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I. INTRODUCTION

Scientific evidence that chemically active pesticides are residually pre-
sent on food, in water supplies, in the soil, and that these chemicals may
interfere with animal growth and development, together with the pub-
lic demand for reduced-risk pesticides, resulted in a Congressional man-
date for USDA-ARS to develop reduced risk alternatives to chemical
pesticides in 1985 as part of the Low Input Sustainable Agriculture
(LISA) program (Jawson and Bull 2002). In the 1980s and 1990s it was
clear that new paradigms were needed to control plant pests in an eco-
nomically sustainable and environmentally safe manner. Particle film
technology is a combined synthesis of knowledge on mineral technol-
ogy, insect behavior, and light physics as they apply to pest control and
plant physiology.

Feldspar and quartz are naturally occurring inorganic substances that
are referred to as primary minerals. Upon weathering, primary miner-
als such as feldspar give rise to secondary minerals such as aluminosil-
icate clays. Current particle film technology is based on kaolin, a white,
non-porous, non-swelling, low-abrasive, fine-grained, plate-shaped, alu-
minosilicate mineral [Al,Si,0,,(OH),] that easily disperses in water and
is chemically inert over a wide pH range. Water-processed kaolin is
>99% pure and has a brightness of >85%. Mined, crude kaolin has
traces of Fe, 0, and TiO, that are removed during processing to increase
brightness. In addition, crystalline silica, SiO,, a respirable human car-
cinogen, must be removed to insure human safety (Harben 1995). Tech-
nical advances in kaolin processing within the past decades have made
it possible to produce kaolin particles with specific sizes, shapes, and
light reflective properties. Kaolin particles can be engineered with spe-
cific properties in paper, paint, cosmetic, and plastic applications.
Potential uses of kaolin, however, have been largely ignored by the agri-
cultural industry except for use as carriers for wettable powder formu-
lations of pesticides. Recent advances in kaolin processing, formulating,
and plant surface deposition properties have opened new opportunities
for its use in agriculture.
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An effective particle film on plant tissues has certain characteristics:
(1) chemically inert mineral particle, (2) particle diameter < 2 nm, (3) for-
mulated to spread and create a uniform film, (4) porous film that does
not interfere with gas exchange from the leaf, (5) transmits photosyn-
thetically active radiation (PAR) but excludes ultraviolet (UV) and
infrared (IR) radiation to some degree, (6) alters insect/pathogen behav-
ior on the plant, and (7) can be removed from harvested commodities.
Many of these characteristics are similar to natural plant defenses con-
sisting of increasing cuticle thickness and pubescence to reduce water
and heat stress (Levitt 1980) and to interfere with disease and insect
damage (Barthlott and Neinhuis 1997; Neinhuis and Barthlott 1997). An
effective particle film can be applied to a plant surface in such a way that
a nearly uniform layer is deposited over the entire plant without block-
ing stomates (Fig. 1.1A, B, C and Plate I, Top). At the present time, a com-
mercial particle film material, Surround® crop protectant, is being used
in about 90% of the Pacific Northwest pear market for the early season
control of pear psylla and approximately 20% of the Washington State
apple market to reduce sunburn damage. The pears and apples are sold
in the fresh food market after being washed in a standard grading line.
An effective fruit washing line will utilize a dump tank, often with sur-
factants added, a minimum of a 10 m bed of brushes, and overhead high-
pressure sprayers. Waxing the fruit obscures trace amounts of kaolin
residue that did not wash off (pers. observ.). Residue removal from the
stem and calyx end of fruit is not easy because it is in a difficult area to
clean, but brush and sprayer criteria as described above are effective
(Werblow 1999; Heacox 2001).

The purpose of this paper is to bring together the historical and cur-
rent literature related to the use of particle films in agriculture and to dis-
cuss their present and future use in crop protection and production.

II. PARTICLE FILM TECHNOLOGY FOR ARTHROPOD
PEST CONTROL

A. Historical Review of Mineral Use in Agriculture
for Pest Control

Soil dusts have long been used as insect repellents by primitive people,
mammals, and birds that took “dust baths” regularly to ward off biting
insects (Ebling 1971). However, recent efforts to control insects mainly
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Fig. 1.1.

