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ABSTRACT Studies were conducted to investigate the effects of a kaolin-based hydrophilic particle
Þlm, Surround WP, on the biology and behavior of the psyllidDiaphorina citriKuwayama (Hemiptera:
Psyllidae) and to assess population densities of D. citri in citrus subjected to monthly applications of
Surround WP. Laboratory investigations indicated a 3% (wt:vol) suspension of Surround WP in water
applied directly was not acutely toxic to eggs, older nymphs or adults. Presence of the dried particle
Þlm on leaves interfered with the ability of adults to grasp and walk on citrus leaves. During a 30-s
period, adults spent an average of 5 s moving on leaves with particle Þlm compared with 16 s on leaves
without particle Þlm. When leaves were inverted, a signiÞcantly higher percentage of adults fell or
ßew from treated leaves (53%) than untreated leaves (16%). In a 12-mo study investigating infestations
ofD. citrion citrus treated monthly with Surround WP, cumulative reductions of 78% in adult numbers
on mature leaves and of 60% in adult numbers on ßush shoots (immature leaves) were observed in
treated trees compared with untreated trees. Numbers of eggs and nymphs per ßush shoot were
reduced by 85 and 78%, respectively, in trees treated with particle Þlm. Reductions in infestation levels
of D. citri in treated trees were attributed to the negative effects of the particle Þlm on the ability of
adults to grasp, move, and oviposit. The suppressive effects of a Surround treatment against adult
psyllids were degraded by rain.
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The Asian psyllid Diaphorina citri Kuwayama
(Hemiptera: Psyllidae) in Florida is a vector of Can-
didatusLiberibacter asiaticus (Las), a phloem-limited
nonculturable bacterium responsible for citrus green-
ing (huanglongbing) disease (Halbert and Manjunath
2004, Hung et al. 2004). Citrus greening is one of the
wordÕs most serious diseases of citrus (Bové 2006).D.
citri was Þrst found in Florida during June 1998 (Tsai
et al. 2000) and subsequently spread throughout the
stateÕs citrus-growing regions (Michaud 2004). Citrus
greening was Þrst found in southern Florida during
late August 2005 (Bové 2006). Infestations of D. citri
cause direct feeding damage to citrus, resulting in
distorted, reduced ßush growth (Michaud 2004), but
the primary economic importance of the psyllid is
transmission of citrus greening disease. Citrus trees
infected by this devastating disease may only live 5Ð8
yr, during which time they produce misshapen, bitter-

tasting, inedible fruit (Halbert and Manjunath 2004,
Bové 2006).

Kaolin-based particle Þlm technology is a relatively
new method of controlling arthropod pests and plant
diseases (Glenn et al. 1999, Pasqualini et al. 2003).
Kaolin is a white, nonabrasive, Þne-grained allumino-
silicate mineral that is puriÞed and sized so that it
easily disperses in water and creates a mineral barrier
when sprayed on plants (Pasqualini et al. 2003). Sur-
round WP (Engelhard Corp., Iselin, NJ) is a hydro-
philic particle Þlm based on kaolin. An application of
Surround WP was shown to suppress infestations of
nymph and adult D. citri in young citrus trees (Mc-
Kenzie et al. 2002). Over a 2-wk period after application,
the particle Þlm reduced numbers of nymphs by 31%
and of adults by 61% compared with untreated trees
(extrapolations of data from McKenzie et al. 2002).
Because the adult stage is responsible for spreading
citrus greening disease from infected to noninfected
trees, the reduction in adults on treated trees was
notable. Particle Þlms have been shown to be effective
to varying degrees in suppressing other insects such as
the pear psylla, Cacopsylla pyricola Foerster, on pear
(Prunus spp.) (Puterka et al. 2000); codling moth,
Cydia pomonella (L.), on apple (Malus spp.) (Unruh
et al. 2000); boll weevil, Anthonomus grandis grandis
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Boheman, on cotton,GossypiumhirsutumL. (Showler
2002); rosy apple aphid, Dysaphis plantaginea (Passe-
rini), on apples (Bürgel et al. 2005); a root weevil
Diaprepes abbreviatus (L.), on citrus (Lapointe et al.
2006); and silverleaf whiteßy, Bemisia argentifolii Bel-
lows & Perring, on melon (Cucumis spp.) (Liang and
Liu 2002).

