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ABSTRACT 

Variability in weed control following pyrithiobac applications has been 

observed under field conditions. The influence of temperature on this variability 

was investigated. Results from field studies performed over two growing 

seasons identified plant and air temperatures at the time of herbicide treatment 

that correlated with differences in whole-plant efficacy (R^ = 0.90). Based on the 

field data, weed control with pyrithiobac was acceptable at application 

temperatures of 20 to 34° C. To investigate a potential source of thermal 

limitations on pyrithiobac efficacy, the thermal dependence of in vitro inhibition of 

acetolactate synthase (ALS), the site of action for pyrithiobac, was examined. A 

crude leaf extract of ALS was obtained from seedling Amaranthus palmeri. 

Relative inhibitor potency (I50) values were obtained at saturating substrate 

conditions for temperatures from 10 to 50° 0. Regression analysis of field 

activity against I50 values showed the two data sets to be highly correlated (F^ = 

0.88). Historic air temperature data sets collected over eleven growing seasons 

were evaluated to assess the probability, duration, and frequency of the 

temperature range where acceptable weed control occurred. The recommended 

thermal range occurred during 59 to 93% of the daylight hours in a typical 

growing season. Conversely, up to 41% of pyrithiobac applications are 

potentially adversely affected by application temperature. Computer images of 

seasonal temperature data with a color oveday corresponding to the 

VII 



temperatures below, within, and above the recommended application 

temperature range were developed to provide a visualization of seasonal 

efficacy. The thermal dependence of enzyme/herbicide interactions may provide 

another means of understanding environmental factors limiting herbicidal 

efficacy and predicting herbicide inhibition at the whole-plant level. 
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CHAPTER I 

LITERATURE REVIEW 

Cotton (Gossypium hirsutum L.) was introduced to the Texas Southern 

High Plains by emigrants from the Blackland Prairie and Western Cross Timbers 

of south and east Texas fleeing the boll weevil (Anthonomus grandis Boh.) and 

seeking inexpensive land (Lichtenstein 1990). Fundamental ecological 

succession on these newly cultivated fields meant that weeds were a problem 

from the beginning of cotton culture (Brown 1963). Because of the detrimental 

nature of weeds through their ability to compete with a crop for consumable 

environmental resources, to obstruct mechanical operations, to serve as host for 

other detrimental organisms, and to cause harvest losses, it was necessary to 

control these pests. To combat the weed problems in cotton, farmers have 

employed physical, mechanical, cultural, biological, and herbicidal means to 

control the ever-present pests. 

Non-Herbicidal Weed Control in Cotton 

Prior to the advent of herbicides, physical and mechanical methods were the 

pnmary means of weed control. Physical methods, the oldest form of weed 

control, included both hand-pulling and hoeing (Anderson 1996). Hand-pulling 

was best adapted to small plots or between crop plants that were difficult to 

reach using other methods. Hoeing was most effective against seedlings and 



annual and biennial weeds, but the cost of labor and availability of mechanical 

means resulted in the decline of this weed control method in cotton production 

(Brown 1927). 

Mechanical weed control was accomplished through the use of sweep 

cultivation (Gates 1917) and rotary hoes (Holstun et al. 1963). Flame cultivation 

began in 1945 with the introduction of the liquid-petroleum gases (Colwick 1960) 

and employed burners which produced a flame that was exposed to weeds 

smaller and less woody than cotton. 

Although somewhat limited in use, biological control has been utilized to 

reduce weed infestations in cotton. The use of geese to control seedlings of 

Cyperus spp., Digitaria spp.. Sorghum spp., and Cynodon spp. (Miller et al. 

1962), insects that feed on nutsedge (Cyperus spp.) and puncturevine {Tribulus 

terrestris L.) (Brown 1963), mites (Aceria malherbae Nuzz.) that use field 

bindweed {Convolvulus arvensis L.) as a host (Boldt and Sobhian 1993), 

bacterial pathogens {Pseudomonas syringae pv. tagetis) that infect woollyleaf 

bursage {Ambrosia grayi{A. Nels.) Shinners) (Sheikh et al. 1999), nematodes 

{Orrina phyllobia) that feed on silvedeaf nightshade {Solanum elaeagnifolium 

Cav.j (Orr et al. 1975), and rust {Puccinia canaliculata (Schw.) Lagerh.) that 

attacks yellow nutsedge {Cyperus esculentus L.) (Callaway et al. 1987) have 

been all been explored as means of biological control in cotton. 

Finally, cultural weed control in cotton is accomplished through 

management decisions such as selection of variety, seedbed preparation, time 



of planting, use of clean seed, soil fertility and pH, planting pattern, soil moisture 

and crop rotation (Buchanan 1992) so that cotton is favored to the detriment of 

weed species present. Cotton planted in narrow row spacing has been used in 

integrated systems to improve weed control (Mohler 1996). Narrow row spacing 

alters the spectral quality of light, thereby suppressing weed growth (Holt 1995). 

Herbicidal Weed Control in Cotton 

A herbicide can be defined as a chemical agent used to destroy or limit 

plant growth (Mish 1988). For a herbicide to be effective, it must reach its target 

site. In order to reach its target site, the herbicide must first be intercepted by 

the plant. For foliar-applied herbicides, interception occurs at the leaf, sheath or 

stem. The herbicide then moves through the cuticle and into the underlying 

tissue (Devine et al. 1993). Herbicide absorption from the soil can take place 

through any tissue that the herbicide solution contacts, be it root, seed, or shoot 

tissue. However, the most important pathway of entry is the uptake of the 

herbicide with water in the root hair zone of root tips (Hess 1994a). 

Ideally, the herbicide should provide selectivity between the crop and the 

weed species present. Selectivity implies that different plant species do not 

respond in the same way to a particular herbicide. In other words, one species is 

injured or dies and the other survives. Selectivity is commonly based on one or 

more of the following: differential interception of the herbicide; differential 

absorption; differences in pathways or rates of herbicide degradation; differential 



sensitivity of target proteins; and differential ability to tolerate the toxic effect of 

the herbicide (Devine et al. 1993). 

Cotton farmers were some of the early adopters of chemical weed control 

(Buchanan 1992). There were many factors involved in their adoption including: 

the high cost of hand labor, necessity for clean fields to ensure fiber quality, 

dissatisfaction with other weed control methods, and the effectiveness of 

herbicides at controlling weed species (Buchanan 1992). Dinoseb, the first 

herbicide used for weed control in cotton, was introduced in 1947 (Buchanan 

1992). A preemergence herbicide from the nitrophenol class, dinoseb controls 

weeds by acting as an analogue of the semiquinone anion of plastiquinone, 

thereby inhibiting photosynthesis between photosystem II and the cytochrome 

bg/f complex (Gardner 1989). Warnings had been issued of possible severe 

injury to cotton with its use, but it was applied to several thousand acres in 1952 

(McWhorter and Bryson 1992). Dinoseb vaporization affected by soil type, 

rainfall, soil pH and air temperature (Davis 1956; Davis and Davis 1954; Davis et 

al. 1954; Barrens et al. 1953) killed or severely injured much of the treated 

acreage and its use was quickly abandoned. The first postemergence herbicide 

recommended for weed control in cotton was herbicidal naptha (phytotoxic oil 

containing 18 to 25% aromatic compounds and with a boiling range from 150 to 

200° C) (Colwick 1960). These petroleum fractions were applied to the drill area 

centered over the row (Talley 1950). However, the high level of management, 

steady increase in the cost of petroleum products and the introduction of the 



organoarsenical herbicides in the 1960's lead to the discontinuation of herbicidal 

napthas (McWhorter and Bryson 1992). 

Other chemistry introduced in the 1950's included the preemergence 

herbicides chlorpropham, diuron, and DCPA, as well as the postemergence 

herbicide dalapon (Buchanan 1992). The carbamate herbicide chlorpropham 

injures susceptible species by altering the organization of spindle microtubules 

so that multiple spindles are formed during mitosis, resulting in multiple nuclei 

(Vaughn and Lehnen 1991). Chlorpropham received greater attention for its 

herbicidal properties after the dinoseb injury was observed (Davis 1964), but its 

low activity on broadleaf weeds, short residual penod, and the introduction of 

diuron dictated a small market share for chlorpropham (McWhorter and Bryson 

1992). Diuron, a member of the substituted urea class of herbicides, was 

introduced in 1954 and controls weeds by blocking photoelectron transport at the 

D1 protein of photosystem II (Dicks 1978). At 0.56 to 1.69 kg/ha, diuron 

provided up to 90% control of many grass and broadleaf weed species, making it 

the most commonly used cotton herbicide through the mid-1960's (McWhorter 

and Bryson 1992). Other substituted ureas introduced during the 1960's 

included monuron, linuron, and fluometuron. A 1956 introduction, DCPA 

inhibits growth and differentiation in susceptible species through an unknown 

mechanism (Bingham 1968). It was never widely used in cotton due to the 

availability of other herbicides that provided better weed control. The final 

herbicide added to the market in the 1950's was dalapon. It was classified as a 



chlorinated aliphatic acid. The mechanism of action has never been elucidated, 

but it has been shown to inhibit the synthesis of pantothenic acid in 

microorganisms (Hilton et al. 1959; van Oorschot and Hilton 1963). 

The 1960's saw the largest number of new herbicides offered for use in 

cotton production. The first of these, EPTC, was introduced in 1961 and classed 

as a thiocarbamate. As a preplant incorporated herbicide, its specific 

mechanism of inhibition is still not fully known. However, it causes restriction of 

the first leaf unrolling in grass species (Dawson 1963), probably due to reduced 

epicuticular wax development (Centner 1966). Short soil residual activity and a 

narrow margin of safety caused the interest in this herbicide to wane (McWhorter 

and Bryson 1992). In 1963 EPTC was followed with the introduction of the 

organoarsenicals, DSMA and MSMA. These products are still used today, 

particulady in many of the southern states. DSMA and MSMA inhibit carbon 

fixation by reacting with the sulfhydryl groups of enzymes involved in this 

biological pathway"(Knowles and Benson 1983). The elimination of carbon 

fixation causes photooxidative damage due to uncontrolled dissipation of 

absorbed light energy (Halliwell 1985). 

One of the most important classes of herbicides introduced in the 1960's 

was the dinitroanilines. This class encompasses the preplant incorporated and 

preemergence herbicides trifluralin, nitralin, profluralin, dinitramine, fluchloralin, 

pendimethalin, and oryzalin, and is characterized by the prevention of 

chromosome alignment during the metaphase stage of mitosis (Hess 1987) 



caused by binding to tubulin monomers to inhibit polymerization (Morejohn et al. 

1983). The dinitroanilines enjoyed wide acceptance at the time of their 

introduction because they controlled a wide range of species, particulady annual 

grasses. Trifluralin and pendimethalin are still widely used today, with over 90% 

of the cotton acreage receiving a dinitroaniline herbicide treatment in 1998 (Byrd 

Jr. 1999). 

Another important class of herbicides, the s-triazines, were introduced in 

1964 by the addition of the preemergence herbicide prometryn. Prometryn was 

followed by cyanazine and dipropetryn in the 1970's. Like the substituted ureas, 

these herbicides inhibit photosynthesis at the D1 protein of PS II, although at a 

different binding site (Renger 1986). 

The mid-1960's saw the introduction of paraquat, a member of the 

bipyndylium class of herbicides that acts by accepting electrons from 

photosystem I and causing the production of superoxide radicals that result in 

lipid peroxidation (Svingen et al. 1978; Hiyama et al. 1993). Paraquat, a non

selective herbicide, was pnmanly used as a burndown herbicide in the fall and its 

use has expanded to a desiccant/defoliant before harvest. 

The final herbicide introduced in the 1960's was alachlor. Alachlor and 

metolachlor, a 1980's introduction, are members of the chloroacetamide class of 

herbicides. They control weeds by inhibiting growth through the alkylation of 

several enzymes and cofactors, including coenzyme A (Leavitt and Penner 

1979). They are used alone or in combination with fluometuron or prometryn for 



preemergence weed control, although the acreage treated has been limited 

(McWhorter and Bryson 1992). 