A. Scanning Elec-
tron Micrograph
(SEM) of Surround®
on a leaf cross-
section of apple.

B. SEM of a particle
film, Surround, on
the upper surface
of an apple leaf.

C. SEM of a particle
film, Surround, on
the lower surface of
an apple leaf.
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focused on toxic minerals or chemical compounds rather than inert
mineral particles. In antiquity, elemental sulfur or sulfur compounds
mixed with bitumen were heated to produce fumes that repelled insects
from vines and trees (Smith and Secoy 1975, 1976). Diatomaceous earth
(diatomite), which originates from fossilized sedimentary deposits of
phytoplankton (diatoms), was applied to plants and structures for pest
control in China as early as 2000 B.C.E. (Allen 1972). Toxic preparations
of arsenic and arsenic salts were used around 900 C.E. in China and incor-
porated into ant baits in Europe in 1699 (Casida and Quistad 1998).
Powdered limestone (calcium carbonate) was added to grain to deter
insects in the 1st century. One of the primary insecticides and fungicides
of early agriculture, dating to the Hellenistic Era, was the mixture of
hydrated lime [Ca(OH),] with sulfur (S) (Secoy and Smith 1983). Chem-
ically reactive hydrated lime and sulfur were applied independently or
together in mixtures with a range of other materials such as tobacco,
wood ash, linseed oil, soap, and cow dung. These concoctions were
applied as paints or washes to fruit trees and grape vines to protect
them from insect and disease damage. From the late 1500s to the 1800s,
slaked lime (calcium hydroxide) and burned lime (calcium oxide) were
used against household, stored grain, and crop insect pests. Sulfur mixed
with limestone was also burned for use as a fumigant for trees in the late
1500s, while lime-sulfur preparations became popular in the latter part
of the 18th century. In the 1800s a lime-sulfur combination was devel-
oped and replaced the application of the individual minerals. Lime-
sulfur, slaked lime, and sulfur were the primary materials used as
pesticides in the 1800s because these materials were readily available
and easily prepared.

The discovery of the insecticidal properties of the pigment Paris green
in 1897 marked the beginning of the modern use of insecticides (Little
1972). The bright green powder, prepared by combining copper acetate
and arsenic trioxide to form copper acetoarsenite, was extremely poi-
sonous and had to be made and used with caution. The minerals schul-
tenite (lead arsenate) was first prepared as an insecticide and used
against the gypsy moth in 1892 and was a widely used general insecti-
cide for crops up to 1940, when it was replaced with the synthetic insec-
ticide, diclorodiphenyltrichloroethane (DDT) (Peryea 1998).

Inorganic chemists were unknowingly synthesizing chemical com-
pounds such as hexachlorocyclohexane during the early 1800s that were
later found to be insecticidal in 1942 (Cassida and Quistad 1998). The
discovery of this and other insecticidal compounds such as tetrahethyl-
thiuram disulfide (Guy 1936) and DDT in 1939 (Cassida and Quistad 1998)
spurred a major exploration into inert mineral carriers. Lead arsenate,
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sulfur, nicotine, and hydrated lime, alone or in mixtures, were still the
predominant insecticidal materials used in agriculture in the early
1900s. During the first quarter of the 20th century few other insectici-
dal materials were used and pesticide delivery was also in its infancy.
Pesticidal materials were applied as spray solutions using steam- or
gas-driven spray gun systems that became available around 1900 (Fronk
1971). The labor involved in spraying orchards and other crops by hand-
gun and using large volumes of water required for acceptable coverage
motivated researchers to investigate particle dusts as insecticidal carri-
ers in the early 1900s (Table 1.1).