Sprays of particle Þlm suspensions in water were
found to be toxic to adults and nymphs of the pear
psylla (Puterka et al. 2005); thus, some mortality may
occur among pear psylla exposed to spray during the
application of a particle Þlm. Whether a suspension of
Surround WP is toxic toD. citriwas not known. After
application and sufÞcient drying time, the presence of
a particle Þlm barrier on plant foliage has been shown
to interfere with the ability of insects to settle, move,
and oviposit (Unruh et al. 2000, Showler 2002, Liang
and Liu 2002, Puterka et al. 2005, Lapointe et al. 2006).
Mortality of adult pear psylla was low on foliage
treated with particle Þlms because the adults were
able to feed through the particle Þlms, but feeding
rates were reduced (Puterka et al. 2005). If feeding
rates of adult D. citri were reduced on citrus with a
particle Þlm barrier, acquisition and transmission of
the citrus greening disease pathogen also might be
reduced. In addition to suppressing infestations of
insects, particle Þlms have been shown to enhance the
growth of some plants including pear (Puterka et al.
2000), citrus (Lapointe et al. 2006), and pistachio,
Pistacia vera L. (Saour 2005), and particle Þlms have
approval for pest control in organic farming.

Presented here are the results of experiments con-
ducted to investigate the effects of hydrophilic parti-
cle Þlm on the biology and behavior of D. citri and to
assess infestations of D. citri in young citrus trees
subjected to regular particle Þlm treatments.

Materials and Methods

Laboratory Studies. The insects for the laboratory
studies were obtained from a colony established dur-
ing early 2000 at the USDAÐARS U.S. Horticultural
Research Laboratory, Fort Pierce, FL. Originally col-
lected from citrus, the psyllids have since been con-
tinuously reared in Plexiglas (0.6- by 0.6- by 0.6-m) or
BugDorm-2 cages (MegaView Science Education Ser-
vices Co., Ltd., Taichung, Taiwan) containing orange
jasmine, Murraya paniculata (L.) Jack. The colony is
maintained by adding new M. paniculata plants on a
biweekly schedule by using procedures similar to
those described by Skelley and Hoy (2004) with no
infusion of wild types.
Acute Toxicity to Adults. AdultD. citriwere sprayed

with either a 3% Surround WP suspension in tap water
(30 g/liter) or plain tap water and transferred into a
cage containing an untreated Citrus sinensis L. ÔMa-
dame VinousÕ (sweet orange) seedling. Three repli-
cates of each treatment were studied with 10 insects
per replication. One set of replications was established
using females and one set with males (total of 120
insects in the experiment). Each plant was housed in
a 3.78-liter clear plastic container with a screened hole

in the lid for air circulation. Adults were collected
individually in glass vials from the laboratory colony,
chilled for 15 min, and then sexed. After all individuals
were sexed, they were chilled for 15 min, and 10
individuals of each sex were placed into petri dishes
containing Þlter paper. These individuals were chilled
for another 10 min, after which they were removed
and sprayed with either water or particle Þlm solution.
A trigger sprayer bottle (Qorpak, Bridgeville, PA) was
used to deliver the treatment. Immediately after
spraying, the psyllids were transferred to one of the
caged plants with a small brush. After �10 min, each
cage was checked to conÞrm 10 live psyllids were in
each cage. They were then transferred to an environ-
mental chamber (25�C, 62% RH, and a photoperiod of
14:10 [L:D] h) for the remainder of the experiment.
The caged plants were examined to count live indi-
viduals at 4, 24, 96, 192, 264, and 360 h after treatment.
Data on percentage adult survival were analyzed using
t-tests (PROC TTEST; � � 0.05) (SAS Institute 2002).
Acute Toxicity to Eggs and Older Nymphs. Adults

