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Abstract

A series of apple tree spraying experiments was conducted to identify factors
affecting agrichemical deposits from airblast sprayers and to relate deposit
observations to biological responses in selected pest, disease and physiological
svstems. Factors addressed included tree canopy form. application volume. travel
speed and sprayer type.

Several tracers were evaluated and deposits quantified by wash-off removal from
bulked leaf or fruit samples drawn from 10-15 spatially consistent 1.5 m® zones per
tree. Deposit data were expressed on a tissue area basis and/or as a proportion of the
spray emitted (retention).

Spray deposits were compared across |1 canopy forms to identify interactions with
tree size, leaf area and canopy density and volume. A two-fold difference in deposits
between canopies occurred when sprays were applied at a constant chemical rate per
hectare. This variability was approximately halved when chemical rates per hectare
were adjusted on the basis of the canopy Tree-Row-Volume (TRV). The best TRV
measurement system identified used across-row canopy spread measurements at half
metre height intervals, rather than just a single measurement of canopy spread.
Deposits were better correlated with TRV data than with any of the other canopy
descriptors used. Canopy density was identified as an important covariate, but light
penetration proved an unsuitable indicator of canopy density as it was strongly
correlated with TRV. Deposit variations between zones within trees were consistent
between all but the smallest canopy sprayed. Increasing the distance from the
spraver and/or increasing canopy penetration requirements reduced spray deposits.

Spray retention across these canopies in full leaf ranged from 25-90%, but tended to
increase with decreased application volume. There was a ca. 10-15% increase in
deposits when spray volumes were reduced 4-5 times below those used in typical
dilute spray volumes (ca. 2,000 | ha'). At high volumes with significant run-off,
retention could ca. 50% of that at lower volumes. Run-off losses could be related to
TRV. with significant run-off occurring once application volumes exceeded one litre
per 7.5-11 m” of TRV.

Surprisingly, average deposits on 5m tall slender pyramid trees increased with
increased travel speed over the range 1.9-8.8 km h'.  Within-tree spray deposit
distributions were not markedly affected by the travel speeds tested with air
assistance volumes of ca. 30,000 or 44,000 m ht,

High, but relatively consistent within-tree deposit variability was a feature of
deposits from axial fan, airblast sprayers, especially when used in intensive 4-6 m



tall, single leader tree plantings. Within-tree deposit variability decreased with
increased application volumes. Tower spravers provided a more even vertical
distribution of spray emission points and achieved different, but not necessarily more
even, within-tree deposit distributions than airblast machines.

Experiments on chemical thinning, mealybug (Pseudococcus viburni) and black spot
(Venturia inaequalis) control, showed the biological responses could not have been
predicted from the spray deposit measurements. However, combined assessment of
spray deposits and biological effects greatly facilitated interpretation of both sets of
data.

KEYWORDS: spray application, deposit, retention, spray volume, tracer, spray
distribution, tree-row-volume, canopy, light penetration, apple, Malus domestica,
Venturia inaequalis, Pseudococcus virbuni., chemical thinning, sprayer.
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Background and Study Objectives

Objectives

The work presented in this thesis is a study of spray application in apple canopies. The main
objective of the work has been to examine how sprav deposits are influenced by tree form
and by the setup and operation of orchard spray equipment. A feature of the work has been
the combination of direct deposit examination in terms of quantity, variability and/or form,
and indirect examination in terms of deposit effects on selected biological systems.

The ob jectives of the work presented in each chapter of this thesis were to;

Chapter 1

e review spray deposit measurement parameters and requirements

o identify practical and appropriate deposit assessment techniques

e establish practical and appropriate deposit sampling methods and experimental designs

Chapter 2

e use readily measured apple canopy features to describe different apple tree canopy forms
as spraying targets and to compare typical New Zzaland canopies with those used in
spray application work conducted in other countries

e evaluate the North American Tree-Row-Volume spraying system on a range of New
Zealand apple canopies

e assess the efficiency of airblast spraying on a range of New Zealand apple canopies

Chapter 3

e assess how key machinery-related factors in the control of the sprayer operator affect
spray deposits and/or their distributions in a typical New Zealand slender pyramid apple
tree form. Four key factors identified for experimentation were;
- effects of spray application volumes on deposit
- effects of sprayer travel speed and air assistance volume on deposits
- effects of nozzle output distributions on deposit placement within trees
- performance of tower sprayers against standard airblast application machinery