Dust applications gained favor over liquid sprays in the 1920s because
of the speed of dusting operations, economy in labor, good plant cover-
age, and comparable insect control with liquid sprays (Giddings 1921;
Headly 1921; Parrot 1921). Other research that increased interest in
using dusts to deliver insecticides proposed that chemically active par-
ticles of sodium fluoride and borax (Shafer 1915) and toxin impreg-
nated minerals (Marcovitch 1925; Mote et al. 1926) reacted with the
insect cuticle and caused a “self-cleaning” response due to the irritation,
and, in the process, insects ingested particles and died. Particle inges-
tion led to a more rapid killing action by insecticide-laced dusts than by
the insecticide (lead arsenate) alone (Mote et al. 1926).

Table 1.1. Examples of minerals used either as insecticide dust carriers or
insecticides.

Class of
mineral Subclass Group Hardness Reference
Elemental Sulfur 2.0 Watkins and Norton 1947
Oxide Silicon Quartz 7.0 Alexander et al. 1944b
Carbonate Calcium Calcite 3.0 Alexander et al. 1944b
Sulfate Calcium Gypsum 2.0 Alexander et al. 1944b
Silicate Mica Muscovite, 2.5 Alexander et al. 1944b
biotite
Clays Talc 1.0 Alexander et al. 1944b
Pyrophyllite 1.0-1.5 Watkins and Norton 1947
Montmorillonite 1.2 Watkins and Norton 1947
Kaolinite 1.5-2.0 Watkins and Norton 1947
Attapulgite 1.5 Watkins and Norton 1947
Palygorskite 1.5 Watkins and Norton 1947
Phosphate Calcium Apatite 5.0 Watkins and Norton 1947
Organic Silicone Diatomite, 7.0 Watkins and Norton 1947
mineral oxide diatomaceous

earth
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Research in the 1930s established that certain “inert dusts” alone had
toxic activity against insects when ingested during the process of self-
cleaning (Boyce 1932; Richardson and Glover 1932). Suffocation by
inhalation was not an important factor, and it was found that the inert
dust itself had a desiccating action (Hockenyos 1933). This highly sig-
nificant observation would later become regarded as one of the major
mechanisms of how dusts kill insects. Research on inert mineral dusts
(e.g., lime, kaolin) continued to demonstrate that dust had contact tox-
icity to insects (Maxwell 1937). A number of “so-called inert materials”
caused high mortalities of stored grain weevils by desiccation (Chiu
1939a,b). Chiu (1939a,b) summarized the modes-of-action of inert mate-
rials as: (1) ingestion of the dust into the digestive system (Boyce 1932;
Richardson and Glover 1932), (2) desiccation (Zacker and Kunike 1931;
Hockenyos 1933), (3) chemical reaction with the body wall of the insect
(Shafer 1915; Makie 1930), and (4) direct mechanical action (Germar
1936). Another important discovery related to mechanisms was that as
particle size decreased from 37.0 to 2.9 pm in diameter, insect mortal-
ity increased (Chiu 1939a,b). Research in the 1930s brought about the
realization that fine mineral dusts were misclassified by insect physi-
ologists and that inert dusts had many unexpected properties in relation
to insects (Briscoe 1943). Briscoe (1943) established that mortalities
by dust ingestion and suffocation were negligible in grain weevils and
that dusts increased water transmission through the insect’s cuticle caus-
ing desiccation. Alexander et al. (1944a,b) established that the desic-
cating action of dusts was due to their absorbance of or penetration into
the insect epicuticle and that this action was independent of their chem-
ical reactive properties. Insect mortalities increased as particle size
decreased and as intrinsic hardness of the materials increased. The
mechanisms of how particles caused desiccation of insects was finally
attributed to either their adsorption of the epicuticular waxes of the
cuticle or abrasion of the cuticle (Kalmus 1944; Wigglesworth 1944).
However, if absorption was a factor, many researchers believed it must
be augmented by cuticular abrasion in order to cause desiccation in
most insects (Beament 1945; Wigglesworth 1944; Hurst 1948).

