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Table 4.2:  The effect of gibberellic acid (GA3) on the response of nitrogen stressed
wild oat (Avena fatua) 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)
(2)

-GA3 2.54 | 0.49

+GA3"‘l 241 0.18

+GAzb 2.38 | 0.27

Sey 0.08

aGA3 was applied two days prior to spraying with glyphosate.
bGA3 was applied immediately prior to spraying with glyphosate.
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4.4 Discussion

The water potential of leaf 2 of wild oat (Avena farua 1..) 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 of fluazifop-butyl
was reduced to Avena fatua 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% Y/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 Avena 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 ez al, 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 n'anslocation of herbicide to meristems due to GA4 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.
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At low soil moisture levels (CWP, WP), GAj may have been ineffective at
enhancing the activity of fluazifop-butyl because it did not stimulate cell expansion
growth and hence, membrane perturbation by the herbicide (Dickson ez al, 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 Avena fatua 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:

(@) the hormone was still able to loosen cell walls shortly after application, but

there were other factors preventing cell expansion; or
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(b) the hormone was still in a biologically active form when plants were

rehydrated and thus, able to cause cell expansion.

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 GA4 was not expected.
However, during the short term post spraying period, chlorosis developed more
rapidly in sprayed plants (3/4 FC; FC)) treated with GA4 (visual assessment),
suggesting the hormone was enhancing the rate of fluazifop-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 GAg two days
prior to spraying with glyphosate increased herbicide performance against plants
(Avena fatua 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 GAg 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 (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
al, 1982; Waldecker and Wyse, 1985a). Further studies using radiolabelled
glyphosate are required to determine if GA4 affects uptake and translocation of this
chemical. The data obtained here indicate that GA5 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 (Chykaliuk ez al, 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.
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CHAPTER 5§

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

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 diclofop-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 al, 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 GAj increased the performance
of diclofop-methyl, fluazifop-butyl and glyphosate (chapter 3). In addition, GAg
was found to increase the performance of fluazifop-butyl and glyphosate against
Avena fatua 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 al, 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 GAg, 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
GAg3 (3.8 g/ha and 38 g/ha) approximately doubled root length and the number of
shoots per plant. However, this hormone 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 performance 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 total light radiation. 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, ndt 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 14¢ 1abelled
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 ul = >300 um) in comparison to those
obtained from a spray nozzle (typically 50-300 um diameter) (P.J.G. Stevens pers
comm). Further, in radioactive studies, 14¢ 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
findings 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

(¢) 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. After
cultivation, nitrate plus nitrite nitrogen (N O:‘; -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 (% V/w). One gram of ow)en dr}; 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 mol/m3 ammonium chloride and 1 ml of 55 mol/m3 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 mol/m3 N- 1-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 f)rocedure 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 +
0.2 mol/m3.
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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 unsprayed, diclofop-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 50 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 1 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 m?2 quadrat samples were taken from all plots.
Seed heads were removed, dried at 70.° Cfor 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 diclofop-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 (ul) 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 GF/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; 2
= (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). Howeyver,
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.LR.) (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. After 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 (NO3 -N + NO; -N) was also measured as

described for experiments 1 and 2, and was found to be 0.9 +0.2 mol/m?.

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 H,O (microjet
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 dcscribéd 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-
methyl/fluazifop-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 m? 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.

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 GAg 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 (NO3 - N + NO; 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 mol/m3.

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) reatments. 'fhere 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 CO, powered sprayer fitted witﬁ Teejet 8001 nozzles
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which delivered 250 1 water/ha at a pressure of 275 kPa. Two days after applying
GAg, the herbicide treatments were applied in the same way.

Nine days after applying herbicide, two plants frb‘m 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.LR. (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 using the Genstat (Lawes

‘ Agricultural Trust, Rothamsted Experimental Station) package, release 4.04.

Significance testing and quotation of variation is as for chapter 2.

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-bﬁtyl 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 unsprayed plants, seven days after herbicide a;pplication, 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 unsprayed plants supplied
similar nitrogen (table 5.1). One exception was that in low nitrogen, fluazifop-butyl
sprayed plants and unsprayed plants had similar chlorophyll concentrations. For all
herbicides, the difference between sprayed and unsprayed 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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Table5.1:  The effect of additional nitrogen on the chlorophyll concentration in

the distal and proximal portions of the youngest lamina of oat (Avena

sativa) seven days following an application of zero herbicide, diclofop-

methyl, fluazifop-butyl or glyphosate.

Leaf Nitrogen Chlorophyll concentration
portion treatment
Herbicide treatment
Unsprayed  2Diclofop-  PFluazifop-  CGlyphosate
methyl butyl
(kg/ha) (mg chlorophyll/g dry weight)
0 6.96 4.11 494 2.76
Distal
200 10.45 7.05 5.88 0.22
Sex 0.96
0 5.58 3.59 3.88 3.10
Proximal
200 8.41 2.17 0.66 0.21
Sex 0.52
21.00 kg a.i./ha
b0.25 kg a.i/ha

€0.18 kg a.i./ha
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For unsprayed plants, seed head yield was greater at high nitrogen than low nitrogen
(table 5.2). Atlow nitrogen, yield of plants sprayed with diclofop-methyl was
similar to that for unsprayed plants, while values for fluazifop-butyl and glyphosate
were lower than those for unsprayed 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 diclofop-methyl produced seed heads, but yield
was significantly less than that of diclofop-methyl-sprayed plants growing in low

nitrogen.

In experiment 2, values for herbicide deposits of diclofop-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
(vield) was reduced by application of fluazifop-butyl and glyphosate, but most plants
produced seed heads (table 5.4). Diclofop-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 diclofop-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 m? of oat
(Avena sativa) 30 days following an application of zero herbicide,

diclofop-methyl, fluazifop-butyl or glyphosate.

Nitrogen treatment Seed head dry weight per m?
Herbicide treatment
Unsprayed aDiclofop- YFluazifop- CGlyphosate
methyl butyl
(kg/ha) \8)
0 108 111 60 50
200 154 70 0 0
Sey 4.1
21.00 kg a.i/ha
b0.25 kg a.i/ha

€0.18 kg a.i./ha
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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.i./ha and

plants were sprayed at the three leaf stage.

Nitrogen treatment Diclofop-methyl retention

(kg/ha) A ul/g) ®(ul/plant)
0 30.1 3.9

200 34.8 3.4

Sey - 3.6 0.3

@Microlitres of formulated diclofop-methyl per gram dry weight.
bMicrolitres of formulated diclofop-methyl per plant.



Table 5.4:  The effect of additional nitrogen on seed head dry weight per m
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2 of oat

(Avena sativa) following an application of zero herbicide, diclofop-

methyl, fluazifop-butyl or glyphosate.

