activity

in glasshouse and pot experiments (Moss & Rooke, 1997) against A. myosuroides

populations showingresistance to other herbicides was supported byfield results (Table 3).

JV 485 has showngoodactivity against a range of other grass weeds. The activity against B.

sterilis is useful. JV 485 could betheinitial treatmentin a sequenceofherbicides giving good

control of this weed.

Another major benefit demonstrated by JV 485 wasthe effective control of G. aparine, which

has proved difficult to control with autumn-applied residual herbicides. Control of other

broad-leaved weeds was equivalent to the widely used andeffective standard, isoproturon and

diflufenican (Table 5).

JV 485 is a significant new herbicide with a unique combinationofefficacy, reliability and

wide spectrumactivity which will be of great benefit to U.K. wheat growers, particularly

those faced with the increasingly difficult problemsofcontrolling A. myosuroides and G

aparine.
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ABSTRACT

Widespread and increasing environmental concerns on herbicide use have
worked as an eye-opener for alternative and new approaches for weed control.
One ofthe new approachesis the attempt to utilize allelopathic potential in crops
for weed suppressionin the field. Allelopathy is the direct influence from oneliving
plant on growth and development of another plant (Olofsdotter et al., 1995). As
such, allelopathy research in rice has made remarkable progressin the last decade
opening up for new possible strategies for weed controlin rice.

Allelopathic potential in growing rice wasfirst found in a seed increase plot at
Arkansas Rice ResearchInstitute (Dilday et al.,1991). Since then, several groups
all over the world have been working on screeningrice cultivars for allelopathic
potential, evaluated the possibilities for utilizing allelopathic features in rice for
weed control, tried to find the allelochemicals responsible for allelopathic potential
in rice, evaluated trade off effects from allelopathic potential in rice, and evaluated
the possibilities for genetic improvements of rice cultivars to increase plant
interference potential both from allelopathy and competitionetc..

Weed science needs a paradigm shift where naturally occurring defense
mechanisms against weeds are viewed as a possible strategy for weed management.
With this paradigm shift we could create a breeding strategy for the future where
cultivars are made“resistant” to one or several special weed problems.

INTRODUCTION

In the last decade an intensive research effort has been putinto finding new orredesigned
weed contro] methodsto reduce herbicide dependencyall over the world. Most research
activities have been in managerial weed control measures, in biological control and
within mechanical weed control, but also genetic improvement for increased competitive
ability of the crops has recently reentered the research agenda. Competitive ability is
often viewed as the whole plant interference complex which should, more correctly, be
distinguished into competition and allelopathy, where competition is the unequal sharing
of resources and allelopathy the addition of chemicals to the environment. In doing so, it
is possible to combine and optimize both in a final weed suppressing cultivar.

* Mailing address: Weed Science, Thorvaldsens vej 40, DK-1871 Frederiksberg C, Denmark 



Rice is the most important food cereal, worldwide creating the daily basic source of

nutrient for billions of people. Herbicide use in rice productionis increasing dramatically,

and traditional weed management strategies for rice are no longer applied in many

places. Labor for hand weeding is becoming too expensive, and lack of timely and

suitable irrigation water reduces the managerial weed control possibilities. It is therefore

of the greatest interest and necessity to develop newstrategies for weed management in

rice to ensure sustainable rice supply to the growing population.

Along with other alternative weed managementstrategies, research on rice allelopathy

was started almost a decade ago. The discovery of some rice cultivar capable of

suppressing germination and growth of ducksalad (Heteranthea limosa) under field

conditions, with something morelikely to be a chemical reaction than competition, was

the starting point for rice allelopathy research (Dilday et al., 1991). Since then,

researchers all over the world have been trying to understand allelopathy in rice. This

paper will review the work onrice allelopathy so far and try to put up some modest

proposals of research directions for the future.

WHEREARE WEON RICE ALLELOPATHY?

Allelopathy in rice was first discovered in non-replicated seed increase plots with a

natural infestation of ducksalad (Hetherantera limosa) at Arkansas Rice Research

Institute. Over two seasons, 10,000 rice accessions were evaluated for allelopathic

potential against ducksalad. Of these, 3.5% were categorized as allelopathic as they had

a weed free radius at the base of the rice plant > 10 cm (Dilday et al., 1991). This

discovery was the start for rice allelopathy research in many places of the world. In

Arkansas today, 12,000 accessions have beenevaluated for allelopathic potential against

ducksalad and 5,000 accessions against redstem (Purple ammannia). The results showed

that 412 rice accessions were allelopathic against ducksalad with a weed free radius >10

cm and 145 against redstem. Sixteen rice accessions wereallelopathic to both ducksalad

and redstem (Dilday er al., 1997). The rice accessions with allelopathic potential

originated from 37 countries indicating that allelopathy is widespread in rice germplasm.

1,000 rice accessions have been screened for allelopathic potential against Echinochloa

crus-galli and Cyperusdifformis in field experiments in Egypt. Of these 30 accessions

showed promising allelopathic potential (50-90% weed reduction) against E. crus-galli

and 15 were allelopathic (30-75% weed reduction) against C. difformis. Five cultivars

showedstrong allelopathic potential for both weed species (Hassan et al., 1997). The

selectivity in weed control from rice cultivars, shown both in Arkansas and Egypt,

indicate that several chemical compounds with selective action against weeds are

involvedin allelopathy.

Even though the results from Egypt and Arkansas seemreliable and promising, there is a

problem in conducting allelopathy experiments in the field only, as competition and
allelopathy cannot be distinctly separated in the field. Field studies must, therefore, be

combined with laboratory experiments where competition can be eliminated as a cause of
observed interference (Olofsdotter & Navarez 1995). Also, for the sake of breeding for

ullelopathic potential, where the numberofseedsis limited, a simple screening procedure 



is desirable. At IRRI (International Rice Research Institute) a laboratory screening
procedurefor allelopathic potential in rice has been established (Navarez & Olofsdotter.
1996). Seeds of E. crus-galli are relay-seeded into a petri dish with 7-day-old rice
seedlings. The plants are growntogether for 10 days before measuring the root length of
E. crus-galli. Allelopathic rice causes severe root growth inhibition and, in strongly
allelopathic cultivars, pruning of the root tip of the weed. This screening procedure has
been used to ensure that observations from the field were allelopathy and not
competition (Olofsdotter & Navarez, 1996). The screening in combination with field
experiments have consistently shown that 19 rice cultivars out of 111 tested were able to
suppress the growth of Echinochloa crus-galli by > 40%, measured as weed dry weight
8 weeksafter seeding (WAS) in three seasons in 1995 and 1996. Sevenof these cultivars
reduced E. crus-galli dry weight by > 50% in all three growing seasons (Olofsdotter er
al., 1997). Twofield experiments with Trianthema portulacastrumas the target weed
and with the same 111 rice cultivars showed 2 rice cultivars that were strongly
allelopathic to both E. crus-galli and T. portulacastrum. This verifies the pattern from
Arkansas and Egypt, indicating more than one chemical to be responsible for the
allelopathic effect. One of the rice cultivars (Taichung native 1) has shown allelopathic
effect against E. crus-galli, T. portulacastrum, H. limosa and P. ammannia (Dilday et
al., 1997; Olofsdotter & Navarez, 1996). This cultivar is also carrying the gene for semi-
dwarfism which is present in all modern varieties of rice. The genetic relationship could
be the reason why many modern rice varieties have allelopathic potential. Some of the
cultivars giving promising results at IRRI have also beentested underfield conditions in
Korea with results comparable to those obtained in the Philippines (Kim & Shin. 1997).
This is promising, froma breeding point of view, asit is very important that a character
Is stable over several seasons and environments.

Knowing which chemicals that are causing the allelopathic effect is another factor that
would make breeding for allelopathy easier. So far no breakthroughs have been achieved
in trying to characterize chemicals involved in rice allelopathy, However, recent work
has shownsignificantly higher levels of 3-hydroxybenzoic acid (3HBA), 4-hydroxy-
benzoic acid (4HBA), 4-hydroxyhydrocinnamic acid (4HHCA), 3,4-dihydroxyhydro-
cinnamic acid (34DHHCA) and tentatively identified 4-hydroxyphenylacetic acid
(4HPAA)in water from allelopathic rice cultivars when compared with water from the
non-allelopathic cultivar Rexmund (Mattice er a/., 1997). All these chemicals are pheno-
lic acids which have been described as allelochemicals in many plant species. However,
the very selective mode ofaction seeninfield testing of allelopathic cultivars, points in
the direction that allelochemicals in rice should be specific and not so common as
phenolic acids. One reason why phenolics are released in higher concentrations from
allelopathic cultivars could be a higher activity of the general defense mechanisms of
these plants. At IRRI, work on phosphate efficiency in upland rice under severe
phosphate deficiency have shownpositive correlation between cultivars capable of
releasing phosphorus from the soil and the allelopathic cultivars (Findenegg & Kirk,
1997). The search for allelochemicals in rice should therefore continue and other groups
of chemicals should also be investigated before a conclusionis drawn on allelochemicals
in rice. 



HOW FAR CAN WEGET?

Rice accessions with allelopathic activity have different origin and are at different stages

of improvement. This means that allelopathic potential is widespread and already

unconsciously included in several breeding programs. However, to reach the goal of

weedfighting rice cultivars a consciousselection for allelopathy and competition must be

done.

Knowledge about the genetic nature of allelopathy would be helpful in designing a

breeding strategy for allelopathy. Preliminary genetic studies indicate that allelopathy in

rice is a quantitatively inherited feature. Also, experience with environmental impact on

the strength and expressionof allelopathy, such as seasonalvariation, weed density, soil

type and crop density, support the hypothesis of quantitative inheritance (Dilday er al.,

1997: Courtois & Olofsdotter 1997). As such, it has to be included in the breeding

processat an early stage and cannot be genetically modified in varieties which are already

high yielding. For us, as weed scientists, this means that we should work together with

the breeders by supplying information on allelopathic potential, and help in the selection

of parental material to be used in the breeding program. Subsequently, we probably have

to wait for a numberof seasons before the breeding material is put under weed pressure,

as very few breeders would accept the presence of weedsintheir fields. This strategy has

been used in Arkansas, where they have achieved a high yielding cultivar (out-yielding

any of the parents) with strong allelopathic potential against H. limosa (Dildayet al.,

1997). However, a broader spectrum of target weeds would be desirable and continued

connection between weed scientists and plant breeders could enable the creation of high

yielding cultivars that are strongly allelopathic against several commonweed species.

With allelopathic potential widely spread in the germplasmthere are also opportunities to

breed locally adapted allelopathic cultivars, bred for taste and environment in a given

geographical area. This could be done with “farmer participatory breeding”, still with

breeders and weedscientists working together.

The limit for success in introducing allelopathic potential into rice cultivars is probably

more psychological than realistic. Weed science needs a paradigmshift, where naturally

occurring defense mechanisms against weeds are viewedas a possible strategy for weed

management. With this paradigm shift we could learn fromplant pathologists and create

a breeding strategy for the future, where cultivars are made “resistant” to one or several

specific weed problems.

RESEARCH TO REACH THE GOAL

Even though the possibilities seem to be present for a scientific breakthrough in use of

allelopathy for weed management, there are still many problems to be solved and

questions to be asked. First of all we need to screen more rice cultivars for allelopathic

potential and to be able to select for allelopathic potential at an earlier stage in the

breeding programand, we need to improve the screening techniques to enable laboratory

screening whenseedsare limited. 



Secondly, we need to know which chemicals are causing the allelopathic effects. Many
secondary metabolites in plants have phytotoxic effects, and such chemicals can be found
in almost all plant species (Putnam, 1986). However, for these chemicals to become
allelochemicals, effective against weeds, they need to be released from a living plant.It is
therefore importantthatefforts to identify allelochemicals are done on chemicals actually
released from the plant. After knowing what the allelochemicals are, we can Start
clarifying the production and release of these chemicals and how this interacts with
different growing environments. This is important to enable manipulations to get a
greater expressionofallelopathic potential in the field. Further work on allelochemicals
should also include studies of principles of selectivity among weeds and synergistic
effects among allelochemicals.

Another question that needs to be addressed is the physiological cost of allelopathy.
Production of allelochemicals might be an energy costly affair for the plants, using
resources that otherwise could be used for kernel production. So far, no results point in
the direction of a high yield penalty caused by allelopathy, but experiments needs to be
designed and conducted to prove this. Actually, the high frequency of allelopathic
potential in the breeding material suggests weak negative correlation with traits already
included in the selection process such as yield and disease resistance. However, the
physiological costs, small or large, may determine the target ecosystems where
allelopathic rice will be suitable.

Deliberate release of phytotoxic chemicals, such as allelochemicals released from plants,
will always occur in the environment for a longer or a shorter time. Natural products,
such as allelochemicals must be biodegradable, otherwise we would be able to see
widespread consequences caused by allelopathic plants. During degradation of
allelochemicals sub-lethal doses will occur, and these doses will put a selection pressure
on the weed population. In herbicide science such sub-lethal doses are said to affect the
development of herbicide resistant weed species. It is therefore of great importance that
allelochemicals are studied with the aim to foresee a possible development ofresistance.
If allelochemicals act synergistically with different modes of action it is not likely that
allelopathic cultivars would create a resistance problem, but westill need to confirm this
theory.

The ecotoxicological consequences ofdeliberate release ofallelochemicals should also be
studied carefully. In a situation where allelopathic cultivars could be grown on large
areas releases of allelochemicals could become an environmental problem. Even though
concentrations outside the rice field are believed to be low, such concentrations could
create changes in the fauna and flora in non-target environments. As mostrice is grown
under irrigated conditions, and contamination of water in rice growing areas is very
likely, it is also important to studyallelochemical effects on non-target organisms, such
as fish, bird ete...

Finally, plant interference as the result of the combined effect of allelopathy and
competition should be seen as a componentofintegrated weed management (TWM).It is
also importantto relate allelopathic rice with a shift in herbicide use from pre-emergence 



to post-emergence applications which would give us the opportunity of spraying if

necessary and not as an precaution.

As seen there arestill many questions, but allelopathyin rice, if given suitable attention in

the coming year, could be used as a modelsystem forutilization of allelopathy for weed

control in other crops.
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ABSTRACT

Two experiments were conducted in central southern England between September

1994 and August 1996 to identify the critical weed free period in organically grown

winter wheat. In competition with a mixed weed infestation of predominately

Alopecurus myosuroides and Tripleurospermum inodorum it was found that wheat

yield decreased as the duration of the weed infested period increased and that the crop

needed to be kept weed free from sowing in order to completely avoid yield loss. Also,

weeds emerging in the wheat crop (predominately 7. inodorum) during the growing

season had a significant and detrimental effect on yield and there was no point when

weeding could be relaxed to avoid a yield penalty. Therefore, the existence of the

critical period depends on the imposition of an acceptable yield loss. If a 10% yield

loss gives a marginal benefit compared with the cost of weed control, the critical

period will begin at 645 °Cdays after sowing (November) and end at 1223 °Cdays after

sowing (March). This information could be used by farmers to target mechanical weed

control operations to control weeds at a time which will have maximum benefit to the

crop.