from the laboratory colony were transferred to potted
orange jasmine plants with young ßush leaves and
allowed 24 h to oviposit. Flush shoots with eggs were
then excised from the plants, and the stem of each
shoot was inserted into a glass shell vial (8.75 mm in
diameter by 50 mm in length) with agar, which pro-
vided water to the shoot and support to hold the shoot
vertically. The number of eggs on each shoot was
counted, and any shoot with �10 eggs was excluded
from the experiment. Each shoot was dipped into
either a 3% Surround WP suspension (30 g/liter tap
water) or plain tap water and allowed to dry before
being placed into an open-ended glass tube (185 mm
in length, 25 mm in diameter) stoppered with foam
plugs. The shoots were held in an environmental
chamber (26�C, 75Ð80% RH, and a photoperiod of
12:12 [L:D] h). The effect of the particle Þlm treat-
ment on egg viability was assessed at 4 and 5 d by
counting nymphs and nonviable eggs. Nonviable eggs
were identiÞed by lack of embryonic development
(eye spots) and/or by a shriveled appearance. The
experiment was conducted twice in successive weeks,
subjecting Þve egg-infested shoots to each treatment
the Þrst week and seven egg-infested shoots to each
treatment the second week. Data on percentage egg
hatch were analyzed using a t-test (PROC TTEST; � �
0.05) (SAS Institute 2002).

Fourth instars were thoroughly wetted with either
3% Surround WP suspension (30 g/liter of tap water)
or water only using the triggered bottle sprayer. Six
replications of each treatment were studied with 10
insects per replication (total of 120 insects in the
experiment). The nymphs were collected individually
from the laboratory colony and placed onto Þlter pa-
per in a petri dish. Immediately after they were
sprayed, the nymphs were transferred using a small
brush onto ßush leaves of a young, potted orange
jasmine plant. Each plant was maintained in a 3.8-liter
clear plastic container with a screened hole in the lid
for air circulation. The caged psyllid nymphs were
placed into an environmental chamber (25�C, 55%
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RH, and a photoperiod of 14:10 [L:D] h) for 10 d
during which they were monitored to determine how
manyof thenymphsdeveloped to theadult stage.Data
on percentages of treated nymphs developing to the
adult stage were analyzed using a t-test (PROC
TTEST; � � 0.05) (SAS Institute 2002).
Adult Movement and Ability to Grasp Leaf Surface.

Movement by adults and the ability of adults to grasp
the surface of leaves with particle Þlm were compared
with adult movement and grasping ability on un-
treated leaves. Both sides of mature citrus leaves (Cit-
rus macrophyllaWester) were sprayed to runoff with
either 3% Surround WP suspension (30 g/liter tap
water) or water only and allowed to dry. A forceps (23
cm) clamped to a ring stand on a laboratory bench was
used to hold a leaf horizontally with the upper leaf
surface orientated away from the counter top and
lower leaf surface facing the counter top. Adult fe-
males were chilled and then placed individually onto
the upper leaf surface. After an adult began to move,
it was allowed to move or settle for 30 s. Total time
spent moving by the adult on the upper and lower
surfaces was recorded. If the adult ßew away from the
leaf or moved onto the forceps at any time during the
30 s, that individual was excluded from the analysis and
the procedure was repeated with a new female. For
those adults on the upper surface at the end of 30 s, the
leaf was inverted for 10 s to determine whether the
psyllid remained on the leaf, dropped to the counter-
top, or ßew away. The procedure was replicated four
times with 20 adult females per replication for both
Surround WP-treated and water-treated leaves by us-
ing a different adult female each time (160 insects in
theexperiment).Dataon the timeadults spentmoving
on the upper and lower leaf surfaces and on the per-
centage of adults falling/ßying after leaf inversion
were analyzed using t-tests (PROC TTEST; � � 0.05)
(SAS Institute 2002).
Field Study.The study was initiated on 18 February