Chapter 4

e describe deposits following individual spray applications and relate these to biological
responses observed following field application of a single agrichemical. The biological
systems examined were chemical thinning responses and mealybug (Pseudococcus spp.)
insect control

Chapter 5

e describe deposits achieved following multiple spray applications using different
application strategies and to relate these to their biological effects on a system that is
normally managed by multiple agrichemical applications. The system examined was
apple black spot (Venturia inaequalis Cke. Wint.) disease control following a relatively
intensive spring fungicide programme

Background

This study was conducted in apple canopies because these are the most intensively sprayed
outdoor fruit crop produced in New Zealand. with 13-20 applications of fungicides and/or
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insecticides made on most orchards each season. Apples are one of the main horticultural
crops produced in New Zealand and the apple industry is of significant economic importance
to the country. In 1995 there were over 1.700 registered apple growers in the country with
an average orchard size of 7.7 ha. However, the industry has come under increasing
environmental and economic pressures from many sources and these have been driving
changes in industry structure and production practices. Some of the pressures forcing
growers to re-examine their spraying and pest and disease control practices include:

e The need to achieve an export price premium in Northern hemisphere markets in order
to off-set the large costs of shipping fruit such long distances. It is widely accepted that
price premiums can only be sustained by adherence to high quality standards and the
constant introduction of new apple cultivars. To economically meet these requirements
many growers have adopted more intensive orchard planting systems, which have
smaller final tree sizes than the now widespread semi-intensive slender pyramid
plantings. Changes in tree form and planting svstems may require adjustments to
chemical dose rates and sprayer operation in order to achieve effective pest and disease
control with efficient agrichemical use.

e [nrroduction of a Resource Management act of parliament which has forced regional
councils to develop air quality management plans in which avoidance of spray drift is a
major issue. This legislation is expected to force growers away from traditional spray
application practices with axial fan, airblast sprayers where spray plumes are directed
upwards into 4-6 m tall trees. Continued use of airblast sprayers may only be practical
on smaller trees. While spraying of larger trees may have to be undertaken using some
form of tower sprayer which does not direct the spray plume upwards beyond the tree
tops.

e [nsecticide resistance problems, especially with insects that are quarantine pests on some
export markets. This has forced the introduction of various insect growth regulators and
other ‘soft’ insecticides to replace traditional organophosphate insecticides. The modes
of action and coverage requirements of soft insecticides can differ from those of
traditional insecticides and this may result in a need to change spray application
practices in order to achieve effective pest control with efficient agrichemical use.

e A need to minimise production costs. Pest and disease control costs typically make up 5-
20 % of total orchard production costs (excluding debt servicing) and are widely
recognised by growers as one of the few areas in which significant cost savings can be
achieved. Although such savings are small in relation to the potential costs of pest or
disease control failures, growers are being forced to experiment with alternative methods
of spray application (e.g. tower sprayers and helicopters) and to make adjustments to
chemical application rates, in order to save costs. In a similar vein. chemical thinning is
far more cost-effective than hand thinning and economic production requires that
growers achieve the best chemical thinning response possible within the vagaries of tree
variability and seasonal weather conditions. Timely spray application to achieve an
appropriate chemical dose, with even spray penetration and coverage are pre-requisites
of effective chemical thinning.

The issues above are collectively forcing New Zealand pipfruit growers to re-examine their
spray application practices. Many effective and innovative changes have been made by
growers and others involved in the spray machinery and agrichemical industry. However,
there has been very little objective research undertaken on spray application to New Zealand
fruit tree crops and this study aimed to address at least some of the theoretical and practical
issues of tree fruit spraying.
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The quantity, variability and form of spray deposits in apple canopies were assumed to be
determined by interactions between; a) the size and form of the target canopy, b) the sprayer
setup and operation parameters, including. application volumes, spray droplet sizes. travel
speeds and nozzle and air output distributions. and c) the weather conditions, especially wind
speed, at the time of spraying. For any given spray application it was hypothesised that the
crop canopy could be described as the target and, that within the constraints of basic design
features, the sprayer operating parameters could be adjusted to best match that canopy and
result in efficient use of applied chemicals. Weather conditions at the time of application
were regarded as an uncontrollable variable. but it was assumed that their effects on spray
deposits could be ignored provided applications were made when wind speeds were between
I-4 m s and relative humidity was above 60%. These somewhat arbitrary limits were
selected because they appear as operational guidelines in the New Zealand Agrichemical
Users Code of Practice (Anon. 1995).
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Chapter 1