New chemistnes were not abundant in the 1970's, but there were at least 

two significant additions. The first of these was glyphosate in 1974. This non

selective herbicide inhibits the EPSP synthase enzyme in the shikimic acid 

pathway (Steinrucken and Amrhein 1980). Originally glyphosate was used as a 

burndown, spot spray treatment or fall application, but now it is widely used as a 

postemergence-topical and postemergence-directed application in transgenic 

Roundup Ready cotton (Johnson 1996) and other herbicide-tolerant crops. The 

other significant addition was the introduction of norflurazon, a pyridazinone 

herbicide, in 1975. Norflurazon causes bleaching in susceptible species by 

inhibiting phytoene desaturase in the carotenoid biosynthetic pathway 

(Sandmann et al. 1991). Another preemergence bleaching herbicide, 

clomazone, was first labeled for use in cotton in 1993, but must be safened by 

the addition of an organophosphate insecticide (York et al. 1991). Although the 

specific enzyme in the carotenoid biosynthetic pathway has not been identified 

(Lutzow et al. 1990; Croteau 1992), speculation is that clomazone undergoes a 

biotransformation within the plant for activation (Hess 1994c). 

The 1980's saw the introduction of both sethoxydim, a cyclohexandione, 

and fluazifop, an aryloxyphenoxypropionate. Both of these herbicides prevent 

lipid biosynthesis by inhibiting acetyl-CoA carboxylase in sensitive grass species 

(Gronwald 1991). Oxyfluorfen, a member of the diphenylether class, was 
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introduced in 1984. This herbicide causes lipid peroxidation like paraquat, but 

accomplishes this damage by inhibiting protophorphynnogen oxidase, resulting 

in the autocatalytic formation of superoxide radicals (Matringe et al. 1989). 

The most recent herbicide addition for use in conventional cotton came in 

1996 with the introduction of pyrithiobac, a member of the pyrimidinylthio-

benzoate class of herbicides. Like the sulfonylureas and imidazilinones before it, 

pyrithiobac inhibits acetolactate synthase (ALS) (Shimizu et al. 1994). The 

introduction of pyrithiobac was unique because it was the first cotton herbicide 

registered for postemergence topical control of broadleaf weeds (Dupont 1998). 

In addition to Roundup Ready cotton, two other transgenic varieties were 

developed in the 1990's. The first of these, BXN cotton (Reynolds et al. 1994), is 

currently available, while glufosinate-tolerant cotton (Blair et al. 1999) will be 

available in the near future. In susceptible species, bromoxynil, a benzonitrile, 

inhibits photosynthesis at the D1 protein of photosystem II and has also been 

shown to possess uncoupling activity (Moreland 1980). Glufosinate, however, 

acts as an analogue of glutamate to block glutamine synthetase (Lea and Ridley 

1989). This inhibition results in ammonia accumulation that causes membrane 

uncoupling and inhibition of photosynthesis (Devine et al. 1993). 

Factors Affecting Cotton Herbicide Efficacy 

In general, herbicide activity can be affected by factors purely under the 

control of the applicator. These factors include poor calibration calculations. 



improper herbicide rate, changes in application speed, improper boom height, 

poor nozzle selection and clogged nozzles. Additionally, the efficacy of cotton 

herbicides can be affected by a variety of treatment effects, biotic factors, and 

abiotic factors. Cleady, there are many vanables to consider at the time of 

herbicide application. 

Treatment Effects 

Cultural. Some cultural practices serve to influence the performance of 

herbicides. Delaying tillage after herbicide treatment allows producers to achieve 

maximum control with some foliar-applied herbicides. Studies have shown that 

delaying tillage of field bindweed {Convolvulus arvensis L.) 3 d after glyphosate 

treatment optimized control (Wiese et al. 1997). Plant row spacing also can 

influence weed control. Increasing rates of linuron were required to achieve 

comparable yellow foxtail {Setaria glauca (L.) Beauv.) control as row spacings 

increased from 18 to 89 cm (Kust and Smith 1969). The authors suggested that 

phytochrome influence on seed germination may be important in this interaction. 

Application Technology. Application technology is important in the 

understanding of herbicide performance, particularly with foliar-applied 

herbicides. Studies using glyphosate have shown that applications made in 

small droplets (150 to 450 /ym) were more phytotoxic than large droplets (660 

/ym) because of the greater coverage and translocation (Prasad and Cadogan 

1992). Expenments performed on Brassica spp. using pendimethalin applied 
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postemergence demonstrated that weeds with waxy true leaves are controlled 

more effectively when choosing a nozzle with a smaller droplet size (volume 

median diameter) (Jensen and Kirknel 1994). However, studies have shown that 

increasing the number of small droplets enhances spray drift (Hobson et al. 

1993). 

Conversely, research has demonstrated that a single concentrated droplet 

of glyphosate and surfactant was more effective in reducing the growth of 

velvetleaf than were more dilute droplets in greater number but with the same 

total quantity of herbicide (Cranmer and Linscott 1990). The authors concluded 

that if the glyphosate concentration is too low, the concentration gradient across 

the cuticle and plasmalemma decreased and reduced the amount of glyphosate 

penetrating the leaf. 

Studies have shown the importance of earner volume and the use of an 

adjuvant on the phytotoxicity of herbicides applied to grass weeds. Experiments 

performed on large crabgrass {Digitaria sanguinalis (L.) Scop.) showed that 

increasing the concentration of petroleum oil from 0.62 to 5% (v/v) or reducing 

the carrier volume from 374 to at least 94 LVha improved control by fluazifop 

(Smeda and Putnam 1989). Similar experiments performed on large crabgrass 

with glyphosate and paraquat showed that carrier volumes of 7 GPA or less with 

0.5% (v/v) of Ag 98 (80% alkylaryl polyoxyethylene glycol and 20% silicone 

antifoam compound) resulted in the best control (Chenault and Wiese 1985). 
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Pressure may be another factor to consider when maximizing herbicide 

efficacy. Studies on johnsongrass {Sorghum halepense (L.) Pers.) illustrated 

that control by fluazifop was enhanced when treatments were applied at 

pressures of 345 kPa rather than 138 kPa (McWhorter and Hanks 1993). 

Soil Charactenstics. Both physical and chemical components in the soil 

impact the efficacy of many of the soil-applied herbicides. Greenhouse studies 

on German millet {Setaria italica (L.) Beauv.) have shown that the initial 

phytotoxicity of alachlor decreased with increasing rates of phosphorous. At 

0.75 parts per million by weight (ppmw) of alachlor, phosphorous at 200 ppmw 

significantly decreased German millet control. However, bioassays showed no 

influence of phosphorous additions to the soil on residual alachlor activity 

(Rahman 1978). Ammonium thiosulfate fertilizer applied with EPTC has been 

shown to increase herbicidal longevity (Goos and Ahrens 1992). The authors 

point out that applications of soil-applied herbicides with this liquid sulfur fertilizer 

would reduce application cost and increase efficiency. 

Soil pH may be an important determinant in the activity of soil-applied 

herbicides. The degradation of EPTC has been shown to increase as the soil pH 

increased from 5 to 7. As pH approached 7, the microflora became more active 

and shortened the phytotoxic penod on perennial ryegrass {Lolium perenne L.) 

by 2 to 3 wk in greenhouse expenments (Lode and Skuterud 1983). Conversely, 

the efficacy of prometryn, another soil-applied herbicide, increased as the soil pH 

in field expenments rose from 5.8 to 7.1 (Adams and Pritchard 1977). The 
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authors speculated that the effect of pH was indirect by enhancing adsorption or 

hydrolysis which resulted in the deactivation of prometryn by soil colloids. Low 

pyrithiobac sorption has been observed in cotton-producing soils from central to 

south Texas (Matocha and Hossner 1998). Researchers concluded that these 

results were due to the repulsion of anionic pyrithiobac in predominantly alkaline 

and negatively charged soils. 

The presence of carbon in the soil may also influence herbicidal activity. 

Studies have shown that the presence of carbon from ash decreased diuron 

toxicity by deactivating about 80% of the herbicide (Toth and Milham 1975). 

Norflurazon activity was impacted by the presence of carbon in the soil. Studies 

have demonstrated that when norflurazon at 6.7 kg ha'̂  was applied with 

activated charcoal at 200 kg ha'\ decreased control of prickly sida {Sida spinosa 

(L.)) and seedling johnsongrass was observed (Lamoreaux et al. 1989). 

Organic matter content and clay component have been shown to modify 

norflurazon phytotoxicity. Higher rates were necessary for effective control in soil 

high in organic matter and high in montmonllonite or vermiculite (Lo and Merkle 

1984). Studies have shown that increasing rates of cyanazine, alachlor, 

metolachlor, and pendimethalin were required for equivalent weed control as the 

humic matter and organic matter content increased in soils (Blumhorst et al. 

1990). Although label recommendations for tnfluralin and pendimethalin suggest 

that soils be free of crop residue, studies have shown that there are no 

significant differences in weed control when up to 50% sorghum {Sorghum 
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bicolorL. (Moench.)) stubble cover was incorporated with stubble mulch 

machinery (Bateman and Walker 1985). 

Chemical Incompatibility. One of the main factors affecting the efficacy of 

any herbicide, but particularly those applied postemergence, is the interaction 

with other chemicals applied simultaneously or sequentially. The graminicides 

sethoxydim and fluazifop are susceptible to interactions with ALS inhibitors such 

as pynthiobac and imazethapyr when tank-mixed and applied to annual grass 

weeds (Jordan et al. 1993d; Martin-Duvall and Vargas 1998; Myers and Coble 

1992). However, Myers and Coble (1992) demonstrated that sequential 

applications of imazethapyr and graminicides alleviated the antagonism. Jordan 

et al. (1993c) also showed that the antagonism observed at the 0.5 X 

graminicide rate and the full pynthiobac rate was eliminated by applying the 

graminicides at the full labeled rate. Pyrithiobac did not show any interaction 

with early season insecticides (Jordan et al. 1993b). Antagonistic interactions 

have been observed in tank-mixes of sethoxydim and bentazon(Holshouser and 

Coble 1990). Research has shown that the sodium ions from the bentazon salt 

were responsible for this antagonism by exchanging with the hydrogen ion of the 

sethoxydim hydroxyl group to form a more polar sodium salt of sethoxydim 

(Wanamarata et al. 1989). Studies have demonstrated that the antagonistic 

effect of bentazon on sethoxydim activity can be decreased by the addition of 

ammonium nitrate or ammonium sulfate to the spray solution (Jordan et al. 1989; 

GenA/ick et al. 1990). 
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The phytoxicity of paraquat is influenced by certain tank mixtures or 

sequential herbicide applications. Both bentazon and chloramben, applied either 

pnor to or in combination with paraquat, decreased paraquat control of several 

broadleaf species (Wehtje et al. 1992a, 1992b). However, growth regulator 

herbicides such as 2,4-D and MCPA reduced paraquat phytotoxicity only when 

applied in combination, and the antagonism was overcome by increasing 

paraquat rates relative to a fixed 2,4-D rate (O'Donovan and O'Sullivan 1982b). 

Glyphosate is another herbicide which has exhibited antagonism with a 

wide range of herbicides applied in tank-mix combinations. Stahlman and 

Phillips (1979) showed that all formulations of propazine and propachlor reduced 

glyphosate phytotoxicity, while liquid formulations of cyanazine and linuron were 

less antagonistic than their wettable powder formulations and the liquid 

formulation of atrazine was more antagonistic. O'Donovan and O'Sullivan 

(1982a) demonstrated that combinations of glyphosate with bromoxynil or 2,4-D 

resulted in decreased absorption and translocation of the herbicides in badey 

{Hordeum vulgare L. 'Summit'). However, Nalewaja and Matysiak (1992) 

observed that the antagonistic effect of 2,4-D on glyphosate phytotoxicity can be 

overcome with the addition of a diammonium sulfate adjuvant. 