INTRODUCTION

Weeds have been identified as the major agronomic problem associated with arable crop

production in organic farming systems (ADAS, 1992). Mechanical weed control in cereal

crops can be broadly split into two methods; spring-tine weeding and inter-row hoeing

(Rasmussen & Ascard, 1995). Spring-tine weeding is by far the most common method of

mechanical weed control in organic cereal crops, whilst inter-row hoeing is relatively

uncommon in the UK. However, at present, thereis little information on the optimum timing

of mechanical weed control andits ability to control weeds and produce a crop yield benefit

(Rasmussen, 1996).

To identify the optimum timing for weeding operations, it seems appropriate to identify the

period when weedsare likely to exert their greatest competitive effect on the crop viz. the 



critical period of weed competition. Once this period has been identified, it will be possible to

target mechanical weeding operations appropriately.

Thecritical period represents the time interval between two separately measured components:

the maximum weed-infested period or the length of time that weeds which have emerged with

the crop can remain before they begin to interfere with crop growth; and the minimum weed

free period or the length of time a crop must be free of weeds after planting in order to prevent

yield loss (Weaver ef al., 1992). These components are experimentally determined by

measuring crop yield loss as a function of successive times of weed removal or weed

emergence, respectively. Currently, there have been no studies investigating the critical

period in winter wheat.

Therefore, the aim of this work was to identify the critical weed free period in organically

grown winter wheat and consider the potential use of this information for targeting the

effective use of mechanical weeding techniques.

MATERIALS AND METHODS

Two experiments were conducted between September 1994 and August 1996 in organic

winter wheat (cv. Mercia) at Elm Farm Research Centre, Berkshire. The altitude was 60m,

rainfall 710 mm/year and the soil was a Wickham series clay loam grade 3-4. Wheat was

drilled at a seed rate of 220 kg ha. The experiments relied on the indigenous weed flora to

provide competition against the crop.

The experimental design each year was a randomised block design with three blocks. Each

block consisted of 16 plots. The plot size was 1.5m x 1.5m which included a 0.25m discard

around a Im x Im sampling area. Eight of the plots were kept weed free from sowing for

different durations including a weedfree control, whilst the remaining eight plots had weeds

present from sowing for different intervals including an unweeded control. The timing of

treatments was altered in the 1995/96 season compared with the previous season to

concentrate on the spring where it was considered the critical period was mostlikely to occur.

The dates and crop growth stages (Zadoksev a/.,1974) when weeding started or finished are

given in Table1.

The weeds were removed by hand to avoid damage to the crop and to minimise soil

disturbance. Trampling effects were prevented by using raised scaffolding planks to access

individual plots. Weed density was assessed in October/Novemberusing one 0.25 m’ quadrat

per plot. Weed dry matter was assessed from the plots that were being weeded for the first

time using one 0.25 m° quadrat per plot. The crop washarvested by hand from the central one

m° of each plot and the ears counted and then threshed using a Wintersteiger thresher to

determine cropgrainyield.

The data was subjected to regression analysis using GENSTAT5.3 andstatistical significance

wastaken at the P < 0,05 level. Block II of the experiment conducted in 1994/95 was omitted

from the statistical analysis due to a severe edge effect, whilst block I was omitted from the

1995/96 experiment due to a very low weed population. 



Table 1. Timing, crop growth stage (GS) and TSum of weeding treatments in 1994/95

and 1995/96

 

1994/95 1995/96

Timing Crop GS Tsum (°Cd) Timing Crop GS Tsum (‘Cd)

30-Sep-94 Sown 0 28-Sep-95 Sown 0
11-Nov-94 413 30-Nov-95 22 693

05-Dec-94 671 25-Feb-96 1045

10-Jan-95 797 11-Mar-96 1109

06-Feb-95 930 28-Mar-96 1179

06-Mar-95 1097 17-Apr-96 1332

10-Apr-95 2 1353 10-May-96 1553

09-May-95 1650 30-May-96 1754

01-Aug-95 Harvest 2941 16-Aug-96 Harvest 3012

 

 

w
w

N
W
N

b
d

b
h
w
o

ph
p

b
h

Y
W

RESULTS

Weed density & dry matter production

In 1994/95 the weed flora in October comprised: 7ripleurdspermum inodorum (290 plants

m”), Aphanesarvensis (92 plants m”), Stellaria media (36 plants m”) and Agrostis gigantea

(16 shoots m). In 1995/96 weed infestations were considerably greater than in the previous

season: Alopecurus myosuroides (348 plants m”), 7. inodorum (272 plants m”), S. media

(24 plants m”) and A. arvensis (8 seedlings m”). Thetotal weed dry matter whenassessed in

May was 16.38 g m™ in 1994/95 and 604.78 g m™ in 1995/96.

Crop grain yield

The grain yield of the weed-free control was 5.36 t ha’ (unweeded control = 4.32 t ha") in

1994/95 and 5.97 t ha' (unweededcontrol = 3.21 t ha’') in 1995/96.

There wasnostatistically significant relationship between crop yield and the duration of either

the weed infested (F pr.=0.488, s.e. observations = 1.17) or weed free periods (F pr. = 0.551,

s.e. observations = 1.02) in 1994/95 (data not presented). In the following season, however,

the relationship between crop grain yield and the duration of both the weed infested period

and the weedfree period wasstatistically significant and was most accurately described by a

logistic function:

Cc

Y=at 1 + ehbm) (1)

where Y is the grain yield as a percentage of the weed free control, ¢ is thermal time (base

temperature = 0 °C ) from sowing (Tsum; °Cday) and a,b,c and m are constants. It was

necessary to set the y-intercept of the curve at the level of the weed free control in the case of

weed infested periods and at the level of the unweeded control in the case of the weed-free

periods. This was achieved by fixing the values of the a and c constants (Table 2) in the

logistic function (Equation 1). 
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Figure 1. Observed andfitted wheatgrain yield (%ofweed free control) as affected by

the duration of the weed infested period (0, ) and weedfree period (e, )in

1995/96. Parameter estimates are given in Table 2.

Crop yield decreased as the duration of the weed infested period increased (Figure 1). The

model demonstrated that competition between the crop and weed population (principally A.

myosuroides and T. inodorum) occurred throughout the season, although, the rate of yield

reduction was greatest between 500 and 1500 °Cdays after sowing. Cropyield also increased

as the duration of the weed free period increased (Figure 1). However, it is important to note

that there was no further emergence of 4. myosuroidesafter the initial flush at sowing and,

therefore, after the first weeding treatment the crop was competing with principally 7.

inodorumduring the growing season.

Table 2. Parameter estimates, standard errors(s.e.), % variance accountedfor (% va)

and F probability (F?) offitted lines for wheatyield as a function of weedinfested

and weedfree periods in 1995/96.

 

Constants

Parameter a c b s.e. m se. %va FP

Weedinfested period 53.00 51.40 -0.002205 0.000489 1073.6 72.6 80.7 <0.001

Weedfree period 36.50 64.18 0.002097 0.000446 454.0 1260 69.4  <0.001 



DISCUSSION

The low weedinfestation in the 1994/95 experiment would have been unlikely to have had a

significant competitive effect on the crop and, therefore, it is not surprising that the presence

of a critical period could not be found.

In 1995/96 there was a considerably greater level of weed present, both in termsof density and

dry matter production. The logistic model (Equation 1!) fitted to the weed infested data

suggests that competition occurred continuously throughout the season. This is in close

agreement with the work reported by Wilson ef a/. (1985) and Read & Hewson (1988) who

both found that competition from A. myosuroides started early in the growing season.

However, Moss (1987) observed that the effects of A. myosuroides on crop growth prior to

April were relatively small, but increased rapidly between April and June. In North America,

Rydrych (1974) demonstrated that winter wheat could tolerate competition from Bromus

tectorum until March without suffering a yield reduction, but after this time crop yield

declined sharply. A possible explanation for the difference in results between this present

study and the work conducted by Moss (1987) and Rydrych (1974) may be the competitive

pressure of the weed population. In this study the crep was competing with a total weed

density of 652 plants m” whilst the experiments conducted by Moss (1987) had 500 plants m™

and Rydrych (1974) 130 plants m™, therefore, it may be assumed that the crop was facing a

greater level of competition. This view is supported by Niemann (1979) who reported that the

onset of competition depended on weed density andstarted earlier in the growing period the

greater the density.

The model fitted to the weed free periods demonstrated that weeds emerging in the crop

during the growing season were also having a significant and detrimental effect on crop yield,

It suggested that there was no point in the growing season when weeding operations could be

ended if crop yield loss was to be completely avoided. This is surprising since spring

emerging weeds would not have been considered to pose a strong competitive effect on a

vigorous autumn sown crop (Wilson, 1980).

According to the definition ofthe critical period by Weaver e/ a/. (1992), the experiment in

1995/96 showed there to be no critical period in an organically grown winter wheat crop.

However, there is likely to be a point when the effort, cost and difficulty of weeding

outweighs the yield benefit. Therefore, a decision needs to be taken on the level of an

acceptable yield loss before the critical weed free period can be identified. The calculation of

an acceptable yield loss will depend on the costs of weeding in relation to the yield benefit

achieved, For example, if a 10% yield loss gives a marginal benefit compared with the cost of

weed control, the critical period will begin at 645 °Cdays after sowing (early November) and

end at 1223 °Cdays after sowing (late March) (Figure 1). Clearly, the greater the yield loss the

farmeris prepared to accept, the shorter the critical weed free period will become.

The practical application of this information is dependent on the method of weed control used.

For example, Welsh eal. (1996) reported that spring-tine weeding controlled Papaver rhoeas

most effectively in the autumn, whilst spring treatments resulted in considerably poorer levels

of control. Therefore, if P. rhoeas is at a competitive density, it will need to be controlled at

an early stage in the growing seasonto ensure thatit is removed before the onset of the critical

period. This is contrary to current farmer practise in the U.K. with this type of weeder which 



tends to focus on spring weeding treatments. However, Welsh e¢ al. (In Press) demonstrated

that inter-row hoeing in winter wheat could effectively control weeds at a wide range of

timings, regardless of weed growth stage and, therefore, would be able to control weeds just

prior to or duringthe critical period. Therefore, a combinedstrategy of spring-tine weeding in

the autumn followed by inter-row hoeing, if necessary, in the early spring should allow the

farmer to minimise the impact of weedsduring thecritical period.

The concept of the critical weed free period can, therefore, be used to target the timing of

mechanical weeding operations to ensure maximum benefit to the crop. In the case of inter-

row hoeing, weeding can take place effectively just prior to or during the critical period,

whilst spring-tine weeding will need to be carried out prior to the critical period, when weeds

are smaller and consequently more vulnerableto control.
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ABSTRACT

Reduced dosesof herbicides are now widely being used in cereal crops withlittle yield

penalty. Studies of weedsin these conditions have largely been restricted to the effect

of herbicides on weed biomass and hence the weedinfestation in the current year. This

study was designed to investigate the combined effect of wheat varietal selection and

herbicide dose on weed seed production and some qualitative aspects. The largest

effect on quality was an alteration in the relative proportions of individual seedsize.

Herbicide applications increased the proportions of smaller sized seeds at the expense

of the larger seeds. Progeny from these seeds showed indirect herbicide effects related

to the size of seed from which the plants originated. Implications for future weed
infestation are considered.

INTRODUCTION

Recent concerns over environmental issues have prompted much interest and research into

practices which reduce agrochemicalinputs. This had lead to interest in a systems approach

integrating agronomicpractices and involvedin this technique is the use of reduced herbicide

doses. Research has shown that reduced doses of herbicide can provide adequate weed
control with yields largely unaffected, althoughthe risks of regrowth may beincreased (Fisher
et al., 1993). Substantial weed suppression by specific cultivars may occur in certain

situations (Whiting ef al., 1990) and beneficial interactions of cultivar suppression in

conjunction with nitrogen fertiliser use and herbicide application have been reported

(Richards, 1993, Christensen, 1994). However, these studies concentrated largely on weed

biomass in the present crop as the measure of weed control. Weed seed production and the

implications for future years were not considered. Effects on seed production following

application of reduced herbicide doses have been considered in a number of weed species

(Andersson, 1994) but rarely in conjunction with crop competition.

This study examines weed seed quality and effects on the progeny of Veronica persica Poir.

(common field speedwell) subject to competition in winter wheat. Seeds were collected

following application of full and reduced rates of fluroxypyr applied prior to seed maturation.

V. persica has goodtolerance to fluroxypyr and is checked only at the two leaf stage (Dow

Elanco Product Guide 1996/7). In view of the late growth stage at application, effects on
seed quality were not anticipated. 



MATERIALS AND METHODS

An experiment was designed to investigate the interaction between cultivar, sowing date,

nitrogen fertiliser and herbicide dose on weed incidence in an autumn sown winter wheat

crop. Two cultivars, Spark and Tonic, were sown on 26 September and 13 October 1994,in

a split-plot design with sowing date as the main plot. Plots measured 1.8x6m and received

either full (160 kg N ha” ) or half (80 kg N ha’) the recommendedrateoffertiliser as Nitram

(34.5% N) in two equalsplit applications. Each Peale combination was replicated twice

makinga total of 16 plots. Fluroxypyr (200 g a.i. I ') was applied as a split-split plot treatment

in 1m swathsacross these plots on 4 May 1995 at GS 32. Herbicide was applied using an

Oxford Precision sprayer at a pressure of 2.1 bar in 200 V/ha at a height of 0.5m above he

crop. Ratesof one quarter, one half and the full recommended rate (50, 100 and 200g a. i. ha!

respectively) were applied with one untreated swath as a control per plot. Plant material was

collected two weeks later from 0.6m swathsin each of the 64 split-split plots.

Plants were separated by species and the reproductive structures removed and counted.

Capsules of V. persica were counted and where large numbers of capsules were present a

sub-sample of 200 was taken for further analysis. Seeds were carefully separated from the

capsules and after cleaning were divided into four size categories using Endecotte sieves. The

sieves used were of mesh size 500, 710 and 1000 um. A total of 256 seed samples in the

ranges <0.5, 0.5-0.71, 0.71-1 and >1 mm were separated. Few seeds of the smallest size

fraction were obtained and these were counted and the samples weighed. The number of

seeds presentin the larger three fractions were estimated after weighing the total sample and

three individual sub-samples each of twenty seeds. Mean seed weight of 100 air dried seeds

(mg), average numberof seeds per capsule and the percentage of seeds in each of the size

classes were calculated.

