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ABSTRACT 

A series of experiments was carried out on cultivated oat (Avena sativa L. cv Amuri) to 

examine the efficacies of fluazifop-butyl and glyphosate against water stressed plants, 

plants grown in low and high nitrogen and plants treated with gibberellic acid (GA3). 

Avena sativa L. was used as a test plant and on complepon of the experiments, further 

studies were carried out on the weed species wild oat (Avenafatua L.). 

1 

In the laboratory, plants maintained at wilting point for five days before and nine days after 

spraying and treated with fluazifop-butyl (0.5 kg a.i./ha) appeared healthy 32 days after 

herbicide application, while plants supplied with water throughout the experiment were 

completely chlorotic/necrotic and had main stem deta(fhment from within the leaf sheaths. 

In the field, plants maintained unirrigated until 14 days after spraying with fluazifop-butyl 

(0.25 kg a.i./ha) or glyphosate (0.18 kg a.i./ha) showed greater tolerance to the herbicides 

than plants irrigated regularly. Values for seed head yield for water stressed and irrigated 

plants, 45 days after applying fluazifop-butyl, were 66 g and zero g dryweight/m2 

respectively. Comparable values for glyphosate treated plants were 65 g and 25 g 

dryweight/m2. 

Radiolabel studies indicated that in comparision with well watered plants, water stressed 

. plants absorbed 20% less applied 14C-glyphosate. In addition, the proportion of absorbed 

14C-glyphosate translocated from the treated leaf was 15% less under water stress 

conditions. 

Uptake of 14C-fluazifop-butyl was similar under well watered and water stress conditions 

and was 30-40% of that applied. The proportion of absorbed 14C-activity which was 

transported was very low, but was greater under well watered conditions (7.6%) than under 

water stress conditions (4.4%). 

Under well watered conditions in the laboratory and field, fluazifop-butyl (0.25 kg a.i./ha) 

and glyphosate (0.18 kg a.i./ha) were less toxic at low n~trogen than high nitrogen. For 



example, 34 days after spraying with fluazifop-butyl under laboratory conditions total 

plant dry weight was 1.51 g and 0.56 g at 1.0 mol/m3 and 10 mol/m3 applied nitrate 

respectively. As with soil water content, soil nitrogen content had no effect on uptake of 

fluazifop-butyl. However, the proportion of absorbed fluazifop-butyl which was 

translocated out of the treated lamina was greater under high nitrogen conditions (26.1 %) 

than under low nitrogen conditions (9.3%). 

ii 

Under laboratory conditions, addition of 200 Ilg GA3 ~to the leaf sheaths two days prior 

to spraying with fluazifop-butyl or glyphosate increased the efficacy of both herbicides at 

low nitrogen. Similarly, under field conditions application of GA3 (0.21 kg/ha) two days 

prior to spraying with glyphosate increased the performance of the herbicide against A vena 

sativa L. growing in a nitrogen depleted soil. At harvest, seed head yield for GA3 treated 

and non-treated plants was zero and 7.4 g dry weight/m2 respectively. 

Experiments with Avena latua L. showed that this species was tolerant of fluazifop-butyl 

and glyphosate when grown in low water or low nitrogen conditions. Under water stress 

conditions, pre-treatment with GA3 increased the phytotoxicity of fluazifop-butyl to Avena 

latua L. Similarily, GA3 enhanced the phytotoxicity of glyphosate to Avenalatua L. 

grown under low nitrogen conditions. 

. Reduced performance of fluazifop-butyl under stress conditions involves a reduction in 

translocation of herbicide to meristems, but other factors are likely to be involved. It was 

concluded that for glyphosate, reductions in uptake and translocation of the herbicide are 

important factors causing reduced performance of this herbicide under stress conditions. 

Possible reasons for GA3 enhancement of fluazifop-butyl and glyphosate activity under 

stress conditions are discussed and the potential of growth regulators as adjuvants is 

considered. 
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1. 

CHAPTER 1 

General Introduction 

1.1 Herbicides and Agriculture Today 

Efficient weed control is basic to productive and profitable agriculture, as weeds 

compete against crop plants for light, water and nutrients. Farmers throughout the 

world commonly lose 10-50% of their potential crop yields due to weed infestations 

(Koch and Hess, 1980; Klingman and Ashton, 1982). 

Weeds not only reduce crop yields and quality of produce, but can: 

(1) cause livestock losses; 

(2) increase the amount of fertilizers and irrigation required for crop production; 

(3) increase the cost of harvesting crops; and 

(4) increase the cost of grain drying, transportation and storage (Koch and Hess, 

1980; McWhorter, 1984). 

Chemical weed control has been practised since late last century with the use of 

copper sulphate for the control of broadleaved weeds in cereals in England and other 

European countries. The use of selective herbicides is relatively recent. The 

herbicide 2,4-D was discovered in the U.S.A. in 1941 and was first used in 

commercial weed control in 1944 (Auld, Menz and Tisdell, 1987). Since then a 

large range of selective herbicides has been developed and is now available. Cost 

varies greatly depending on the type of herbicide and method of application (Auld et 

ai, 1987). 



2. 

There are several methods of application of a herbicide. Herbicides can be applied 

by hand (e.g., knapsack sprayer), or by mechanical means (e.g., hydraulic or 

controlled droplet boom sprayer fitted to a ground travelling vehicle or aircraft). 

Application may be a blanket one (e.g., crop and weed plants are sprayed by a spray 

boom fitted on a tractor), hand treatment (e.g., in a crop row), or a directed/spot 

treatment (e.g., specific part of the plant sprayed with a hand held gun). 

It is difficult to obtain information on annual herbicide sales in New Zealand, 

because of the limited number of surveys carried out on herbicide and/or pesticide 

use. However, a recently published report states that total annual pesticide sales in 

New Zealand amount to $NZ120 million, which relates to the application of 

approximately 3500 tonnes of active ingredient per annum (MacIntyre, Allison and 

Penman, 1989). Due to New Zealand farming having a strong pastoral base, 

herbicides account for 60% of this total pesticide use each year and records indicate 

that they have done so for the past decade. Thus, herbicides are often a major cost to 

New Zealand farmers. However, when compared to alternative options, for 

example, increased cultivation, physical control, gamma radiation, biological 

control, allelopathic compounds or an integration of non-pesticide control 

techniques (Combellack, 1989), herbicides are still a cost effective method of weed 

control (Auld et ai, 1987; MacIntyre et ai, 1989). This is mainly due to rising labour 

and fuel costs associated with alternative methods of weed control (e.g., cultivation), 

plus the combined benefits of herbicide selectivity enabling use of some types of 

weed treatment which were previously considered impractical. 

Plant and environmental factors can cause inconsistency in the performance of 

herbicides resulting in inadequate control of weeds and/or crop damage (Caseley, 

1987; Wilcox, Morrison and Marshall, 1987). Considering that in many parts of the 

world farmers are faced with decreasing returns for their crops, emphasis has been 

put upon improving the performance of herbicide compounds, currently registered, 

in an aim to reduce the quantity of active ingredient required for efficient weed 
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control (Graham-Bryce, 1983; Combellack, 1989). Obviously this is beneficial from 

an economic and possibly an environmental aspect (Caseley, 1987). 

The major factors which determine the progress of a herbicide from the plant surface 

to its site of action are: 

(1) herbicide formulation; 

(2) plant species; 

(3) plant age and developmental stage; and 

(4) environmental factors such as light, temperature, humidity, rain and wind. 

Adverse environmental conditions are the major causes of herbicide inconsistency 

and reduced performance, because they influence plant growth which, in turn, 

affects herbicide interception/retention, penetration, translocation and metabolism 

(Price, 1983). 

All components of weather interact and are constantly changing in the short and long 

term (Spackman, 1983). Caseley (1987) stated that because environmental 

conditions are always changing, herbicide applications are frequently made under 

sub-optimal conditions. Further, changes in weather conditions once spray 

application is in progress can have a direct influence on the amount of active 

ingredient deposited on the target weed (Caseley, 1972). In Britain, Tottman and 

Phillipson (1974) found that adverse weather conditions prevented herbicide 

application on 37 out of 61 days, when spring cereals were at the correct growth 

stage for the spraying of associated weeds. 



1.2 The Effects of Water Stress and Nitrogen Stress on Plant 

Physiological Processes 

4. 

The following sequence of plant morphological, physiological and biochemical 

changes occur when plants, growing in a substantial volume of soil, are gradually 

water stressed. First, cell expansion growth slows, as this physiological process 

appears to be the most sensitive to water stress (Hsiao, 1973). This is reflected in a 

slowing of shoot and root growth. Leaf expansion plays a central role in plant 

growth and development (Barlow, 1986). Most development and growth of 

monocotyledonous leaves occurs from a basal meristem within protective sheaths of 

older leaves. Tissue emerging from protective sheaths is substantially mature. 

The process of cell expansion growth was described for the grass plant by Lockhart 

(1965). It was proposed that steady state cell expansion is achieved when the rate of 

water uptake equals the rate of cell wall yield and hence, the rate of increased cell 

volume. The growth equation formulated by Lockhart (1965), considered cell 

growth as a purely physical process driven by turgor and depending on wall 

mechanics. However, cell enlargement is not only regulated by physical processes 

(e.g., turgor, hydraulic conductivity, elasticity), but also metabolic processes, such as 

rate of biochemical reactions, active membrane transport and translocation (Barlow, 

1986; Schulze, 1986; Shackel, Matthews and Morrison, 1987; Passioura, 1988). 

The proposal that cell expansion is not solely turgor driven, was recently supported 

by Passioura (1988) who investigated leaf expansion rates of wheat (Triticum 

aestivum L.) seedlings growing in dry soil. Plants were grown with their roots and 

soil in pressure chambers so that their leaves could be kept highly turgid even when 

the soil dried. It was found that the leaf expansion rate of plants growing in dry soil 

fell below that of plants growing in moist soil. Moreover, the fall in leaf expansion 

rate was the same regardless of whether the leaves were kept turgid or not. It was 

proposed that the plant roots sensed the drying and increasing hardness of the soil 

and sent signals to the leaves, overriding any effects of turgor on the leaves (Gollan, 



Passioura and Munns, 1986). It is possible that the chemical signal is abscisic acid 

(ABA) (Schulze, 1986). 

5. 

With further decreases in plant leaf water potential other plant physiological 

processes begin to be disrupted. In the case of some plants, a decrease in leaf water 

potential to approximately -0.8 MPa stops enzyme activity (e.g., nitrate reductase), 

cell division and transpiration (Hsiao, 1973; Patters on, 1988). In addition, at this 

level of water stress, ABA can be secreted into the apoplast leading to stomatal 

closure and reduced transpiration, and photosynthesis (Robinson, Grant and Loveys, 

1988). 

With decreases of plant leaf water potential to around -2.0 MPa, plant respiration, 

CO2 assimilation and translocation of assimilates drop to levels near zero (Watson, 

1952; Hsiao, 1973; Schulze, 1986). 

Water stressed plants usually recover if rewatered (Acevedo, Hsiao and Henderson, 

1971). However, photosynthesis in young leaves frequently does not recover to its 

original rate for several days, and old leaves are often shed, even if plants are 

subjected to a short term water stress (Boyer and McPherson, 1975). Inhibition of 

leaf expansion, which occurs during moisture stress, also persists for several days 

after plants have been rehydrated. This has implications for leaf size and hence, 

plant growth (Patterson, 1988). It is thought that ABA, which causes decreased leaf 

expansion and photosynthesis, does not decrease to normal levels in the leaf until at 

least two days after water stress is relieved (Wright and Hiron, 1972). 

The flux of nutrients in plants may be four orders of magnitude smaller than that of 

water (Schulze, 1986). The largest proportion of nutrients, especially nitrogen (N) is 

utilised for growth. If nutrients are not available in sufficient quantities to maintain 

growth of new leaves, CO2 assimilation is affected as well as carbon partitioning 

between root and shoot (Andrews, 1986). 
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Nitrogen fertility strongly affects plant growth and productivity. While reduced 

carbon provides the energy source of all life, nitrogen must be viewed as a central 

element because of its role in substances such as proteins and nucleic acids which 

form the living material. A major consequence of nitrogen deficiency in plants is a 

decreased growth rate. Nitrogen deficiency limits growth primarily by governing 

the rate of leaf expansion in dicotyledonous plants, and the rate of leaf expansion 

and degree of tillering in monocotyledonous plants (Andrews, Dickson,Forman, 

Dastgheib and Field, 1989a; Andrews, Love and Sprent, 1989b, appendix 2), rather 

than the rate of C02 fixation per unit of leaf area (Bouma, 1970; Robson and 

Deacon,1978). Radin and Boyer (1982) found that low nitrogen conditions 

decreased the hydraulic conductivity of sunflower (Helianthus annuus L.) plants, 

thereby increasing the water deficit in expanding leaf laminae. In turn, the pressure 

potential was decreased in the expanding leaf cells and turgor-dependent growth was 

inhibited. The water deficit which slowed leaf expansion in nitrogen limited plants 

was generated by transpiration, and expansion was restricted mostly during the day 

when transpiration rates were highest 

Soil water stress reduces plant growth by affecting many plant physiological 

processes (Schulze, 1986). Nitrogen stress also affects plant growth, but mainly cell 

expansion growth and to a lesser extent, net photosynthesis (Radin, 1983). Changes 

in nitrogen supply to plants may occur independently, or in parallel, with water 

supply and may have implications for the performance of post-emergent herbicides 

(Suwunnamek and Cheuysai, 1981). As water and nitrogen levels influence the 

physiological status of plants, the pre-spray environmental conditions, such as soil 

water and nitrogen levels, may influence herbicide retention, absorption, 

translocation and metabolism, and hence, overall efficacy. 
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1.3 The Effects of Environmental Stress on Herbicide Efficacy 

1.3.1 Interception/Retention 

The interception and retention of herbicide droplets by plant leaves is related to plant 

species and morphological factors, such as plant growth habit and leaf properties 

(e.g., size, shape, angle, pubescence, waxiness, surface roughness, thickness and 

stomatal density) (Muzik, 1976; Anderson, Hall and Seaman, 1987; Kirkwood, 

1987). 

Environmental conditions can influence herbicide interception and retention 

indirectly by affecting plant morphological characteristics. This is particularly 

important during the pre-spraying period (Chandrasena and Sagar, 1986a). For 

example, plants suffering moisture or nitrogen stress could have small erect leaves, 

whereas plants growing in adequate soil moisture and nitrogen may have larger 

leaves growing at a more horizontal angle (Novoa and Loomis, 1981; Barlow, 1986, 

appendix 2). Therefore, the leaves of stressed plants present a small plan area for 
, 

spray interception and this could result in reduced herbicide efficacy (Kidder and 

Behrens,1988). Furthermore, water stressed plants often have rolled leaves 

(Kramer, 1983), which may cause a small leaf surface area to be exposed to the 

spray solution, resulting in poor herbicide interception and efficacy. 

Environmental conditions can also affect leaf surface characteristics. Generally, 

plants develop thicker and waxier cuticles with a decrease in temperature or 

humidity and increases in radiant energy or soil moisture stress (Hammerton, 1968; 

Hull, Morton and Wharrie, 1975; Baker, 1980). It is thought that the increased 

waxiness of the leaf surface associated with environmental stress results in reduced 

leaf wetting by the herbicide, due to an increased contact angle between the spray 

droplet and leaf surface. This, in turn, results in reduced herbicide retention and 

performance (Anderson.et ai, 1987). 
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Other environmental factors such as rain and wind can have a direct physical effect 

on herbicide droplet retention (Price; 1983). The effect of rainfall on herbicide 

retention depends on many factors such as physicochemical characteristics of the 

herbicide; its dose and fonnulation, period between spraying and the onset of rain, 

type and intensity of rain, temperature and humidity (Caseley, 1987). 

1.3.2 Penetration and Translocation 

Herbicide penetration and translocation are influenced by leaf micro-environment 

(e.g., relative humidity), morphology (e.g., leaf waxes, number of stomata) and 

physiology (e.g., photosynthetic rate). 

The micro-environment around plant leaves detennines the rate of herbicide droplet 

drying and hence, the amount of herbicide penetrating into leaves (Merritt, 1982). 

For example, dry environmental conditions (e.g., low humidity/high temperature) 

increase the rate of droplet drying, resulting in a reduced time herbicides are in 

solution for foliar penetration. Merritt (1982) reported that the foliar penetration of 

glyphosate and MCPA is enhanced with an increasing concentration of active 

ingredient, but entry is likely to cease if the herbicide deposit dries. Stevens, Baker 

and Anderson (1988) investigated the effect of droplet drying on the uptake of 14 

different agrichemicals into the leaves of maize (Zea mays L.), rape (Brassica napus 

L.), strawberry (Trifoliumjragiferum L.), and sugarbeet (Beta vulgaris L.). It was 

found that the rate of chemical uptake during droplet drying, with or without 

surfactant, was typically 100-1000 times faster than from dry deposits containing 

surfactant. 

Environmental factors can influence the thickness, composition and penneability of 

leaf waxes which, in turn, influence the movement of herbicides through the cuticle 

(Kirkwood, 1987). For example, soil moisture stress can result in shrinking of the 

cuticular waxes, inhibiting the inward diffusion of herbicides (Baker and Procopiou, 
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1980). However, epicuticular wax stretching or cracking, due to wetting aild drying 

cycles or windy conditions, may enhance herbicide penetration (Thompson, 1974; 

Mackerron, 1976; Price, 1983; Kirkwood, 1987). 

Stomatal number, size and degree of opening may influence herbicide penetration. 

There is good evidence that provided the contact angle of the herbicide solution is 

less than the wall angle of the stomatal aperture, stomatal entry of herbicide solution 

may occur (Schonherr and Bukovac, 1972; Bishop and Field, 1987; Field and 

Bishop, 1988). Hence, environmental conditions that cause stomatal closure, such 

as hot/dry weather, may reduce the penetration of some herbicide formulations into 

leaves. 

Plant physiological processes are involved in translocating herbicides to their sites of 

activity either via the apoplastic or symplastic pathways (Delrot and Bonnemain, 

1989). It is thought that translocation of herbicide maintains a concentration 

gradient of active ingredient between the outside and inside of the leaf cuticle for the 

continued inward diffusion of the chemical (Erickson and Duke, 1981; Merritt, 

1982). 

Herbicide movement within the apoplast is dependent upon leaf transpiration and 

thus, water movement within the xylem. Therefore, any environmental factor (e.g., 

water stress), which slows the rate of leaf transpiration may reduce herbicide 

movement within the apoplast. 

In the symplast, herbicides cognate with photoassimilates and thus, move from 

sources to sinks (Gougler and Geiger, 1981). Accordingly, herbicide movement is 

dependent upon leaf photosynthetic rate, phloem loading and unloading processes 

and the level of metabolism at the sink (Coupland, 1989a). Environmental factors 

that disrupt any, or all, of these processes can affect herbicide transport (Coupland, 

1983; Kidder and Behrens, 1988). For example, glyphosate translocation is thought 

to be poor within water stressed plants, due to stomatal closure causing a drop in leaf 
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photosynthesis, a reduction in sink activity and the disruption of cell membranes 

leading to reduced phloem loading and unloading (Moosavi-Nia and Dore, 1979; 

Price, 1983; Schulze 1986). Similarly, it has been proposed that nitrogen stress 

reduces the rate of leaf photosynthesis and plant'~etabolism, resulting in decreased 

movement of photoassimilate and associated herbicide into plant meristems 

(Whitwell and Santelmann, 1978). 

The effect of reduced movement of herbicide in the apoplast and/or symplast, due to 

environmental stress, can exaggerate a reduction in herbicide penetration. This is 

because a low chemical concentration gradient is maintained between the outside 

and inside of the leaf cuticle, for the inward diffusion of herbicide (Gougler and 

Geiger, 1981; Price, 1983). 

1.3.3 Metabolism 

Herbicide metabolism can play a key role in determining the amount of active 

ingredient translocated to sites of activity (Coupland. 1989a; 1989b). Many 

systemic herbicides which undergo metabolism are characterised by low levels of 

translocation. For example, dic1ofop-methyl and fluazifop-butyl, two oxyphenoxy 

alkanoic acid herbicides (Duke and Kenyon, 1988), are poorly translocated when· 

compared with the phosphonic acid herbicide glyphosate (Akey and Morrison, 1983; 

Dickson and Field, 1987; Duke, 1988). 

Recently, Coupland (1989c) reviewed the process of de-esterification of the 

oxyphenoxy alkanoic acid herbicides, which included fluazifop-butyl. It is thought 

that metabolism regulates the activity of this group of herbicides in at least two 

ways. Firstly, these herbicides are applied as esters and are subsequently 

hydrolysed, by an esterase enzyme, to a free acid form. Both ester and acid appear 

to be herbicidally active, but it is primarily the acid form which is translocated to the 

plant meristems (Carr, Davies, Cobb and Pallett, 1986). Therefore, the amount of 
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herbicide metabolism determines the concentration of herbicidally active acid that 

reaches the target sites (Coupland, 1989b; 1989c). This appears to be the case for 

diclofop-methyl and fluazifop-butyl which are potent in the ester or acid form 

(Coupland and Bond, 1988; Ratterman and Balke, 1988a; 1988b). Secondly, 

conjugation of the acid metabolite with glucose to form an inactive compound can 

occur. 

Changes in environmental conditions are known to affect enzyme synthesis and 
, 

activity in plants (Hatzios and Penner, 1982). These effects, in turn, can influence 

herbicide activity. Coupland and Bond (1988) stated that the amount of herbicide 

metabolism or translocation depends upon plant species and environmental factors. 

For example, Coupland (1989c) reported that for fluazifop-butyl, any reduction in 

soil moisture, temperature, or light intensity resulted in significantly lower rates of 

esterase activity, which reduced the amounts of fluazifop acid formed. Further, 

Coupland and Bond (1988) stated that herbicide metabolism is affected by the above 

environmental factors in the following order of decreasing importance, soil moisture 

> temperature> light intensity. 

Unlike the oxyphenoxy alkanoic acid group of herbicides, metabolism is not an 

important component in the activity of glyphosate. Gottrup, Q'Sullivan, Schraa and 

Vander-Born (1976) reported that when glyphosate was applied to Canada thistle 

(Cirsium arvense L. Scop.) (appendix 1) and leafy spurge (Euphorhia esulaL.), 

insignificant metabolism of the herbicide occurred. There was no appreciable loss 

of 14C-label and no 14C-metabolites in root or leaf extracts of either species after 

seven days. Wyrill and Burnside (1977) investigated the metabolism of 2,4-D and 

glyphosate in common milkweed (Asclepias syriaca L.). The tolerance of this plant 

to 2,4-D and not glyphosate was attributed to metabolic differences. Glyphosate was 

found to be stable while rapid metabolism of 2,4-D occurred in leaves above the 

treated leaf. Schultz and Burnside (1980) reported that 12 days after glyphosate 

application to hemp dogbane (Apocynum canna~inum L;), 93%-96% of the 

recovered 14C-activity was still parent glyphosate. Negligible amounts of 14C_ 
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activity were lost by volatilisation or evolution of 14C02 during the experiment. 

However, Coupland (1984) investigated the effect of temperature on the activity and 

metabolism of glyphosate in isolated rhizome fragments of quackgrass (Elymus 

repens L. Gould.) (appendix 1), and found that under warmer temperatures, 

significant amounts of 14C-glyphosate were metabolised and lost as 14C02. The 

rate of 14C02 evolution was greater in the high temperature (20/16 0 C) treatments 

with 64% of applied activity remaining after 21 days compared to 89% at the lower 

temperature regime (10/6 0 C). Extracts from the 14C-labelled rhizomes were 

separated by thin layer chromatography. The chromatographs yielded parent 

glyphosate, a metabolite aminomethylphosphonic acid and possibly conjugates of 

glyphosate and the metabolite. 

Despite the findings of Coupland (1984) there is considerable evidence that indicates 

that usually, glyphosate metabolism in plants is limited and is unimportant in 

determining the performance of the herbicide against plants growing in unfavourable 

conditions. 

1.4 Enhancement of Herbicide Phytotoxicity to EnvironmentaUy 

Stressed Plants 

Adjuvants, by definition, are any substance that facilitates the activity of a herbicide, 

modifies herbicide, or modifies the physical properties of the spray solution (Prasad, 

1988). 

Plant growth regulators have been used in combination with post-emergent 

herbicides in attempts to facilitate foliar penetration, translocation and overall 

efficacy of herbicides, particularly in deep rooted perennial weeds (O'Sulllvan, 

O'Donovan and Hamman, 1981). Bendixen (1970) suggested that growth regulators 

could be used to pre-condition perennial weeds for more effective control by 



herbicides. Consideration will be given to the role of adjuvants and plant growth 

regulators. 

1.4.1 Adjuvants 

13. 

The increased waxiness of leaves of plants suffering environmental stress and hence, 

greater contact angle of herbicide droplets can be overcome to some extent by 

adding adjuvants (e.g., wetting agents and surfactants) to the spray formulation 

(Harrison and Wax, 1986). For example, surfactants have been found to increase the 

phytotoxicity of fluazifop-butyl and glyphosate to plants growing in environments 

with low levels of relative humidity, light, temperature, or soil moisture (Gottrup et 

aI, 1976; Wills, 1978; Chandrasena and Sagar, 1986b; Sherrick, Holt and Hess, 

1986; Grafstrom and Nalewaja, 1988). It has been proposed that surfactants enhance 

herbicide activity by decreasing the contact angle of the herbicide solution with the 

leaf surface (Wyrill and Burnside, 1977). This results in increased leaf wetting, 

cuticle penetration and transfer across the plasmalemma into epidermal cells by the 

herbicide (Wyrill and Burnside, 1977). 

1.4.2 Plant Growth Regulators 

Deep rooted perennial weeds are difficult to eradicate with herbicides as toxic 

amounts of active ingredient have to be translocated long distances to kill 

subterranean perennating organs. Lym and Humburg (1987) stated that field 

bindweed (Convolvulus arvensis L.) roots contain high levels of reserve 

carbohydrates which allow the plant to establish new growth even after several years 

of intensive cultivation and/or herbicide (e.g., glyphosate) treatment. 

Both cytokinins and gibberellins have been found to increase the translocation of 

herbicides to acropetal and basipetal plant meristems and in some cases increase 
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herbicide efficacy (Chykaliuk, Peeper and Basler, 1982; Ferrell, 1984; Lee, 1984; 

Tworkoski and Sterrett, 1987). For example, Waldecker and Wyse (1985a) found 

that glyphosate distribution within Asclepias syriaca L. could be manipulated if the 

plant was treated with 6-benzylaminopurine (BAP). When the proximal roots of 

plants were treated with 1.0 mol/m3 BAP, three days prior to the application of 14C_ 

glyphosate, they accumulated seven times more 14C/mg than the control treatments. 

However, there are few reports of plant growth regulators having been effective in 

increasing herbicide translocation to target sites of environmentally stressed plants. 

Stomatal pores are a possible pathway for herbicide entry into plant leaves 

(Schonherr and Bukovac, 1972; Field and Bishop, 1988). The aperture of stomatal 

pores is partly controlled by plant growth substances, primarily ABA (Hsiao, 1973). 

It is well documented that decreased leaf water potential, due to dry soil conditions, 

results in ABA accumulation in leaves which leads to decreased stomatal aperture 

(Hsiao 1973; Sinclair, Tanner and Bennett, 1984). Under laboratory conditions, 

cytokinins, gibberellins, auxins and fusicoccin have been found to reverse ABA 

effects on stomatal aperture (Snaith and Mansfield, 1982; Mansfield, Pemadasa and 

Snaith,1983). Therefore, if applications of exogenous hormones can promote some 

opening of stomata on water stressed plants in the field, then stomatal penetration of 

herbicides applied to foliage under these conditions may be possible (Davies, 

Blackman and Mansfield, 1983). However, little progress has been made on the 

testing of exogenous plant growth regulators for increasing stomatal aperture in the 

field situation (Mansfield et ai, 1983). Furthermore, the use of fusicoccin, for 

example, to stimulate stomatal opening and enhance foliar uptake of herbicides is 

not practical because it is highly toxic and may cause crop damage if used in 

conjunction with selective post-emergent herbicides (Mansfield et ai, 1983). 
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L.5 Herbicides Used in this Study 

1.5.1 Glyphosate 

Glyphosate [N-(Phosphonomethyl)glycine] is a broad spectrum non-selective post

emergent phosphonic acid herbicide which is active on annual and perennial plants 

(Franz, 1985; Duke, 1988; Fabert, Frochot and Dizengremel, 1989). Glyphosate is 

anionic in nature, has a high water solubility, is degraded only slightly in plants, and 

often is slow acting (Duke, 1988). Because of these features, aerial plant parts 

rapidly absorb glyphosate and translocate it in the phloem and/or xylem, to plant 

meristems (Claus and Behrens, 1976; Gougler and Geiger, 1981). Glyphosate 

interferes with a range of plant physiological and biochemical processes (Cole, 

1985). 

The primary mode of action of glyphosate appears to be inhibition of the shikimic 

acid pathway which is involved in aromatic amino acid biosynthesis (Hollander and 

Amrhein, 1980). The products of the shikimic acid pathway are the aromatic acids, 

tyrosine and phenylalanine, which are essential for protein synthesis. Haderlie, 

Widholm and Slife (1977) found that the inhibition of growth of carrot cells by 

glyphosate, could be partly reversed by combinations of phenylalanine, tyrosine and 

tryptophan. The inhibition with glyphosate alone was 79%, with glyphosate plus the 

three amino acids 29% and with glyphosate plus any two of the three amino acids 43 

to 58%. Glyphosate is thought to inhibit 5-enolpyruvylshikimic acid-3-phosphate 

(EPSP) synthase, and inhibition is competitive with respect to phosphoenolpyruvate 

(PEP) (Cole 1985; Duke 1988). Action at the shikimic acid pathway is unique to 

glyphosate and the absence of the pathway in animals is an important factor in the 

low animal toxicity of glyphosate (Cole, 1985). 

Glyphosate effects on the shikimic acid pathway in turn induce secondary effects, 

such as inhibition of protein synthesis and the formation of phenolic compounds, 
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which are responsible for bringing about cell death. Cole, Dodge and Caseley 

(1980) reported that the soluble protein content in wheat (Triticum aestivum L.) was 

very sensitive to glyphosate, at a concentration of 0.5 moVm3. Further, these 

researchers reported that the incorpo~ation of 14C-Ieucine into TCA-insoluble 

material in single node rhizome buds of quackgrass (Agropyron repens L. Beauv.) 

(appendix 1) was strongly inhibited by 0.1 moVm3 glyphosate, indicating an 

inhibition of protein synthesis. Cole (1985) stated that a satisfactory bioassay for 

measuring glyphosate effects on protein synthesis is to compare the rates of 

incorporation of different radiolabelled amino acids into proteins. 

Glyphosate is also thought to affect amino acid levels. For example, Nilsson (1977) 

reported that foliar sprays of glyphosate on spring wheat (Triticum aestivum L.) 

plants caused a general decline in the quantity of amino acids, with the exception of 

aspartic and glutamic acids in leaves. 

Greater amounts of phenolic compounds are thought to be synthesised in glyphosate 

treated plants (Cole, 1985). This was thought to occur because glyphosate 

stimulates the activity of phenylalanine ammonia-lyase (PAL), a key enzyme that 

can divert phenylalanine from protein synthesis to the synthesis of phenolic 

compounds. Duke and Hoagland (1978) reported that glyphosate induced PAL 

activity in roots of dark grown maize seedlings; this occurred 24 h to 48 h prior to 

the reduction in growth. 

Other biochemical effects of glyphosate on plants are thought to include chloroplast 

membrane damage (Campbell, Evans and Reed, 1976), depression of auxin 

production (Cole, 1985), and depression of the activity of enzymes involved in 

nitrate assimilation (Cole et ai, 1980). For example, Hoagland (1985) found that 

glyphosate altered the activity of nitrate reductase in soybean (Glycine max L.). As 

for the oxyphenoxy alkanoic acid herbicides, glyphosate inhibits chlorophyll 

appearance and plants exposed to a sub-lethal dose of the herbicide develop 

chlorosis in young growing leaves (Cole, 1985). Sprankle, Meggitt and Penner 
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(1975) reported that a foliar application of glyphosate at 2.24 kg a.i./ha did not affect 

either photosynthesis or respiration in wheat (Triticum aestivum L.) and couch grass 

(Elytrigia repens L. Beauv.) (appendix 1) within. 24 h of herbicide application. 

However, Munoz-Rueda, Gonzalez-Murua, Becerril and Sanchez-Diaz (1986) noted 

that glyphosate (0.15 to 15 moVm3) did have a considerable effect on the 

photosynthetic mechanics of California alfalfa (Medicago sativa L.) and red clover 

(Trifolium pratense L.). In both of these species, glyphosate decreased the content 

of photosynthetic pigments, closed stomata and acted as an electron transport 

inhibitor. 

Glyphosate has also been implicated in ethylene production and regulation (Abu

Irmaileh, Jordon and Kumamoto, 1979). Ethylene functions in maturation and 

senescence processes (Abeles, 1972), and some glyphosate injury symptoms are 

similar to those caused by ethylene (Ashton and Crafts, 1981). 

1.5.2 Fluazifop-butyl and Diclofop-methyl 

The methyl ester of diclofop [2- [4- (2,4- dichlorophenoxy) phenoxy] propanoic 

acid] and the butyl ester of fluazifop [<±)-2-[4-[[5-(trifluoromethyl)-2-

pyridinyl]oxy] phenoxy] propanoic acid] are highly active post-emergent herbicides 

which are used to control wild oat (Avenajatua L.) (appendix 1) and other annual 

grass weeds in cereal [e.g., wheat (Triticum aestivum L.)) and broadleaf (e.g., pea 

(Pisum sativa L.)] crops (Finnyand Sutton, 1980; Plowman, Stonebridge and 

Hawtree, 1980; Gibbard, Smith and Stoddart, 1982; O'Connor, 1987; Duke, 1988). 

Once absorbed into plants, diclofop-methyl and fluazifop-butyl are rapidly 

hydrolysed to the free acid forms diclofop and fluazifop respectively. The 

hydrolysis is thought to be carried out by esterase enzymes present in the cell free 

space or in the cytoplasm (enzymic de-esterification) (Coupland and Bond, 1988). 
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Available data indicate that after conversion to the acid form little translocation of 

dic1ofop occurs (Dortenzio and Norris, 1980; Akey and Morrison, 1983). In general 

there is greater translocation offluazifop than dic1ofop (Duke and Kenyon, 1988). 

Fluazifop acid appears to be translocated in the phloem to target sites (Carr et ai, 

1986). Carr (1986) reported that translocated fluazifop acid accumulated mainly 

within plant apical meristems. The accumulation of fluazifop to high levels in apical 

meristematic tissue has been found to prevent seed head formation in several grass 

weeds, because of the active ingredient interfering with floral development or 

subsequent fertilization (Richardson, Gealy and Morrow, 1987). 

Results of biochemical and physiological experiments using fluazifop-butyl and 

dic1ofop-methyl, have revealed that the following physiological and biochemical 

changes occur in plants following their application: 

(a) general chlorosis developing over a period of 5-14 days after spraying, 

beginning with the youngest leaves (Derr, Monaco and Sheets, 1985; 

Chandrasena and Sagar 1987; Walker, Ridley, Lewis and Harwood, 1988); 

(b) rapid necrosis of meristematic tissue resulting in the easy removal of young 

leaves from within mature leaf sheaths (Walker et ai, 1988; Andrews et ai, 

1989a); 

(c) purple colouration in mature leaves, due to accumulation of anthocyanin 

(Secor and Cseke, 1988); and 

(d) simultaneous inhibition of respiration and lipid synthesis in cultured cells 

(Secor and Cseke, 1988), 

For a number of oxyphenoxy alkanoic acid herbicides such as fluazifop-butyl and 

dic1ofop-methyl, phytotoxicity has been suggested to be due to the disruption of cell 

membrane function in two ways: fIrstly, indirectly by the inhibition of de novo fatty 
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acid biosynthesis (Carr, Davies, Cobb and Pallett, 1985; Hoppe, 1985; Harwood, 

1988); and secondly, directly by disrupting electrical gradients maintained across the 

plasmalemma and tonoplast (Wright and Shimabukuro, 1987; Ratterman and Balke, 

1988a; 1988b). 

An account of fatty acid biosynthesis in plants was given by Harwood. Walker and 

Abulnaja (1987) and Burton. Gronwald, Somers. Connelly, Gengenbach and Wyse 

(1987). It was stated that fatty acid biosynthesis occurs in chloroplasts or plastids. 

Pyruvate and acetate are thought to be precursors of fatty acids in vivo (Salisbury 

and Ross, 1985). Acetate is converted to acetyl-CoA by the stromal enzyme acetyl

CoA synthetase and pyruvate is converted to acetyl-CoA by the chloroplast pyruvate 

dehydrogenase complex. Once formed. acetyl-CoA is carboxylated by acetyl-CoA 

carboxylase to fonn malonyl-CoA. Fatty acid synthetase. a multi-enzyme complex. 

then catalyses the condensation of two carbon units from malonyl-CoA to form fatty 

acids. 

It has been proposed that fluazifop-butyl and diclofop-methyl are potent inhibitors of 

acetyl-CoA carboxylase within chloroplasts (Hoppe, 1985; Burton et ai, 1987). This 

effect of fluazifop-butyl and diclofop-methyl inhibits the incorporation of acetate 

into fatty acids. and stops lipid synthesis. 

Proton electro-chemical gradients play a vital role in transport processes of the 

plasmalemma and tonoplast membranes. Any chemical that disrupts proton electro

chemical gradients maintained across these membranes (plasmalemma, tonoplast), 

inhibits the numerous transport processes which rely on these gradients as a driving 

force. Furthermore. disruption of transport would affect cellular processes that 

depend on tightly regulated concentrations of metabolites. ions or growth regulators 

in the cytoplasm. Ratterman and Balke (1988a; 1988b) reported that fluazifop-butyl 

and diclofop-methyl are able to signtficantly affect proton electro-chemical 

gradients. Rattennan and Balke (1988b) found that diclofop-methyl and diclofop, 

can disrupt proton gradient maintenance by the plasmalemma and tonoplast 
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membranes. The ester form, diclofop-methyl, was more effective at disrupting cell 

membranes than the acid form, diclofop. The reason given was that the ester 

(diclofop-methyl) had a higher lipophilicity than the free acid (diclofop), resulting in 

more ester partitioning into the membrane. Similarly Ratterman and Balke (1988a) 

found that fluazifop-butyl altered proton electrochemical gradients. However, in 

contrast to diclofop-methyl, fluazifop-butyl was not as effective at interfering with 

the cell membrane proton gradient. Further, the acid form, fluazifop, was found to 

have no effect on proton gradient generation or maintenance. 

1.6 Soil Moisture and Nitrogen Levels In Canterbury 

Low soil moisture and nitrogen levels are common in Canterbury which is situated 

on the East Coast of the South Island of New Zealand. In Canterbury, the main 

industry is concerned with the production of agricultural and horticultural produce. 

1.6.1 Soil Moisture 

In a paper by Maunder (1982) it was stated that severe water stress conditions are a 

common occurrence in Canterbury. An example of the extent of a typical dry period 

in Canterbury is illustrated in figure 1.1, which shows that rainfall in all areas of the 

province during November 1981 to August 1982, was only 50-80% of the long term 

mean which was calculated for the years between 1941-1970 (N.Z. Meteorological 

Service, 1973). 



South Island, New Zealand 
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a 
Spotswood 

a 
Lincoln 

,igure 1.1: November 1981 to August 1982 (inclusive) rainfall in Canterbury/North 

Otago expressed as a percentage of the 1941-1970 long term mean rainfall, for 

that period (Adapted from Maunder, 1982), 

a 
Areas the field trials (chapter 5) were conducted 
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Maunder (1982) reported that when considering long term rainfall records there is a 

considerable persistence of dry periods in Canterbury. It was reported that since the 

1890's, when meteorological data was first recorded in Christchurch, there have 

been seven very dry periods in Canterbury of a similar degree to the one illustrated 

in figure 1.1. These dry periods normally lasted over a two year period. 

Coulter (1973) noted that soil moisture levels can be extremely low in the north/mid 

Canterbury area. Maunder (1982) presented data which showed that there was an 

estimated 79 days of soil moisture deficit (D.S.M.D.) (based on a Thomthwaite 

weighted water balance model computation) during the 1981/82 period (measured 

from November to August) and 68 D.S.M.D. during the 1980/81 season. A simple 

calculation showed that two successive seasons, namely 1980/81 and 1981/82, gave 

a combined total of 147 D.S.M.D., which was compared with the highest successive 

season totals in NorthlMid Canterbury of 133 days in 1971n2n3, 128 days in 

1970nln2 and 106 days in 1954/55/56. Considering the common occurrence of 

low rainfall in Canterbury, soil moisture can be a major limiting factor for plant 

growth, especially during the spring-summer seasons. 