2005 at the USDAÐARS U.S. Horticultural Research
Laboratory research farm. Two treatments were ap-
plied to young (1Ð1.5 m in height) ÔHamlinÕ (C. sinen-
sis) trees on the rootstock ÔCarrizoÕ citrange [C. si-
nensis (L.) Osb. � Poncirus trifoliata (L.) Raf.]:
monthly applications of Surround WP and an un-
treated check. Individual plots consisted of six trees
(three trees on each of two adjacent rows). The ex-
periment followed a randomized complete block de-
signwith four replications.Theparticle-Þlmtreatment
(30 g Surround WP/liter tap water, sprayed to runoff)
was applied using an electric sprayer Þtted with a
handgun. Infestation levels of adult D. citri on each
tree per plot were assessed �7 d before and after each
application. This was accomplished by examining 10
pairs of mature leaves (including the stem between
each pair) and 10 ßush shoots per tree for adults. On
sample dates that 10 ßush shoots could not be found
on a tree, only the numbers available were examined.
The ßush shoots examined for adults included young
shoots with or without young feather leaves (small,
unexpanded, light green leaßets). Numbers of eggs
and nymphs on ßush shoots (restricted to shoots with

at least some feather leaves because adults oviposit
exclusively on shoots with feather leaves) were de-
termined by excising one ßush shoot per tree, placing
it in a sample bag, and returning it to a laboratory for
examination under a microscope. If a tree did not have
at least one such ßush shoot, then a shoot was substi-
tuted from another tree from the same plot. When
such ßush shoots were present only at very low levels
in the trees or completely absent, sampling for eggs
and nymphs was postponed until the next sample date.
Flush shoots excised for examination were taken near
the exterior of the tree canopy about midway between
the lower and upper canopy extremes. Data were
subjected to analysis of variance (ANOVA, PROC
GLM) (SAS Institute 2002), and signiÞcant differ-
encesamongmeanswere investigatedusing theRyanÐ
EinotÐGabrielÐWelsch multiple range test (� � 0.05)
(SAS Institute 2002).

Data on daily rainfall during the study were ob-
tained from a weather station operated by USDAÐARS
at the study site. The inßuence of rain on infestation
levels of adult D. citri on trees treated with particle
Þlm was investigated. Differences between treated
and untreated trees in mean numbers of adult psyllids
per mature leaf pair and per ßush shoot were com-
puted. Simple linear regressions of mean differences
in psyllid densities on cumulative rainfall since the
most recent Surround application were performed
(PROC GLM) (SAS Institute 2002). Plots of the re-
siduals from the regressions were examined to assess
model Þt and, if necessary, to select a data transfor-
mation.

Results

Laboratory Studies. Acute Toxicity to Adults. There
were no signiÞcant differences in percentage of sur-
vival between females sprayed with particle Þlm sus-
pension and females sprayed with water on any ob-
servation date up to 264 h (11 d) after treatment
(Table 1). The percentage of surviving females at
360 h (15 d) after treatment was signiÞcantly lower for
females treated with particle Þlm suspension (appar-
ent mortality rate of 26.6%) (t� 2.83, df � 4, Pr � t �
0.047). Mean percentage of survival of males treated

Table 1. Survival of D. citri adults treated with a suspension of
particle film (Surround WP) in water

Treatment
Mean % survival after the indicated period

4 h 24 h 96 h 192 h 264 h 360 h

Female
Particle Þlm 93.3a 93.3a 86.7a 83.3a 73.3a 66.7b
Water control 96.7a 96.7a 96.7a 96.7a 93.3a 93.3a

Male
Particle Þlm 96.7a 93.3a 90.0b 83.3a 73.3a 50.0a
Water control 100.0a 100.0a 100.0a 80.0a 76.7a 60.0a

Over both sexes
Particle Þlm 95.0a 93.3a 88.3b 83.3a 73.3a 58.3a
Water control 98.3a 98.3a 98.3a 88.3a 85.0a 76.7a