Postemergence applications of MSMA can be influenced by tank-mixtures 

with other herbicides. Large crabgrass control was decreased when fluazifop 

was used in combination with MSMA, but this antagonism was eliminated by 

applying MSMA after applying fluazifop (Byrd and York 1987). The same study 
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showed that combinations of fluometuron with sethoxydim or fluazifop were 

antagonistic. Antagonism has been shown with the addition of an iron plus 

nitrogen adjuvant, Ferromec AC®, to solutions of MSMA when applied to 

bermudagrass {Cynodon dactylon (L.) Pers.) (Menn et al. 1991). However, 

MSMA can serve to enhance morningglory {Ipomoea spp.) control when applied 

in combination with fluometuron, cyanazine, oxyfluorfen, lactofen, methazole, 

diuron and linuron (Jordan et al. 1993a). 

Synergy has been observed in a number of soil-applied herbicide 

combinations. Vesecky and Appleby (1968) demonstrated that chlorpropham 

control of Italian ryegrass {Lolium multiflorum Lam.) increased when applied in 

combination with carbaryl insecticide. This effect was likely due to decreased 

degradation of chlorpropham in the soil (Kaufman and Kearney 1967). 

Additionally, a mammalian and plant monooxygenase inhibitor, ABT, mixed at 

subtoxic doses has been shown to improve the performance of EPTC on some 

sensitive monocotyledonous species. Interestingly, however, these same 

experiments showed that ABT can be an antagonist in corn {Zea Mays L.) and 

act to safen this crop against EPTC (Barta and Dutka 1991). 

Water Quality. Water quality is another factor affecting the performance 

of herbicides. The phytotoxicity of glyphosate may be decreased if applied in a 

solution containing sediments. Research has shown that less than 7% of the 

glyphosate applied to sediment was subsequently eluted. This effect may be 

due to an ionized phosphate group on glyphosate that adsorbs to soil particles 
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(Bowmer et al. 1986). Salts present in water used as the herbicide carrier may 

impact herbicidal efficacy. Glyphosate toxicity has shown to be antagonized by 

both calcium and sodium cations, with the calcium ions exhibiting greater 

antagonism (Buhler and Burnside 1983). Additionally, the antagonism was 

additive in mixtures at greater than 100 mg L"̂  sodium bicarbonate and 200 mg 

L"̂  calcium chloride (Nalewaja and Matysiak 1993a). However, other studies 

have shown that calcium in the spray water did not appear to reduce glyphosate 

phytotoxicity at carrier volumes of 190 L ha'̂  or less (Sandberg et al. 1978). 

Research has shown that glyphosate applied with calcium chlonde formed 

amorphous, thick, non-crystalline spray deposits, which may cause antagonism 

by physically trapping the herbicide (Nalewaja et al. 1992). The antagonistic 

effects of calcium chlonde may be overcome with the addition of diammonium 

sulfate to the herbicide solution. Researchers suspect that the sulfate ions may 

be important in this reaction by forming calcium sulfate which prevents the 

reaction with glyphosate (Nalewaja and Matysiak 1993b). 

Surfactants and Adjuvants. Surfactants and adjuvants affect both foliar 

and soil applied herbicide phytotoxicity. Glyphosate has been the subject of the 

majority of research in this area. In both field and greenhouse expenments, the 

inhibitory effects of glyphosate have been shown to increase with increasing 

ethylene oxide content in the surfactant (Riechers et al. 1995; van Toor et al. 

1994). It has also been shown that the addition of BanDrift (homopolymer of 

acrylamide) increased absorption of glyphosate in cell cultures of velvetleaf at 
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concentrations of 0.01% (v/v) (Royneberg et al. 1992). Certain non-ionic 

surfactants such as Triton-X A Special (66% alkylaryl polyether alcohol plus 

coconut oil soap) and Tween 20 (polyoxyethylene 20 sorbitan monolaurate) have 

been shown to increase glyphosate phytotoxicity, while other ether surfactants 

[i.e. Cittowet Plus (alkyloxyl polyglycol ether), Dupont WK (dodecyl ether of 

polyethelene glycol), and Renex 36 [polyoxyethylene (6) tndecyl ether] reduced 

glyphosate phytotoxicity (O'Sullivan et al. 1981). In field expenments, the 

presence of ammonium sulfate at 7.5 g L"̂  in glyphosate solutions where 

glyphosate was applied at one-fourth the recommended rate (0.36 kg ae ha"̂ ) 

provided quackgrass {Agropyron repens (L.) Beauv.) control similar to control 

observed at the recommended rate for all tested surfactants (Do Ruiter et al. 

1996). 

The graminicides are commonly the topic of experiments on the effects of 

surfactants and adjuvants on herbicidal efficacy. The ethyoxylated oil and non-

oil based adjuvants Atpolan 80EC (mineral paraffin oil 113 emulsified with 

ethoxylated C12-C22 amine plus 1,4-sorbitol lealate plus ethoxylated nonylphenol 

sulfosuccinate and an alkanoamide) and Rokamin (ethoxylated fatty amine) 

allowed for a 25-33% reduction in fluazifop rate without a reduction in 

barnyardgrass {Echinochloa crus-galli {L.) Beauv.) control (Naraniecki et al. 

1993). However, increases in phytotoxicity of aryloxyphenoxypropionate 

herbicides such as fluazifop were not observed with the addition of ammonium 

sulfate to the herbicide solution (Harker 1995). While crop oil concentrates with 
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surfactants were not shown to affect fluazifop activity, sethoxydim plus Canplus 

300 surfactant (an emulsifier) provided the best wild oat {Avena fatua L.) control 

(McMullan and Chow 1993). 

Other herbicides and new types of surfactants have been studied to 

improve weed control. In field and greenhouse expenments, velvetleaf control 

from foliar pendimethalin applications increased in the presence of a surfactant 

containing 15 moles of ethylene oxide at concentrations from 0.5 to 2.0 % (v/v) 

(Herrick and llnicki 1985). Glufosinate damage to barnyardgrass has been 

shown to be most effective in solution with a sodium C12/C14-

alcohol-diglycolether sulfate and least effective with polyoxyethylene (Kocher 

and Kocur 1993). Although touted as a "activator-adjuvant specifically for 

MSMA" (Beames 1980), combinations of the humic acid-type polymenc 

polyhydroxy acid adjuvant (PPA) with nonoxynol [a-(p-nonylphenyl)-aj-hydroxy-

poly(oxyethylene)] were not shown to increase johnsongrass control above that 

obtained with nonoxynol alone (McWhorter et al. 1987). 

One of the most recent introductions to the adjuvant market are the 

organosilicone-based products. Experiments examining Kinetic (a propnetary 

blend of polyalkyleneoxide-modified polydimethylsiloxane and non-ionic 

surfactant) and Dyne-Amic (a proprietary blend of polyalkyleneoxide-modified 

polydimethylsiloxane, non-ionic emulsifiers and vegetable oils) showed that their 

ability to increase the efficacy of glyphosate, paraquat and fluazifop on 

bahiagrass {Paspalum notatum Fluegge), common lambsquarter {Chenopodium 
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album L.), Flonda pusley {Richardia scabra L.), and hairy beggarticks {Bidens 

pilosa L.) was as good as or superior to the performance of conventional 

adjuvants (Singh and Mack 1993). Organo-silicone based adjuvants have 

reduced the rate of bromoxynil required to control kochia {Kochia scoparia L.) by 

half compared to treatments containing bromoxynil plus crop oil concentrate 

(Boydston and Al-Khatib 1994). 

Herbicide Formulation. Herbicide formulation can be an important means 

of achieving maximum phytotoxicity. A starch-encapsulated formulation of EPTC 

produced by cross-linking a starch xanthate by an oxidant in the presence of the 

herbicide was shown to control robust purple foxtail {Setaria viridis (L.) Beau, 

var. robusta purpurea Schreiber) as well as emulsifiable concentrates of EPTC. 

but bioassays showed more starch-encapsulated EPTC remained in the soil 16 d 

after treatment (Schreiber et al. 1978). The authors speculated that the slower 

release of EPTC was due to a reduction in loss to volatilization. In greenhouse 

studies, poly(a-methylstyrene) microcapsule formulations of cyanazine provided 

equal or superior control of barnyardgrass, crowfootgrass {Dactyloctenium 

aegyptlum (L.) Willd.), smallflower morningglory {Jacquemontia taminfolia (L.), 

Gnseb.), Flonda begganA/eed {Desmodium tortuosum (Sw) DC), and Palmer 

amaranth {Amaranthus palmeri S. Wats.) when compared to commercial 

formulations, while microencapsulated formulations with cellulose acetate 

butyrate were less active than commercial formulations (Dailey and Dowler 

1998). Research has demonstrated that the potential for off-target movement of 
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clomazone was reduced in a microencapsulated formulation compared to 

emulsifiable concentrate formulation while maintaining equivalent weed control 

(Stnnger et al. 1996). 

MSMA applied in a low-volume oil-water invert emulsion provided better 

purple nutsedge {Cyperus rotundus L.) control than applications made in water 

plus non-ionic surfactant (Bryson et al. 1990). Ultra-low volume applications of 

sethoxydim and glyphosate using oils as carriers controlled annual grass weeds 

better than applications of the same chemicals made in standard water volumes. 

This allowed for reduced herbicide rates (25 to 50%) to be applied while 

achieving control equal to that obtained with higher rates and larger water 

volumes (Bohannan and Jordan 1995). In both cases, the authors speculated 

that an increase in spreading coefficient or increased herbicide concentration per 

droplet may cause this increase in phytotoxicity. 

The phytotoxicity of alachlor has been improved by using organo-clay 

formulations. Greenhouse and field studies revealed that formulations produced 

by adsorbing alachlor onto modified clays provided better control at standard 

rates and resulted in doses giving a 50% response (ED50 values) that were 

almost 9-fold smaller than emulsifiable concentrate (EC) formulations (El-Nahhal 

et al. 1998). Green foxtail {Setaria viridis (L.) Beauv.) control 46 d after 

application was still effective (> 90%) in the organo-clay formulations, while 

control with comparable rates of the EC formulation provided approximately 20% 

control. The authors stated that the organo-clay formulations allowed for the 
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slow-release of alachlor in the soil, which prevented leaching, especially under 

irngation. 

Pendimethalin as a 1.71% granular formulation has been shown to 

provide better weed control than the same herbicide formulated as a 60% 

wettable powder. Furthermore, research has demonstrated that efficacy of 

granular pendimethalin was not affected by a 28-d delay in posttreatment 

irngation/rainfall incorporation, while wettable powder formulations required 

incorporation the day of treatment to achieve similar control (Gasper et al. 

1994). 

Biotic Factors 

The stage of growth of the weed at the time of herbicide application may 

impact herbicidal efficacy. Studies have shown that cyanazine applications to 

fall panicum {Panicum dichotomiflorum Michx.) provided the best control when 

applied at the 2 to 3-leaf stage (Kern et al. 1975). Fluazifop control of grass 

species including Setaria spp., Digitaria spp., and Echinochloa spp. was reduced 

as the growth stage increased from the 3- to the 7-leaf stage (Smeda and 

Putnam 1990). Pyrithiobac was less effective and higher rates were required to 

control Ipomoea spp. and velvetleaf {Abutilon theophrasti Medic.) when applied 

to 3- to 6-leaf weeds compared to 1- to 2-leaf weeds (Jordan et al. 1993c). 

Glufosinate has been reported to be most effective at controlling giant foxtail 

{Setaria faberi Herrm.), common lambsquarter, common cocklebur {Xanthium 
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strumarium L.), and Pennsylvania smartweed {Polygonum pensylvanicum L.) 

when applied to 10-cm weeds compared to 5- or 15-cm weeds (Steckel et al. 

1997). 

Proper timing of herbicide applications may allow for the use of herbicides 

at reduced rates. Studies have shown that early postemergence (weeds at the 

1- to 2-leaf stage) applications of metolachlor plus cyanazine at the 0.5 X rate 

provided Eastern black nightshade {Solanum ptycanthum Dun.), ladysthumb 

{Polygonum persicaria L.), common lambsquarter, wild buckwheat {Polygonum 

convolvulus L.) redroot pigweed {Amaranthus retroflexus L.), large crabgrass, 

and barnyardgrass control comparable to control observed at the recommended 

label rate (O'Sullivan and Bouw 1997). 