Samples of each of these seed lots were germinated in Petri dishes and these results reported

elsewhere (Championet al in preparation). After germination the seeds were transferred to

moist compostin propagation modules.Upto four plants for each treatmentsize combination

were transplanted into John Innes (JI) No. 1 compostin plastic sectional trays of 45x50x50

cm. After 40 days two each of these plants were transplanted into JI No. 2 compostin

85x85x65 cm pots. Plant vigour was assessed by measurementof the main axis length at 10

day intervals up to 50 days after germination.

RESULTS

All the analyses of variance (ANOVA) were performed using the generalised linear models

procedure (PROC GLM) in SAS for Windows following appropriate normalising

transformation. Means were compared usingT tests at the 5% level of significance.

Mean seed weight

The mean seed weight for 100 air dried seeds were calculated for each of the treatment units.

Data were square root transformed before ANOVA was performed. Wheatcultivar selection 



was shownto have significant effect (P<0.05) on seed weight of V. persica (Table 1).
Smaller seeds were produced when the V. persica grew in the presence of cv. Spark than cv.
Tonic. Herbicide rate was also significant (P<0.001) with a negative correlation between seed
size andincreasing dose of fluroxypyr. The average seed weight of V. persica receiving full
rate herbicide was reduced by 16% when in competition with Spark and by 8% in the
presence of Tonic. There was no interaction between the effects of wheat cultivar and
herbicide rate on seed weight.

Table 1. Effect of wheat cultivar and herbicide dose on 100 seed weightof V. persica (mg)

 

100 seed weight (mg)

Wheatcv. Spark 49.1

Wheatcv. Tonic 53.8

SED between cv. means (31 d.f.) 1.3

 

0 herbicide (0 g a.i. ha’') 55.2
1/4 herbicide rate (50 g a.i. ha’) 52.3

1/2 herbicide rate (100 g a.i. ha’) 49.6
Full herbicide rate (200 g a.i. ha’') 48.7
SED between 2 herbiciderates (15 d.f.) 1.5
 

Numberof seeds per capsule

The numberof seeds per capsule was calculated and ANOVA performed following square
root transformation. Herbicide rate significantly reduced (P<0.001) the average number of
seeds per capsule at doses above half that recommended (see Table 2). A 17% reduction
occurred when herbicide was appliedat full rate when comparedto the untreated control.

Table 2. Effect of herbicide dose on numberofV. persica seeds per capsule

 

Herbicide dose 0 1/4 1/2 l SED (15 d.f.)
Seeds/capsule 6.38 636 564 5.29 0.35

Seed size distribution

The numberof seeds in each of the four size classes <0.5, 0.5-0.71, 0.71-1 and >1 mm was

calculated by weight from three subsamples each of 20 seeds. ANOVAwas performed after

the data were arc sine transformed. Wheat cultivar and herbicide rate significantly affected

(P<0.05 and 0.01 respectively) the percentage of seeds present in the smallest of the size

classes (see Table 3). The number of small seeds was greater when V. persica grew in the

presence of cv. Spark than cv. Tonic and was positively correlated with increasing herbicide

dose. Conversely seed size was greater in the presence of Tonic and herbicide was not

applied. The percentage of seedsin the 0.71-1 mm range was unaffected by herbicide dose. 



There was no interaction betweenthe effects of wheat cultivar and herbicide rate on seed size

distribution.

Table 3. Influence of wheatcultivar and herbicide dose on the percentage of V. persica seeds

in four size classes

 

Size class (mm) <0.5 0.5-0.71 0.71-1 >1

Cv. Spark 5.7 14.0 62.0 18.4

Cv. Tonic 3.8 11.6 59.6 25.0

SED for cv. means (31 d.f.) 0.7 0.9 1.4 1.5

0 herbicide (0 g a.i. ha”) 3.1 9.9 61.9 25.1

1/4 herbicide rate (50 g aii. ha’) 41 11.8 61.9 22.3

1/2 herbicide rate (100 gai. ha” 5.5 14.0 61.2 19.5

Full herbicide rate (200 g a.i. ha’) 6.4 15.5 58.1 20.0

SED between 2 herbicide rates(15 d.f.) 0.9 1.2 2.0 2.1

Plant height

Plant vigour between the seed size classes was assessed by non-destructive means. Thelength

of the main axis was measuredat 10 day intervals until 50 days after emergence. Four plants

from 10-40 days and two plants at 50 days were measured per treatment, see Figure 1. Mean

length data were square root transformed prior to ANOVA. Seed size (P<0.0001)

significantly affected the length of the main axis until 50 days after emergence. Smaller seeds

produced smaller plants. The largest seed classes, 0.71-1 and >1mm, producedsimilar sized

plants but the smallest size class, <0.5 mm, was 46% shorter than those from these two

groups. Herbicide rate exerted a significant influence (P< 0.05) only at 10 days after

emergence. Sowing date and wheatcultivar did not affect the length of the main axis.

Figure 1. Length of V. persica progeny main axis in cm.
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DISCUSSION

Mean seed weight of V. persica was reduced as a result of wheat cultivar competition and
herbicide dose. Average seed weight was greater when grown with Tonic than Spark.
Biomass of V. persica, reported elsewhere (Championet al., 1995), was also greater under
Tonic than Spark. Weed densities were not recorded, but assuming that plant densities were
comparable Tonic favours weed growth more than Spark. V. persica is very sensitive to
shading and exhibits reductions in leaf area and dry weight under reducedlight intensity
(Fitter and Ashmore, 1974). Reduction of both leaf area and biomass have implications for
photosynthesis and hence carbohydrate nutrition. Seed size has been shown to be sensitive to
maternal temperature, water availability, resource availability and hormone level (Roach and
Wulff, 1987). Thus cultivar competition exerts its influence through reducing nutrient supply
and hence resulting seed size is reduced to a greater extent by the more competitive cultivar.

Increases in the rate of herbicide applied reduced both mean seed weight and the average
number of seeds per capsule. Differences in number of seeds per capsule appear small, but
data quoted on seed production of V. persica (Harris and Lovell, 1980) suggest large plants
in the absence of competition may produce 565 capsules per plant. In this context reductions
of one seed per capsule become moresignificant for future populations. The reductions in
average seed weight with increasing herbicide dose are seen to be related to the increase in
the number of the smallest seeds at the expenseof the largest sized seeds. Workers studying
the effects of other hormone-typeherbicides have reported a variety of responses. Andersson
(1996) working with MCPA applied at sublethal rates and at a range of application times
reported increased seed weight in Galium spurium and reduced germination in Fallopia
convolvulus. He noted that effects were strongly dependent on species and time of
application.

Differences in plant height were notrelated directly to herbicide rate suggesting there was no
direct chemical influence on progeny. Other workers have reported strong influences of
herbicide use on progenyfitness and particularly in association with fertiliser use (Grundy et
al., 1995). In this study height was related to initial seed size from which the plants had
originated; thus larger seeds produced larger plants. Herbicide rate shifted the balance of seed
size in favour of smaller seeds and thus will then reduce the average size of plants in a
population of progeny from herbicide treated plants. Height differences were apparent up to
50 days. Stronglinear relationships exist between plant dry weight and dry weight of seeds
(Wright, 1993). Size differences, if continued to maturity, are thus likely to result in lower
seed production in smaller individuals.

Once shed the weed seeds too will be subject to different pressures on their survival. In
studies of persistence of weed seeds in the seedbank, germination was low in thefirst year
following inversion of the soil (Wilson and Lawson, 1992). Only 3-4% of any years seed
production was able to emerge in the first two years. This was in a ploughedsituation but
even shallow incorporation of V. persicais likely to result in reduced germination since depth
of burial will be more critical for smaller seeds. It is not possible to predict persistence here
butit is suggested thatlarger seeds will survive burial and be able to emerge more easily than
smaller ones. Thus survival rates may well be reduced in field situations. 



Studies of seed production have concentrated on seed numbers in relation to herbicideeffects.

However, herbicide effects which influence seed quality in termsof seed weight, seed size and

hence dormancystatus, germination percentage and progeny fitness have implications for

future weed infestations. It has been proposed (Andersson, 1996) and is supported here that

seed quality measurements should form an important part of studies on herbicide effects.
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ABSTRACT

Carfentrazone-ethyl (F8426) is a protoporphyrin oxygenase (PPO)inhibitor that is
being developed for the control of weeds in cereals and other crops. Extensive field
trials conducted in the major cereal producing countries of Europe have confirmed:
- outstandingactivity against Galium aparine and some other key cereal broad-leaf
weeds, eg Veronica hederifolia, Lamium purpureum, Sinapisarvensis;
- very low recommended doserates(20 g ai/ha):
- rapid action, resulting in weed mortality within a few days after application;
- excellent crop selectivity in small grain cereal varieties.
It is concluded that optimum control of G. aparine can be obtained by applying 20 g
a.i./ha of carfentrazone-ethyl between crop stages 13 to 32 on weeds <20cmhigh.

INTRODUCTION

Carfentrazone-ethyl (F8426)is a triazolinone protoporphyrin oxygenase (PPO) inhibitorthatis
being developedas a post-emergence contact herbicide (Van Saunet al., 1993) for the control
of key broad-leaf weeds in cereals, maize (Tutt et al, 1995), rice, and grassland. After
application to susceptible weeds, carfentrazone-ethyl rapidly penetrates leaf and stem surfaces
causing widespread foliar desiccation. Within a few days after treatment, extensive necrosis
quickly leads to leaves drying out andfinally disintegrating

Extensive laboratory and field studies have demonstrated that carfentrazone-ethyl has a very
low acute and chronic toxicity to mammals, birds, fish and invertebrates. It is also not
mutagenic, teratogenic or onchogenic. It is however, toxic to algae and Lemna, although
adverse effects on such plants following normal commercial applications are unlikely. In soil,
water and plants, the parent molecule is rapidly (within 1-3 days) hydrolysed to the
chloropropionic acid metabolite, which in turn is quickly transformed to other compoundswith
little or no herbicidal activity. Carfentrazone-ethyl or its herbicidally active metabolite, do not
leach in soil or appear as detectable residuesin either grain or straw

Registrations of carfentrazone-ethyl have already been obtained in several countries, eg. Czech
Republic, Poland, Slovak Republic, Switzerland and the UK and approvals in other key cereal
growing countries are expected before the end of 1998. In addition, the product is being
evaluated for inclusion in Annex | of the EU registration directive.

METHODOLOGY

Over 1500 field trials have been conducted with carfentrazone-ethyl in small grain cereals in
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Europe during the last 7 years. Key objectives ofthis work, have been to confirm the crop

selectivity, define the weed spectrum, select the optimum dose rates, determine the best

application timing and develop premix formulations with key herbicide partners. However, the

results reported in this paper refer mainly to trials conducted with a stand-alone carfentrazone-

ethyl 500g/kg WG formulation, ‘Aurora 50WG’, against the principal target weed G. aparine.

Results obtained against other weeds are reported only in summary format in order to allow a

description of the overall weed spectrum of carfentrazone-ethyl.

All efficacy trials were performed in compliance with EPPO guideline No. 93 (Guideline for

the biological evaluation of herbicides - weedsin cereals) using a randomised complete block

trials design, with either 3 or 4 replicates. The total plot sizes were between 15 and 25 square

meters. In all trials, treatments were applied with specialised plot sprayers at an application

volume of 200 to 500liters per hectare. Spray nozzles were selected to give BCPC Medium

spray quality. The applications were madeat a spray pressure of 1.7 to 3 bar. Mean numbers of

weeds per square meter were assessed at the start of the experiments and weed control was

estimated at various timings after treatment as a percentage cover using a visual score and/or

by counting the number of weeds/m’,

Thecropselectivity of carfentrazone-ethyl SOWG was assessed in three main ways:

e Visual observations of crop selectivity were made on 2 or3 occasions during the first few

weeks after application in all efficacy trials. Any phytotoxicity symptoms were noted and

generally recorded as percentage ofleaf damage.

The selectivity of carfentrazone-ethyl to a range of different cereal varieties was also

assessed in 26 different trials. The materials and methods employed were essentially the

sameasin the efficacytrials, except plot sizes were smaller, only | or 2 replicates were used

and visual assessments were made of percentage crop damage.

The effect of carfentrazone-ethyl on the yield of small grain cereals was also assessed in 37

field experiments carried out in France, UK and Germany. The materials and methods

employedin these trials were similar to those of the efficacy trials, except larger (30 m’)

‘weed-free’ plots were chosen and a minimum of four replicates per treatment were used.

in both the varietal andyield trials, the IN (15 to 25 g a.i/ha) and 2N (30 to 50 g a.i./ha) dose

rates of carfentrazone-ethyl were compared against ‘standard’ reference compounds.

EFFICACY AGAINST TARGET WEEDS

Galium aparine

Between autumn 1992 and spring 1995 over 150 field trials were conducted in France,

Germany and UKtoevaluate the efficacy of carfentrazone-ethy| against G. aparine. Thetarget

dose rate was determined in trials carried out using rates between 10 to 30 g a.i/ha applied

from late November to mid April, at crop growth stages between GS 12 to 33. The

appropriate ‘standard’ reference products were used in the sametrials, eg. fluroxypyr (200 g

a.i/ha), ioxynil/CMPP (360+1080 g a.i/ha), diflufenican/isoproturon (DFF/IPU : 187.5+1500

gai/ha). Thetrials results obtained are summarisedin Fig.1, where it can be seen that there is

a sharp increasein efficacy as the dose rate increases from 10 to 20 g a.i/ha. However, further

increases in dose rate providedlittle improvementin the level of control, A target dose for

registration of 20 g a.i/ha was therefore selected in order to provide consistent control. 



Fig. 1 : Efficacy ofdifferent dose rates of carfentrazone-ethyl on G. aparine
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Because carfentrazone-ethyl is a post-emergencecontact herbicide, good activity is dependent
uponthe presence of G. aparineat the time ofapplication. Efficacytrials treated from October
to January were therefore examined to determine if there were any clear differences in G.
aparine control with applications made at 3 clearly defined crop growth stages, ie. 2 leaves
(GS12), 3 leaves (GS13) and early tillering (GS21). The results (Table 1) obtained
demonstrate that greatly improvedefficacycan be achieved by avoiding premature application.
In fact, the earliest recommended timing for treatment should be at the 3 leaf stage (GS13) of
the crop. At this timing, the majority (>90%) of G. aparine appears to have emerged in most
of thetrial locations.