For each sex, means in the same column followed by the same letter
are not signiÞcantly different (� � 0.05; t-tests).
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with particle Þlm suspension was signiÞcantly lower
than untreated males on one observation date (96 h
after treatment) (t � inÞnity, df � 4, Pr � t �
�0.0001), but no signiÞcant differences were found on
any other date nor at the end of the study (Table 1).
Among females subjected to the water control treat-
ment, the percentage of females surviving at the end
of the study(360h)was93.3%(Table1).Amongmales
subjected to the water control treatment, survival was
100% to the 96 h observation but declined thereafter,
dropping to 60% survival by the end of the study.
Acute Toxicity to Eggs and Older Nymphs. Pretreat-

ment means � SEM of 36.7 � 4.1 and 36.8 � 7.6 eggs
per ßush shoot were present on the shoots treated
with particle Þlm suspension and water, respectively.
Mean � SEM percentage of egg hatch among eggs
sprayed with particle Þlm suspension (76.9 � 6.1%)
was not signiÞcantly different than the percentage of
hatch of eggs sprayed with water (85.2 � 2.7%) (t �
1.23, df � 22, Pr � t � 0.231). Averages of 86.7 � 4.9
or 78.3 � 4.0% of the fourth instars treated with water
or particle Þlm suspension, respectively, developed to
the adult stage. There was no signiÞcant difference
between these mean percentages (t � 1.31, df � 10,
Pr � t � 0.220).

Adult Movement and Ability to Grasp Leaf Surface.
Females spent signiÞcantly more time walking on the
upper surface of leaves without particle Þlm (14.0 �
1.1s) than on leaves with particle Þlm (4.7 � 0.7 s) (t�
7.50, df � 158, Pr � t �0.0001). Females spent less
time moving on the lower leaf surface (1.9 � 1.1 s)
than on the upper surface (14.0 � 1.1 s) when placed
on leaves without particle Þlm. Females on leaves with
particle Þlm did not attempt to walk from the upper to
lower surface (t � 3.95, df � 158, Pr � t � 0.0001).
Upon leaf inversion, a signiÞcantly higher percentage
of adults fell or ßew when they were on leaves with
particle Þlm (52.5 � 7.2%) than when they were on
leaves without particle Þlm (16.3 � 4.7%) (t� �6.56,
df � 6, Pr � t � 0.0006).
Field Study. In untreated citrus trees, peak numbers

of adultD.citrion mature leaves were observed during
mid-February, April/May, and September/early Oc-
tober 2005 (Fig. 1A). Means as large as 0.44 adults per
pairofmature leaveswereobserved in these trees.The
phenology of adult D. citri on trees receiving particle
Þlm applications was generally similar, but mean den-
sities of adults per pair of mature leaves were reduced
(Table 2). Over the course of the study, a cumulative
total of 166 adults was observed among samples taken

Fig. 1. Effect of regular applications of Surround WP particle Þlm on infestations of D. citri in citrus and rainfall events
during the study. (A) Mean number of adults per pair of mature citrus leaves. (B) Mean number of adults per citrus ßush
shoot (with or without young feather leaves) (no ßush was present in the trees on 28 September or 1 November 2006). (C)
Rainfall events.
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in treated trees versus 762 in untreated trees. This
difference constituted an overall 78% reduction in
adult densities on mature leaves in citrus trees under
the particle Þlm program.

Flush shoot samples from untreated trees indicated
that peak numbers of adults per ßush shoot occurred
during late August and early October, with moderate
numbers during April and May (Fig. 1B). In Surround-
treated trees, low numbers of adults per ßush shoot

were observed during late August and none during
early October. SigniÞcantly fewer adults per ßush
shoot were observed in treated trees than in untreated
trees (Table 2). Over the course of the study, a cu-
mulative total of 476 adults was observed on ßush
shoots from treated trees compared with 1,176 adults
on ßush shoots from untreated trees. Infestations of
adults on ßush shoots in Surround-treated trees over
the course of the study were therefore reduced by 60%
compared with untreated trees.