It can be assumed that plants suffer generally from some degree of moisture stress in 

Canterbury during the spring/summer seasons, because many of the soils have a low 

water holding capacity and dry periods frequently occur. In addition, warm drying 

winds (north westerly air streams) frequently blow across the Canterbury plains in 

the spring and summer seasons. This increases the transpiration rates of plants and, 

in turn, rapidly depletes the soils of plant available water. Evapotranspiration rates 

under hot, dry north west conditions of between 4-9 mm/day are not uncommon in 

Canterbury (Martin and Dougherty, 1975; appendix 7). When plants are subjected 

to very dry conditions as described above, they transpire water rapidly and often 

become water stressed even if there is adequate moisture in the soil (Kramer, 1983). 

This is thought to occur because the transpiration rate is high and the resistances to 

water flow into the plant roots can be such that a water deficit occurs within plants 

and virtually dislocates every facet of the plant's physiology. This phenomenon was 
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found by Martin and Dougherty (1975) who investigated the diurnal variation of 

water potential of wheat (Triticum aestivum L. cv Arawa) under contrasting weather 

conditions in Canterbury. The wheat (Triticum aestivum L.) was sown on a 

Wakanui silt loam soil (Wakanui series: Udic ustochrept) which had a theoretical 

wilting point at a soil moisture content of 11 %. The plant leaf water potentials from 

three days with contrasting weather conditions were measured. The meteorological 

and soil moisture conditions of each day were: 

December 3 - cool, moist day with moderate southerly winds. The pan evaporation 

was 4.1 mm and a soil moisture content (SMC) (0.25 m) of 10%; 

December 4 - a hot, dry day with a high pan evaporation of 9 mm with a 

considerable north-westerly air stream. A soil moisture content (0.25 m) of 10%; 

and 

December 13 - a fairly typical summer's day with a pan evaporation of 5.7 mm and 

a soil moisture content (0.25 m) of 9%. 

Plants in some plots were irrigated between the second and third sampling days 

raising the soil moisture content to 16%. 

The leaf water potential of plants growing in dry soil on December 3 and December 

4 was found to be -2.0 MPa at 1200 h, despite the contrasting weather conditions of 

both days. Similarly, it was found that despite the large difference in soil moisture 

levels between the non-irrigated (SMC=9%) and irrigated plots (SMC=16%), the 

water potential of the flag leaves of irrigated plants was only about 0.2 MPa higher 

than that of similar leaves on non-irrigated plants. 

It was concluded that very low water potentials are likely to develop in leaves of 

wheat (Triticum aestivum L.) plants during most days in a typiCal Canterbury 

summer. Furthermore, irrigation only partly prevented the fall in leaf water potential . 
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on a hot. dry day when a northwest wind was blowing. The results from this field 

experiment indicated that closed stomata did not prevent the development of very 

low water potentials in wheat (Triticum aestivum L.) leaves. Martin and Dougherty 

(1975) proposed that a high resistance to water uptake by wheat (Triticum aestivum 

L.) roots is a major contribution to the observed diurnal pattern of plant water 

potential. 

Arable farmers often have to eradicate weeds from their crops [e.g., wheat (Triticum 

aestivum L.), barley (Hordeum vulgare L.), peas (Pisum sativa L.), oats (Avena 

sativa L.)] during the spring/summer seasons. Sometimes weeds such as Elymus 

repens L. Gould, may need to be sprayed during the spring or at the time of 

harvesting the crop. Considering the above findings of Martin and Dougherty 

(1975), weeds sprayed in Canterbury during the spring/summer season are likely to 

be suffering some degree of water stress. 

It often takes some time before the physiological processes of water stressed plants 

return to normality after irrigation or rainfall (During, 1988). For example, Fischer, 

Hsiao and Hagan (1970) studied the after-effect of a period of water. stress upon the 

light stimulated opening of stomata on leaves of tobacco (Nicotiana tabaccum L.) 

and broad bean (Vicia jaba L.). Two to four days of water stress affected the ability 

of stomata on plant leaves to open in the light. In. both tobacco (Nicotiana tabaccum 

L.) and beans (Viciajaba L.) the magnitude of the after-effect on stomata was 

approximately proportional to the leaf water deficit attained immediately prior to 

rewatering. 

In Canterbury, for example, after a period of hot, dry north west wind conditions, 

weeds may become water stressed, and may take some time to recover to normal 

levels of growth. If weeds are sprayed with herbicide during the recovery phase, 

then performance of the chemical may be poor (Moosavi-Nia and Dore, 1979; 

Wilcox et ai, 1987). 
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1.6.2 Soil Nitrogen 

It is common for soil nitrogen levels to be depleted to agronomically inadequate 

levels by successive crops; e.g., three cereal crops grown consecutively (Greenwood, 

Quin and Sinc1air, 1984). 

Most nitrogen in the soil is organically bound and is not available to plants unless it 

is mineralised by micro-organisms to the inorganic forms, ammonium (NH4 +) and 

nitrate (N03)' In most soils nitrate is usually the major form of inorganic nitrogen 

available to plants (Andrews, 1986). It is generally agreed that 2-4% of the total 

nitrogen is mineralised annually (Ludecke and Tham, 1971). Factors which affect 

mineralisation are: 

(1) C:N ratio of the soil; 

(2) tillage which enhances mineralisation; and 

(3) the activity of the biological environment which is influenced by: 

(3.1) pH; 

(3.2) mineral nutrients; 

(3.3) aeration; 

(3.4) temperature; 

(3.5) moisture. 

Generally, the concentration of nitrate in the interstitial water of nitrogen depleted 

soils is 1.0 moVm3 orless, (Novoa and Loomis, 1981; Andrews, 1986; Dickson, 

Andrews, Field and Dickson, 1990). However, in some agricultural soils, nitrate 

levels can be as high as 20 moVm3 because of the addition of nitrogen fertilizers 

(Andrews, 1986). 
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Ludecke and Tham (l971) detemrined the levels of ammonium and nitrate in a 

fallowed soil throughout the year at Lincoln College, Canterbury. The study was 

conducted on a sandy loam soil which had previously been in pasture; perennial 

ryegrass (Lolium perenne L.) /white clover (Trifolium repens L.) for two years. The 

fallow treatment was imposed by cultivating the soil with a rotary hoe on 20 

February 1970. The results indicated that nitrate levels can be low in a typical light 

soil type in Canterbury, even following a perennial ryegrass/white clover pasture. 

From January 1970 to Apri11970, soil nitrate levels at 30 cm were consistently 0.18 

mol/m3, then increased to approximately 1.0 mol/m3 during May/June 1970. Over 

the months of July to January 1971, nitrate levels progressively declined to 0.18 

mol/m3. 

These results were supported by Stephen, Saville and Quin (1983) who investigated 

the response of wheat (Triticum aestivum L.) to five nitrogen fertilizers in 

experiments conducted in northern Canterbury. During September, prior to the 

application of nitrogen fertilizers, soil samples were taken from the various trial 

sites. Each of these sites had different cropping histories and concentrations of 

nitrate and ammonium were determined both before and after a seven day incubation 

of field moist soil at 37 0 C. The results from these tests indicated that cropping soils 

in Canterbury can have low levels «0.5 mol/m3) of plant available nitrogen (N03 
-N+NH4 + -N), regardless of their previous cropping history. 

It is apparent that under Canterbury conditions, the efficacy of the herbicides may be 

poor because of inadequate levels of soil moisture or nitrogen prior to or at spraying. 

To some extent, poor herbicide activity on environmentally stressed plants can be 

overcome by increasing the rate of herbicide application. This, in turn, would 

increase the amount of active ingredient reaching target sites. However, in recent 

work (Caseley, 1987; Devine, 1988), it was considered that from economic and 

possibly environmental aspects, it was undesirable to overcome the inefficiency of 

herbicides against plants growing in adverse conditions, by increasing the rate of 

herbicide application. These researchers implied, that if progress is going to be 



made in improving herbicide activity against plants growing in unfavourable 

conditions, research efforts should concentrate on understanding the behaviour of 

herbicides within environmentally stressed plants. 
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Once a fuller understanding of the mode of action of herbicides within plants is 

gained, then strategies for increasing herbicide phytotoxicity to plants, such as 

altering plant growth with POR's, may be implemented. Such strategies may 

compensate, to some extent, for the adverse effects of environmental stress on plant 

growth and thus, improve herbicide efficacy. 

1.7 Objectives 

The previous review of literature is linked to the primary objectives of this study, 

which were: 

(1) to gain further understanding of why the performance of glyphosate and 

oxyphenoxy alkanoic acid herbicides is reduced under stress conditions; and 

(2) to develop a strategy to increase herbicide phytotoxicity to plants that are 

stressed by environmental or edaphic conditions. 

The herbicides fluazifop-butyl and glyphosate were used in this study as they are 

some of the most commonly used herbicides in agriculture and horticulture 

production in the Canterbury region. 

In some experiments of this study dic1ofop-methyl was used as one of the test 

herbicides. This herbicide, like fluazifop-butyl, is a member of the oxyphenoxy 

alkanoic acid group of herbicides. Accordingly, it induces similar symptoms to 

those of fluazifop-butyl in susceptible grass species (Hoerauf and Shimabukuro, 

1979). In previous, and in concurrent, studies to those described here dic1ofop

methyl was shown to be less effective under stress conditions (Field and Caseley, 



1987; Forman and Field, 1986; Andrews et ai, 1989a). Considering the above it was 

decided to include dic1ofop-methyl as a herbicide treatment in some experiments. 

Initially cultivated oat (Avena sativa L. cv Amuri) was used as the test plant. Unlike 

wild oat (Avenajatua L.), the well known weed, Avena sativa L. was more easily 

grown from seed in the laboratory and field. As a result, the A vena sativa L. seed 

provided a more uniform plant population and helped eliminate some experimental 

variation. Further, Avena sativa L. grew more rapidly than Avenajatua L., 

particularly in a controlled environment chamber, and had large leaves which were 

easily handled when conducting radiotracer studies. However, in the final stages of 

the laboratory experiments A vena jatua L. was used as the test plant to confirm that 

the findings for A vena sativa L. were applicable to this weed species. 



CHAPTER 2 

The Effect of Soil Moisture Content on the Phytotoxicity 

of Fluazifop-butyl and Glyphosate to Cultivated Oat 

(Avena sativa) 

2.1 Introduction 
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The herbicidal activity of glyphosate has consistently been found to be reduced 

against water stressed plants compared to well watered plants (Chase and Appleby, 

1979; Ahmadi, Haderlie and Wicks, 1980; Klevom and Wyse, 1984; Caseley and 

Coupland, 1985; Waldecker and Wyse, 1985b; Paech, Wilson and Fischer, 1987; 

Harvey and Crothers, 1988). It has been stated that poor glyphosate activity on 

water stressed plants may be due to reduced translocation of the herbicide to its sites 

of activity (Chase and Appleby, 1979; Lauridson, Wilson and Haderlie, 1983; 

Harvey and Crothers, 1988). 

It has been suggested that the decreased translocation of glyphosate may result from 

an increased solute concentration in the phloem which reduces the velocity of 

photoassimilate plus herbicide flow (Whitwell, Banks, Basler and Santelmann, 

1980). Whitwell and Santelmann (1978) proposed that tolerance of water stressed 

bermudagrass (Cynodon dactylon L. Pers.) to glyphosate was due to wilted plants 

providing a reduced leaf surface area for herbicide absorption. Moosavi-Nia and 

Dore (1979) conducted research to determine why glyphosate control of water 

stressed cogongrass (Imperata cylindrica L. Beauv.) and purple nuts edge (Cyperus 

rotundus L.) was poor. It was found that uptake and translocation of the herbicide 

were reduced under water stress conditions. It was proposed that decreased 

glyphosate uptake was due to reduced diffusion of the herbicide into leaves, caused 

by decreased herbicide translocation not maintaining a high chemical concentration 

gradient between the outside and inside of the leaf cuticle. 
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It has also been suggested that hot, dry conditions may, in part, reduce herbicide 

penetration into water stressed leaves by causing herbicide droplet drying, stomatal 

closure, and cuticle shrinkage (Price, 1983). Ahmadi et al (1980) found that water 

stressed compared to watered bamyardgrass (Echinochloa crus-galli L. Beauv.) 

plants, absorbed and translocated less glyphosate. However, these researchers 

concluded that further work needed to be done to elucidate how water stress affects 

the mode of action of glyphosate. 

Moosavi-Nia and Dore (1979) researched the effect of three, five and seven day 

periods of rehydration of water stressed plants, prior to spraying with glyphosate. It 

was stated that the application of ample water to the roots of water stressed plants 

before, and possibly after glyphosate application, may restore the physiological 

processes of the plant to normality. This would allow a lethal amount of active 

ingredient to reach target sites. However, it was stated that the appropriate time for 

application of adequate water, prior to glyphosate application, may vary for different 

plant species. In the case of Imperata cylindrica L. Beauv. and Cyperus rotundus L. 

only plants subjected to the seven day rehydration treatment showed some 

enhancement of glyphosate activity. It was concluded that for an effective 

glyphosate treatment against water stressed plants, the herbicide should be applied at 

least seven days after irrigation or rainfall. 

The herbicidal activity of fluazifop-butyl has been found to be greater on plants 

growing in moist compared to dry soil (Ready and Wilkerson, 1982; Reynolds, 

Wheless, Basler and Murray, 1988). KelIs, Meggitt and Penner (1984) found that at 

a rate of 0.56 kg a.i./ha, fluazifop-butyl was more effective against Elymus repens L. 

Gould. growing in low compared to high soil moisture deficits. In this study, foliar 

penetration and translocation of fluazifop-butyl were not significantly different 

between water stressed and watered plants. However, radioautograph studies of 

treated plants suggested that a more extensive distribution of 14C-fluazifop-butyl 

occurred in plants growing in moist compared to dry soil. Coupland (1986) found 
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that when Elymus repens L. Gould. plants were water stressed prior to fluazifop

butyl application (1.6 kg a.i./ha) and then rehydrated, either immediately or 24 h 

after spraying, they still had viable buds. Bud viability was significantly lower for 

watered plants than for water stressed plants. Chandrasena and Sagar (1987) found 

that regrowth of Elymus repens L. Gould. after spraying with fluazifop-butyl (0.25 

kg a.i./ha) was greater for water stressed plants than for watered plants. In a study 

on green foxtail (Setaria viridis L. Beauv.), Grafstrom and Nalewaja (1988) found 

that uptake and translocation of fluazifop-butyl were lower in water stressed plants 

than in watered plants. 

The series of experiments described in this chapter investigated the effect of soil 

moisture level on glyphosate and fluazifop-butyl uptake and translocation, and the 

associated distribution of photoassimilates. 

The objectives of the experiments in this chapter were to: 

(a) develop an experimental system to study glyphosate and fluazifop-butyl 

performance against plants growing under low soil moisture conditions; 

(b) investigate the uptake and translocation of glyphosate by plants growing in 

moist, dry and rehydrated soil at treatment; 

(c) determine if uptake, translocation and metabolism of fluazifop-butyl are 

reduced under water stress conditions; and 

(d) determine if fluazifop-butyl is less effective under water stress conditions. 



2.2 Materials and Methods 

2.2.1 The Effect of Plant Water Status on the Uptake and 

Translocation of 14C-glyphosate 

Experiment 1 investigated the uptake, translocation and partitioning of 14C_ 

glyphosate. 

32. 

For the radioactive tracer experiments, seeds of cultivated oat (A vena sativa L. cv 

Amuri) were germinated on moist paper towels in the light at 20 0 C. Seedlings of 

uniform size were selected and transplanted into 200 m1 polystyrene pots (one per 

pot) filled with oven dried Rapaki brown granular loam soil (Rapaki series: Lithic 

hapludoll) and brought to field capacity (soil moisture content (SMC) = 36.9% w /w) 

with tap water. 

Plants were raised in a controlled environment chamber with a 14 h photoperiod, 

day/night temperature of 23/15 0 C and a relative humidity of 60-70%. IDumination 

was provided by red incandescent and white fluorescent tubes which gave a photon 

flux density of approximately 400 '" moVm2/s at the pot surface. 

The soil was maintained at field capacity until emergence of leaf 3 (leaves numbered 

from base). At this stage, water stress treatments were imposed by withholding 

water until wilting point was reached. Once wilting point was reached (SMC = . 

18.4% w/w), the plants were stressed for a further five days, with appropriate 

amounts of water being added daily to bring the pots up to the weight corresponding 

to wilting point. In some pots, soil was returned to field capacity at either 24 h or 48 

h prior to applying 14C-glyphosate. In all, there were four soil water treatments; 

field capacity (FC), wilting point (WP) and the two rewatering to field capacity 

treatments, at 24 h (-24) and 48 h (-48) prior to treatment. Wilting point was 

determined using a pressure plate and pressure membrane apparatus at -1.5 MPa 

pressure. Field capacity was determined using a tension table apparatus-. applying 
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0.01 MPa suction. The leaf water potential of the plants in their respective 

treatments was quantified by using a Wescor C-51 thermocouple psychrometer 

(Savage and Cass, 1984). Because of the length of time (1 h) required for the leaf 

discs and the air in the psychrometer chamber to reach equilibrium only one reading 

was taken for each treatment. 

The psychrometer was calibrated using ftlter paper which was well soaked with the 

calibration solution. It was ensured the filter paper covered the sides of the sample 

well and the calibration solution was not too deep. The calibration was carried out at 

as constant a temperature as possible. The equilibration time of the psychrometer 

was between 15 and 60 minutes. Gentle scoring of the lamina surface with sand or 

emery paper, prior to cutting the leaf discs, hastened the rate of eqUilibration. It was 

concluded that the state of equilibrium was reached when two consecutive readings 

were the same. It was found that as the leaf water potential decreased, the time 

increased for equilibrium to be reached. 

Radioactive glyphosate (14C) was formulated as the isopropylamine salt (specific 

activity 58 mCi/mmol) and applied in formulated glyphosate (as Roundup). The 

mass of non-radiolabelled glyphosate in the solution was equivalent to that in a field 

application applied at a rate of 1.08 kg a.i./ha in 250 I of water. Six 0.5 pi droplets 

of 14C-glyphosate were applied by micro-syringe to the mid-vein of the distal third 

of the lamina of leaf 2. Total radioactivity applied was 0.018 ",Ci per plant. After 

24 h the plant was separated into treated lamina, sheath of the treated lamina, leaf 1, 

leaf 3 plus apical meristem and roots. The treated lamina was washed with 25 m1 of 

distilled water. Al m1 aliquot of the solution was then taken and added to 10 m1 of 

Brays liquid scintillation fluid consisting of: 

- 49:4:1 v/v/v N-dioxane:methanol:ethylene glycol 

- 4.0 g PPO/1 (2,5-diphenyl-oxazole) 

- 0.2 g POPOP/l (1,4-[di]-2-(5-phenyloxazoyl)-benzene) 

- 60 g Napthalene 
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The radioactivity was determined on a Phillips PW47oo/02liquid scintillation 

counter. The amount of 14C-glyphosate taken up into the leaf or cuticular waxes 

was determined from the difference between total radioactivity applied and 

radioactivity recovered. The remaining plant parts were freeze dried and then 

solubilised for the extraction of 14C-activity. For solubilisation, samples were 

ground in liquid nitrogen before adding a 1: 1 solution of toluene/soluene (Packard 

Ltd) at 1 ml/mg tissue. Samples were digested overnight at room temperature. 

Digested samples were then bleached with 200 ~l saturated solution of benzoyl 

peroxide in toluene before being assayed in 2 ml of acidified Triton x-lOO liquid 

scintillation fluid consisting of: 

- 9:1 v/v Triton x-100/500 mOl/m3 HCI 

- 5.5 g PPO/l 

- 0.1 g POPOP/l 

The saturated benzoyl peroxide solution was prepared by adding 7.0 g of benzoyl 

peroxide to 30 mls of toluene. The solution was heated to 50 0 C, to dissolve the 

benzoyl peroxide, then cooled rapidly. 

Total translocation of 14C-glyphosate was calculated as the total activity recovered 

from plant tissue outside the treated lamina as a percentage of the total recovered 

from the plant. The partitioning of 14C-glyphosate in the plant was calculated as the 

activity recovered from a particular plant fraction (with the exception of the treated 

lamina) as a percentage of the total activity recovered from plant tissue outside the 

treated lamina. The efficiency of total 14C-glyphosate recovery was 87 ±2%. 



2.2.2 The Effect of Plant Water Status on the Translocation of 

14C-assimilate 

Experiment 2 investigated the translocation and partitioning of 14C-assimilate. 
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Plants were grown in the same controlled environment conditions and subjected to 

the same soil moisture treatments as described in experiment 1. Radiolabelled (14C) 

photoassimilate was obtained by enclosing the lamina of the second leaf in a mylar 

cuvette bag and injecting 4.0 IlCi Na214C03 (specific activity 55 mCi/mmol) and 

HCI (500 moVm3) into an associated reaction vial, with the release of 14C0 2. The 

lamina was exposed to 14C02 for 20 minutes. The procedure used for extraction of 

14C-assimilate was the same as that used for 14C-Iabel in the radiolabel glyphosate 

experiment. 

2.2.3 The Effect of Abscisic Acid on the Foliar Uptake of 14C. 

glyphosate 

The effect of abscisic acid (ABA) on the foliar uptake of 14C-glyphosate by oat 

(Avena sativa L.) was determined in experiment 3. Plants were grown in the same 

controlled environment conditions as described above (experiment 1). 

When plants (growing in moist soil) reached the three leaf stage, 0 or 100 Ilg of 

ABA was applied down the ligule/inner sheath area of leaves 1 and 2. For the leaf

sheath treatments, application was made by carefully pulling the top of the leaf 

sheath a short distance away from the rest of the stem tissues, and inserting a blunted 

syringe needle into the gap formed (Coupland, 1983). The ABA was applied in a 

volume of 20 III containing 100 Ilg ABA in an aqueous solution of 0.05% v/v 

ethanol and 0.05% v/v Triton x-lOO (Field and Caseley, 1987). 
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Three hours after applying ABA to plants, the diffusive resistance (L.D.R.) of the 

lamina of the second leaf was measured. Significant increases in L.D.R. were 

considered to reflect a decrease in stomatal aperture (Hsiao and Fischer, 1975). The 

L.D.R. was measured using an Mk II Delta T automatic porometer. Due to possible 

lamina damage by the porometer (head), a set of plants apart from those used for 

14C-glyphosate uptake were used for L.D.R. measurements. The application of 

14C-glyphosate to plant leaves and determination of foliar uptake was carried out as 

described for experiment 1. 

2.2.4 The Effect of Plant Water Status on the Uptake and 

Translocation of 14C-activity in Plants Treated with 14C_ 

fluazifop-butyl 

The uptake, translocation and partitioning of 14C-fluazifop-butyl were determined in 

experiment 4. Cultivated oat (Avena sativa L.) plants were grown in the same 

controlled environment conditions and soil type as described in experiment 1. In 

this experiment (4) there were no rewatering treatments prior to applying 

14C-fluazifop-butyl. The two soil (Rapaki brown granular loam) moisture 

treatments were either field capacity (FC) or wilting point (WP). 

A stock treatment solution of 14C-fluazifop-butyl was prepared to study the uptake, 

translocation and partitioning of this herbicide. The stock treatment solution 

comprised 50 ",1 technical grade fluazifop, 200 III blank formulation (obtained from 

I.C.!., U.K.) and 49.75 m1 deionised water. The treatment solution was prepared by 

adding 1.67 m1 of the stock solution to 10 ",Ci of carbonyl carbon labelled 14C_ 

fluazifop (butyl ester; specific activity of 11 mCi/mmol). This gave a similar mass 

of fluazifop-butyl to that in a field application applied at a rate of 0.25 kg a.i./ha in 

250 I of water. Twenty four hours after applying 14C-fluazifop-butyl, the uptake of 

14C-activity into the leaf was determined by washing the treated lamina with 25 m1 

of distilled water to remove unabsorbed radiolabel. The efficiency of a water wash 

was compared to that of formulated fluazifop-butyl and found to be similar. 
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A 1 m1 aliquot of the wash off solution was then taken and added to 10 m1 of Brays 

liquid scintillation fluid. The radioactivity in the water washing was then 

detennined on a Phillips PW4700/02liquid scintillation counter. The translocation 

and partitioning of 14C_ activity (14 days after applying 14C-fluazifop-butyl) were 

detennined as for 14C-glyphosate. The efficiency of total 14C-activity recovery was 

86±2%. 

2.2.5 The Effect of Plant Water Status on the Metabolism of 

14C-fluazifop-butyl 

In experiment 5, cultivated oat (A vena sativa L. cv Amuri) plants were grown to the 

three leaf stage and were then subjected to the two soil moisture treatments, field 

capacity or wilting point, as described above. Five days after the imposition of 

water stress, six 0.5 ",1 droplets of a stock treatment solution of 14C-fluazifop-butyl 

were applied along the middle of the distal third of the lamina of leaf 3. The stock 

treatment solution was prepared by adding 100 pi of blank formulation to 10 ",Ci of 

carbonyl carbon labelled 14C-fluazifop (butyl ester: specific activity of 11 

mCi/mmol with a purity> 96%). Total radioactivity applied per plant was 0.5 ",Ci. 

Twenty four hours after applying 14C-fluazifop-butyl, plants in both soil water 

treatments were harvested and dissected into the following parts: treated leaf, 

youngest leaf plus apical meristem, remaining leaves and roots. The bottom third 

(approximately) of the treated lamina was then frozen and ground in liquid nitrogen. 

Five hundred microlitres of 80% methanol was then added to all the treated leaf 

samples. Two days later, the ground samples of treated leaf were centrifuged and 

the supernatant decanted and reduced to a volume of approximately 10 III in a 

stream of dry nitrogen gas. A 10 III aliquot was then applied to Kiesel gel 60 (DC

Plastikfolien 5575 F254) silica gel tIc plates (50 mm x 150 mm) and developed in 

diethyl ether: n hexane: glacial acetic acid (12:8:1v/v) (Bewick, 1986; Coupland and 

Bond, 1988). The plates were then radio-scanned on a Packard radiochromatogram 



scanner and Rf values detennined. Unlabelled standards, developed in the same 

system, were visualised under UV light (Bewick, 1986). 

2.2.6 The Phytotoxicity of Fluazifop-butyl to Oat (Avena sativa) 

Growing in Moist or Dry Soil at Spraying 

38. 

Experiments 6 and 7 investigated the short and long term effects of a pre/post spray 

period of water stress on the efficacy of fluazifop-butyl. Plants used in the short and 

long term growth experiments were maintained under similar conditions to those of 

plants used in the radiotracer experiments. There were two soil moisture treatments: 

field capacity and wilting point. Leaf 3 of these plants was typically at mid 

expansion when wilting point was reached. Wilting point was maintained for five 

days, then all plants (stressed and non-stressed) were sprayed with formulated 

fluazifop-butyl at a rate of 0.50 kg a.i./ha. The herbicide was applied using a C02 

powered sprayer fitted with Teejet 8001 nozzles which delivered 250 I of water/ha at 

a pressure of 275 kPa. Stressed plants were maintained at wilting point for nine 

days after spraying when the soil moisture content was returned to field capacity by 

the addition of nutrient solution containing 5 mol/m3 N03. 

In experiment 6, field capacity was maintained until harvest (17 days after spraying), 

at which time leaf chlorophyll concentration and total plant dry weight were 

determined. Chlorophyll a and chlorophyll b were extracted from leaf samples by 

hand homogenizing 0.02 g of leaf in 6 ml of 90% acetone containing magnesium 

carbonate (1 gIl). Absorption was measured at 665 nm and 645 nm using a Varian 

Techtron UV-VIS spectrophotometer model 635. Chlorophyll a and b 

concentrations were calculated using the following equations from Strickland and 

Parsons (1972). 

Chlorophyll a (Ilg) = (11.6 A665 - 1.3 A645)xV 

Chlorophyll b (Ilg) = (19.1 A645 - 4.7 A665)xV 



where A = absorbance and V = volume of 90% (ml) acetone used in extraction. 

Turbidity was corrected for by subtracting the absorbance at 750 nm. All 

absorptions were measured in a 10 mm pathlength cuvette. 

Experiment 7 was similar to experiment 6, except that the soil moisture was 

maintained at field capacity until 32 days after spraying at which time, total plant 

dry weight was determined as above. 

2.2.7 Analysis of Results 

39. 

All experiments were completely randomised designs. An analysis of variance was 

carried out on all data, except that from experiment 5, using the Genstat (Lawes 

Agricultural Trust, Rothamsted Experimental Station) package, Release 4.04. All 

effects discussed have an F ratio with a probability P < 0.05. Treatments were 

replicated at least six times, except in experiment 5 which had two replicates. 

Means stated as significantly different at each harvest are on the basis of an LSD (P 

< 0.05) test. Variance quoted in text is the standard error of the mean (Se~. 

2.3 Results 

2.3.1 Plant Water Status in Radiotracer Experiments 

Immediately prior to radiolabelling with 14C-glyphosate, 14C02 or 14C-fluazifop

butyl, the water potential of the lamina of the second leaf of watered and water 

stressed plants was -0.29 MPa and -2.30 MPa respectively (table 2.1). Similar 

laminae on plants growing in soil that was rehydrated either 48 h or 24 h prior to 

applying 14C-glyphosare, had a water potential of -0.51 MPa. 



Table 2.1: Effect of soil moisture content on the water potential of leaf 2 of 

cultivated oat (Avena sativa) prior to radiolabelling. 

Soil moisture 

treatment 

Field capacity (FC) 

Rewatered 24 h prior to treatment (-24) 

Rewatered 48 h prior to treatment (-48) 

Wilting Point (WP) 

Leaf water 

potential 

(MPa) 

-0.29 

-0.51 

-0.51 

-2.30 

40. 

2.3.2 The Effect of Plant Water Status on the Uptake and 

Translocation of 14C-glyphosate and Translocation of 14C_ 

assimilate 

Well watered plants absorbed over 20% more applied 14C-glyphosate than water 

stressed plants (table 2.2). In addition, the proportion of absorbed 14C-glyphosate 

translocated from the treated leaf was around 15% less under water stress conditions. 

Plants that were rehydrated absorbed a similar amount of 14C-glyphosate as plants 

in the FC treatment. However, plants in the rehydration treatments translocated 

significantly less of the absorbed 14C-glyphosate than plants in the FC treatment. 

In all treatments, the partitioning of 14C-glyphosate was primarily to the roots, with 

leaf 3 plus apical meristem, leaf I and sheath fractions receiving lesser amounts, in 
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that order. The root fraction accumulated approximately 11 % less activity in the WP 

treatment compared to the mean of the other treatments. 

The total translocation of the 14C-assimilate from the treated lamina (table 2.3) 

showed similar trends to 14C-glyphosate (table 2.2), although partitioning of 

radioactivity to the various sinks was different. Plants in the FC treatment 

translocated at least 20% more 14C-assimilate than the other treatments. For all 

treatments except WP, the partitioning of 14C-assimilate was preferentially to the 

roots, sheath, leaf 3 plus apical meristem and leaf 1, in that order. In the WP 

treatment, the sheath accumulated at least 30% more 14C-assimilate than in other 

treatments, with a corresponding decline in accumulation by the roots. 



Table 2.2: The effect of plant water status on the uptake, translocation and 

partitioning pattern of 14C-Iabel in oat (Avena sativa) after the 

application of 14C-glyphosate. 

Soil aUptake aTranslocation apartitioning pattern 

moisture 

treatment 

42. 

____ e(%) ____ _ 

Fe 
-48 

-24 

WP 

Se-x 

27.6 60.9 5.9 12.3 

35.1 40.6 7.4 9.9 

30.2 43.2 7.9 12.7 

7.9 46.7 9.5 17.7 

4.91 3.13 0.54 1.42 

aDetermined 24 h after application of radiolabel to leaf 2. 

bS = sheath of the treated leaf 2; Ll = leaf 1; L3 = leaf 3 plus apical 

meristem; R = roots. 

cDifference between radioactivity applied and that recovered in leaf 

washes 24 h after application as percentage of radioactiviy applied. 

23.7 

18.1 

19.9 

26.4 

1.90 

dRadioactivity recovered outside the treated lamina as a percentage of the 

total activity recovered from the plant. 

eRadioactivity recovered from plant fraction as a percentage of total 

activity recovered from plant tissue outside the treated lamina. 

58.2 

64.2 

59.5 

46.3 

1.93 
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Table 2.3: The effect of plant water status on the translocation and partitioning 

pattern of 14C-assimilate in oat (Avena sativa). 

Soil moisture aTranslocation apartitioning pattern 

treatment 

bS ~1 ~3 

c(%) d(%) 

Fe 57.3 32.0 3.72 6.84 57.3 

-48 37.2 36.8 2.20 10.20 50.2 

-24 36.1 39.5 2.64 9.10 48.8 

WP 35.6 71.9 1.66 6.60 19.7 

Se-x 4.99 5.36 0.41 1.68 5.22 

aDetermined 24 h after application of radiolabel to leaf 2. 

bS = sheath of the treated leaf 2; Ll = leaf 1; L3 = leaf 3 plus apical meristem; R = 
root. 

cRadioactivity recovered outside the treated lamina as a percentage of the total 

activity recovered from the plant. 

dRadioactivity recovered from plant fraction as a percentage of total activity 

recovered from plant tissue outside the treated lamina. 



2.3.3 The Effect of Abscisic Acid on the Foliar Uptake of 

14C-glyphosate 

44. 

Plants treated with ABA prior to being treated with 14C-glyphosate had a 

significantly higher lamina diffusion resistance than similar plants not treated with 

ABA (table 2.4). The foliar absorption of 14C-glyphosate by plants treated with 

ABA was significantly less than that of plants not treated with ABA (table 2.4). 

Table 2.4: The effect of abscisic acid (ABA) on the foliar uptake of 

14C_glyphosate by oat (Avena sativa). 

ABA 

(p.g) 

o 
100 

Se-x 

aLamina diffusion 

resistance 

(s/cm) 

1.1 

19.8 

2.5 

a 14C-glyphosate 

uptake 

(%) 

39.4 

8.9 

4.9 

aWere measured and applied respectively, three hours after ABA application. 



2.3.4 The Effect of Plant Water Status on the Uptake, 

Translocation and Metabolism of 14C-Ouazifop-butyl 

45. 

It was found that watered and water stressed plants absorbed a similar proportion of 

applied 14C-fluazifop-butyl (table 2.5). The proportion of absorbed 14C-activity 

(applied as 14C-fluazifop-butyl) translocated from the treated lamina was greater in 

watered than water stressed plants. In both soil moisture treatments, the partitioning 

of transported 14C-Iabel was preferentially to the roots, leaf 3 plus apical meristem, 

sheath and leaf 1, in that order. 



fable 2.5: The effect of plant water status on the uptake, translocation and 

partitioning pattern of 14C-activity in oat (Avena saliva) after the 

application of 14C-fluazifop-butyl. 

Soil moisture aUptake bTranslocation bpartitioning pattern 

treatment 
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___ f(%) ___ _ 

Field capacity 

Wilting point 

Sex 

31.5 

37.0 

2.5 

7.6 

4.4 

0.5 

aDetermined 24 h after application of radiolabel to leaf 2. 

bDetermined 14 days after application of radiolabel. 

18.8 11.6 19.8 49.7 

19.9 2.1 26.4 51.6 

2.4 0.9 1.7 3.4 

Cs = sheath of the treated leaf 2; L1 = leaf 1; L3 = leaf 3 plus apical meristem; R = 

root. 

dDifference between radioactivity applied and that recovered in leaf washes 24 h 

after application as a percentage of radioactivity applied. 

eRadioactivity recovered outside the treated lamina as a percentage of the total 

activity recovered from the plant. 

fRadioactivity recovered from plant fraction as a percentage of total activity 

recovered from plant tissue outside the treated lamina. 
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In experiment 5, the Rfvalues for fluazifop-butyl and fluazifop acid standards were 

0.93 and 0.60 respectively. The Rf value for an authentic 14C-fluazifop-butyl 

standard was 0.96 when developed in the same solvent system; similar values were 

obtained for non- radioactive samples that were visualized under U.V.light These 

Rf values were similar to those obtained by Carr et al (1986), Le., 0.55 and 0.96 for 

fluazifop-butyl and fluazifop acid respectively. 

The recovered 14C-activity from water stressed plants, 24 h after applying 14C_ 

fluazifop-butyl, was in the following forms in decreasing order, ester> polar 

conjugate> acid (table 2.6). Whereas, for watered plants, 24 h after radiolabelling, 

the recovered 14C-activity comprised polar conjugate> acid> ester, in that order. 

In other words, more of the extracted radiolabel from watered plants remained near 

the chromatogram origin, presumably in the form of polar conjugates or slightly up 

from the origin as fluazifop acid. 
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Table 2.6: The effect of plant water status on the amount of extracted 14C-activity 

either remaining as tluazifop-butyl ester or metabolised to acid or 

polar conjugate within the treated lamina of oat (Avena sativa ). 

Plant leaf 

water potential 

Replicate Polar 

conjugate 

Acid Ester 

(MPa) 

-0.8 

1 

2 

_______ a(%) ____ _ 

Average 

57 

64 

60 

28 

23 

25 

14 

12 

13 

-2.0 

Average 

1 

2 

31 

41 

36 

aDetermined 24 h after application of radiolabel. 

17 

19 

18 

51 

39 

45 

2.3.5 The Phytotoxicity of Fluazifop-butyl to Oat (A vena sativa) 

Growing in Moist or Dry Soil at Spraying 

In experiment 6, 17 days after spraying with fluazifop-butyl and eight days after 

rehydrating water stressed plants, total chlorophyll concentration in individual 

laminae of watered plants decreased in the order leaf 1 > leaf 2 > leaf 3 (table 2.7). 
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In contrast, chlorophyll concentrations in laminae of water stressed plants were 

greater for leaves 2 and 3 than for leaf 1. Chlorophyll concentrations in leaves 2 and 

3 were greater for water stressed plants than for watered plants. 

Table 2.7: The effect of plant water status on the chlorophyll concentration of 

individual leaves of oat (A vena sativa ) 17 days after spraying with 

fluazifop-butyl at a rate of 0.50 kg a.iJha. 

Leaf number Watered aWater-· 

stressed 

1 

2 

3 

Sex 

__ (mg chlorophyll/g dry weight) __ 

7.65 6.73 

4.94 

1.91 

aWater stress was relieved nine days after spraying. 

0.77 

9.35 

10.98 

At this time (17 days after spraying), total plant dry weight for both sprayed, watered 

and water stressed plants was 0.14 ± 0.01 g. However, in experiment 7,32 days 

after spraying, total plant dry weight was substantially greater for water stressed 

(0.64 ± 0.06 g) than for watered plants (0.14 ± 0.06 g) (plate 2.1). 



Plate 2.1: 

50. 

/ 

B 

Cultivated oat (Avena sativa) 32 days following the application of 

fluazifop-butyl at 0.50 kg a.i./ha. Plants were either water stressed (A) or 

watered (B) at spraying. Nine days after spraying, the soil moisture level in 

the water stress treatment was returned to, then maintained at around field 

capacity until harvest. 



2.4 Discussion 

2.4.1 The Effect of Plant Water Status and Abscisic Acid on the 

Foliar Uptake of 14C-glyphosate 

51. 

Caseley and Coupland (1985) noted that few published papers concerning soil 

moisture effects on herbicide activity state what the water potential of plants was 

around the time of spraying. Accordingly, in an attempt to overcome this criticism 

leaf water potential was included in the present experimental system to study plant 

tolerance to herbicides when growing in low soil moisture conditions. The leaf water 

potential of leaves on water stressed plants was less than that of either watered or 

rehydrated plants (table 2.1). Although the thermocouple psychrometer measured 

leaf water potential it should be realized that for these experiments, and the later 

water stress experiments (chapters 4; 5), measurements were carried out on leaf 

discs, and therefore this measurement cannot be regarded as in situ (Savage and 

Cass, 1984). The difference between measured water potential for cut leaf discs and 

actual values for mesophyll is proportional to the cut edge to total leaf area ratio, the 

cut edge to leaf surface conductance, and the water potential difference between the 

cut edge and the stomated leaf surface. Thus, it is acknowledeged that errors may 

arise from leaf disc excision, for example, due to drying and metabolic changes in 

tissue water. Nevertheless, leaf water potential measurements by thermocouple 

psychrometers are considered to be a satisfactory measure of plant water status 

(Kramer, 1988), and are indicative of water status. The magnitude of the difference 

in leaf water potential for plants from water stressed and watered treatments used 

here indicates substantial differences in water status between plants from the two 

treatments. 

The uptake of 14C-glyphosate by plants which were water stressed was less than 

that by plants growing in moist or rehydrated soil (table 2.2). Subsequent 

translocation of 14C-glyphosate out of the treated lamina, was less for plants that 

were either water stressed or rehydrated prior to spraying, compared with plants 
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growing in moist soil (table 2.2). The higher uptake of 14C-glyphosate by plants 

growing in adequate soil moisture was probably associated with the active 

translocation of 14C-Iabelled herbicide away from the inner surface of the cuticle. 