Table | : Relationship between crop growth stage (GS) and % efficacyof
carfentrazone-ethyl on G. aparine in autumn/winter treatments

 
Crop growth stage GSI12 GS13 GS21
% efficacy 75 93 94

Spray coverageis also a factor influencing the performanceofcarfentrazone-ethyl. The effect
of weed size was therefore investigated in a series of8 trials involving sequential applications
at four different timings, when the meansizes of G. aparine were approximately <10cm, 10-
20cm, 20-3Scm or 35-60cm. Final assessments of efficacy were made 3 months. after
treatment. The standard, fluroxypyr, was applied at the same timings. The results obtained
(Fig. 2) confirmed that the maximumsize of G. aparineat the time of treatment should be no

Fig. 2
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more than 20cm. At or belowthis size, excellent efficacy of carfentrazone-ethyl can be

expected, that is equal to the spring applied standard, fluroxypyr.

Since G. aparine is a serious problem affecting cereal yields in Europeits rapid and effective

control will be seen as a major benefit by farmers. A comparison of the speed ofaction of

carfentrazone-ethyl with that of ‘standard’ Galium products has therefore been carried out

using 16 trials conducted in Northern France in 1995 (Table 2). Despite a heavy weed

infestation, all products usedin these trials achieved an outstanding (99%) long-term efficacy

against G. aparine. However, carfentrazone-ethyl distinguished itself by providing the fastest

speed ofaction, with 87% of the GALAP destroyed only one weekafter application and 96%

within two weeks (Table 2). In contrast, the other products gave only limited effects (11-36%)

in one weekandit took about eight weeks for both fluroxypyr and amidosulfuron to achieve

the same efficacy as carfentrazone-ethyl did in the first week. The same results were also

observed following autumn applications, with carfentrazone-ethyl giving 93% control of G.

aparine in the first 2 weeks, compared with only 17% control with a IPU/DFF mixture.

Table 2 : % control of G. aparine with carfentrazone-ethyl at different intervals after

application, compared with spring and autumn applied ‘standard’ products

 

Dose rate Spray Numberof weeks after application

Treatment gai/ha Timing 1 2 4 8 to 16

Carfentrazone-ethy] 20 spring 87 96 99 99

Fluroxypyr 200 spring 19 66 93 99

Amidosulfuron 30 spring 11 58 88 99

loxynil/CMPP 360+1080 spring 36 80 97 99

Carfentrazone-ethy| 20 autumn - 93 98 93
4

IPU/DFF 1500+187 autumn - 17 53 87

Other Broad-leaf Cereal Weeds

Results obtained in over 1,000 trials conducted in north, south, west, central and east Europe

have provided a good understanding of the activity spectrum of carfentrazone-ethyl. The

weeds controlled at different dose rates are summarised in Table 3. Weeds notably resistant to

carfentrazone-ethyl include Stellaria media and Matricaria spp. However, experience has

shown that these weeds are readily controlled by mixing carfentrazone-ethyl with other

herbicides such as IPU, phenoxies and/or sulphenyl ureas.

CEREAL CROP SELECTIVITY

In over 200efficacytrials in cereals with carfentrazone-ethyl (SOWG), visual observations of

crop selectivity were made on 2 or 3 occasions during the first few weeks after application. In

96% of the trials, either no symptomsor only very minor (1-5%) phytotoxicity was observed.

Of the 4% remainingtrials, the maximum recorded phytotoxicity did not exceed 10%, except

on one occasionwitha very late application made at the booting stage of the crop. Inall ofthe

other trials, no major differences in selectivity were observed when applications were made 



between the | leaf (GS11) to second node (GS32) crop stage. In addition no differences in

selectivity were observed between wheat or barley and winter or spring sown crops.

Table 3 : Effective dose rate of carfentrazone-ethyl needed to control (290%)

susceptible European broad-leaf weeds

 

Effective dose rate of carfentrazone-ethyl (5O0WG)

5-10 ga.i./ha 10-20 ga.i/ha 20 - 30 ga.i/ha

Solanum nigrum Galium aparine Veronica persica

Abutilon spp. Veronica hederifolia Thlaspi arvensis

Capsella bursa-pastoris Cyperus spp

Lamium purpureum Raphanus raphanistrum

Amaranthusretroflexus  Xanthium spp.*

Chenopodium album Bifora radians*

Mercurialis annua

Sinapis arvensis

Papaverrhoeas*

Viola arvensis*

Fallopia convolvulus*

Polygonum persicaria*

Cirsium arvensis*

Sonchusarvensis*
* maximum weedsize = 2 to 4 leaves

In the varietal susceptibility trials, 90 winter wheat, 58 winter barley and over 35 other

varieties of spring wheat, spring barley, oats, durum wheat, rye and triticale were tested in

France and UK alone. The results (Table 4) demonstrate that 75%ofall varieties showed no

phytotoxic symptoms when carfentrazone-ethyl was applied at the 1N target dose rate (20 g

a.i/ha) and a further 24% showed only very minor (1-5%) symptomsoftransient necrotic leaf

spotting. Even at the 2N dose rate (40 g a.i/ha), 94% ofall varieties had either no symptoms

or very minor (<5%) necrotic spotting of the leaves. Only one result of unacceptable

phytotoxicity (>15%) was recorded. Overall, the selectivity of carfentrazone-ethyl (SOWG) to

a range ofcereal varieties was superior to the French ‘official reference’ product (a premix of

ioxynil/CMPP)and one of the UK ‘standards’ (a premix of bromoxynil/ioxynil/fluroxypyr).

Table 4 : Percentage ofcereal varieties showing different ranges of phytotoxicity

following the application of carfentrazone-ethyl (SOWG)

 

% necrotic spotting on leaves

Product dose rate 1-5% 6-10% 1l- >15%

15%

F8426 : 24 0.6 0.4

; : 5.6 0.2

‘Standard’ : 35 4.3 4.1

20 2.0 15

  



It is important to note that any symptomsofinjury after the application of carfentrazone-ethyl

(50WG) were alwaystypified by transient necrotic spotting of the leaves which disappeared

within | to 3 weeks after spraying.

Results from yield trials also confirmed the excellent selectivity of carfentrazone-ethyl, with no

effects being observed after autumn or spring applications on wheat or barley (Table 5).

Table 5 : Meangrain yields (MT/ha)from plots treated with carfentrazone-ethyl (SOWG)

 

Timing Crop #trials carf. IN carf.2N std. IN std. 2N__untr.

autumn ww 6 8.4 8.3 8.4 8.4 8.3

autumn wb 4 7.5 77 7.8 6 7.6

spring ww 16 7.7 7.7 7.8 7.6 7.6

spring wb 1] 6.0 5.9 6.0 6.1 6.0

ww= winter wheat, wb = winterbarley, carf. = carfentrazone-ethyl, ref. = ‘standards’, untr. = untreated

CONCLUSIONS

Carfentrazone-ethyl demonstrates excellent selectivity to cereal crops.It should be used at 20

ga.i/ha, to provide rapid control of G. aparine and several other important broad-leaf weeds,

such as V. hederifolia. Applications can be made in autumnorspring from the 3 leaf (GS13) to

the second node (GS32) stage of the crop. Optimum efficacy is obtained by treating G.

aparine <20cmtall and most other weeds at early growth stages. The above features make

carfentrazone-ethyl an ideal mixture partner for a range ofother cereal herbicides where it can

complement the weed spectrum, speed of control and mode of action. Several such mixtures

have already been developed and will be commercialised in cereal growing countries overthe

next few years.
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ABSTRACT

This paper provides an update on recent activities designed to address the problems
associated with the management of minoruse authorisations in the UK and Europe. It

outlines some newinitiatives designed to facilitate the authorisation pesticides for use

on minor crops. In particular it reports on developments in the communication of

availability of Specific Off-label Approvals (SOLAs) in the UK and onthe establishment

of international working groups.

INTRODUCTION

Any paper reviewing the management of problems concerning the authorisation of pesticides

for use on minor crops is prone to repeat what has been written before. The reasons behind

the problems show nosignsofabating.

The present UK position was summarised by Chapman and Kyle (1996), detailing the

regulatory mechanisms implemented in respect of ‘authorised extensions of use’. These

mechanisms are consistent with the provisions of Article 9 of Directive 91/414/EEC, (Anon

1991). However the interpretation and implementation of this facility currently varies

between different Member States. In time it is possible that Mutual Recognition under

Article 10 of the Directive, which will enable authorisations granted one MemberState to be

recognised in another, may provide the means by which authorisations for minor crops can

become moregenerally available. A prerequisite of Mutual Recognitionis the listing of the

active substances involved on Annex I of the Directive. Thefirst suchlistings will occur in

late 1997. In the meantime there is a need to seek alternative means to determine whether

there are means of authorising uses in minor crops which are available elsewhere, without

compromising consumer, user and environmental safety. This depends very much on

developing and improving liaison between the regulators, approval holders and growers in

different Member States. Improved information flow at both national and European levels
will be an essential part of any satisfactory solution.

It has been suggested that the UK modelfor minor use authorisation, based onthe style ofthe
liaison activities of the British Crop Protection Council’s (BCPC) Minor Uses Committee, be 



‘

extended on an European basis. To a degree this has been achieved, but the introduction of

Directives to harmonise Maximum Residue Levels (MRLs) has accelerated the need for

greaterliaison and exposed the inability of grower groups within MemberStates to respond

within allotted time-frames. Although timeis given in these Directives for grower groups to

generate residue data to Good Laboratory Practice (GLP) standards for the accepted good

agricultural practice,it still remains difficult to orchestrate suchactivities. Consequently the

impact ofthese Directives is now beingfelt at growerlevel.

Growers are experiencing loss of uses on minor crops and complete revocation of certain

products which hitherto have been essential for specialist crop production. The Dutch have

estimated that up to 30% of uses have been lost in recent years. Undoubtedly the long

reaching effects have concentrated the minds of growers especially in European countries that

rely heavily on exports of fresh produce. The increasing influence of the legislative food

safety requirements of Germany and the UK (whichare the major importing markets) are

directly influencing growers and produce marketing organisations. Additionally the lack of

MRLsfor specific pesticide/fresh produce combinations means that treated fresh produce

cannot be legally traded. The requirement for due diligence placed upon multiple retailers,

who accountfor an ever increasing proportion of food supply to consumers, to purvey food

that is safe, wholesome and produced in an environmentally sensitive manner, is also

beginning to exert commercial influence and awareness.

DEVELOPMENTSIN THE UK

Under the MRL-setting Directives, various uses of cypermethrin and chlorpyrifos have

already been revoked. This has had a profoundeffect on British growers of carrots, swedes,

and the speciality crop; white turnips. The situation has also been exacerbated by the

withdrawal of chlorfenvinphos granules for commercial reasons. The control of pests

(especially cabbagerootfly) and diseases in minority crops such as white turnips, needsclear

and careful study especially in view of the increased consumer concern over the use of

organophosphorusmaterials. In order to make day to day progress with the management of

such crops, British growers need to know whatis available for legal use on the continent.

There is a need for fast and accurate dissemination ofall available information and use of

modern information technology mayassist in reaching this objective.

For many years the National Farmers Union (NFU) and the Horticultural Development

Council (HDC) have been responsible for the co-ordination on ‘specific authorised extensions

of use’ (called specific off-label approvals or SOLAs). Together with Campden and

Chorleywood Food Research Association, the NFUhasbuilt up the only dedicated database

of SOLAsin the public domain. This database is now available to growers in an electronic

form from the ‘Rural Business Network’ using 'Farming OnLine’as the service provider.

Growers are now able to interrogate this database to find out what products are specifically

approved for use on the crops ofinterest to them. Negotiations are currently underway with

PSD to extend the information provided to incorporate the text of the specific ‘Notice of

Approval’ documents. It is hoped that in future growers will be able to access these

documents directly on line and print them locally. It is an offence under the Control of 



Pesticides Regulations, for a grower who is proposing to use a product under a specific

authorised extension of use not to comply with the conditions laid down in the ‘Notice of

Approval’. Therefore growers must be in possession of, and have read, the appropriate

document, before using the plant protection product. Historically PSD, the Agricultural

Development Advisory Service (ADAS) and the NFU have been largely responsible for the

dissemination of hard copies of these documents to growers.

The core information contained in the database is derived directly from PSD but the

database's interface is designed to be ‘grower friendly’. It became available on-line in

September, 1997. This database will also be available to the multiple retailers and food

processingsectors and it is planned to extend the database in 1998 to include the information

on MRLs. It is hoped that this developmentin information technology will lead the way to a

similar on-line pan-European database.

DEVELOPMENTS AT THE EUROPEAN LEVEL

Overthe last three years twoparallel initiatives have progressed within Europe.

Liaison between Regulatory Authorities

Under the sponsorship of the German regulatory authority (BBA), European regulators have

cometogether for two international symposia on minor uses. These occurred in 1993 and

1996 and were attended principally by representatives of northern Member States. In

addition representatives of the United States Inter-regional Project 4 (IR-4) attended, as did

members of the European Commission (EC). The proceedings of both these symposia have

been published by the BBA (1993, 1996). The purpose of these symposia was to share

experiences in addressing the problem of the authorisation of pesticide uses in minor crops

and to explore the possibilities for co-operation in this area. It is hoped that any mechanism

developed by the participants to assist in the authorisation of uses for minor crops could be

adopted by other Member States. A series of work-shops within the 1996 symposium

developed a number of recommendations to propose solutions to the most fundamental

questions. It was agreed that two working groups should be established

Thefirst group is working on the developmentofan international database of minoruses, as a

first step it was suggested that an overview of the most important problems on minor crops

should be prepared. The German regulatory authority has taken the lead on this project and

has invited supplementary information from all participating MemberStates.

The second working group has been set up to consider the possibilities of a harmonised

approachto the problem ofauthorisation of minor uses. This group has beenestablished as

an Expert Group under the EC Legislation Working Group. European farmers and growers

(under the umbrella of the Committee of Agricultural Organisations (COPA)/General

Committee for Agricultural Co-operation (COGECA) and manufacturers (as the European

Crop Protection Association (ECPA) and the European Crop Care Association (ECCA),

have also been invited to participate. The group is currently working on the following areas: 



The definition of a minor use - there is consensus that all uses in minor crops as well as

certain uses in major crops should be defined as minor uses. Although COPA/COGECA feel

that national authorities should be left with the necessary flexibility to interpret what

constitutes a minor use in the area for which they are responsible; it was agreed thata list of

examples would be helpful.

Efficacy requirements - data on efficacy should be obtainable from as many sources as

possible. The European Plant Protection Organisation (EPPO) are in the process of drawing

together guidancein this area.