Abiotic Factors 

Nutrient Status. The nutrient status of the plant can affect a herbicide's 

ability to control weed species. Studies have shown that plants deficient in 

magnesium were more resistant to paraquat applications even following longer 

exposures and increased paraquat concentrations as compare to magnesium-

sufficient plants (Cakmak and Marschner 1992). These researchers believed 

this was attnbutable to the stimulatory effects of magnesium deficiency on 

scavenging enzymes. Other greenhouse and field studies have shown that 

applications of glyphosate and fluazifop were less toxic when applied to plants 

growing under low nitrogen environments than those plants growing under high 
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nitrogen (Dickson et al. 1990). These effects were attributed to the increased 

transport of herbicide to the apical meristem. 

Light. The effects of light, both through stimulation and decomposition, is 

important in the activity of many herbicides. Research has demonstrated that 

buckwheat {Fagopyrum esculentum Moench. Tokyo') injury following 

applications of oxyfluorfen was more rapid when plants were irradiated 

immediately after treatment and was irreversible when the irradiation period was 

more than 7 h in length (Vanstone and Stobbe 1979). This study also reported 

that the greatest oxyfluorfen injury occurred at wavelengths of 565 to 615 nm. 

leading the authors to speculate that a xanthophyll-protein complex in the 

membrane may play a key role in the herbicidal activity. Because paraquat 

obtains electrons from ferredoxin in photosystem I, exposure to light is necessary 

to complete its inhibitory process (Hiyama et al. 1993). However, a study where 

paraquat was applied to quackgrass and kept in the dark for a period of 24 h 

following treatment did not show efficacy differences compared to plants 

exposed to light immediately following herbicide application (Akhavein and 

Linscott 1970). Additionally, quackgrass kept in the dark for 24 h following 

treatment showed decreased regrowth compared to plants exposed to light 

immediately following paraquat application. The researchers attnbuted these 

results to paraquat translocation during the dark penod. Paraquat inhibition in 

the dark may also be due to its ability to accept electrons from the electron 

transport chain in mitochondria (Hess 1994b). 
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Many soil-applied herbicides are subject to photodecomposition which 

reduces control of susceptible species. In water at visible wavelengths, trifluralin 

has been shown to decompose readily to dinitrotoluidines and azoxybenzenes 

by undergoing oxidative dealkylation, nitro reduction and cyclization (Leitus and 

Crosby 1974). Aqueous solutions of monuron were shown to be light sensitive, 

degrading primanly into monodemethylated products in a stepwise 

photooxidation and demethylation of the N-methyl groups, hydroxylation of the 

aromatic nucleus, and polymenzation (Crosby and Tang 1969). Dinitramine has 

been proven to rapidly degrade through reductive cyclization of a nitro group and 

an adjacent A/-ethyl group to give a senes of benzimidazole products (Newsom 

and Woods 1973). However, research has shown that any method of 

incorporation will prevent the loss of activity through photodecomposition 

(Kennedy et al. 1978). The rapid photocatalytic decomposition of prometryn 

using Ti02 as the catalyst has been observed to occur, and cynaunc acid was 

recognized as the final product (Pelizzetti et al. 1990). Photodegradation of 

prometryn has been confirmed to be enhanced in the presence of ferric ions 

(Larson et al. 1991). 

Volatilization. Loss of herbicidal activity through volatilization is common 

with soil applied herbicides. Vaporization of trifluralin and benefin from the soil 

increased as the soil moisture content increased from air dryness to field 

capacity to saturation (Parochetti and Hein 1973). Volatility was strongest at 40° 

C and stronger in spray formulations compared to granular formulations. 
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Trifluralin incorporation within 24 h after application was necessary to prevent 

losses by volatility (Smith and Wiese 1973). Another herbicide susceptible to 

volatilization from moist soils with increasing temperature is chlorpropham 

(Parochetti and Warren 1966). However, research has shown that loss due to 

volatilization within the first day following application of an encapsulated 

formulation of chlorpropham was one-third that of an emulsified formulation 

(Turner etal. 1978). 

Soil Water Content. The amount of soil water content can affect the 

efficacy of both soil and foliar applied herbicides. Greenhouse experiments have 

shown that oats {Avena sativa L. 'Amun') maintained at the permanent wilting 

point for 5 d prior to and 6 d following fluazifop application appeared healthy 1 

mo following treatment, whereas well-watered plants were completely necrotic 

(Dickson et al. 1990). Water-stressed green foxtail treated with fluazifop-P 

showed control was reduced by 57% (Boydston 1992). However, these same 

studies revealed that if the water stress was relieved within a day following 

treatment, there were no differences in green foxtail control. Field studies by 

Dickson et al. (1990) showed that oats planted and not irngated until 14 d 

following either a fluazifop or glyphosate application showed greater tolerance 

than irngated oats. Similar investigations conducted under low soil water content 

concluded that sethoxydim phytotoxicity to green foxtail was reduced when 

plants were maintained under water stressed conditions for 10 to 14 d prior to 

sethoxydim treatment and 7 d following treatment (Boydston 1990). This 
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reduction in green foxtail control was not observed if the plots were irrigated at 

the time of treatment. 

Moisture stress caused more acropetal movement and decreased 

basipetal translocation by approximately 19% in fluazifop and sethoxydim 

applications to sorghum (Reynolds et al. 1988). Oryzalin phytotoxicity to green 

foxtail improved as soil moisture content increased from 20 to 60% (Nelson et al. 

1983). Metolachlor injury increased when the surface soil was wet for 5 d 

following herbicide treatment in growth chambers (Vigor et al. 1991). Increased 

injury has also been observed under high irngation schemes when prometryn 

was applied to a light-textured loamy soil (Liu 1984). The authors speculated 

that under excessive water inputs, increased availability of prometryn could occur 

due to the low adsorptive capacity of the soil. At high transpiration rates, this 

could cause increased herbicide uptake. 

Temperature. Temperature exhibits a large impact on the activity of many 

soil and foliar applied herbicides. Corn injury from metolachlor applied 

preemergence has been shown to increase when applications were made under 

cool temperatures (21/13° 0) when compared to applications made at warm 

temperatures (30/21° C) (Vigor et al. 1991). However, some soil-applied 

herbicides exhibit the opposite effect. Studies have shown that oryzalin 

phytotoxicity was greater at 20 and 25° 0 than at 30° C (Nelson et al. 1983). 

Field studies have shown that trifluralin reduced wild oat emergence better in 

eady May when soil temperatures were cooler and control decreased as the soil 
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temperatures increased (Dan/vent 1980). This effect may be due to decreased 

absorption at high temperatures. Trifluralin accumulation in peanut {Arachis 

hypogea L. 'Starr') roots 24 h after exposure was greatest at 21° 0 and 

decreased as temperatures increased to 38° C (Hawxby et al. 1972). Application 

of profluralin to barnyardgrass and Palmer amaranth exhibited the greatest 

accumulation at 16° C while dinitramine accumulated best at 38° 0 (Hawxby and 

Basler 1976). 

Temperature may also affect efficacy by influencing the rate of herbicide 

degradation. Degradation of DCPA was lowest at 10° C and increased as soil 

temperature increased to 25-30° 0 (Choi et al. 1988). The optimal temperature 

range for soil microbes is 25-30° 0. Therefore, the authors expected that loss of 

DCPA from the soil would occur most rapidly when soil temperatures were 

between 25 and 30° 0. 

Temperature impacts the phytotoxicity of postemergence herbicide 

applications. Foliar applications of fluazifop to quackgrass at 8° C allowed 

greater regrowth of quackgrass as compared to applications made at 21° C 

(Chandrasena and Sagar 1986). However, Smeda and Putnam (1990) reported 

that at low rates, increasing air temperature from 18 to 30° 0 decreased green 

foxtail control by fluazifop. These results suggested that best control may be 

achieved when applications are made at air temperatures of 20° C. Alternatively, 

expenments performed on quackgrass showed that new bud growth was highest 

following fluazifop applications made at 20/15° 0 and lowest following at 10/5° C 

28 



(Harker and Dekker 1988). Additional results of this study showed translocation 

was highest at the highest temperatures and decreased with a corresponding 

decrease in temperature. Foliar applications of MSMA have exhibited a thermal 

dependence. Applications of MSMA to common cocklebur resulted in the 

greatest reduction in fresh weight when applications were made at 35/30° 0 

compared to applications made at 30/25° and 25/20° C (Nimbal et al. 1996). 

Relative Humidity. In addition to the direct effects of temperature on 

herbicidal efficacy, temperature also effects relative humidity (RH), which has 

been shown to impact the performance of foliar-applied herbicides. An increase 

in leaf and air temperature with no change in the water content of the air is 

accompanied by a decrease in RH (Kramer 1983.) The phytotoxicity of MSMA at 

40% RH was minimal, but was significantly greater at 60 and 90% RH (Nimbal et 

al. 1996). Quackgrass regrowth following applications of fluazifop were less 

when the herbicide was applied at 80% RH compared to 20% RH (Chandrasena 

and Sagar 1986). The interaction of temperature and relative humidity on the 

activity of postemergence herbicides has also been investigated. Dalapon 

translocation in johnsongrass at 21 and 32° C was greater at 100% RH 

compared to 35% RH (McWhorter and Jordan 1976). At 38° 0, the reverse 

findings were observed. 

There are many biotic and abiotic factors that affect herbicidal efficacy 

and, therefore, result in vanability of weed control. Variable weed control has 

been observed with postemergence pynthiobac applications (Smith et al. 1997). 
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This variability could be the result of weeds that are too large at application, poor 

spray coverage, low pynthiobac rate, or some environmental factor. The 

objectives of this study were to: (1) examine the effect of temperature on 

pynthiobac field efficacy; (2) correlate these results with the thermal dependence 

of in vitro enzyme inhibition; (3) evaluate historic temperature data to examine 

the probability, duration and frequency of a temperature-based postemergence 

pyrithiobac application recommendation; and (4) produce computer images that 

visualize the thermal dependence of postemergence pyrithiobac efficacy. 
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CHAPTER II 

THERMAL DEPENDENCE OF PYRITHIOBAC 

EFFICACY IN AMARANTHUS PALMERP 

Introduction 

Pynthiobac is a soil- and foliar-applied herbicide used in Gossypium 

hirsutum L. (cotton) to control annual broadleaf weeds, including Amaranthus 

palmeri S. Wats (Palmer amaranth) (Altom et al. 1991; Dotray et al. 1996; 

Snipes and Allen 1992). Foliar applications of pyrithiobac are most effective 

when applied to young, actively growing seedlings 5 to 10 cm tall. However, 

inconsistent weed control by pyrithiobac has been observed since its commercial 

introduction in 1996 (Smith et al. 1997). This inconsistency may be a result of 

low pynthiobac rate, poor spray coverage, weeds that are too large at 

application, or some environmental factor. Environmental factors known to 

influence herbicidal performance include temperature, light, rainfall, soil 

moisture, and humidity (Malefyt and Quakenbush 1991). 

On the Texas Southern High Plains, air temperatures from 5 to 43° C 

occur dunng a typical growing season, and daily air temperature fluctuations of 

20° 0 are common. In this environment, young, actively growing A. palmeri \n 

close proximity to the soil surface can expenence extreme leaf temperatures due 

to solar radiation reflected or reradiated from the soil surface (Kramer 1983). 

Soil temperatures in an and environment can reach 70° C in direct sunlight 
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(Nobel 1991). Under such conditions, it is not unusual for leaf temperatures to 

exceed air temperatures by 10 to 15° C (Larcher 1995). Large thermal variation 

may contnbute to inconsistent weed control by pynthiobac. In controlled-

temperature expenments, Harnson et al. (1996) reported pynthiobac applications 

made at air temperatures of 25 and 30° 0 reduced Abutilon theophrasti W\e6\c. 

(velvetleaf) fresh weight more effectively than applications made at 35° 0. In 

these same expenments, pyrithiobac activity decreased when applied to A. 

theophrasti gro\N'\r\g in dry soil. 

There are several documented sources of thermal limitations on herbicide 

efficacy including uptake, translocation, and metabolism. High temperature can 

increase or decrease uptake through physiological or physical effects at the leaf 

surface (Devine et al. 1993; Pillmoor and Gaunt 1981; Pnce 1982). Temperature 

also may enhance phloem transport of assimilates and associated herbicide 

molecules, thereby affecting the translocation rate (Kirkwood 1987). 