Active translocation would have maintained a high chemical concentration gradient 

for facilitating glyphosate diffusion between the outside and inside of the leaf 

surface (Price, 1983). However, this would not have been the case in the rehydration 

treatments, as the translocation of 14C-glyphosate was similar to that within the 

water stressed treatment. It is likely that the differences in uptake were largely 

associated with other factors, possibly leaf morphological or micro-environmental 

changes (Caseley and Coupland, 1985). 

The micro-environment (for example, the boundary layer at the leaf surface) around 

the well watered and rehydrated plants may have had a higher relative humidity than 

that around the plants in the WP treatment. This may have reduced the rate of 

herbicide droplet drying and maintained the 14C-glyphosate in solution for a longer 

time period, and hence, permitted significantly greater uptake than in the water stress 

treatment (Merritt, 1982; Price, 1983). 

The greater 14C-glyphosate uptake by plants growing in moist or rehydrated soil, 

may have been due to cuticle hydration facilitating herbicide movement into the leaf, 

via the aqueous phase. In addition, when plants were rapidly rehydrated, the cuticle 

may have been progressively stretched as water became more available. The 

stretching of the cuticle may have caused cracks to form on the surface of the leaf 

which could have aided foliar penetration of herbicide. 

Abscisic acid (ABA) is produced in water stressed plants (Walton, 1980; Raschke 

1982). It is thought that ABA is produced in response to cell volume changes 

(Schulze, 1986), which occur when plants are subjected to water stress. Abscisic 

acid causes stomatal closure which reduces plant transpiration and photosynthesis 

(Seemann and Sharkey, 1987) and thus, may be partly responsible for the poor 

performance of glyphosate against water stressed plants (Dickson and Field, 1987). 
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As found for water stressed plants, 14C-glyphosate uptake was low if ABA was 

applied to plants growing in moist conditions prior to applying the radiolabel (table 

2.4). These data suggest that ABA may, in part, be responsible for the poor 

performance of glyphosate within water stressed plants. 

Water stress and the application of ABA increased lamina diffusion resistance 

greatly (table 2.4), and it is likely that stomata were closed in both cases. If this is 

so, the cuticle free areas of guard cells, which have been shown to be possible sites 

for chemical uptake (Franke, 1967), may have been obscured from applied 

glyphosate droplets. This could have impeded herbicide uptake (tables 2.2; 2.4). 

In addition, ABA may have had a direct inhibitory effect on the loading of the 

herbicide into the phloem (Lenton, 1984). This proposal is supported by Malek and 

Baker (1978), who reported that ABA inhibited sucrose uptake into caster bean 

(Ricinus communis L.) petioles. 

2.4.2 The Effect of Plant Water Status on the Translocation and 

Partitioning of 14C-glyphosate 

Compared with plants growing in moist soil, plants growing in dry soil translocated 

less 14C-activity derived from radiolabelled glyphosate or assimilate (tables 2.2; 

2.3). These fmdings support Ahmadi et al (1980) who found that plants growing in 

dry soil translocated less herbicide. It was proposed that this was because water 

stress was reducing leaf photosynthesis, sink activity and/or the transport system and 

thus, inhibiting herbicide translocation. This mechanism of water stress inhibition 

of herbicide translocation was subsequently reviewed by Caseley and Coupland 

(1985). 
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In the present experiments it is likely that one of the main reasons for reduced 

translocation of 14C-assimilate, and probably 14C-glyphosate, in water stressed 

plants was reduced leaf photosynthesis (Hsiao, 1973; chapter 1). In water stressed 

plants, reduced sink demand for photoassimilates may explain the low amounts of 

14C-assimilate and associated 14C-glyphosate translocated (tables 2.2; 2.3). Price 

(1983) stated that temperature and water stress can both cause reduced meristematic 

activity and limit sink demand. 

The disruption of phloem loading and/or unloading, and translocation in the phloem, 

may explain some of the reduced translocation of glyphosate by water stressed 

plants. Relatively little is known about how photoassimilates and herbicides are 

loaded into sieve tubes. Field and Peel (1971) investigated the movement of growth 

regulators and herbicides in stems of willow (Sa/be viminalis L.). Experiments were 

performed using isolated bark strips and segments of stem. Samples of the sap from 

sieve elements were obtained using aphids and collecting either honey dew from 

whole individuals or exudate from severed stylets. Herbicides were found to move 

into the phloem via both the symplastic (storage parenchyma) and apoplastic (cell 

free space) pathways. 

Symplastic transport of sugars (usually sucrose) cognated with herbicide, involves 

moving the solutes from cell to cell via plasmodesmata (Gifford and Evans, 1981). 

Adverse environmental conditions, such as water stress are known to influence 

cellular uptake of compounds through cell membranes, which are vital to the active 

movement of solutes in the symplastic pathway (Price, 1983). It has been reported 

that cellular membrane systems appear to be one of the primary sites of desiccation 

injury (Senaratna, McKersie and Borochov, 1987). Therefore, in the present 

research, if cell membranes lost their integrity under the water stress conditions, the 

active loading of 14C-assimilate and 14C-glyphosate would have been inhibited. 

Water stress may have affected the transport of glyphosate via the apoplastic 

pathway, particularly as glyphosate movement in the apoplast is dependent on the 
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mass flow of water (Duke, 1988). When ABA levels increase in leaves of water 

stressed plants, stomata close and water movement in the xylem is slowed (Gottrup 

et ai, 1976). This may result in reduced solute (glyphosate) movement throughout 

aerial plant parts. 

In general, translocated 14C-glyphosate and 14C_ assimilate were partitioned to the 

primary sinks (roots, new leaves, sheaths) with minimal accumulation in mature 

leaves (tables 2.2; 2.3). However, 14C-glyphosate accumulated preferentially in leaf 

3 plus apical meristem, whereas 14C-assimilate accumulated largely in the sheath of 

leaf 2 and roots. 

The reason(s) for the higher percentage of 14C-assimilate partitioning to the sheath 

is unknown, but may be associated with deposition of carbon compounds 

preferentially in the sheath bases, for later remobilisation (Danckwerts and Gordon, 

1987). The significantly higher deposition of 14C-assimilate in the sheath in the WP 

treatment agrees with Crafts and Crisp (1971) and Deng, Joly and Hahn (1990) who 

stated that at low plant water potentials storage replaces growth in stems and roots. 

The reduced amount of 14C-glyphosate deposited into the sheath compared to 

14C-assimilate may have been associated with differences in effective mass transfer 

in the sheath phloem caused by differential lateral movement of the solutes out of 

the sieve tubes into storage cells. 

Dewey and Appleby (1983) also found that more 14C-assimilate than 14C_ 

glyphosate was partitioned to the stem of tall morning glory (Ipomoea purpurea L.). 

The increased partitioning of 14C-glyphosate to leaf 3 plus apical meristem in the 

current experiment may have been due to apoplastic movement of glyphosate after it 

transferred from the phloem to the xylem (Dewey and Appleby, 1983). 

The partitioning of 14C-assimilate and 14C-glyphosate in WP and FC treatments 

was different, possibly due to the 14C02 treated plants not being simultaneously 

treated with the herbicide. Glyphosate and other herbicides, such as fluazifop-butyl 
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are known to have effects on plant source/sink relationships (Cole, 1985; Coupland, 

1986). Therefore, if aerial plant parts are damaged by the applied herbicide, the 

transport and partitioning of photoassimilate subsequent to the application of the 

chemical may have been dramatically altered. 

2.4.3 The Effect of Soil Rehydration on the Translocation of 14C. 

glyphosate 

The results from experiment 1 showed that if ample water was supplied to the roots 

of previously water stressed plants 24 h or 48 h before glyphosate application, 

physiological transport processes did not immediately restart (table 2.2). This has 

major implications for herbicide translocation and efficacy. These data support 

those of Moosavi-Nia and Dore (1979) who showed that three or five days of 

rehydration were not sufficient for glyphosate to kill Imperata cylindrica L. and 

Cyperus rotundus L., but plant death could be achieved with a seven day rehydration 

period. 

A possible explanation for the slow reactivation of plant transport processes after 

water stress (tables 2.2; 2.3) is that photosynthesis in these plants may have been 

retarded because of slow chloroplast recovery and a lag phase of ABA effects on 

stomatal aperture (Wright and Hiron, 1972; Boyer and McPherson, 1975; During, 

1988). Boyer and McPherson (1975) stated that the ability of photosynthesis to 

recover, once water stressed plants received adequate soil moisture, was dependent 

on the severity of the water stress and the plant species. When desiccation has been 

mild, and of short duration, virtually complete recovery of photosynthesis has been 

observed (Boyer and McPherson, 1975). However, when water stress was more 

severe, photosynthesis may show after-effects of desiccation. The first kind of after

effect is thought to be caused by breaks in water columns or other modifications to 

the pathway for water transport in the plant. If the resistance shows considerable 

increase, desiccation of the leaves may continue despite rewatering of the soil. 
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During this time photosynthesis is frequently affected. The second kind of after

effect is that stomata remain closed even when leaves return to full hydration after 

rewatering (Wright and Hiron, 1972). 

During (1988) measured C02 assimilation and photorespiration of grape vine (Vitis 

vinifera L.) varieties, Riesling and Trollinger. It was found that after rewatering 

water stressed plants, the recovery of stomatal conductance and photosynthesis was 

delayed by several days. It was observed that three days after supplying adequate 

water to the soil, both CO2 assimilation and stomatal conductance were still 

reduced. These workers concluded that residual ABA was still affecting the 

stomatal aperture and hence, the CO2 uptake and water loss of rehydrated plants. 

The results of During (1988) indicated that residual ABA dramatically affects plant 

growth, supporting the data of Field and Caseley (1987) who investigated the effects 

of ABA on the growth of Avena jatua L. Compared to control treatments, lamina 

diffusion resistance and leaf extension rate dramatically increased and decreased 

respectively for plants treated with ABA. Approximately 26-28 days after the 

application of ABA to Avenajatua L. the shoot dry weight of hormone treated plants 

was considerably less than that of non-hormone treated plants. 



2.4.4 The Effect of Plant Water Status on the Phytotoxicty of 

Fluazifop-butyl 

58. 

In water stressed plants, the decreased translocation of fluazifop-butyl from the site 

of application was linked to less plant damage and increased growth (plate 2.1). In 

the short term (17 days after spraying) there was little chlorophyll breakdown, an 

indication of minimal herbicide injury (Derr et ai, 1985), in young or mature leaves 

of water stressed plants (table 2.7). In comparison, watered plants developed 

significant chlorosis in the short term post spraying period, a phenomenon found by 

Carr (1986) and Chandrasena and Sagar (1987). At harvest, watered plants were 

completely chlorotic/necrotic and their main shoot had detached from within older 

leaf sheaths (plate 2.1; Chandrasena and Sagar, 1984). 

Plants growing in moist and dry soil, and treated with 14C-fluazifop-butyl absorbed 

similar amounts of 14C-activity through their foliage (table 2.5; Kells et ai, 1984). 

Further, the absorption of 14C-activity (presumably 14C-fluazifop-butyl) was 

unaffected by the proportions transported out of the treated lamina (table 2.5). The 

reasons for this are unclear, but are likely to be related to the high lipophilicity of 

fluazifop-butyl (Hendley, Dicks, Monaco, Slyfield, Tummon and Barrett, 1985). 

Stevens et al (1988), reported that in the absence of surfactant, wax retention was 

inversely related to water solubility and melting point of the chemical. In the case of 

fluazifop-butyl the water solubility and melting point are 5.22 * 10-3 moVm3 and 

170 0 C respectively (Urano, 1982). For glyphosate the water solubility and melting 

point are 4.4 * 103 moVm3 and 250 0 C respectively (Stevens et ai, 1988). The 

above chemical specifications of the two herbicides support the proposal that more 

fluazifop-butyl than glyphosate is likely to be retained within the leaf waxes and 

move via the non-polar pathway. The high lipophilicity of fluazifop-butyl may 
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allow the chemical to penetrate the leaf cuticle via a non-polar pathway with less 

reliance on water to allow herbicide movement. In addition, the non-polar nature of 

fluazifop-butyl may cause the herbicide to partition into the leaf cuticular waxes and 

this, in turn, would have maintained a high chemical concentration gradient for 

herbicide diffusion, regardless of the amount of herbicide translocation. Hendley et 

al (1985) stated that the lipophilicity offluazifop-butyl can, in certain field 

situations, lead to enhanced leaf penetration and accumulation at sites of activity. 

As was the case for 14C-glyphosate, the reduced 14C-fluazifop-butyl translocation 

by water stressed plants may have been due to a combined reduction in leaf 

photosynthesis, phloem loading and/or unloading and sink activity. This may have 

resulted in less photoassimilate and hence, less herbicide movement. Unlike 

glyphosate, the metabolism of oxyphenoxy alkanoic acid herbicides, such as 

fluazifop-butyl, can play a key role in determining the amount of active ingredient 

translocated (Coupland, 1989c). Water stress was found to cause a reduction in 

hydrolysis of fluazifop-butyl to fluazifop (table 2.6). This may have been an 

important factor causing a reduction in translocation of herbicide out of leaves of 

water stressed plants. The finding of decreased conversion of fluazifop-butyl to 

fluazifop is in agreement with Coupland and Bond (1988) who investigated 

environmental effects on the de-esterification of fluazifop-butyl in Elymus repens L. 

Gould. plants. It was stated that reductions in temperature, light intensity or soil 

moisture, significantly lowered the rate of esterase activity which, in turn, reduced 

the amounts of fluazifop translocated to target sites. Further, it was concluded that 

of the three environmental factors studied, water stress had the most severe effect on 

the amount of herbicide that was metabolised by plants. In both water stressed and 

watered plants, translocated 14C-fluazifop-butyl was partitioned to the primary sinks 

(roots, new leaves, sheaths) with minimal accumulation in mature leaves (table 2.5). 
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These results indicate that the translocated 14C-label was probably co-translocated 

with sugars in the phloem sap. A similar phenomenon was found by Kells et al 

(1984) when investigating the uptake and translocation of 14C-fluazifop-butyl in 

quackgrass (Elymus repens L. Gould.) and soyabean (Glycine max L. Merr.) plants. 

Radioautographs indicated that the label was distributed throughout all plant parts of 

both species. However, there was a dominant accumulation of 14C-herbicide in the 

meristematic regions of both plants. 

2.4.5 The Mobility of 14C-nuazifop-butyl Compared to 14C_ 

glyphosate in Oat (Avena sativa) 

Compared to 14C-glyphosate and 14C-assimilate, considerably less 14C-fluazifop

butyl was translocated out of the treated lamina of plants growing in dry and moist 

soil (tables 2.2; 2.3; 2.5). This may have been due to the combined effects of: 

(a) retention of herbicide in epicuticular waxes; 

(b) herbicide-induced disruption of cells that are involved in translocation 

(Coupland, 1989a); or 

(c) a slow rate of herbicide metabolism (bio-activation) (Coupland, 1989a). 
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In oat (Avena sativa L.), 14C-fluazifop-butyl may have been less mobile than 14C_ 

glyphosate because a greater amount of the oxyphenoxy alkanoic acid herbicide may 

have been partitioned into the leaf cuticle (Baker, 1987). This may have occurred 

because of the higher lipophilicity of fluazifop-butyl (Hendley et ai, 1985; Stevens 

et ai, 1988). The partitioning of fluazifop-butyl into the cuticular waxes may have 

resulted in less active ingredient (fluazifop) being available for translocation in the 

phloem. A similar phenomenon was reported by Stevens et al (1988) who 

investigated the uptake and translocation of 14 agrichemicals, including glyphosate 

(polar) and diclofop-methyl (non polar), in four species, namely maize (Zea mays 

L.), rape (Brassica napus L.), strawberry (Trifoliwnjragiferwn L.) and sugar beet 

(Beta vulgaris L.). It was found that translocation, expressed as a proportion of 

radiolabel within the plant, was usually lower following applications of compounds 

with surfactant. It was concluded that this was because of increased retention of the 

compounds within the surfactant impregnated cuticle. 

It is probable that the translocation of 14C-fluazifop was less than that of 

14C-glyphosate or 14C-assimilate (Chandrasena and Sagar, 1986b), because of 

herbicide induced disruption of phloem and associated storage parenchyma cell 

membranes, which are vital for symplastic herbicide transport (Ratterman and Balke, 

1988a). This proposal was supported by Coupland (1989c) who suggested that any 

herbicide which perturbed membrane function either of cells in the phloem, or cells 

responsible for symplastic loading of the phloem, may reduce its own mobility. The 

present results support Chandrasena and Sagar (1986b) who found that the 14C_ 

activity that entered Agropyron repens L. Beauv. treated with 14C-fluazifop-butyl 

either moved to areas distal of the treated zone, or remained within the treated zones. 

Compared to glyphosate, fluazifop-butyl behaved more like a contact injury 

herbicide in A vena sativa L., with a low dependence on translocation to distant 

sinks. Bromllow and Chamberlain (1989) reported that herbicide systemicity was 

dependent on physicochemical properties, being the lipophilicity and acid strength 
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of the chemical. It was suggested that immobile (non-systemic) compounds are very 

lipophilic, whereas phloem mobile chemicals are very polar. Therefore, considering 

that fluazifop-butyl is more lipophilic than glyphosate (Urano, 1982; Stevens et aI, 

1988), it is not unexpected that translocation of radiolabel is much less in 14C_ 

fluazifop-butyl treated plants than those treated with 14C-glyphosate. 



CHAPTER 3 

The Effect of Nitrate and Gibberellic Acid on the Phytotoxicity 

of Diclofop-methyl, Fluazifop-butyl and Glyphosate 

to Cultivated Oat (Avena sativa) 

3.1 Introduction 

63. 

In some cases, additional nitrogen has been found to enhance the herbicidal activity 

of glyphosate. Whitwell and Santelmann (1978) reported that glyphosate control of 

bermudagrass (Cynodon dactylon L. Pers.) grown in pots was improved by the 

addition of nutrient solution containing 0.11 and 0.22 g N/l00 ml water every two or 

three days. However, it should be noted that these nitrogen concentrations are very 

high, 79 moVm3 and 157 moVm3 respectively, and there is possibly an order of 

magnitude error in the description of the treatments. Baird, Brown, and Phatak 

(1974) noted improved Elymus repens L. Gould. control in a low nitrogen soil where 

82.5 - 105 kg N/ha was applied 30 or more days prior to glyphosate application. In 

the same study, glyphosate control of Elymus repens L. Gould. in a high fertility 

field, following corn production, was found to be unaffected by additional nitrogen. 

Ivany (1981) found that application of 35 kg N/ha prior to (30 or 15 days), or at the 

time of, spraying glyphosate (1.12 kg a.i./ha) did not enhance the performance of the 

herbicide. It was concluded that 35 kg N/ha was insufficient to produce a plant 

growth response and thus, increase the activity of the herbicide. 

Literature referring to the effects of nitrogen availability on the activity of fluazifop

butyl has not been found. However, the activity of this herbicide against green 

foxtail (Setaria viridis L. Beauv.) has been shown to increase with greater overall 

soil fertility (Grafstrom and Nalewaja, 1988). Increased fluazifop-butyl performance 

at high soil fertility was related to increased uptake and translocation of herbicide 

(Grafstrom and Nalewaja, 1988). 
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In concurrent research to that described here, diclofop-methyl, a post-emergent 

herbicide with a similar mode of action to fluazifop-butyl (Carr et ai, 1985; Walker 

et al, 1988), was shown to be less effective at low external nitrate concentrations 

(Andrews et ai, 1989a). Diclofop-methyl is also ineffective under water stress 

conditions and, as with fluazifop-butyl, uptake and translocation of this herbicide 

can be as great by plants growing in dry and moist soil (Dortenzio and Norris, 1980; 

Akey and Morrison, 1983). Furthennore, the application of ABA immediately prior 

to spraying with diclofop-methyl, increased plant tolerance to the herbicide without 

affecting its foliar uptake and translocation (Foreman and Field, 1986; Field and 

Caseley, 1987; Foreman, Field and Buick, 1987). The mode of action of diclofop

methyl is thought to be the inhibition of the enzyme acetyl-CoA carboxylase, a key 

enzyme in fatty acid biosynthesis (Walker et ai, 1988). It was proposed that 

increased tolerance to diclofop-methyl at low external nitrate concentrations and 

high soil moisture deficits was due to a reduced rate of leaf expansion. This resulted 

in less demand for membrane synthesis and decreased strain on cell membranes 

damaged by the herbicide, leading to less cellular disruption (Andrews et ai, 1989a). 

Andrews et al (1989a) also showed that gibberellic acid (GA3) can increase 

diclofop-methyl activity on Avena sativa L. and proposed that this was because of 

increased expansion rate of stemlleaf sheath resulting in increased demand for 

membrane synthesis and increased strain on membranes damaged by the herbicide. 

This explanation is similar to that of Andrews et al (1989b) for the nitrate damage 

response of P haseolus vulgaris L. growing at cold temperatures. Like fluazifop

butyl and fluazifop acid, low temperatures are thought to decrease the rate of 

incorporation of lipid material into cell membranes and/or decrease the elasticity of 

membranes (Willing and Leopold, 1983) thus, making them more vulnerable to 

tensile stress. Andrews et al (1989b) found that Phaseolus vulgaris L. growing in 

high external nitrate (20 moVm3) were less tolerant of cold temperatures because of 

increased leaf expansion rates. It was proposed at high nitrate concentrations, plants 

absorbed more nitrate ions into their cells. This, in turn, lowered the cell water 

potential and caused water to flow into the cells. The increased water flow increased 
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cell turgor pressure which increased the strain on cell membranes, causing them to 

expand and disrupt (Cos grove, 1987; 1988). 

The deflnition of stress used above is a technical term given to a force per unit area 

(Burns and MacDonald, 1975). The effect of stressing a body, such as a cell 

membrane, is to change its size and shape, and the deformation is measured by the 

strain on the body (cell membrane). 

Gibberellic acid (GA3) has the unique ability among recognised plant hormones to 

promote extension growth of many intact plants (Singh, Aspinall and Paleg, 1973; 

Junttila,1989). Gibberellic acid frequently promotes plant fresh weight, but not dry 

weight, primarily by increasing cell expansion as opposed to cell division (Adams, 

Kaufman and lkina, 1973). Adams et al (1973) reported that Avena sativa L. tissues 

appear to be extremely sensitive to GA3. The magnitude of the growth promotion of 

this plant species by the hormone was thought to be the largest ever recorded. The 

physiological mechanism of cell enlargement by GA3 is not well known. However, 

stimulation of cell size by GA3 has been shown to occur in leaves of Kentucky blue 

grass (Poa pratensis L.) (Hay and Heide, 1983). In the past, it has been thought that 

gibberellins, e.g., GA3, GA4n, stimulated cell expansion growth by increasing cell 

turgor via effects on the osmotic concentration of the cell sap. Glasziou (1969) 

indicated that, gibberellin promotes cell expansion by increasing the hydrolysis of 

starch, fructans and sucrose into glucose and fructose molecules. The hexoses cause 

the cell water potential to become momentarily more negative, causing water to flow 

into cells and increase their expansion. At a later stage the hexoses provide an 

energy source, via respiration, for cell wall formation. It is now apparent that for 

cell expansion growth to occur, biochemical (e.g., production of sucrose and active 

uptake of mineral salts to act as osmotica) and biophysical (e.g., water for turgor 

pressure) requirements for cell expansion have to be satisfled (Dale, 1988). 

Therefore, gibberellin probably increases expansion growth in plants in two ways. 

Firstly, it lowers cell water potential which causes water to enter and secondly, it 



increases cell wall plasticity, thus allowing cells to expand (Adams, Montague, 

Tepfer, Royle, Ikuma and Kaufman, 1975; Jones, 1980; Jones, 1982). 

66. 

Gibberellic acid (number unspecified) added to the spray solution has been found to 

enhance the herbicidal activity of fluazifop-butyl against Johnsongrass (Sorghum 

haZepense L. Pers.) (Lee, 1984). This effect occurred only when fluazifop-butyl was 

applied at a rate of 0.2 kg a.i./ha, but not 0.1 kg a.i./ha or 0.4 kg a.i./ha. Generally 

chlorosis of young leaves occurred more rapidly when gibberellic acid was mixed in 

the spray solution. Gibberellic acid (GA3 or GA4n) has also been found to increase 

glyphosate phytotoxicity to bean (Phaseolus vulgaris L.) and Canada thistle 

(Cirsium arvense L. Scop.) (Sterrett and Hodgson, 1983). However, the mechanism 

of gibberellic acid enhancement of glyphosate activity was not determined by the 

above researchers. 

In the experiments described in this chapter, the efficacies of fluazifop-butyl and 

glyphosate against plants grown in low and high nitrate and plants treated with GA3 

were examined. The objectives were to: 

(a) determine if herbicide performance is reduced under low external nitrate 

concentrations; and 

(b) determine if herbicide phytotoxicity can be increased by the application of a 

growth regulator which increases the rate of tissue expansion. 

On obtaining nitrogen effects on fluazifop-butyl performance, further studies using 

14C-fluazifop-butyl were carried out to gain an understanding of the mechanism of 

the response. 



3.2 Materials and Methods 

3.2.1 The Effect of Different Applied Nitrate Concentrations on 

the Phytotoxicity of Fluazifop-butyl 

67. 

Experiment 1 examined the effects of different external nitrate concentrations on the 

long term growth of cultivated oat (Avena sativa L. cv Amuri) plants sprayed with 

fluazifop-butyl. Seeds were germinated as described in chapter 2. Seedlings of 

uniform size were selected and transplanted into pots with a diameter of 150 mm 

(three seedlings per pot), containing vermiculite/perlite (1:1) soaked in a basal 

nutrient solution containing one of three nitrate treatments (0.5, 1.0 and 10 moVm3 

N03). Two low nitrate treatments were used to provide differences in level of 

nitrogen stress. At 0.5 moVm3 N03 plants became chlorotic, but at 1.0 moVm3 

plants remained green, and their growth rate is much lower than at 10 moVm3 N03 
(appendix 2). The basal nutrient solution contained: 

(a) Macronutrients; 

CaS04·2H20 (3.0 mol/m3) 

KH2P04 (3.0 mOl/m3) 

K2HP04 (0.3 mOl/m3) 

MgS04·7H20 (2.4 mol/m3) 

(b) Micronutrients ; 

H3B03 (5.0 mmol/m3) 

MnS04.4H20 (1.0 mmol/m3) 

CuS04·5H20 (0.1 mmol/m3) 

ZnS04.5H20 (0.1 mmol/m3) 

NaCl (10 mmol/m3) 

Na2 Mo04·2H20 (O.S mmol/m3) 

CoS04·6H20 (0.02 mmol/m3) 

C6HS07Fe.SH20 (S.O mmol/m3) 



68. 

In all treatments, potassium concentration was maintained at 23.6 moVm3 by the 

addition of potassium sulphate when necessary. Plants were grown in a controlled 

environment chamber as described in chapter 2. At the three leaf stage, the pots 

from each treatment were divided into three groups and each group sprayed with 

fluazifop-butyl at 0, 0.25 or 0.50 kg a.i./ha. The herbicide was applied as described 

in chapter 2. 

Immediately after spraying, half the pots receiving 0.5 and 1.0 moVm3 N03 at each 

rate of fluazifop-butyl were flushed with 10 moVm3 N03, and maintained at this 

concentration until harvest. All plants were flushed with the appropriate nutrient 

solution every two or three days until harvest, 34 days after spraying, when the dry 

weight of the various plant fractions, namely treated leaf, youngest leaf plus apical 

meristem, remaining leaves and roots, was determined. 

3.2.2 The Effect of Different Applied Nitrate Concentrations on 

the Uptake, Translocation and Metabolism of 14C-activity in 

Plants Treated with 14C-fluazifop-butyl 

A stock fluazifop-butyl solution was prepared comprising 50 ,u technical grade 

fluazifop,2oo ,u blank formulation (obtained from I.C.I., U.K) and 49.75 m1 

deionised water. The treatment solution was prepared by adding 1.67 m1 of the 

stock solution to 10 ~Ci of carbonyl carbon labelled 14C_ fluazifop (butyl ester; 

specific activity of 11 mCi/mmol) (obtained from I. C.I., U.K.). This gave a similar 

mass of fluazifop-butyl to that in a spray application applied at a rate of 0.25 kg 

a.i./ha in 250 I of water. In experiment 2, plants (Avena sativa L. cv Amuri) 

supplied 1.0 or 10 moVm3 N03 were grown to the three leaf stage as in the previous 

experiment. At this growth stage six 0.5 ~l droplets of the treatment solution were 

applied by micro-syringe to the mid-vein of the distal third of the lamina of leaf 2. 
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Total radioactivity applied was 0.018 "Ci per plant. Immediately prior to 

radiolabelling, all plants received an application of fonnulated fluazifop-butyl at a 

rate of 0.25 kg a.i./ha. The herbicide was applied as described above (experiment 1). 

At this point, half the plants given 1.0 moVm3 N03 were supplied with 10 moVm3 

N03. Twenty-four hours after 14C-fluazifop-butyl application, absorption of 14C_ 

activity was determined as in chapter 2. 

Fourteen days after applying 14C-fluazifop-butyl.to plants, the translocation and 

partitioning of radiolabel was determined as in chapter 2, except in this experiment 

the fourth leaf was the youngest. 

In experiment 3, the treatment solution of 14C-fluazifop-butyl was prepared as for 

the metabolism experiment in chapter 2 (experiment 5). Plants (Avena sativa L.) 

were grown either in 1.0 or 10 moVm3 N03 to the 4-5 leaf stage. At this growth 

stage six 0.5 ,,1 droplets of the treatment solution of 14C-fluazifop-butyl were 

applied along the middle of the distal third of the lamina of leaf 4. Immediately 

prior to radiolabelling, all plants received an application of fonnulated fluazifop

butyl as described in experiment 2. 

Plants were harvested two or 14 days after applying 14C-fluazifop-butyl, then 

dissected into the following fractions: treated leaf, youngest leaf plus apical 

meristem, remaining leaves and roots. The treated leaf was then frozen and ground 

in liquid nitrogen. Five hundred microlitres of 80% methanol were then added to 

each ground sample. Samples were stored at 50 C and two days later, the ground 

samples were centrifuged and the supematant decanted and reduced to a volume of 

approximately 10,,1 in a stream of dry nitrogen gas. A 10 ~ aliquot was then 

applied to Kieselgel 60 (DC-Plastikfolien 5575 F254) silica gel tic plates (50 mm x 

150 mm) and developed in diethyl ether: n hexane : glacial acetic acid (12:8: IV/v) 

(Coupland and Bond, 1988). The plates were then radio-scanned on a Packard 

radiochromatogram scanner. The Rf value for an authentic 14C-fluazifop-butyl 



standard was determined in the same system. The Rf values for unlabelled 

standards, developed in the same system, were visualised under UV light. 

3.2.3 The Effect of Different Applied Nitrate Concentrations on 

the Phytotoxicity of Glyphosate 

70. 

Experiment 4 was carried out as for experiment 1, except that the two herbicide 

treatments were 0.18 kg a.i./ha and 0.36 kg a.i./ha of glyphosate and harvest was 45 

days after spraying. 

3.2.4 The Effect of Gibberellic Acid on the Phytotoxicity of 

Diciofop-methyl, Fluazifop-butyl and Glyphosate 

Experiments 5 and 6 investigated the effect of gibberellic acid (GA3) on the 

performance of diclofop-methyl, fluazifop-butyl and glyphosate. Plants (Avena 

sativa L.) were grown in vermiculite/perlite as for experiments 1 and 4 and were 

supplied 1.0 moVm3 N03 throughout. In experiment 5, plants at the three leaf stage 

had either 20,,1 of distilled water or 20,,1 of distilled water containing 100 "g GA3 

placed in the ligule inner sheath area of each of leaves 1 and 2. The application 

procedure of GA3 in the ligule/inner sheath area was the same as that described in 

chapter 2 (experiment 3) for ABA. Two days after applying GA3, plants were 

sprayed with each of the formulated herbicides, namely fluazifop-butyl (0.25 kg 

a.i./ha), diclofop-methyl (1.0 kg a.i./ha) or glyphosate (0.18 kg a.i./ha). The 

extension rate of the youngest sheath (leaf 3) of each plant was determined during 

the two days prior to spraying and total plant dry weight was recorded 44 days later. 

The extension rate of the youngest sheath was determined by measuring the increase 

in distance between the ligule of leaf 1 and lamina base of leaf 3. Experiment 6 was 

carried out as for experiment 5 except that GA3 was applied immediately prior to 

spraying with each of the formulated herbicides. 
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3.2.5 Analysis of Results 

All experiments were completely randomised designs replicated at least six times. 

An analysis of variance was carried out on all data using the Genstat (Lawes 

Agricultural Trust, Rothamsted Experimental Station) package, Release 4.04. 

Because of different levels of variation between the two sets of data for each rate of 

fluazifop-butyl or glyphosate application in experiments one and four, a separate 

analysis of variance was conducted for each individual rate. Significance testing and 

quotation of variation is as for chapter 2. 

3.3 Results 

3.3.1 The Effect of Different Applied Nitrate Concentrations on 

the Phytotoxicity of Fluazifop-butyl 

For unsprayed plants maintained at a constant nitrat~ concentration throughout the 

experiment, total plant dry weight at harvest increased with applied nitrate 

concentration (table 3.1). All plants produced seed heads. 
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Table 3.1: The effect of different applied nitrate concentrations on the total dry 

weight of oat (A vena sativa) receiving no herbicide. 

Nitrate concentration aTotal plant dry weight 

0.5 

1.0 

10.0 

Se~ 

(g) 

1.7 

2.3 

2.9 

0.05 

aDetermined 56 days after transplanting. 

At 0.5 kg a.i./ha fluazifop-butyl, total plant dry weight at harvest was greater for 

plants switched from 1.0 to 10 moVm3 N03 than for plants maintained on 10 

mol/m3 N03 throughout (figure 3.1). Values for plants supplied a constant 0.5 and 

1.0 moVm3 N03 or switched from 0.5 to 10 moVm3 N03 were not significantly 

different from those of any other treatment. Four out of six plants switched from 1 

to 10 moVm3 N03 produced seed heads, while every plant from all other treatments 

did not. All plants, regardless of nitrate treatment, were chlorotic/necrotic and most 

had detachment of the shoot from within mature leaf sheaths. 

At 0.25 kg a.i./ha fluazifop-butyl, plants supplied 10 moVm3 N03 throughout and 

those switched from 1.0 to 10 moVm3 N03 had the least and greatest dry weight 

respectively (figure 3.1; plate 3.1). Values of total dry weight for plants switched 
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from 0.5 to 10 moVm3 N03 and those supplied 0.5 and 1.0 moVm3 throughout were 

not significantly different All plants produced seed heads except those supplied 

with 10 moVm3 N03 (plate 3.1). As at 0.5 kg a.i./ha fluazifop-butyl, all plants 

supplied 10 moVm3 N03 were chlorotic/necrotic and, almost all, had shoot 

detachment from within mature leaf sheaths. 

In a similar experiment, harvested 47 days after spraying with fluazifop-butyl (table 

3.2), plants supplied 1.0 moVm3 N03 showed substantially greater growth than 

those supplied 10 moVm3 N03. Plants given 1.0 moVm3 N03 produced seed 

heads, but those given 10 moVm3 N03 produced no seed heads. Growth of plants 

switched from 1.0 to 10 moVm3 N03 at spraying was greater than for plants 

consistently treated with 1.0 moVm3 N03. 



Figure 3.1: 
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The effect of different applied nitrate concentrations on dry weight of root (0), stem plus leaf sheaths (53), 

laminae (~) and seed head (_) of oat (Avena sativa ) sprayed with fluazifop-butyl at 0.50 (A) and 0.25 (B) 

kg a.i./ha. Numbers above histogram represent applied nitrate concentrations. Switch over in the 0.5 to 10 and 

1.0 to 10 moVm3 nitrate treatments occurred immediately after spraying. Statistical variation is shown by 

standard error (Se~) bars. 



Plate 3.1: Cultivated oat (Avena sativa ) 34 days after spraying with fluazifop-butyl (0.25 kg aj./ha). Plants were supplied 

with 0.5 moVm3 N03 (A), 1.0 moVm3 N03 (B), 10.0 moVm3 N03 (C) or switched from 0.5 or 1.0 to 10 (D, E) 

moVm3 N03 at time of spraying. Plants supplied 0.5 or 1.0 moVm3 N03 at spraying had seed heads. 



76. 

Table 3.2: The effect of different applied nitrate concentrations on the total dry 

weight of oat (A vena sativa) sprayed with fluazifop-butyl at a rate of 

0.25 kg a.i.lha. 

Nitrate concentration Total plant dry weight 

Control Herbicide 

(moVm3) (g) 

1.0 2.68 1.51 

1.0 -> 10 3.44 1.85 

10.0 

Se~ 

3.61 0.56 

0.11 

3.3.2 The Effect of Different Applied Nitrate Concentrations on 

the Uptake, Translocation and Metabolism of Fluazifop

butyl 

Values for percentage uptake of 14C-fluazifop-butyl were not significantly different 

for plants supplied 1.0 moVm3 NOj, 10 moVm3 NOj or switched from 1.0 to 10 

moVm3 NOj at radiolabelling (table 3.3). However, plants supplied 10 moVm3 

NOj throughout translocated significantly more 14C_ activity than plants given 1.0 

moVm3 NOj or switched from 1.0 to 10 moVm3 NOj. Plants given high nitrate 

throughout partitioned more 14C-activity to the stem and less to the root in 

comparison with plants grown at 1.0 moVm3 NOj. The concentration of 14C_ 

radiolabel (14C/mg dry weight) extracted from the youngest leaf (lA) plus apical 
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meristem of plants supplied 1.0 mol/m3 N03 throughout or switched from 1.0 to 10 

mol/m3 N03 (at treatment) was significantly less than that of plants supplied 10 

mol/m3 N03 throughout (table 3.3). 

In experiment 3 the Rf values for the unlabelled fluazifop-butyl and fluazifop acid 

standards were 0.93 and 0.60 respectively in the diethyl ether: n hexane: glacial 

acetic acid solvent system. The Rf value for the authentic 14C-fluazifop-butyl 

standard was 0.96 when developed in the above solvent system. 

Two days after radiolabelling, plants growing in 1.0 mol/m3 N03 and 10.0 mOl/m3 

N03 had a similar percentage of ester and acid within the treated leaf. This 

indicated that these treatments metabolised similar amounts of fluazifop-butyl (table 

3.4). The majority of the 14C-activity recovered from treated leaf extracts remained 

at the chromatogram origin, presumably in the form of polar conjugates. Fourteen 

days after radiolabelling, both nitrate treatments had polar conjugates, but no 

fluazifop acid or ester present within the treated leaf (table 3.4). 
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Table 3.3: The effect of different applied nitrate concentrations on the uptake, 

translocation, partitioning pattern, and concentration within the youngest leaf 

plus apical meristem, of 14C-activity in oat (A vena saliva). Plants were treated 

with 14C-Ouazifop-butyl. 

Nitrate 

concen

tration 

1.0 

10.0 

69.4 

63.0 

Drrans-
location 

9.3 

26.1 

\>Partitioning pauern 

______ f(%) _____ _ 

23.9 9.7 26.7 30.0 9.6 

41.3 6.6 20.4 27.7 4.9 

bl4c_label 

concentration 

in YOungCBt leaf 

and apical mcriatem 

(14C/mg dty weight) 

8.2 

23.9 

1.0 --> 10 61.0 8.4 25.2 13.7 17.9 30.9 13.0 9.2 

Sex 3.2 1.8 3.8 2.2 5.9 

aDetennined 24 hours after application of 14c-fluazifop-butyl to leaf 2. 

boetennined 14 days after application of 14C-fluazifop-butyl. 

Cs = sheath of the treated leaf (2); 

Ll = leaf 1; 

1.3 = leaf 3; 

L4 = leaf 4 plus apical meristem; and 

R =rooL 

6.2 1.1 

dDifference between radioactivity applied and that recovered in leaf washes 24 h after application as a 

percentage of radioactivity applied. 

3.9 

eRadioactivity recovered outside the treated lamina as a percentage of the total activity recovered from the plant 

fRadioactivity recovered from plant fraction as a percentage of total activity recovered from plant tissue outside 

the treated lamina. 
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Table 3.4: The effect of different applied nitrate concentrations on the amount of 

extracted 14C-activity either remaining as fluazifop-butyl ester or 

metabolised to acid form or polar conjugate within the treated lamina 

of oat (A vena sativa ) either two or 14 days after treatment. 

Time after 

radiolabelling 

(days) 

2 

Se~ 

14 

Nitrate 

treatment 

1.0 

10.0 

1.0 

10.0 

14C-activity 

Polar Acid Ester 

conjugates 

-------(%)------

57.2 

72.9 

7.7 

100.0 

100.0 

38.1 

17.0 

8.5 

0.0 

0.0 

4.4 

9.6 

2.1 

0.0 

0.0 
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3.3.3 The Effect of Different Applied Nitrate Concentrations on the 

Phytotoxicity of Glyphosate 

At 0.36 kg a.i./ha glyphosate, total plant dry weight at harvest was significantly 

greater for plants supplied 1.0 mol/m3 N03 throughout than for all other treatments 

(figure 3.2). Two plants supplied 1.0 moVm3 N03 throughout produced seed heads, 

but all other plants did not produce seed heads. 