Residue data requirements - guidance on permitted extrapolations has been circulated by the

European Commission. It was agreed that further flexibility based on sound scientific

principles should be sought for establishing MRLsfor minor crops. It is felt that the residue

data requirements for very minor crops (e.g. herbs and spices which are not consumed in

significant volumes) should beidentified as requiring specific ad hoesolutions.

Liability - Liability laws vary between Member States. Although the authorised extensions of

use as practised in the UK provides a working basis for progress in this area, some Member

States believe that, irrespective of whether authorisation is granted on or off-label, the

provision of an official documentsetting out conditions of use renders the manufacturer

liable. It was agreed that Legal adviceis required in this area.

Data protection - COPA/COGECA has not finalised its position on the status on the

protection of data generated by grower groups within MemberStates. Some MemberStates

argue that Article 13 of the Directive on data protection does not apply to extensions ofuse.

The Commission have agreed to check in detail how data protection might apply,

distinguishing between manufacturers, growers or national authorities as data holders.

COPA's position on data protection indicates that data generated by growers groups should

remain their property and should be subject to an element of data protection. In general

terms it is felt that these data should notbe fully protected for a set period but should be

available for supporting authorisation in other MemberStates provided recompense is made

to the data owner. In practical terms this means that growers groups in one MemberState

can recognise data held by a grower group in another MemberState provided it recompenses

that grower group appropriately.

Registration of minoruses- the Expert Groupis discussing a draft protocol which provides a

common framework mechanism by which minor uses can be evaluated for authorisation in

individual MemberStates.

Exchange of information - the working group has considered how information should be

exchanged between growergroupsin different Member States. COPA/COGECAsupport the

concept that a single rapporteur regulatory authority should be appointed amalgamating the

review of the active substance under Directive 91/414 with the setting of MRLs for that

compound. If this was the case, it would be appropriate that the management of the

provision of data to enable MRLsto beset, including growers’ groups intention to support,

be co-ordinated by the rapporteur regulatory authority. 



Liaison amongst European Growers

Mirroring these activities, European farmers and growershaveset up liaison groups underthe

umbrella of COPA/COGECA. Thesesector-specific liaison groups are attempting to identify

the pan-European needs andalso to resolve particular difficulties in their commodities. For

example, where good agricultural practice (GAP) for the use of a pesticide differs between

MemberStates, the GAP usedin setting the MRL will be from the Member State where the

critical GAP exists; critical GAPs may be identified separately for northern and southern

Europe.

In the UK, manufacturers were requested to confirm to the regulatory authorities which ‘open

positions’ are being supported either by trials or by data submitted to the EC Review

programmeso that PSD could inform grower groups ofthe currentposition and give them an

opportunity to generate the necessary data. UK growers expressed disquiet that data

developed by them could be used to benefit growers elsewhere Europe who have not made

any contribution to the cost of obtaining the data.

Theinitial efforts by COPA to address the MRL/openpositions issue have been applauded by
certain regulatory authorities. Clearly the activities of European grower groups must dovetail

and, the unnecessary duplication of residue trials to the critical GAP must be avoided.

COPA's working groups must address the issue of how to organise sharing the funding of

grower-sponsoredresiduetrials.

Typical liaison difficulties being experienced by European growers are exemplified by the

position of chlormequat on pears. The MRL for chlormequat onpearsis an 'open position’ in
the MRL-setting Directive (i.e. data are required to be generated and evaluated in orderto set

an EC MRL). UK growers have no legal access for this use, but treatment is widespread in

the major pear growing areas of Netherlands and Belgium. This authorisationis likely to fall

in two years time when the MRL defaults to the "limit of determination" unless grower

groupsare preparedto fundtrials.

UK growers are now attempting to inform their overseas counterparts that they see no reason

why they should fund this work although they would like access to the use but because of

difficulties in communicationit is believed that overseas growers are unawarethat this use is

likely to be lost. It is only by information from British growers and PSD that they have been

alerted to this possibility. Some commentators argue that individual Member State regulatory

authorities have an duty of care to inform their growersofthelikelihood that such key uses

maybelost.

SUMMARY

The full harmonisation of pesticides regulation in the European Union under Directive

91/414/EEC will take many years to accomplish. As yet it is unclear how effective the

operation of Mutual Recognition of authorisations between Member States will be,

particularly in respect of minor uses. Regardless of such developmentsit is clear that with the

passage of time pesticide manufacturers are becoming increasingly reluctant to support minor 



uses on their product labels. There are a variety of reasonsforthis situation arising, including

the necessity for the establishment of a MRL for each particular pesticide/crop combination

and the problems of product liability for small area, high value crops. This situation has

prompted regulators, representatives of the grower industry and the pesticide producers to

come together to seek means of communication and co-operation within the spirit of

Directive 91/414, to develop solutions which can spread the burdenin terms of generating the

necessary data, or indeed making existing data available for use in support of regulatory

decision making.
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ABSTRACT

Mostofthe herbicides used on vegetable crops in California, USA are more than
20 years old. Vegetable farmers in California rely on these herbicides to maintain
the economic vigor ofa industry worth $5,6 billion in 1995. Registration of new
herbicides for vegetables has not kept pace with major crops, such as maize,
wheat, or cotton, for a variety of reasons, mostly relating to registration costs and
liability issues. Although publicly funded programs can assist vegetable farmers
with herbicide registrations for minor crops, the agrochemical industry and
regulatory agencies are encouragedto recognize thesituation ofvegetable farmer
with regard to herbicides and maintain existing registrations while developing
new herbicides for vegetables.

INTRODUCTION

The developmentof new herbicidesis vital to agriculture for a number ofreasons. The newer
herbicides, such as the sulfonylureas and imadazilinones, are effective at very low usagerates
compared to older herbicides. Public safety characteristics of newer herbicides, both with regard
to humanhealth and environmental contamination, are greatly improved. The registration of
newer, "safer" herbicidesis a regulatory priority in the US (Andersen et al., 1996). Maize. wheat,
cotton, and soyabeanfarmers have had the benefit of these new herbicides. These benefits have
not been extended to farmers of minor crops, such as vegetables. The importance of older
herbicides in vegetable crops, therefore, remains very high. Examples of these herbicides are
bensulide in lettuce and melons;trifluralin in solanaceous and umbelliferous crops; linuron in
carrot, parsnip, and celery; and chlorthal-dimethy] in onions, garlic, brassicas, and melons. The
youngest ofthese herbicides, chlorthal-dimethyl, was first approvedfor use in the US morethan
25 years ago.

Over150 types of vegetable crops are grown in California with gross sales in 1995 of$5 560 000
000 (Anon, 1996). Vegetable crops account for 24.3% ofall farm income for 1995 in California
and makes an important contribution to the overall State economyin jobs and income. Without
adequate herbicides, California vegetable farmers would not be able to maintain their
competitive ability in the marketplace. This paper will delineate the amountof older herbicides
utilized by farmers of vegetable crops, discuss some reasons why new herbicidesare not being
registered for use in vegetables, describe a national program in the US that works to obtain
pesticides for minor crops, and discuss new USfederallaw thataffects pesticide registrations of
minorcrops. 



HERBICIDE USE IN VEGETABLESIN CALIFORNIA

Forthis discussion, herbicide use in seven vegetable crops or crop groupswill be illustrated.

These crops are asparagus, cole crops (cabbage, broccoli, cauliflower, and Brussels sprouts),

carrot, lettuce, cucurbits (melons, cucumber, pumpkin, and squash), onion, and tomato. Table |

lists these crops, the area planted, their gross sale value in 1995, and their contribution to total

US production of these crops. All of these are important vegetables grown in California,

accounting for 67% ofthe vegetable market in the State. In several cases, California production

of these vegetables accounts for the majority of the US market availability. These are also

commonvegetable crops in Europe, which should makethis information relevant to this

conference.

Table 1. Statistical information on selected vegetable crops grown in California, USA in 1995.

 

Crop or crop group

_—-

Hectares Gross value USproduction

($US) %

Asparagus 11 336 91 728 000 38

Carrot 25 709 287 000 000 55

Cole Crops 59 514 581 132 000 87

Cucurbits 43 929 482 193 000 25

Lettuce 78 947 1 263 000 000 72

Onion 15 385 130 666 000 25

Tomato 132 510 865 360 000 87

Total 367 330 3 701 079 000

Table 2 showsthe herbicides used in these crops in 1995, the year the herbicides were first

approved by the federal government, and the number of hectares treated. Under California

pesticide regulations adopted in 1991, all agricultural pesticide use is reported and compiled by

the state. These data came from internet websites maintained by the California Department of

Pesticide Regulation (www.cdpr.ca.gov) and the US Environmental Protection Agency

(www.cdpr.ca.gov/docs/epa/m2.htm).

The newest herbicides on Table 2 are the selective grass herbicides; clethodim (the only one with

a registration in the 1990's), sethoxydim, and fluazifop. Except for onions, the grass herbicides

are not used on a large percentage of vegetable crops where they are registered. In most cases,

California farmers are relying on herbicides over 30 years old. Two major herbicides for

asparagus, diuron andlinuron, are both over 36 years old. Carrots in California are grown at very

high densities of 2,5 million plants per hectare, too dense to use mechanical cultivation or hand

weeding. Where would carrot growers be without linuron and trifluralin? Organic carrot growers

in California routinely spend $2500 to $5000 per ha for handweeding, compared to about $80

perha for linuron and trifluralin.

Chlorthal-dimethyl, another old herbicide,is the most widely used herbicide on cole crops. This

herbicide is also a major contributor to weed control and high crop yield of onions. The recent 



announcementby the manufacturer of chlorthal-dimethyl to discontinue productionin the USis
causing a lot of worry to farmers, especially onion growers. With the loss of chlorthal-dimethy],
onion farmers will be left with bromoxynil (39 years old) and oxyfluorfen (a youngster at 18
years). Possible substitutes for chlorthal-dimethyl are bensulide and metolachlor, neither of
which would be considered a new herbicide.

Table 2. Herbicide use in vegetable crops in 1995 in California, USA.

 

Herbicide % ofcrop treated*

 

Year” e Cole Let Cuc Tomato

 

benfluralin 1965 13.5

bensulide 1968 ; 4.9

bromoxynil 1965

chlorthal-dimethyl 1970

clethodim 1992

dicamba 1962

diuron 1958

EPTC 1958

ethalfluralin 1983

fluazifop 1983

glyphosate 1974

linuron 1961

metham sodium 1969

metolachlor 1978

metribuzin 1973

napropamide 1974

norflurazon 1977

oxyfluorfen 1979

paraquat 1966

pebulate 1961

pendimethalin 1975

pronamide 1972

sethoxydim 1982 3.6 0.9 0.3 6.4 8.6 7.0

simazine 1958 8.4

trifluralin 1966 17.1 764 4.3 19.5 2.6 65.3

* Blank sections indicate there is no registration for that herbicide/crop combination. Percentages

greater than 100 indicate more than oneherbicide application per season. Total hectares for each
crop are shownin Table 1.

* Yearfirst approvedin the US, not necessarily on that crop.

“ Asp = asparagus, Car = carrot, Cole = cole crops (cabbage, broccoli, cauliflower, Brussels

sprouts), let = lettuce, cuc = cucurbits (melon, cucumber, pumpkin, squash). 



REASONS FOR LIMITED HERBICIDE REGISTRATIONS IN VEGETABLES

There are several reasons why herbicideregistrations are so limited on vegetables. Probably the

most important reason, the one mostoften cited, is the cost and liability factor (Klingmann &

Ashton, 1982). Herbicide registration costs on a vegetable are so high thatit takes several years

of sales on the crop to return a profit. In the meantime, one case of herbicide injury on 40

hectares ofa high value vegetable such as tomato, followed by a lawsuit with a judgment in favor

of the farmer, can cost a chemical companyseveral years profit. Another reason is crop safety.

Table 2 illustrates the wide array of herbicides needed to control weeds in only seven crops or

crops families. This is not because of weed control, several of these herbicides control the same

weeds, but because of herbicide selectivity on vegetable crops. The differential sensitivity of

lettuce to two closely related dinitroaniline herbicides, benfluralin and trifluralin, is a good

example.This is a continuing problem for the new herbicides. Weather, soil, and climate also

influence herbicide selectivity. Halosulfuron, for example, can be used safely on most cucurbit

crops in the Southeastern US,butnotin the West.

Two more possible reasons for limited herbicide registrations on vegetables are the small

amount, relative to insecticides, of weed resistance andthe efficacy of available herbicides.

Although weeds do developresistance to herbicides,it does not happen quickly (Gould, 1995).

In vegetable growing regions, like California, the high diversity of crops and the frequent

rotations help to delay or prevent weeds from becomingherbicide resistant. Agricultural chemical

companies do not have the same urgency to find replacement herbicides as they do with

insecticides. The efficacy of existing vegetable herbicidés is also a disincentive to the

introduction of new products. How muchofa marketshare, especially an already small market,

can a manufacturer expect with a new carrot herbicide that has to compete with trifluralin or

linuron, two very effective and inexpensive herbicides? Only when a herbicideis lost, as in the

case of chlorthal-dimethy] in the US, do manufacturers feel inclined to register their herbicides

to fill the vacancy.

INTERREGIONAL PROJECT 4

Interregional project 4, commonly knownas IR-4, was created in 1963 by the Directorsof the

Agricultural ExperimentStations of the State Land-Grant Universities to help in registration of

pesticides for minorcrops. Pesticide tolerances, the amountofthe chemical allowed to be present

in the crop at harvest, is required for every crop (or crop group) on whichthatpesticide is used

in the US. The IR-4 program coordinates and funds pesticide residue studies to establish

tolerances for minor crops. Tolerance applications are submitted to the US Environmental

Protection Agency (US-EPA).After the tolerance is established, the manufacturer is expected

to get the registration for use on the cropstested. IR-4 receives funding and administration from

the US DepartmentofAgriculture, but functions through Universities in the 50 States. Annually,

university scientists and extensionists in pest management meet with agricultural chemical

companyscientists, representatives of farmer organizations, and IR-4 staffto determinepriorities

fortesting. IR-4 has also been instrumental in working with US-EPAto create crop groupings,

such as root and tuber crops or leafy vegetables, that allow tolerances developed on

representative crops to apply to the group. Since its inception, IR-4 has been responsible for over

4 000 new tolerances on minor crops and has beencited as an example of teamwork between

Federal agencies, State agencies, and private industry. 



