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Abstract. The Florida citrus industry is severely impacted by huanglongbing (HLB), a
bacterial disease spread by the Asian citrus psyllid (Diaphorina citri), leading to re-
duced production and extensive management challenges. Additional stresses, such as
excessive sunlight, heat, and water deficits, further weaken the affected trees. Kaolin
particle films (PFs), including white and recently developed red-dyed types, alleviate
the effects of water and heat stress on citrus physiology, help suppress psyllid popu-
lations, and delay HLB infection. However, there is limited knowledge about the long-
term effects of these PFs, especially red-dyed PF, on production capacity of citrus
trees affected by HLB. This study aimed to evaluate the impact of these PFs on both
growth and yield of HLB-infected trees. We conducted a field experiment on young
‘Hamlin’ sweet orange (Citrus Xsinensis) trees grafted onto ‘Kuharske’ citrange
(C. sinensis x Poncirus trifoliata) rootstock, treated with foliar applications of white
and red-dyed PFs, insecticides, or left untreated. Treatments began before infection
and continued after infection with Candidatus Liberibacter asiaticus (Clas), the causal
agent of HLB. We assessed tree growth and yield over two years following Clas infec-
tion. Trees treated with either PF had greater yield and growth, including canopy
area, volume, density, and height than insecticide-treated and untreated controls. The
red-dyed PF increased some growth variables to a greater degree than the white PF.
The results suggest that kaolin PFs offer substantial horticultural benefits, including
enhanced growth and yield, and may serve as an effective strategy for mitigating the
impact of HLB in citrus orchards, even after infection.

$6.9 billion in 2020-21 to the state’s economy
and sustained more than 32,000 jobs (Cruz

The citrus industry holds tremendous
economic and cultural significance. This in-

dustry is a pivotal contributor to Florida’s
economic landscape, creating jobs and gen-
erating revenue. Citrus added more than
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et al. 2024). However, the Florida citrus indus-
try has faced significant challenges, primarily
due to citrus greening (huanglongbing; HLB),
a bacterial disease caused by the phloem-
limited Candidatus Liberibacter asiaticus (CLas)
transmitted by the Asian citrus psyllid (ACP;
Diaphorina citri) (Hodges and Spreen 2012).
This has led to a decline in production and
the need for extensive efforts to manage and
mitigate the impact of HLB. Significant im-
pacts of HLB on citrus production have also
been seen in Brazil, Mexico, China, Nepal,
India, and Pakistan.

As of now, no single effective solution
has been discovered to control HLB. Histori-
cally, the primary approach to manage this
disease heavily depends on the use of insecti-
cides to control the insect vector (Blaustein
et al. 2018). A few studies endorsed kaolin

particle films (PFs) as a viable and effective
substitute for detrimental insecticide sprays
(Miranda et al. 2018; Saour 2005). PFs act as
physical barriers against insect feeding and
can make the host plants less recognizable to
pests. These films are effective against pests
such as Diaphorina citri in citrus trees (Hall
et al. 2007; McKenzie et al. 2002; Miranda
et al. 2018). PFs diminish the capacity of the
ACP to land, move, or lay eggs on treated
leaves (Hall et al. 2007). Moudgil et al.
(2017) introduced the concept of using the
commercial kaolin product Surround (TKI
Novasource, Phoenix, AZ, USA) mixed with
various dyes to mask leaves from insects. Pierre
et al. (2021) demonstrated the effectiveness of
both white and red-dyed PF treatments in re-
ducing ACP populations and delaying CLas in-
fection, with red-dyed PF causing a greater
reduction than the standard white PF. However,
effects on tree growth and yield were not re-
ported in that study because it was early in the
planting establishment period, which motivated
the present work.

White PFs had previously been reported
to improve horticultural characteristics of
trees uninfected by HLB (Hall et al. 2007, Jifon
and Syvertsen 2003a). Salvatierra-Miranda
et al. (2023) reported growth improvements
from white and red-dyed PFs in uninfected
trees in pots. However, no study reported the
effects of PFs on HLB-affected trees or of
red-dyed PFs on trees in the field.