At 0.18 kg a.i./ha glyphosate, total dry weight at harvest for plants maintained on one 

nitrate concentration throughout decreased with treatment in the order 1.0> 0.5> 10 

moVm3 N03 (figure 3.2; plate 3.2). Plants given 1.0 and 0.5 moVm3 N03 produced 

seed heads, while those given 10 moVm3 N03 did not. Total dry weight for plants 

switched from 0.5 to 10 moVm3 N03 was not significantly different from that 

obtained for plants supplied 10 mol/m3 N03 throughout; as at 10 moVm3 N03, seed 

heads did not form. Total dry weight for plants switched from 1.0 to 10 moVm3 N03 
was intermediate to values obtained for plants given 1.0 or 10.0 moVm3 N03 
throughout. Plants switched from-1.0 to 10 moVm3 N03 produced seed heads, but 

their dry weight was lower than in plants given 1.0 mol/m3 N03 throughout. 

In a similar experiment using 0.18 kg a.i./ha glyphosate and harvested 49 days after 

spraying (table 3.5), plants supplied 1.0 moVm3 N03 showed substantially greater 

growth than those given 10 mol/m3 N03. At the lower nitrate concentration, plants 

produced seed heads, but at the higher nitrate concentration, seed heads did not form 

(plate 3.2). Growth of plants switched from 1.0 to 10 moVm3 N03 after spraying 

was greater than that for plants given 10 moVm3 N03 throughout and similar to that 

for plants given 1.0 moVm3 N03 throughout. In a third experiment with glyphosate, 

plants switched from 1.0 to 10 moVm3 N03 showed greater growth than plants given 

1.0 moVm3 N03 throughout. 



Figure 3.2: 
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Plate 3.2: Cultivated oat (Avena sativa) 45 days after spraying with glyphosate (0.18 kg a.i./ha). Plants were supplied with 

0.5 moVm3 NOJ (A), 1.0 moVm3 N03 (B), or 10 moVm3 N03 (C) or switched from 0.5 or 1.0 to 10 (D, E) 

moVm3 N03 at the time of spraying. Plants supplied 0.5 or 1.0 moVm3 N03 had seed heads while plants 

switched from 0.5 or 1.0 to 10.0 moVm3 N03 at spraying were beginning to form seed heads (at the booting 

stage). 
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Table 3.5: The effect of different applied nitrate concentrations on the total dry 

weight of oat (A vena sativa) sprayed with glyphosate at a rate of 0.18 kg 

a.i./ha. 

Nitrate concentration Total plant dry weight 

Control Herbicide 

(moVm3) (g) 

1.0 2.47 2.16 

1.0->10.0 . 3.22 2.07 

10.0 3.43 0.31 

Se~ 0.23 

3.3.4 The Effect of Gibberellic Acid on the Phytotoxicity of 

Diclofop-methyl, Fluazifop-butyl and Glyphosate 

In experiment 5, in which GA3 was applied 48 h prior to spraying with fluazifop

butyl or glyphosate, the sheath length of plants given 0 and 200 Pg GA3 increased 

by 17 ± 4.2 and 73 ± 4.3 mm respectively, during the 24 h prior to herbicide 

application. For un sprayed plants, GA3 dramatically increased plant height, but had 

little effect on total plant dry weight at harvest time (plate 3.3, figure 3.3). For 

sprayed plants (diclofop-methyl, fluazifop-butyl, glyphosate), a pre-treatment of 
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GA3 caused a significant reduction in total plant dry weight (figure 3.3) and stopped 

seed head formation (plate 3.4). 

In experiment 6 the application of GA3 immediately after spraying with fluazifop

butyl, diclofop-methyl or glyphosate had no effect on plant dry weight or seed head 

production (figure 3.4). In unsprayed plants, application of GA3 increased sheath 

extension, but had little effect on total plant weight at harvest (plate 3.3; figure 3.4). 



Plate 3.3: Cultivated oat (Avena sativa) 44 days after either being treated with 200 pg (A) or 0 pg (B) gibberellic acid 

(GA3). Plants were supplied with 1.0 moVm3 N03 throughout the experiment. 

00 
VI 



Figure 3.3: 
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The effect of sequential applications of gibberellic acid (GA3) and no herbicide (A)Jluazifop-butyl (0.25 kg 

a.i./ha) (B),diclofop-methyl (1.0 kg a.i./ha) (C) and glyphosate (0.18 kg a.i./ha) (0) on the dry weight of roots 

(0), stem plus leaf sheaths (5), laminae (~), and seed head (11) of oat (Avena sativa). GA3 was applied 

two days prior to the herbicide. Statistical variation is shown by a standard error (Sex) bar. 



Plate 3.4: 

\ 

Cultivated oat (Avena sativa) 44 days after either a sequential application of gibberellic acid (GA3) (200 Ilg 

plant) and fluazifop-butyl (0.25 kg a.i./ha) (A), or fluazifop-butyl alone (0.25 kg a.i./ha) (B). GA3 was applied 

two days prior to the herbicide. All plants were supplied 1.0 mol/m3 NOj throughout the experiment. 
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Figure 3.4: The effect of a simultaneous application of gibberellic acid (GA3) and no herbicide (A), fluazifop-butyl (0.25 kg 

a.i./ha) (B), diclofop-methyl (1.0 kg a.i./ha) (C) or glyphosate (0.18 kg a.i./ha) (D) on the dry weight of roots 

(0), stem plus leaf sheaths «i3), laminae (~ and seed head (. of oat (Avena sativa). Statistical variation is 

shown by a standard error (Se~ bar. 
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3.4 Discussion 

3.4.1 The Effect of Different Applied Nitrate Concentrations on the 

Phytotoxicity of Fluazifop-butyl 

Plants supplied high nitrate throughout and sprayed with 0.25 kg a.i./ha fluazifop

butyl developed significant chlorosis in the short term post-spraying period. At 

harvest, these plants were completely chlorotic/necrotic and their shoots had 

detached from within mature leaf sheaths. At the same herbicide rate, plants 

supplied with low nitrate (0.5 or 1.0 moVm3) throughout had substantial long term 

growth and were able to complete their life cycle with the production of seed heads 

(figure 3.1). Similar results were obtained when cultivated oat (Avena sativa L.) 

plants growing in low and high external nitrate concentrations were sprayed with 

diclofop-methyl (Andrews et aI, 1989a). Further, the pattern of chlorosis was 

similar to that obtained for well watered plants in experiments described in chapter 

2. Chlorosis in expanding leaves is likely to be due to inhibition of chlorophyll 

synthesis as well as chlorophyll breakdown (Fletcher and Drexler, 1980; 

Chandrasena and Sagar, 1987). 

The level of tolerance to fluazifop-butyl by plants growing in low nitrate was found 

to be influenced by the rate the herbicide was applied (figure 3.1). Plants growing in 

low nitrate made more growth following an application of fluazifop-butyl at 0.25 kg 

a.i./ha compared to 0.50 kg a.i./ha. A possible explanation for the greater level of 

activity of fluazifop-butyl on nitrogen stressed plants, when applied at 0.50 kg 

a.i./ha, is that more active ingredient was reaching target sites, as has been shown to 

occur with glyphosate (Erickson and Duke, 1981; Gougler and Geiger, 1981). 

Chandrasena and Sagar (1984) reported that the rate of application of fluazifop-butyl 

influenced the amount of biologically active herbicide, presumably fluazifop acid, 

that was translocated to the meristems (buds) of Elymus repen$ L. plants.· Generally 

between 6 h to 24 h after the application of fluazifop-butyl at 0.125 kg a.i./ha and 

0.25 kg a.i./ha, lethal amounts of herbicide had been translocated to the meristems of 



plants, and further amounts were translocated over a subsequent 24 h period. In 

addition, it was found that 48 h and 72 h after the application of fluazifop-butyl at 

1.0 kg a.i./ha and 0.5 kg a.i./ha respectively, none of the buds were viable. 

90. 

Growth of un sprayed plants was reduced under low nitrogen conditions (tables 3.1; 

3.2; 3.5; appendix 2). Decreased fluazifop-butyl performance under low nitrogen 

conditions is likely to have been related to a lower growth rate (Duke and Kenyon, 

1988). Decreased growth rate would lead to a lesser demand for membrane 

synthesis and reduced strain on membranes damaged by the herbicide (Andrews et 

aI, 1989a). This has been suggested as the primary reason for poor diclofop-methyl 

performance under stress conditions, which cannot be explained by effects on 

herbicide retention, uptake, translocation and metabolism (Dortenzio and Norris, 

1980; Akey and Morrison, 1983; Andrews et aI, 1989a). However, stress conditions 

appear to have greater effects on the translocation of fluazifop-butyl than diclofop

methyl (chapter 2). It is possible that reduced translocation offluazifop-butyl may, 

in part, explain why this herbicide is less phytotoxic under low nitrogen conditions. 

This appears to be the case, as the growth offluazifop-butyl treated plants in the low 

to high nitrate treatments was greater than those in the low or high nitrate treatments 

(figure 3.1; table 3.2). When unsprayed plants at the three leaf stage were switched 

from low to high nitrate, leaf 3 rapidly responded to the increased supply of nitrate, 

but leaves 1 and 2 behaved more like leaves maintained on the low nitrate treatment 

throughout (Andrews et aI, 1989a; appendix 2). If in the present study, transport of 

fluazifop-butyl and its metabolites out of leaves was less at low nitrate than at high 

nitrate, for example, due to decreased transport of photoassimilate, then 

accumulation of herbicide in the youngest leaf and apical meristem may have been 

sufficiently reduced to permit plants to respond to increased nitrate. The data from 

the fluazifop-butyl radiotracer study are in agreement with this proposal with no 

difference in uptake of radiolabel between nitrate treatments, but two to three times 

greater translocation of radiolabel at 10 moVm3 N03 in comparison to the 1.0 

moVm3 N03 or 1.0 to 10 moVm3 N03 treatments (table 3.3). The decrease in 

translocation at low nitrate resulted in a lower concentration of radiolabel in the 
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youngest leaf plus apical meristem fraction (table 3.3). The greater partitioning of 

14C-Iabel to the shoot (primarily stem and leaf sheaths), as opposed to the root, of 

plants supplied 10 moVm3 N03. compared to those supplied 1.0 moVm3 N03, may 

have been due to a greater partitioning of carbon to the shoot which occurs at high 

nitrate concentrations (Andrews, 1986; appendices 3; 4). 

The nitrate regime in which plants were growing at spraying did not affect their 

ability to metabolise fluazifop-butyl to fluazifop acid (table 3.4). Two days after 

radiolabelling, 20%-30% of the recovered 14C-activity from plants growing in high 

or low nitrate was in the free acid form. Thus, it appears unlikely that increased 

translocation of 14C_ activity to target sites of plants supplied high compared to low 

nitrate, was due to their greater capacity to metabolise the ester (fluazifop""butyl) to 

the mobile acid form (fluazifop), (Reynon, Roberts and Wright, 1974; Coupland and 

Bond, 1988). Fourteen days after treatment a11 14C-label was in the form of polar 

conjugates. 

3.4.2 The Effect of Different Applied Nitrate Concentrations on 

the Phytotoxicity of Glyphosate 

Plants supplied low nitrate (0.5 moVm3, 1.0 moVm3) showed greater tolerance to 

glyphosate than plants grown at 10 moVm3 (figure 3.2; plate 3.2). They grew more 

than plants supplied with high nitrate throughout and they also produced seed heads, 

while those supplied with high nitrate did not (figure 3.2). 

As was the case for fluazifop-butyl, the level of tolerance to glyphosate exhibited by 

A vena sativa L. plants growing in low nitrate or switched from low to high nitrate at 

spraying, was dependent on the rate of application (figure 3.2; plate 3.2). This was 

likely to have been due to differences in the amount of active ingredient reaching 

target sites (Erickson and Duke, 1981). 
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Dry weight data for plants sprayed with glyphosate and switched from low to high 

nitrate at spraying were variable. Depending on experiment, growth of these plants 

was less than, equal to, or greater than, that for plants given low nitrate throughout. 

As uptake and translocation of glyphosate were reduced under water stress 

conditions (Dickson and Field, 1987), it is possible that both processes were also 

reduced in plants growing in low compared to high nitrogen soils. This could 

explain the decreased activity of glyphosate at low external nitrate concentrations. 

As stated in chapter 2, plant physiological processes are involved in translocating 

herbicides to their sites of activity either via the apoplastic or symplastic pathways. 

In the symplast, herbicides, including glyphosate, cognate with photoassimilates and 

thus, move from sources to sinks (Gougler and Geiger, 1981). Therefore, glyphosate 

movement is dependent upon leaf photosynthetic rate, phloem loading and 

unloading processes and the level of metabolism at the sink (Coupland, 1989a). 

Environmental factors that disrupt any, or all, of these processes are likely to affect 

herbicide transport (Kidder and Behrens, 1988). For example, nitrogen stress 

reduces the rate of leaf photosynthesis and plant metabolism, resulting in decreased 

movement of photoassimilate and associated herbicide into plant meristems. 

Whitwell and Santelmann (1978) concluded that glyphosate was a more effective 

herbicide against Cynodon dactylon L. when the plants were nitrogen fertilized 

because they translocated more photoassimilate and hence, herbicide into roots and 

rhizomes. As with fluazifop-butyl (table 3.3) decreased transport and subsequent 

dilution of glyphosate in young tissue could explain why, on occasions, plants 

switched from low to high nitrate at spraying showed greater growth than plants 

maintained on low nitrate throughout. 



3.4.3 The Effect of Gibberellic Acid on the Phytotoxicity of 

Diclofop-methyl, Fluazifop-butyl and Glyphosate 
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Cultivated oat (Avena sativa L.) is extremely sensitive to GA3 application and 

elongation rates of 2 mm/h have been obtained for stem segments with added GA3 

and sucrose (Kaufman, 1965; Adams et aI, 1973). This value is slightly less than 

that obtained for whole plants in the present study, with a value equivalent to 3.04 

mm/h. If diclofop-methyl and fluazifop-butyl performance increases with a greater 

demand for membrane synthesis then application of GA3,which results in rapid 

stem and leaf elongation primarily due to increased cell size (Kaufman, 1965; 

Adams et aI, 1973), should increase herbicidal activity. This was found to be the 

case (figure 3.3). 

The mode of action of glyphosate is thought to involve the inhibition of aromatic 

amino acid synthesis (Hollander and Amrhein, 1980). Membrane disruption does 

not appear to be an important factor in the phytotoxic response of this herbicide 

(Duke, 1988). Despite this, GA3 increased glyphosate phytotoxicity to Avena sativa 

L. This may have been due to increased translocation of herbicide to meristems 

because of GA3 induced changes in source-sink relations within the plant (Sterrett 

and Hodgson, 1983; Patrick and Mulligan, 1989). A similar explanation could hold 

for GA3 enhancement of fluazifop-butyl activity. 

Gibberellic acid can cause increased accumulation of 2,4,5-T in young shoots of 

field bean (Phaseolus vulgaris L. Stringless Green Pod) (Basler, 1977), and changes 

in translocation pattern of glyphosate can be achieved by application of other growth 

regulators (Chykaliuk et aI, 1982; Waldecker and Wyse, 1985a). Further studies are 

required to determine if GA3 affects uptake and translocation of fluazifop-butyl and 

glyphosate. 
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The data obtained here indicate that GA3 has potential for increasing the 

perfonnance of fluazifop-butyl and glyphosate, but only if applied sometime before 

spraying (figures 3.3; 3.4). In all previous studies in which growth regulators were 

successful in increasing herbicide performance, there was at least a one day time lag 

between application of the two chemicals (Chykaliuk et aI, 1982; Waldecker and 

Wyse, 1985a). It is likely that by applying the growth regulator sometime before the 

herbicide, rapid herbicide effects which negate growth regulator effects are avoided. 



CHAPTER 4 

The EtTect of a Gibberellic Acid Application on the Phytotoxicity 

of Post-Emergent Herbicides to Environmentally Stressed 

Wild Oat (Avenafatua) 

4.1 Introduction 
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A lot of the past research looking at the enhancement of herbicides with plant 

growth regulators has concentrated on using perennial weeds as test plants. 

Presumably, this is because there would be substantial benefits gained from 

manipulating perennial plant growth, such that more herbicide is able to reach their 

many distant growing points. 

Endogenous plant growth regulators, specifically cytokinins, have been used to 

induce bud growth and create physiological sinks for 14C-assimilates (Langer, 

Prasad and Laude, 1973; Teo, Bendixen and Nishimoto, 1973; Rappaport, 1980; 

Grayburn, Green and Steucek, 1982). The ability of plant growth regulators to 

enhance bud activity in perennial species offers an attractive opportunity for 

improving herbicide mobility (Waldecker, 1984). The reported co-translocation of 

many herbicides with assimilate flow (Gougler and Geiger, 1981; Kells et ai, 1984), 

should result in the accumulation of higher herbicide concentrations at important 

regrowth points, such as previously dormant lateral buds. 

Synthetic plant growth regulators have been used to enhance herbicide performance 

(Sterrett and Hodgson, 1983; Lee, 1984; Waldecker and Wyse, 1985a; Tworkoski 

and Sterrett, 1987). Waldecker and Wyse (1985a) found that an application of 1.0 

moVm3 6 benzylaminopurine (BAP) to laboratory grown common milkweed 

(Asclepias syriaca L.) six days prior to the application of glyphosate, caused a 

sevenfold increase in the accumulation of the herbicide in the proximal buds. 
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Chykaliuk et al (1982) found that GAF 141 [(2-chloroethyl)phosphonic acid plus 

N-methylpyrrolidone] increased the basipetal translocation of glyphosate, dicamba 

and acifluorfen when injected into the stems of bean seedlings (Phaseolus vulgaris 

L.). A foliar application of GAF 141 before the herbicide injection enhanced 

basipetal translocation to roots. However, GAF 141 applied simultaneously with the 

herbicide injection did not have a substantial effect on translocation. 

Tworkoski and Sterrett (1987) working with hydroponic ally grown Canada thistle 

(Cirsium arvense L. Scop.) found that root applications of 0.1 mmol/m3 BAP 

enhanced root bud growth. Translocation of 14C-glyphosate into roots was 

positively correlated with this growth and accumulation of herbicide in the roots was 

at least 60% greater in the BAP treated plants than in the controls. Foliar 

applications of ethephon or chlorfluorenol also enhanced root bud growth of soil 

grown Cirsium arvense L. Scop., but glyphosate translocation was only weakly 

correlated with such growth. The rate of glyphosate application was found to be 

important. Glyphosate concentrations above 0.56 kg a.i./ha inhibited bud 

stimulation by BAP and basipetal translocation of the herbicide. 

Ferrell (1984) conducted greenhouse studies to evaluate the activity of selected plant 

growth regulators (cytokinins, mixed cytokinins, gibberellic acid, NAA, PP333) and 

herbicides (glyphosate, dicamba, pic1oram), applied alone and in combination, on 

leafy spurge (Euphorbia esula L.). Plant susceptibility to the chemical treatments 

was initially evaluated by measurement of shoot fresh weight and a visual 

assessment of morphological damage. After decapitation the plants were allowed to 

regrow with subsequent evaluations based on shoot regrowth, number of shoots per 

container, visual damage, shoot weight and root weight. Generally, the data from 

these measurements indicated no significant enhancement of herbicide activity with 

additional growth regulator treatments. However, treatments containing gibberellic 

acid (2,4a,7 -trihydroxy-l-methyl-8-methylenegibb-3-ene-l ,lO-carboxylic 

naphthaleneacetic acid) plus pic10ram and mixed cytokinins plus picloram gave the 

greatest reductions in shoot length, shoot weight, number of shoots per container, 



97. 

and root weight when compared to the control. Subsequent experiments indicated 

that these treatments gave a reduced number of crown buds, increased amount of 

visual damage (yellowing and twisting of stems and leaves) and caused a reduction 

in the length and weight of shoots. However, they did not aid in reducing root 

weight, root length, number of shoots per container and had no significant effect on 

the number of root buds. 

Gibberellic acid (number unspecified) added to the spray solution has been found to 

enhance the herbicidal activity of fluazifop-butyl against Johnsongrass (Sorghum 

halepense L. Pers.) (Lee, 1984). This response was only expressed with 0.2 kg 

a.i./ha fluazifop-butyl, and not at 0.1 kg a.i./ha or 0.4 kg a.i./ha. Chlorosis of young 

leaves occurred more rapidly when gibberellic acid was mixed in the spray solution. 

Radiolabel studies were conducted to gain a greater understanding of the mechanism 

involved in the enhancement of fluazifop-butyl activity by this growth regulator. 

The youngest fully expanded leaves of 22 day old Sorghum halepense L. plants were 

treated with 0.16 J,LCi of 14C-fluazifop-butyl with or without 0.5 J,LCi of 3H_ 

gibberellic acid. These studies revealed that 48 h after treatment, but not 24 h nor 96 

h after treatment, acropetal translQcation of 14C-fluazifop-butyl out of the youngest 

fully expanded leaves was increased. 

In accordance with the results of the above experiments, gibberellic acid (10 mg/L 

GA3 or GA4n) was found to increase the herbicidal effect of bentazone and 

glyphosate to Phaseolus vulgaris L. and Cirsium arvense L. Scop. (Sterrett and 

Hodgson,1983). Generally the gibberellins appeared to enhance the activity of 

bentazone more than glyphosate. However, the mechanism involved in the 

enhancement of the phytotoxicity of these herbicides by gibberellic acid was not 

determined in this study. 

In chapter 3, it was shown that an application of GA3 two days prior to spraying 

with either fluazifop-butyl or glyphosate, increased the performance of both 

herbicides against cultivated oat (Avena sativa L.) growing in low nitrogen. In the 
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experiments described in this chapter, cultivated oat (Avena sativa L.) rather than 

wild oat (Avenajatua L.) was us~d as the test plant The seeds of Avena sativa L. 

were easily germinated and established unifonn plant populations which helped 

eliminate some experimental variation. Furthermore, it was easier to establish field 

trials with A vena sativa L. to obtain results for comparison with those obtained in 

the laboratory (chapter 5). In previous experimental systems with the herbicide 

dic1ofop-methyl, no major quantitative differences were observed between Avena 

jatua L. and Avena sativa L. (Field and Caseley, 1987; Foreman, Field and Buick, 

1988). In acknowledgement of the greater weed status of AvenajatuaL., this 

species has been used in the present experiments. 

This chapter describes two experiments which examined GA3 effects on fluazifop

butyl and glyphosate performance on environmentally stressed Avena jatua L .. 

The objectives of the experiments were to: 

(a) determine if the performance of fluazifop-butyl and glyphosate against Avena 

jatua L. is affected by stress conditions; and 

(b) determine if GA3 can increase the phytotoxicity of fluazifop-butyl and 

glyphosate to stressed Avenajatua L. 

4.2 Materials and Methods 

4.2.1 The Effect of Gibberellic Acid on the Phytotoxicity of 

Fluazifop-butyl 

Experiment 1 investigated the effects of gibberellic acid (GA3) on the phytotoxicity 

of fluazifop-butyl to wild oat (Avenajatua L.) grown in soil of known but variable 

water content. Seed was collected from weed plants growing in the 1987/88 summer 
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season. All seeds had their bracts removed and their caryopses germinated as for 

Avena sativa L. cv Amuri (chapter 2). Seedlings of uniform size were selected and 

transplanted into 200 ml polystyrene pots (one per pot) filled with oven dried Rapaki 

brown granular loam soil (Rapaki series: Lithic hap/udal!) brought to field capacity 

(soil moisture (SMC) = 36.9% w/w). The soil moisture treatments were FC = Field 

capacity, 3/4 FC = three quarters field capacity (~MC = 27.6% w /w), PW = partial 

wilting (SMC = 23.9%w/w), CWP = close to wilrlngpoint (SMC = 20.2%w/w), WP 

= wilting point (SMC = 18.4% w/w). 

Plants in the PW, CWP and WP soil moisture treatments were transplanted two 

weeks before the FC or 3/4 FC soil moisture treatments in order to minimise 

differences in plant size between treatments at spraying. Plants were grown in a 

controlled environment chamber as described in chapter 2. 

Soil moisture in all pots was maintained at FC until emergence of leaf 4. At this 

stage, water was withheld from the PW, CWP and WP treatments. Leaf 4 of plants 

in all treatments was typically at mid expansion when they reached their respective 

soil moisture levels. Five days later plants either had 0 p.g or 100 p.g gibberellic acid 

(GA3) placed in the ligule/inner sheath area of leaves 2 and 3, as described in 

chapter 3 (experiments 5; 6). Two days after applying GA3' all plants were sprayed 

with fluazifop-butyl (0.25 kg a.i./ha in 250 I water !ha) as described in chapter 2 

(experiments 6; 7). The leaf water potential of plants, in their respective treatments, 

was measured as described in chapter 2 (experiment 1). The water levels of the soils 

in the different soil moisture treatments were maintained for nine days after 

spraying, at which time they were either returned to, or maintained at, field capacity 

by the addition of tap water. Soil was then maintained at field capacity until 44 days 

after spraying when total shoot dry weight was determined. Unsprayed plants 

maintained at field capacity, and given 0 p.g or 200 p.g of GA3 at the fourth leaf 

stage, were used for comparisons. 



4.2.2 The Effect of Gibberellic Acid on the Phytotoxicity of 

Glyphosate 

100. 

Experiment 2 investigated the effects of GA3 on the phytotoxicity of glyphosate to 

wild oat (Avena/atua L.) grown in low external nitrate concentrations. The seeds 

were collected and germinated as described for experiment 1. Seedlings were then 

transplanted and grown, under controlled environment conditions, in 

vermiculite/perlite as for the experiments described in chapter 3. All plants were 

given low external nitrate (0.5 mol/m3) throughout. There were three GA3 

treatments in experiment 2 (0 GA3, 200",g GA3 applied two days prior to spraying 

and 200 ",g GA3 applied immediately prior to spraying). Once plants reached the 

four leaf stage, 100",g of GA3 was applied by micropipette into the ligule/inner 

sheath area of each of leaves 1 and 2 as described in chapter 3 (experiments 5; 6). 

Plants in the appropriate treatments were then sprayed with glyphosate at 0.36 kg 

a.i./ha in a water rate of 250 l/ha, as described in chapter 3 (experiment 4). 

Un sprayed plants were used as controls. Total shoot dry weight was then 

. determined 44 days after spraying. 

4.2.3 Analysis of Results 

All laboratory experiments were completely randomised designs with treatments 

replicated at least six times. An analysis of variance was carried out on all data 

using the Genstat (Lawes Agricultural Trust, Rothamsted Experimental Station) 

package, Release 4.04. Significance testing and quotation of variation is as for 

chapter 2. 



4.3 Results 

4.3.1 The Effect of Gibberellic Acid on the Phytotoxicity of 

Fluazifop-butyl 

101. 

Immediately prior to spraying, in experiment 1, plant leaf water potential decreased 

as soil moisture content approached wilting point (table 4.1). 

Table 4.1: Effect of soil moisture content on leaf water potential of leaf 2 of wild 

oat (A vena fatua ). 

Soil moisture content 

(% w/w) 

18,4 

20.2 

23.9 

27.6 

36.9 

aLeaf water potential 

(MPa) 

-2.30 

-2.00 

-1.50 

-0.29 

-0.29 

aMeasured immediately prior to spraying with formulated fluazifop-butyl. 

Shoot dry weight of un sprayed plants growing in soil maintained at field capacity 

and treated with 0 pg or 200 pg GA3 was 1.13 ± 0.09 g and 1.32 g ± 0.02 g 

respectively. For sprayed plants, regardless of GA3 or water treatment, total shoot 

dry weight at harvest was less than f~r unsprayed plants (figure 4.1). 
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For sprayed plants not treated with GA3, shoot dry weight changed little with an 

increase in soil moisture content from 18.4% w/w to 23.9% w/w, decreased 

substantially as soil moisture content increased to 27.6% w/w then changed little 

with further increases in soil moisture. For sprayed plants given 200 /J.g GA3, shoot 

dry weight decreased dramatically as soil moisture increased from 18.4% to 23.9% 

and then changed little as soil moisture was further increased to 36.9% (figure 4.1). 

At a soil moisture content of 23.9%, shoot dry weight of sprayed plants given 200 

/J.g GA3 was significantly less than that of comparable sprayed plants given no GA3 

(plate 4.1). With all other soil moisture treatments GA3 had no effect on the shoot 

dry weight of sprayed plants. 

4.3.2 The Effect of Gibberellic Acid on the Phytotoxicity of 

Glyphosate 

The application of GA3 to un sprayed plants had little effect on total plant dry weight 

at harvest (table 4.2). Regardless of GA3 treatment, glyphosate caused a substantial 

reduction in total plant dry weight. For glyphosate treated plants, application of GA3 

two days prior to spraying caused a significant reduction in total plant dry weight. 

However, the application of GA3 immediately prior to glyphosate application, did not 

cause a significant reduction in total plant dry weight. Similar results were obtained 

in repeat experiments. 
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watered regularly. 

36.0 



Plate 4.1: Wild oat (Avenafatua) 44 days after spraying with fluazifop-butyl (0.25 kg a.i./ha). Plants were treated with 0 

J.Lg or 200 J.Lg gibberellic acid (GA3) two days prior to spraying and were growing in a gravimetric soil moisture 

content of 65% w/w. Plants were maintained in soil at 65% w/w field capacity for nine days after spraying at 

which time soil water content was returned to field capacity. 
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Table 4.2: The effect of gibberellic acid (GA3) on the response of nitrogen stressed 

wild oat (Avenafatua) to glyphosate as indicated by total plant dry 

weight. 

Gibberellic Dry weight 

acid treatment 

Glyphosate treatment 

(0 kg a.i./ha) (0.36 kg a.i./ha) 

----------~(g)~-----------

-GA3 2.54 

+GA3a 2.41 

+GA3
b 2.38 

Se~ 0.08 

aGA3 was applied two days prior to spraying with glyphosate. 

bGA3 was applied immediately prior to spraying with glyphosate. 

0.49 

0.18 

0.27 
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4.4 Discussion 

The water potential of leaf 2 of wild oat (Avena lama L.) decreased as soil moisture 

content approached wilting point in experiment 1 (table 4.1). These data indicate 

that plant water stress increased with decreased soil moisture. As a result, all facets 

of the plant's physiology including cell expansion and sugar transport, which are 

essential for herbicide activity, would have become progressively more dislocated 

(Dickson and Field, 1987; Dickson, Andrews and Field, 1988; Dickson, Field and 

Andrews, 1989). Regardless of soil water treatment fluazifop-butyl caused a 

reduction in growth. However, without GA3, the phytotoxicity offluazifop-butyl 

was reduced to A vena lama L. growing in soil with a moisture content in the range 

of 18.4% to 23.9% w/w (figure 4.1). After rehydration (nine days after spraying), 

the long term growth was significantly higher for plants growing at lower soil 

moisture contents (18.4 to 23.9% w/w) than for plants in all other soil moisture 

treatments. As discussed in chapter 2 and chapter 3, poor fluazifop-butyl control of 

water stressed A vena sativa L. could have been due to a decreased photosynthetic 

rate and hence, decreased translocation of herbicide to meristems (Duke and 

Kenyon, 1988; Grafstrom and Nalewaja, 1988). In addition, decreased growth rate 

would have resulted in decreased strain' on vulnerable cell membranes and reduced 

demand for membrane synthesis (Andrews et ai, 1989a). The application of GA3 

two days prior to spraying with fluazifop-butyl increased herbicide performance at a 

soil moisture content of 23.9% (figure 4.1). Increased herbicide activity with GA3 

could have been because of increased rate of tissue (primarily leaf sheath) expansion 

and/or increased translocation of herbicide to meristems due to GA3 induced 

changes in source-sink relations within the plant (Patrick and Mulligan, 1989). 

Gibberellic acid (GA3) did not enhance the activity of fluazifop-butyl on severely 

water stressed plants « -20 MPa). In these soil moisture treatments (CWP, WP) 

chlorosis of young tissue was not visible. However, it was found that upon 

rehydration, the sheaths of severely water stressed plants treated with GA3 were 

more extended in comparison to those on plants not treated with the hormone. 



107. 

At low soil moisture levels (CWP, WP), GA3 may have been ineffective at 

enhancing the activity offluazifop-butyl because it did not stimulate cell expansion 

growth and hence, membrane perturbation by the herbicide (Dickson et aI, 1990). 

This may have been because the biochemical (sucrose, mineral salts and other 

osmotica) and biophysical (water for turgor pressure) requirements for cell 

expansion would not have been satisfied (Dale, 1988). In addition, there could have 

been insufficient sucrose, mineral salts and water present to satisfy cell division 

requirements. This suggestion was supported when it was found that four days after 

re-watering water stressed Avena sativa L. the rate of leaf extension dramatically 

increased to approximately twice that of leaves on plants grown continuously in 

adequate soil moisture (appendix 5). A possible reason for the sudden increase in 

leaf extension of rehydrated plants is that the biochemical and biophysical 

requirements for cell enlargement were satisfied. This was reported to be the case 

for tobacco plants (Nicotiana tobaccum L.) (Clough and Milthorpe, 1975). It was 

found that when the water potential of plants reached -1.1 MPa, cell division 

continued, although more slowly compared to controls. In contrast, the rate of cell 

expansion ceased completely when the water potential of plants reached -0.75 MPa. 

Therefore, in water stressed A vena Jatua L., although cell division may have 

continued during the period of water stress, the biochemical and biophysical 

requirements for cell expansion were not satisfied (Dale, 1988). Thus, when the 

flow of water and nutrients recommenced in rehydrated plants, cells that had 

previously divided, but had not enlarged during the water stress period, may have 

expanded causing a surge in leaf extension (appendix 5). 

Gibberellic acid (GA3) may have caused sheath extension in plants after 

rehydration, for the following reasons: 

(a) the hormone was still able to loosen cell walls shortly after application, but 

there were other factors preventing cell expansion; or 



(b) the hormone was still in a biologically active form when plants were 

rehydrated and thus, able to cause cell expansion. 
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In the two highest soil moisture treatments (3/4 FC; FC) fluazifop-butyl alone 

caused rapid death of plants and so a long term effect from GA3 was not expected. 

However, during the short term post spraying period, chlorosis developed more 

rapidly in sprayed plants (3/4 FC; FC» treated with GA3 (visual assessment), 

suggesting the hormone was enhancing the rate offluazifop-butyl activity. This 

pattern of chlorosis, with fluazifop-butyl, was obtained in the present study (chapters 

2,3) in laboratory experiments using Avena sativa L., and with Elymus repens L. 

Gould. in an earlier reported study (Chandrasena and Sagar, 1987). Greater 

chlorosis in expanding tissue with application of fluazifop-butyl is likely to be 

related to inhibition of chlorophyll synthesis as well as chlorophyll breakdown 

(Fletcher and Drexler, 1980; Chandrasena and Sagar, 1987). 

As for cultivated oat (Avena sativa L.) (chapter 3), application of GA3 two days 

prior to spraying with glyphosate increased herbicide performance against plants 

(Avenafatua L.) growing in low external nitrate (table 4.2). As outlined in chapter 

3, increased glyphosate phytotoxicity with GA3 could have been caused by 

increased translocation of herbicide to plant meristems due to GA3 induced changes 

in source-sink relations within the plant (Sterrett and Hodgson, 1983; Patrick and 

Mulligan,1989). Gibberellic acid (GA3; 90% purity) can cause increased 

accumulation of 2,4,5-T in young shoots of field bean (P haseolus vulgaris L. 

'Stringless Green Pod') (Basler, 1977), and changes in translocation pattern of 

glyphosate can be achieved by application of other growth regulators (Chykaliuk et 

aI, 1982; Waldecker and Wyse, 1985a). Further studies using radiolabelled 

glyphosate are required to determine if GA3 affects uptake and translocation of this 

chemical. The data obtained here indicate that GA3 has potential for increasing the 

performance of fluazifop-butyl and glyphosate, but only if applied sometime before 

spraying. In all previous studies in which growth regulators were successful in 

increasing herbicide activity, there was at least a one-day difference between 
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application of the two chemicals (Chykalluk et ai, 1982; Waldecker and Wyse, 

1985a). It is likely that by applying the growth regulator sometime before the 

herbicide, rapid herbicide phytotoxic effects which negate growth regulator effects 

are avoided. 



CHAPTERS 

The Effect of Water Stress, Nitrogen and Gibberellic Acid on 

the Phytotoxicity of Post-Emergent Herbicides to Oat 

(Avena sativa) Growing Under Field Conditions 

5.1 Introduction 

110. 

Under controlled environment conditions, the efficacy of the herbicides diclofop

methyl, fluazifop-butyl and glyphosate against Avena sativa L. has been shown to be 

dependent on soil water content and external nitrate concentration in the range likely 

to occur in agricultural soils (chapters 2; 3). Plants sprayed at the three leaf stage 

with 1.0 kg a.i./ha dic1ofop-methyl, 0.25 kg a.i./ha fluazifop-butyl and 0.18 kg a.i./ha 

glyphosate, had greater chlorophyll concentration at low compared with high soil 

moisture and at 1 mol/m3 applied nitrate compared with 10 mol/m3 applied nitrate 

(Dickson et ai, 1988). Plants grown at the lower nitrate concentration were able to 

produce seed heads, but those grown at the higher concentration died before 

completing their life cycle. 

Under controlled environment conditions it was found that when Avena sativa L. 

plants were growing in low nitrogen, application of GA3 increased the performance 

of dic1ofop-methyl, fluazifop-butyl and glyphosate (chapter 3). In addition, GA3 

was found to increase the performance of fluazifop-butyl and glyphosate against 

Avenafatua L. subjected to moderate water stress and nitrogen stress respectively 

(chapter 4). 

Attempts to enhance herbicide activity by the application of growth regulators, under 

field conditions, have frequently been unsuccessful (Chykaliuk et ai, 1982). 

Tworkoski and Sterrett (1987) found that 6 benzylaminopurine (BAP), indole-3-

butyric acid or ethephon did not enhance the performance of glyphosate on the 
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rhizomatous weed Canada thistle (Cirsium arvense L. Scop.) in the field. It was 

concluded that this was due to the effects of environmental variation as well as 

herbicide counteraction of PGR activity. Lym and Humburg (1987) investigated the 

effect of various growth regulators, including GA3, on seedling field bindweed 

(Convolvulus arvensis L.) growth and control with dicamba, glyphosate and 

triclopyr. The growth regulators were applied seven days before the herbicides, in 

greenhouse, growth chamber and field studies. For unsprayed plants, applications of 

GA3 (3.8 g/ha and 38 g/ha) approximately doubled root length and the number of 

shoots per plant. However, this honnone decreased the effects of the herbicides. 

Contrary to this report, Lee (1984) found that the addition of gibberellic acid 

(number unspecified) to a spray solution of fluazifop-butyl enhanced its activity on 

field grown Sorghum halepense L. Pers. 

Experimental techniques which are used to evaluate environmental effects on 

herbicide perfonnance have been critically evaluated (Caseley, 1979; 1980; Devine, 

1988). There appear to be serious limitations to conducting herbicide research 

experiments in controlled environment chambers, as it is extremely difficult to 

simulate field conditions. For example, Caseley (1979) stated that in growth 

chambers, light intensity, is often only 20% of that in the field. Also, in the growth 

cabinet, there is very little time allowed for dusk and dawn periods as the lights have 

to stay on for plants to receive sufficient tota1lightradiation. Devine (1988) noted 

that plants grown under controlled environment conditions usually are 

morphologically and physiologically different from those grown under field 

conditions. For example, leaf size and cuticle thickness of laboratory grown plants 

can be different from that of plants grown in the field (Devine, 1988). 

Dale (1988) stated that there are difficulties in studying the effects of water stress on 

plant growth, in controlled environment chambers. Under field conditions, the rate 

of soil drying is usually slow and irradiance is high. In controlled environment 

chambers, not only is the irradiance much less, but the rate of drying out of the soil 

in the pot, and plant, is much faster. It was noted that this is also the case where 
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plants are subjected to sharp and rapid water stress by changing the osmotic pressure 

of the rooting medium by adding polyethylene glycol or similar osmotica (e.g., 

mannitol). For the above reasons it was concluded that data generated from water 

and nitrogen stress studies conducted in controlled environment conditions, should 

be interpreted with caution (Dickson and Field, 1987). 

In laboratory studies, there are limitations with the methods used for investigating 

physiological aspects of herbicide activity (Field, 1983; Devine, 1988). For 

example, herbicide activity on plants is often investigated using 14C-Iabelled 

herbicide which is generally formulated differently from the commercial product. 

Field (1983) noted that it is normally possible to obtain the required radiolabelled 

herbicide as the appropriate salt or ester, but addition of other constituents of the 

commercial formulation is difficult due to the reluctance of chemical companies to 

reveal such information. The alternative approach suggested, was to add 

radiolabelled herbicide to the commercial formulation and to assume that the effect 

of the added mass is negligible. Recently, Devine (1988) stated that for meaningful 

radiotracer studies, formulation blanks should be supplied with radiolabelled 

herbicide in an attempt to apply a realistic mass of herbicide in radioactive droplets. 