THE US FOOD QUALITY PROTECTION ACTOF 1996

The Food Quality Protection Act (FQPA) becameeffective the day it was signed by President
Clinton in August, 1996. It is a complicated law with many conflicting provisions, the
impacts on pesticide use in the US are not understoodat this time. This law does have a
minorcrop section, the first time minor crops are cited specifically in federal legislation.
Minorcropsare defined as those havingless that about 120 000 hatotal production in the US.
This includes all but 26 crops in the country, but it does exclude grapes, tomatoes, and
potatoes,cropstraditionally regarded as minor. Special incentives are provided to agricultural
chemical companiesto register pesticides on minor crops. Other provisions of the law, not

dealing directly with minor crops, but those concerning reviewsofexisting pesticides and

limits to overall tolerances, may remove manyofthe older pesticides from the market. Only

time will tell what the long term effect of FQPA will be on theavailability of pesticides for

minor crops, but the situation is not viewed optimistically at this time by fruit and vegetable
growers.

CONCLUSION

Agriculture is more than the production of maize, soyabean, wheat, and rice. The agricultural

chemical industry should be encouraged to continue to support older herbicides for

horticultural crops that occupy limited hectares, while devoting resources to develop newer

herbicides for these crops. The scientific and regulatory communities also should recognize

the value of these older herbicides, the difficulties faced by farmers when trying to find

moder replacements for vegetable crops, and not be in such a hurry to get rid of these

valuable herbicides.
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ABSTRACT

Pesticides may move from application site in run-off water during
containerized plant production. Vegetated filter strips have proven to be
efficacious in pollutant removal from run-off and waste waters. A pulsed
irrigation regime reduces run-off volume and pollutants in leachates. In two
studies, granular isoxaben andtrifluralin were applied to growing beds at a
commercial plant nursery. In the first study, run-off water was channelled
into waterways of clay/gravel or hybrid Bermuda grass. Isoxaben was
detected in run-off water through four days after application. Trifluralin was
detected only on the day of application. Amounts lost as a percent of total
applied were 23% isoxaben from both waterways. Less than 0.01% of
applied trifluralin was detected. The grassed waterways reduced losses of
isoxaben by 16% on the day of application. In the second study, pulsed
irrigation (3-30 minute cycles) was combined with channelling of run-off
waterinto grass waterways to determine the effects on isoxaben and trifluralin
amounts in run-off. Volume of run-off water from the pulsed treatment was
85% of that from continuousirrigation. The herbicides were detected on the
day ofapplication in both treatments. Isoxaben was detected through 8 days
after application from both treatments. Concentrations and amounts of
isoxaben were reduced by the pulsed irrigation/grass waterway treatment on
the day of application and as a total for the study. The results indicate that
vegetated waterways and pulsed irrigation can reduce herbicide losses from
application site in run-off water.

INTRODUCTION

The potential for movement ofa herbicide in run-off water is determined by the physical and
chemical properties of the compound, application methods, and environmental and climatic
conditions. Herbicides whichare lipophilic and/or persist in the environment are mostlikely
candidates for transport from site. The flow rate of run-off is a critical factor in determining
losses with amounts detected increasing with water application intensity (Schreiber etal.,
1993). Highest concentrations of pesticide are consistently detected in the first run-off event
after application (Keese et al., 1994), Smaller losses are found as the length of time between
application and a run-off generating event increases (Gaynorer al., 1995). Impediments to
irrigation or rainfall penetration in soils, such as antecedentsoil moisture, vegetation residues,
or impermeable surfaces, result in greater losses of pesticides (Shaw etal., 1992).

The containerized nursery industry embraces a unique set of management systems which
encourage the movement of herbicides in run-off water. Production practices include
overhead irrigation systems (typically 30% efficient), utilization of semi- or impermeable
ground covers as a base for growing beds, and reliance on herbicides to reduce weed
competition. Broadcast applied granular herbicides cover foliage, pots, and ground covers
and are available for transport from application site in the run-off waters generated by
overhead irrigation. Herbicides have been detected in run-off water and containment pond
water and sediments at container nurseries (Keeseet al., 1994; Riley et al., 1994). Isoxaben
amountstotalling 13% of the applied volume were found to move from application site within
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5 days of application at a container nursery (Wilson ef al., 1996). Collection and

containment of run-off water pose the possibility of reintroduction ofpollutants onto the

growing bedsresulting in crop injury.

The utilization of vegetated filter strips contiguous to agricultural fields results in a

reduction of the transport of pesticides in run-off water (Dillaha ef al., 1989). The

mechanism ofeffectiveness is primarily a reduction in the volumeandtransport capacity of

the run-off water allowing for greater infiltration. Atrazine removal by grassed,

predominantly Bromus inermis filter strips of various length, was investigated utilizing

inflows of herbicide in solution with and without added sediment. The filter strips

effectively trapped sediments reducing levels by over 70%, and reduced atrazine levels in

solution by up to 59% (Mickelson & Baker, 1993).

Reduction of volumeofirrigation following pesticide application would appear to be an

effective tool in reducing pesticide losses, also. Pulsed or cycled irrigation is defined as a

sequence of timed cycles composedofan irrigation phase-and a resting phase (Karmeli &

Peri, 1974). Smaller volumesofirrigation are applied at more frequent intervals reducing

run-off amount and conserving water resources. Cycled irrigation reduced NH,-N losses

and reduced effluent volume in containerplants (Tyler et al., 1996).

The objective of our studies was to determine if vegetated waterways alone and in

combination with pulsed irrigation would reduce the amountofpesticides lost in run-off

water generated during containerized plant production.

MATERIALS AND METHODS

Research was conducted at a wholesale container plant nursery in the north-western region

of South Carolina. The nursery has a large (2 ha) growing area whichis isolated from the

remainder of the operation and which slopes uniformly and unidirectionally so that run-off

waters may be easily channelled. The site contains eight growing beds each 18 m by 90 m

divided by gravel roadways. Each growing bed was irrigated by 18 overhead rotary impact

sprinklers, and the production surface was a semi-permeable polypropylene landscape

fabric over a layer of black plastic with compacted soil underneath. Irrigation rates

averaged 0.8 cm/h. A hybrid Bermuda grass (Cynodon dactylon x C. transvaalensis)

waterway (1.8 m x 90 m) on a 5% slope was installed at the downslope of four of the

growing beds in the summer of 1994. Run-off from the other four beds was directed into

the existing clay and gravel roadway (1.8 m x 90 m) defined through the placement of

berms. Weirs (90_) were placed at the termination of both waterways to allow

determination of run-off volumes and for sample collection (Figure 1).

In the first study, isoxaben (1 kg a.i/ha), plus trifluralin (4 kg a.i/ha) as the granular

formulation ‘Snapshot TG’, were broadcast applied with hand-held spreaders. An irrigation

event of 2 h duration immediately followed the applications. Run-off samples were

collected at 0 (defined as head of run-off at weir = 2.54 cm), 20, 40, 60, 80, 100 and 120

minutes after inception of run-off from each waterway. Samples were collected after two

pesticide applications during the summerof 1995, on the day of application, and 1, 2, 4 and

8 days after application.

In the second study, isoxaben plus trifluralin were applied as above. The section of the
growing area in whichrun-off wasdirected into the clay/gravel waterway was immediately
irrigated for 1.5 hours; the section bordered by the grassed waterway wasirrigated by three
30 minute pulse cycles, with a 90 minute interval between cycles. Run-off samples were
collected through 8 days after application as in the first study. Water samples were takenat
the beginning of run-off and at 20, 40, 60, 80 and 100 minutes of run-off flow from the
clay/gravel waterway. Samples from the grassed waterway were taken at the beginning of 



run-off, and after 20 minutes of flow for each of the pulsed cycles. The herbicide
applications were madein late summer, 1996.

Figure 1. Site layout of nursery research area.
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Extraction and analysis

Extraction and analysis methods were as described by Briggset al., 1996. Percent recoveries
were 121% for isoxaben and 78% fortrifluralin. Limits of detection were <50 ppb.

RESULTS

Run-off characteristics

In the first study, irrigation events at a rate of 1892 litres/min delivered ~ 227,000 litres of
water. Peak flows were noted between 70 and 120 minutes after run-off began for each
waterway. The flow rate from the grass waterway was higher than from the clay/gravel
waterway, but wasof shorter duration. Ofthe total volume of water applied as irrigation to
both treatments, 34% was recovered from the clay/gravel waterway, and 34% from the grass
waterway. Therefore,irrigation efficiency (volume of water applied minus volume of water
recovered) wasat most 32%.

Run-off volume from the pulsed treatment in the second study averaged 29,900 litres,
approximately 60%of the amountof waterapplied as irrigation. Volumes were lowest from
the first pulse cycle (6835 litres), highest for the intermediate cycle (11,733 litres) and slightly
lowerin the last cycle (11250 litres), perhaps because of greater evaporation potential. Run-
off volumes from the continuousirrigation treatment averaged 36,500litres, 71% of applied 



amounts. Total volume ofrun-off water fromthe pulsed treatment was 18% less than for the

continuousirrigation treatment.

Isoxaben concentrations

In 1995, isoxaben was detected throughout 4 days after application in both waterways. The

highest concentrations of 3.26 and 1.89 g/ml were noted within the first 20 minutes of run-

off on the day of application for the clay/gravel and grass treatments, respectively. The

greatest daily concentrations were consistently noted within thefirst 20 to 40 minutes of run-

off, with values decreasing through the remainder of the run-off duration. Detected

concentrations were lower for each subsequent sampling day for both waterways, and were

belowlimits of detection at 8 DAA.

The concentration of isoxaben in the second study was higher from the pulsed/grassed

waterway treatment in early samples (when run-off volumes were less) on the day of

application, but lowerfor the last sample of the second pulse cycle and for both samples of

the third cycle. The highest concentration detected was 1.2 ,1g/ml from the first pulse sample

on the day of application. Concentrations of isoxaben were consistently reduced on other

sampling days by the pulsed/grass waterwaytreatment. Isoxaben was detected through 8

days after application in all run-off samples with amounts decreasing on each subsequent

sampling days and approaching the limit of detection by the end ofthe study.

Trifluralin concentrations

Trifluralin was only detected fromthe clay/gravel waterway on the day of application during

the first 60 minutes ofrun-off, in 1995. The highest concentration was 0.25 ug/ml at 20

minutes of run-off. No detectable amounts were noted in the effluent from the vegetated

waterway. In the second study, trifluralin was detected on the day of application in run-off

samples through 80 minutes from the continuousirrigation treatment and in only the initial

pulsed sample. The greatest concentration detected was < 0.06 g/ml. Concentrations of

irifluralin were not reduced by the grassed waterway or the combined effect of grassed

waterwayandpulsedirrigation.

Trifluralin movement in run-off water is well researched. Highest concentrations reported

were 0.014 and 0.035 tg/ml (Rohde ef al., 1980; Brownet al., 1995). The higher pesticide

concentrations notedin this study are probablya result of the presence of the impermeable

ground cover, and the large volume of irrigation water applied immediately following

herbicide application.

Isoxaben quantities

Total amounts of herbicides were calculated by multiplying concentration for a specific

sampling periodbyrun-off volume. Thetotal amountofisoxabenlost from the waterways in

1995 was 121 and 122 g forthe clay/gravel and grass treatments, respectively, or 23% ofthe

total applied (Table 1). On the day of application, a difference was found among the

treatments. Amounts detected were 16% lowerfrom the grass treatment. Only on the day of

application did amounts from the clay/gravel waterway exceed that detected in the grass

treatment. The trend is of an initial reduction of pesticide load by the grass waterway

followedbyeither a release of trapped material, or an inability to remediate further amounts.

Total isoxaben amounts which moved in run-off water were reduced 30% by the

pulse/grassed treatment in 1996 (Table 1). The greatest reduction was on the day of

application when isoxaben amounts from the pulsed/grassed treatment were 66% of the

amount recovered fromthe continuous irrigation treatment. 



The total amount of isoxaben detected in run-off water in 1996 represented 9% of the
applied amount from the clay/gravel treatment. Wilson et a/. (1996), detected 11% of
applied isoxaben astransported in run-off water within five days of application. Isoxaben
losses in run-off water were 23% of total applied in 1995 in which the volume ofirrigation
following herbicide application was 50% greater than in 1996.

Isoxaben has a low water solubility (1 to 2 mg/litre), but is a moderately polarpesticide, and
will move in run-off if large amounts of water are provided. Dissipation of isoxaben is,
additionally, a function of photolysis and microbial degradation. Wilson et al., 1996,
attributed losses of 14% of the total isoxaben applied to breakdown from natural light
conditions. Mamouniet al., 1992, reported 50% disappearance of isoxaben in 14 days in
water undernatural conditions. Volatilization and adsorption to groundcover material may
have been additionalfates of this herbicide.

Table 1. Amounts (g) of isoxaben recovered in run-off water from treatments on day of
application (DOA), 1, 2, 4 and 8 days after application (DAA), and total, for the 1995 and
1996 studies.

 

T995 1996
Clay/ Grass LSD Clay/ Pulsed/ LSD
gravel (P=0.05) gravel Grass (P=0.05)

Sample day g

 

DOA 9.0
1 DAA 10.0
2 DAA 5.8
4 DAA 6.3
8 DAA ND! =~

 

Total 121 28.6
 

"None detected.

Trifluralin quantities

Minimal amountsoftrifluralin were detected, with <0.01%of the total amount applied
recouped from any treatment in either study. The herbicide was detected in measurable
amounts on the DOAonly, with transport by run-off water minimal. Trifluralin is relatively
insoluble in water (<1 mg/litre), and has a high vapor pressure (13.7 mPa at 25C). Losses
from volatilization of surface residues are reported to be 100%in 48 h (Spencer & Cliath,
1974). The herbicide is also subject to photolytic breakdown, and hasa strong affinity for
soil adsorption, with residues of 10 - 15% detected 6 to 12 months after a soil incorporated
application (Probstet al., 1967). Adsorption to groundcover products mayalso be a fate of
this herbicide, though residues were not detected as being released over time. As climatic
conditions were conducive to high rates of volatility throughout these studies, minimal
residues of the compounds maybe expected.

SUMMARY

The major objective of these studies was to investigate the potential of easily implemented
managementpractices to reduce herbicide loads in run-off water. Losses of isoxaben onthe
DOAwere 16% lower from the grass waterway as compared to the clay/waterway channel
in the 1995 study. Cumulative losses, however, were similar because detected amounts on
subsequent days were slightly higher from the grass treatment. Hayes & Dillaha, 1992, 



stress the importance of minimal run-offflow velocities in order for vegetatedfilter strips to

be effective remediators. Large flow volumes on succeeding days may have prevented
filtration into the grass, or the waterway may have reached remediation capacity.