1 Spray deposits: Measurement, assessment
and sampling

“Improvement to the safety and effectiveness of tree and bush fruit
spraving methods is an important task for the future. Progress
requires the effectiveness of different spraving methods be compared.
The natural inclination of biologists is to undertake direct efficacy
testing in replicated field experiments. However, such efficacv
experiments are time-consuming and protracted and their success is
subject to the occurrence of pests and/or diseases at adequate levels,
and to the vagaries of the weather.......... Quantification of sprav
deposits offers a more rapid and less resource-demanding means of
judging the effectiveness of spraving methods. It is postulated that a
more effective spraying method will deposit a greater proportion of
the spray on the tree and/or distribute it more evenly.........

(Cross et al. 1997, Quantification of spray deposits and their
variability on apple trees)
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1.1 Introduction

1.1.1 Chapter objectives

The objectives of work presented in this chapter were to;
e review spray deposit measurement parameters and requirements
e identify practical and appropriate deposit assessment techniques

e establish practical and appropriate deposit sampling methods and experimental
designs.

Spray deposit measurement techniques and related experimental design requirements
have been reasonably well documented in the literature, so there was relatively little
need for new experimental work to meet the objectives stated above. Simple
experiments were conducted to select appropriate deposit tracers and tracer
application rates, to evaluate different deposit sampling units and to obtain some
assessment of deposit variability and sample size requirements appropriate for New
Zealand apple canopies.

1.1.2 Spray deposit measurement parameters and requirements

Commercial apple plantings in New Zealand tvpically receive in excess of 20
fungicide, insecticide, miticide, growth regulator and/or nutrient spray applications
each season. The chemicals and formulations involved represent a wide range of
modes of action and deposit requirements. The usual primary spray deposition target
is the crop canopy, with chemical activity obtained by way of deposits on tree
branches, leaves. flowers and or fruit.

There is potential to maximise chemical use efficiency by targeting deposits to sites
of uptake and action. However, this is difficult to achieve in practice because; most
broad spectrum pesticides target a range of pests or diseases, and the minimum
effective dose (Suckling, 1983 & 1984) and deposit requirements for different
chemicals have seldom been well defined. In addition, the commonly used axial fan
orchard airblast spraver has only limited spray targeting capabilities. Standard and
generally effective. albeit inefficient, orchard practice, is to apply all crop sprays
from a single type of sprayer; with only relatively minor adjustments made to sprayer
operation as crop canopies develop through the season. Spray applications. under
such a strategy, aim to achieve an evenly distributed spray deposit across tree
branches. leaves and fruit (Cross er al. 1997).

Assessments of agrichemical performance are generally expressed in some form of
dose-response relationship. Test procedures are designed to give a uniform spray of
very small drops, or to leave a uniform deposit by fully wetting the target with a
dilute chemical solution (Hartley & Graham-Bryce. 1980). Field experiments to test
agrichemicals usually involve high volume hand-gun spraying of various relatively
dilute chemical concentrations, applied to the point of spray runoff from the target.
Once a suitable dose response-relationship has been established under these
conditions, recommended chemical rates are expressed as a quantity of chemical to
be added to 100 litres of water for a dilute spray mix, or as a minimum rate of
chemical to be applied per sprayed hectare. The recommended rates are usually also
tested in field trials utilising commercial air assisted orchard sprayers and application
practices. The chemical testing process inherently assumes that complete and even
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spray coverage is obtained from both hand-gun and dilute air assisted spray
applications. At best, data on average doses of chemical per unit surface area of
target will be obtained from chemical residue tests. However, there is seldom any
attempt made to address deposit dose or distribution issues as part of the chemical
registration process.