Furthermore, in laboratory studies, due to cost and safety factors, radiolabelled 

herbicides are often applied to plant leaves with micro- syringes which deliver 

droplets different from those formed with a commercial sprayer (Devine, 1988). For 

example, syringe droplets are delivered under static rather than impact conditions 

and their sizes are invariably larger (>0.1 ~l = >300 ~m) in comparison to those 

obtained from a spray nozzle (typically 50-300 ~m diameter) (P.J.G. Stevens pers 

comm). Further, in radioactive studies, 14C-herbicide is often applied to a restricted 

area on a single leaf and its behaviour may not truly reflect that of a herbicide 

application over the entire plant; particularly in long term experiments (Field, 1983; 

Devine, 1988). 

Although controlled environments have limitations in simulating field conditions, it 

is important to realise that they do have advantages for investigating environmental 
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effects on herbicide activity. In a growth chamber it is possible to manipulate only 

one environmental factor and hold all the others constant (Caseley, 1979). This is 

not the case in the field, therefore it is difficult to elucidate the extent to which any 

one environmental factor is affecting herbicide performance. For example, a change 

from sunny to cloudy conditions will not only alter light intensity and quality, but 

also affect temperature, humidity and evaporation. These factors have both direct 

and indirect effects on herbicide performance, by altering the morphology and 

physiology of the target plant (Caseley, 1979). 

It is apparent from the above literature that it is important to develop a close 

relationship between laboratory and field experiments, as the true worth and 

accuracy of controlled environment studies will always be questioned. In the 

present study, initial experiments investigating the effects of soil moisture and 

nitrogen levels on herbicide efficacy were conducted in growth chambers, where all 

other environmental factors (e.g., light and temperature) could be held constant and 

quantified (chapters 2; 3). However, it was considered important to validate these 

fmdings under field conditions. 

This chapter describes four field experiments. The objectives of these experiments 

were: 

(a) to obtain results for comparison with the earlier laboratory generated data; 

(b) to evaluate the agronomic importance of soil nitrogen and water levels on 

herbicide performance; and 

(c) to evaluate the potential of GA3 to enhance herbicide phytotoxicity under 

field conditions. 
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5.2 Materials and Methods 

5.2.1 The Effect of Soil Nitrogen Level on Herbicide Phytotoxicity 

Experiment 1 was carried out on a Templeton silt loam soil (Templeton series: Udic 

ustochrept) on the Lincoln College research farm (figure 1.1) between 2 November 

1987 and 1 January 1988. To ensure that soil nitrogen levels were low at the start of 

the experiment, the site was intensively cropped with oat (Avena sativa L. cv 

Amuri) between 1 March 1987 and 1 November 1987. Prior to cultivation, the crop 

was cut off at ground level and carried off the site with a silage harvester. Mter 

cultivation, nitrate plus nitrite nitrogen (NOj -N + NOi -N) concentrations in 

aqueous extracts of nine randomly placed soil cores, sampled to a depth of 40 cm, 

were determined as described by Mackereth, Heron and Talling (1978). The soil 

samples were weighed then dried at 70 °c for 96 h, for determination of the 

gravimetric moisture content (% w /w). One gram of oven dry soil was added to 10 

ml of distilled water in an erlenmeyer flask along with 0.6-0.8 g reduced cadmium, 3 

ml of 500 moVm3 ammonium chloride and 1 ml of 55 moVm3 di-sodium 

tetraborate. The mixture was agitated gently for 20 minutes on a mechanical shaker; 

this procedure reduced the nitrate in the sample to nitrite. Seven millilitres of the 

solution were then pipetted into a 50 ml volumetric flask, and 1 ml of 

sulphanilamide reagent added. The flask was shaken and left for five minutes, then 

1 ml of 4 moVm3 N- I-napthylethylenediamine dihydrochloride was added, and the 

volume made up to 50 ml with distilled water. The contents of the flask were 

thoroughly mixed and left for 10 minutes. This procedure resulted in the formation 

of a red colour (a red azo-dye), which was proportional to the initial nitrate plus 

nitrite nitrogen concentration of the sample. Absorbance of samples was measured 

at 543 nm on a Shimadzu UV -110- 02 spectrophotometer. A standard absorbance 

curve was constructed using known amounts of potassium nitrate in the above 

procedure. The concentration of nitrate in the interstitial water of the soil was 0.5 ± 

0.2moVm3. 
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The trial was a randomised complete block design with two nitrogen and four 

herbicide treatments. There were three replicates. The two nitrogen treatments were 

o and 200 kg N/ha, the latter added as calcium ammonium nitrate on two separate 

occasions; at emergence and once plants had reached the three leaf stage. Each 

application of nitrogen fertiliser was made by hand at a rate of 100 kgN/ha. The 

herbicide treatments were un sprayed, dic1ofop-methyl (1.0 kg a.i./ha), fluazifop

butyl (0.25 kg a.i./ha) and glyphosate (0.18 kg a.i./ha). Unsprayed plots were used 

as controls. Seed (Avena sativa L. cv Amuri) was sown at 160 kg/ha (15 cm row 

spacing) with an Oyjord cone seeder drill. All plants were supplied SO mm water on 

18 and 30 November, and 15 December. At the four to five leaf stage, herbicide 

treatments were applied with a battery operated sprayer fitted with Teejet 8001 

nozzles which delivered 250 I water/ha at a pressure of 275 kPa. 

During the five days prior to spraying with herbicide, the rate of extension of the 

youngest lamina (leaf 4) of two plants from each plot was measured. Leaf length 

was taken as the distance between leaf tip and the ligule of the leaf two positions 

below. On the day of spraying, two plants from each plot were sampled. Total plant 

dry weight and chlorophyll concentration in their youngest lamina were determined 

as described in chapter 3. Seven days after spraying, two plants from each plot were 

sampled. The youngest lamina of each plant was cut transversely in half 

(approximately) and chlorophyll concentration in the two parts measured. At 

harvest, 30 days after spraying, 0.4 m2 quadrat samples were taken from all plots. 

Seed heads were removed, dried at 70: 0 C for 96 h and on cooling weighed for 

determination of seed head yield. 

Experiment 2 was carried out alongside experiment 1, between 1 February 1988 and 

22 April 1988. The trial was a completely randomised design replicated six times. 

At the time of spraying in this experiment, herbicide retention by plants (Avena 

sativa L.) growing in low and high nitrogen was determined. Plants were sprayed 

with dic1ofop-methyl (rate as above) saturated with the oil soluble fluorescent dye 
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TP 104· which gave a measurement of the amount of herbicide (,,1) retained by 

plant leaves. Ten minutes after spraying, foliage was cut at soil level then placed in 

plastic bags containing 50 ml of methanol. The bags were shaken for 20 seconds, 

the "washings" filtered through glass fibre discs (Whatman OF/C) and the filtrate 

analysed by fluorimetry (Shimadzu RF-540 Spectrofluorophotometer). The 

excitation wavelength was 495 nm and a cut-off fIlter (545 nm) was placed between 

the sample and the detector to eliminate the excitation light (Richardson, 1984). 

Foliage dry weights were then determined. A calibration curve (y = 0.34 + 0.7x; r2 
= 0.99) was calculated by measuring the absorbance of solutions containing known 

volumes of formulated diclofop-methyl saturated with TP 104. Seed head dry 

weight was then determined at harvest 45 days after spraying. 

For experiments 1 and 2, environmental data (monthly totals) for 1987 were 

recorded at the Lincoln College Meteorological Station (appendix 6). However, 

because the Lincoln College climate station was shut down, environmental 

conditions for the appropriate months in 1988, were recorded at the Department of 

Scientific and Industrial Research (D.S.I.R.) (Lincoln) meteorological station at 

Broadfields (appendix 6). Both climate stations were less than 4 km from the trial 

sites. Environmental data for the individual days of spraying in experiment 1 and 2 

are presented in appendix 6. 

5.2.2 The Effect of Soil Moisture Level on Herbicide Phytotoxicity 

Experiment 3 was carried out on a Waimakariri silt loam soil (Waimakariri series: 

Typic usti fluvents) on a North Canterbury mixed cropping farm (Spotswood) (figure 

1.1), between 22 November 1987 and 13 February 1988. Mter cultivation a New 

Zealand Ministry of Agriculture and Fisheries Olsen phosphate and quick test cation 

analysis showed that the soil was deficient in sulphur and phosphorus. A basal 

dressing of sulphur superphosphate (250 kg/ha) was applied. 
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The level of nitrate plus nitrite nitrogen (N03 -N + NOi -N) was also measured as 

described for experiments 1 and 2, and was found to be 0.9 ± 0.2 moVm3. 

The trial was a split plot design replicated five times with water treatments as main 

plots and herbicide treatments as sub plots. There were four herbicide treatments; 

unsprayed, diclofop-methyl (1.0 kg a.i./ha), fluazifop-butyl (0.25 kg a.i./ha), and 

glyphosate (0.18 a.i./ha). 

Seed (Avena sativa L. cv Amuri) was sown at 191 kg/ha (15 cm spacing) with a 

Duncan 700 seedliner seed drill. The water stressed main plots were sown seven 

days before the watered main plots to reduce the difference in plant size between 

treatments at spraying. Watered main plots received 50-70 mm H20 (micro jet 

irrigators) approximately every week. Water stressed plots received minimal 

rainfall. At the four to five leaf stage, plants were sprayed as described above for 

experiments 1 and 2. 

During the four days prior to spraying with herbicide, the rate of extension of the 

youngest lamina (leaf 4) of one watered and one water stressed plant from each main 

plot was measured. The herbicides were applied using the battery powered sprayer 

described in experiments 1 and 2. On the day of spraying, one watered and one 

water stressed plant were sampled from each main plot and total plant dry weight 

and chlorophyll concentration in the youngest lamina were measured. Main plots 

were the water treatments, namely irrigated and unirrigated. Immediately prior to 

spraying, one watered and one water stressed plant were sampled from each of three 

main plots and their leaf water potential measured using a Wescor C-51 

psychrometer (Savage and Cass, 1984) as described in chapter 2. Seven days after 

spraying, one plant from each of the sub plots was sampled. The youngest lamina 

(leaf 5) of each plant was transversely cut in half (approximately) and chlorophyll 

concentration measured in the two parts to highlight different effects of diclofop

methyVfluazifop-butyl and glyphosate. Fourteen days after spraying, water stressed 

plots were irrigated along with the watered plots. All the plots were then regularly 
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irrigated with a "grasslands" pipe shift irrigation system until harvest at plant 

maturity, 45 days after spraying, when 0.4 m2 qu~at samples were taken from all 

plots. Seed heads were removed, dried at 70 0 C for 96 h, and on cooling weighed for 

determination of seed head yield. 

For experiment 3, environmental data (monthly totals and individual day of 

spraying) were recorded at the Culverden Meteorological Station, which is 

approximately 60 km from the trial site at Spotswood. These climate data are 

presented in appendix 7. 

5.2.3 The Effect of Gibberellic Acid on the Phytotoxicity of 

Glyphosate under Field Conditions 

Experiment 4 investigated the short and long term effects of GA3 on glyphosate 

performance on field grown oat (Avena sativa L. cv Amuri). This experiment was 

carried out on a Wakanui silt loam soil (Wakanui series: Aquic ustochrept) on the 

New Zealand Ministry of Agriculture and Fisheries research farm (Lincoln) (figure 

1.1), between 6 November 1988 and 6 January 1989. To ensure that soil nitrogen 

levels were low at initiation of the experiment, a site was chosen that had been 

intensively cropped with cereals. After cultivation, the mean nitrate nitrogen plus 

nitrite nitrogen (N03 - N + NOi N) concentration in aqueous extracts of nine 

randomly sampled soil cores (sample depth 40 cm) was measured (as described for 

experiments 1 and 2), and was found to be 0.4 ± 0.2 moVm3. 

The trial was a randomised complete block design with two GA3 (0, 0.21 kg/ha) and 

two glyphosate (0, 0.18 kg a.i./ha) treatments. There were four replicates. Seed was 

sown at 70 kg/ha (15 cm row spacing) with an Oyjord cone seeder drill. All plants 

were regularly irrigated throughout the experiment At the three leaf stage, hormone 

treatments were applied with a CO2 powered sprayer fitted with Teejet 8001 nozzles 
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which delivered 250 I waterlha at a pressure of 275 kPa. Two days after applying 

GA3• the herbicide treatments were applied in the same way. 

Nine days after applying herbicide, two plants from each plot were sampled. The 

chlorophyll concentration in the youngest lamina of each plant was measured using 

the method described in chapter 2 (experiment 6). Thirty nine days after spraying, 

plants were harvested and seed head yield determined as described in experiments 1, 

2 and 3. 

Meteorological data for the duration of the trial and individual days of spraying are 

presented in appendix 8. These data were recorded at the D.S.I.R. (Lincoln) (figure 

1.1), Broadfields meteorological station, which was less than 4 km away from the 

field site. 

5.2.4 Analysis of Results 

An analysis of variance was carried out on all data u~ing the Genstat (Lawes 

Agricultural Trust, Rothamsted Experimental Station) package, release 4.04. 

Significance testing and quotation of variation is as for chapter 2. 

5.3 Results 

5.3.1 The Effect of Soil Nitrogen Level on Herbicide Phytotoxicity 

Experiment 1 investigated the effect of additional nitrogen on the susceptibility of 

Avena sativa L. to diclofop-methyl, fluazifop-butyl and glyphosate. During the five 

days prior to spraying, the extension rate for leaf 4 on plants growing in low and 

high soil nitrogen was 20 ± 1.8 mm/day and 37.0 ± 2.6 mm/day respectively. On the 

day of spraying, total dry weight of plants growing in low and high nitrogen was 
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0.38 ± 0.02 g and 0.64 ± 0.03 g respectively. At spraying, the chlorophyll 

concentration of the youngest expanding laminae (proximal and distal portions) on 

plants growing in low and high soil nitrogen was 5.16 ± 0.21 mg chlorophyll/g dry 

weight and 11.89 ± 0.71 mg chlorophyll/g dry weight respectively. 

For un sprayed plants, seven days after herbicide application, chlorophyll 

concentrations in the distal and proximal portions of the youngest laminae (leaf 4) 

were greater at high nitrogen than low nitrogen (table 5.1). In general, chlorophyll 

concentrations were lower in sprayed plants than in un sprayed plants supplied 

similar nitrogen (table 5.1). One exception was that in low nitrogen, fluazifop-butyl 

sprayed plants and un sprayed plants had similar chlorophyll concentrations. For all 

herbicides, the difference between sprayed and un sprayed plants was greater at high 

nitrogen than at low nitrogen. At high nitrogen in the case of diclofop-methyl and 

fluazifop-butyl treatments, the difference between sprayed and unsprayed plants was 

substantially greater for proximal than distal portions of the lamina of leaf 4 (table 

5.1). For all three herbicide treatments, chlorophyll concentration in the proximal 

portions was greater at low nitrogen than at high nitrogen. This was also the case for 

the distal portion with the glyphosate treatments. 
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Table 5.1: The effect of additional nitrogen on the chlorophyll concentration in 

the distal and proximal portions of the youngest lamina of oat (A vena 

sativa) seven days following an application of zero herbicide, diclofop

methyl, tluazifop-butyl or glyphosate. 

Leaf 

portion 

Nitrogen 

treatment 

(kg/ha) 

0 

Distal 

200 

Se~ 

0 

Proximal 

200 

Se~ 

a 1.00 kg a.i./ha 

bO.25 kg a.i./ha 

cO.18 kg a.i./ha 

Chlorophyll concentration 

Herbicide treatment 

U nsprayed aDiclofop- bFluazifop- cOlyphosate 

methyl butyl 

____ (mg chlorophyWg dry weight) ____ _ 

6.96 4.11 4.94 2.76 

10.45 7.05 5.88 0.22 

0.96 

5.58 3.59 3.88 3.10 

8.41 2.17 0.66 0.21 

0.52 
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For unsprayed plants, seed head yield was greater at high nitrogen than low nitrogen 

(table 5.2). At low nitrogen, yield of plants sprayed with dic1ofop-methyl was 

similar to that for un sprayed plants, while values for fluazifop-butyl and glyphosate 

were lower than those for un sprayed plants. At high nitrogen, fluazifop-butyl 

caused shoot detachment from within the leaf sheaths, while glyphosate caused 

chlorosis/necrosis of the entire shoot, and in both cases seed heads did not form. At 

high nitrogen, plants sprayed with dic1ofop-methyl produced seed heads, but yield 

was significantly less than that of dic1ofop-methyl-sprayed plants growing in low 

nitrogen. 

In experiment 2, values for herbicide deposits of dic1ofop-methyl retained per gram 

dry weight were similar at low and high nitrogen, but the amount of herbicide 

retained per plant was greater at high nitrogen (table 5.3). 

At low nitrogen in experiment 2, seed head dry weight per unit of ground area 

(yield) was reduced by application of fluazifop-butyl and glyphosate, but most plants 

produced seed heads (table 5.4). Dic1ofop-methyl had no effect on yield at low 

nitrogen. At high nitrogen, seed heads did not form on plants sprayed with 

fluazifop-butyl or glyphosate. As in experiment 1, some plants growing in high 

nitrogen and sprayed with dic1ofop-methyl produced seed heads, but yield was 

significantly less than that at low nitrogen. 
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Table 5.2: The effect of additional nitrogen on seed head dry weight per m2 of oat 

(Avena sativa) 30 days following an application of zero herbicide, 

diclofop-methyl, fluazifop-butyl or glyphosate. 

Nitrogen treatment 

(kg/ha) 

o 

200 

Sei 

a 1.00 kg a.i./ha 

bO.25 kg a.i./ha 

cO.18 kg a.i./ha 

Unsprayed 

Seed head dry weight per m2 

Herbicide treatment 

aDiclofop

methyl 

bFluazifop

butyl 

CGlyphosate 

------------~(g)~-------------

108 111 60 50 

154 70 o o 

4.1 
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Table 5.3: The effect of additional nitrogen on retention of formulated diclofop

methyl by oat (Avena sativa). The herbicide rate was 1.0 kg a.iJha and 

plants were sprayed at the three leaf stage. 

Nitrogen treatment Diclofop-methyl retention 

(kg/ha) 

o 

200 

Se~ 

30.1 

34.8 

3.6 

aMicrolitres of formulated diclofop-methyl per gram dry weight. 

bMicrolitres of formulated diclofop-methyl per plant. 

3.9 

8.4 

0.3 
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Table 5.4: The effect of additional nitrogen on seed head dry weight per m2 of oat 

(Avena sativa) following an application of zero herbicide, diclofop

methyl, fluazifop-butyl or glyphosate. 

Nitrogen treatment 

(kg/ha) 

o 

200 

Se~ 

a 1.00 kg a.i./ha 

bO.25 kg a.i./ha 

cO.18 kg a.i./ha 

Un sprayed 

Seed head dry weight per m2 

Herbicide treatment 

aDiclofop

methyl 

bpluazifop

butyl 

CGlyphosate 

-------(g)\-------

44 42 30 10 

108 15 o o 

2 
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5.3.2 The Effect of Soil Moisture Level on Herbicide Phytotoxicity 

This field trial (experiment 3) investigated the effect of a pre/post spray period of 

water stress on the susceptibility of Avena sativa L. to diclofop-methyl, fluazifop

butyl and glyphosate. 

During the four days prior to spraying, the extension rate of leaf 4 of plants growing 

in low and high soil moisture was 3.2 ± 1 and 27.1 ± 4 mm/day respectively. 

Corresponding values for leaf water potential were -2.0 MPa and -0.8 MPa 

respectively. These values indicate a substantial difference in water status between 

soils in the two treatments. 

On the day of spraying, shoot dry weight at low and high levels of soil moisture was 

0.61 ± 0.11 g and 0.72 ± 0.12 g respectively. Corresponding values for chlorophyll 

concentrations were 7.1 ± 0.2 mg chlorophyll/g dry weight and 6.9 ± 0.2 mg 

chlorophylVg dry weight respectively. 

For unsprayed plants, seven days after herbicide treatments, chlorophyll 

concentrations in distal and proximal portions of the youngest lamina were similar 

for plants from the two water treatments (table 5.5). Chlorophyll concentrations in 

proximal and distalleaf portions of water stressed plants were similar for sprayed 

and unsprayed plants. For plants sprayed with diclofop-methyl and fluazifop-butyl, 

chlorophyll concentration in proximal leaf portions was greater for water stressed 

plants than for watered plants. In the case of glyphosate sprayed plants, chlorophyll 

concentrations in proximal and distalleaf portions were greater in water stressed 

plants than in watered plants. 

Both fluazifop-butyl and glyphosate caused a reduction in seed head yield of water 

stressed plants, but their effect on watered plants was much greater (table 5.6). For 

plants sprayed with fluazifop-butyl or glyphosate, seed head yield was greater for 

water stressed plants than for watered plants. Watered plants sprayed with fluazifop-
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butyl did not produce seed heads. Diclofop-methyl had no effect on seed head yield 

of water stressed plants, but caused a reduction in yield of watered plants. For plants 

sprayed with diclofop-methyl, yield was only slightly lower for watered plants than 

for water stressed plants. 
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Table 5.5: The effect of soil moisture content on the chlorophyll concentration in 

the distal and proximal portions of the youngest lamina of oat (A vena 

sativa) seven days following an application of zero herbicide, diclofop

methyl, fluazifop-butyl or glyphosate. 

Leaf portion Plant leaf 

Distal 

Se~ 

water 

potential 

at spraying 

(MPa) 

-2.0 

-0.8 

-2.0 

Proximal 
-0.8 

Se~ 

a 1.00 kg a.i./ha 

bO.25 kg a.i./ha 

cO.18 kg a.i./ha 

Chlorophyll concentration 

Herbicide treatment 

Unsprayed aDic1ofop- bFluazifop- cGlyphosate 

methyl butyl 

(mg chlorophyll/g dry weight) 

7.69 8.13 6.99 7.01 

7.09 7.88 6.68 0.57 
0.85 

5.90 7.28 6.80 6.05 

5.77 2.40 1.60 0.27 
0.77 
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Table 5.6: The effect of soil moisture" content on the seed head dry weight per m2 

of oat (A vena sativa) 45 days following an application of zero herbicide, 

diciofop-methyl, fluazifop-butyl or glyphosate. Water stressed plants 

were irrigated 14 days after herbicide treatment. 

Plant leaf water 

potential at spraying 

(MPa) 

-2.0 

-0.8 

Se~ 

a 1.00 kg a.i./ha 

bO.25 kg a.i./ha 

cO.18 kg a.i./ha 

Unsprayed 

Seed head dry weight per m2 

Herbicide treatment 

aDic1ofop

methyl 

bFluazifop

butyl 

CGlyphosate 

..... ---------(g)------------

117 119 66 65 

320 101 o 25 

5.5 



5.3.3 The Effect of Gibberellic Acid on the Phytotoxicity of 

Glyphosate Under Field Conditions 

130. 

For the zero GA3 treatment, the chlorophyll content of the youngest expanding 

lamina (leaf 4) was similar for un sprayed and sprayed plants (table 5.7). For 

glyphosate treated plants, the chlorophyll content was considerably lower in young 

laminae on GA3 treated than non GA3 treated plants (plates 5.1; 5.2). 
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Table 5.7: The effect of gibberellic acid (GA3) and glyphosate on the chlorophyll 

content of oat (A vena sativa) growing in low levels of soil nitrogen. 

Herbicide rate 

(kg a.i./ha) 

o 

0.18 

Se~ 

Gibberellic acid 

treatment 

(kg/ha) 

o 
0.21 

o 
0.21 

0.80 

aDetermined nine days after applying glyphosate. 

aChlorophyll 

concentration 

(mg/g dry weight) 

5.14 

4.66 

3.90 

0.53 



Plate 5.1: 

Cultivated oat (Avena saliva) 12 days 
following an application of glyphosate (0.18 kg a.i./ha). 
Plants were growing in a low nitrogen Wakanui silt loam 
soiL 

Plate 5.2: 

Cultivated oat (Avena sativa) 12 days 
following a sequential application of gibberellic 
acid (GA3) (0.21 kg/ha) and glyphosate 
(0.18 kg a.i./ha). Gibberellic acid was applied 
two days prior to the herbicide. Plants were 
growing in a low nitrogen Wakanui silt loam soil. 

..... 
w 
IV . 
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Gibberellic acid (GA3) had no effect on seed head dry weight of unsprayed plants 

(table 5.8). Pretreatment with GA3 caused a reduction in seed head dry weight of 

plants sprayed with glyphosate. Plants treated with GA3 plus glyphosate, did not 

produce seed heads at all. 

In unsprayed plants not treated with herbicide, application of GA3 caused an 

increase in seed head number/m2, but a decrease in individual seed head dry weight 

(appendix 13). 
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Table 5.8: The effect of gibberellic acid (GA3) and glyphosate on the seed head 

dry weight per m2 of oat (A vena sativa ) growing in low levels of soil 

nitrogen. 

Herbicide 

treatment 

(kg a.i./ha) 

o 

0.18 

Se~ 

Gibberellic acid 

treatment 

(kg/ha) 

o 
0.21 

o 
0.21 

5.0 

aMeasured 39 days after spraying glyphosate. 

aSeed head dry weight per m2 

30.0 

29.7 

b7.4 

0.0 

bThe viability of seeds was measured and the results are presented in appendix 14. 
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5.5 Discussion 

It was found that in intensively cropped soils in Canterbury, the plant available 

nitrogen level can be extremely low « 1.0 mol/m3). Under field conditions, the 

effects of additional nitrogen on the efficacy of dic1ofop-methyl, fluazifop-butyl and 

glyphosate were similar to those obtained under controlled environment conditions 

(chapter 3). A similar nitrogen/herbicide interaction was found by Whitwell and 

Santelmann (1978) when Cynodon dactylon L. was growing in a nitrogen depleted 

soil and sprayed with glyphosate. 

Generally, plant chlorophyll content and synthesis are sensitive to applied herbicides 

(Sandmann and Boger, 1987). Carr (1986) reported that young Setaria viridis L. 

Beauv. plants, three to four leaf stage, exhibited symptoms of fluazifop-butyl 

damage, three days after application, with basal portions of young leaves showing 

signs of chlorosis. In the case of glyphosate, Cole (1985) stated that chlorophyll was 

highly sensitive to the herbicide and a notable characteristic of plants exposed to sub 

lethal doses of the herbicide was the achlorophyllous nature of young tissues. 

Considering the sensitivity of chlorophyll to the herbicides used in the present 

research, it was decided to use the chlorophyll concentration of young leaves as a 

measure of herbicide activity during the short term post spraying period. 

In the field, chlorophyll levels for unsprayed plants increased with greater nitrogen 

availability, as is common with grasses and higher plants in general (Lehr, Wybenga 

and Hoekendy, 1962; Andrews, MacFarlane and Sprent, 1985; Andrews et ai, 

1989a). Herbicide application to plants growing in low nitrogen had little effect on 

leaf chlorophyll concentration (table 5.1). However, at high nitrogen, diclofop

methyl and fluazifop-butyl caused substantial decreases in chlorophyll content in the 

proximal portions of young leaves in the short term (table 5.1). 

This pattern of chlorosis with dic1ofop-methyl and fluazifop-butyl was obtained in 

laboratory experiments on Avena sativa L. in the present study (chapters 2, 3) and in 
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quackgrass (Elymus repens L. Gould. clone MF) sprayed with fluazifop-butyl 

(Chandrasena and Sagar, 1987). Greater chlorosis in expanding leaves, in 

comparison to mature leaves, with application of diclofop-methyl and fluazifop

butyl is likely to be related to inhibition of chlorophyll synthesis as well as 

chlorophyll breakdown (Fletcher and Drexler, 1980; Chandrasena and Sagar, 1987). 

For plants at high nitrogen, glyphosate-induced chlorosis was not obviously 

associated with expanding leaves. Chlorophyll levels were similar in the distal and 

proximal portions of the youngest leaf of glyphosate sprayed plants (table 5.1). 

Glyphosate can inhibit chlorophyll synthesis (Kitchen, Witt and Rieck, 1981), but 

rapidly induced chlorosis over the entire shoot is likely to be due to chlorophyll 

breakdown. In some cases, with glyphosate sprayed plants, a decrease in 

chlorophyll content is preceded by a decrease in carotenoid content (Abu-Irmaileh 

and Jordan, 1978; Munoz-Rueda et aI, 1986). It is possible that in the present study, 

glyphosate induced chlorosis was due to photodestruction of chlorophyll caused by 

breakdown or inhibition of synthesis of carotenoids (Abu-Irmaileh and Jordan, 1978; 

Munoz-Rueda et aI, 1986). 

Seed head dry weight per unit of ground area was used as a measure of long term 

herbicide performance as young meristematic tissues, which include rapidly 

expanding apical meristems (sink), appear to be sensitive to diclofop-methyl, 

fluazifop-butyl and glyphosate (chapters 2; 3; Carr, 1986; Chandrasena and Sagar, 

1986b; Dickson and Field, 1987; Richardson et aI, 1987). Petersen (1958) reported 

that when barley (Hordeum vulgare L.) and oat (Avena sativa L.) plants were given 

syringe injections (a single drop) of 0.5% 2,4-D solution in the leaf sheath 

immediately above the floral primordium, the plants responded very strongly with 

the formation of tubers (swellings) near the soil surface and twisting and cracking of 

the stems in several places. The floral primordium was severely deformed or 

destroyed altogether, even in plants older than the five to six leaf stage. 
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Considering the above literature, seed head production was considered to be a good 

bioassay, in the long term, for determining plant susceptibility to the applied 

herbicides. 

Under field conditions, in the high soil nitrogen treatments, the herbicides, fluazifop

butyl and glyphosate caused so much damage to the young shoot meristems that no 

seeds formed at all (tables 5.2; 5.4; appendix 9). As in the laboratory studies, the 

shoots of sprayed plants growing in high soil nitrogen could easily be pulled out 

from within mature leaf sheaths (Derr et aI, 1985). All three herbicides had much 

less effect on seed head production of plants growing in low nitrogen (tables 5.2; 

5.4; appendix 9). 

It was observed that plants growing in low nitrogen and sprayed with glyphosate 

developed multiple shoots and a large number of small seed heads (appendices 9; 

10). This has been found to occur in sorghum (Sorghum bieolor L. Moench.) plants 

following the application of sub-lethal doses of glyphosate (Baur, Bovey and Veech, 

1977). It was thought that this effect was due to glyphosate altering the auxin

cytokinin balance in the stem base which depressed apical dominance (Harrison and 

Kaufman, 1980). 

As in associated laboratory experiments (Andrews et ai, 1989a), retention of 

dic1ofop-methyl by plants growing in low and high nitrogen was found to be similar 

on a per gram dry weight basis. However, in contrast to the laboratory results more 

herbicide was retained per plant at high nitrogen compared to low nitrogen (table 

5.3). Increased herbicide retention per plant, and hence, possibly greater absorption 

and translocation to meristems may, in part, explain the increased diclofop-methyl 

damage at high nitrogen in comparison to low nitrogen treatments. The most likely 

explanation for the increased retention of dic1ofop-methyl by plants growing at high 

nitrogen compared to low nitrogen is that plants had a greater leaf area at high 

nitrogen (Andrews et ai, 1989a; Andrews et ai, 1989b, appendix 2). 
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In the field, unlike the laboratory, some plants that were nitrogen fertilised and 

sprayed with dic1ofop-methyl did produce seed heads. This discrepancy in the 

performance of dic1ofop-methyl on plants growing in high nitrogen, between the 

laboratory and the field environments, may have been due to the effects of specific 

constraints (for example, lower humidity and thicker plant cuticles), found in the 

field. For example, the humidity may have been lower, causing the herbicide 

droplets to dry quickly and plant leaves to develop thicker cuticles. The combined 

effect of these two factors may have impeded herbicide penetration into the leaf. 

Dic1ofop-methyl is a less active herbicide in comparison to fluazifop-butyl, which 

has a similar chemistry (Wilcox et ai, 1987). For this reason, it may have been less 

able to perform satisfactorily under the environmental constraints of the field, such 

as low humidity and thicker cutic1es .on the plant leaves. Wilcox et al (1987) found 

that under controlled environment conditions, compared to either fluazifop-p-butyl 

or sethoxydim, dic1ofop-methyl was less effective against water stressed than 

watered Avenafatua L., as indicated by post-treatment dry weight accumulation of 

plants. 

Differences in canopy architecture and the leaf age profile of the plants may have 

contributed to the poor performance of dic1ofop-methyl. It was observed when 

laboratory plants were arranged within their individual pots for spraying, their shoots 

failed to form a canopy structure similar to that of field grown plants. Therefore, 

under laboratory conditions, the chances of dic1ofop-methyl spray solution 

penetrating down to and being retained by lower leaves of plants may have been 

greater than was the case under field conditions (Devine, 1988; Bishop and Field, 

1990). This may have affected the quantity of active ingredient reaching target sites 

of plants. 

Field and Bishop (1990), using swards of perennial ryegrass (Lolium perenne L.), 

found that long term pre-spraying conditions changed the interception and retention 

of glyphosate. A mowing treatment to 50 mm improved the control of Lolium 
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perenne L. by glyphosate. It was proposed that the main reason for this was that 

more herbicide spray was able to land on small tillers in the bottom of the canopy, 

which would otherwise have been protected from intercepting spray. 

In addition, increased plant age may have reduced the performance of diclofop

methyl in the field compared to the laboratory (Miller and Nalewaja, 1980). Plants 

in the laboratory were sprayed at the two to three leaf stage, whereas plants in the 

field were sprayed at the four to five leaf stage. In the case of the older plants not 

only may have the canopy architecture prevented the spray solution penetrating 

down to lower leaves of plants, the older leaves may have had a thick cuticle which 

prevented diclofop-methyl entry. 

The results from the soil moisture field experiment confirm that during the summer 

period in Canterbury, the environmental conditions can be such that plants develop 

some tolerance to dic1ofop-methyl, fluazifop-butyl, and glyphosate (tables 5.5; 5.6; 

appendices 11; 12). The effects of increased water availability on the relative 

performance of the herbicides used in this study were similar to those obtained with 

increased soil nitrogen. In the short term, water stressed plants, like those given low 

nitrate, showed minimal chlorophyll breakdown after the application of all three 

herbicides (table 5.5). In the long term, water stressed plants that received herbicide 

treatment, produced seed heads (table 5.6; appendices 11; 12). As with high 

nitrogen treatments (table 5.1), diclofop-methyl and fluazifop-butyl applications to 

irrigated plants caused chlorosis in the proximal portions of young leaves (Walker et 

ai, 1988), while glyphosate caused chlorophyll bleaching throughout the whole plant 

(table 5.5). In the long term, all watered plants sprayed with fluazifop-butyl did not 

produce seed heads and most had detachment of the main shoot from the base of the 

plant (Derr et ai, 1985). 

As at high nitrogen in the field (tables 5.2; 5.4) watered plants sprayed with 

dicIofop-methyl at 1.0 kg a.i./ha produced seed heads (table 5.6; appendix 11). As 

discussed for experiments 1 and 2, this may have been due to the leaf age proflle and 
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architecture of the canopy, affecting the activity of diclofop-methyl. Further, 

adverse environmental conditions (e.g., low humidity increasing the thickness of 

cuticular waxes on plant leaves) may have dramatically affected the phytotoxicity of 

diclofop-methyl because its chemistry is less active than other herbicides, such as 

fluazifop-butyl (Wilcox et ai, 1987). 

In contrast to the high nitrogen treatments in experiments 1 and 2, some irrigated 

plants produced seed heads following the application of glyphosate at 0.18 kg 

a.i./ha. Possible reasons for this may be differences in environmental conditions or 

plant growth stage. 

The performance of glyphosate in the full season control of perennial ryegrass 

(Lolium perenne L.) has been found to be poor and there is a marked period of 

spring tolerance (Bishop and Field, 1983; Rolston and Sedcole, 1983). The 

physiological basis for this tolerance has been attributed to the interaction of 

seasonal changes in the environment and plant growth stage, rather than specific 

environmental changes close to the time of sprayi.ng (Bishop, 1987). Ontogenetic 

changes in perennial ryegrass, particularly the transition from vegetative to 

reproductive apex development, have been implicated as major reasons for tolerance 

to glyphosate (Bishop, 1987). 

Under field conditions, it was observed that GA3 increased the rate of sheathlleaf 

extension of Avena sativa L. (chapters 3, 4; Adams et ai, 1973). Plants treated with 

the hormone were obviously taller. In the field, as in the laboratory, GA3 had no 

effect on seed head yield (dry weight per unit of ground area) of plants not sprayed 

with herbicide (table 5.8). However, GA3 did cause an increase in seed head 

number 1m2 and a decrease of mean seed head dry weight (appendix 13). The 

reason(s) for these effects are unclear, but in barley (Hordeum vulgare L.) GA3 was 

found to stimulate tiller growth and reduce the number of spikelets per seed head 

(Cottrell, Dale and Jeffcoat, 1981). Thus, at harvest, more plant seed heads with less 
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individual seeds would have been sampled from the hormone compared to non

hormone sprayed plants. 

Contrary to the present results, Schwabe and Rudey-Bull (1980) found that treating 

cereal plants (e.g., wheat and barley) with GA3 at an early growth stage, increased 

the yield of harvestable grain. The hormone was applied to immature cereal plants 

(when they had three emerged leaves) at a rate of between 5 x 10-4 to 0.5 kg/ha. 

Gibberellic acid (GA3) was found to cause cereal plants to produce more tillers with 

ears which were capable of yielding ripe grain at the same time as the ears of the 

primary shoots (main stem). 

Under field conditions, as in laboratory (chapter 3), application of GA3 dramatically 

increased glyphosate activity against Avena sativa L. growing in low soil nitrogen 

(plate 5.2). This was evident by the amount of chlorophyll bleaching and 'die back' 

(plate 5.2). At harvest, plots sprayed with GA3 plus glyphosate were completely 

devoid of plants. 

It is concluded that the results obtained for the effect of nitrogen and water 

availability on the activity of dic1ofop-methyl, fluazifop-butyl and glyphosate in the 

field situation are the same as those found in the laboratory. The pattern of 

chlorophyll breakdown and overall herbicide damage are in agreement with the 

proposal that water and nitrogen availability influence the performance of the three 

herbicides for similar reasons (chapter 3; Andrews et aI, 1989a; Dickson et aI, 

1990). Further, under field conditions, GA3 can enhance glyphosate phytotoxicity 

to nitrogen stressed Avena sativa L., if the hormone is applied two days prior to the 

herbicide spray. 
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CHAPTER 6 

General Discussion 

This research project examined herbicide performance under stress conditions. A 

comparison was made between the oxyphenoxy alkanoic acid herbicides, fluazifop

butyl and diclofop-methyl, and glyphosate. 

The first objective of this study was to gain a further understanding of why 

fluazifop-butyl and glyphosate performance is reduced under stress conditions. 

Initially, herbicide performance under water stress conditions was examined (chapter 

2). Radioactive tracer studies showed that foliar penetration and translocation of 

14C-glyphosate were lower by plants growing in low compared to high levels of soil 

moisture (table 2.2). Similar experiments with fluazifop-butyl showed that 

translocation of this herbicide was reduced within plants growing in low soil 

moisture (table 2.5). However, the amount of 14C-Iabel translocated by watered and 

water stressed plants was less with fluazifop-butyl than with glyphosate (tables 2.2; 

2.5). 

As stated, fluazifop-butyl belongs to the oxyphenoxy alkanoic acid group of 

herbicides. These herbicides are membrane active, have a high lipophilicity and 

require de-esterification before they can be translocated in substantial amounts 

(Coupland, 1989c). In comparison to glyphosate, fluazifop-butyl may have been 

less mobile in plants growing in moist and dry soil because: 

(a) it inhibited short and long distance transport in the symplast by disrupting the 

cell membranes of the appropriate tissues responsible for sugar transport 

(Coupland, 1989c); 
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(b) it was sequestered into the non-polar waxes of the leaf surface and was 

unavailable for immediate transport to plant sinks (Stevens et ai, 1988); and/or 

(c) the length of time of the experiment was insufficient for significant amounts 

of active ingredient to be translocated to target sites; although experiments 

(radiolabel) with fluazifop-butyl were carried out for a greater length of time 

than those with glyphosate. 

There are several reports stating that diclofop-methyl and fluazifop-butyl cause 

inhibition of membrane synthesis (Burton et ai, 1987; Walker et ai, 1988). In the 

present research, it is proposed that water stress conditions may have been rendering 

plants tolerant to formulated fluazifop-butyl by decreasing leaf expansion rate and 

thus, decreasing demand for new membrane tissue (Andrews et ai, 1989a). This 

may have reduced the impact of the herbicide on the water stressed plants. The 

opposite would have been the case for watered plants, with rapidly expanding cells 

having a high demand for new membrane tissue. 