The combination of grassed waterways and pulsedirrigation appears to be an effective
means of reducing pesticide movement in run-off water. When grass waterways are

combined with a pulsed irrigation regime total losses of isoxaben were mitigated

significantly. Vegetated waterways and pulsed irrigation appear to be effective tools for

reducing pesticide levels in run-off water.
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ABSTRACT

Contact and residual herbicides were applied to carrots, potatoes and maize

by impregnation onto plastic film. This technique is a form of precision

farming, specific to crops for whichplastic film is viable economically. The

technique wastested for the first time under semi-commercial conditions in

1996. Perforated polythene covers were impregnated with linuron and

placed overdrilled carrots on a sandy loamsoil in March 1996. Perforated

polythene film covers were impregnated with either metribuzin or linuron

and placed over pre-planted ridges of potatoes on a sandy loam soil in

March 1996. For the evaluation on maize, non-perforated plastic film was

treated with atrazine andlaid onto silt soil in June 1996. The maize seeds

were sown by hand through the mulch at intervals and the seedlings found

their way through the film. The technique gave effective weed control,

which wassimilar to the standard sprayed system, where linuron was used

on both carrots and potatoes, where atrazine was used on maize but not

where metribuzin was used on potatoes.

INTRODUCTION

Plastic film covers provide a favourable microclimate which can advance crop maturity

and/or increase yield (Eggers, 1975; Henriksen, 1985; Benoit & Ceustermans, 1990;

Guttormsen, 1990; Runham & Town, 1993). The warmersoil and air temperatures beneath

the film also encourage earlier germination of weeds (Bond & Birch, 1989; Bond &

Walker, 1989). Under crop covers, weed control is difficult and may necessitate removal

of the film coverto allow hoeing and herbicide application.

Some expensive non-woven covers allow uniform penetration of herbicides if applied in

high rates of water (Davies & Hembry, 1994). Where less expensive polythene covers are

used, residual herbicides may be applied prior to laying the film but contact herbicides

cannot usually be applied through polythene. A new technique, whereby a herbicide was

impregnated onto plastic film, proved effective in field pilot trials in the UK in 1995

(Runham, 1996a). The crops tested in 1995 were calabrese and lettuce, established in late

summeronsilt and peat soils. The technique was evaluated further in 1996 on potatoes,

carrots and maize, established in spring and summeronsand andsilt soils. 



MATERIALS AND METHODS

Trial A-Earlycarrots in 1996

Carrots, cv. Primo, were drilled on 8 March 1996 into a sandy loam soil on a commercial

holding. The plots comprised four rows of carrots across a 1.8 m bed which was covered

with plastic film 2 m wide. All herbicide treatments, as a spray (‘Linuron Flowable’, 450

g/litre, PBI) andin plastic film, were applied on 11 March. Each plot was 7 m long (12.6

m). The crop was harvested when mature on 28 July 1996 when a 2 m length of each of the

middle two rowswaslifted.

A range of weed control treatments was applied as follows:

(i) Hand-weeded, no herbicide, covered with plastic film (200 holes/m?),

(ii) Standard herbicide programme, sprayed with linuron at 585 g a.i./ha, covered with 200

holes/m?film,

(iii) Herbicide-impregnatedplastic film (200 holes/m’) with linuron at 585 g a.i./ha,

(iv) Herbicide-impregnatedplastic film (200 holes/m”) with linuron at 293g a.i./ha,

(v) Herbicide-impregnated plastic film with linuron at 585 g a.i./ha with non-perforated film,

progressively ventilated (by hand) from 10, to 200, and to 400 holes/m? on 11 March, 27

March and 23 April respectively,

(vi) Herbicide-impregnated plastic film with linuron at 293 g a.i./ha with progressively-

ventilated (as for (v) above) plastic film.

Trial B-Early potatoes in 1996

A crop of potatoes, cv. Maris Bard, was planted on 4 March 1996 with two rows 76 cm

apart per plot and 10 m in length (15.2 m?in total). The sprays and plastic covers were

applied on 6 March. The plastic covers were removed on | Mayandthetrial was hand-

weeded. Non-woven crop covers were applied to protect the trial from frost until harvest on

11 June 1996, when an 8 m length of each ridge was lifted and assessed.

The weed control treatments were as follows:

(i) Hand-weeded, no herbicide, covered with plastic film (200 holes/m?),

(ii) Metribuzin (‘Sencorex WG', 700 g/kg, Bayer) at 700 g a.i./ha sprayed, covered with

plastic film (200 holes/m?),

(iii) Linuron (as above) at 585 g a.i./ha sprayed, covered with plastic film (200 holes/m’),

(iv) Herbicide-impregnatedfilm (200 holes/m’), with metribuzin (as above) at 700 g a.i/ha,

(v) Herbicide-impregnatedfilm (no holes) with metribuzin (as above) at 700 g a.i./ha,

(vi) Herbicide-impregnated film (200 holes/m?) with linuron (as above) at 585 g aisha.

Trial C-Maize in 1996

A crop of maize, cv. Melody, was sown byhand through non-perforated plastic film on

a

silt

soil on 4 June 1996. Thetrial was harvested on 4 October 1996 when 24 plants per plot were

assessed. 



The weedcontrol andplastic film treatments were as follows:

(1) Crop hand-weeded, not mulched with plastic film,

(ii) Crop hand-weeded, mulchedwithplastic film,
(iii) Crop sprayed with atrazine ('Gesaprim 500SC', 500g/litre, Ciba Agric) at 1.5 kg a.i./ha,

not mulched,

(iv) Crop sprayed with atrazine (as above) and mulched withplastic film,
(v) Crop mulched with herbicide-impregnated using atrazine (as above)at 1.5 kg a.i./ha,

mulched with plastic film.

The sprayed herbicides were applied in 250 litres /ha of water using an Oxford Precision
sprayer with F11002 nozzles (F11003 for carrots) and operated at 200 kPapressure to give
fine spray quality. Alltrial designs were randomizedblocks with three replicates (four for the
carrottrial). The population of crop plants, crop vigour, weed vigour and population and
weed species were recorded on two occasionsfor all crops. The fresh yield in size grades
wasrecordedat harvest. The oven dry weight of maize plants and cobs wasrecorded.

RESULTS

Trial A-Early carrots

Linuron, applied at 585 g a.i/ha, impregnated ontoplastic film (200 holes/m?), gave similar
good control of weeds to the sprayed treatmentinitially but, better weed control than the
sprayed treatmentat the time of cover removal on 22 May 1996 (Table 1). The main weeds
were Bilderdykia convolvulus, Urtica urens and Chenopodium album. Linuron, impregnated
at 293g a.i/ha, half the normal rate onto the film, gave poor weed control when compared
with the higherrate of linuron either sprayed or impregnated. Noneofthe treatments affected
carrot population. The sprayed and herbicide-impregnated treatments of linuron at 585 g
a.i/ha gave similar total yields, both higher (P<0.05) than the untreated and the lowerrate of
herbicide-impregnation. Both weed control and yield were reduced (P<0.05) under
progressively ventilated impregnatedfilm.

Trial B-Early potatoes

Linuron,applied at 585 g a.i/ha impregnated ontoplastic film (200 holes/m?), gave similar
weed control to the sprayed control (Table 2). Metribuzin, applied impregnated onto the
plastic, gave poorer weed control than the sprayed control. The main weeds were Urtica
urens and Polygonum persicaria. All treatments gave similar rates of crop emergence.
Crop vigour on 1 May(not shown) reflected the degree of weed control achieved by that
date, with high vigour for the sprayed application of metribuzin and linuron and for the
impregnated linuron. These three treatments gave higher (P<0.05) yields compared with
the other treatments where the weed control waspoor. 



Table 1. Effect of herbicide-impregnatedplastic film on carrot and weed populations, weed cover and total yield of carrots (transformed data

in parentheses).

eee
Weedcontrol andplastic film treatment Carrot plants/m? Weed plants/m? Weedcover % Yield (t/ha)

DAD* DAD* DAD* DAD*

33 74 33 74 74 142

(i)Hand-weeded, 200 holes/m? 79 91 125 207 89 (70) 25.6

(ii)Sprayed 585 g linuron /ha, 200 hole/m? film 101 TT 132 55 (48) 40.9

(iii)Linuron 585 g/ha -impregnatedfilm (200 holes/m?) 91 106 64 48 18 (24) 43.7

(iv)Linuron 293 g/ha -impregnatedfilm (200 holes/m?) 97 93 164 68 (55) 34.0

(v)Linuron 585 g/ha -impregnated film, (10,200,400 101 96 60 (51) 38.6

holes/m?)

(vi)Linuron 293 g/ha -impregnated film, (10,200,400 99 126 : 76 (63) 33.9

holes/m?)

S.E. (15 df.) 6.4 16.9 26.9 6.3 (4.2)

L.S.D.(5% N.S. N.S. 81.0 12.8

*DAD= daysafter drilling

 



Table 2. Effect of herbicide-impregnated film onpotato population and yield and on weed population and cover.

 

Weed control andplastic film treatment Potato hills#/m? Weed Weed cover% Croptotalyield
plants/m? (t/ha)

DAP* DAP* DAP* DAP*

58 58 58 99

 

(i)Untreated, 200 holes/m? : 4.0
(i)Metribuzin sprayed at 700 g aisha, 200 J j 8.4
holes/m? film

(iii)Linuron sprayed at 585 g a.i/ha, 200 holes/m? : : 8.0
film

(iv)Metribuzin impregnated at 700 g a.i./ha onto : : 4.2
200 holes /m? film

(v)Metribuzin impregnated at 700 g a.i/ha onto , i 4.6
plastic with no holes

(vi)Linuron impregnated at 585 g a.i/ha onto 200 . ; 8.0
holes/m? film

S.E (22 df.)
L.S.D. (5%)

# Groupsofpotato stemsarising from a single tuber
*DAP=Daysafter planting

 

 



Trial C-Maize

The application of atrazine by impregnation onto the plastic film gave good control of

weeds, similar to the sprayed application (Table 3). The main weeds were Chenopodium

album and Cirsium spp. The useofplastic film advanced crop growth throughout the

season until harvest on 4 October 1996, when the crop grown without mulch appeared to

have caught up with the mulched maize plants and fresh yields for all treatments were

similar. All plastic-mulched treatments had a higher (P<0.05) percentage of oven-dry

weight than the non-mulchedtreatments.

Table 3. Effect of herbicide-impregnated plastic mulch on weed cover and on crop vigour

and yield in maize (transformed data in parentheses).

 

Weed control and plastic Weed Cover % Crop vigour Cropyield

film treatments DAD* score* (t/ha)

DAD* Whole plant

38 62 38

=

79 Fresh Dry

 

(i)Crop hand-weeded, no 28 (31) 0 (0) 3.3 55 57.9 12.7

herbicide, not mulched

(ii)Crop hand-weeded, no 8(10) 5(11) 7.0 7.0 63.8 15.7

herbicide, mulched

(iii)Sprayed with atrazine, 2(7) 16) 3.5 5.8 59.1 13.1

not mulched

(iv)Sprayed with atrazine, 0 (0) 0O(0) 7.5 8.3 67.7 17.9

mulched

(v)Atrazine -impregnated 0(0) 00) 6.0 85 66.0 16.1

film

S.E. (12 df) (4.8) (2.3)
L.S.D. (5%) (14.8) (7.1)
 

*DAD=daysafter drilling

DISCUSSION

Results from the experiments in 1996 indicated good weed suppression using herbicide-

impregnatedplastic film for the application oflinuron on both potatoes and carrots and for

the application of atrazine on maize. The weed suppression in carrots using linuron

applied impregnatedonto plastic film lasted longer than that of the sprayed control. There

wasno evidence (from single samplesonly) that the herbicide residues in the crop and soil

at the time of cover removal were higher for the herbicide-impregnated technique than for

the standard sprayed/ plastic film-covered crop,butit is likely that both will be higher than

for a crop grown withoutplastic film (Bond & Walker 1989, Jensenetal., 1985; Rouchaud

et al., 1988, Runham, 1996b). Metribuzin, applied impregnated onto plastic film, was not

as effective as sprayed metribuzin in potatoes. Thelack of efficacy was attributed either to 



slow release of the herbicide from the film, and subsequentpoorresidual weed control, or
to the lack of contact between the herbicide on the film and the soil in the valley between
the potato ridges. The use oflowerrates of herbicide in carrots did not proveefficacious.
There is scope to reducethe overall rate per hectare either by employing strip application
of herbicide on the film in a range of arrangements due to the precise application of the
herbicide by printing onto the film. The environmental implications of using herbicide-
treated film depend uponthe typeofplastic used and, in turn, the disposal options for the
material at the end of the season. For non-degradablefilm, arrangementfor safe collection
and disposal would form part of the registration process (Kate Hoskin and Dave Bench,
Pesticide Safety Directorate, pers. comm.). Degradable types ofplastic film would remain
in or on the land at the endofuse, andthe effects of this practice on the rates of breakdown
of herbicide residue would require investigation. The commercial future of this technique
and subsequentpesticide registration is under review.
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ABSTRACT

Thepotential to modify the way in which pesticide treatments are applied to high
value vegetable crops using automated field systems which detect row and plant
positions is considerable. An experimental system has been developed in which
images from a camera, mounted onthefront of a vehicle, have been analysed to
provide information used to guide the unit down the rows and from which the
position ofindividual plants within the crop row can also be detected. Results from
preliminary field trials in transplanted brassica crops have shown thatthe unit is
capable of guidanceto an accuracy oftypically better than 20 mm when compared
with a manual assessment of crop row positions. Used to direct treatmentsat
identified crop targets, a standard deviation of 25 mm in treatment error from a
vehicle travelling at a speed of0.7 m/s was achievedand less than 10% of the ground
area was treated with pesticide. The work to date has demonstratedthe feasibility of
automated crop treatment and further work is now proposed to quantify the benefits
that this will give in defined crop/application conditions.

INTRODUCTION

Manychemical sprays used to treat low growing horticultural crops are conventionally applied
from boom sprayers operating to treat the whole of the cropped area with a nominally uniform
dose rate. Increasing environmental pressures have focused attention on the improved targeting
of applications, such that biological efficacy can be maintained from using reduced quantities of
pesticide. At the sametime, pressures from the consumer,particularly via the majorretail outlets,
dictate that food crops should contain a minimumresiduelevel.

A numberof approaches to the improved targeting of pesticides applied to relatively widely
spaced row cropshavebeen successfully developed. Band spraying systems havebeen used to
target the region between crop rows, for example when using a broad spectrum herbicide for
weed control, or to target the region including the crop row when, for example, a selective
herbicide might be used in conjunction with mechanical weed control between rows. The
requirements for a more precise location of the spray headinrelation to the target and improved
controlof the spray trajectory has often meantthat the work rate of this type of equipmentis
lowerthan that of overall boom spraying.