Excessive sunlight, heat, and water defi-
cits on citrus physiology can further weaken
trees affected by HLB, exacerbating its im-
pact on growth and yield. Florida’s climate,
characterized by intense and prolonged sun-
light, especially during the peak summer
months (Collins et al. 2017), can reduce
growth and photosynthesis because trees
close their stomata to reduce water loss under
the resulting high vapor pressure deficit (VPD)
(Jifon and Syvertsen 2003b). Suh et al. (2021)
found that shading HLB-affected sweet orange
(Citrus xsinensis) trees ameliorated prominent
HLB symptoms and increased canopy growth
and photosynthesis, demonstrating that exces-
sive light conditions augmented disease pro-
gression and severity in HLB-infected citrus
trees. Applications of PFs have also been used
to alleviate the adverse impacts of water defi-
ciency and heat stress on physiology and pro-
ductivity of horticultural crops through their
shading and light redistribution effects (e.g.,
Chamchaiyaporn et al. 2013; Dinis et al. 2018;
Glenn 2009; Rosati et al. 2006). Thus, we
hypothesized that applying white or red PF
to HLB-affected citrus trees would enhance
growth and yield. Building on this hypothe-
sis, the objective of the current study was to
assess the horticultural effects of continu-
ous application of red and white PFs on
HLB-infected trees.

Materials and Methods

This study was carried out at the University
of Florida, Citrus Research and Education Cen-
ter in Lake Alfred, FL, USA (lat. 28°07'38"N,
long. 81°42'57"W), during 2017-20. A planting
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of 480 ‘Hamlin’ sweet orange (Citrus X sinensis
L. Osbeck), grafted onto ‘Kuharske’ (C. sinensis
x Poncirus trifoliata) rootstock was established
on 17 Apr 2017. Trees were planted in a 2.7 m
in-row X 6.1 between-rows spacing. Trees were
irrigated daily for 1 h each moming using a mi-
crosprinkler system with a flow rate of 2 L:h™".
At planting, a slow release of 14-3—11 fertilizer
provided 121 kg of nitrogen per hectare. A one-
time application of 34 kg of nitrogen per hectare
from a 9-2-13 soluble fertilizer was made, fol-
lowed by quarterly applications of 101 kg of ni-
trogen per hectare from a 6-3—6 foliar fertilizer.
Additionally, 67 kg per hectare of an organic
9.75-2-13 fertilizer was applied three times
annually, totaling 323 kg of nitrogen per
hectare in the first year and 202 kg per hect-
are in subsequent years.

Experimental design. A randomized com-
plete block design was used with six blocks
and four treatments. The experimental unit
consisted of 20 trees, four rows wide and five
trees long in each row. The six interior trees
from each unit were used to collect measure-
ments, and the remaining exterior trees were
considered buffer trees to mitigate overspray
or treatment edge effects (Fig. 1). The experi-
ment included four treatments as follows: a
control with no foliar insecticide, foliar insec-
ticide with a rotation of applied foliar insecti-
cides, white kaolin (Surround WP), and red
kaolin (Surround WP with a red dye). As the
PF treatment, the experiment used calcined
kaolin clay products, Surround. In the PF
treatments, the trees were thoroughly sprayed
to cover all the foliage. White and red PF
were applied to trees as necessary to keep
them covered, depending on rain wash-off,
which led to 23 to 26 applications annually.
PF applications began immediately after plant-
ing in Apr 2017 and continued through Dec
2020, with each being applied at a rate of
56 kg'ha ! at a spray volume of 935 L+ha .
Reapplication was performed whenever the
treatments were no longer visible on the fo-
liage. Detailed information on the production of
red-dyed treatment is available in Moudgil et al.
(2017), Vincent et al. (2021b), and Salvatierra-
Miranda et al. (2023). Briefly, 3.63 kg of
Surround was mixed with 60.5 L of water,
168 g of red dye (Pylam Products Company
Inc., Tempe, AZ, USA), 19 g of a binding
agent (cetylpyridinium chloride monohydrate)

Fig. 1. The schematic illustrates each experimental unit, which comprises 20 trees. Six data trees located

(Sigma-Aldrich Inc., St. Louis, MO, USA),
59.5 g of extender/sticker (SKH) (BRANDT
Organics, Springfield, IL, USA), and 36 mL of
surfactant (GarrCo Products Inc., Converse, IN,
USA), then stirred in a cement mixer for 4 h.
For insecticide treatment, a range of products
was used, including Admire (0.74 mL/tree;
Bayer Crop Science, Research Triangle Park,
NC, USA), Mustang (0.32 mL/tree; FMC Cor-
poration, Philadelphia, PA, USA), Imidan (1.16
mL/tree; Growan, Yuma, AZ, USA), Delegate
(0.30 mL/tree; Corteva AgriScience, Indianapo-
lis, IN, USA), Danitol (1.16 mL/tree; Valent
USA, Walnut Creek, CA, USA), Agriflex
(0.62 mL/tree; Syngenta LLC, Greensboro,
NC, USA), Baythroid (0.22 mL/tree; Bayer
Crop Science), Sivanto (1.01 mL/tree; Bayer
Crop Science), Voliam Flexi (0.52 mL/ree; Syn-
genta), and Movento (0.74 mL/tree; Bayer Crop
Science). These insecticides were rotated and ap-
plied monthly from Apr 2017 to Oct 2020.