The seasonal proÞles of adults (Fig. 2A), eggs (Fig.
2B), and nymphs (Fig. 2C) on ßush shoots with
feather ßush from Surround-treated trees were gen-
erally similar to their occurrence on shoots from trees
not under the program but at reduced levels. Adults
were observed on ßush shoots regardless of the pres-
ence of feather leaves (Fig. 1B), but eggs were ob-
served exclusively, and nymphs primarily, on ßush
with feather leaves (Fig. 2B and C). The largest num-
bers of eggs observed on trees without particle Þlm
occurred during mid-May and averaged 60 � 9 eggs
per shoot, with a lesser peak during mid-August reach-
ing a mean of 43 � 11 eggs per shoot. Overall, the
average number of eggs observed per ßush shoot was
signiÞcantly lower in Surround-treated trees (Table
2). Nymphs were most abundant on ßushes during

Table 2. Mean numbers of D. citri eggs, nymphs, and adults
observed on young citrus trees subjected to monthly applications of
Surround WP particle film (12-mo study; means are averages over
the entire season)

Treatment
No. adults/
pair mature

leavesa

No. adults/
ßush

shootb

No. eggs/
ßush

shootc

No. nymphs/
ßush shootd

Particle Þlm 0.03b 0.10b 3.7b 4.6b
Untreated

control
0.14a 0.26a 23.8a 21.1a

Means in each column followed by the same letter are not signif-
icantly different (� � 0.05; RyanÐEinotÐGabrielÐWelsch multiple
range test).
a F � 40.02; df � 11,019; Pr � F � �0.0001.
b F � 21.28; df � 9,127; Pr � F � �0.0001.
c F � 17.34; df � 503; Pr � F � �0.0001.
d F � 11.27; df � 503; Pr � F � �0.0001.

Fig. 2. Effect of regular applications of Surround WP particle Þlm on infestations of D. citri on citrus ßush shoots with
young feather leaves. (A) Mean number of adults per ßush shoot. (B) Mean number of eggs per ßush shoot. (C) Mean number
of nymphs per ßush shoot.
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September, reaching an average of 100 � 28 per ßush
shoot in untreated trees but only 24 � 12 per ßush
shoot in treated trees. Over the entire study, the av-
erage number of nymphs per ßush shoot in Surround-
treated trees was signiÞcantly less than in untreated
trees (Table 2). A cumulative total of 927 eggs was
observed on ßush shoots from treated trees and 5,997
from untreated trees. The cumulative total for nymphs
was 1,170 and 5,326 in treated and untreated trees,
respectively. These differences in numbers of eggs and
nymphs constituted overall reductions of 85 and 78%,
respectively, in trees under the particle Þlm program.

In total, 163.6 cm of rainfall over 110 rainfall events
occurred during the study (Fig. 1C). Considerable
amounts of rain fell during the time between the
following successive treatment sample dates: 14
MarchÐ8 April (13.1 cm), 15 AprilÐ6 May (10.9 cm),
10 MayÐ7 June (22.4 cm), 14 JuneÐ19 July (18.6 cm),
September 27Ð14 October (10.5 cm), and 12 Octo-
berÐ1 November (25.2 cm). Densities of adultD. citri
on mature leaf samples were signiÞcantly lower in
Surround-treated trees than in untreated trees on 16
of 23 sample dates, and cumulative rainfall after the
preceding Surround treatment averaged 2.5 � 1.0 cm
for these 16 sample dates. Densities of adultD. citri on
mature leaf samples were not signiÞcantly different
between treated and untreated trees on seven sample
dates, and cumulative rainfall after the preceding Sur-
round treatment averaged 13.4 � 3.5 cm for these
seven sample dates. Regression analysis indicated dif-
ferences (Y) in the mean number of adultD. citri per
mature leaf sample (data transformed to square roots)
between treated and untreated trees decreased as
cumulative rainfall (cm) (X) increased after a particle
Þlm treatment (rainfall data transformed to square
roots): Y � 0.27 � 0.04X (F� 12.85, df � 22, Pr � F�
0.0017; r2 � 0.38). Differences (Y) in the mean num-
ber of adultD. citri per citrus ßush shoot sample (data
transformed to square roots) between treated and
untreated trees also decreased as cumulative rainfall
(centimeters) (X) increased after a particle Þlm treat-
ment (rainfall data transformed to square roots): Y �
0.42 � 0.10X (F� 6.89, df � 20, Pr � F� 0.0167; r2 �
0.27).