While many researchers had focused efforts on determining the mech-
anisms of how “inert” dusts killed pest insects (Beament 1945; Kalmus
1944; Wigglesworth 1944; Hunt 1947; Hurst 1948), others had noticed
that inert dusts affected insects in different ways and could actually
cause increases in pest infestations (Callenbach 1940; Flanders 1941;
Halloway et al. 1942; Halloway and Young 1943). Crops coated with
dusts from dirt roads or intentional dust applications exhibited
increased levels of codling moth, Cydia pomonella (L.) (Callenbach
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1940), Citrus red mite, Panonychus citri (McGreggor) (Halloway et al.
1942), and purple scale, Lepidosaphes beckii (Newman) (Halloway and
Young 1943). Flanders (1941) proposed that the pest increases were a
result of dusts interfering with the efficacy of natural enemies. The effi-
cacy of natural enemies was influenced by dusts via at least four mech-
anisms: (1) dusts impeded movement of legs and mouthparts (Germar
1936), (2) dusts invoked the “self-cleaning” response (Marcovitch 1925;
Mote et al. 1926), (3) the mineral film presented a physical barrier to nat-
ural enemy attack (Driggers 1928), and (4) dusts caused direct mortality
of natural enemies (Zacker and Kunike 1931).

Insecticidal dusts were the primary means of delivering insecticides
in the 1940s and interest in the toxicity of mineral dust diluents estab-
lished the need to better classify these diluents. Watkins and Norton
(1947) found diluents and carriers fell into two basic categories, botan-
ical flours (e.g., walnut shell flour) and minerals (e.g., attapulgite). A cor-
nerstone study by David and Gardiner (1950) on the physical properties
of dust carriers for insecticides summarized that particle size, shape, spe-
cific gravity, bulk density, surface area, hardness, and moisture relations
were all factors that affected the toxicity of dusts alone or in combina-
tion with DDT. These results were confirmed by Alexander et al. (1944a),
who established that abrasive dusts with sharp angular structure caused
insects to die from desiccation most rapidly and that low mortalities
were associated with high humidities. Watkins and Norton (1947) also
found that abrasive dusts like alumina-aluminum oxide (Al,O,) or sil-
ica oxide (SiO,) were the best carriers for DDT. Surprisingly, soft
nonabrasive minerals like talc and slate dust, alone or in combination
with DDT, attached to insects as well as Al,O,, but these minerals were
not as lethal to insects as DDT or Al,O,. After World War II, the devel-
opment of synthetic pesticides superceded the use of minerals in the
control of plant pests. Despite the common usage of synthetic pesticides,
diatomaceous earth (Celite®), wettable sulfur, and hydrated lime are
still used as insecticides in some crops.

The ability of finely divided particles to adsorb and remove the cutic-
ular waxes of insects was proven by Ebling and Wagner (1959), who
developed several techniques to quantify this phenomenon. They found
that nonabrasive sorptive dusts like montmorillonite and attapulgite
removed the thin lipid layer covering the epicutical of dry wood ter-
mites, Incistermes minor (Hagan). Sorptive-dust treated termites died
from desiccation more rapidly than through contact with insecticides
like parathion. Certain silica aerogels (synthetic oxides of silicon), espe-
cially those impregnated with fluoride, were more lethal than mineral
dusts at high humidities (Ebling and Wagner 1959). Further, they
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believed silica gels had less health issues for humans than crystalline sil-
ica because crystallized silicates in natural mineral dusts could cause the
lung disease silicosis. Ebling (1961) later established that particle pore
size of > 20 A strongly correlated with insect mortalities, regardless of
the particle’s size, or abrasiveness. Pore sizes of 20 A or larger were
required in order to adsorb the larger wax molecules (ca. C;, chain
length) that are characteristic of most insect waxes. Synthetic silica gels
were far better than sorptive minerals like attapulgite. Ebling (1971)
later modified his statement on 20 A pore size in mineral particles as
being most critical for sorptive action and included particle surface area
(particle size) as also being equally important. He also found that stored
grain pests such as the rice weevil, Sitiophilus oryzae (L.), household
pests such as the western drywood termite, or American cockroach,
Periplanta americana (L.), and ectoparasites affecting livestock such as
the northern fowl mite, Ornithonyssus sylvarium (Can. and Fan.), were
ideally suited for control by sorptive dusts. In particular, silica aerogel
dusts were effective against this wide range of pests. Although not
mineral-based, Ghate and Marshall (1962) suppressed eggs and mobile
forms of European red mite and two-spotted spider mites with a com-
bination of buttermilk and wheat flour.