Meteorological data. The meteorological
data included average, maximum, and mini-
mum monthly temperatures, total rainfall, rel-
ative humidity levels, and solar radiation data
were obtained from the Florida Automated
Weather Network (https://fawn.ifas.ufl.edu/
2024) with a weather station located near the
study site during the growth measurements
periods from Sep 2019 to Oct 2020.

Plant disease status. This experiment was
conducted in the same field and involved the
same trees as in Pierre et al. (2021). In that
research, the authors noted that all trees were
infected with CLas by Jul 2019, although
the PF-treated trees became infected on aver-
age later than those without PF treatment
(Pierre et al. 2021). Although we do not
include those data here, the results were im-
portant in evaluating plant health and in
understanding how treatments interact with
HLB infection in field conditions.

Growth measurements. Seventeen months
after planting, from Sep 2019 to Oct 2020,
canopy volume, density, height, and area of
each tree were measured every 6 months
through a geospatial digitization instrument
(AGERpoint, Durham, NC, USA). These
measurements were conducted using a mobile
LiDAR scanner, mounted on a four-wheel-drive
vehicle, positioned at a 35° off-nadir angle and
55° from the horizon. The vehicle traversed the
experimental grove between rows at a speed of

Buffer trees

Data trees

in the interior, and 14 buffer trees situated on the exterior.
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8 to 11 kmrh™'. The LiDAR sensor captured
data from trees on both sides of the scanner si-
multaneously. The LiDAR system employed
was a Riegl VUX-SYS integrated mobile
LiDAR scanner, equipped with an Inertial
Measurement Unit (IMU) and Global Navi-
gation Satellite System (GNSS). The sys-
tem used a revolving mirror and a 1440-nm
laser operating at a pulse repetition rate of
550 kHz, recording up to four returns per
pulse. The scanner demonstrated accuracy and
precision of 10 and 5 mm, respectively. GNSS
and IMU trajectory data underwent post-proc-
essing with static base station data to achieve
sub-decimeter positional accuracy for the ve-
hicle trajectory. Proprietary algorithms were
employed to segment individual trees from
the point clouds. Following segmentation, a
three-dimensional convex hull was fitted to
the tree shape. The canopy volume above-
ground was measured as the volume within
this convex hull, whereas canopy density was
determined as the ratio of points within the
convex hull to the total number of laser firings
at that location. Tree height was measured as
the highest point of the hull (Suh et al. 2021).

Yield and fruit quality. At the harvest time
(December 2019 and 2020), all fruits from
the trees were handpicked and aggregated by
experimental unit (sum of all fruits on the six
data trees). The number of fruits from each
plot was counted and the total fruit harvested
from each plot and the means per tree were
presented. A digital weighing balance (SD75L
OHAUS, Parsippany, NJ, USA) of +0.05 g
precision was used. The mean fruit weight
was calculated from the total fruit number and
total fruit weight. Fruits were juiced and °Brix
and titrated acidity (TA) of the juice were
measured using a refractometer (Atago USA
Inc, Pocket Brix-Acidity Meter, Great North-
west, WA, USA). To measure TA, the juice
sample was first prepared by dilution. One
gram of juice was weighed into a beaker on a
scale, and the scale was set to zero. Purified
water was then added to the beaker until the
total weight reached 50 g, depending on the
desired dilution ratio (1:50). For the titration,
the beaker with the prepared dilution was
placed on the scale, which was reset to zero.
Next, 600 puL of the diluted sample were
poured onto the sensor and measured using
the TA setting. To measure Brix, 600 pL of
undiluted juice were applied to the sensor and
measured using the Brix setting.

Statistical analysis. The experimental de-
sign was a randomized complete block design
with six blocks and four treatments. Statisti-
cal analyses of data were conducted using
R (version 4.3.2; R Core Team 2024). Re-
peated measures two-way analysis of vari-
ance (ANOVA) was performed using the
“lme4” package (Bates et al. 2014). Treat-
ment and date were the fixed effects, whereas
block was modeled as a random effect. Post hoc
analyses were conducted with the “emmeans”
package. Visualization of data, including
line and bar graphs, was achieved using the
“ggplot2” package (Wickham 2016), with
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data manipulation facilitated by the “dplyr”
package (Wickham et al. 2023).