On completion of the water stress experiments, the performance of fluazifop-butyl 

and glyphosate under low nitrogen conditions was examined. Like water stress, low 

external nitrate concentrations increased the tolerance of A vena sativa L. to 

fluazifop-butyl and glyphosate (figures 3.1; 3.2; plates 3.1; 3.2). Leaf expansion rate 

was greater with increased external nitrate concentration (appendix 2). 

Radiotracer studies indicated that external nitrate was influencing the amount of 

fluazifop-butyl translocation (14C-Iabel) to vulnerable plant meristems (table 3.3). 

The effect was substantial and therefore, may be the major reason for decreased 

performance of fluazifop-butyl under low nitrogen conditions (Dickson et ai, 1990). 

In addition, increased growth rate may have increased strain on membranes damaged 

by the herbicide and increased demand for membrane synthesis (Andrews et ai, 

1989a). With glyphosate, uptake and translocation are likely to have been reduced 

under low nitrogen conditions due to decreased growth rate resulting in decreased 
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translocation of photoassimilate and hence, herbicide in the phloem (Dickson and 

Field, 1987; Duke, 1988). 

For both fluazifop-butyl and glyphosate, increased herbicide performance was linked 

with increased growth (chapters 2; 3). On the basis of this fmding GA3, which can 

stimulate growth of whole plants (Schwabe and Hutley-Bull, 1980), was used in an 

attempt to increase the performance of diclofop-methyl, fluazifop-butyland 

glyphosate under stress conditions. For all herbicides, application of this plant 

growth regulator resulted in increased herbicide performance under low nitrogen 

conditions. For these laboratory experiments, cultivated oat (Avena sativa L. cv 

Amuri) was used as the test plant. Unlike wild oat (Avenafatua L.), Avena sativa L. 

grew more easily from seed in the laboratory and field, and hence, provided a more 

uniform plant population which helped eliminate some experimental variation. 

Cultivated oat (Avena sativa L.) also grew more rapidly than Avenafatua L. and had 

large leaves which were easily handled when conducting radiotracer studies. After 

developing experimental techniques to show that water and nitrogen stress reduce 

the susceptibility of cultivated oat (Avena sativa L.) to the studied herbicides, 

similar experiments using wild oat (Avenafatua L.) as the test plant were 

established (chapter 4). In addition, the effect of GA3 on the performance of the 

three herbicides against A vena fatua L. was examined. This formed the basis of the 

second objective of this project which was to develop a strategy to increase 

herbicide phytotoxicity to environmentally and edaphically stressed plants (chapter 

1). 

Data from the water stress and nitrogen experiments investigating GA3 effects on 

herbicide activity, showed that Avenafatua L. was similar to Avena sativa L. in its 

response to fluazifop-butyl and glyphosate (figure 4.1; table 4.1). In these 

experiments GA3 was found to enhance the activity of fluazifop-butyl and 

glyphosate on water stressed and nitrogen stressed Avenafatua L. respectively, 

provided that the hormone was applied two days prior to spraying the herbicide. 
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Field experiments showed the effectiveness of the herbicides on A vena sativa L. 

plants growing in low levels of soil nitrogen « 1 mol/m3 N03) and moisture (WP) 

(chapter 5; Dickson et aI, 1989; Dickson et aI, 1990). The overall objective of the 

field studies was to obtain results for comparison with the earlier laboratory 

generated data, and to evaluate the agronomic importance of soil moisture and 

nitrogen levels on herbicide efficacy. 

Originally, it was intended to include the water and nitrogen treatments within the 

same field experiment at the Lincoln College research farm. However, the 

Templeton silt loam soil (Templeton series: Udic ustochrept) at the Lincoln site had 

a medium water holding capacity and the 1987 spring in Canterbury was moist. 

Because of these factors it was difficult to subject plants to soil moisture stress 

before and after spraying. Consequently, the variable soil water experiment was set 

up on a Waimakariri silt loam soil (Waimakariri series: Typic ustijluvents) in North 

Canterbury, which had a low water holding capac.ity and quickly approached wilting 

point. If the water and nitrogen treatments had been included in the same field 

experiment, a direct comparison of herbicide injury symptoms under the two sets of 

conditions could have been made. Despite this, the similarities in symptoms of 

, herbicide damage between the nitrogen and water treatments of both experiments 

indicated a similar plant mechanism, was involved in determining the efficacy of the 

herbicides. 

The results obtained from the soil moisture and nitrogen field experiments generally 

agreed with laboratory findings; that plants growing in low levels of soil water and 

nitrogen can be tolerant to diclofop-methyl, fluazifop-butyl and glyphosate (tables 

5.1; 5.2; 5.4; 5.5; 5.6) (Akey and Morrison, 1983; Dickson and Field, 1987; Dickson 

et aI, 1988; Dickson et aI, 1989; Dickson et aI, 1990). 

Unlike plants in the laboratory, field grown plants showed tolerance to diclofop

methyl when they were either irrigated or were supplied additional nitrogen (tables 

5.2; 5.4). Plants in both.field experiments were slightly older at spraying than 
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comparable plants in the laboratory (table 5.6). Considering that the older field

grown plants were likely to have intercepted more herbicide due to their greater leaf 

area exposed to the chemical spray (chapter 4), it is difficult to explain why older 

plants growing under good conditions were tolerant of diclofop-methyl. Further 

research needs to be carried out to determine why, despite greater herbicide 

interception, diclofop methyl is less effective against older plants (chapter 5; Miller 

and Nalewaja, 1980). 

Considering the findings of the soil nitrogen field experiment (chapter 5) and the 

common occurrence of low nitrogen in agricultural soils (Andrews, 1986), further 

experiments should investigate the influence of varying soil nitrogen levels in 

different soil types on the activity of a range of commonly used herbicides. This 

type of research would give a greater understanding of the influence of soil nitrogen 

levels on post-emergent herbicide activity. 

A third field experiment, investigating sequential applications of GA3 and 

glyphosate, found that the hormone increased the phytotoxicity of the herbicide to 

nitrogen stressed plants (chapter 5). These results are contrary to most published 

reports that show growth regulators rarely improve herbicide performance under 

field conditions (Chykaliuk et ai, 1982; Tworkoski and Sterrett, 1987). 

It is evident that GA3 is a hormone that can be used on a commercial scale to 

manipulate plant growth. Recently, the possible commercial significance of this 

hormone was high-lighted when a New Zealand patent was granted for the use of 

GA3 in manipulating the growth of cereal plants (Schwabe and Hutley-Bull, 1980). 

The recommended rates of use in the detailed description of the invention in the 

specification are in the same range as that used in the present research (chapter 5). 

For the practical application of GA3 enhanceme~t of herbicide performance, future 

research needs to consider the category of herbicides likely to be enhanced by the 

hormone, the timing of GA3 application and determination of the optimum rate of 

the hormone. However, growth regulator (e.g., GA3) enhancement of the efficacy of 
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broad spectrum herbicides (e.g., glyphosate), may have more practical application 

than use with selective post-emergent herbicides where the hormone adjuvant may 

have deleterious side effects on associated crop plants. 

In the present research, GA3 was effective at increasing post- emergent herbicide 

activity. The sequential applications of GA3 and herbicide avoided any 

counteraction of cell expansion growth by the herbicide. Clearly, the simultaneous 

application of hormone and herbicide would be beneficial. Future experimentation 

should evaluate the feasibility of using other growth regulators, for example, other 

specific gibberellins or combinations thereof, auxin or cytokinin, which may exert 

their growth regulating effects on plants prior to, or concomitantly with the 

phytotoxic effects of associated herbicides. Obviously, it would be an advantage to 

exploit the use of tank mixes of herbicide and GA3 (Gutzwiler, 1986). However, the 

outcome of such research may be dependent upon the herbicide and the target weed. 

It is apparent from the literature and the present research that Avena spp. are very 

responsive to GA3 (Adams et ai, 1973). Hence, although GA3 may enhance 

herbicide activity to Avena spp., this may not b~ the case for other plants. For this 

reason, research should experiment with other plant species to determine if GA3 

increases their susceptibility to herbicide. 

In conclusion, this research work has yielded more information on why diclofop

methyl, fluazifop-butyl and glyphosate may be ineffective against water and 

nitrogen stressed plants (chapters 2; 3; 5). Also, with the use of GA3, some success 

was achieved in overcoming herbicide tolerance by plants under stress conditions. 

The possible practical significance of this finding was demonstrated when it was 

found that GA3 enhanced the activity of glyphosate against nitrogen stressed plants 

in the field situation (table 5.8). 

A future area of investigation should concentrate on the use of growth regulators to 

condition weeds and increase their susceptibility to herbicides. The development of 
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such strategies may allow the frequency and rates of herbicide applications to be 

reduced, which is a desirable objective from environmental and economic aspects. 
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APPENDICES 

APPENDIX! 

The botanical and common names of plants frequently referenced in this thesis. 

Botanical name 

(a) Agropyron repens L. Beauv 

Elymus repens L. Gould 

Elytrigia repens L. Beauv 

(b) A vena fatua L. 

(c) Avena sativa L. 

(d) Cirsiwn arvense L. Scop 

= 

= 

= 

Common 

name 

Quack grass 

Couch grass 

Wild oat 

Cultivated oat 

Canada thistle 

Californian thistle 
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APPENDIX 2 

The effect of different applied nitrate concentrations on the length, area, fresh weight 

(FWT), dry weight (DWT) and specific leaf area (SLA) of individual leaves on cultivated 

oat (Avena sativa). 

Leaf! 

External nitrate 
concentration 

(mol/m3) 

0.2 
0.2 
0.2 

x 
1.0 
1.0 
1.0 

x 
5.0 
5.0 
5.0 

x 
10.0 
10.0 
10.0 

x 
20.0 
20.0 
20.0 

x 

Length Area 

(cm) (cm2) 

13.1 5.07 
12.0 4.77 
11.7 5.11 
12.3 4.98 
12.0 5.76 
14.0 6.05 
13.4 5.72 
13.4 5.84 
11.5 4.99 
14.1 6.34 
13.4 6.23 
13.0 5.85 
12.8 5.78 
12.5 5.95 
13.0 5.83 
13.0 5.85 
12.3 5.31 
13.7 6.96 
12.4 5.99 
12.8 6.08 

FWT DWT SLA 

(g) (g) (cm2/g) 

0.0676 0.0175 289 
0.0684 0.0153 311 
0.0745 0.0175 292 
0.0700 0.0167 297 
0.0835 0.0175 329 
0.0864 0.0185 325 
0.0838 0.0163 350 
0.0845 0.0174 334 
0.0711 0.0154 324 
0.0983 0.0185 342 
0.1031 0.0201 309 
0.0908 0.0180 325 
0.0938 0.0145 398 
0.0983 0.0166 352 
0.0907 0.0181 322 
0.0942 0.0164 359 
0.0911 0.0132 402 
0.1236 0.0205 339 
0.1002 . 0.0198 302 
0.1049 0.0178 348 



Leaf 2 

External nitrate 
concentration 

(mol/m3) 

0.2 
0.2 
0.2 

x 
1.0 
1.0 
1.0 

x 
5.0 
5.0 
5.0 

x 
10.0 
10.0 
10.0 

x 
20.0 
20.0 
20.0 

x 

Length Area 

(cm) (cm2) 

15.0 5.23 
14.2 5.37 
14.1 4:86 
14.4 5.15 
18.4 8.71 
20.0 9.17 
18.5 9.08 
18.9 8.99 
17.3 9.54 
20.7 11.61 
21.0 11.91 
19.7 11.02 
20.6 11.51 
21.8 13.83 
22.2 13.12 
21.5 12.82 
20.0 10.99 
23.7 14.76 
21.1 13.50 
21.6 13.08 
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FWT DWT SLA 

(g) (g) (cm2/g) 

0.0870 0.0187 279 
0.0972 0.0184 291 
0.0827 0.0177 274 
0.0389 0.0182 282 
0.1827 0.0285 305 
0.1959 0.0281 326 
0.1910 0.0282 323 
0.1898 0.0282 318 
0.2208 0.0304 313 
0.2656 0.0378 307 
0.2932 0.0410 290 
0.2598 0.0364 303 
0.2929 0.0353 326 
0.3381 0.0446 310 
0.3239 0.0402 326 
0.3183 0.0400 320 
0.2722 0.0326 337 
0.3820 0.0452 326 
0.3830 0.0464 290 
0.3457 0.0414 318 



Leaf 3 

External nitrate 
concentration 

(moVm3) 

0.2 
0.2 
0.2 

x 
1.0 
1.0 
1.0 

x 
5.0 
5.0 
5.0 

x 
10.0 
10.0 
10.0 

x 
20.0 
20.0 
20.0 

x 

Length Area 

(cm) (cm2) 

3.6 0.46 
3.2 0.32 
1.8 0.20 

~ 2.90 0.33 
10.6 3.~8 

8.3 2.26 
7.1 1.87 
8.7 2.60 

10.8 4.00 
10.3 3.51 
8.8 3.47 
9.9 3.66 

10.9 4.16 
10.4 4.36 
12.4 5.67 
11.2 4.73 
9.9 4.17 
8.8 4.25 
9.9 4.21 
9.5 4.21 
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FWT DWT SLA 

(g) (g) (cm2/g) 

0.0104 0.004 115 
0.0075 0.0016 200 
0.0027 0.0013 111 
0.0068 0.0024 142 
0.0794 0.0121 304 
0.0489 0.0057 396 
0.0438 0.0077 242 
0.0573 0.0085 314 
0.0386 0.0114 350 
0.0816 0.0096 365 
0.0750 0.0094 369 
0.0817 0.0101 361 
0.1103 0.0099 462 
0.1021 0.0l33 385 
0.1325 0.0136 416 
0.1114 0.0122 421 
0.1012 0.0086 484 
0.0729 0.0116 366 
0.1003 0.0087 483 
0.0914 0.0096 445 



APPENDIX 3 

The effect of different external nitrate concentrations on the dry weight of individual 
fractions of oat (A vena sativa) sprayed with fluazifop-butyl. 

Plant Herbicide External nitrate concentration (moVm3) 

fraction rate 

183. 

0.5 1.0 10 1.0->10 0.5->10 

(kg a.i./ha) (g) 

Root 0.50 0.25 0.29 0.13 0.32 0.23 

Se~ 0.02 

0.25 0.31 0.36 0.19 0.56 0.33 

Se~ 0.05 

Stem 0.50 0.19 0.25 0.23 0.27 0.22 

Se~ 0.31 

0.25 0.25 0.26 0.27 0.55 0.37 

Se~ 0.05 

Leaves 0.50 0.05 0.06 0.05 0.10 0.04 

Se~ 0.02 

0.25 0.35 0.36 0.08 0.65 0.39 

Se~ 0.11 

Head 0.50 0.00 0.00 0.00 0.01 0.00 

Se~ 0.006 

0.25 0.05 0.10 0.00 0.07 0.05 

Se~ 0.02 



APPENDIX 4 

The effect of different external nitrate concentrations on the dry weight of individual 

fractions of oat (Avena sativa) sprayed with glyphosate. 

Plant Herbicide External nitrate concentration (moVm3) 
fraction rate 

184. 

0.5 1.0 10 1.0->10 0.5->10 

(kg a.i./ha) (g) 

0.36 0.07 0.18 0.04 0.08 0.09 
Root 

Se~ 0.02 
0.18 0.32. 0.66 0.16 0.56 0.20 

Se~ 0.06 

0.36 0.05 0.09 0.06 0.04 0.05 
Stem Se~ 0.06 

0.18 0.33 0.50 0.07 0.22 0.11 
Se~ 0.03 

0.36 0.05 0.15 0.13 0.08 0.10 
Leaves 

Se~ 0.01 
0.18 0.15 0.34 0.19 0.50 0.18 

Se~ 0.04 

0.36 0.00 0.03 0.00 0.00 0.00 
Head Se~ 0.01 

0.18 0.19 0.40 0.00 0.04 0.00 

Se~ 0.02 
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APPENDIX 5 
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The extension rate of the youngest lamina of leaf 3 of oat (A vena sativa ) growing in 

watered, water stressed or rewatered soil. The moisture content of the soil in the rewatered 

treatment was returned to field capacity 24 h prior to the commencement of measurement 

of leaf extension rate. Statistical variation is shown by standard error (Se~ bars. 



APPENDIX 6 

Environmental data for the nitrogen field trials. 

Lincoln: Monthly totals 

Nov Dec 

Rainfall (mm): 48.7 33.7 

Mean Temperature CC): 18.8 20.3 

Relative Humidity (%): 79.1 70.3 

Evapotranspiration (mm): 154.1 181.9 

Weather conditions on individual days of spraying: 

16 November 1987 - Experiment 1 

Temperatures (0 C) 

Maximum 
Minimum 

Relative Humidity (%): 
Rainfall (mm): 

18 February 1988 - Experiment 2 

Temperatures (0 C) 

Maximum 
Minimum 

Reiative Humidity (%): 
Rainfall (mm): 

15.2 
9.9 

90 
Nil 

19.2 
12.3 

72 
Nil 

(a) Lincoln College Meteorological Station 
(b) D.S.I.R. Broadfields Meteorological Station 

186. 

Jan Feb Mar April 

27.8 33.6 25.9 15.5 

17.1 17.2 14.6 11.0 

72.0 78.0 73.0 81.0 

228.5 162.3 151.4 76.5 
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APPENDIX 7 

Environmental data for the soil moisture field trial 

Culverden: Monthly totals 

1987 1988 

Dct Nov Dec Jan Feb Mar 

Rainfall (mm): 70.3 84.6 124.6 17.2 56.2 15.1 

Mean Temperature (0 C): 11.4 13.2 14.7 17.6 16.3 13.5 

Relative Humidity (%): 66 73 70 64 81 84 

Evapotranspiration (mm): 101.1 84.1a 118.5 153.0 83.3 92.4 

Weather conditions on the day of spraying: 

31 January 1987 

Temperatures (0 C) 
Maximum 32.0 
Minimum 11.5 

Relative Humidity (%): 38 
Rainfall (mm): Nil 

(a) 23 Day Total 



APPENDIX 8 

Environmental data for the growth regulator/herbicide field trial. 

Lincoln: Monthly totals 

Oct Nov 

Rainfall (mm): 7 30 

Mean Temperature (0 C): 14 15 

Relative Humidity (%): 54 72 

Evapotranspiration (mm): 243 180 

Weather Conditions on Individual Days of Spraying: 

24 November 1988 - Application/gibberellic acid (GA3) 

Temperatures (0 C) 
Maximum 
Minimum 

Relative Humidity (%): 

Rainfall (mm): 

18.3 
11.6 
72 

Nil 

26 November 1988 - Application/glyphosate 

Temperatures (0 C) 
Maximum 
Minimum 

Relative Humidity (%): 
Rainfall (mm): 

23.5 
9.7 

87 
Nil 

(a) DSIR Broadfields Meteorological Station. 

Dee 

22 

18 

63 

267 

188. 

Jan Feb 

59 33 

18 16 

73 76 

220 151 
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APPENDIX 9 

The effect of additional nitrogen on seed number/m2 of oat (Avena sativa) 30 days 

following on application of zero herbicide, diclofop-methyl, fluazifop-butyl or glyphosate. 

Nitrogen treatment Number of seed heads/m2 

Herbicide treatment 

Unsprayed aDiclofop-methyl bFluazifop-butyl cGlyphosate 

kg/ha __________ (No/m2) _________ _ 

o 

200 

364 

342 

Se~ 

al.OO kg a.i./ha 

bO.25 kg a.i./ha 

cO.18 kg a.i./ha 

335 235 345 

245 o o 

23 
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APPENDIX 10 

The effect of additional nitrogen on the mean seed head dry weight of oat (A vena sativa ) 

30 days following on application of zero herbicide, diclofop-methyl, fluazifop-butyl or 

glyphosate. 

Nitrogen treatment Mean seed head dry weight 

Herbicide treatment 

Unsprayed aOiclofop-methyl bp}uazifop-butyl 

kg/ha -----------(g) 

o 0.31 0.33 0.25 

200 0.45 0.28 0.00 

Se~ 

a1.00 kg a.i./ha 

bO.25 kg a.i./ha 

c0.18 kg a.i./ha 

0.02 

cGlyphosate 

0.14 

0.00 
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APPENDIX 11 

The effect of soil moisture content on the number of seed heads per m2 of oat (Avena 

sativa) 45 days following an application of zero herbicide, diclofop-methyl, fluazifop-butyl 

or glyphosate. 

Plant leaf 
water potential 
at spraying 

Unsprayed 

Number of seed heads/m2 

Herbicide treatment 

aI>iclofop-methyl bp}uazifop-butyl cGlyphosate 

(MPa) ______________________ (N~m2) _____________________ __ 

-2.0 

-0.8 

512 567 

485 267 

Se~ 

a Applied at 1.00 kg a.i./ha 

b Applied at 0.25 kg a.i./ha 

c Applied at 0.18 kg a.i./ha 

560 592 

o 205 

25.0 
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APPENDIX 12 

The effect of soil moisture on the mean seed head dry weight of oat (Avena sativa) 45 days 

following an application of zero herbicide, diclofop-methyl, fluazifop-butyl or glyphosate. 

Plant leaf 
water potential 
at spraying 

Mean seed head dry weight 

Herbicide treatment 

Un sprayed aDiclofop-methyl bpJuazifop-butyl 

(MPa) ----------(g) 

-2.0 

-0.8 

0.23 0.21 

0.66 0.38 

Se~ 

a Applied at 1.0 kg a.i./ha 
b Applied at 0.25 kg a.i./ha 
c Applied at 0.18 kg a.i./ha 

0.17 

0.00 

0.03 

cGlyphosate 

0.11 

0.17 
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APPENDIX 13 

The effect of gibberellic acid (GA3) and glyphosate on shoot dry weight, seed head 

number and mean seed head dry weight of oat (Avena sativa) grown in low levels of soil 

nitrogen under field conditions. 

Herbicide Roibberellic 

rate acid treatment 

(kg a.i./ha) (kg/ha) 

o 0.00 

0.21 

0.18 0.00 

0.21 

Se~ 

bShoot dry 

weight 

61.6 

62.8 

33.8 

0.0 

5.3 

bSeedhead 

number 

89 

110 

53 

o 

6.0 

a Applied two days prior to applying the herbicide. 

boetermined 39 days after applying the herbicide. 

bMeanseed 

head dry weight 

(g) 

0.33 

0.26 

0.14 

0.00 

0.01 
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APPENDIX 14 

The viability of seeds threshed from panicles of oat (A vena sativa ) growing in low levels 

of soil nitrogen «1.0 moVm3) following an application of glyphosate (0.18 kg a.i./ha). 

Replicate Germination 

(%) 

1 90 

2 87 

3 90 

x 89 
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Effect of Water Stress, Nitrogen, and Gibberellic Acid on 
Fluazifop and Glyphosate Activity on Oats (Avena sativa) 

ROSS L. DICKSON, MITCHELL ANDREWS, ROGER J. FIELD, and EUAN L. DICKSON2 

Abstract. A series of experiments was carried out on oat 
to test the efficacies of fluazifop and glyphosate against 
water-stressed plants, plants grown in low and high 
nitrogen (N), and plants treated with gibberellic acid 
(GA). In the laboratory, plants maintained at wilting 
point for 5 days before and 9 days after spraying with 
fluazifop (0.5 kg ae/ha) appeared healthy 32 days after 
herbicide application, while plants supplied with water 
throughout the experiment were completely chlorotic/ 
necrotic and had main stem detachment from within the 
leaf sheaths. In the field, plants maintained unirrigated 
until 14 days after spraying with fluazifop (0.25 kg/ha) or 
glyphosate (0.18 kg ae/ha) showed greater tolerance of the 
herbicides than plants irrigated regularly. Under well
watered conditions in the laboratory and field, fluazifop 
(0.25 kg/ha) and glyphosate (0.18 kg/ha) were less toxic at 
low N than high N. Increased fluazifop activity at high N 
was associated with increased transport of herbicide to 
apical meristems. Addition of 200 J.lg GA into the leaf 
sheaths 2 days prior to spraying with fluazifop or 
glyphosate increased the efficacy of both herbicides at low 
N. Nomenclature: Oat, Avena sativa L. 'Amuri'; fluazifop, 
butyl . ester of (±)-2-[4-U5-(trifluoromethyl)-2-pyri
dinyl]oxy ]phenoxy ]propanoic acid; glyphosate, N -(phos
phonomethyl)glycine. 
Additional index words. Herbicide tolerance, herbicide 
uptake, herbicide translocation, Avena sativa. 

INTRODUCTION 

Fluazifop is a member of the polycyclic alkanoic acid 
(PCA)3 group of selective, postemergence herbicides used to 
control grass weeds in barley, wheat, rye and many broadleaf 
crops (23). Glyphosate is a nonselective, broad-spectrum, 
postemergence, phosphonic acid herbicide (22, 27). There are 
many reports from both laboratory and field studies of 
reduced glyphosate performance at high soil moisture deficits 
(13, 22). Less information is available for fluazifop, but it 
also has been found to be less effective against plants 
growing under water stress conditions (17, 29, 32). Glyphos
ate is anionic in nature, has a high water solubility, is 
degraded only slightly in plants, and often is slow acting (22). 
Because of these features, glyphosate is readily taken up by 
plants and translocated in both xylem and phloem (22). 

lReceived November 25, 1988, and in revised form November 22, 1989. 
2Grad. Res. Asst., Lecturer and Prof., Dep. Plant Sci. Lincoln Coli., 

Canterbury, N.Z. Correspondence should be directed to the second author. 
3 Abbreviations: PCA, polycyclic alkanoic acid; AEA, abscisic acid; GA, 

gibberellic acid; SMC, soil moisture content. 
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Reduced activity of glyphosate against water-stressed plants 
has been attributed primarily to reductions in absorption of 
herbicide and its subsequent translocation to meristems (3, 
20, 38, 45). Decreased uptake of glyphosate by water-stressed 
plants has been attributed to a less hydrated cuticle (37). 
Decreased translocation of glyphosate in water-stressed plants 
has been associated with decreased transport of photoassimi
late in the phloem due to reduced growth (3, 20, 38, 45). 
Fluazifop is also readily taken up by plants but the proportion 
translocated is variable (23). Uptake and translocation of 
fluazifop have been found to be reduced in water-stressed 
green foxtail [Setaria viridis (L.) Beauv.] (29). However, it 
has been reported that fluazifop performance against water
stressed quackgrass [Agropyron repens (L.) Beauv.] can be 
reduced without uptake or translocation of herbicide being 
affected (32). Normally within the plant, the butyl ester of 
fluazifop is rapidly converted to the acid which is considered 
more biologically active and the primary translocated form of 
fluazifop (23). It has been shown that under water stress 
conditions esterase activity can be reduced (18). This effect 
could result in decreased fluazifop activity under water stress 
conditions due to decreased production of the acid form of 
fluazifop and hence decreased translocation of herbicide to 
meristems (18). 

Haloxyfop (2-[ 4-[[3-chloro-5-(trifluoromethyl)-2-pyri-
dinyl]oxy ]phenoxy ]propanoic acid} and diclofop [methyl 
ester of 2-[4-(2,4-dichloro-phenoxy)phenoxy]propanoic acid], 
two other PCA herbicides, have also been shown to be less 
effective at high soil moisture deficits (4, 21, 34, 48). 
Decreased haloxyfop activity against water-stressed plants 
was attributed to decreased translocation of herbicide in the 
case of green foxtail and decreased retention and transloca
tion of herbicide in the case of proso millet [Panicum 
miliaceum (L.)] (34). In addition, for green foxtail, levels of 
haloxyfop acid were reduced under water stress conditions. 
This effect appeared not to be due to decreased esterase 
activity since less than 2% of 14C label applied as the methyl 
ester of haloxyfop remained in this form 12 h after 
application of radiolabel (34). Reduced diclofop performance 
against wild oat (Avena Jatua L.) under water stress 
conditions could not be explained by reductions in retention, 
uptake, translocation, or metabolism of herbicide (4, 21). 
Application of abscisic acid (ABA)3 at time of spraying can 
protect against diclofop without affecting uptake and translo
cation of the herbicide (24, 26). Recently, diclofop has been 
shown to be less effective against plants growing in low 
external NO; concentrations (7). Diclofop causes membrane 
disruption in annual grasses (23). The mode of action of 
diclofop and other peA herbicides is inhibition of the 
enzyme acetyl-coenzyme A carboxylase, a key enzyme in the 
biosynthesis of fatty acids which are necessary for membrane 
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production (12, 42, 46). It has been proposed that increased 
plant tolerance to diclofop at low external N03" concentra
tions, high soil moisture deficits, and with ABA treatments is 
due to a reduced rate of leaf expansion (7). This results in 
less demand for membrane synthesis and decreased strain on 
cell membranes damaged by the herbicide, and consequently 
less cellular disruption occurs (6, 7). Gibberellic acid (GA)3 
enhancement of diclofop activity in oat at low external N03" 
may be due to an increased rate of tissue (primarily stemlIeaf 
sheath) expansion (7). 

Additional N has been found to enhance the herbicidal 
activity of glyphosate (10, 47). For example, addition of 82.5 
kg N/ha 30 days prior to spraying with glyphosate resulted in 
greater control of quackgrass in a low N soil (10). However, 
in some cases, additional N has been found to have little 
effect on glyphosate performance (10, 30). Data on the effects 
of N on fluazifop performance were not found but the activity 
of this herbicide against green foxtail has been shown to 
increase with increased overall soil fertility (29). Increased 
fluazifop performance at high soil fertility was related to 
increased uptake and translocation of herbicide (29). 

Data were not found for GA effects on fluazifop 
performance but this hormone can increase glyphosate 
phytotoxicity in bean (Phaseolus vulgaris L. 'Black Valen
tine') and Canada thistle [Cirsium arvense (L.) Scop.] (43). 
The mechanism of GA enhancement of glyphosate activity 
was not determined in this study. 

In the series of experiments on oat described here, the 
efficacies of fluazifop and glyphosate against water-stressed 
plants, plants grown in low and high N, and plants treated 
with gibberellic acid (GA) were examined. Cultivated oat was 
used as a model species. The objectives were to: a) confirm 
reduced herbicide performance under water stress conditions, 
b) determine if herbicide performance is reduced under low 
external N concentrations, and c) determine if herbicide 
performance can be improved by the application of a growth 
regulator which increases the rate of tissue expansion. 

MATERIALS AND METHODS 

Water stress experiments. The short- and long-term effects 
of a pre/post spray period of water stress on the efficacy of 
f1uazifop were examined in the laboratory. A laboratory study 
of water stress effects on glyphosate performance has been 
reported previously (20). In the short-term experiment, seed 
were germinated on moist paper towels in the light at 20 C. 
After 5 days, seedlings of uniform size were selected and 
transplanted into polystyrene pots (two per pot) filled with 
oven-dried soil (Rapaki series; Lithic hapludoll) brought to 
field capacity [soil moisture content (SMC)3 = 36.9% w/w] 
with a nutrient solution containing 5 mol m-3 N03" (8). Field 
capacity was determined using a tension table apparatus 
applying 0.01 MPa. Plants were grown in a controlled
environment chamber with a 14-h photoperiod, day/night 
temperatures of 23/15 C and a relative humidity between 60 
and 70%. Illumination was provided by red incandescent and . 
white fluorescent tubes which gave a photon flux density of 
approximately 400 Ilmol m-2 s-1 at the pot surface. Until 
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emergence of leaf 3 (leaves numbered from base) 10 days 
after planting, the rooting medium of all plants was flushed 
every 2 to 3 days with nutrient solution. At this stage, 
nutrients and water were withheld from half the plants. Leaf 3 
of these plants was typically at midexpansion when wilting 
point (SMC = 16.9% w/w) was reached. Wilting point of the 
soil was determined using a pressure plate and pressure 
membrane apparatus at 1.5 MPa. Wilting point was 
maintained for 5 days by adding water daily as required, then 
all plants (stressed and nonstressed) were sprayed with 
fluazifop at a rate of 0.5 kg/ha. The herbicide was applied 
with a C02-powered sprayer fitted with Teejet 8001 nozzles 
which delivered 250 L/ha at 275 kPa. A surfactant was not 
added to the spray mix. Stressed plants were maintained at 
wilting point for 9 days after spraying, then the soil moisture 
content was returned to field capacity by the addition of 
nutrient solution. Field capacity was maintained until harvest, 
17 days after spraying, at which time shoot dry weight and 
chlorophyll concentrations in the individual laminae were 
measured as described previously (7). The long-term experi
ment was similar to the short-term experiment except that soil 
moisture was maintained at field capacity until 32 days after 
spraying, at which time shoot dry weight was determined. 

The field water stress experiment was carried out on a 
Waimakariri series (Ustorthent) soil on a North Canterbury 
mixed cropping farm between November 22, 1987 and 
February 13, 1988. The soil was in balance prior to initiation 
of the experiment. Seed was sown at 191 kg/ha (15-cm 
spacing) with a conventional seed drill. The trial was a split
plot design replicated five times with water treatments as 
main plots and herbicide treatments as subplots. There were 
three herbicide treatments: un sprayed, fluazifop (0.25 kg/ha), 
and glyphosate (0.18 kg/ha), and two soil water treatments at 
spraying. The water-stressed main plots were sown 7 days 
before the watered main plots to reduce the difference in 
plant size between treatments at spraying. Watered main plots 
received 50 to 70 mm H20 (microjet irrigators) approxi
mately every 2 weeks. Water-stressed main plots received 
minimal rainfall. At the 4- to 5-leaf stage, plants were 
sprayed as described above. 

During the 4 days prior to spraying with herbicide, the rate 
of extension of the youngest lamina (leaf 4) of one watered 
and one water-stressed plant ·from each main plot was 
measured. Leaf length was taken as the distance between leaf 
tip and the ligule of the leaf two positions below. On the day 
of spraying, one watered and one water-stressed plant were 
sampled from each main plot, and total plant dry weight and 
chlorophyll concentration in the youngest lamina were 
measured. Immediately prior to spraying, one watered and 
one water-stressed plant were sampled from each of three 
main plots and their leaf water potential measured with a 
Wescor C-51 psychrometer (41). Seven days after spraying, 
one plant from each of the subplots was sampled. The 
youngest lamina (leaf 5) of each plant was transversely cut 
approximately in half and chlorophyll concentration measured 
in the two parts to highlight different effects of fluazifop and 
glyphosate. Fourteen days after spraying, water-stressed plots 
were irrigated along with the watered plots. All plots were 
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then regularly irrigated until harvest at plant maturity, 45 
days after spraying, when 0.4-m2 quadrat samples were taken 
from all plots. Seed heads were removed, dried at 70 C for 96 
h, and on cooling weighed for determination of seed head 
yield. 
Nitrogen experiments. The effects of N on fluazifop and 
glyphosate activity were determined in separate experiments 
in the laboratory. In the first N experiment, seedlings were 
prepared as in the laboratory moisture stress experiments, 
then divided into two groups. Each group was then 
transferred to 150-mm-diameter pots (three seedlings per pot) 
containing vermiculite:perlite (l: I, v Iv) soaked in a basal 
nutrient solution containing either low (1.0 mol m-3) or high 
(10 mol m-3) KN03. These NO)" concentrations cover the 
range likely to be found in agricultural soil (5). In both NO)" 
treatments, potassium concentration was maintained at 23.6 
mol m-3 by the addition of K2S04. Growth conditions were 
as in the laboratory moisture stress experiments. Plants from 
each NO)" treatment were sprayed at the 3-leaf stage with 0.25 
kg/ha fluazifop. Immediately after spraying, half the pots 
receiving low NO)" were flushed with high NO)" and 
maintained on this treatment. Un sprayed plants were used as 
controls. All plants were flushed with the appropriate nutrient 
solution every 2 or 3 days until harvest, 47 days after 
spraying, when total plant dry weight was determined. The 
second laboratory N experiment was carried out as for the 
first except that the herbicide treatment was 0.18 kg/ha of 
glyphosate and harvest was 49 days after spraying. 

The first field N experiment was carried out on a 
Templeton series (Udicustochrepts) soil on the Lincoln 
College Research Farm between November 2, 1987 and 
January I, 1988. Soil was low in N. After seedbed 
preparation, NO)" concentration in the interstitial water was 
determined to be 0.4 ± 0.1 mol m-3. 

The trial was a randomized complete block design with 
two N and three herbicide treatments. There were three 
replicates. The two N treatments were 0 N and 200 kg N/ha 
added by hand as C~03 in two 100 kg N/ha 
applications at emergence and at the 3-leaf stage. The 
herbicide treatments were unsprayed, fluazifop (0.25 kg/ha) , 
and glyphosate (0.18 kg/ha). All plants were supplied 50 mm 
water on November 18 and 30, and December 15. Seed were 
sown at 160 kg/ha (l5-cm row spacing) with a cone seeder 
drill. At the 4- to 5-leaf stage, herbicide treatments were 
applied as above. 

During the 5 days prior to spraying with herbicide, the rate 
of extension of the youngest lamina (leaf 4) of two plants 
from each plot was measured. On the day of spraying, two 
plants from each plot were sampled and total plant dry weight 
and chlorophyll concentration in the youngest lamina were 
determined. Seven days after spraying, two plants from each 
plot were sampled and chlorophyll concentration in the top 
and bottom of the youngest lamina measured. At harvest 
(January I, 1988), seed head weight per unit area was 
determined as in the field water stress experiment. 

40btained from LC.I. (U.K.) 
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A second experiment with the same N treatments was 
carried out alongside the first between February I, 1988 and 
April 22, 1988. Seed head dry weight/m2 was determined 45 
days after spraying. 
Radiolabel experiment. A stock solution was prepared 
comprising 50 /-LI technical grade fluazifop, 200 /-LI blank 
formulation4, and 49.75 ml deionized water. The treatment 
solution was prepared by adding 1.67 ml of the stock solution 
to 370 kBq of carbonyl carbon-Iabeled 14C fluazifop4 (butyl 
ester; specific activity of 0.411 gBq/mmol). This gave a final 
concentration of fluazifop similar to that in the 0.25 kg/ha 
spray applied in 250 L. Plant'> supplied low or high NO}" were 
grown to the 3-leaf stage as in the laboratory NO}" 
experiments. Then six 0.5-/-LI droplets of the treatment 
solution were applied by microsyringe to the midvein of the 
distal third of the lamina of leaf 2. Total radioactivity applied 
was 0.666 kBq per plant. Immediately after radiolabeling, all 
plants were sprayed with fluazifop at 0.25 kg/ha as described 
above. At this point, half the plants given low NO}" were 
supplied with high NO}" . Twenty-four hours after herbicide 
application, the treated lamina portion was washed with 25 
ml of distilled water. The efficiency of a water wash was 
compared to that of formulated fluazifop and found to be 
similar. A 1-ml aliquot was then taken and added to 10 ml 
liquid scintillation cocktail. The radioactivity in the 
I-ml aliquot was determined by liquid scintillation counting. 
The amount of fluazifop taken up by plant leaves was 
determined from the difference between total radioactivity 
applied and that recovered in the leaf washes. Fourteen days 
after application of radiolabel, the plants were divided into 
treated lamina, treated sheath, leaf I, leaf 3, leaf 4 plus apical 
meristem combined, and roots, then freeze dried. The plant 
parts were then solubilized for the extraction of radiolabel by 
grinding in liquid nitrogen, then adding 1: 1 v Iv solution of 
toluene/soluene at 1 ml/mg tissue. Two hundred /-Ll of a 
saturated solution of benzoyl peroxide were then added to 
decolorize the samples before measuring their activity in 
triton-x-100 acidified cocktail consisting of 9: 1 v/v triton-x-
100:500 mol/m3 HCI with 5.5 g PPO/L and 0.1 g POPOP/L. 
Total translocation of 14C was calculated as the total activity 
recovered from plant tissue outside the treated lamina as a 
percentage of the total recovered. Greater than 80% of 14C 
applied was recovered from all plants. The partitioning of 14C 
in the plant was calculated as the activity recovered from a 
particular plant fraction as a percentage of the total activity 
recovered from plant tissue outside the treated lamina. 
Gibberellic acid experiments. Gibberellic acid effects on the 
performance of fluazifop and glyphosate were examined. 
Plants were grown in vermiculitelperlite as for the laboratory 
NO}" experiments and were given low NO}" throughout. In the 
first GA experiment, plants at the 3-leaf stage had either 100 
/-LI water or 100 /-Lg GA dissolved in 100 /-LI water placed by 
micropipette in the ligule/inner sheath area of each of leaves 
1 and 2. The amount of GA added was chosen as it had been 
shown previously to give a rapid increase in extension rate of 
stem plus leaf sheaths without affecting final dry weight of 
oats (7). Two days after applying GA, plants were sprayed 
with either fluazifop (0.25 kg/ha) or glyphosate (0.18 kg/ha). 
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Table 1. Effect of soil moisture on oat response to fiuazifop as indicated by 
chlorophyll content of individual leaves. 

Moisture 
treatment 

Watered 
Stressedb 

SEM 

Chlorophyll content by leaf numbera 

2 3 

--- (mg chl/g dry weight) ---

7.65 
6.73 

4.94 1.91 
9.35 10.98 
0.77 

aDetermined 17 days after spraying. 

bSoil was maintained at wilting point for 5 days before and 9 days after 
spraying. 