Nitrogen treatment Seed head dry weight per m?
Herbicide treatment
Unsprayed ADiclofop- DFluazifop- CGlyphosate
methyl butyl
(kg/ha) (g)
0 44 42 30 10

200 108 15 0 0
Se, 2

21.00 kg a.i./ha

b0.25 kg a.i/ha

€0.18 kg a.i/ha
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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 plahts 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 gand 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
chlorophyll/g 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 distal leaf 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 distal leaf 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 (Avena

sativa) seven days following an application of zero herbicide, diclofop-

methyl, fluazifop-butyl or glyphosate.

Leaf portion Plant leaf
water
potential

at spraying

Chlorophyll concentration

Herbicide treatment
Unsprayed  2Diclofop-  PFluazifop- CGlyphosate
methyl butyl
(MPa) (mg chlorophyll/g dry weight)
-2.0 7.69 8.13 6.99 7.01
Distal
-0.8 7.09 7.88 6.68 0.57
Sey 0.85
-2.0 5.90 7.28 6.80 6.05
Proximal
-0.8 5.77 2.40 1.60 0.27
Sey 0.77
21.00 kg a.i./ha
b0.25 kg ai/ha

€0.18 kg a.i./ha
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Table 5.6:  The effect of soil moisture content on the seed head dry weight per m?

of oat (Avena sativa) 45 days following an application of zero herbicide,

diclofop-methyl, fluazifop-butyl or glyphosate. Water stressed plants

were irrigated 14 days after herbicide treatment.

Plant leaf water Seed head dry weight per m?
potential at spraying
Herbicide treatment
Unsprayed Diclofop-  PFluazifop-  Glyphosate
methyl butyl
(&
(MPa)
-2.0 117 119 66 65
-0.8 320 101 0 25
Sey 5.5
21.00 kg a.i./ha
. b0.25kg a.i/ha

€0.18 kg a.i./ha



130.

5.3.3 The Effect of Gibberellic Acid on the Phytotoxicity of
Glyphosate Under Field Conditions

For the zero GAj treatment, the chlorophyll content of the youngest expanding
lamina (leaf 4) was similar for unsprayed and sprayed plants (table 5.7). For
glyphosate treated plants, the chlorophyll content was considerably lower in young

laminae on GAg treated than non GAg 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 (Avena sativa) growing in low levels of soil nitrogen.

Herbicide rate Gibberellic acid aChlorophyll
treatment concentration

(kg a.i./ha) (kg/ha) (mg/g dry weight)

0 0 5.14
0.21 4.66

0.18 0 3.90
0.21 - 0.53

Sey 0.80

4Determined nine days after applying glyphosate.



Plate 5.1:

Cultivated oat (Avena sativa) 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.

*CEl
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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/mz, 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 m? of oat (Avena sativa ) growing in low levels of soil

nitrogen.
Herbicide Gibberellic acid aSeed head dry weight per m2
treatment treatment
(kg a.i./ha) (kg/ha) (g/m?)
0 0 30.0
0.21 29.7
0.18 0 b74
0.21 0.0
Se_ 5.0

»

AMeasured 39 days after spraying glyphosate.
DThe 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 diclofop-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 al,
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 diclofop-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 eﬁﬁre 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 al, 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 al, 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 al, 1987). Petersen (1958) reported
that when barley (Hordeum vulgare 1.) 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 al, 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 bicolor 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 al, 1989a), retention of
diclofop-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 diclofop-methyl by plants growing at high
nitrogen compared to low nitrogen is that plants had a greater leaf area at high
nitrogen (Andrews et al, 1989a; Andrews et al, 1989b, appendix 2).
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In the field, unlike the laboratory, some plants that were nitrogen fertilised and
sprayed with diclofop-methyl did produce seed heads. This discrepancy in the
performance of diclofop-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.

Diclofop-methyl is a less active herbicide in comparison to fluazifop-butyl, which
has a similar chemistry (Wilcox et al, 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 cuticles on the plant leaves. Wilcox et al (1987) found
that under controlled environment conditions, compared to either fluazifop-p-butyl
or sethoxydim, diclofop-methyl was less effective against water stressed than
watered Avena fatua 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 diclofop-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 diclofop-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 diclofop-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 ez
al, 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 al, 1985).

As at high nitrogen in the field (tables 5.2; 5.4) watered plants sprayed with
diclofop-methy! 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 profile 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 al, 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 spraying (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 GAg increased the rate of sheath/leaf
extension of Avena sativa L. (chapters 3, 4; Adams et al, 1973). Plants treated with
the hormone were obviously taller. In the field, as in the laboratory, GAg had no
effect on seed head yield (dry weight per unit of ground area) of plants not sprayed
with herbicide (table 5.8). However, GA4 did cause an increase in seed head
number/m? and a decrease of mean seed head dry weight (appendix 13). The
reason(s) for these effects are unclear, but in barley (Hordeum vulgareL.) GA3 was
found to stimulate tiller growth and reduce the number of spikelets per seed head
(Cottrell, Déle 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 Hutley-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 10410 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 GA5 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 GA 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 diclofop-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 al, 1989a; Dickson et al,
1990). Further, under field conditions, GAg 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-g1yphosatc were lower by plants growing in low compared to high levels of soil
moisture (table 2.2). Similar experiments with fiuazifop—butyl showed that
translocation of this herbicide was reduced within plants growing in low soil
moisture (table 2.5). However, the amount of 14¢ 1abel 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 respohsible 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 al, 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 al, 1987; Walker et al, 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 al, 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 Avena sativaL. 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-labcl) 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 al, 1990).
In addition, increased growth rate may have increased strain on membranes damaged
by the herbicide and increased demand for membrane synthesis (Andrews et al,
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 finding 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-butyl and
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 (Avena fatua 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 Avena fatua 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 (Avena fatua L.) as the test plant were
established (chapter 4). In addition, the effect of GA3 on the performance of the
three herbicides against Avena 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 GA 5 effects on
herbicide activity, showed that Avena farua L. was similar to Avena sativa L. in its
response to fluazifop-butyl and glyphosate (figure 4.1; table 4.1). In these
experiments GA was found to enhance the activity of fluazifop-butyl and
glyphosate on water stressed and nitrogen stressed Avena fatua 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 Avena sativa L.
plants growing in low levels of soil nitrogen (< 1 mol/m3 NO3) and moisture (WP)
(chapter 5; Dickson et al, 1989; Dickson et al, 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 usti fluvents) in North
Canterbury, which had a low water holding capacity 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 uéatments 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 al, 1988; Dickson et al, 1989; Dickson et al, 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 tolel:ant 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 GA 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 al, 1982; Tworkoski and Sterrett, 1987).

It is evident that GA 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
GAg 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 enhancement 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 tb, 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 ez al, 1973). Hence, although GAg may enhance
herbicide activity to Avena spp., this may not be the case for other plants. For this
reason, research should experiment with other plént species to determine if GAg

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 1

The botanical and common names of plants frequently referenced in this thesis.

Botanical name Common
name
y -

(@) Agropyron repens L. Beauv Quackgrass
Elymus repens L. Gould = Couch grass
Elytrigia repens L. Beauv

(b) Avenafatual. = Wild oat

() Avena sativa L. = Cultivated oat

(@) Cirsium arvense L.. Scop Canada thistle

Californian thistle




APPENDIX 2

180.