Enzymatically catalyzed herbicide biotransformations known as conversion, 

conjugation, and compartmentalization are affected by changes in temperature 

(Hatzios 1997), causing herbicide activation or inactivation (Hatzios and Penner 

1982). The thermal dependence of active site inhibition, however, has not been 

previously investigated as a possible source of thermal limitation on herbicidal 

efficacy. Investigating this source is important because the mechanism of action 

for pyrithiobac is inhibition of acetolactate synthase (ALS; EC 4.1.3.18) (Du Pont 
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1994), an obligatory chloroplastic enzyme in the synthesis of branched-chain 

amino acids (Shimizu et al. 1994a). 

The broad questions addressed by this research were: (1) Does 

pynthiobac field efficacy vary with application temperature? and (2) does in vitro 

ALS inhibition by pynthiobac differ over the range of temperatures expenenced 

by plants under field conditions? To answer these questions, the specific 

objectives were to: (1) monitor the thermal dependence of pyrithiobac field 

activity; (2) identify temperatures that correlate with optimum pynthiobac efficacy 

in A. palmeri an6 develop recommendations for pyrithiobac use under thermal 

vanation; (3) monitor the thermal dependence of ALS inhibition by pynthiobac 

over the temperature range that is representative of a field environment; and (4) 

examine the feasibility of predicting the thermal dependence of herbicidal 

performance from enzyme inhibition kinetics. The authors acknowledge that at 

least one field vanable, soil water content, could have been minimized in this 

study through penodic irngation. However, the goal of this expenment was to 

observe pyrithiobac activity under conditions where a typical producer would be 

making applications. 

Materials and Methods 

Field Efficacy 

To produce plants at the 5 to 10 cm tall throughout the growing season, 

eight plots (9 m )̂ were independently and sequentially cultivated throughout the 
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1996 and 1998 growing seasons. The soil type was an Acuff sandy clay loam 

(fine loamy, mixed, thermic Aridic Paleustoll), pH 7.8, and organic matter < 1%. 

Amaranthus palmeri seed germinated from native seed bank populations in the 

soil using either rainfed conditions or supplemental irngation. When the plants 

reached 5 tolO cm tall, one-half of each plot was treated with pynthiobac^ at 105 

g ai ha'V Applications were made using a backpack sprayer calibrated to deliver 

140 L ha'̂  with 8002 nozzles. A crop oil concentrate^ at 1% (v/v) was applied 

with all treatments. The remainder of each plot served as the nontreated control. 

Applications made in this manner resulted in 16 independent replications over 

space and time. 

To provide a range of application temperatures, pyrithiobac was applied at 

vanous times of day (8:45 A.M. to 5:30 P.M.) and vanous times of the season 

(late June to mid-September) to populations of A. palmeri in the field. Plant/soil 

scene temperature (heat energy within the field of view of a sensor aimed at the 

leaf surface but that may include a small percentage of the soil surface) was 

monitored with IRt/c sensors'̂  (Figure 2.1), and air temperature was monitored 

with a standard thermocouple. The temperature was observed every second, 

and the average temperatures for the previous 15-min interval were recorded 

continuously by a data logger^ throughout the entire expenment. Continuous 

temperature measurements were recorded to determine the correlation between 

pynthiobac activity and plant/soil scene temperature before, at, and after 

application. Plant samples (10 to 20 per application) were taken at the time of 
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Figure 2.1. Image of IRt/c used to observe plant/soil scene temperature. 
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pynthiobac application to establish an average baseline dry weight. A second 

set of plant samples (10 to 20 per application) was harvested from the treated 

and nontreated sections of each plot 14 d after application. The 14-d interval 

was used because pyrithiobac is a slow-acting herbicide with control achieved 14 

to 28 d after application (Du Pont 1998). Pyrithiobac field activity was expressed 

as a percentage of accumulated dry weight using the equation: 

Treated Dry Weight - Baseline Dry Weight 

Non - treated Dry Weight - Baseline Dry Weight 
X 100, 

Effective pynthiobac activity was indicated by a small percentage of 

accumulated dry weight. 

Enzyme Inhibition 

ALS was extracted using a modification of a method descnbed by Shimizu 

et al. (1994a). Amaranthus palmer^ (approximately 30 g) was homogenized for 

5 min in a pre-chilled mortar and pestle in two volumes/weight of buffer 

consisting of 100 mM KH2PO, at pH 7.5, 0.5 mM MgCl2, 10% glycerol (v/v), 

0.02% (w/v) NaN02, 1 mM ethylenediaminetetraacetic acid (EDTA), and 5mM 

dithiothreitol (DTT). Twenty-five percent (weight/tissue weight) of 

polyvinylpolypyrrolidone (PVPP) was added to facilitate homogenization. The 

extract was filtered through eight layers of cheesecloth and centrifuged at 20,000 

X g for 30 min at 4° C. The supernatant fraction was filtered through filter 
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paper^ The ammonium sulfate precipitation used by Shimizu et al. (1994a) was 

omitted because it decreased enzyme activity in our study (data not shown). 

The supernatant fraction was passed immediately through a BioRad 10DG 

column^ The equilibration buffer consisted of 100 mM KH2PO4 (pH 7.5), 0.5 

mM MgClg, and 10% (v/v) glycerol. The extract was frozen at -80° 0 until 

assayed. Enzyme activity was stable for 1 mo under these conditions (data not 

shown). 

ALS activity was assayed with six pyrithiobac^ concentrations (0, 10, 25, 

50, 125, and 500 nM) and six pyruvate concentrations (0.5, 1, 2, 5, 10, and 20 

KM) at nine temperatures (10 to 50° C in 5° 0 increments). The apparent K̂^ 

values (in mM of pyruvate) determined for temperatures from 10 to 50° C were: 

3.5, 3.0, 2.3, 2.4, 4.8, 5.4, 5.6, 8.3, and 12.8 (data not shown). Assays were 

performed in 96-well microtiter plates with three replications per treatment. Each 

well contained ^0/j\oi the appropnate pynthiobac solution (0 to 500 nM) in 20 

mM KH2PO4 buffer (pH 7.5), 10 |il of 20 mM KH2PO4 (pH 7.5) buffer containing 

0.5 mM MgCl2, 10 mM thiamine pyrophosphate chlonde (TPP), 10/yM flavin 

adenine dinucleotide (FAD), and varying pyruvate concentrations (0 to 20 KJ. 

One pyruvate concentration (with the full complement of pyrithiobac 

concentrations) per microtiter plate was used with six simultaneous assays 

incubated at a given temperature. Twenty microliters of enzyme extract were 

added to initiate the reaction. The reactions were terminated at 0, 15, 30, 60, 

and 120 min with 10/;l of 6.25% H2SO4 After the final termination, the microtiter 
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plates were placed in a 60° C oven for 15 min to decarboxylate the acetolactate 

to acetoin. One hundred microliters each of 0.5% (w/v) creatine in ultrapure 

water and 5% (w/v) 1-naphthol in 2.5 N NaOH were added to each well, and the 

plate was placed in a 60° C oven for an additional 15 min. The assay was 

cooled to room temperature (approximately 15 min) and the absorbance was 

read at 520 nM with a plate reader^°. 

Because highly active inhibitors like pynthiobac are utilized at low 

concentrations in enzyme assays, a portion of the compound may be inactivated 

by nonspecific binding to contaminating proteins (Durner and Gailus 1993). 

Therefore, crude extracts are best used to determine the relative inhibitor 

potency (I50) values instead of substrate- and time-independent inhibition 

constants. I50 values were determined by plotting velocity at saturating pyruvate 

concentration (20 KJ against pynthiobac concentration. A line interpolated to 

connect these points was fit to the data (KaleidaGraph 1997). The inhibitor 

concentration at the point where velocity was half that of the velocity achieved in 

the absence of pynthiobac was determined to be the I50 value. The process was 

repeated at each assayed temperature. 

Results and Discussion 

Field Efficacy 

To assess the thermal dependence of pyrithiobac activity, the plant/soil 

scene temperature at the time of application was used. Mean temperatures for 
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vanous time intervals before, at, and after the application were investigated but 

showed decreasing correlation with increasing interval length. The temperature 

at application was used because it exhibited the highest correlation with 

pyrithiobac efficacy (data not shown) and because this is the temperature readily 

available to producers. The temperature remained within ±2.5° 0 of the 

application temperature for a minimum of 45 min following application but 

frequently, for penods approaching 3 h (data not shown). Temperature at the 

time of herbicide application was vanable; the lowest application temperature 

was 21 ° C, and the highest was 48° C (Figure 2.2). There was no seasonal 

pattern in the application temperatures, indicating that the occurrence of 

temperature extremes was distnbuted randomly over application dates. Eight of 

the sixteen applications occurred at temperatures between 30 and 35° 0, four 

occurred below 30° C, and four occurred above 35° 0. 

Accumulated dry weight for the 2-wk interval following pyrithiobac 

applications ranged from 3 to 38% in 1996 and from 0 to 72% in 1998 (Figure 

2.3). The best activity in 1996 was obsen/ed following a pynthiobac application 

made August 26, where accumulated growth was only 3% of the nontreated. 

The plant/soil scene temperature at application was 21° C. The poorest 

pyrithiobac activity in 1996 was observed following a pyrithiobac application 

made August 2, where accumulated growth was 38% of the nontreated, and 

plant/soil scene temperature at application was 48° C. In 1998, the greatest 

pyrithiobac activity occurred on August 17, with accumulated growth of 0% and a 
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Figure 2.2. Plant/soil scene temperatures at pyrithiobac applications in 
1996 and 1998. Temperature was monitored with Exergen 
IRt/c.TX infrared thermocouples. Temperature 
measurements were observed every second and the 
average temperature for the previous 15-minute interval was 
recorded by a Campbell Scientific 21X datalogger. 
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Figure 2.3. Accumulated dry weight of Amaranthus palmeri ^ A d 
following pyrithiobac field applications in 1996 and 1998. 
Percentage of accumulated dry weight was expressed using 
the equation: [((Treated dry weight - Baseline dry weight)/ 
(Non-treated dry weight - baseline dry weight)) x 100] 
(equation 1). Low percentages correspond with acceptable 
pynthiobac activity. 
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plant/soil scene temperature of 21° C. The poorest activity for 1998 occurred on 

June 26, where accumulated growth was 72%, and plant/soil scene temperature 

was 48° 0. Thus, the growth of A. pa/mer/following pynthiobac applications 

vaned, with the minimum accumulated dry weight less than 5% and the 

maximum accumulated dry weight exceeding 35% in both years. Treatments 

demonstrating the minimum accumulated dry weight were necrotic at the end of 

the 14-d assessment period, while treatments in the maximum accumulated dry 

weight range were growing vigorously at the final assessment date. The 

obsen/ed efficacy differences did not appear to be seasonal, as evidenced by 

applications made on the same day (177 and 211) where accumulated dry 

weight differed substantially. 

The relationship between the dry weight accumulation data and estimates 

of herbicide efficacy is not easily quantified. In terms of efficacy determinations, 

accumulated dry weight of less than 10% of the nontreated plants was defined 

as acceptable A. palmeri control by pynthiobac, while accumulated dry weight 

exceeding 10% of the nontreated plants was defined as unacceptable control 

(Figure 2.4). 

A relationship between accumulated A. palmeri dry weight following 

pynthiobac applications and the plant/soil scene temperature at application is 

shown in Figure 2.5. A second-order polynomial curve fit (KaleidaGraph 1997; 

F^= 0.90) to the data allowed the identification of a temperature range where 

accumulated dry weight 14 d after application was less than 10%. The 10% 
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Figure 2.4. Images of poor pyrithiobac activity (top) and acceptable 
pyrithiobac activity (bottom). 
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Figure 2.5. Accumulated dry weight of Amaranthus palmeri diS a function 
of plant/soil scene temperature at time of pyrithiobac 
application. Equation 2: Y = 66.752-5.182X-H 0.103X2; R̂  
= 0.90. The honzontal arrow delineates 10% accumulated 
dry weight, a value determined to be acceptable Amaranthus 
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(34° 0) where acceptable control intersects curve fit to data 
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field applications of pyrithiobac. 
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cntenon previously established results in a thermal range for acceptable control 

of A. palmeri by pyrithiobac from 20° 0 to 34° C. We cannot speculate on 

herbicidal efficacy below 20° 0 because there was no time dunng the two 

growing seasons where A. pa/mer/germinated and was actively growing when 

the plant/soil scene temperature at herbicide application was below this 

threshold. 