The extension rate of the youngest sheath (leaf 3) of each 
plant was detennined during the 2 days prior to spraying by 
measuring the increase in distance between the ligule of leaf 
1 and lamina base of leaf 3. Total plant dry weight was 
detennined 44 days later. The second GA experiment was 
carried out as for the first except that GA was applied 
immediately after spraying with herbicide. 
Analysis of results. In the laboratory, all experiments were 
completely randomized designs with treatments replicated at 
least six times. The laboratory N experiments were carried 
out three times and laboratory radiolabel and GA experiments 
twice. Repeat N experiments differed slightly from initial 
experiments with respect to harvest date; details are given in 
text. For laboratory and field experiments an analysis of 
variance was carried out on all data at each harvest. All 
effects discussed have an F ratio with a probability P<O.01. 
Means stated as significantly different at each harvest are on 
the basis of an LSD (p<0.05) test. Variance quoted in text is 
SEM. 

RESULTS 

Water stress and herbicide performance. Under controlled 
environment and field conditions, water-stressed oat showed 
tolerance of fluazifop. In the short-tenn controlled-environ
ment experiment in which all plants were treated with 
t1uazifop, total chlorophyll concentration in individual leaves 
of watered plants decreased in the order leaf 1 > leaf 2 > leaf 

3, 17 days after spraying (Table 1). In contrast, for water
stressed plants, chlorophyll concentration was greater in 
leaves 2 and 3 than in leaf 1. Chlorophyll concentrations in 
leaves 2 and 3 were greater for water-stressed plants than for 
watered plants but shoot dry weight for the two water 
treatments was the same (0.14 ± 0.01 g). In the second 
controlled-environment water stress experiment, 32 days after 
spraying with fluazifop, water-stressed plants appeared 
nonnal while watered plants were completely chloroticl 
necrotic and had main stem detachment from within the leaf 
sheaths. Shoot dry weight was substantially greater for water
stressed plants (0.64 ± 0.06 g) than for watered plants (0.14 ± 
0.03 g). 

In the field experiment during the 4 days prior to spraying, 
the extension rate of leaf 4 of plants growing in low and high 
soil moisture was 3 ± 1 and 27 ± 4 mm/day, respectively. 
Corresponding values for leaf water potential were -2.0 ± 0.2 
and --D.8 ± 0.1 MPa respectively. These values indicate a 
substantial difference in water status between soils in the two 
treatments. On the day of spraying, shoot dry weight at low 
and high soil moisture was 0.61 ± 0.11 g and 0.72 ± 0.12 g, 
respectively; corresponding values for chlorophyll concentra
tions were 7.1 ± 0.2 and 6.9 ± 0.2 mg chl/g dry weight, 
respectively. For un sprayed plants, 7 days after herbicide 
treatments, chlorophyll concentrations in top and bottom of 
the youngest lamina were similar for plants from the two 
water treatments (Table 2). Chlorophyll concentrations in leaf 
bases and tops of water-stressed plants were similar for 
sprayed and un sprayed plants. For plants sprayed with 
fluazifop, chlorophyll concentration in leaf bases was greater 
for water-stressed plants than for watered plants. In the case 
of glyphosate-sprayed plants, chlorophyll concentrations in 
leaf bases and tops were greater in water-stressed plants than 
in watered plants. Both herbicides caused a reduction in seed 
head yield of water-stressed plants but their effect on watered 
plants was much greater (Table 2). For sprayed plants (both 
herbicides), seed head yield was greater for water-stressed 
plants than for watered plants. Watered plants sprayed with 
fluazifop did not produce seed heads. 
Nitrogen and herbicide performance. For un sprayed plants 
under controlled-environment conditions, total plant dry 
weight was greater for plants given high NO; throughout or 

Table 2. Effect of soil moisture on oat response to fluazifop and glyphosate a~ indicated by leaf chlorophyll content and seed head yield. 

Chlorophyll content by treatmenta 

Moisture 
treatment Control 

Lamina tops 

Fluazifop Glyphosate 

Lamina bases 

Control Fluazifop Glyphosate 

---------- (mg chl/g dry weight) ----------
Watered 
Stressedb 

SEM" 

7.09 
7.69 

6.68 0.57 5.77 
6.99 7.01 5.90 
0.85 

aDetermined 7 days after spraying. 

bWater stress was relieved 14 days after spraying. 

1.60 0.27 
6.80 6.05 
0.77 

cThe SEM is to be used for comparisons within one set of values (three columns) only. 
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Seed head yield by treatment 

Control Fluazifop Glyphosate 

320 
117 

o 
66 
5 

25 
65 

57 
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Table 3. Effect of nitrate on oat response to fluazifop and glyphosate as 
indicated by total plant dry weight. 

Nitrate Plant dry weight by treatment 

treatment Control Fluazifop Control Glyphosate 

(g) 

Low 2.68 1.51 2.47 2.16 
Low to high" 3.44 1.85 3.22 2.07 
High 3.61 0.56 3.43 0.31 
SEMb' 0.11 0.23 

aSwitchover from low to high HO) occurred immediately after spraying. 

hrhe SEM is to be used for comparisons within one herbicide treatment 
(paired columns) only. 

switched from low to high N03 than for plants given low 
N03 throughout (Table 3). For plants sprayed with fluazifop 
(Table 3), total plant dry weight was greater at low N03 than 
high N03 . However, greatest dry weight for plants sprayed 
with fluazifop was obtained with switchover from low to high 
N03 at spraying. Plants given low NOJ' throughout or 
switched from low to high NO- at spraying produced 
seedheads, but those given high N6j' throughout did not. In 
two additional experiments, fluazifop-sprayed plants har
vested 34 and 49 days after spraying showed greater growth 
(dry weight) at low NOj' , or when switched from low to high 
NOJ' than at high N03 . All plants given low N03 throughout 
or switched from low to high N03 at spraying produced seed 
heads, while all plants given high NOJ' throughout did not. In 
the first experiment, growth was greater with the low to high 
NO; treatment than with the low NO; treatment while in the 
second experiment growth with these N03 treatments was 
similar. 

For plants sprayed with glyphosate, total plant dry weight 
was again greater at low NO; than at high NOJ' (Table 3). In 
this case, the value for plants switched from low to high NO; 
at spraying was similar to that for plants given low NO; 
throughout. As with fluazifop, glyphosate-sprayed plants 
produced seed heads at low NOJ' and when switched from 
low to high NO; , but they did not produce seed heads at high 
NO; . In two other experiments, glyphosate-sprayed plants 
harvested 41 and 45 days after spraying showed greater 

growth at low N03 or when switched from low to high NOJ' 
than at high NOj' . Again, all plants receiving low NOJ' at 
spraying produced seed heads while all plants given high 
NOJ' throughout did not. In the first experiment, growth was 
greater for the low to high NO; treatment than for the low 
N03 treatment; in the second experiment the converse 
occurred. 

Under field conditions, during the 5 days prior to spraying 
with herbicide, the extension rate for leaf 4 of plants growing 
in low and high N soil was 20 ± 2 and 37 ± 3 mm/day, 
respectively. On the day of spraying, shoot dry weight was 
0.38 ± 0.02 and 0.64 ± 0.03 g at low and high N, 
respectively; corresponding values for chlorophyll concentra
tion were 5.2 ± 0.2 and 11.9 ± 0.1 mg chl/g dry weight, 
respectively. For unsprayed plants, 7 days after herbicide 
treatment, chlorophyll concentrations in top and bottom of the 
youngest lamina were greater at high N than low N (Table 4). 
Chlorophyll concentrations were lower in sprayed plants than 
in un sprayed plants (Table 4). For plants sprayed with 
fluazifop, chlorophyll concentration in leaf bases was greater 
at low N than high N. In the case of glyphosate-sprayed 
plants, chlorophyll concentration in leaf bases and tops was 
greater at low N than high N. 

For un sprayed plants, seed head yield was greater at high 
N than low N (Table 4). At low N, yield for plants sprayed 
with fluazifop or glyphosate was similar to that for unsprayed 
plants. At high N, fluazifop caused main stem detachment 
from within the leaf sheaths, while glyphosate caused 
chlorosis/necrosis of the entire shoot, and in both cases 
seedheads did not form. At low N in the second field nitrogen 
experiment (Table 5), yield was reduced by application of 
fluazifop and glyphosate but most plants produced seed 
heads. At high N, seed heads did not form on plants sprayed 
with fluazifop or glyphosate. 
Radiolabel experiment. Values for percentage uptake of 
14C-fluazifop were not significantly different for plants from 
the different NO; treatments (Table 6). However, plants 
supplied with high NO; throughout translocated significantly 
more 14C than plants given low NOj' throughout or those 
switched from low to high NO; after spraying (Table 6). 
Plants given high NO; throughout partitioned more 14C label 
to the sheath and less to the root in comparison with plants 
given low NO; throughout or switched from low to high NO; 

Table 4. Effect of nitrogen on oat response to fluazifop and glyphosate as indicated by leaf chlorophyll content and seed head yield. 

Chlorophyll content by treatment" 

Nitrogen 
treatment 

(kg/ha) 

o 
200 

Lamina tops Lamina bases 

Control Fluazifop Glyphosate Control Fluazifop Glyphosate 

---------- (mg chUg dry weight) ----------
6.96 

10.45 
4.94 2.76 5.58 3.88 
5.88 0.22 8.41 0.66 

0.96 0.52 

3.10 
0.21 

"Determined 7 days after spraying. 

hrhe SEM is to be used for comparisons within one set of values (three columns) only. 

58 

Control 

68 
154 

Seed head yield by treatment 

Fluazifop Glyphosate 

60 50 
o 0 
4 
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Table 5. Effect of nitrogen on oat response to fluazifop and glyphosate as 
indicated by seed head yield. 

Nitrogen Seed head dry weight by treatment 

treatment Unsprayed F1uazifop Glyphosate 

(kg/ha) (g/m2) 

0 44 30 10 
200 108 0 0 
SEM 4 

at spraying. The concentration of radiolabel in the youngest 
leaf plus apical meristem (lA) was significantly lower for 
plants supplied low N03" throughout or switched from low to 
high N03" at spraying than for plants supplied high N03 
throughout. Similar results were obtained in a repeat 
experiment. 
Gibberellic acid and herbicide performance. When GA 
was applied 48 h prior to spraying with fluazifop or 
glyphosate, the sheath length of plants treated with 0 and 200 
Ilg GA increased by 17 ± 4.2 and 73 ± 4.3 mm, respectively, 
during the 24 h prior to herbicide application. Comparable 
values in a repeat GA experiment were lower, 6.0 ± 1.0 and 
36 ± 2.1 mm, respectively. Application of GA to un sprayed 
plants had little effect on plant dry weight at harvest (Table 
7). For sprayed plants (both herbicides), application of GA 48 
h prior to spraying caused a significant reduction in total 
plant dry weight and stopped seed head formation (Table 7). 
Similar results were obtained in a repeat experiment. 
Application of GA immediately after spraying with fluazifop 
or glyphosate had little effect on final dry weight or seed 
head production. 

DISCUSSION 

The effects of different levels of water and N availability 
on chlorophyll concentration and growth of unsprayed plants 
were similar under controlled-environment and field condi-

tions. For unsprayed plants in the water stress and N 
experiments, chlorophyll concentrations (Tables I, 2, 4) were 
in the range previously obtained for oat (7). Similar values 
have been obtained for other grasses and broadleaf plants (9, 
15, 36). In the field N experiment, chlorophyll levels for 
unsprayed plants increased with increased N availability as is 
common with grasses and higher plants in general (7, 9, 36). 
In the field water stress and N experiments, chlorophyll 
concentrations for unsprayed plants were greater in leaf bases 
than tops (Tables 2, 4). This difference could have been due 
to light promotion of chlorophyll production after lamina 
emergence (14). Leaf extension rate for un sprayed , watered 
plants in the field was in the range previously obtained for oat 
and other grasses (7, 28, 33, 44). Leaf extension rate was 
reduced under water stress conditions and increased with 
applied nitrogen as has been found previously (7, 19, 33, 44). 

Phytotoxicity of both fluazifop and glyphosate as indicated 
by chlorophyll concentration and shoot dry weight was 
reduced under water stress and low N conditions (Tables 1 to 
5). For watered plants in the water stress experiments and 
plants supplied additional N in the field N experiment, 
fluazifop-induced chlorosis initially occurred in the bases of 
leaves expanding at the time of spraying (Tables 1,2,4). This 
pattern of chlorosis was obtained in oat sprayed with diclofop 
(7) and in quackgrass (clone MF) sprayed with fluazifop (15). 
Greater chlorosis in expanding leaves in comparison to 
mature leaves with .PCA herbicides is likely to be related to 
inhibition of chlorophyll synthesis as well as chlorophyll 
breakdown (15, 25). For watered plants in the water stress 
experiments and all plants in the field N experiment, 
glyphosate-induced chlorosis was not obviously associated 
with expanding leaves. Chlorophyll levels were similar in 
tops and bases of the youngest leaf of glyphosate-sprayed 
plants (Tables 2, 4). Glyphosate can inhibit chlorophyll 
synthesis (35) but rapidly induced chlorosis over the entire 
shoot is likely to be due to chlorophyll breakdown. In some 
cases with glyphosate-sprayed plants, a decrease in chloro
phyll content is preceded by a decrease in carotenoid content 

Table 6. Effect of nitrate on the uptake, translocation, and partitioning of 14C in oat labeled with 14C fluazifop. 

Radioactivity Radiolabel in 

Nitrate 
by plant partC youngest leaf 

and 
treatment Uptakea Translocation b S Lt L3 L4 R apical meristem 

(%)d (%)e 

Low 69.4 9.3 23.9 
Low to high 61.0 8.4 25.2 
High 63.0 26.1 41.3 
SEM 3.2 1.8 3.8 

aDetermined 24 h after application of radiolabel to leaf 2. 

bDetermined 14 days after application of radiolabel. 

(%)f 

9.7 26.7 
13.7 17.9 
6.6 20.4 
2.2 5.9 

cS = sheath of leaf 2, Lt = leaf 1, L3 = leaf 3; L4 = leaf 4 plus apical meristem, R = root. 

(dpm/mg) 

30.0 9.6 8.2 
30.9 13.1 9.2 
27.7 4.9 23.9 
6.2 1.1 3.9 

dDifference between radioactivity applied and that recovered in leaf washes 24 h after application as percentage of radioactivity applied. 

eRadioactivity recovered outside the treated lamina as a percentage of the total activity recovered from the plant. 

fRadioactivity recovered from plant fraction as a percentage of total activity recovered from plant tissue outside the treated lamina. 
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Table 7. Effect of gibberellic acid on oat response to fluazifop and glyphosate as 
indicated by total plant dry weight. 

Gibberellic 
acid 
treaUnenta 

(mg/plant) 

o 
200 
SEM 

Dry weight by treaUnent 

Control F1uazifop Glyphosate 

-------------(g)-------------
2.72 
2.41 

1.70 
0.53 
0.21 

2.03 
0.27 

aApplied 2 days prior to herbicide treaUnent. 

(1, 39). It is possible that in the present study, glyphosate
induced chlorosis was due to photodestruction of chlorophyll 
caused by breakdown or inhibition of synthesis of carotenoids 
(1, 39). 

Growth of unsprayed plants was reduced under water 
stress and low N conditions (Tables 2 to 5). Decreased 
herbicide perfonnance under water stress and low N 
conditions is likely to have been due to decreased growth rate 
(22,23). In the case of fluazifop, this decreased phytotoxicity 
could have been related to decreased demand for membrane 
synthesis and decreased strain on membranes damaged by the 
herbicide (6, 7). Also, for fluazifop, uptake and translocation 
may have been reduced (29). With glyphosate, uptake and 
translocation are likely to have been reduced under water 
stress and low N conditions due to decreased translocation of 
photoassimilate in the phloem (3, 20, 38,45, 47). In the field 
N experiment, shoot dry weight at spraying was substantially 
greater at high N than low N. It is likely that retention of 
herbicide was greater at high N than low N due to greater leaf 
area. This could have resulted in greater herbicide damage at 
high N (47). 

For plants sprayed with fluazifop or glyphosate, growth 
with the low to high NO; treatment was always greater than 
with the high NO; treatment. Also, in two out of three 
experiments with fluazifop and one out of three experiments 
with glyphosate, switching from low to high NO; at spraying 
produced a total plant dry weight that was greater than that 
for plants supplied low NO; throughout. When unsprayed 
plants at the three-leaf stage are switched from low to high 
NO; , leaf 3 rapidly responds to the increased supply of NO; 
but leaves 1 and 2 behave more like leaves maintained on low 
NO; throughout (7). If, in the present study, transport of 
herbicide out of leaves was less at low NO; than at high NO; 
, for example due to decreased transport of photoassimilate, 
then accumulation of herbicide in the youngest leaf and apical 
meristem may have been sufficiently reduced to pennit plants 
to respond to increased NO; . The data from the fluazifop 
radiotracer study are in agreement with this proposal, with no 
difference in uptake of label between NO; treatments but two 
to three times greater translocation of label at high NO; in 
comparison to the low or low to high NO; treatments (Table 
6). This decrease in translocation at low NO; resulted in a 
lower concentration of label in the youngest leaf and apical 
meristem (Table 6). In comparison to plants given low NO; 
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throughout or switched from low to high NO; at spraying, 
plants given high NO; throughout partitioned more 14C to the 
sheath of leaf 2 and less to the root (Table 6). These 
differences could have been due to a greater partitioning 
of carbon (5) and hence herbicide (23) to the shoot at high 
NO; . 

Oat is extremely sensitive to GA application, and 
elongation rates of 2 mm/h have been obtained for stem 
segments with added GA and sucrose (2, 31). This value in 
intennediate to those obtained here for whole plants. If 
fluazifop perfonnance increases with increased demand for 
membrane synthesis, then application of GA, which results in 
rapid stem elongation primarily due to increased cell size (2, 
31), should increase herbicidal activity. This was found to be 
the case (Table 7). The mode of action of glyphosate is 
inhibition of aromatic amino acid synthesis, and membrane 
disruption does not appear to be an important factor in 
detennining the activity of this herbicide (22). Despite this, 
GA increased glyphosate phytotoxicity in oat. Increased 
glyphosate phytotoxicity with GA could be to due to 
increased translocation of herbicide to meristems due to GA
induced changes in source-sink relations within the plant (40, 
43). A similar explanation could hold for GA enhancement of 
fluazifop activity. Gibberellic acid can cause increased 
accumulation of 2,4,5-T in young shoots of field bean 
(Phaseolus vulgaris L. 'Stringless Green Pod') (11), and 
changes in translocation pattern of glyphosate can be 
achieved by application of other growth regulators (16, 45). 
Further studies are required to detennine if GA affects uptake 
and translocation of fluazifop and glyphosate. The data 
obtained here indicate that GA has potential for increasing the 
perfonnance of fluazifop and glyphosate but only if applied 
sometime before spraying. In all previous studies in which 
growth regulators were successful in increasing herbicide 
activity, there was at least a one-day difference between 
application of the two chemicals (16, 43, 45). It is likely that 
by applying the growth regulator sometime before the 
herbicide, rapid herbicide effects which negate growth 
regulator effects are avoided. 
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SUMMARY 
Under controlled environment conditions, the susceptibility of 

drought stressed wild oat to fluazifop-butyl was increased when 
gibberellic acid (GA) was applied 2 days before the herbicide. Similarly, 
GA application was found to enhance glyphosate activity on cultivated 
oat, growing in low soil nitrogen under field conditions. Reasons for GA 
enhanced post-emergence herbicide performance against plants growing 
in low levels of water and nitrogen are discussed. 

INTRODUCTION 
Many post-emergence herbicides are less effective when used against stressed plants 

(Caseley and Coupland 1985; Caseley 1987; Dickson and Field 1987). In the laboratory, 
application of gibberellic acid (GA) 2 days prior to spraying nitrogen (N) stressed 
cultivated oat with glyphosate or the phenoxy propionate herbicides diclofop-methyl 
and fluazifop-butyl can result in increased activity of these herbicides (Dickson et al 
19S8; Andrews et al 1989). 

Phenoxy-propionate herbicide activity is primarily due to membrane disruption 
(Hoppe 1985; Harwood et aI1987). It has been proposed that the likeliest cause of GA 
enhancement of diclofop-methyl and fluazifop-butyl activity is the increased rate of leaf 
expansion which will result in greater demand for membrane synthesis, increased strain 
on vulnerable membranes and thus, greater cellular disruption (Dickson et al 1988; 
Andrews et al 1989). The primary mode of action of glyphosate appears to be inhibition 
of aromatic amino acid biosynthesis, but this herbicide has been reported to also cause 
membrane damage (Camp bell et al 1976). It is possible that GA enhancement of 
glyphosate activity is due to increased membrane damage, but increased uptake, 
translocation and/or metabolism of the herbicide cannot be discounted without further 
study (Tworkoski andSterrett 1987). 

Under field conditions, attempts to increase weed susceptibility to herbicides by 
using growth regulators have usually failed (Tworkoski and Sterrett 1987). Variable 
environmental conditions in the field and herbicide counteraction of growth regulator 
effects were thought to be the possible factors responsible for nullifying any potential 
benefits of the adjuvants on herbicide efficacy. In these studies, the growth regulator 
was usually mixed with the herbicide for application. Under low N conditions in the 
laboratory, a consistent increase in herbicide activity occurred only if GA was applied 2 
days before spraying with herbicide (Dickson et al 1988; Andrews et al 1989). 

This paper describes two experiments which investigated the potential of GA 
enhancement of post-emergence herbicide activity on environmentally stressed A vena 
sPp. The first experiment investigated the efficacy of fluazifop-butyl on wild oat 
grOwing in varying levels of soil moisture under controlled environment conditons. The 
secOnd experiment was a field trial which evaluated the ability of GA to enhance 
formulated glyphosate activity against N stressed cultivated oal. 

MATERIALS AND METHODS 
Experiment 1 investigated the effects of GA on the performance of fluazifop-butyl 

On wild oat (A vena faIl/a) grown in soil of different water content. The seed was 
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collected froIll plants growing in the 1987/88 summer season. All seeds had their gluTnes 
removed and their caryopses germinated as described in Dickson and Field (1987). 
Seedlings of uniform size were selected and transplanted into 200 ml polystyrene pots (1 
per pot) filled with oven dried Rapaki silt loam soil brought to field capacity (soil 
moisture content, SlvIC = 36.91lJo w/w). The statistical design of this experiment was 
completely random with six replicates. The soil moisture treatments were FC == field 
capacity; 3/4 FC = three quarters field capacity (SlvIC = 27.6% w/w); PW = partial 
wilting (SMC = 23.91lJo w/w); CWP = close to wilting point (SMC = 20.21lJo w/w); Wp 
= wilting point (SlvIC = J 8.41lJo w/w). Plants in the PW, CWP and WP soil moisture 
treatments were transplanted 2 weeks before the FC or 3/4 FC soil moisture treatments' 
to ensure that all plants were at a similar stage of growth at spraying. Plants were grow~ 
in a controlled environment ch?-mber as described in Dickson and Field (J 987). 

Soil moisture in all pots was maintained at FC until emergence of leaf 4. At this. 
stage water was withheld from the 3/4 FC. PW, CWP and WP treatments. Leaf 4 of 
plants in all treatments was typically at mid expansion when the respective soil moisture 
levels were achieved. Five days later, plants had either 0 or 100 jJ.g GA placed in the 
ligule/inner sheath area of each of leaves 2 and 3. Two days after applying GA, plants' 
were sprayed with nuazifop-butyl at 0.25 kg/ha. At spraying, the leaf water potential of 
plants in their respective treatments was measured using a Wescor C-51 psychrometer 
(Savage and Cass 1985). Forty four days after nuazifop-butyl application, total shoot 
dry weight was determined. 

Experiment 2 was conducted on a nitrogen depleted (approximately 1.0 mol/m) 
NO) -) Wakanui silt loam soil at Lincoln, between 6 November 1988 and 6 January 
1989. The trial was a randomised complete block design with two GA (0, 0.21 kg/ha) 
and two herbicide (0, 0.18 kg/ha glyphosate (Roundup) treatments. The plots were 4 ml 

and each treatment was replicated six times. The seed of cultivated oat (A vena satil'a L. 
cv All1uri) was sown at 70 kg/ha (15 cm row spacing) with an Oyjord cone seeder drill. 
All plots were regularly irrigated throughout the experiment to maintain soil moisture 
content at around Fe. At the 3 leaf stage, GA treatments were applied 2 days prior to 
herbicide treatments. Thirty nine days after spraying, plants were harvested as described 
in Dickson et al 1988 and shoot dry weight, seed head number and individual seed head 
dry weight were determined. 

In both experiments, herbicides and GA, were applied with a COl powered sprayer 
fitted with Teejet 8001 nozzles which delivered 250 litres '.vater/ha at a pressure of 275 
kPa. 

RESULTS AND DISCUSSION 
Wild oat leaf water potential decreased as soil moisture content approached wilting 

point in Experiment J (Table I). Leaf water potential is considered to be a satisfactory 
measure of plant water status (Kramer 1988) and thus, these data indicate that plant 
water stress was increasing with decreased soil moisture. As a result all facets of plant 
physiology, which are essential for herbicide activity, would have become progressively 
more dislocated (Price 1983). 

Shoot dry weight of unsprayed plants grown in soil maintained at field capacity 
was 1. J3 ± 0.09 g and 1.32 ± 0.02 g at 0 and 200 jJ.g GA respectively. These data 
support previous findings that, in wild oat, the main effect of GA is on cell expansion 

TABLE 1: Effect of soil moisture content on water potential of leaf 3 of wild oat as 
measured just prior to GA treatment. The soil was a Rapaki silt 10al~ 

Soil moisture content 
(llJow/w) 

18.4 
20.2 
23.9 
27.6 
36.9 

Plant water potential 
(mPa) 

- 2.3 
-2.2 
- 1. 7 
-0.29 
- 0.29 

-------------------------------------------



Pesticide Prrforlllancl' alld Ac(ivity 107 

rather than other asrects of plant growth (Dick son er af 1988). For wild oat plants 
srrayed with nllaz.ifor-butyl, regardless of GA or water treatment, total plant dry 
weight at harvest was less than for unswayed plants (Fig. I). In the case of sprayed 
plallts not treated with GA, shoot dry weight changed little with an increase in SMC 
Irom 18.4 to 23.9070, but decreased substantially when SMC increased from 23.9 to 
27 .6070 then changed little with a further increase in SMC to 36.9070 (Fig. I). In contrast, 
values for plants given a GA rretreatlllent decreased fairly steadily with increasing soil 
moisture over the entire range used. At a soil moisture content of 23.9%, shoot dry 
weight was substantially lower for GA pre-treated plants than for plants sprayed with 
f1uazifop-butyl alone. At all other soil moisture levels, GA had no effect on the 
susceptibility of wild oat to f1uazifop-butyl. 
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The effect of I'nriaiJle soil moisture on the dry weigh! of wild oat 44 days after 
spraying lI'ilh fluazifop-butyl (0.25 kg/ha). Planls werr treated wilh 0 or 200 
J.1g gibberellic acid (wo days prior 10 spraying. 

Increased r1l1nifop-butyl efficacy with a GA pre-treatment at 23.9070 w/".. soil 
moisture is probably due to an increased rate of stem/leaf extension (Dickson er af 
1988; Andrews er 011989). It is thought that GA causes increased expansion growth in 
plants in two ways. Firstly, it lowers cell water potential which causes water to enter and 
secondly, it increases cell wall plasticity thus allowing cells to expand (Adams el of 1975; 
Jones 1980). At law soil moisture levels in the present study, GA may have been 
inerrective because it did not stimulate cell expansion as the biochemical (sucrose, 
mineral salts) and biophysical (water for turgor pressure) requirements for cell 
exransion (Dale 1988) would not have been satisfied. In addition, there may have been 
insufficient sucrose, mineral salts and water present to synthesize new cells. At high 
Si\lC, f1uClzifap-butyl alone caused rapid death of plants and so an effect from GA was 
flot expected. 

The use of growth regulators for improving the effectiveness of selective post 
emergence herbicides sllch as nuazifop-butyl may be limited under field conditions as 
the hormone acljllvant may have deleterious effects on the crop from which weeds are 
being removecl. I n the field experiment, formulated glyphosate was used as the test 
herbicide becallse (if\ enhancement of broad spectrum herbicides, such as glyphosate, 
fllay have greater practical application. Under field conditions, GA increased the rate of 
stem/leaf extension. Cultivated oat plants treated with GA in Experiment 2 were visibly 
taller anci their stem/leaf sheat hs paler green indicating dilution of chlorophyll. In the 
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TABLE 2: The effect of gibherellic acid and glyphosate on shoot dry weight, panicle 
number and mean panicle dry weight of cultivated oat grown in medium 
levels of soil nitrogen under field conditions. Plants were harvested 39 
days after spraying. 

Herbicide Gibberellic acid Shoot dry Seed head Individual seed-
rale treatment weight number head dry weight 

(kg ai/ha) (kg/ha) (g/rn') (g/rn') (g) 

0 0 61.6 89 0.33 
0.21 62.8 110 0.26 

0.18 0 33.8 53 0.14 
0.21 0.0 0 0.00 

SEM 5.3 6.0 0.01 

field, as in the laboratory, GA had no effect on shoot or seed head dry weight (per 
plant) at harvest of plants not sprayed with herbicide (Table 2). However GA did cause 
an increase in seed head number/m' and a decrease in individual seed head dry weight 
(Table 2). The reasolls(s) for these effects are unclear, but, as found for barley (Cottrell 
ef a! 1981), GA may have stimulated tiller growth and reduced the number and hence 
weight of spikelets per seed head. 

Application of GA dramatically increased glyphosate activity against cultivated 
oats growing in low soil N in the field. 1\( harvest, plots sprayed with GA plus 
glyphosate were completely devoid of oal plants. 

It is concluded that GA can increase post-emergent herbicide activity against 
stressed A vena spp. if it is applied 2 days prior to the herbicide spray. The 2 day 
separation of CA and herbicide ensured (hat cells were expanding rapidly when the 
herbicide was applied which avoided any counteraction of hormone induced cell 
expansion by the herbicide. 
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LEAF EXPANSION EFFECTS ON POST-E.MERGENCE 
HERBICIDE PERFORMANCE 

ROSS L. DICKSON, MITCHELL ANDREWS 
and ROGER J. FIELD 

Planl Science Deparlmenl, Lincoln College, Canlerbury 

SUMMARY 
The post-emergence efficacy of dic1ofop-melhyl and fluazifop-butyl 

against A vena saliva L. cv. Amuri was reduced under a range of 
environmental stresses. In all cases examined in which the plant had 
increased tolerance of the herbicides, leaf expansion rate was low. It is 
argued that this decreased expansion rate was more important than other 
aspects of decreased growth rate in determining the degree of resistance to 
these herbicides. A mechanism is proposed to explain the relationship 
between leaf expansion rate and degree of tolerance of the herbicides. 

INTRODUCTION 
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Plant and environmental factors can cause inconsistency in the performance of 
herbicides resulting either in inadequate control of weeds or crop damage. There are 
many reports of reduced herbicide efficacy with increasing plant age and environmental 
stresses (Caseley and Coupland 1985). The common explanation for this reduced 
herbicide performance is decreased herbicide absorption and translocation due to 
decreased plant growth (Moosavi-Nia and Dore 1979). Uptake and translocation of 
glyphosate have been shown to be reduced in older plants and under a range of stresses 
(Whitwell and Sanlelmann 1978; Dickson and Field 1987). However, this explanation 
does not hold for the reduced performance of the phenoxy-propionate herbicides 
diclofop-methyl and fluazifop-butyl on plants under drought stress (A key and Morrison 
1983; Kells el al 1984). 

This paper presents data from a series of experiments in which the efficacy of 
diclofop-melhyl and f1uazifop-bulyl against A vena saliva was examined under a range 
of conditions. 

METl-IODS 
Oats (A vena saliva L. cv. Amuri) were used in all four experiments. The first 

experiment was a field study carried out in a drought susceptible Waimakariri silt loam 
soil in North Canterbury between 22 October 1987 and 13 February 1988. Plots were 6 
m! and each treatment was replicated five times. Upon seedling emergence, half the 
plots were irrigated to maintain soil moisture at field capacity (20.0rrJow/w). The other 
plots were rainfed only and quickly approached wilting point (7. 117,10 w Iw). The 
extension rate of t.he youngest lamina (leaf 5) of droughted and irrigated plants was 
measured for 5 days prior to spraying with herbicides (Table I). Fourteen days after 
spraying, droughted plots were brought to field capacity and thereafter treated as 
irrigated plots. Forty-five days after spraying, seed head dry weight was determined by 
taking a 0.4 ml quadrat sample from each plot. 

A second field trial was carried out on a nitrogen depleted Templeton silt loam soil 
at Lincoln College. Plots were 4 m! and each treatment was replicated three times. Upon 
seedling emergence, half the plots were given 250 kg N/ha in the form of calcium 
ammonium nitrate. No nitrogen was applied to the other plots. The extension rate of 
the youngest lamina (leaf 5) of plants from both treatments wa,s measured for 5 days 
prior to spraying with herbicides (Table 2). Forty-nine days after spraying, seed head dry 
weight was measured as above. 

In a controlled environment study, plants supplied with 10 mol/m) nitrate were 
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sprayed with diclofop-l11ethyl at the three leaf stage. The extension rate of all laminae 
was determined during {lIe 2 days prior to spraying. Chlorophyll concentration was 
measured in individual leaves 8 days after spraying. 

In another experiment, plants were supplied with 1 mol/m' nitrate. At the three 
leaf stage, plants either had 0 or 100 fig gibberellic acid (GA) placed in the ligule/inner 
sheath area of each of leaves 1 and 2. Two days after applying GA, plants were sprayed 
with herbicide (Table 4). The extension rate of the youngest sheath (leaf 3) of each plant 
was determined during the 2 days prior to spraying and total plant dry weight was 
recorded 44 days later. 

All herbicides in these experiments were applied with a portable sprayer fitted with 
Teejet 8001 nozzles which delivered 250 litres water/ha at 275 kPa. 

RESULTS AND DISCUSSION 
Lellf expansion lInd stress 

Diclofop-methyl and fluazifop-butyl are less effective against plants growing in 
droughted soils than against plants in moist soils (Akey and Morrison 1983; Coupland, 
1986) although the amount of herbicide taken up and translocated to meristems has 
been found to be similar for stressed and non-stressed plants (Akey and Morrison 1983; 
Kells et al 1984). Data in Table 1 show the resistance drought-stressed plants have to 
diclofo[)-rnethyl and fluazifop-butyl. For droughted plants, application of herbicide 
had little effect on seed head dry weight. In contrast, diclofop-methyl dramatically 
decreased seed head dry weight in irrigated plants, while fluazifop-butyl stopped 
seedhead production completely. During the week prior to spraying, the lamina 
extension rate was much lower for droughted plants than for watered plants (Table 1). 

TABLE 1: Extcnsion rate of the youngest lamina during the 5 days prior to spraying 

Soil moisture 
content 

Wilting point 
Field capacity 
SEM 

and seedhead dry weight 45 days after spraying water-stressed and 
irrigatcd Avena saliva with either 2.0 kg ai/ha diclofop-methyl or 0.25 kg 
ai/ha fluazifop-blltyl. 

Lamina extension 
rate (mm/day) 

0.0- 3.0 
26.0-30.0 

Seedhead dry weight (g/m2) 
Unsprayed Dic1ofop-methyl Fluazifop-butyl 

113.0 
327.5 

104.5 
38.5 
11.4 

97.7 
00.0 

As under drought, plants growing in low soil nitrogen had resistance to dic1ofop
methyl and f1uazifop-butyl (Table 2). Sprayed plants produced a significantly higher 
seed head dry weight/m) in low soil nitrogen than in high soil nitrogen. The converse 
was found for 1I1lsprayed plants. Plants had a lower rate of lamina extension at the low 
nitrogen levels than at high nitrogen levels (Table 2). 

TABLE 2: Extension rate of the youngest lamina during the 5 days prior to spraying 
and seedhead dry weight 49 days after spraying nitrogen fertilised and 
non-fertilised A vena saliva with either 1.0 kg ai/ha diclofop-methyl Or 
0.25 kg allha f1uazifop-blltyl. 

Additional 
nitrogen 
(kg/ha) 

o 
200 

SEM 

Lamina extension 
rate (mm/day) 

15-20 
35-40 

Seedhead dry weight (g/m 2) 
Unsprayed Diclofop-methyl Fluazifop-bulyl 

113.0 
\54.2 

111.5 
70.1 
4.05 

59.5 
00.0 
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Leaf age 
If a slower rate of leaf expansion decreases plant susceptibility to diclofop-methyl 

and f1uazifop-outyl, then mature non-expanding leaves should be more resistant to the 
.herbicides than young rapidly expanding leaves. As shown in Table 3, chlorophyll 
breakdown following diclofop-methyl treatment was substantially greater in the rapidly 
expanding leaf 3 than the fully expanded leaf 1. 

TABLE 3: Extension rate of individual laminae during the 2 days prior to spraying 
and total chlorophyll concentration 8 days after spraying A vena sclha 
with 1.0 kg ai/ha diclofop-methyl. 

Leaf number 

I 
2 
3 

SEM 

Plant growth regulators 

Lamina extension 
rate 

(mm/day) 

0.0- 3.0 
21.0-27 .0 
26.0-30.0 

Total chlorophyll concentration 
(mg chUg dry weight) 

Unsprayed DiC\ofop-methyl 

12.6 
11.9 
10.9 

C.73 

8.1 
4.9 
3.0 

Gibberellic acid can rapidly increase cell expansion rate with little effect Oll pli'mt 
dry weight (Table 4). If increased cell expansion rate, as opposed to some other aspect 
of growth, increases plant susceptibility to diclofop-methyl and f1uazifop-butyl then 
GA should increase the susceptibility of plants to these herbicides. This was found to be 
the case (Table 4). Plants treated with GA had a higher sheath and lamina extension rate 
than untreated plants. For unsprayed plants, application of GA had little effect on total 
plant dry weight. However, for sprayed plants, application of GA caused a significant 
reduction in total plant dry weight. 

TABLE 4: Extension rate of the youngest leaf sheath during the 2 days prior to 
spraying and plant dry weight 44 days after spraying gibberellic acid 
treated and untreated A vena saliva with either 1.0 kg ai/ha diclofop
methyl or 0.25 kg ai/ha fluazifop-butyl. 

Gibberellic acid Sheath extension 
application rate (mm/day) 

(j.lg/leaf) 

o 
100 

SEM 

Mechanism 

10-15 
55-60 

Unsprayed 

2.72 
2.41 

Plant dry weight (g) 
Diclofop-methyl Fluazifop-butyl 

1.26 
0.36 
0.30 

1.70 
0.53 

Diclofop-methyl is thought to affect plant cell membrane integrity whereas the 
mode of action of f1uazifop-butyl is unknown (Chandrasena and Sagar 1987; Wright 
and Shimabukuro 1987). Considering the similarities in symptoms of plant damage 
caused by fluazifop-butyl and diclofop-methyl, fluazifop-butyl may also affect plant 
cell membranes. The diclofop-methyl protection afforded to A vena saliva by abscisic 
acid (Foreman and Field 1986) and by drought or low temperatures has been attributed 
to membrane hardening (Foreman et aI1987). However, the rapid induction and loss of 
herbicide tolerance is inconsistent with the slow changes in membrane hardening 
associated with low temperature acclimation (Oquist 1983). Leaf expansion rate, by 
contrast, responds rapidly to abscisic acid, water stress or temperature. In all cases 
described above in which plants have shown resistance to both herbicides, leaf 
expansion rates were low. It is proposed that when the rate of leaf expansion is low, 
there is less strain on cell membranes damaged by the herbicides and thus less cellular 
disruption occurs (Andrews et al 1989). 
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UPTAKE AND TRANSLOCATION OF GLYPHOSATE IN 
OATS AFTER DROUGHTING 

ROSS L. DICKSON AND ROGER J. FIELD 

Plant Scien((! Department, Lincoln College 

SUMMARY 
Rehydration of droughted 10 day old oat (/1 vena sativa) plants, 48 h 

or less, before "C-glypllOsate application increased foliar uptake 
compared to well droughted plants. Tr~lflslocation and pattern of 

distribution of glyphosate in the plant were not significantly different for 
varying rehydration times. The significance of these findings to the 
performance of glyphosate in clry soil conditions is discussed. 

INTRODUCTION 
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It is widely recognised that environmental conditions such as light, temperature, 
humidity, rain and wind, before and after spraying, are major causes of inconsistency 
and reduced herbicide efficacy. Glyphosate is a non-selective, post emergence herbicide 
used for the control of annual and perennial weeds. In common with other post 
emergence herbicides, en vironmen tal condi t ions, especially water st ress, in n uence 
performance (Cnscley and Coupland 1985). 