Cross et al. (1997) stated that quantification of spray deposits offers a more rapid,
and less resource demanding, means of judging the effectiveness of spraying
methods than biological studies of spraying effects. They suggested that the most
effective spraying method will deposit the greatest proportion of spray on the tree
and/or provide the most even spray distribution. In asking the question; “Can we
define and achieve optimum pesticide deposits?”, Hislop (1987) found that many
publications involving deposit descriptions failed to adequately describe or quantify
measured deposits and that data from such publications could not be used to analyse
efficiency of dose deposition or distribution. Progress towards improving pesticide
use In tree crop spraying requires that deposit data are measured and presented in a
consistent, repeatable and easily interpreted manner.

1.1.3 Quantifying spray deposits and describing deposit distributions

There are many possible methods for tracing and describing spray deposits, and
several useful general reviews of techniques have been published (Cooke and Hislop,
1993; Cross et al., 1997; Miller, 1993a: Sharp. 1974). The following is a brief
review of the range of techniques available. with detailed reference to information on
the techniques that were used in experiments undertaken in this study.

In situations where it is necessary to follow the fate of a pesticide after initial deposit.
residue measurements or radioactive labeling and tracing of the specific pesticide are
usually required (Cooke and Hislop 1993). Where research objectives are only
concerned with the initial sites of spray deposition, there are a large number of
possible tracers and methods that can be used for deposit determination. The
majority of these methods involve quantitative recovery of a tracer that 1s washed off
the sample surface. There have also been numerous attempts to use image analysis
techniques to describe the distribution and/or quantity of deposited spray.

1.1.3.1 Quantitative recovery of visible dves and fluorescent tracers.

Tracers used for quantitative assessment of initial spray deposits are mainly either
visible dyes or fluorescent materials.

Quantitative assessment of visible dves is most commonly undertaken using
measures of optical density of sample wash solutions atknown peak absorbances for
the dye used. Spectrophotometers suitable for quantitative absorbance
measurements are relatively inexpensive standard pieces of general laboratory
equipment. Up to three dyes with different absorbance peaks have been used to
permit simultaneous extraction of tracers from individual sarnples (Cross er al.. 1997,
Johnstone, 1977; Parkin et al. 1985). Dye mixtures require that absorbance data
from combined dye extraction’s can be gathered at absorbance peaks for specific
dyes with little or no interaction with other materials in the spray mixture. It is
possible to correct for limited overlap in dye absorbance spectra. This is achieved by
adjusting a shared absorbance value downwards in proportion to the ratio between
the secondary, interfering, absorbance level and absorbance for the same dye at
another, separate, peak (Cross et al. 1997).
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Turbidity from suspended materials, such as dust or leaf hair fragments, in sample
washings will affect absorbance levels. In addition, many chemicals will exhibit
significant absorbance over a range of wave lengths. While turbidity problems can
be overcome by treatments such as filtering or centrifuging, the lack of specificity of
absorbance-based measurements limits the detection sensitivity of visible dyes.

Fluorochromes are materials that fluoresce at a defined wavelength following
excitation at a higher wavelength. The specificity of this response makes
fluorochromes ideal tracers for use in some sprayv deposit measurements. The way in
which fluorescence is measured can allow detection at concentrations of parts per
billion. Fluorescent tracers can be categorised into two broad groups by solubility
and their ability to fluoresce as dried spray deposits. Most fruit crop sprays are
applied using an aqueous carrier. Water soluble fluorochromes may therefore
provide data on spray liquid deposits. Depending on particle size and formulation,
water insoluble fluorochromes may emulate chemicals applied as suspended
powders. In most situations it is only practical to attempt to recover water soluble
fluorochromes for use in quantitative spray deposit assessments. However, it is
possible to extract water insoluble fluorochromes using solvents, or other methods
(Last & Parkin, 1987). There is an extensive body of literature relating to use of
fluorescence techniques in spray deposit analysis, with a good general review and
details of analysis requirements for some common fluorochromes provided by Sharp
(1974). Recognised advantages of selected fluorochromes for use in spray tracing
include; high sensitivity, rapid analysis. moderate cost and low toxicity.
Unfortunately, quantitative detection of fluorescence as dry deposits or in solution
requires relatively specialised and expensive equipment. For example, a basic filter
fluorimeter for handling fluorescence measurements in liquid samples costs around
three times the price of a basic spectrophotometer. The rapid degradation of many
fluorochromes in light may also limit their use.