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 1
External nitrate Length Area FWT DWT SLA
concentration
(mol/m?) (cm) (em?) ® ®) (em?/g)
0.2 13.1 5.07 0.0676 0.0175 289
0.2 12.0 4.77 0.0684 0.0153 311
0.2 11.7 5.11 0.0745 0.0175 292
x 12.3 4.98 0.0700 0.0167 297
1.0 12.0 5.76 0.0835 0.0175 329
1.0 14.0 6.05 0.0864 0.0185 325
1.0 13.4 572 0.0838 0.0163 350
X 13.4 5.84 0.0845 0.0174 334
50 11.5 499 0.0711 0.0154 324
50 14.1 6.34 0.0983 0.0185 342
5.0 13.4 6.23 0.1031 0.0201 309
X 13.0 5.85 0.0908 0.0180 325
10.0 12.8 5.78 0.0938 0.0145 398
10.0 12.5 5.95 0.0983 0.0166 352
10.0 13.0 5.83 0.0907 0.0181 322
x 13.0 5.85 0.0942 0.0164 359
20.0 12.3 5.31 0.0911 0.0132 402
20.0 13.7 6.96 0.1236 0.0205 339
20.0 12.4 5.99 0.1002 . 0.0198 302
- 12.8 6.08 0.1049 0.0178 348
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Leaf 2
External nitrate Length Area FWT DWT SLA
concentration
(mol/m3) (cm) md (@ ® (em%/g)
0.2 15.0 5.23 0.0870 0.0187 279
0.2 14.2 5.37 0.0972 0.0184 291
0.2 14.1 4.86 0.0827 0.0177 274
X 14.4 5.15 0.0389 0.0182 282
1.0 18.4 8.71 0.1827 0.0285 305
1.0 20.0 9.17 0.1959 0.0281 326
1.0 18.5 9.08 0.1910 0.0282 323
X 18.9 8.99 0.1898 0.0282 318
5.0 17.3 9.54 0.2208 0.0304 313
5.0 20.7 11.61 0.2656 0.0378 307
5.0 21.0 1191 0.2932 0.0410 290
X 19.7 11.02 0.2598 0.0364 303
10.0 20.6 11.51 0.2929 0.0353 326
10.0 21.8 13.83 0.3381 0.0446 310
10.0 22.2 13.12 0.3239 0.0402 326
X 21.5 12.82 0.3183 0.0400 320
20.0 20.0 10.99 0.2722 0.0326 337
20.0 23.7 14.76 0.3820 0.0452 326
20.0 21.1 13.50 0.3830 0.0464 290

- 21.6 13.08 0.3457 0.0414 318
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Leaf 3
External nitrate Length Area FWT DWT SLA
concentration
(mol/m) (cm) (cm?) ® ® (cm?/g)
0.2 3.6 0.46 0.0104 0.004 115
0.2 3.2 0.32 0.0075 0.0016 200
0.2 1.8 0.20 0.0027 0.0013 111
X .2.90 0.33 0.0068 0.0024 142
1.0 10.6 3.68 0.0794 0.0121 304
1.0 8.3 2.26 0.0489 0.0057 396
1.0 7.1 1.87 0.0438 0.0077 242
X 8.7 2.60 0.0573 0.0085 314
5.0 10.8 4.00 0.0386 0.0114 350
5.0 10.3 3.51 0.0816 0.0096 365
5.0 8.8 3.47 0.0750 0.0094 369
X 9.9 3.66 0.0817 0.0101 361
10.0 10.9 4.16 0.1103 0.0099 462
10.0 104 4.36 0.1021 0.0133 385
10.0 124 5.67 0.1325 0.0136 416
X 11.2 4.73 0.1114 0.0122 421
20.0 9.9 417 0.1012 0.0086 484
20.0 8.8 4.25 0.0729 0.0116 366
20.0 9.9 421 0.1003 0.0087 483

- 9.5 421 0.0914 0.0096 445




APPENDIX 3

The effect of different external nitrate concentrations on the dry weight of individual

fractions of oat (Avena sativa) sprayed with fluazifop-butyl.

183.

Plant Herbicide External nitrate concentration (mol/m>)
fraction rate
0.5 1.0 10 1.0->10 0.5->10
(kg a.i./ha) (&
Root 0.50 0.25 0.29 0.13 0.32 0.23
Sey 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; 031
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; 0.1
Head 0.50 0.00 0.00 0.00 0.01 0.00
Sey 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.

184.

Plant Herbicide External nitrate concentration (mol/m3)
fraction rate
0.5 1.0 10 1.0->10 0.5->10
(kg a.i./ha) (8)
0.36 0.07 0.18 004 0.08 0.09
Root '
Seq 0.02
0.18 0.32. 0.66 0.16 0.56 0.20
Sey 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
Sey 0.03
0.36 0.05 0.15 0.13  0.08 0.10
Leaves
Sey 0.01
0.18 0.15 0.34 0.19 0.0 0.18
Sey 0.04
0.36 0.00 0.03 0.00 0.00 0.00
Head Sey . 0.01
0.18 0.19 040 0.00 0.04 0.00
Sey 0.02
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The extension rate of the youngest lamina of leaf 3 of oat (Avena 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 (Sey) bars.



Environmental data for the nitrogen field trials.

Lincoln: Monthly totals

Rainfall (mm):
Mean Temperature (° C):
Relative Humidity (%):

| Evapotranspiration (mm):

APPENDIX 6

186.

19872 1988P
Nov  Dec Jan Feb Mar April
487  33.7 27.8 33.6 259 155
188 203 17.1 17.2 146 110
79.1 70.3 72.0 78.0 73.0 810
1541 1819 228.5 162.3 151.4 176.5

Weather conditions on individual days of spraying:

16 November 1987 - Experiment 1

Temperatures (° C)
Maximum
Minimum
Relative Humidity (%):
Rainfall (mm):

18 February 1988 - Experiment 2

Temperatures (° C)
Maximum
Minimum

Relative Humidity (%):
Rainfall (mm):

15.2

9.9
90
Nil

19.2
12.3

72
Nil

(a) Lincoln College Meteorological Station

(b) D.S.LR. Broadfields Meteorological Station
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Environmental data for the soil moisture field trial

Culverden: Monthly totals

Rainfall (mm):
Mean Temperature (° C):
Relative Humidity (%):

Evapotranspiration (mm):

Weather conditions on the day of spraying:

31 January 1987
Temperatures (° C)
Maximum

Minimum

Relative Humidity (%):
Rainfall (mm):

(a) 23 Day Total

187.

1987 1988
Oct Nov Dec Jan Feb Mar
70.3  84.6 124.6 172 562 151
114 132 14.7 17.6 163 135
66 73 70 64 81 84
101.1  84.1% 1185 153.0 833 924

32.0
11.5

Nil
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APPENDIX 8

Environmental data for the growth regulator/herbicide field trial.