Enzyme Inhibition 

The relative potency of pynthiobac on ALS vaned with assay temperature 

(Figure 2.6). The lowest obsen/ed I50 value was 6.4 nM at 30° C, and the highest 

obsen/ed I50 was 22.5 nM at 50° 0. These I50 values represented greater than 

threefold differences in inhibition efficiency. I50 value differences of this 

magnitude for in vitro inhibition by the ALS inhibitors imazapyr, imazethapyr, and 

flumetsulam have been observed between resistant and susceptible biotypes of 

Sonchus oleraceus L. (annual sowthistle) (Boutsalis and Powles 1995). These 

results suggested that temperature might alter pyrithiobac inhibition of ALS. 

An oveday of the curve fit for field activity onto the I50 values is shown in 

Figure 2.7. Trends in the thermal dependencies for field activity and inhibition 

efficiency indicated decreases in both as temperature increased. There was a 

transition in field activity that occurred at 34° C. Likewise, the rate of increase in 

I50 values rose sharply above 35° 0. The most rapid increase in both I50 value 

and accumulated dry weight occurred between 40 and 50° C. Linear regression 
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Figure 2.6. Thermal dependence of the relative inhibitor (I50) values of 
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dry weight and the I50 values increased rapidly above 34° C. 
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(KaleidaGraph 1997) of the data points from the curve fit to the field activity with 

corresponding I50 values was highly correlated (/^=0.88) (Figure 2.8). 

Burke et al. (1988) used the thermal dependence of the apparent K̂ , to 

develop a thermal kinetic window (TKW) that represents the optimal temperature 

range for the function of an enzyme. The TKW was based on the decrease in 

reaction rate that occurs when the apparent K,̂ , increases as a result of 

temperature variation. Previous work reported TKWs for enzyme activity of 

glutathione reductase (Mahan et al. 1990) and glyoxylate reductase (Burke et al. 

1988) from several species. They proposed that the thermal dependence of 

enzyme kinetic parameters provided a means for predicting the effects of 

thermal stress on metabolism. To the authors' knowledge, this technique has 

never been applied to enzymes that are the target site for herbicide inhibition. 

While the relationship between the apparent K^and the reaction velocity 

can be analyzed in a relatively straightfonA/ard manner (Mahan 1994), the 

relationship between an I50 value and a predicted reaction velocity is not as 

simple. The difficulty exists because there is no direct relationship between an 

I50 value and the inhibition constants (K,3, K,3**, K,„ K,;*) required to calculate a 

given reaction velocity. ALS inhibition kinetics are relatively complicated and are 

based on a two-step, slow-binding, mixed-type inhibition that combines initial 

and final steady-state inhibition as well as substrate-dependent and substrate-

independent inhibition (Shimizu et al. 1994b). Therefore, while there was a clear 

correlation between the thermal dependencies of field activity and in vitro 
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enzyme inhibition, the establishment of a quantitative relationship between the 

two cannot be derived from the results of these expenments. Inhibition of 

glutamine synthetase might be a better system to examine the effect of 

temperature on herbicidal efficacy at the whole-plant and enzymatic levels. 

Glutamine synthetase is a good candidate because the inhibition constants are 

easily obtained (Logusch et al. 1991), and activity is safely measured using a 

malachite green colorimetric assay (Rees et al. 1995). 

There are numerous mechanisms by which temperature can alter 

herbicide efficacy. In addition to thermal influences on enzyme/inhibitor 

reactions, temperature effects on herbicide uptake, degradation, and 

translocation also may be involved in the vanable weed control obsen/ed in field 

applications of pynthiobac. Weeds grown under drought stress or low relative 

humidity tend to develop heavy cuticle that is less penetrable (Furtick 1977); 

however, high temperature and humidity conditions have been consistent with 

greater cuticle permeability (Kirkwood 1987). Higher relative humidity has been 

shown to increase herbicide uptake (Kent et al. 1991; Lym 1992; Willingham and 

Graham 1988), possibly through maintenance of the available form of the 

herbicide or movement of the herbicide through swollen hydrophilic pores 

(Devine et al. 1993). Studies have shown that the effect of humidity is reduced 

by the addition of a surfactant (Kudsk et al. 1990). Additionally, increases in 

temperature cause a concomitant nse in the diffusion coefficient of a solute in a 

membrane but can either increase or decrease the membrane/solution partition 
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coefficient (Schonherr and Baur 1996). In studies on evaporation and uptake of 

2,4-D from Hordeum vulgare L. (badey) leaves, temperature was shown to affect 

evaporation, whereas uptake was largely unaffected. This could be because 

vapor release from herbicide deposits was minimized by an increased rate of 

uptake at higher temperatures (Breeze et al. 1992). 

Inside the leaf, herbicidal activity is dependent upon transport to the site 

of action. Any process that affects the gradient of herbicide across the 

plasmalemma will affect the rate and extent of cuticle penetration (Pillmoor and 

Gaunt 1981). Therefore, increased metabolic activity in the plant at high 

temperatures may result in greater herbicide absorption due to increased phloem 

loading. Temperature also may affect photosynthesis and therefore the 

transport of assimilates together with a herbicide to the metabolic sinks within a 

plant (Kirkwood 1987). It must be recognized that although it may take longer for 

a critical herbicide concentration to be reached in plants growing under adverse 

conditions, if that critical concentration is eventually reached, equal control may 

result (Coupland 1983). 

Whether inactivation occurs in transport to the active site or at the site of 

action, degradation of an herbicide within the plant potentially serves to reduce 

its efficacy. Changes in thermal conditions may modify herbicidal toxicity by 

affecting the rate of herbicide degradation in a stressed plant (Hatzios and 

Penner 1982). Where the metabolic activity of the weed is depressed due to 

supra- or suboptimal temperatures, the toxic effect of an herbicide could be 
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reduced (Furtick 1977). However, deactivation of some herbicides may occur 

more rapidly as temperatures increase (Malefyt and Quakenbush 1991). 

Regardless of the mechanism, the field efficacy data suggested a 

relationship between the plant/soil scene temperature at the time of application 

and pynthiobac activity. While plant/soil scene temperatures of 20 to 34° C 

were correlated with the greatest A. palmeri control, recommendations for 

pynthiobac applications based on plant/soil scene temperature may not be very 

useful to producers because such information is not readily accessible. 

Evaluation of plant/soil scene temperatures between 20 and 34° C showed that 

for 91% of the data points, the air temperature was ±2.5° C of the plant/soil 

scene temperature. Linear regression of air temperature against plant/soil scene 

temperatures between 20 and 34° C was correlated at f?̂  = 0.84 (Figure 2.9). 

Therefore, air temperature should provide an adequate estimate of plant/soil 

scene temperature within the recommended application range for acceptable 

weed control by pyrithiobac. 

While the results of the field analyses indicated greater A. palmeri control 

when applications were made at temperatures between 20 and 34° C, utility of 

this recommendation will be dependent on the frequency of temperatures that 

fall outside the recommended thermal range. Preliminary evaluation of archival 

environmental data indicated that the recommended thermal range occurs dunng 

60 to 80% of the daylight hours in a typical growing season. Therefore, 20 to 

66 



50 

40 -

O 
0 

(D 
Q . 

E 
0) 

30 -

10 

0 

1 
1 

1 

— 

— 

-

-

-

-

-

_ 

" 

% • • 

-JL-' 

' ' ' 1 1 1 1 1 1 • • • ' • • ' • • ^ ^ ^ , 

* • . s ' ' » • - • : . • " 

••••^^^M^t^-'-
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^^M ^ ^ ^ ^^M ^^M ^^B • -^^c^' ^i^^K^^y*'^l^i^l -• •»- ' ' ̂ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 

^^^ ^^^ ^^^• ^^^r^^r^^^^t3^^>r^•^^^•• ^^^^- • ̂ ^^ ^^^ ^^^ ^^^ 

;.::î fr̂ '̂ '' 
. N • - ' ' ' ,^>"^'fflK'K" •' • 

-'"•<^iWP^'-'--
. -" • . • . • • • ,^ i jK?^ . ' ' 

'"•'•'j*3^BB?". • • 

• ••'•••^'^^Wy^i" 

.^f^^'^-

. • • • • m y ' 

• • • • • . i ^ ' 

• ^^!^iiS^••' 

. -^ 

-

— 

— 

-

— 

-

-

_ 

-

~ 

-

~ 

0 10 20 30 40 50 60 

Plant/Soil Scene Temperature (C) 

Figure 2.9. Scatter diagram of air temperature against plant/soil scene 
temperature. Linear regression of air temperature against 
plant/soil scene temperatures between 20 and 34° C was 
correlated at R̂  = 0.84. Equation 4: 1.2788 + 0.96573X. 
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40% of pyrithiobac applications are potentially adversely affected by application 

temperature. 

The effects of the soil water status on herbicidal efficacy also cannot be 

ignored. Low soil moisture content at the time of herbicide application has been 

shown to reduce herbicidal efficacy in controlled-environment expenments with 

bipyndilium and aryloxyphenoxypropionate herbicides (Wilcox et al. 1987). 

However, imazamethabenz, a postemergence ALS-inhibiting herbicide like 

pynthiobac, expressed no significant differences in activity between plants under 

well-watered and drought conditions (Xie et al. 1997). Therefore, the 

temperature recommendation to achieve acceptable control should acknowledge 

the label instructions to make applications when soil moisture is adequate. 

The results of this study are important in several respects. First, we 

documented the thermal dependence of pyrithiobac efficacy in A. palmeri an6 

provided recommendations for an application temperature range that could 

enhance field performance of the herbicide. Second, a mechanism that may 

contnbute to the thermal dependence of the herbicide under field conditions was 

identified. The relative potency of the reaction between the enzyme and its 

inhibitor was found to be thermally dependent. Third, the observed relationships 

among temperature, pynthiobac efficacy, and ALS inhibition suggested that in 

vitro analysis of enzyme inhibition kinetics may provide insight into the thermal 

dependence of its efficacy in the field. 
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Notes 

^Contnbution of the Department of Plant and Soil Science, College of 
Agncultural Sciences and Natural Resources, Texas Tech University, publication 
T-4-446. This work was supported, in part, by funding from the Institute for 
Research in Plant Stress, College of Agncultural Sciences and Natural 
Resources, Texas Tech University. 

^Pyrithiobac (Staple 85 WP), E.I. du Pont de Nemours and Company. 
Agricultural Products, Wilmington, DE 19898. 

^Agn-Dex, an 83% paraffin-based petroleum oil with 17% 
polyoxyethylated polyol fatty acid ester and polyol fatty acid ester, Helena 
Chemical Co., 5100 Poplar Avenue, Memphis, TN 38137. 

^Rt/c.TX infrared thermocouple, Exergen Corporation, One Bndge Street, 
Newton, MA 02158. 

^Model 21X data logger, Campbell Scientific, P.O. Box 551, Logan, UT 
84321. 

^Amaranthus palmeri plants (5 to 10 cm tall) harvested in Becton, TX, 
were frozen with liquid nitrogen and stored at -80° C until extracted. 

^Whatman No.1 filter paper, Whatman International Ltd., St. Leonard's 
Road, 20-20, Maidstone, Kent, England ME 160 LS. 

^BioRad 10DG column, BioRad Laboratories, 2000 Alfred Nobel Drive, 
Hercules, CA 94547. 

^Pyrithiobac, technical grade (99.9%), E.I. du Pont de Nemours and 
Company, Agricultural Products, Wilmington, DE 19898. 