Water stress before, during and after splay aprlications may affect glyrhosate 
activity by inrluencing biochemical and physiological rrocesses that are necessary for 
glyphosate performance (Moosavi-Nia and Dore 1979). The pre-spraying conditions 
largely determine the size, shape and physiological status of the plant, and in this way 
inOuence herbicide retention and penetration (Price 1983). The water potential of leaves 
during and after spraying is important because an increasing soil moisture deficit results 
in gradual stomatal closure causing a r(1pid fall in photosynthesis, a general decline in 
respiration and eventual wilting (Caseley and COllpland 1985). Some or all of these 
factors may reduce herbicide penetration and translocation (I\100savi-Nia and Dore 
1979). Soil moisture stress during the post spraying period can alter the distribution and 
movement of glypl10sate and photo-assimilates (Klevorn and Wyse 1984). 

The presellt research investigates the effects of water stress on glyphosate uptake, 
translocation and the associated distribution of photo-assimilates. 

MATERIALS AND METHODS 
Polystyrene cups were filled 170 g of oven dried Rapaki silt loam soil. All cups were 

weighed and water was added to bring the soil moisture content to field capacity (FC) 
(36.9OJolI'/w). Oat seedlings (cv. Amuri) were planted individually into each cup and 
raised in a controlled environment chamber (14 h photoperiod, 23°C/15°C day/night 
temperatures, 55-60(7/0 relative humidity. photosynthetic photon flux dellsity ·350-400 
,umol/ml/s). Water stress treatments were imposed by withholding water from three of 
the treatments at the full expansion of the second leaf. Once wilting point was reached 
(soil water =: 16.2%w/ w), the plants were stressed for a further S days, with water being 
added daily to bring the pots up to the weight corresponding to wilting point. In some 
treatments soil was returned to field capacity 24 or 48 h prior to applying "C glyph'osate 
or I·CO I • In all there were four soil water treatments replicated 10 times; field capacity 
(FC), wilting point (WP) and two re-watering to field capacity treatments, at 24 (- 24) 
and 48 (- 48) hours. At the time of radioactive labelling the degree of moisture stress 
suffered by plants in their respective treatments was quantified by measuring leaf water 
potential with a Wescor C-SI ps),chrometer (Savage and Cass 1984). The Haun scale of 
growth units was used to assess the status of plant physiological development. This 
involved counting the number of fully expanded leaves plus the ratio of the lamina 
length of the last visible growing leaf to that of the preceding leaf (Haull 1973). 

Proc. 40lh N. Z. Weed and P('sl COf/trol ('0"(, 
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Radioactive glyphosate C·c) was formulated as the isopropylamine salt and 
applied in formulated glypilosate (as Roundup) at 1.08 kg ai/ha in 250 litres water. The 
'·C-glyphosate uptake and translocation measurements were determined from 
applications to the second kaf or 6 x 0.5 ,ul droplets along the middle of the dislalthird 
uj" the lamina. Total radioactivity applied was 0.018 ,u Ci per plan!. Subsequcnt 
determination of uptake was derived by recovering the '·C-glyphosate from the lamina 
surface by washing with distilled water after 24 h and subtracting this value from the 
total '·C-glyphosate applied. Plant tissue samples (sheath, leaf I, leaf 3 plus apical 
meristem and roots) were freeze dried before grinding in liquid nitrogen and solubilizing 
in solueneitoluene (50% v /). Benzoyl peroxide was then added to decolourise the 
samples before scintillation counting using a Triton-x-IOO cocktail (Bishop and Field 
1983). Total translocation and tile partitioning of "C-glopllosate was determined from 
radioactivity recovered, which was greater than 80% of total applied. 

A similar procedure was used for '·C-assimilate labelling, except the treated lamina 
was feJ '·CO l by enclo~ing it in a Illylar cllvdte bag and injecting 4.0 ,uCi Nil, "CO) 
(~pecific activity 510 Ci/Illg) and HCI into an association reaction vial, with the release 
of "CO,. The lamina was exposed to "CO, for 20 minutes. 

Statistical analysis was carried out using the Genstat package. 

RESULTS 
At the time of ratiiouctivt: labelling tht: leaf tisslIe of re-watered and WP treatments 

was -0.22 r",IPa and approximately -2.01 MPa kss than the FC treatment (-0.29). 
The Huun scale showed that the FC and WP plants had a value of 2.5 and the 

rehydrated treatments were slightly more developed with a value of 2.8. 
The uptake of "C-glyphosate was reduced by over 201)/0 by soil water stress (Table 

I) although uptake was not SIgnificantly reduced when plants had been rehydrated, and 
kept at field capacity, prior to radio-labelling. 

TABLE I: The uptake, translocation and partitioning pattern of '·C-glyphosate in 
watercd and drollghtcd plants. (S = shcath, LI = leaf I, L3 = leaf 3 plus 
apical Illcristcm, R = roots). 

Percentage 
Percentagc of distribution of translocated 
'·C-glyphosate '·C-glyphosate 

Treatmcnt Uptake (Ufo) in treated lamina S Ll L3 R 

FC 27.6 39.0 5.9 12.3 23.7 58.1 
-24 30.2 55.9 7.4 9.9 18.5 64.2 
-48 35.1 48.0 7.9 12.7 19.9 59.5 
WP 7.9 53.7 9.6 17.7 26.4 46.3 
SEM 4.91 3.13 0.54 1.42 1.90 1.93 

Although more '·C-glyphosate was absorbed when plants were rehydrated, in 
comparison with the WP treatment, the amount translocated to other plant parts did 
not increase. In all treatments the partitioning of "C-gJyphosate was primarily to the 
roots, with leaf 3 plus apical meristem, leaf I and sheath fractions receiving lesser 
amounts, in that order. The root fraction was 14.3070 less in the WP treatment 
compared with the mean of the other treatments. 

Total translocation of "C-assimilate from the treated lamina showed similar trends 
to "C-glyphosate (Table 2), although partitioning of radioactivity to the various sinks 
was different. 

The FC treatment translocated at least 20% more "C-assimilate than the other 
treatments (P< 0.001). The partitioning of '·C-assimilate was preferentially to the 
roots, sheath, leaf 3 plus apical meristem and leaf I and was similar for all treatments, 
except the WP treatment. In this case, the sheath accumulated at least 30% more of the 
translocatecl radioactivity, than other treatments and there was a corresponding decline 
in accumulation by the roots. 
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TABLE 2: The amount of translocation and partitioning pattern of I·C-assimilatc in 
watered and droughted plants. (For abbrcviations sce Table 1). 

Percentage 
distribution of 

Percen tage 0 f translocated 
HC-assimilate HC-assimilate 

Treatment in treated lamina S LI L3 R 

Fe 42.7 32.0 3.76 6.84 57.4 
-24 63.9 36.8 2.20 10.20 50.8 
-48 62.9 39.5 2.60 9.10 48.8 
WP 64.1 71.9 1.80 6.60 19.7 
SEM 4.99 5.36 0.41 1.68 5.22 

DISCUSSION 
When oat plants were water stressed prior to glyphosate application, uptake was 

reduced compared to plants that were watered (FC) or rehydrated (- 24, - 48) (Table 
I). The higher uptake in the FC treatment was probably associated with active 
translocation of "C-glyphosate away from the inner surface of the cuticle, or diffusion 
into the apoplast, which maintained a high chemical potential between the outside and 
inside of the leaf surface (Price 1983). However, this would not have been the case in the 
rehydration treatments as the translocation of I·C-glyphosate was not significantly 
different from the WP treatment. It is therefore suggested that the differences in uptake 
were largely associated with leaf morphological and micro-environmental changes. 

The micro-environment (e.g. boundary layer) around the well watered and 
rehydrated plants may have had a higher relative humidity, which reduced the rate of 
droplet drying and maintained the I·C-glyphosate in solution for a longer period, so 
increasing uptake (Price 1983). Uptake may also have been increased because of 
changes within the cuticle, which became more hydrated, stretched and permeable, 
facilitating glyphosate uptake in the aqueous phase (Caseley and Coupland 1985). This 
may have been the overriding factor in increasing uptake in the - 24 and - 48 
treatments. 

The percentage of "C-glyphosate and I·C-assimilate translocated was also reduced 
by }Vater stress (Tables 1 and 2). This supports Ahmadi et 'al (1980) who found that 
plants under water stress translocated less herbicide. Reasons for the reduced 
translocation are uncertain, and it is not known if desiccation affects the source (leaf 
photosynthesis and phloem loading), the sink (phloem unloading) or the translocation 
mechanism. Clearly one of the main reasons for reduced translocation of 
HC-assimilate, and probably I·C-glyphosate, was reduced leaf photosynthesis as the 
water potential of the leaves reached -2.3 MPa (Hsiao 1973). 

Caseley and Coupland (1985) stated that most published reports have made no 
attempt to study glyphosate translocation in isolation from uptake. Droughting and 
rehydrating plants may be a useful method to study herbicide uptake by leaves without 
the effects of translocation interacting. The translocation results showed that if ample 
water was supplied to the roots of previously droughted plants for I or 2 days before 
glyphosate application, physi010gical transport processes do not immediately restart 
and this may have major implications for herbicide efficacy. The present data supports 
that of lVloosavi-Nia and Dore (1979) who showed that 3 and 5 days of rehydration were 
not sufficient for glyphosate to killlmperata and Cyperus, but this could be achieved 
with a 7 day rehydration period. Translocation of assimilate by the rehydrated plants 
was found to be not significantly di fferent from the WP treatment. 

Reduced sink demand for photo-assimilates may have been a reason for reduced 
translocation of both "C-glyphosateand I·C-assimilate (Tables I and 2) in the WP and 
rehydration treatments. Price (1983) stated that temperature and water stress can both 
cause reduced meristematic activity, and limit sink demand. Alternatively, reduced 
phloem loading and unloading and phloem tranlbcation may explain some of the 
reduced translocation. Relatively little is known about how herbicides and 
photo-assimilates are loaded into the sieve tubes (Price 1983), although environmental 
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conditions are known to influence cellular uptake of compounds through cell 
membranes (Whitwell et al 1980). If cell membranes lose their integrity under drought 
conditions the loading of I'C-glyphosa'te and I'C-assimilate via the symplast may be 
inhibited. 

Translocated I'C-glyphosate and I'C-assimilate were partitioned to the primary 
sinks (roots, new leaves, sheaths) with minimal accumulation in mature leaves (Tables I 
and 2). However, more I'C-glyphosate accumulated in leaf 3 plus apical meristem than 
did "C-assimilate which accumulated largely in the sheath and roots. The greater 
percentage of I'C-assimilate partitioned to the sheath, especially in the WP treatment 
agrees with Dewey and Appleby (1983) who found that more "C-assimilate than 
"C-glyphosate was partitioned to the stem of tall morning glory (Ipomoea purpurea). 
The increased partitioning of I<C-glyphosate to leaf 3 plus apical meristem in the current 
experiment may have been due to apoplastic movement of glyphosate after it 
transferred from the phloem to xylem. The reasons for the higher percentage of 
I'C-assimilate partitioned to the sheath is unknown, but may be associated with 
deposition of high and low molecular weight compounds preferentially in the sheath 
bases for later remobilisation, particularly in water stressed plants (Danckwerts and 
Gordon 1987). Also the reduced deposition of "C-glyphosate in the sheath may have 
been associated with differences in effective mass transfer in the sheath phloem caused 
by differential lateral movement of the solutes out of the sieve tubes into storage cells. 

These experiments were carried out under controlled environmental conditions, 
and care should be taken in extrapolating the results to the field situation. Further 
research in necessary to determine the requirements for rainfall or irrigation if 
glyphosate performance is to be effective on previously droughted plants. 
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Summary 

Avena sativa cv. Amuri fed either low or high nitrate was sprayed with diclofop
methyl ( 1 kg a.i. ha· l ) at the three leaf stage. The short term effects of the her
bicide on chlorophyll concentration of leaves (laminae) and short and long term 
effects on d. wt of the component plant parts were determined by comparison with 
unsprayed plants. 

For uilsprayed and sprayed plants, total leaf d.wt approximately doubled dur
ing the first twelve days after commencing treatments. Growth was substantially 
greater at high nitrate than low nitrate. For unsprayed plants, the increase in total 
leaf d. wt was due primarily to growth of leaf 3 but for sprayed plants it was due 
to growth of leaves 1 and 2. Twelve days after commencing treatments, d.wt of 
leaves 1 and 2 was substantially greater for sprayed plants than for unsprayed plants 
given similar nitrate, while chlorophyll concentration was substantially less. Leaf 
3 d.wt and chlorophyll concentration were substantially greater in unsprayed plants 
than in sprayed plants given similar nitrate. For unsprayed plants, values were 
greater at high nitrate than low nitrate, for sprayed plants the converse was the case. 

Forty nine days after commencing treatments, unsprayed plants had a greater 
total plant d. wt than sprayed plants given similar nitrate. Total plant d. wt for 
unsprayed plants was greater at high nitrate than low nitrate, the opposite was 
the case for sprayed plants. Unsprayed plants at both nitrate levels and sprayed 
plants given low nitrate produced seed heads but sprayed plants given high nitrate 
did not. Diclofop-methyl at a rate of 0.3 kg a.i. ha- I stopped seed head produc
tion at high nitrate. Retention and uptake of diclofop-methyl were not significantly 
different at low and high nitrate. At 1 kg a.i. ha- I diclofop-methyl, plants swit
ched from low to high nitrate at spraying showed damage similar to that shown 
by plants given high nitrate throughout. Addition of 200 I-lg GA into the leaf sheaths 
two days prior to spraying increased the efficacy of diclofop-methyl at low nitrate. 

It is proposed that increased efficiency of diclofop-methyl at high nitrate is due 
to increased leaf damage caused by a greater rate of leaf expansion. 

Introduction 

339 

Avena fatua L. (wild oat) and a range of cultivars of Avena sativa L. (cultivated oat) have 
increased resistance to diclofop-methyl, a foliar applied, selective herbicide, if subjected to 
water stress before and after spraying (Dortenzio & Norris, 1980; Akey & Morrison, 1983; 
© 1989 Association of Applied Biologists 
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Foreman & Field, 1986). Application of abscisic acid (ABA) before spraying can also afford 
resistance to the herbicide (Field & Caseley, 1987; Foreman, Field & Buick, 1987). It is thought 
that the primary mode of action of diclofop-methyl is through membrane disruption (Wright 
& Shimabukuro, 1987), and it has been suggested that this increased resistance is due to mem-
brane 'hardening', a phenomenon more commonly associated with acclimation to low 
temperatures (Foreman et al., 1987). At low temperatures, increased external nitrate concen
tration in the range commonly found in agricultural soils (1 to 20 mol m3, Andrews, 1986) 
can cause increased leaf damage in Phaseolus vulgaris L. (Andrews, Love & Sprent, 1989). 
The proposed explanation for this relationship is as follows. Low temperatures decrease the 
elasticity of membranes and/or decrease the rate of incorporation of lipid material into mem
branes thus making them more vulnerable to strain (Willing & Leopold, 1(83). As external 
nitrate concentration increases, the rate of nitrate uptake and its subsequent transport to the 
shoot both increase. This results in an increased rate of leaf expansion (Cosgrove, 1987) which 
increases strain on the vulnerable membranes and causes their disruption. The more rapidly 
such membranes are forced to expand, the greater the disruption. 

In cases in which drought stress conferred a reasonable degree of resistance to diclofop
methyl, the stress was maintained for approximately one week after spraying and during this 
time, the rate of leaf expansion was low (Foreman & Field, 1986; Field & Caseley, 1987). 
If plants are rehydrated prior to spraying and hence the rate of leaf expansion increased, 
resistance is lost. Abscisic acid treatments which confer resistance to diclofop-methyl also 
cause a decrease in the rate of leaf expansion for approximately one week after spraying (Field 
& Caseley, 1987; unpub.). It is proposed that resistance to diclofop-methyl due to drought 
stress and ABA treatment is a result of a decrease in leaf expansion rate and consequent decreas
ed strain on membranes. If this hypothesis is correct, then external nitrate concentration, 
which greatly affects leaf expansion rate of A. sativa cv. Amuri (unpub.), should influence 
this cultivars susceptibility to diclofop-methyl. This report describes a series of experiments 
which were designed to test this proposal. 

Materials and Methods 

Source of plant material 
Seed of Avena sativa L. cv. Amuri was obtained from Wrightson Dalgety, Christchurch, 

New Zealand. 

Short term nitrate experiment 
Seeds were germinated on moist paper towels in the dark at 20°C. Seedlings of uniform 

size were selected, divided into two groups, then each group transferred to 150 mm diameter 
pots (2 seedlings per pot) containing a vermiculite/perlite (1: 1) mixture soaked with a basal 
nutrient solution (Andrews et al., 1989) containing Knitrate at a low (0.5 mol m·3) or high 
(10.0 mol m·3

) concentration. Potassium concentration was maintained at 23.6 mol m-3us
ing K2SO 4 as necessary. The plants were grown in a controlled environment chamber with 
a 14h photoperiod and day/night temperatures of 22115°C. Illumination was provided by 
red incandescent and white fluorescent tubes which gave a photosynthetic photon flux densi
ty of approximately 400 flmol photons m-2 sol at the pot surface. The rooting medium of all 
plants was flushed every two to three days with the appropriate nutrient solution. 

Nine days after potting, all plants receiving high nitrate had reached the third leaf stage. 
Plants from three pots were sampled and the f. wt of individual leaves (laminae) determined. 
The d. wt of individual leaves was obtained after freeze drying in the dark for 24h. The foliage 
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of plants in half of the remaining pots was sprayed with formulated diclofop-methyl at the 
recommended field rate (1.0 kg active ingredient ha-I). The herbicide was applied with a CO

2 

powered spray system fitted with 'Teejet' 8001 nozzles which gave 250 litres Hp ha-I at a 
pressure of 275 kPa. 

Thirteen days after potting, all plants receiving low nitrate had reached the third leaf stage. 
Plants from three pots were sampled and the f. wt and d. wt of individual leaves measured 
as above. Plants in half of the pots were sprayed with diclofop-methyl as above. Half of these 
pots were maintained on low nitrate, the other half were flushed with high nitrate, then main
tained on this treatment. The unsprayed pots were used as controls. With the exception of 
the described changes in nitrate treatment, experimental conditions were as in the pre-treatment. 

Plants from six pots from all treatments were sampled 5 and 12 days after spraying for 
determination of f. wt and d. wt of individual leaves as above. In the first harvest, after deter
mination of d.wt, leaf 3 of plants given low nitrate throughout the experiment and those swit
ched from low to high nitrate was tranversely cut in half (approx.) and the d. wt of top and 
bottom measured. Total chlorophyll concentration in all leaves or parts of leaves was measured 
as described in Andrews et al. (1984). 

Long term nitrate experiment 
Growth conditions in the long term nitrate experiment were as in the short term experi

ment. Germination and planting of seedlings were staggered to enable all plants to reach the 
three leaf stage on the same date. In this and subsequent experiments, there was one plant 
per pot, six replicates per treatment and 1.0 mol m-3 nitrate was used as a low nitrate treat
ment. The 1.0 mol m-3 nitrate treatment was introduced because extra 0.5 mol m-3 nitrate 
control plants from the short term experiment showed N deficiency symptoms (chlorosis) in 
the long term. A concentration of 1.0 mol m-3 nitrate was chosen, as in separate experiments 
examining the effect of different external nitrate concentrations on growth of Amuri, it main
tained plants green in the long term, but produced a much lower leaf expansion rate and d. wt 
than 10.0 mol m-3 nitrate. In the long term nitrate experiment, there were initially two nitrate 
treatments (low and high nitrate) and three rates of diclofop-methyl (0, 0.3 and 1.0 kg a.i. 
ha-I. After spraying with herbicide, half the pots receiving low nitrate at all three rates of 
diclofop-methyl were flushed thoroughly with high nitrate and maintained at this concentra
tion. Plants were harvested 49 days after spraying with diclofop-methyl and divided into root, 
stem plus leaf sheaths, leaves and seed head where applicable for f.wt and d.wt determina
tion. In this case, all plant parts were dried at 60°C for 96 h then reweighed. 

Herbicide retention and uptake 
Extra plants from Expt 2 were used to determine the amounts of diclofop-methyl retained 

by the component parts of the shoot at low and high nitrate. Plants were sprayed (field rate 
diclofop-methyl) with solution prepared from formulated diclofop-me!hyl saturated with the 
oil soluble fluorescent dye TP 104. Ten min after spraying, plants were detached at soil level 
and separated into individual laminae and stem plus leaf sheaths for f.wt determination. Her
bicide retention was determined as described in Coupland (1987). Each plant part was placed 
in a plastic bag containing 50 ml of methanol. The bags were shaken for 30 s then the washing 
filtered through glass fibre discs (Whatman GF/C) then analysed by fluorimetry (Shimadzu 
RF-540 spectrofluorophotometer). The excitation wavelength was 495 nm and a cut off filter 
was placed between the sample and the detector to eliminate the excitation light. 

A further six plants from each of the low and high nitrate treatments were used to deter
_ mine the proportion of retained herbicide which was absorbed. Six 0.5 JlI droplets of 14C 
diclofop-methyl (total radioactivity 0.67 kBq) were applied along the adaxial surface of the 
middle section of the leaf 2 lamina. The radiolabelled diclofop-methyl had a specific activity 
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of 0.92 GBqg·1 and was dissolved in unlabelled formulated diclofop-methyl to give a final 
concentration equivalent to 1.0 kg a.i. ha-I in 250 I water. Seventy two hours after applica
tion, the treated leaves were rinsed with ethanol which was then evaporated to dryness. Ten 
mls of liquid scintillation fluid comprised of toluene/ethylene glycol/methanol (44/5/1) and 
2-5 diphenyl oxazole (4 g litre-I) and 1,4,di(2-(5-phenyloxazolyl)-benzene (0.2 g litre-I) were 
added to the residue and radioactivity determined on a Phillips PW 4700 liquid scintillation 
counter. 

Drought experiment 
In experiment 3, the substrate was a Rapaki silt loam soil. Plants were given either low 

or high nitrate until leaf 2 had reached approximately three quarters full expansion when 
nutrient solution was withheld from all plants. When wilting point was reached (soil water 
= 160/0 w/w), all plants were sprayed at field rate with diclofop-methyl. Plants were main
tained at wilting point for 7 days after spraying then returned to field capacity by addition 
of the appropriate nutrient solution. All plants were harvested 37 days after spraying and 
d.wt of root, stem plus leaf sheaths and leaves determined as above. 

Gibberellin experiments 
Expts 4 and 5 investigated the effect of gibberellic acid (GA) on the performance of diclofop

methyl at low nitrate. In Expt 4 there were two treatments 0 and 200 Ilg GA per plant. The 
GA was placed in the ligule/inner sheath area of leaves 1 and 2 (100 Ilg leaf-I) 2 days prior 
to spraying with 1.0 kg a.i. ha-I diclofop. Plants were harvested 49 days after spraying with 
herbicide and d.wt of the component parts determined. Expt 5 was carried out as Expt 4 ex
cept that GA was applied immediately after spraying. 

Analysis of results 
All experiments were of completely randomised design. An analysis of variance was car

ried out on all data using the Genstat (Lawes Agricultural Trust, Rothamsted Experimental 
Station) package, Release 4.04. All effects discussed have an F ratio with a probability P 
< 0.01. Means stated as significantly different at each harvest are on the basis of an L.S.D_ 
(P<0.05) test. Means stated as significantly different between harvests are on the basis of 
non-overlapping S.E .. Variability quoted in the text is S.E. 

Results 

Nitrate effects, short term 
At time of spraying in the short term experiment, individual leaf d. wt for plants given low 

or high nitrate decreased in the order leaf 2> leaf 1 > leaf 3 (Fig. 1a,b,c). Leaf 2 d.wt was 
greater at high nitrate than low nitrate but values for leaves 1 and 3 were not significantly 
different at the two nitrate treatments. Individual leaf f.wt to d.wt ratio decreased in the order 
leaf 3 > leaf 2 > leaf 1 at both low and high nitrate (Fig. d,e,f). For all leaves, the value 
was greater at high nitrate. 

Data obtained for plants maintained on low or high nitrate throughout are considered first. 
Leaf 1 d.wt for unsprayed plants (low and high nitrate) did not change significantly over the 
course of the experiment, however, values for plants sprayed with diclofop-methyl increased (Fig. 
la). At the second harvest, leaf 1 d.wt was greater for sprayed plants than for unsprayed 
plants given similar nitrate. For sprayed plants, .leaf 1 d. wt was substantially greater at high 
nitrate than at low nitrate. Leaf 2 and leaf 3 d.wt of plants from all treatments increased 
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Fig. 1. Dry weight and fresh weight to dry weight ratio of leaf 1 (a, d), leaf 2 (b, e) and leaf 3 (c,1) of 
diclofop-methyl sprayed (l kg a.i. ha -I, broken lines) and unsprayed (unbroken lines) Avena saliva L. 
cv. Amuri given low NO; (.), high NO; ( .) or switched from low to high NO; after spraying ( • ). 
Bars indicate L.S.D. (P = 0.05). During the first three days after spraying, mean leaf extension rate for· 
unsprayed plants given low and high NO; was 19 ± 2 and 40 ± 2 mm day-I. 
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over the course of the experiment (Fig 1b,c). At the second harvest, leaf 2 d.wt for both sprayed 
and unsprayed plants was greater at high nitrate than at low nitrate. As with leaf 1 d.wt, 
leaf 2 d. wt was greater for sprayed plants than for unsprayed plants given similar nitrate. 
Indeed, the value for sprayed plants given low nitrate was as great as that for unsprayed plants 
given high nitrate. In contrast to leaves 1 and 2, leaf 3 d. wt at second harvest was much lower 
for sprayed plants than for unsprayed plants given similar nitrate. The value for unsprayed 
plants was greater at high nitrate than low nitrate but for sprayed plants, leaf 3 d.wt was -
greater at low nitrate than at high nitrate. 

For leaves 1,2 and 3 at both harvests, f.wt : d.wt ratio for unsprayed plants was greater 
at high nitrate than at low nitrate (Fig. 1d,e,f). With the exception at first harvest of leaves 
1 and 2 of plants given low nitrate, f. wt : d. wt ratio for all leaves was lower in sprayed plants 
than in unsprayed plants given similar nitrate. For all leaves at both harvests, the difference 
between unsprayed and sprayed plants was greater at high nitrate than low nitrate and more 
pronounced the younger the leaf. At second harvest, f.wt to d.wt ratio of leaf 3 of sprayed 
plants was greater at low nitrate than at high nitrate despite the opposite being the case for 
unsprayed plants. 

For plants switched from low to high nitrate, values for leaf 1 and leaf 2 d.wt and f.wt 
: d.wt ratio at both harvests were not significantly different to those obtained for plants given 
similar diclofop-methyl and low nitrate throughout. The values for leaf 3 d. wt of these plants 
were not significantly different to those obtained for plants given similar diclofop-methyl and 
high nitrate throughout (Fig. 1c). At second harvest, leaf 3 f.wt : d.wt ratio for unsprayed 
plants switched from low to high nitrate was not significantly different from the correspon
ding value for unsprayed plants given high nitrate throughout (Fig. If). For sprayed plants 
at both harvests, leaf 3 f.wt : d.wt ratio for plants switched from low to high nitrate was not 
significantly different from the corresponding values for sprayed plants given low or high 
nitrate throughout. 
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For unsprayed plants maintained on low or high nitrate, chlorophyll concentration (mg 
chi g"1 d.wt) of leaves 1,2 and 3 changed little over the course of the short term experiment; 
values were always greater at high nitrate than low nitrate (Fig 2a,b,c). For sprayed plants, 
chlorophyll concentration of all three leaves decreased over the course of the experiment (Fig. 
2a,b,c). With the exception at first harvest of leaves 1 and 2 of plants given low nitrate, 
chlorophyll concentrations for comparable leaves w~re always lower in sprayed plants than 
in unsprayed plants given similar nitrate. Differences between sprayed and unsprayed plants 
were always greater at high nitrate than at low nitrate and were more pronounced at first 
harvest the younger the leaf. For sprayed plants at first harvest, chlorophyll concentration 
of leaves 1 and 2 was greater at high nitrate than low nitrate, but for leaf 3, values were not 
significantly different at the two nitrate treatments. At second harvest, chlorophyll concen
tration of leaf 1 was still greater at high nitrate, but values for leaf 2 were not significantly 
different at the two nitrate treatments and for leaf 3, the value was greater at low nitrate. 
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Fig. 2. Total chlorophyll concentration per unit dry weight of leaf 1 (a), leaf2 (b) and leaf 3 (c) of diclofop
methyl sprayed (broken lines) and unsprayed (unbroken lines) Avena sativa L. cv. Amuri given low NO; 
( • ), high NO ~ ( 11 ) or switched from low to high NO ~ after spraying ( .& ). Bars indicate L.S.D. (P = 0.05). 

For unsprayed plants switched from low to high nitrate, leaf 1 chlorophyll concentration 
at both harvests was slightly, but significantly, greater than that for for leaf 1 of unsprayed 
plants given low nitrate throughout (Fig. 2a). At both harvests, leaf 2 chlorophyll concentra
tion for these plants was intermediate to the values obtained for leaf 2 of unsprayed plants 
given low and high nitrate throughout (Fig. 2b). At second harvest, their leaf 3 chlorophyll 
concentration was not significantly different to that for leaf 3 of unsprayed plants given high 
nitrate throughout (Fig. 2c). For sprayed plants switched from low to high nitrate, values 
for chlorophyll concentration of leaves 1 and 2 at both harvests were not significantly dif
ferent from those obtained for sprayed plants maintained on low nitrate throughout (Fig. 
2a,b). At second harvest, the value for leaf 3 of these plants were intermediate to those ob
tained for sprayed plants given low or high nitrate throughout but not significantly different 
from either (Fig. 2c). In the case of leaves 2 and 3, the emerging and expanding tissue from 
the leaf sheath had a visibly lower chlorophyll concentration than the upper part of the leaf, 
after three days. At first harvest, leaf 3 of sprayed plants given low nitrate throughout had 
5.08 ± 0.11 and 2.59 ± 0.06 mg chI g'! d.wt in the top and bottom of the leaf respectively 
while comparable values for controls were 6.13 ± 0.18 and 5.27 ± 0.14 mg chI g'! d.wt 
respectively. Sprayed plants switched from low to high nitrate had 4.71 ± 0.14 and 1.39 ± 
0.20 mg chI g'! d.wt in the top and bottom of the leaf respectively: comparable values for 
unsprayed plants were 7.19 ± 0.15 and 7.36 ± 0.13 mg chI g'! d.wt respectively. 
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Nitrate effects, long term 
In the long term nitrate experiment (Table 1), un sprayed plants showed greater growth at 

high nitrate than low nitrate. All plants from both treatments produced seed heads. Seed head 
d. wt was greater at low nitrate than at high nitrate due to earlier maturation. At field rate 
diclofop-methyl, total plant d. wt was greater at low nitrate than high nitrate. At this her
bicide rate, plants given low nitrate produced seed heads but plants given high nitrate did 
not. At harvest, plants given high nitrate were completely chlorotic/necrotic and in almost 
all cases their upper shoot had detached from the stem at a point within the leaf sheath. At 
0.3 kg a.i. ha-! diclofop-methyl, d. wt was again substantially greater at low nitrate than high 
nitrate and only plants given low nitrate produced seed heads. Unsprayed plants switched 
from low to high nitrate at spraying showed similar growth to those given high nitrate 
throughout. At 1.0 kg a.i. ha-! diclofop-methyl, plants switched from low to high nitrate also 
showed similar growth to those given the same herbicide rate and high nitrate throughout. 
At 0.3 kg a.i. ha-! diclofop-methyl, dry weight for plants switched from low to high nitrate 
was not significantly different from the value for plants given low throughout. However, on
ly one third of the plants given 0.3 kg a.i. ha-! diclofop-methyl and switched from low to 
high nitrate at spraying produced seed heads. 

Table 1. Effects of low and high applied NO~ on total plant dry weight (g) at harvest of 
Avena sativa cv. Amuri sprayed with different rates of diclofop-methyl at the three leaf stage. 
The low to high NO; changeover was immediately after spraying. Values in parentheses are 

Low N 
Low to high N 
High N 
L.S.D. (P = 0.05) 

seed head dry weights (g) 

o 

2.47 (0.71) 
3.22 (0.33) 
3.43 (0.32) 

Herbicide rate (kg a.i. ha -') 

0.3 

1.44 (0.33) 
1.20 (0.14) 
0.41 (0) 
0.30 

1.0 

1.03 (0.14) 
0.24 (0) 
0.17 (0) 

At the time of spraying in Expt 2, f. wt for leaves 2 plus 3 was greater at high nitrate than 
low nitrate but values for leaf 1 and stem plus leaf sheaths were not significantly different 
at the two nitrate treatments (Table 2). The amount of herbicide retained per plant and per 
plant part was not significantly different at low and high nitrate (Table 2). Values obtained 
for the proportion of applied herbicide absorbed at low and high nitrate were 28 ± 2 and 
30 ± 20/0 respectively. 

Table 2. Effect of low and high applied NO~ on volume of spray retained by Leaf 1 (Ll), 
Leaves 2 and 3 (L2,3) and stem plus leaf sheaths (8 + L8) of Avena sativa cv. Amuri sprayed 
at the three leaf stage with 1 kg a.i. ha- l diclofop-methyl containing the fluorescent dye TP 104 

Fresh weight (g) Herbicide retained ().tl) 

11 L2,3 S+LS 11 L2,3 S+LS 

Low N 0.07· 0.21 0.10 0.92 1.77 0.58 
High N 0.08 0.27 0.11 0.80 1.58 0.59 
S.E. mean 0.01 0.01 0.01 0.09 0.20 0.03 
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Drought effects 
In Expt 3, total plant d.wt at harvest for sprayed plants maintained at wilting point for 

a week after herbicide treatment was 0.52 ± 0.03 and 1.31 ± 0.08 g at low and high nitrate 
respectively. 

Gibberellic acid effects 
In Expts 4 and 5 (Table 3), application of GA to unsprayed plants had no effect on total 

plant or seed head d.wt at harvest. All plants from these treatments produced seed heads. 
Application of GA two days prior to spraying plants with 1 kg a.i. ha- i diclofop-methyl caus
ed a substantial reduction in total plant d. wt at harvest and stopped seed head production 
completely (Table 3a). Application of GA immediately after spraying with diclofop-methyl 
had no significant effect on total plant dry weight at harvest (Table 3b) but stopped seed 
head production in 4 out of 6 plants. 

Table 3. Effect of 200 IAg gibberellic acid (GA) on total plant dry weight (g) at harvest of 
Avena sativa cv. Amuri given low NO~ and sprayed with 1 kg a.i. ha- l diclofop-methyl at 
the three leaf stage. Values in parenthesis are seed head dry weights (g). Gibberellic acid was 

applied 2 days prior to spraying (a) or immediately after spraying (b) with herbicide 

a b 

Unsprayed Sprayed Unsprayed Sprayed 

- GA 2.72 (0.87) 1.21 (0.31) 2.67 (0.79) 0.73 (0.11) 
+ GA 2.41 (0.58) 0.35 (0) 2.37 (0.52) 0.55 (0.06) 
L.S.D. (P = 0.05) 0.38 0.31 

Discussion 

It is proposed that in cases in which water stress and ABA treatments afford A. fatua and 
A. sativa increased tolerence to diclofop-methyl, this tolerence is due to a decrease in the 
rate of leaf expansion during the week after spraying. This decrease in the rate of leaf expan
sion reduces strain on plasma-membranes damaged by the herbicide and hence less cellular 
disruption occurs. 

If a slower rate of expansion decreases the susceptibility of a leaf to diclofop-methyl then, 
regardless of external nitrate concentration, mature non-expanding leaves should be more 
resistant to the herbicide than young rapidly expanding leaves. In the short term experiment 
this was found to be the case, as for all nitrate treatments, the effects of diclofop-methyl 
on f.wt : d.wt and chlorophyll concentration were less pronounced in the fully expanded leaf 
1 and slowly expanding leaf 2 than in the rapidly expanding leaf 3 (Figs 1, 2). 

Also, if a slower ra!e of expansion decreases the susceptibility of a leaf to diclofop-methyl 
then, plants should show less damage at low nitrate than at high nitrate. Again this was found 
to be the cas~, as in comparison to controls, the decreases in f.wt : d.wt and chlorophyll con
tent of leaves 2 and 3 were less pronounced at low nitrate tha high nitrate (Figs 1,2). Indeed, 
at the end of the short term experiment, f. wt and chlorophyll content of leaf 3 of sprayed 
plants were greater at low nitrate than high nitrate, despite the opposite being the case for 
controls. As with f.wt : d.wt and chlorophyll concentration of all leaves, leaf 3 d.wt at final 
harvest was much lower for sprayed plants than for unsprayed plants given similar nitrate, 
and the difference was much greater at high nitrate than at low nitrate (Fig. 1c). However, 
in comparison to controls, d.wt for leaves 1 and 2 of sprayed plants increased over the short 
term experiment with the increase much greater at high nitrate than at low nitrate (Fig. a,b). 
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As a result of these responses, total leaf d. wt for sprayed and unsprayed plants given com
parable nitrate were not significantly different at the end of the experiment, with values much 
greater at high nitrate. The increase in d.wt of leaves 1 and 2 of sprayed plants indicates that 
in the 1-2 wk period after spraying, photosynthesis was still occurring with rates greater at' 
high nitrate. The increase in d. wt of sprayed leaves in comparison to unsprayed leaves could 
have been due to damage of the transport system for photosynthate out of leaves and/or 
damage to sinks for photosynthate, for example leaf 3. 

In the short term experiment, data for plants switched from low to high nitrate also in
dicate that rate of leaf expansion is important in determining the extent of herbicide damage. 
On switchover, the expansion rate of leaves 2 and 3 of unsprayed plants increased in com
parison to plants maintained on low nitrate throughout and for sprayed plants, damage to 
the leaf 3 lamina was greater for plants switched to high nitrate than for plants maintained 
on low nitrate throughout. Also, marked chlorosis occurred at the base of leaves 2 and 
3 of plants switched from low to high nitrate. The non-expanding leaf 1 did not show in
creased damage (Figs. 1, 2). 

Data from the long term nitrate experiment show that decreased damage to expanding tissue 
in the short term is reflected in greater growth in the long term (Table 1). At field rate and 
one third field rate diclofop-methyl, total plant d.wt at the end of the experiment was greater 
at low nitrate than at high nitrate (Table 1), In addition, plants given low nitrate produced 
seed heads, while those given high nitrate did not. At 1 kg a.i. ha-l diclofop-methyl, plants 
switched from low to high nitrate at spraying were as susceptible to the herbicide as plants 
given high nitrate throughout. Even at 0.3 kg a.i. ha-l diclofop-methyl, most plants switch
ed from low to high nitrate did not produce seedheads. These findings emphasise that with 
regard to degree of tolerance to the herbicide, conditions after spraying are important. Plants 
which failed to produce seed heads at high nitrate or when switched from low to high nitrate 
were completely chlorotic/necrotic at harvest and in most cases their upper shoot had detached 
from the stem at a point within the leaf sheath. Therefore, plants given high nitrate could 
not have produced seed heads if the experiment had been extended for a longer period of time. 

Retention (Table 2) and uptake of herbicide were not significantly different at low and 
high nitrate. Therefore, effects on one or both of these processes cannot explain differences 
in response to diclofop-methyl with the two nitrate treatments. It is possible that transloca
tion of herbicide to meristems was greater at high nitrate than low nitrate and this at least 
in part explains the increased herbicide efficiency at high nitrate. However, diclofop-methyl 
is poorly translocated in plants (Akey & Morrison, 1983) and it is unlikely that greater damage 
with the high nitrate/0.3 kg a.i. ha-l diclofop-methyl treatment in comparison to the low 
nitrate/1.0 kg a.i. ha-l diclofop-methyl treatment (Table 1) can be explained by differences 
in translocation of the herbicide. Also, the marked increase in damage if low nitrate plants 
are switched over to high nitrate after spraying and the rapidity of this response (visible within 
three days) is unlikely to be due to increased translocation as leaves 1 and 2 of these plants 
appear to behave as those of plants given low nitrate throughout. 

Regardless of leaf number or applied nitrate concentration, leaf extension rate for plants 
maintained at wilting point was < 3.0 mm dayl. If a decrease in leaf expansion rate during 
the week after spraying results in less herbicide damage, then drought stress should give greater 
protection from the herbicide than low nitrate. This was found to be the case, as regardless 
of applied nitrate concentration, there was little visible damage of expanding tissue on rehydra
tion and plants given high nitrate showed greater growth. In contrast to drought stress, ap
plication of GA two days prior to spraying with herbicide caused a rapid increase in the rate 
of expansion of leaf sheaths. At spraying, GA treated plants were visibly taller than controls. 
If cell expansion is important in determining the degree of resistance to diclofop-methyl then 
GA should increase susceptibility to this herbicide. This was found to be the case (Table 3). 
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It is concluded that the data presented are in agreement with the proposal that expansion 
rate of leaves during the week after spraying, is extremely important in determining the degree 
of tolerence of Amuri to diclofop-methyl. Also, the decreased expansion rate associated with 
ABA and water stress treatments may explain the resistance to the herbicide both treatments 
confer on A. fatua and some A. sativa cultivars. 
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