Lincoln: Monthly totals

19882 19892
Oct Nov Dec Jan Feb
Rainfall (mm): 7 30 22 59 33
Mean Temperature (° C): 14 15 18 18 16
Relative Humidity (%): 54 72 63 3 76
Evapotranspiration (mm): 243 180 267 - 220 151

Weather Conditions on Individual Days of Spraying:

24 November 1988 - Application/gibberellic acid (GA3)

Temperatures (°C)

Maximum 18.3

Minimum 11.6
Relative Humidity (%): 72
Rainfall (mm): Nil

26 November 1988 - Application/glyphosate

Temperatures (°C)

Maximum 23.5

Minimum 9.7
Relative Humidity (%): 87
Rainfall (mm): Nil

(a) DSIR Broadfields Meteorological Station.
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APPENDIX 9

The effect of additional nitrogen on seed number/m? of oat (Avena sativa ) 30 days

following on application of zero herbicide, diclofop-methyl, fluazifop-butyl or glyphosate.

Nitrogen treatment Number of seed heads/m?

Herbicide treatment

Unsprayed 2Diclofop-methyl bEluazifop-butyl CGlyphosate

ke/ha (N°/m?)
0 364 335 235 345
200 342 245 0 0
Se; 23
21.00 kg a.i./ha
b0.25 kg a.i/ha

€0.18 kg a.i./ha
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The effect of additional nitrogen on the mean seed head dry weight of oat (Avena 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  2Diclofop-methyl bFluazifop-butyl CGlyphosate
kg/ha (8)
0 031 0.33 0.25 0.14
200 0.45 0.28 0.00 0.00
Se; 0.02
41.00 kg a.i/ha
b0.25 kg a.i/ha

€0.18 kg a.i/ha
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APPENDIX 11

The effect of soil moisture content on the number of seed heads per m? of oat (Avena

sativa) 45 days following an application of zero herbicide, diclofop-methyl, fluazifop-butyl
or glyphosate.

Plant leaf Number of seed hcads/m2
water potential
at spraying

Herbicide treatment

Unsprayed 3Diclofop-methyl bFluazifop-butyl CGlyphosate

(MPa) (N°/m?)
-2.0 512 567 560 592
-0.8 485 267 0. 205
Sey 25.6
3Applied at 1.00 kg a.i./ha
bApplied at 0.25 kg a.i./ha

CApplied at 0.18 kg a.i./ha



192,

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 Mean seed head dry weight
water potential
at spraying
Herbicide treatment
Unsprayed  2Diclofop-methyl  PFluazifop-butyl CGlyphosate
(MPa) (&
-2.0 0.23 0.21 0.17 0.11
-0.8 0.66 0.38 0.00 0.17
Sey 0.03

aApplied at 1.0 kg a.i./ha
bApplied at 0.25 kg a.i/ha
CApplied at 0.18 kg a.i./ha
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The effect of gibberellic acid (GA3) and glyphosate on shoot dry weight, seed head

193.

number and mean seed head dry weight of oat (Avena sativa) grown in low levels of soil

nitrogen under field conditions.

Herbicide  2Gibberellic bShootdry ~ PSeedhead  PMean seed
rate acid treatment weight number head dry weight
(kgai/ha)  (kg/a) (g/m?) (N%/m?) ®
0 0.00 61.6 89 0.33
0.21 62.8 110 0.26
0.18 0.00 33.8 53 0.14
0.21 0.0 0 0.00
Se; 53 6.0 0.01

AApplied two days prior to applying the herbicide.

bDetermined 39 days after applying the herbicide.
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APPENDIX 14

The viability of seeds threshed from panicles of oat (Avena sativa ) growing in low levels

of soil nitrogen (<1.0 mol/m3) following an application of glyphosate (0.18 kg a.i./ha).

Replicate Germination
(%)
1 90
2 87
3 90
. 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. DICKSON?

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 pg GA into the leaf
sheaths 2 days prior to spraying with fluazifop or
glyphosate increased the efficacy of both herbicides at low
N. Nomenclature: Qat, Avena sativa L. ‘Amuri’; fluazifop,
butyl ester of (L)-2-[4-[[S-(trifluoromethyl)-2-pyri-
dinyloxylphenoxylpropancic 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).

IReceived November 25, 1988, and in revised form November 22, 1989.

2Grad. Res. Asst, Lecturer and Prof, Dep. Plant Sci. Lincoln Coll.,
Canterbury, N.Z. Correspondence should be directed to the second author.

3 Abbreviations: PCA, polycyclic alkanoic acid; ABA, 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
ranslocated 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-(trifluoromethy!)-2-pyri-
dinyl]Joxy]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 fatua 1.) under water siress
conditions could not be explained by reductions in retention,
uptake, translocation, or metabolism of herbicide (4, 21).
Application of abscisic acid (ABA)? 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 NOj concentrations (7). Diclofop causes membrane
disruption in annual grasses (23). The mode of action of
diclofop and other PCA 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 NOj 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 NO;
may be due to an increased rate of tissue (primarily stem/leaf
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 litde
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 vuigaris 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
fluazifop 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)? = 36.9% w/w]
with a nutrient solution containing 5 mol m~3 NOj (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 pmol m~2s-1 at the pot surface. Until

Volume 38, Issue 1 (January) 1990

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 nonsiressed) were sprayed with
fluazifop at a rate of 0.5 kg/ha. The herbicide was applied
with a COy-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: unsprayed, 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 HyO (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 (1:1, v/v) soaked in a basal
nutrient soluuon containing either low (1.0 mol m=3) or high
(10 mol m3) KNO3. These NO; concentrations cover the
range likely to be found in agncultural soil (5). In both NO3
treatments, potassium concentration was maintained at 23.6
mol m~3 by the addition of K;SO4. Growth conditions were
as in the laboratory moisture stress experiments. Plants from
each NOj 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. Unsprayed 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 1, 1988. Soil was low in N. After seedbed
preparation, NOj; 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 CaNH4NOj3 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 (15-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 chiorophyll 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 1, 1988), seed head weight per unit area was
determined as in the field water stress experiment.

4Obtained from 1C.I (UK.)
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A second experiment with the same N treatments was
carried out alongside the first between February 1, 1988 and
April 22, 1988. Seed head dry weight/m? was determined 45
days after spraying.

Radiolabel experiment. A stock solution was prepared
comprising 50 ul technical grade fluazifop, 200 pl blank
formulation?, 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-labeled C fluazifop* (butyl
ester; specific activity of 0.411 gBg/mmol). This gave a final
concentration of fluazifop similar to that in the 0.25 kg/ha
spray applied in 250 L. Plants supplied low or high NO; were
grown to the 3-leaf stage as in the laboratory NOj
experiments. Then six 0.5-ul 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
1-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 1, 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/v solution of
toluene/soluene at 1 ml/mg tissue. Two hundred ul 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 vermiculite/perlite as for the laboratory
NOj experiments and were given low NOj throughout. In the
first GA experiment, plants at the 3-leaf stage had either 100
pl water or 100 pg GA dissolved in 100 ul 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 {luazifop as indicated by
chlorophyll content of individual leaves.