'°Model MR5000 plate reader, Dynatech, Chantilly, VA 20151. 
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CHAPTER III 

EVALUATION OF POSTEMERGENCE PYRITHIOBAC 

EFFICACY BASED ON THERMAL 

APPLICATION RECOMMENDATION 

Introduction 

Pynthiobac was the first postemergence topical herbicide registered for 

use in Gossypium hirsutum L. (cotton) that effectively controlled annual broadleaf 

weeds, including Amaranthus palmeri S. Wats (Palmer amaranth), Xanthium 

strumarium L. (common cocklebur), and Ipomoea spp. without crop injury (Turner 

and Allison 1997; Mitchell 1996; Crawford 1993). Label recommendations state 

that postemergence applications of pynthiobac be made to young, actively-

growing seedlings 0.6 to 10 cm in height (DuPont 1998). However, even in 

instances where producers have followed the label recommendations regarding 

growth stage of the target species, inconsistent weed control by pynthiobac has 

been observed since its commercial introduction in 1996 (Smith et al. 1997). 

Inconsistency in postemergence weed control may be attnbuted to many 

factors, including improper application, nutnent status or stress level of the weed, 

growth stage at the time of herbicide application, chemical reactions with other 

pesticides, water quality, presence of surfactants or adjuvants, herbicide 

formulation, and environmental factors. Environmental factors known to 
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influence herbicidal performance include temperature, light, rainfall, soil 

moisture, and humidity (Malefyt and Quakenbush 1991). 

Because temperature can affect herbicide uptake, degradation, 

translocation, and enzyme activity, it has been a key parameter investigated as a 

source of vanability for foliar applications of herbicides inhibiting acetolactate 

synthase (ALS). Growth chamber studies examining MON 37500 applications to 

Aegilops cylindrica Host, (jointed goatgrass) and Avena fatua L. (wild oat)showed 

that absorption and translocation were greatest in A. fatua under a 15/13° C 

regime, but greatest in A. cylindrica under a 25/23° C temperature regime (Olson 

et al. 1999). These differences were attnbuted to variations in cuticle viscosity 

and cuticular wax at different temperatures. The absorption and translocation of 

pnmisulfuron in Setaria faberi Herrm. (giant foxtail) and Agropyron repens (L.) 

Beauv. (quackgrass) were greater in cool-moist environments than in hot-dry 

environments (Morton and Harvey 1994). Nicosulfuron control of A. repens 

declined as air temperature increased (Bruce et al. 1996), and efficacy 

differences could not be explained by differential absorption, translocation, or 

accumulation in individual plant parts. Expenments examining the effect of air 

temperature on pnmisulfuron and nicosulfuron metabolism in Brachiaria 

platyphylla (Gnseb.) Nash (broadleaf signalgrass) showed that at high 

temperatures, 90% of the pnmisulfuron and only 7% of the nicosulfuron had 

been metabolized to nonphytotoxic compounds 72 h after treatment (Gallaher et 

al. 1999). A recent study has shown that pyrithiobac inhibition of A. palmeri ALS 
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occurred most efficiently at 30° C (Light et al. 1999a). Pyrithiobac inhibition 

efficiency decreased as temperatures increased to 50° 0 or decreased to 10° C. 

Cleady, whatever the mechanism for herbicide activity, temperature is an 

important factor affecting postemergence herbicides. 

Previous field studies have shown that pynthiobac efficacy evaluated over 

two growing seasons on the Texas Southern High Plains was correlated with air 

temperature at the time of application (R^ = 0.90) (Light et al. 1999b). Based on 

these studies, a temperature-based recommendation that provided greater than 

90% reduction in dry weight 14 d after postemergence pyrithiobac applications 

was created. This thermal-based recommendation suggests that 

postemergence pyrithiobac applications be made when air temperatures are 

between 20 and 34° 0. However, the potential utility of this recommendation to 

producers has not been examined. 

Since a great deal of capital investment is associated with climate-related 

farm management decisions, ideally these decisions should be based, in part, on 

a quantitative analysis of long-term climatic records (Meyer et al. 1996). 

Empincal analysis of climate data can be made by determining the probability, 

duration, and frequency of an environmental parameter (Sivakumar 1992). 

Additionally, computer visualization of climatic data provides a means of 

improving communication in pest management planning processes (Lynch et al. 

1994). Spatial analysis has been utilized to visually interpret crop growth, 

development, and yield (Thorton et al. 1997; Engel et al. 1997), trends and 
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fluctuations in annual precipitation (Garbrecht and Fernandez 1994), results of 

timber harvests (McGaughey 1998), nonpoint source pollution (Snnivasan and 

Engel 1994), and groundwater vulnerability to pesticide contamination (Soutter 

and Pannatier 1996). 

The objectives of this study were to: (1) determine the probability of 

occurrence of the thermal-based recommendation for postemergence 

pyrithiobac applications dunng the growing seasons from 1989 to 1999; (2) 

determine the duration and duration frequency of the temperature-based range 

dunng the 1989 to 1999 growing seasons; and (3) investigate the utility of using 

computer visualization to convey the significance of postemergence pyrithiobac 

efficacy thermal dependence. 

Materials and Methods 

Air temperature was monitored with a standard Type J thermocouple\ 

The temperature was observed every second and averaged and recorded every 

15 min using a data logger^. Data were compiled from as early as May 15 

through August 15 in the 1989 to 1999 growing seasons. A cut-off date of 

August 15 was established because it represented the last time a 

postemergence pynthiobac application would be made on the Texas Southern 

High Plains (Keeling 1999). 

The air temperature data were filtered for temperatures between 20 to 34° 

C and times between 8:00 A.M. to 8:00 P.M. using Microsoft* Excel (Microsoft 
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1997) to determine the daily duration of the thermally-based recommended 

application range for postemergence pyrithiobac applications. The 8:00 A.M. to 

8:00 P.M. time interval was used because this represented the majonty of 

daylight hours dunng a typical growing season when applications would be 

made. Probability was calculated by dividing the annual sum of hours within the 

range by the sums of total hours evaluated in a given growing season. 

Frequency of each given duration was determined by the number of days in each 

year where the applicable inten/al fell within the specified length of time. 

Three-dimensional computer visualizations of the thermal dependence of 

pyrithiobac efficacy were made on a Silicon Graphics® computer using 

Fledermaus® software (IVS 1996). The x-axis represented the Julian calendar 

day, the y-axis represented the military time of day and the z-axis represented 

the air temperature. An ovedaying color map was created by technicians at IVS, 

Inc. The color blue represented temperatures below 20° 0. Temperatures 

above 34° C were represented in red, and temperatures within the 

recommended postemergence pynthiobac application range were represented in 

green. 

Results and Discussion 

The probabilities of occurrence of the thermal-based postemergence 

pyrithiobac application recommendation are listed in Table 3.1. The highest 

percentage of hours inside the temperature range occurred in 1993 when 93% of 
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Table 3.1. Probability of occurrence of postemergence pynthiobac 

Year 

1999 

1998 

1997 

1996 

1995 

1994 

1993 

1992 

1991 

1990 

1989 

Julian calendar 
days analyzed^ 

135 to 227 

135 to 227 

156 to 227 

166 to 227 

174 to 227 

160 to 227 

160 to 227 

160 to 227 

155 to 227 

158 to 227 

171 to 227 

Hours 
(8:00 A.M. 
to 8:00 P.M.) 
inside range 

% 

78 

64 

84 

59 

73 

85 

93 

88 

93 

74 

87 

Days 
completely 
out of range 

2 

1 

2 

0 

1 

0 

0 

0 

0 

2 

1 

Total 
days 

93 

93 

72 

61 

53 

68 

68 

68 

73 

69 

56 

Dates were analyzed from the first date available on data provided by 
technicians at USDA-ARS in Lubbock, TX to August 15 in each year. 

79 



the daylight hours were inside the 20 to 34= 0 range. The lowest percentage of 

hours out of temperature range occurred in 1996 when only 59°o of the daylight 

hours were inside the recommended application range. On average, 

temperatures are within the recommended application range 80°b of the daylight 

hours. In every year when an entire day fell outside the temperature range, this 

was the result of temperatures below 20° C. These data provide an overview of 

the nsk of making a postemergence pynthiobac application that provides 

inadequate weed control and indicate that in some years this risk is high. 

To further evaluate the nsks, the frequency and duration of occurrence of 

the temperature-based postemergence pyrithiobac application recommendation 

range are shown in Table 3.2. The recommended application range lasted for a 

penod exceeding 8 h on 22 of the 62 d evaluated in 1996. However, in 1991 the 

recommended application range lasted for a penod exceeding 8 h on 69 of the 

74 d evaluated. These data show that in some years, postemergence 

pyrithiobac applications would be limited by air temperature at the time of 

herbicide application if the temperature-based application recommendation were 

followed. These results are similar to those found by Sivakumar (1992) who 

showed that sowing field crops with first rains before June 1 in West Afnca is 

considerably more nsky than the penod after June 1. 

The annual breakdown of temperatures outside the recommended 

postemergence pynthiobac application range is shown in Table 3.3. In 1999 and 

1992, there were even distnbutions of temperatures exceeding 34° 0 and 
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Table 3.2. Frequency and duration of recommended postemergence 
pyrithiobac application temperature range. 

Year 

1999 

1998 

1997 

1996 

1995 

1994 

1993 

1992 

1991 

1990 

1989 

<2 

2 

1 

2 

0 

1 

0 

0 

0 

0 

2 

1 

>2 and <4 

1 

6 

0 

12 

4 

1 

0 

0 

0 

3 

0 

Hours 

>4 and <6 

10 

25 

2 

18 

5 

7 

1 

3 

2 

11 

2 

>6 and <8 

15 

25 

11 

10 

8 

5 

2 

6 

2 

8 

3 

>8 

65 

36 

57 

22 

36 

55 

65 

59 

69 

46 

51 

Total 
days 

93 

93 

72 

61 

53 

68 

68 

68 

73 

69 

56 
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Table 3.3. Yearly breakdown of temperatures outside recommended 
temperature range. 

Year 
Number of 
hours >34° C 

Number of 
hours < 20° 0 

1999 

1998 

1997 

1996 

1995 

1994 

1993 

1992 

1991 

1990 

122 

349 

55 

294 

135 

101 

24 

47 

8 

152 

121 

56 

85 

13 

26 

24 

33 

49 

57 

71 

Total hours 

243 

405 

140 

307 

161 

125 

57 

96 

65 

223 

1989 19 73 92 
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temperatures below 20° C. In 1996 and 1998, temperatures outside the 

application range were predominantly above 34= C. Conversely, temperatures 

below 20° 0 dominated the percentages outside the range in 1989 and 1991. 

These data indicate that in some years, the influence of hot temperatures would 

be a major factor limiting postemergence applications that provide acceptable 

weed control, while in other years this influence would be minimal. This is 

important because field studies confirmed the impact of high temperatures on 

pyrithiobac efficacy (Light et al. 1999b). Although no field studies have 

examined pynthiobac efficacy at temperatures below 20° C. the impact of low 

temperatures may also be important due to decreased pynthiobac inhibition 

efficiency (Light et al. 1999a). 

A closer examination of the impact of high temperatures can be made by 

considenng the number of consecutive days with temperatures greater than 34° 

C for penods of 2 h or more (Table 3.4). In 1996 there were three times when 

the number of consecutive days with temperatures exceeding 34° 0 was at least 

10 d, whereas in 1998 there were two times when the number of consecutive 

days with temperatures exceeding 34° C was 10 d or greater. In 1991, there 

was only one time when temperatures exceeded 34° C for more than 2 h and 

this occurred on two consecutive days. Years with "hot spells" or long penods of 

times with temperatures exceeding 34° C may require producers to limit 

pynthiobac applications from eady morning to early afternoon and forego late 

afternoon to early evening applications altogether. If the producer waits for the 
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Table 3.4. Number of consecutive days with temperatures > 34= 0 for periods 
of > 2 h. 