Results

Meteorological data. The environmental
data during the months of Sep 2019 to Oct
2020 showed fluctuations in temperature, so-
lar radiation, rainfall, and relative humidity
(Fig. 2). The greatest contrast in conditions
was between warm and rainy conditions in
the summer to cooler and drier conditions in
the fall and winter seasons, which is generally
expected in Florida’s climate. These general
seasons corresponded to the times between
growth measurements, presented subsequently.
Particularly, from Sep 2019 to Mar 2020,
weather transitioned from warm and sunny
days to cooler temperatures along with varia-
tions in sunlight, rainfall, and humidity levels
as winter approached, which might have posed
some challenges for robust plant growth during
these months. From Mar 2020 to Oct 2020,
temperatures rose again, accompanied by in-
creased sunlight hours. These conditions are

typically favorable for citrus trees to thrive.
However, we observed peaks in temperature
and sunlight from May to August, which could
potentially lead to heat stress and photoinhibi-
tion in citrus trees. From the first growth mea-
surement period (Sep 2019 to Mar 2020), the
total rainfall was 473.5 mm. This amount rose
significantly to 1300.5 mm during the second
growth measurement period (Mar 2020 to Oct
2020).

Effect of red and white PF application on
growth. The repeated-measures ANOVA in-
dicated that both treatment and date factors
affected the growth variables of the trees,
with a notable interaction effect for plant vol-
ume (Table 1). Trees treated with red-dyed
PF were taller than white PF-treated trees,
which were, in turn, taller than those treated
with insecticide or no foliar insecticide. There
were no significant differences for plant height
between foliar insecticide and no foliar insecti-
cide treatments (Fig. 3A). Red and white PF
treatments affected plant volume and plant
area, showing enhanced growth compared
with foliar insecticide, and no foliar insecticide
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Fig. 2. Seasonal variations in temperature, solar radiation, total rainfall, and relative humidity during
the growth measurements period from Sep 2019 to Oct 2020. Temperature measurements represent
the averages of the daily maximum, minimum, and mean temperatures. Red dashed lines mark the

months when growth measurements were taken.
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treatments. The plant volume and area in-
creased over time for all treatments, but the in-
crease was significantly more pronounced for
PF-treated plants, and particularly for the red
PF treatment, which showed greatest impact
on plant area and volume in the later date of
the measurement (Fig. 3B and C). These find-
ings indicate that PF applications were more
effective in increasing growth during the
warmer season than the cooler one.

There were slight differences in canopy
density among the treatments. The canopy
density of red- and white-PF-treated trees
were nearly identical to each other, except for
the final date, when white-PF-treated trees had
higher canopy density than red-PF-treated
trees. Foliar insecticide and untreated control
had slightly lower canopy density compared
with the PF treatments. The impact of treat-
ment on canopy density was more pronounced
in Mar 2020 compared with other dates
(Fig. 3D), suggesting that trees with no PF
treatment lost more foliage during the cool,
dry season of 2019 to 2020.

Effect of red and white PF application on
yield. The repeated measures ANOVA indi-
cated that the treatment and date factors and
the interaction between treatment and date
significantly affected yield (Table 2). In 2020,
red- and white-PF-treated trees exhibited
higher yield, and the lowest values were re-
corded in plants that were not sprayed with
PFs (Fig. 4). PF-treated trees exhibited a sub-
stantial increase in yield from 2019 to 2020.
Although trees with no PF showed increased
yields in 2020, the yields for these treatments
were still less than half of those achieved with
PF treatments (Fig. 4). The trees with no PF
exhibited extremely low fruit production in
2019, averaging less than one fruit per tree,
which was not sufficient to gather fruit quality
data (°Brix and TA). In 2019, there were no
fruit quality differences between red- and
white-PF-treated plants. Similarly, in 2020, no
differences were found in fruit quality and
Brix/TA ratio among treatments (Table 3).

Discussion

This study is the first to document the
long-term effects of red photoselective kaolin
PF and the first to report on the impact of any
PF on the horticultural performance of HLB-
infected citrus trees, from planting through to
early yields. PFs had sustained positive ef-
fects on growth and yield of infected trees,
with improvements ranging from 2 to 4 times
greater than the insecticidal control. This may
stem from previously demonstrated microen-
vironmental impacts of PFs on the leaf and
canopy, from delaying HLB infection through
vector suppression, or from the interaction of
the microenvironmental effects with the ef-
fects of HLB on tree physiology (Jifon and
Syvertsen 2003a; Pierre et al. 2021; Suh et al.
2021).