Chlorophyll content by leaf number®

Moisture

treatment 1 2 3
(mg chl/g dry weight)

Watered 7.65 494 1.91

Stressed? 6.73 935 10.98

SEM 0.77

3Determined 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 determined 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
determined 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<0.01.
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-term controlled-environ-
ment experiment in which all plants were treated with
fluazifop, 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
normal while watered plants were completely chlorotic/
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 -0.8 + 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 unsprayed 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 unsprayed 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 unsprayed plants
under controlled-environment conditions, total plant dry
weight was greater for plants given high NOj throughout or

Table 2. Effect of soil moisture on oat response to fluazifop and glyphosate as indicated by leaf chlorophyll content and seed head yield.

Chlorophyll content by treatment?

Moisture Lamina tops Lamina bases Seed head yield by treatment
treatment Control Fluazifop Glyphosate Control Fluazifop Glyphosate Control Fluazifop Glyphosate
(mg chl/g dry weight) (g/m?)
Watered 7.09 6.68 0.57 5.77 1.60 027 320 0 25
Stressed? 7.69 6.99 7.01 5.90 6.80 6.05 117 66 65
SEM® 0.85 0.77 5
aDetermined 7 days after spraying.
PWater stress was relieved 14 days after spraying.
°The SEM is to be used for comparisons within one set of values (three columns) only.
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Table 3. Effect of nitrate on oat response to fluazifop and glyphosate as
indicated by total plant dry weight.

Plant dry weight by treatment

Nitrate

treatment Control Fluazifop Control Glyphosate
®

Low 2.68 1.51 247 2.16

Low 1o high® 3.44 1.85 3.22 2.07

High 3.61 0.56 343 0.31

SEMP 0.11 0.23

#3witchover from low to high HOj; occurred immediately after spraying.

bThe SEM is to be used for comparisons within one herbicide treatment
(paired columns) only.

switched from low to high NO; than for plants given low
NOj throughout (Table 3). For plants sprayed with fluazifop
(Table 3), total plant dry weight was greater at low NOj than
high NO;3 . However, greatest dry weight for plants sprayed
with fluazifop was obtained with switchover from low to high
NO; at spraying. Plants given low NOj throughout or
switched from low to high NO; at spraying produced
seedheads, but those given high N(gg 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 NOjy , or when switched from low to high
NOj than at high NOj . All plants given low NOj throughout
or switched from low to high NOj 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
NOj treatment than with the low NOj; treatment while in the
second experiment growth with these NOj; wreatments was
similar.

For plants sprayed with glyphosate, total plant dry weight
was again greater at Jow NOj than at high NO; (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 NO3 and when switched from
low to high NOj , but they did not produce seed heads at high
NOj . In two other experiments, glyphosate-sprayed plants
harvested 41 and 45 days after spraying showed greater

growth at low NOj3 or when switched from low to high NO;
than at high NO3 . Again, all plants receiving low NOj3 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 NOj treatment than for the low
NOj 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
038 = 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 unsprayed 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 unsprayed 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 NOj treatments (Table 6). However, plants
supplied with high NOj; 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 NO3 throughout partitioned more '4C label
to the sheath and less to the root in comparison with plants
given low NOj throughout or switched from low to high NO3

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 Lamina tops Lamina bases Seed head yield by treatment
treatment Control Fluazifop Glyphosate Control Fluazifop Glyphosate Control Fluazifop Glyphosate
(kg/ha) (mg chl/g dry weight) (g/m?)

0 6.96 494 2.76 5.58 3.88 3.10 68 60 - 50
200 10.45 5.88 022 8.41 0.66 0.21 154 0 0
SEM? 0.96 0.52 4

aDetermined 7 days after spraying.

bThe SEM is to be used for comparisons within one set of values (three columns) only.
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Table 5. Effect of nitrogen on oat response to fluazifop and glyphosate as
indicated by seed head yield.

Seed head dry weight by treatment

Nitrogen
treatment Unsprayed Fluazifop Glyphosate
(kg/ha) (g/m?)
0 4 30 10
200 108 0 0
SEM 4

at spraying. The concentration of radiolabel in the youngest
leaf plus apical meristem (L4) was significantly lower for
plants supplied low NO3 throughout or switched from low to
high NO3 at spraying than for plants supplied high NOj
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
ug 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 unsprayed
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 1, 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, chlorophyil
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 unsprayed, 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
by plant part® youngest leaf

Nitrate and

treatment Uptake? Translocation® § L1 L3 14 R apical meristem

%) (%)° (%) (dpm/mg)

Low 69.4 9.3 23.9 9.7 26.7 30.0 9.6 8.2

Low to high  61.0 8.4 252 13.7 17.9 309 13.1 9.2

High 63.0 26.1 413 6.6 204 277 4.9 239

SEM 32 1.8 3.8 22 59 6.2 1.1 3.9

Determined 24 h after application of radiolabel to leaf 2.
bDetermined 14 days after application of radiolabel.

S = sheath of leaf 2, L1 = leaf 1, L3 = leaf 3; L4 = leaf 4 plus apical meristem, R = root.

9dDifference between radioactivity applied and that recovered in leaf washes 24 h after application as percentage of radioactivity applied.
“Radioactivity recovered outside the treated lamina as a percentage of the total activity recovered from the plant.

fRadioaclivity 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.

Sc‘il:ibereulc Dry weight by treatment
reatment? Control Fluazifop Glyphosate
(mg/plant) (g

.0 272 1.70 2.03

200 241 0.53 0.27

SEM 0.21

3Applied 2 days prior to herbicide treatment.

(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 performance 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 NOj; 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 NOj at spraying
produced a total plant dry weight that was greater than that
for plants supplied low NOj throughout. When unsprayed
plants at the three-leaf stage are switched from low to high
NOj , leaf 3 rapidly responds to the increased supply of NO3
but leaves 1 and 2 behave more like leaves maintained on low
NOj throughout (7). If, in the present study, transport of
herbicide out of leaves was less at low NOj than at high NO3
, for example due to decreased transport of photoassimilate,
then accumilation of herbicide in the youngest leaf and apical
meristem may have been sufficiently reduced to permit 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 NOj treatments but two
to three times greater translocation of label at high NOj 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 NOj
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throughout or switched from low to high NOj at spraying,
plants given high NO3 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; .

8at 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
intermediate to those obtained here for whole plants. If
fluazifop performance 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
determining 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 determine if GA affects uptake
and translocation of fluazifop and glyphosate. The data
obtained here indicate that GA has potential for increasing the
performance 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 actlivity 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 er af
19%8; Andrews et al 1989).

Phenoxy-propionate herbicide activity is primarily due to membrane disruption
(Hoppe 1985; Harwood ef a/ 1987). 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 er al/ 1988;
Andrews et a/ 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 (Campbell et a/ 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 and .Sterrett 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 ef a/ 1988; Andrews er al/ 1989).