Interest in the control of insects with inert dusts transitioned from
minerals to synthetic compounds like silica aerogels and fumed silicas
by 1970. Although dusts for insect control may have had the greatest
potential for the pest control needs of the grain industry, inexpensive
fumigants became widely used instead. Much of the research on min-
eral particles after 1970 was limited to pesticide formulations where
mineral particles were used as carriers for synthetic insecticides (Kirk-
patrick and Gillenwater 1981; Margulies et al. 1992) or microbial agents
(Studdert et al. 1990; Tapp and Stotzky 1995) and in the use of miner-
als as whitewash sprays for preventing plant virus diseases that were
vectored by aphids (Moore et al. 1965; Johnson et al. 1967; Adlerz and
Everett 1968; Bar-Joseph and Frenkel 1983) and thrips (Smith et al.
1972).

Moericke (1952) was first to demonstrate that aphid alight on plants
in response to color (phototaxis). This discovery opened up a new field
of entomological study, and provided a means of monitoring aphid
movement and protecting plants from aphid transmitted diseases.
Aphids respond strongly to yellow and alight on this color; they respond
less so to green and orange, and few respond to white, red, blue, black
or violet (Moericke 1955). Thrips, another important plant disease vec-
toring insect, did not respond to the same colors as aphids, except
for blue, which was attractive (Wilde 1962). Within this time period,
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horticulturalists investigated aluminum foil mulches and also found
vegetable yields markedly increased, possibly due to water conservation
(Pearson et al. 1959). Further study into aphid response to color and light
revealed that light reflected by foil and other surfaces repelled aphids
(Kring 1962). This discovery led to a proposal by Kring (1964) that
reflective mulches could prevent aphid infestation and the diseases that
they vector. Aphids (Moore et al. 1965; Johnson et al. 1967; Adlerz and
Everett 1968) and thrips (Smith et al. 1972) were repelled and the dis-
eases they vectored were reduced by aluminum foil, white polyethylene,
and other light-reflecting mulches. However, not all aphids respond to
colors similarly. White mulches increased aphid levels (Brown et al.
1989) and thrips in tomato (Csizinszky et al. 1999). The drawbacks of
using mulches included the high cost for material and labor and disposal
problems (Greer and Dole 2003). Solutions to this problem include
degradable mulches that include sprayable forms. It was not until the
1980s that a kaolin-based sprayable mulch was demonstrated to be effec-
tive against the spirea aphid, Aphis spiraecola Patch, in citrus (Bar-
Joseph and Frenkel 1983). Spraying whitewashes for insect control,
however, did not become popular and was of little scientific interest
until the recent development of particle film technology. Particle film
technology is partially based on the concept that reflective mulches and
whitewashes repel certain arthropod pests and prevent pest vectored
plant diseases.

B. Development of Particle Film Technology for Pest Control

Particle film technology for arthropod pest control represents a com-
bined knowledge of the benefits of reflected light, mineral barriers, and
toxic properties of minerals. Key to this technology was the recognition
that mineral particles can have significant effects on insect behavior that
were not previously recognized (Glenn et al. 1999; Puterka 2000a).
Although previous researchers (Moericke 1952, 1955; Kring 1962, 1964)
established that aphids were repelled from highly reflective surfaces,
Puterka et al. (2000a) demonstrated that mineral particle films on plants
repelled insects that were not known to be repelled by reflective light.
Insects were agitated by particle film treated plants through contact
with the film where particles attached to insects as well as having other
effects on insect biology and behavior (Glenn et al. 1999; Puterka et al.
2000a,b, Puterka and Glenn, in press). Just as important were the effects
of particle films on plant photosynthesis where, as described in this
chapter, it was crucial that these mineral particle films did not have
adverse effects on the plant. Particle film research began in 1994 origi-
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nally in an attempt to control fruit diseases with hydrophobic kaolin
films. In field trials, it was quickly realized that hydrophobic films
reduced insect damage, marking the beginning of the entomological
research on particle film technology.