Systemshave also been developed for detecting the presence/absenceofplants in a definedfield

condition. These have used a number of sensing methods including electrical conductivity,

interrupted light beams and red/infra-red reflectance ratio mainly to detect the presence ofa plant
to be treated or retained without treatmentin a selective thinning strategy. Some research and 



development has also been directed at the identification of crop rows from camera images, with

a recognition that real images are likely to suffer from problems due, for example, to poor

contrast between crop and soil and incomplete crop rows. A number of approaches to the

analysis and interpretation of such images have been taken and these have been briefly reviewed

by Brivot & Marchant (1996). Recent research as part of the project work describedin this paper

has aimedat using as muchofthe data and prior knowledge that is available in order to provide

a robust method for finding the row structurein collected images.

The approach ofidentifying crop rows, crop and/or spray targets “on-line” is, in concept, an

alternative to the map based controlstrategies used in patch spraying applications (Stafford &

Miller, 1993, Miller, ef a/., 1995) but with the same overall objectives. It is also likely that there

will be important and useful commonalities between the two approaches. The use of an

autonomousvehicle working in a row crop,sensing characteristics of the row structure and the

crop provides the potential for the generation of maps that can be used to monitor crop

developmentandpest/disease problemsin

a

spatially variable manner. Perhaps most importantly,

both approaches are capable of generating automatic and detailed records of the treatments

applied to crops. This has important implications relating to traceability, crop production

protocols and produce quality which are now key issues in relation to the production and

marketing of many agricultural and horticultural commodities.

The next three sections of this paper summarise work by Hague,Tillett and Marchant (Hague &

Tillett, 1996, Marchant, 1996, Marchantet al., 1997) in some detail so as to provide a

background for discussion ofthe implications of this work.

THE EXPERIMENTAL VEHICLE

The vehicle used for the project work was based on a commercially manufactured tool carrier for

use in horticultural applications, which was modified to enable automatic control. The two front

wheels ofthe tool carrier were driven by a petrol engine via independent hydrostatic transmission

units. The transmission ratios of these two units was adjusted by DC servomotors. Rotary

encoders were fitted to monitor the forward travel of each of the driven front wheels with a

resolution of 1792 counts per revolution. The vehicle wasfitted with an accurate solid state

compasscapable of providing heading measurements to an accuracy ofbetter than 1° and which

were not proneto drift. To accurately obtain heading information in the horizontal plane,

information relating to the roll and pitch angles of the vehicle was needed and these were

obtained from two accelerometers mountedat right angles to eachother directly over the centre

of the axis of the driven wheels. A video camera which wassensitive in the near infra-red part

of the spectrum was mountedcentrally at the front ofthe vehicle looking forwards and down.

An on-board computer system consisted of a portable 486 PC with an interface to a transputer

network, All control and sensing functions, including the imageanalysis, were carried out using

the network of Inmos T800/T805 transputers. Controlinstructions to the vehicle were input via

the portable computer. The speedsofthe driven vehicle were maintained at the demanded values

by the control algorithm. The sum of the two wheel speeds was determined by the required

forward speed and thedifference used to steer the vehicle. At the end of a row,the vehicle was

programmed to complete a 180° turn and re-enter adjacent rows of crop. 



The vehicle was also equipped with a marking device consisting oflinear array of 27 solenoid

valves at a 50 mm pitch mounted acrossthe full width of the vehicle. Each solenoid valve was

independently controlled by the computer system and wasfitted with a jetting nozzle directed

downward.

Experimentswith the vehicle and to validate the approach to vehicle location and navigation have

been conducted in a range ofcrop conditions including brassica, sugar beet and cereals grown in

double rows 350 mm apart (Marchant, 1996).

VEHICLE LOCATION AND NAVIGATION

The movementofthe vehicle follows one oftwo basic patterns: a path defined by the crop row

and a path relating to a headland turn manoeuvre. Because the images obtained by the camera

system onthe front of the vehicle were required to distinguish, for example, between crop and

weed, a relatively close up field of view was required. This meant that only a small part of the

crop row wasobtained in each image (Figure 1) and hence the information from which the row

direction could be determined waslimited. Typically the field of view was 2.0 m wide and 2.5 m

down the crop row. A robust method of determining the row structure has been developed

(Brivot & Marchant, 1996, Marchant, 1996) whichinitially uses a thresholding procedure to

enhance the contrast between the crop, soil background, weeds, stones and other debris. A

mathematical procedureis then used to identify the row structure within the captured image.

Figure 1. Images from a sequence containing cauliflower. Left, camera view seen in the near

infra-red. Right, calculated row structure overlayed on the image.

Although the information obtained from the imageanalysis procedures wasrelatively robust and

tolerant of disrupted crop rows with, for example, missing plants (Marchantef al., 1997), the

system may be required to workin conditions wherethe cropis difficult to distinguish because

of a heavy weedinfestation. Also, processing speed limitations meant that guidance control

information wasnotavailable to the controller at the required frequency. For these reasons,

information from the wheel speed sensors and accelerometers was used to provide position

estimates during periods of dead reckoning navigation with no information from the image

analysis, particularly at the headland. An arrangement of computerbased filtering structures was

used such that the estimates of position from the image analysis methods produced every 100 ms
was supplementedbyintegrating information from the other sensors to give position estimates 



every 20 ms.

The accuracy of the row following control was assessed by using a stream of dye emitted from

a nozzle mounted overthe centre-line of the vehicle. The trace produced was compared with the

true row positions determined from the meanlateral position of the three plants comprising the

bed and differences measured manually. Theresults ofthis trial gave a standard deviation in the

measuredlateral offset of 20 mm andare reported in more detail by Marchantef al., (1997).

Theability of the vehicle to follow a specified headland path wasalso accessed using similar

experimental techniques. The vehicle was started part way down a bed ofcauliflower,

approximately 10 m from the headland. The end ofthe row was detected by the absence of plants

in the row positions at forward distance which waswithin the supplied tolerance of row length.

Thespecification of an approximate row length avoided premature turns occurring should a small

patch ofcrop be missing. Having detected the headland automatically, a headland turnisinitiated.

Theresults in Figure 2 show a measured and commanded path during a typical headlandturn, and

indicate that the maximum error was approximately 60 mmsuchthat the controller was required

to make only a minor re-alignment correction as the vision system identified the next bed of

cauliflower. Once aligned with the next bed, the vehicle then used the image analysis procedures

described above to continue row following.
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Figure 2. The measured and commandedvehicle paths during an automatic headland turn

Although detailed assessmentsofthereliability of the field navigation and headland turn routines 



haveyet to be conducted, the experimental vehicle has operated successfully in a wide range of

crop conditions including brassica crops at a range of growth stages and planted both manually

and with a mechanical transplanter. In practice, the reliability of the approachis likely to be

strongly linked to the state of the crop, the soil and the lighting conditions. This will have

implications for the way in whichreliability is assessed and also the way in which the approach

is further developed.

SIMULATED CROP TREATMENT WITHIN THE ROW

The algorithm used to distinguish between plants, weeds and soil used in the identification ofcrop

rows (Brivot & Marchant, 1966) has also been used as the basis for applying a simulated

treatment to the crop. Plants detected within the region identified as the crop row were assumed

to be crop and those outside neglected. The sequential images were usedto create a local map

as shown in Figure 3 and this was then used to control the array of single stream nozzles mounted

beneath the vehicle. The images input to the mapper were perspective views and neededto be

corrected as shown in Figure 3. Each imageis overlaid on the previous image including a

correction for motion ofthe vehicle. Figure 3 shows how an exaggerated vehicle motion was

corrected making the rowsstraight on the map and independentof the vehicle motion. Because

images were provided every 0.2 seconds, at normal operating speeds of up to 1.5 m/s, the images

overlapped such that each area of the ground waseffectively seen three or four times. These

successive views were accumulated onto the mapandthefinal classification into plant, weed or

soil was made from the combined images. This added to the robustness of the crop plant

detection and minimised effects due to the effects of shadowspartly obscuring an image.

Image coordinates
 

Continuous local map
for treatment scheduling
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imagescorrecting
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Figure 3. Merging segmented images onto the local map 



Theliquid stream jet nozzles were activated according to the mapat 50 msintervals such that,

at a nominal forward speed of 1.0 m/s, the spatial resolution of the treatment was approximately

50 mm in boththelateral and along thedirection of the crop row. The accuracy of treatment with

the stream jet nozzles was assessedin

a

field trial in which a tracer dye was directed at crop

plants. The unit travelled down crop rowsat a speed of 0.7 m/s andthe local map generated was

stored in the computer. The location and state of each of the nozzles was recorded as they were

actuated. At the end of a run,the treated area was photographedto recordthe positions ofthe

dye outputin relation to the crop plant positions.

The results from a typical run are shownin Figure 4. Figure 4(a) shows the local map with the

areas classified as crop plants shownin black. The vehicles logged positions ofwhere the stream

jetting nozzles were turned on are shownin Figure 4(b) and Figure 4(c) shows a photograph of

the treated area.

Figure 4: Results fromfield treatmenttrials: (a) local map generated onthe vehicle;

(b) treatments applied via activated stream nozzles;(c) photograph of the treated area

Theresults in Figure 4 showthatall the plants were detected and treated although the lengths of

the treated rowdid not always matchthat occupied by the plant. Some spurious spray operations

resulted from the incorrectidentification ofthe bright features in the image due for example, to 



stones, as plants. The centre positions of the plants and the correspondingpositions of the treated

area were measured and found to differ by a mean distance of 1 mm. This indicated a very small

but consistent bias in the application of the treatment to the identified target. The standard

deviation about this biased position in the direction along the row was 26 mm. In thelateral

direction, the mean error was measured at 11 mm with a standard error of 20 mm.

The area covered with the output from the stream nozzles occupied only 8% ofthe total area and

indicated the potential scope for reducing pesticide use by, for example, accurate targeting of the

crop to betreated.

IMPLICATIONS OF THIS TECHNOLOGY FOR OPTIMISING PESTICIDE USE

Experiments with the vehicle have demonstrated thefeasibility of systems based on automatic

detection of the crop rows and detection ofplants within the rows. The use of such systems to

apply pesticides undertypical field conditions has important implications concerning the pesticide

formulations used, the quantities of pesticide required to achieve a given level of biological

control and the appropriate methods of application. Conventional pesticides designed for use in

overall application systems must balance the toxicity to non-target organisms with the

requirements to produce an adequate biological response from material deposited on, for example,

the plant target. Using an application system which places a much higher proportionofthe total

pesticide used onto the target area, may mean that products with a different toxicologicalprofile

can be approved for such a use. This argument is particularly relevant when, for example, a

herbicide mightbe used for inter and intra row weed control and wherethe potential to minimise

pesticide deposits on the crop will have direct implications for residue levels and harvestintervals.

The ability to improve the targeting of the pesticide application should also minimise the quantities

ofpesticides used to achieve a defined level of biological control. The potential for savings will

depend on particular crop/weed/pest situations but results from experimental work targeting grass

weed patches in cereal crops hasindicated that savings in the order of 50%of herbicide use can

be achieved (Stafford & Miller, 1993). For horticultural crops, quality requirements and the

potential for harvesting problems meansthat high levels of weed control must be maintained.

Results from the work reported here indicate that this could be achieved with substantially

reduced pesticide use and associated financial and environmental benefits.

The treatment application system fitted to the experimental vehicle comprising the rowofstream

jet nozzles was selected for use in an evaluation programmerelating to the detection and control

aspect of the system performance. These would not be appropriate for the efficacious application

ofmostpesticide treatments where droplet size and volumedistribution at the target surface are

important parametersinfluencing retention, up-take and the mode ofpesticide action. Further

work is now required to identify an appropriate configuration of an application which can enable

the potential advantages of accurate targeting to befully exploited while minimising system losses.

Most conventional pesticide application systems have been developed to apply a uniform volume

distribution of a spray liquid at the target surface. With application systems that are able to
identify detailed positions and sizes of spray targets, a different approach to the generation and

transport of the spray is required. This needs to be able to match the deliveryofspray to target
position and dimensions, give some adjustment for dose rate and use physical characteristics of 



the spray that will give good surface retention, coverage and uptake. A research programmeto

examine possible application strategies and methodsis currently being formulated.

Experiments with the vehicle to date have been conducted in good field conditions, on

a

levelsite

and with relatively well established clean crops. There is a need for further research to develop

and validate these approachesfor operation in a wider range of conditions particularly associated

with lighting conditions that can give long shadows. Fora vehicle to operate completely

autonomously, very high levels ofreliability will be required including the possibility of using a

secondary independentlocation system based for example on the Global Positioning System

(GPS). The use of an absolute positioning system would provide direct links to the spatially

variable application ofpesticide treatments with further advantages of improved targeting. The

methods of row andcropplant detection could also be used on a manually operated vehicle where

the operator could oversee the performance of the unit and intervene in difficult operating

conditions if needed.

CONCLUSIONS

Work to date has shown that the automatic application of pesticides to widely spaced row crops

is technically feasible using a control system based on imageanalysis. The image analysis is able

to identify crop rows and the positions of plants within the rows. Whenused with information

from other sensing systems this can be used to navigate within the field and apply treatments

selectively to programmed targets. Such an approachis particularly suited to the application of

herbicides to horticultural crops and should enable reduced pesticide usage to be achieved while

maintaining the highest possible produce quality standards. Further workis required to improve

the reliability of the system and to develop application systemsthat can fully exploit the advantage

of detecting spray target position andsize.

REFERENCES

Brivot, R; Marchant J A (1996) Segmentation ofplants and weeds for a precision crop protection

robot using infra-red images. Proceedingsof the Institution of Electrical Engineers.

Vision, Image and Signal Processing, 143 (2), 118-124

Hague, T; Tillett, N D (1996) Navigation and control of an autonomous horticultural robot.

Mechatronics, 6(2), 165-180

Marchant, J A (1996) Tracking ofrow structure in three crops using image analysis. Computers

and Electronics in Agriculture, 15 (2), 161-179

Marchant, J A; Hague, T; Tillett, N D (1997) Row following accuracy of an autonomous vision

guidedagricultural vehicle. Computers and Electronics in Agriculture, 16 (2), 165-175

Miller, P C H; Stafford, J V S; Paice, M E R; Rew, L J (1995) The patch spraying of herbicides

in arable crops. Brighton Crop Protection Conference - Weeds, 3, 1077-1076

Stafford, J V; Miller, P C H (1993) Spatially selective application of herbicide to cereal crops.

Computers and Electronicsin Agriculture, 9, 217-229. 