This paper describes two experiments which investigaied the potential of GA
enhancement of post-emergence herbicide activity on environmentally stressed 4 vena
Spp. The first experiment investigated the efficacy of fluazifop-butyl on wild oat
8rowing 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 oat.

MATERIALS AND METHODS
Experiment 1 investigated the effects of GA on the performance of fluazifop-butyl
on wild oat (4vena fatua) grown in soil of different water content. The seed was

Present address: Baldwin, Son and Carey, P.O. Box 5081, Wellington.
Proc. 42nd N.Z. Weed and Pest Control Conyf.
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collected from plants growing in the 1987/88 summer season. All seeds had their glumeg
removed and their caryopses germinaled as described in Dickson and Field (1987),
Seedlings of uniform size were selected and transplanted into 200 ml polystyrene pots {
per pot) filled with oven dried Rapaki silt loam soil brought to field capacity (50|
moisture content, SMC = 36.9% w/w). The statistical design of this experiment wag
completely random with six replicates. The soil moisture treatments were FC = fie|g
capacity; 3/4 FC = three quarters field capacity (SMC = 27.6% w/w); PW = partjy]
wilting (SMC = 23.9% w/w); CWP = close to wilting point (SMC = 20.2% w/w): Wp
= wilting point (SMC = 18.4% w/w). Plants in the PW, CWP and WP soil moistyre
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 gr0wr,1
in a controlled environment chamber as described in Dickson and Field (1987). _

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 ug GA placed in the
ligule/inner sheath area of each of leaves 2 and 3. Two days after applying GA, plants:
were sprayed with fluazifop-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 fluazifop-butyl application, total shoot
dry weight was determined.

Experiment 2 was conducted on a nitrogen depleted (approximately 1.0 mol/m’
NQO,™) 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, 0.2] kg/ha)
and two herbicide (0, 0.18 kg/ha glyphosate (Roundup) treatments. The plots were4 m?
and each treatment was replicated six times. The seed of cultivated oat (Avena saiiva L.
cv Amuri) 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 FC. 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 er a/ 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 CO, powered sprayer
fitted with Teejet 8001 nozzles which delivered 250 litres water/ha at a pressure of 275
kPa.

RESULTS AND DISCUSSION

Wild oat leaf waler potential decreased as soil moisture content approached wilting
point in Experiment | (Table 1). Leaf water potential is considered to be a satisfactory
measure of plant water status (Kramer 1988) and thus, these data indicate that piant
waler 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 1.13 + 0.09 g and 1.32 + 0.02 g at 0 and 200 ug 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 wiid oat as
measured just prior to GA treatment. The soil was a Rapaki silt loam.

Soil moisture content Plant water potential
(070 w/w) (m Pa)
18.4 -2.3
20.2 -2.2
23.9 - 1.7
27.6 -0.29

36.9 -0.29
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rather than other aspects of plant growth (Dickson er «/ 1988). For wild oat plants
spraved with fuazifop-butyl, regardless of GA or water lreatment, total plant dry
weight al harvest was less than for unsprayed plants (Fig. 1). In the case of sprayed
plants not treated with GA, shoot dry weight changed little with an increase in SMC
from 18.4 1o 23.9%, but decreased substantially when SMC increased from 23.9 to
27.6% then changed little with a further increase in SMC to 36.9% (Fig. 1). In contrast,
values for plants given a GA pretreatment decreased [lairly steadily with increasing soil
moisture over the entire range used. Al a soil moisture content of 23.9%, shoot dry
weight was substantially lower for GA pre-treated plants than for plants sprayed with
fluazilop-butyl alone. At all other soil moisture levels, GA had no effect on the
susceptibility of wild oat to fluazifop-butyl.

0.65
0.60 I
: 0.55 o l SEM
[<1] ’/0»/
5 0.50[ o
2 0.45 k ©—@ -GA/fluazifop-butyl
I - \ B—® +GA/fluazifop-butyl
1S
o) 0.40 L
2 0.351 \
n
=
~0.30 1
S o0.251
2
0.20 [
0.15
0.10 |
'l 1 1 2 ) 1 I L. 1 1 1
18.0 20.0 22.0 24.0 26.0 28.0 30.0 32.0 34.0 36.0
Gravimetric Soil Moisture Content (% “/,)
Fig. 1: The elfect of variable soil moisture on the dry weight of wild oat 44 days after

spraying with fluazifop-butyl (0.25 kg/ha). Plants were treated with 0 or 200
pg gibberellic acid two days prior to spraying.

Increased (uazilop-butyl efficacy with a GA pre-treatment at 23.9% w/w soil
moisture is probably due to an increased rate of stem/leal extension (Dickson er al
1988; Andrews er a/ 1989). 1t 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 et a/ 1975;
Jones 1980). Al low soil moisture levels in the present study, GA may have been
ineffective because it did not stimulate cell expansion as the biochemical (sucrose,
mineral salts) and biophysical (water for turgor pressure) requirements for cell
expansion (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
SMC, fluazifop-buty! alone caused rapid death of plants and so an effect from GA was
nol expected.

The use of growth regulators for improving the effectiveness of selective post
emergence herbicides such as fluazifop-butyl may be limited under field conditions as
the hormone adjuvant may have deleterious effects on the crop from which weeds are
being removed. In the field experiment, formulated glyphosate was used as the test
herbicide because GA enhancement of broad spectrum herbicides, such as glyphosate,
May 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
talier and their stem/leal sheaths paler green indicating dilution of chlorophyll. In the
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TABLE 2:  Theeffect of gibberellic acid and glyphosate on shoot dry weight, panicle
nuinber and mean panicle dry weight of cultivated oat grown in medium
levels of soil nitrogen under field conditions. Plants were harvested 39
days afler spraying.

Herbicide Gibberellic acid Shoot dry Seed head Individual seed-
rate treatment weight number head dry weight
(kg ai/ha) (kg/ha) (g/m?) (g/m?) (g)
0 0 61.6 &9 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 reasons(s) for these effects are unclear, but, as found for barley (Cottrell
er al 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 tow soil N in the field. At harvest, plots sprayed with GA plus
glyphosate were completely devoid of oat plants.

[t is concluded that GA can increase post-emergent herbicide activity against
stressed Avena spp. if it is applied 2 days prior to the herbicide spray. The 2 day
separation of GA and herbicide ensured that 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-EMERGENCE
HERBICIDE PERFORMANCE

ROSS L. DICKSON, MITCHELL ANDREWS
and ROGER J. FIELD

Plant Science Department, Lincoin College, Canterbury

SUMMARY

The post-emergence efficacy of diclofop-methyl and fluazifop-butyl
against Avena sativa 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, leafl expansion rate was low. [t 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

Plant and environmental factors can cause inconsistency in the performance of
herbicides resuiting 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 lo
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 Santelmann 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 (Akey and Morrison
1983; Kells et al 1984).

This paper presents data from a series of experiments in which the efficacy of
diclofop-methyl and fluazifop-butyl against A vena sativa was examined under a range
of conditions.