Particle film technology was originally based on a kaolin [Al,SI,O,,
(OH)g] made hydrophobic by a silicone coating that was originally
developed for disease control in tree fruits. Hydrophobic kaolin (M96-
018, Engelhard Corp.) was initially applied as a dust using various hand-
operated dusters or modified sand-blasters for large-scale studies
because the hydrophobic material could not be mixed and delivered in
water. Plants coated with hydrophobic particle films exhibited repel-
lence, ovipositional deterrence, and reduced survival of insects and
mites on apple and pear (Glenn et al. 1999). However, the drift associ-
ated with dusting operations, plus lack of adhesion to the plant, made
M96-018 dust applications impractical. Within a year, a methanol
(MEOH)—water system was developed where M96-018 could be pre-
slurried with 99% MEOH (11.3 kg M96-018 + 15.1 L MEOH premixed
then added to 363.4 L water) and delivered as a spray to trees (Puterka
et al. 2000). Yet, this formulation was difficult to pre-slurry, too expen-
sive for practical use, and handling and transportation of 99% MEOH
was restrictive because MEOH was listed as a hazardous material by the
U.S. Department of Transportation. The need for an easier formulation
brought the development of a two-package hydrophilic kaolin formula-
tion, M97-009, that required a non-ionic spreader sticker, M03 (Engel-
hard Corp., Iselin, New Jersey). M97-009 contains the same kaolin
material of M96-018 but without the silicone coating; both have parti-
cle sizes of about 1.0 pm in diameter. Laboratory (Puterka et al. 2000a)
and field studies (Puterka et al. 2000b) determined that formulations
based on M97-009 plus M03 spreader sticker were just as effective as
M96-018 hydrophobic kaolin dusts or aqueous sprays in controlling
insects and diseases. Advantages to using hydrophilic kaolin formula-
tions were: (1) ease of mixing, (2) economical features, (3) compatibil-
ity with other materials for tank-mixes, and (4) formulation flexibility
to alter spreading and rainfastness. M97-009 + M03 became commer-
cially available in 1999 under the name Surround® crop protectant
(Engelhard Corp., Iselin, New Jersey). Although this formulation worked
well against pear psylla in pear, shipping and handling a two-package
system (particles plus spreader sticker) had logistical problems that
pushed research efforts to develop a single-package system. In 2001, Sur-
round® was replaced by Surround® WP crop protectant, a single-package
system that uses the same kaolin-base particle as M96-018 and M97-009,
but has the sticking and spreading agents incorporated. Surround® WP



12 D. GLENN AND G. PUTERKA

is now the primary commercial formulation used for insect protection
as well as for sunburn and heat stress control. Another single package
particle film formulation that became commercially available in 2002
was Surround® CF, which is similar to Surround® WP but has a differ-
ent spreader-sticker system to speed tank-mixing under cold weather
conditions (4 to 10°C). Surround® WP is listed for use in organic food
production by the Organic Materials Review Institute (OMRI). Sur-
round® CF is listed for use in organic production by the Washington
Department of Agriculture.