Cooke & Hislop (1993) commented that there are many references in the literature to
the use of dyes to trace sprays, but that there are no obvious criteria behind their
selection. The non-standardisation of tracer selection can make it difficult to
compare spray deposits observed between experiments where different tracers were
used, as the recovery efficiency and/or stability of different tracers is known to vary.
For example, the widely used fluorescent tracer. sodium fluorescein, degrades
rapidly on exposure to light, with degradation of 20% recorded after 30 to 60 minutes
light exposure (Cooke and Hislop 1993 Cross et al. 1997). Degradation and other
problems associated with use of fluorescent tracers were described by Hall er al.
(1992). These problems are not restricted to fluorochromes, and Cross et al. (1997)
described problems associated with irretrievable adsorption of visible dyes onto non-
waxy plant surfaces. In their experience many dyes exhibit decreasing recovery
efficiency with increasing intervals between application and extraction. Recovery
was also found to vary between leaf surfaces. with greatest adsorption observed on
pubescent leaf under-surfaces. Cross et al. (1997) indicated that recovery of
chromogens (coloured materials such as tartrazine. that do not irreversibly dye plant
material) of >95% may be achieved, but that recovery of other dyes of <60% may
occur in some situations.

A standard technique adopted by most researchers when using fluorochromes or
visible dyes is to prepare spikes of known quantities of tank mixtures onto untreated
samples of the plant or other materials used as spray targets. Provided the spikes
(reference deposit samples of known quantity) are prepared at the time of treatment,
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they can be expected to provide a reasonable indication of any tracer loss through
degradation or adsorption. Data can then be adjusted from the spike recoveries to
provide accurate estimates of initial deposits.

1.1.3.2 Chemical residue analysis

Some agricultural pesticides have been used in wash extractions for colourmetic
determination of spray deposit quantities (Cooke & Hislop, 1993). However,
chemical residue analyses have been differentiated from washed removal of
superficial tracer deposits, because residue tests usually involve tracer extraction
from the sample tissue. Detection of the chemical(s) applied usually involves
techniques such as atomic absorption or mass spectrometry, gas liquid
chromatography (GLC) or high performance liquid chromatography (HPLC). For
spray deposit determination, chemical residue analysis tests can, in practice, only
provide leaf residue data as the average from both surfaces. Leaf samples for residue
analysis are frequently taken in the form of multiple punched disks (of ca. 2 cm
diameter), which are collected directly into sample extraction containers. Fruit
samples for residue analysis may include just the skin, or both skin and flesh of the
fruit.

Techniques are well established for determination of most agricultural pesticides.
Such techniques are typically highly sensitive, with detection capable down to only a
few parts per billion. Another advantage of many chemical residue analysis
techniques is that they can accurately detect residues of several different chemicals
from a single sample. An example of use of chemical residue analysis for combined
pesticides overlaid in spraying treatments can be found in Cayley er «l. (1987). The
high analysis sensitivity and ability to extract multiple pesticides from a single
sample also make pesticide mixtures useful as tracers in experiments involving spray
drift. However, a major disadvantage associated with use of chemical residue tests
is their relatively high cost, and this usually prevents the use of cheinical residue
testing for deposit determination in spraving experiments where large numbers of
samples are required.

Atomic absorption spectrometry for detection of metal element tracers is probably
the most cost-effective chemical residue test that is suitable for spray deposit
assessment work. A technique for detection of up to four metal elements from a
single sample has been described by Travis er al. (1985). Commercial laboratory
fees for determination of a single element in 1995 were typically around S10 per
sample and determination of multiple elements in each sample becomes
proportionally cheaper (Lorentz, 1994). Travis er al. (1985) used salts of zinc,
copper, manganese and iron as multiple tracers overlaid on individual trees in
spraying experiments. Background levels of these metals in plant tissues may
present a problem in accurate deposit determination, although deposit data can be
corrected by subtraction of average measured background levels. At the chemical
application rates used by Travis er al. (1985). the greatest background tissue levels of
the tracers was around eight percent of deposit levels. Metal elements are more
stable than most commonly used spray deposit tracers. Tracer stability is an
important consideration, as it may take several hours in the field to apply a series of
spraying treatments and it is important that the tracers do not significantly degrade
between application and extracti