METHODS

Oats (Avena sativa 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 (20.0%w/w). The other
plots were rainfed only and quickly approached wilting point (7.1%%/w). The
extension rate of the youngest lamina (leaf 5) of droughted and irrigated plants was
measured for 5 days prior to spraying with herbicides (Table 1). 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 m? 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 was measured for 5 days
prior to spraying with herbicides (Table 2). Forty-nine days after spraying, seedhead dry
weight was measured as above.

In a controlled environment study, plants supplied with 10 mol/m’ nitrate were

Proc. 41st N.Z. Weed and Pest Controf Con/.
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sprayed with diclofop-methy!l at the three leaf stage. The extension rate of all laminae
was determined during the 2 days prior to spraying. Chlorophyll concentration was
measured in individual leaves 8 days after spraying.

In another experiment, plants were supplied with | mol/m’ nitrate. At the three
leaf stage, plants either had 0 or 100 ug gibberellic acid (GA) placed in the ligule/inner
sheath area of each of leaves | 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 800! nozzles which delivered 250 litres water/ha at 275 kPa.

RESULTS AND DISCUSSION

Leaf expansion and siress

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 sitnilar for stressed and non-stressed plants (Akey and Morrison 1983;
Kells er af 1984). Data in Table | show the resistance drought-stressed plants have to
diclofop-methyl and fluazifop-butyl. For droughted plants, application of herbicide
had little effect on seedhead dry weight. In contrast, diclofop-methyl dramatically
decreased seedhead 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: Extension rate of the youngest lamina during the 5 days prior to spraying
and seedhead dry weight 45 days after spraying water-stressed and
irrigated Avena sativa with either 2.0 kg ai/ha diclofop-methyl or 0.25 kg
gi/ha fluazifop-butyl.

Seedhead dry weight (g/m?)
Soil moisture l.amina extension Unsprayed  Diclofop-methy!l Fluazifop-butyl
content rate (mm/day)

Wilting point 0.0- 3.0 113.0 104.5 97.7
Field capacity 26.0-30.0 327.5 38.5 00.0
SEM 11.4

As under drought, plants growing in low soil nitrogen had resistance to diclofop-
methyl and fluazifop-butyl (Table 2). Sprayed plants produced a significantly higher
seedhead dry weight/m? in low soil nitrogen than in high soil nitrogen. The converse
was found for unsprayed plants. Plants had a lower rate of lamina extension at the low
nitrogen levels than at high nitrogen levels (Table 2).

TABLE 2:  Lxtension 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 Avena sativa with either 1.0 kg ai/ha diclofop-methyl or
0.25 kg ai/ha fluazifop-butyl.

Seedhead dry weight (g/m?)
Additional  Lamina extension Unsprayed Diclofop-methyl Fluazifop-butyl

nitrogen rate (mm/day)
(kg/ha)
0 15-20 113.0 ' 111.5 59.5
200 ~35-40 154.2 70.1 00.0

SEM 4.05
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Leaf age

If a slower rate of leaf expansion decreases plant susceptibility to diclofop-methyl
and fluazifop-butyl, then mature non-expanding leaves should be more resistant to the
herbicides than young rapidly expanding leaves. As shown in Table 3, chlorophyli
breakdown following diclofop-methyl treatment was substantially greater in the rapidly
expanding leaf 3 than the fully expanded leaf I.

TABLE 3: Exteusion rate of individual laminae during the 2 days prior to spraying
and total chlorophyll concentration 8 days after spraying Avena sctiva
with 1.0 kg ai/ha diclofop-methyl.

Leaf number Lamina extension Total chlorophyll concentration
rate (mg chl/g dry weight)
(mm/day) Unsprayed Diclofop-methyl
| 0.0- 3.0 12.6 8.1
2 21.0-27.0 11.9 4.9
3 26.0-30.0 10.9 3.0
SEM .73

Plant growth regulators

Gibberellic acid can rapidly increase cell expansion rate with little effect on plant
dry weight (Table 4). If increased cell expansion rate, as opposed to some other aspect
of growth, increases plant susceptibility to diclofop-methyl and fluazifop-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 Avena sativa with either 1.0 kg ai/ha diclofop-
methyl or 0.25 kg ai/ha fluazifop-butyl.

Plant dry weight (g)
Gibberellic acid Sheath extension  Unsprayed  Diclofop-methyl Fluazifop-butyl
application rate (mm/day)

(ug/leal)
0 10-15 2.72 1.26 1.70
100 55-60 2.41 0.36 0.53
SEM 0.30
Mechanism

Diclofop-methyl is thought to affect plant cell membrane integrily whereas the
mode of action of fluazifop-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 Avena sativa by abscisic
acid (Foreman and Field 1986) and by drought or low temperatures has been attributed
to membrane hardening (Foreman ef a/ 1987). 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 ef a/ 1989).
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UPTAKE AND TRANSLOCATION OF GLYPHOSATE IN
OATS AFTER DROUGHTING

ROSS L. DICKSON AND ROGER J. FIELD

Plant Science Department, Lincoln College

SUMMARY
Rehydration of droughted 10 day old oat (Avena sativa) plants, 48 h
or less, belore '"'C-glyphosate application increased foliar uplake
compared to well droughted plants. Translocation and patiern 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 dry soil conditions is discussed.

INTRODUCTION

It is widely recogniscd that environmental conditions such as light, temperature,
humidity, rain and wind, beflore 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, environmental conditions, especially water stress, influence
performance (Caseley and Coupland 1985).

Waler stress before, during and after spray applications may alfect glyphosate
aclivity by influencing biochemical and phvsiological processes 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
influence herbicide retention and penetration (Price 1983). The water potential of leaves
during and after spraying is important because an increasing soil moisture deficit resulls
in gradual stomatal closure causing a rapid fall in photosynthesis, a general decline in
respiration and eventual wilting (Caseley and Coupland 1985). Some or all of these
factors may reduce herbicide penelration and translccation (Moosavi-Nia and Dore
1979). Soil moisture stress during the post spraying period can alter the distribution and
movement of glyphosate and photo-assimilates (Klevorn and Wyse 1984).

The present research investigates the effects of water stress on glyphosate uptake,
translocation and the associated distribution of photo-assimilates,

MATERIALS AND METIHIODS

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)
(36.9%v/,). 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% relative humidity, photosynthetic photon flux density 350-400
Mmol/mi/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%WY/,), the plants were stressed for a further 5 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 {ield capacity 24 or 48 h prior to applying "*C glyphosate
or “CO,. In all there were four soil water treatments replicated 10 times; [ield 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 treatiments was quantified by measuring leaf water
potential with a Wescor C-51 psychrometer (Savage and Cass [984). 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 leafl (Haun 1973).