Discussion

Laboratory Studies. Tsai and Lui (2000) reported
the average adult female lifespan of D. citri on citrus
species to be 40Ð44 d at 25�C. Pande (1971) observed
that females lived a few days longer than males. The
initial age of the psyllids used in our study of acute
toxicity to adults was unknown. Nevertheless, mean
survival in all treatments was �50% and exceeded 90%
for females subjected to the water control. Compared
with the control, the Surround treatment was nontoxic
to adult males and only slightly toxic to adult females
after prolonged exposure (15 d). These results dif-
fered from results of research by Puterka et al. (2005)
on pear psylla, in which signiÞcant percentages of
adult females treated with 3% particle-Þlm suspension
were killed (48% mortality at 72 h after treatment).

Reasons for the different results are not known, but
differences might be related to differences in body
size of the two psyllid species. Adult pear psylla has a
summer form (2.0Ð2.75 mm in length; Tuthill 1943)
that is smaller than D. citri (3.0Ð4.0 mm in length,
Mead 1976) and a winter form (3.3Ð4.0 mm; Tuthill
1943) that is similar in size to adultD. citri. Puterka et
al. (2005) did not report the adult form they studied.

We observed no effect of applications of Surround
on viability of D. citri eggs. Particle Þlms have been
shown to lack ovicidal activity against other insects,
including pear psylla (Puterka et al. 2005); oblique-
banded leafroller, Choristoneura rosaceana (Harris)
(Knight et al. 2000); and codling moth (Unruh et al.
2000). Our study also showed that Surround applica-
tions are nontoxic to late instars. Puterka et al. (2005)
reported signiÞcant mortality of pear psylla nymphs
when they were treated during the Þrst instar with
Surround suspension. We did not include early instars
in our laboratory studies, leaving open the possibility
that D. citri nymphs exposed during early instars to
Surround sprays could be killed.

The presence of particle Þlm on citrus leaves in-
hibited movement of adult females on the leaf surface
and the ability of adults to grasp the surface of treated
leaves. Achieving equivalent levels of movement/
grasping inhibition under Þeld conditions would be
contingent upon thorough spray coverage and high
rates of deposition. Puterka et al. (2005) reported that
the presence of particle Þlm on pear leaves inhibited
movement of pear psylla and the insectÕs ability to
grasp the leaf surface, and they reported reduced
oviposition on treated leaves. Puterka et al. (2005)
proposed that reduced oviposition by pear psylla on
pear leaves treated with particle Þlm was a conse-
quence of the Þlm structurally modifying or hiding the
plant surface relief or through negative behavior stim-
uli where females determine that particle Þlm-treated
foliage is a poor host. Reduced oviposition may also be
a consequence of females not being able to grasp
treated plant surfaces. The deterrence of insect set-
tling and oviposition has been noted as the primary
and most obvious action of particle Þlms on insect
behavior, regardless of the Þlm type or formulation
(Glenn and Puterka 2005, Lapointe et al. 2006). ForD.
citri, adult females oviposit exclusively on new, unex-
panded leaves, and such leaves may be generated soon
after an application of particle Þlm suspension. These
leaves would not have a protective layer of particle
Þlm and would be vulnerable to infestation until they
mature or are treated with particle Þlm. Therefore,
optimal protection of foliage from feeding by D. citri
will require applications timed to coincide with the
appearance of vulnerable ßush.
Field Study. Based on the results of the laboratory