C. Efficacy of Particle Films to Control Arthropod Pests

Particle films are effective against many key orders of arthropod pests
affecting crops, including homopterans, coleopterans, lepidopterans,
dipterans, and rust mites, as well as the family Eriophyidae (Table 1.2).
Most research trials using particle films were conducted with applica-
tions of 3-6% solids in water and were applied to trees or other crops
until the leaves became thoroughly wetted. The exception is M96-018,
which was usually applied at 3% solids because particle to particle
repulsion of the silicone-coated particles produced very thick fluffy
films in comparison to hydrophilic particle formulations. Applications
are typically made to “near-drip” and are considered to be almost a
“dilute application” where 3700 L/ha is applied to mature fruit trees 8
m in height. The popularity of dwarfing rootstocks results in smaller
trees where particle film applications are often applied at 935 L/ha.
Studies that compared 3 and 6% solids application rates showed no sig-
nificant rate differences in the lab or field, indicating that rates of 3%
solids for hydrophilic particle films were adequate for insect control in
season-long programs where numerous (7—13) applications are made.
However, we have observed that sprays of 6% solids produce films on
leaves that are more rainfast and weather far better than two 3% solids
sprays on apple and pear trees in the eastern United States where fre-
quent rains are encountered in the spring.

Laboratory bioassays on the effectiveness of kaolin particle films
against pests often correspond closely to results obtained in the field
(Glenn et al. 1999; Puterka et al. 2000a,b; Knight et al. 2000; Unruh et
al. 2000). Exceptions to this correlation are results using the silverleaf
whitefly, Bemesia argentifolii Bellows and Perring, and two-spotted spi-
der mite, Tetranychus urticae Koch. Liang and Liu (2002) report that
Surround® WP sprays of 6% solids repelled adults by 50% in melons
compared to untreated controls, yet Poprawski and Puterka (2002a,b)
observed no control of this pest in the field. Particle film materials
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1. PARTICLE FILMS: A NEW TECHNOLOGY FOR AGRICULTURE 15

coated peppers and collards well but the lack of coverage on the under-
sides of the leaves was likely the reason for its failure in whitefly control.
Other insects that were controlled at least 50% in laboratory bioassays
but were not controlled in the field were two-spotted spider mite and
aphids. Again, when leaves are completely coated on both surfaces with
particle films, the two-spotted spider mites are controlled under labo-
ratory conditions (G. J. Puterka, unpubl. data), however, thorough cov-
erage, particularly on the adaxil sides of leaves, is difficult to achieve and
maintain adequately under field conditions. In contrast, we have
observed that aphids escape the effects of films by moving progressively
onto untreated newly emerging terminal leaf growth. San Jose scale
[Quadraspidiotur perniciosus (Comstock)] was not controlled in apple
with particle film treatments. This pest is generally controlled by nat-
ural predators and parasites in orchards, which indicated that the
particle film reduced the efficacy of these beneficial organisms. Yet, from
the trials we have conducted or observed, particle films have the poten-
tial to suppress to some degree nearly any arthropod pest species if ade-
quate coverage can be maintained on the target plant parts.

D. Action of Particle Films on Arthropod
Biology and Behavior

Arthropods use the senses of touch, taste, sight, and smell in the
processes of locating and accepting plants as a host for feeding and
reproduction (Miller and Strickler 1984). During the process of locating
and accepting hosts, the four senses interact in such a manner that
insects sense positive and negative cues, the sum of which provokes a
positive or negative behavior in insects. For example, when the accu-
mulation of positive cues outweighs negative cues, an acceptance behav-
ior (e.g., feeding, oviposition) will occur. Plant tissues coated with
particle films are obviously altered visually and tactilely to insects. Par-
ticle films also could alter the taste or smell of the host plant (Puterka
and Glenn, in press). Choice and no-choice laboratory bioassays with
various insects revealed that the primary mechanism of action was repel-
lence of adults from treated foliage that results in reduced feeding and
oviposition (Table 1.2). Repellency is only used tentatively as a mech-
anism since it has not yet been demonstrated whether insects orient
away from particle films before film contract (repellence) versus after
film contact, which is more appropriately termed a deterrent (Puterka
and Glenn, in press). These mechanisms will be dependent on the insect
species. Other mechanisms include: (1) reduced survival of adults or
immature insects (larvae) when born into the particle film coated leaf
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environment (Knight et al. 2000; Unruh et al. 2000; Cottrell et al. 2002;
Puterka and Glenn, in press), (2) reduced mating success of adult lepi-
doptera exposed to particle films (Knight et al. 2000; Puterka and Glenn,
in press), (3) impeded movement/host finding ability within plant
canopies (Unruh et al. 2000), (4) camouflage of the host by turning the
plant foliage white with the particle film (Puterka et al. 2003a; Puterka
and Glenn, in press), and (5) impeding the insect’s ability to grasp the
plant (Table 1.2). In impeding an insect’s ability to grasp the plant,
insects simply “fall-off” the host plant (Puterka and Glenn, in press).
Most of the effects particle films have on insects result from particle
attachment to the insect’s various body parts (Plate I, bottom).