Number of Stretch^ 
Year 1 2 3 4 5 6 7 8 9 1 0 1 1 

1999 1 1 2 3 1 4 4 2 6 -

1998 4 1 8 2 2 15 1 1 4 6 2 3 

1997 2 5 1 2 2 1 

1996 10 10 2 3 6 11 5 - - - -

1995 1 2 9 1 3 5 2 - - - -

1994 1 1 11 1 2 3 

1993 2 2 1 1 -

1992 2 1 3 3 -

1991 2 - - - -

1990 15 6 2 1 -

1989 2 1 - - -

^Stretch is a penod of consecutive days which begins with the first day when 
temperatures exceed 34° C for more than 2 h and ends with the last consecutive 
day of such temperatures. The numbenng of stretches continues throughout the 
season as such time penods occur. 
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"hot spell" to pass, the target species may grow beyond the recommended height 

at application for optimum pynthiobac efficacy. Postemergence pynthiobac 

applications made to weeds beyond the proper growth stage have been shown 

to result in less than acceptable weed control (Jordan et al. 1993). 

The frequency and duration of temperatures exceeding 34° 0 is shown in 

Table 3.5. In 1998 there were a total of 61 d where the temperature exceeded 

34° C. On 27 of those 61 d, the duration was for a period greater than 6 h. In 

1991, there were only 2 d when the temperature exceeded 34° C and only once 

was the duration in excess of 6 h in length. On average, there were 8.5 d when 

the temperature exceeded 34° C for more than 6 h. These long penods of 

temperatures exceeding 34° 0 may be significant because greater than 6 h 

durations mean that more than half of the daylight hours are outside the 

recommended application range. This would provide a narrow window for 

applications which may be impractical for producers who have a large number of 

acres infested with weeds. 

To further investigate the influence of low temperatures. Table 3.6 shows 

the number of consecutive days with temperatures below 20° C for periods of 2 h 

or more. In 1999. there were two times when the number of consecutive days 

with temperatures below 20° 0 lasted for a penod of more than 5 d. In 1996, 

there was only one occurrence which lasted for one day when the temperatures 

fell below 20° C for a penod of more than 2 h. These data show that extended 

penods with temperatures below 20° C are not as common as extended penods 
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Table 3.5. Frequency and duration of temperatures > 34° 0 

Year 

1999 

1998 

1997 

1996 

1995 

1994 

1993 

1992 

1991 

1990 

<2 

2 

3 

3 

5 

7 

6 

2 

0 

1 

4 

>2 and <4 

8 

9 

6 

10 

7 

7 

4 

3 

0 

3 

Hours 

>4 am d <6 

11 

22 

5 

10 

8 

6 

2 

3 

0 

6 

>6 

6 

27 

1 

26 

8 

5 

0 

3 

1 

14 

Total 

days 

27 

61 

15 

51 

30 

24 

8 

9 

2 

27 

1989 0 0 
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Table 3.6. Number of consecutive days with temperatures < 20° C for penods 
of > 2 h. 

Number of Stretch^ 
Year 1 2 3 4 5 6 7 

1999 3 1 6 1 8 

1998 1 1 2 4 1 

1997 6 2 1 3 2 

1996 1 - - - . 

1995 1 1 2 - -

1994 1 1 1 - . 

1993 1 1 2 2 -

1992 2 1 1 1 1 

1991 2 1 1 1 2 

1990 2 1 2 2 1 

1989 2 1 1 1 1 

^Stretch is a penod of consecutive days which begins with the first day when 
temperatures fall below 20° 0 for more than 2 h and ends with the last 
consecutive day of such temperatures. The numbenng of stretches continues 
throughout the season as such time penods occur. 
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of high temperatures shown in Table 3.4. Additionally, these "cool spells" occur 

pnmanly in the early morning hours (data not shown). 

Table 3.7 shows the frequency and duration of temperatures below 20° C. 

In 1999, there were a total of 47 d when the temperature fell below 20° 0, but on 

26 of those days the low temperatures lasted for less than 2 h. On 11 d in 1995 

the temperature fell below 20= C and on 7 of those days, the duration of the cool 

penod was less than 2 h. On average, there were 21.2 d when the temperature 

fell below 20° C for less than 2 h. It is likely that the occurrence of these brief 

penods of time below 20° 0 would impact the efficacy of pyrithiobac. However, 

because these cooler temperatures predominantly occur in the early hours of the 

morning, producers could probably delay application a few hours. Air 

temperatures will likely increase so that they are within the recommended 

application range and remain within range for several hours following a 

postemergence pynthiobac application. 

To visually interpret the significance of the thermal dependence of 

pynthiobac efficacy, three-dimensional computer images were created. Figure 

3.1 shows an image visualizing the predicted efficacy in 1993 when 93°o of the 

daylight hours were within the recommended application range. Green is the 

dominant color and represents times favorable for postemergence pyrithiobac 

applications. Blue and red regions represents times when temperatures would 

not be favorable for postemergence pynthiobac applications. A visualization of 

predicted efficacy for 1996 is shown in Figure 3.2. In 1996, only 59% of the 
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Table 3.7. Frequency and duration of temperatures < 20° C 

Year 

1999 

1998 

1997 

1996 

1995 

1994 

1993 

1992 

1991 

1990 

1989 

<2 

26 

18 

18 

9 

7 

16 

20 

28 

33 

24 

34 

>2 and <4 

12 

5 

11 

1 

3 

2 

3 

5 

5 

7 

8 

Houi rs 

>4 and <6 

5 

3 

2 

1 

0 

0 

0 

2 

0 

1 

2 

>6 

4 

1 

2 

1 

1 

1 

11 

0 

1 

2 

1 

Total 
days 

47 

27 

33 

12 

11 

19 

24 

35 

39 

34 

45 

89 



Figures.! Computer visualization of predicted thermal dependence of 
postemergence pyrithiobac efficacy in 1993. The x-axis represents 
Julian calendar day, the y-axis represents military time of day, and 
the z-axis represents air temperature. The color overlay maps 
temperatures within and outside the recommended postemergence 
pyrithiobac application range. Red represents temperatures 
exceeding 34° C, blue represents temperatures below 20° 0, and 
green represents temperatures between 20 and 34° C. 
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Figure 3.2. Computer visualization of predicted thermal dependence of 
postemergence pyrithiobac efficacy in 1996. The x-axis represents 
Julian ĉ alendar day, the y-axis represents military time of day, and 
the z-axis represents air temperature. The color oveday maps 
temperatures within and outside the recommended postemergence 
pyrithiobac application range. Red represents temperatures 
exceeding 34° C, blue represents temperatures below 20° C, and 
green represents temperatures between 20 and 34° C. 
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daylight hours were inside the recommended application range; therefore, red is 

more predominant as compared to Figure 3.1. These visualizations may allow 

producers to perceive the probability of nsk associated with making applications 

outside the recommended postemergence pyrithiobac application temperature 

range. This technique is similar to that used by McGaughey (1998) to show the 

effect of proposed timber harvests in forestry operations. Their visualizations 

helped forest managers communicate their intentions to resource specialists and 

public stakeholders. 

Collectively, these results indicate that the probability of making a 

postemergence pyrithiobac application dunng a typical growing season that falls 

outside the recommended temperature range to achieve acceptable control is 

significant. Producers may enhance the probability of achieving acceptable 

weed control by confining postemergence pyrithiobac applications to times when 

the air temperature is within the recommended application temperature range of 

20 to 34° C. 
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Notes 

^Type J duplex wire thermocouple, Newport Electronics, Inc., 2229 S. Yale 
St., Santa Ana, CA 92704. 

^Model 21X, Campbell Scientific, P.O. Box 551, Logan, UT 84321. 

93 



Literature CitPri 

Bruce, J. A., J. B. Carey, D. Penner, and J. J. Kells. 1996. Effect of growth stage 
and environment on foliar absorption, translocation, metabolism, and 
activity of nicosulfuron in quackgrass {Elytrigia repens). Weed Sci. 
44:447-454. 

Crawford, S. H. 1993. Staple - a new overtop herbicide for cotton. Louisiana Ag. 
36:17. ^ 

Du Pont Product Label. 1998. Staple Product Label. H-63554. Wilmington. DE: 
Agncultural Products Department. E. I. du Pont de Nemours and 
Company. 

Engel, T., G. Hoogenboom, J. W. Jones, and P. W. Wilkens. 1997. AEGIS/WIN; 
a computer program for the application of crop simulation models across 
geographic areas. Agron. J. 89:919-928. 

Gallaher, K., T. C. Mueller. R. M. Hayes, O. Schwartz, and M. Barrett. 1999. 
Absorption, translocation, and metabolism of primisulfuron and 
nicosulfuron in broadleaf signalgrass {Brachiaria platyphylla) and corn 
Weed Sci. 47:8-12. 

Garbrecht, J. and G. P. Fernandez. 1994. Visualization of trends and fluctuations 
in climatic records. Water Resourc. Bull. 30:297-306. 

IVS. 1996. Fledermaus Software User's Guide. Toronto, ON: Interactive 
Visualization Systems, Inc. 

Jordan, D. L., R. E. Frans, and M. R. McClelland. 1993. Influence of application 
rate and timing on efficacy of DPX-PE350 applied postemergence. Weed 
Technol. 7:216-219. 

Keeling, J. W. 1999. Personal communication. Texas Agncultural Experiment 
Station, Lubbock, TX. 

Light, G. G., P. A. Dotray, and J. R. Mahan. 1999a. Charactenzation of 
acetolactate synthase in Palmer amaranth {Amaranthus palmeri). Proc. 
South. Weed Sci. Soc. 52:159. 

Light, G. G., P. A. Dotray, and J. R. Mahan. 1999b. Thermal dependence of 
pynthiobac efficacy in Amaranthus palmeri. Weed Sci. (In Press). 

94 



Lynch, A. M B . Or^nd, and T. C. Daniel. 1994. Data visualization: is it good for 
something? Pages 193-197 in Proceedings of the Society of American 
foresters National Convention. Bethesda, MD: Society of American 
Foresters. 

Malefyt T and L. Quakenbush. 1991. Influence of environmental factors on the 
biological activity of the imidazolinone herbicides. Pages 103-127 in D. L. 
Shaner and S. L. O'Connor, eds. The Imidazolinone Herbicides. Boca 
Raton, FL: CRC Press. 

McGaughey, R. J. 1998. Techniques for visualizing the appearance of forestry 
operations. J. For. 96:9-14. 

Meyer, S. J., S. A. Amen, and K. G. Hubbard. 1996. ClimProb: Software for 
assisting in climate-related decisionmaking. J. Prod. Agric. 9:352-358. 

Microsoft. 1997. Microsoft Office 97 User's Guide. Redmond, WA: Microsoft 
Corporation, pp. 531-544. 

Mitchell, W. H. 1996. Staple - a new cotton herbicide from DuPont. Pages 49-50 
in Proceedings of the Beltwide Cotton Conference, Nashville, TN. Jan. 9-
12, 1996. Memphis, TN: National Cotton Council of America. 

Morton, 0. A. and R. G. Harvey. 1994. Simulated environments influence 
pnmisulfuron efficacy. Weed Sci. 42:424-429. 

Olson, B.L.S., K. Al-Khatib, P. Stahlman, S. Parrish, and S. Moran. 1999. 
Absorption and translocation of MON 37500 in wheat and other grass 
species. Weed Sci. 47:37-40. 

Sivakumar, M.V.K. 1992. Empirical analysis of dry spells for agricultural 
applications in West Africa. J. Cli. 5:532-539. 

Smith, J. D., E. 0. Murdock, and A. Keeton. 1997. Growers' perceptions 
following Staple's first year. Page 765 in Proceedings of the Beltwide 
Cotton Conference, New Odeans, LA. Jan. 6-10, 1997. Memphis, TN: 
National Cotton Council of America. 

Soutter, M. and Y. Pannatier. 1996. Groundwater vulnerability to pesticide 
contamination on a regional scale. J. Environ. Qual. 25:439-444. 

95 



Snnivasan, R. and B. A. Engel. 1994. A spatial decision support system for 
assessing agncultural nonpoint source pollution. Water Resourc. Bull. 
30:441-452. 

Thorton, P. K., H.W.G. Booltink, and J. J. Stoon/ogel. 1997. A computer program 
for geostatistical and spatial analysis of crop model outputs. Agron. J. 
89:620-627. 

Turner, R. G. and D. A. Allison. 1997. Staple performance in cotton weed control 
programs. Pages 766-770 in Proceedings of the Beltwide Cotton 
Conference, New Odeans, LA. Jan. 6-10, 1997. Memphis, TN: National 
Cotton Council Amenca. 

96 