studies and in light of the reported effects of particle
Þlms on other psyllid species (Pasqualini et al. 2003,
Puterka et al. 2005), we conclude that the reductions
in infestation levels of D. citri we observed in Sur-
round-treated citrus trees were primarily due to re-
duced adult movement, settling, and oviposition. Ad-
ditionally, adults may have been less attracted to citrus
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trees treated with particle Þlm due to changes in color
of the foliage (whitish residues of particle Þlm). The
light-reßecting properties of particle Þlms may alter an
arthropodÕsperceptionofahostplant(Glennetal. 1999)
and inßuence insect infestations (Showler 2002). Adult
pearpsyllacansurviveonpear trees treatedwithparticle
Þlm, successfully feeding on leaves through the Þlm but
at reduced rates (Puterka et al. 2005). If applicable toD.
citri, reduced feeding could decrease transmission rates
of citrus greening disease. Maintaining a particle Þlm on
young citrus trees might therefore assist in managing
citrus greening disease by reducing psyllid densities and
transmission of the bacterium.

The suppressive effects of a Surround treatment
against adult psyllids decreased as rainfall increased.
Low amounts of rainfall (e.g., �5 cm cumulative rain)
interfered little with the suppressive effects of the
particle Þlm on infestations of adult psyllids, whereas
large amounts of rain (e.g., �15 cm of cumulative rain)
completely negated suppression. Rain has been shown
to interfere with protection by Surround particle Þlm
in citrus from infestations of the root weevil D. ab-
breviatus (Lapointe et al. 2006). These researchers
suggested that signiÞcant protection from oviposition
and feeding byD. abbreviatus during the rainy season
would require more frequent applications of particle
Þlm. In our study, visual examination of residues in-
dicated that the particle Þlm may not adhere as well
to ßush leaves as to mature leaves. Whether rains
removed more particle Þlm from ßush than from ma-
ture leaves was not investigated.

The approximate cost of the particle Þlm (Surround
WP) at the time this report was prepared was US$1.28
per kg. At a 3% concentration and spray volume of 935
liters spray per ha (100 gal/acre), an application
would require 28 kg/ha Surround at a cost of US$36.
Based on 2004 production costs, an application by
airblast sprayer would cost �US$54 per ha (Muraro et
al. 2004), bringing the cost of the Surround treatment
to �US$90 per ha. This is less expensive than the cost
of most conventional insecticide treatments and com-
parable with the cost of most spray oil treatments (e.g.,
Muraro et al. 2004). Total grove care expenses for
mature Valencia oranges grown for the process market
averaged US$1910 during 2004 (Muraro et al. 2004). A
single application of Surround would have increased
these grove care expenses by �5%. A seasonal particle
Þlm program consisting of monthly applications of
Surround would have increased these annual expenses
by �50%. Because Surround WP can be tank-mixed
with many other grove chemicals except oils, some
savings would be achieved by adding Surround to
other sprays. The cost of a seasonal particle Þlm pro-
gram might be reduced if coupled with a scouting
program to monitor adult population densities. Infes-
tations of D. citri can develop at any time of the year
in citrus depending on environmental and factors and
presence or absence of ßush, however, populations of
adults are sometimes present at low or undetectable
levels, particularly during winter (D.G.H., unpub-
lished data). Applications of a particle Þlm could be
discontinued during such periods. Whether the re-

ductions in psyllid levels achieved under a program of
monthly particle Þlm applications would be effective
with respect to reducing spread of citrus greening
disease remains to be assessed. Particle Þlm applica-
tions might be a viable component of a greening dis-
ease management program in citrus grown for the
organic market. Because dust particles are well known
to be disruptive of some natural enemies (DeBach
1979) and may inßate problems with some pest species
populations that are regulated by natural enemies
(Knight et al. 2000), further evaluations of a particle
Þlm program forD. citri should include assessment of
the impacts of single or multiple spray programs on
other citrus pests and their natural enemies (Knight et
al. 2000).
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