The lethal effects of particle attachment to insects have been well
documented (Alexander et al. 1944a,b; David and Gardiner 1950; Ebling
1971). Yet, one should not underestimate the effects particle films have
on altering the insect’s visual and tactile perception of the host as key
aspects in host finding and acceptance (Miller and Strickler 1984).
Although repellence of aphids (Kennedy et al. 1961; Kring 1962, 1965;
Nawrocka et al. 1975) and thrips (Wilde 1962; Ota et al. 1968; Smith et
al. 1972) by reflective mulches has been demonstrated, the effect of
reflected light on other arthropod species has not been well studied.
Many other arthropod species besides aphids are attracted to specific
colors, such as yellow for glassy-winged sharpshooter [Homalodisca
coagulata (Say)] (Puterka et al. 2003a), pear psylla (Cacopsylla pyricola
Foerster) (Puterka and Glenn, in press), and red for apple maggot [Ragi-
oletis pomonella (Walsh)] (Prokopy and Hauschild 1979). Many arthro-
pods have been shown to be attracted to specific colors that are believed
to represent a “super-normal” colored host, where, for example, yellow
represents super-normal foliage mimics (Prokopy and Owens 1978).
Masking host plant color with reflective white particle films could con-
ceivably have major effects on arthropod pest behavior.

E. Examples of Successful Particle Film
Use to Control Arthropod Pests

Particle film technology became commercially available to growers in
2000. Surround® WP is registered for control of a broad range of arthro-
pod pests on nearly all major groups of agricultural crops and has been
successfully used against many more pests than summarized in Table
1.2. Particle film technology has had a major impact on two arthropod
pests in particular, pear psylla (C. pyricola) in pear, and the glassy-
winged sharpshooter (GWSS) (H. coagulata). These two successes will
be reviewed in more detail.
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The pear psylla is a key pest of pear whose feeding causes leaf necro-
sis, defoliation, and reduced yields (Hibino et al. 1971). This pest rapidly
develops resistance to insecticides (Follett et al. 1985; Pree et al. 1990).
Much of the original entomological research on particle films used this
organism as a model pest species (Glenn et al. 1999; Puterka et al.
2000a,b; Puterka and Glenn, in press). Processed kaolin repelled adult
pear psylla and reduced oviposition greater than minimally processed,
air floated kaolin (Puterka et al. 2000a). Both hydrophobic M96-018 and
hydrophilic M97-009 + M03 (Surround®) particle films were based on
the same purified and processed kaolin, and both have demonstrated
comparable efficacy against pear psylla. This efficacy operated through
at least six mechanisms: repellence, ovipositional deterrence, reduced
feeding efficacy, impeded grasping of the host (fall-off), host camou-
flaging, and direct mortality (Puterka et al. 2000a,b; Puterka and Glenn,
in press). Repellence is the most obvious effect that particle films have
on psylla adults and several factors are thought to influence repellence.
Hydrophobic particle films cause greater particle attachment to pear
psylla than hydrophilic particles, thus, hydrophobic particles have
greater effects on pear psylla biology and behavior (Puterka and Glenn,
in press). Despite such differences in particle attachment between for-
mulations, those formulations that show lower particle attachment com-
pared to M96-018 remain repellent to pear psylla adults. Repeated
summer applications of Surround® can produce a white staining effect
on tree bark that remains through the winter and effectively prevents
oviposition on dormant twigs the following spring (March) (Puterka
et al. 2000). This observation of carryover effect suggested that particle
attachment may not be necessary to prevent oviposition of winter-form
adults, and alterations in bark color or surface str