Proc. 40th N.Z. Weed and Pest Control Conf.
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Radioactive glyphosate (**C) was formulated as the isopropylamine salt and
applied in formulated glyphosate (as Roundup) at 1.08 kg ai/ha in 250 litres water. The
“C-glyphosate uptake and translocation measurements were determined from
applications 1o the sccond leat of 6 x 0.5 il droplets along the middle of the distal third
of the lamina. Towal radioactivity applied was 0.018 & Ci per plant. Subsequent
determiination 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 1, leaf 3 plus apical
meristem and roots) were freeze dried before grinding in liquid nitrogen and solubilizing
in soluene/toluene (50%"/ ). Benzoyl peroxide was then added to decolourise the
samples before scintillation counting using a Triton-x-100 cocktail (Bishop and Field
1983). Total translocation and the partitioning of **C-glophosate 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 fed “CO, by enclosing it in a mylar cuvette bag and injecting 4.0 u Ci Na, "CO,
(specilic activity 510 Ci/me) and HClI 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 ,

Al the time of radioactive labelling the leaf tissue of re-watered and WP treatments
was —0.22 MPa and approximately —2.01 MPa less than the FC treatment (—0.29).

The Haun 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 20% by soil water stress (Table
1) although uptake was not significantly reduced when plants had been rehydrated, and
kept at field capacity, prior to radio-labelling.

TABLLE 1: The uptake, translocation and partitioning pattern of “C-glyphosate in
watered and droughted plants. (S=sheath, Li=leaf |, L3=leaf 3 plus
apical meristem, R =rools).

Percentage

Percentage of  distribution of translocated

"C-glyphosate "“C-glyphosate
Treatment Uptake (%) 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-glyphosate was primarily to the
roots, with leal 3 plus apical meristem, leaf 1 and sheath fractions receiving lesser
amounts, in that order. The root fraction was 14.3% 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, leal 3 plus apical meristem and leaf 1 and was similar for all treatments,

-except the WP treatment. In this case, the sheath accumulated at least 30% more of the
translocated 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 "*C-assimilate in
watered and droughted plants. (For abbreviations see Table 1).

Percentage
distribution of
Percentage of translocated
"“C-assimilate M C-assimilate
Treatment in treated lamina S Ll L3 R
FC 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 9.10 488
WP 64.1 71.9 1.80 6.60 19.7
SEM 4.99 5.36 0.4] 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
1). 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 (reatments as the (ransiocation of '"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 '*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 '*C-assimilate translocated was also reduced
by water stress (Tables | and 2). This supports Ahmadi ef ‘a/ (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 transiocation
mechanism. Clearly one of the main reasons for reduced translocation of
“C-assimilate, and probably ""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 | or 2 days before
glyphosate application, physielogical transport processes do not immediately restart
and this may have major implications for herbicide efficacy. The present data supports
that of Moosavi-Nia and Dore (1979) who showed that 3 and 5 days of rehydration were
not sufficient for glyphosate to kill Imperata 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 different from the WP treatment.

Reduced sink demand for photo-assimilates may have been a reason for reduced
translocation of both "*C-glyphosate and '*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 tranlocation 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 a/ 1980). If cell membranes lose their integrity under drought
conditions the loading of '*C-glyphosate and '*C-assimilate via the symplast may be
inhibited.

Translocated '“C-glyphosate and '‘C-assimilate were partitioned to the primary
sinks (roots, new leaves, sheaths) with minimal accumulation in mature leaves (Tables |
and 2). However, more '*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 '“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 (Ilpomoea purpurea).
The increased partitioning of "*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
“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 [ield 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') 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 unsprayed 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! 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! 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 pg 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

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 ef 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, 1983). 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 ef al., 1989) containing Knitrate at a low (0.5 mol m-) or high
(10.0 mol m?) concentration. Potassium concentration was maintained at 23.6 mol m>us-
ing K,SO, as necessary. The plants were grown in a controlled environment chamber with
a 14h photoperiod and day/night temperatures of 22/15°C. Illumination was provided by
red incandescent and white fluorescent tubes which gave a photosynthetic photon flux densi-
ty of approximately 400 pmol photons m? s! 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''). The herbicide was applied with a CO,
powered spray system fitted with ‘Teejet” 8001 nozzles which gave 250 litres H,O ha! 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 nitrate was used as a low nitrate treat-
ment. The 1.0 mol m? nitrate treatment was introduced because extra 0.5 mol m- nitrate
control plants from the short term experiment showed N deficiency symptoms (chlorosis) in
the long term. A concentration of 1.0 mol m™ 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? 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'. 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-methyl 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 pl droplets of *C
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 GBq g! and was dissolved in unlabelled formulated diclofop-methyl to give a final
concentration equivalent to 1.0 kg a.i. ha' in 250 [ 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'!) and 1,4,di(2-(5-phenyloxazolyl))-benzene (0.2 g litre!) 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
= 16% 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 S 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 ug GA per plant. The
GA was placed in the ligule/inner sheath area of leaves 1 and 2 (100 pg leaf!) 2 days prior
to spraying with 1.0 kg a.i. ha! diclofop. Plants were harvested 49 days after spraying with
herbicide and d.wt of the component parts determined. Expt S 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
nor-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 (@, d), leaf 2 (b, ) and leaf 3 (c, /) of

diclofop-methyl sprayed (1 kg a.i. ha~', broken lines) and unsprayed (unbroken lines) Avena sativa L.

cv. Amuri given low NO; (@), high NO, ( W) or switched from low to high NO, after spraying ( A ).

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~'.

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. 1¢). 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. 1f). 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
chl g! 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 were 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), leaf 2 (b) and leaf 3 (c) of diclofop-
-methyl sprayed (broken lines) and unsprayed (unbroken lines) 4vena sativa L. cv. Amuri given low NO;
(@), high NO;, ( B ) or switched from low to high NO} after spraying ( A ). Bars indicate L.s.0. (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. 2¢). 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. 2¢). 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 chl 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 chl g! d.wt
respectively. Sprayed plants switched from low to high nitrate had 4.71 = 0.14 and 1.39 +
0.20 mg chl 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 chl g! d.wt respectively.
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Nitrate effects, long term

In the long term nitrate experiment (Table 1), unsprayed 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 NOj changeover was immediately after spraying. Values in parentheses are
seed head dry weights (g)

Herbicide rate (kg a.i. ha™')

0 0.3 1.0
Low N 2.47 (0.71) 1.44 (0.33) 1.03 (0.14)
Low to high N 3.22 (0.33) 1.20 (0.14) 0.24 (0)
High N 3.43 (0.32) 0.41 (0) 0.17 (0)
Ls.D. (P = 0.05) 0.30

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 = 2% respectively.

Table 2. Effect of low and high applied NO; on volume of spray retained by Leaf 1 (L1),
Leaves 2 and 3 (L2,3) and stem plus leaf sheaths (S+ LS) of Avena sativa cv. Amuri sprayed
at the three leaf stage with 1 kg a.i. ha=' diclofop-methyl containing the fluorescent dye TP 104

Fresh weight (g) Herbicide retained (ul)
L1 12,3 S+LS L1 12,3 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! 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 ug 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~! 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 rate 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 case, 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! 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! 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-methy!
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! diclofop-methyl treatment in comparison to the low
nitrate/1.0 kg a.i. ha! 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 day. 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. i
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