Kaolin PF effects on HLB-infected citrus
growth and yield. The results of the current
study are consistent with earlier findings that
demonstrated the positive impact of white
and red photoselective PFs on potted citrus
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Table 1. Repeated-measures analysis of variance for growth variables of ‘Hamlin’ sweet orange (Cit-
rus Xxsinensis) trees on ‘Kuharske’ citrange (C. sinensis x Poncirus trifoliata) rootstock treated
with red or white kaolin particle films, foliar insecticides, or untreated across 2019 and 2020 with
block as a random effect.

Growth variables Effect df Sum squares F value P value

Plant height Treatment 3 13.02 108.46 <0.001
Date 2 0.43 533 0.005
Treatment x date 6 0.06 0.25 0.960
Residuals 399 15.77

Plant volume Treatment 3 51.81 68.41 <0.001
Date 2 68.78 136.24 <0.001
Treatment x date 6 9.31 6.15 <0.001
Residuals 399 99.54

Plant area Treatment 3 45.87 83.40 <0.001
Date 2 34.99 95.43 <0.001
Treatment x date 6 1.31 1.19 0.309
Residuals 399 72.29

Plant density Treatment 3 0.42 22.89 <0.001
Date 2 0.09 6.97 <0.001
Treatment x date 6 0.01 0.37 0.899
Residuals 399 2.43

tree growth (Salvatierra-Miranda et al. 2023),
as well as the effects of white PF on citrus
growth and yield in field plantings (Ennab
et al. 2017; Lapointe et al. 2006). Whereas
the referenced studies were performed on
HLB-free citrus trees, our study focused on a
young citrus planting with 100% HLB infec-
tion and strong ACP pressure, introducing a
new dimension to the effects of PFs in citrus
in the context of disease. Pierre et al. (2021),
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who reported ACP and HLB-infection results
occurring earlier in the same experiment,
noted a considerable increase in the trunk
cross-sectional area of sweet orange trees
after 17 months of applying both red and
white PFs, despite HLB pressure. How-
ever, their study did not address long-term
growth or yield. The current study exam-
ines the long-term horticultural impacts
of using kaolin PFs on citrus, specifically
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Fig. 3. The growth variables of ‘Hamlin’ sweet orange (Citrus xsinensis) trees on ‘Kuharske’ citrange
(C. sinensis x Poncirus trifoliata) rootstock treated with red or white kaolin particle films, foliar in-
secticides or untreated across 2019 and 2020. The shaded area surrounding each line graph repre-
sents the standard error about the mean. Different uppercase letters at each time point indicate
differences between treatments at that specific time and different lowercase letters within one treat-
ment designate differences over time for that particular treatment.
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Table 2. Repeated-measures analysis of variance for
yield of ‘Hamlin’ sweet orange (Citrus X sinensis)
trees on ‘Kuharske’ citrange (C. sinensis x Ponci-
rus trifoliata) rootstock treated with red or white
kaolin particle films, foliar insecticides, or un-
treated across 2019 and 2020.

Sum
Effect df squares F value P value
Treatment 3 1628097 8.73 <0.001
Date 1 1270101 20.44 <0.001
Treatment X 3 754648 4.05 0.014
date
Residuals 35 2174997

focusing on performance following HLB
infection. Our findings indicate that growth
advantages persist even in the presence of
existing infections.

Red-colored PF generally resulted in higher
growth-related variables compared with white
PF, although these differences were not always
statistically significant. The exception was can-
opy density, which was greater in trees treated
with white PF. Lower canopy density of red
PF-treated trees compared with white PF-
treated trees may be attributed to lesser re-
flectance of red PF causing more shading
within the canopy, which we discuss below.

Altered microenvironmental effects on
physiology in the context of HLB. PFs consis-
tently improved the growth and yield of in-
fected trees, likely due to their known
physiological effects on leaves by altering
microenvironmental conditions. Kaolin PFs
impact light intensity, leaf temperature, and
leaf-air VPD, which positively impact photo-
synthesis and stomatal conductance (Jifon
and Syvertsen 2003a; Salvatierra-Miranda
et al. 2023). High temperatures and exces-
sive light cause photoinhibition, stomatal
closure, and reduced CO, assimilation,
lowering growth and yield (Blanke 2000;
Jifon and Syvertsen 2003b). High leaf tem-
peratures also increase nonphotochemical
quenching, further diminishing photosyn-
thesis (Guha et al. 2022). Shading can miti-
gate these effects by reducing irradiance
and leaf temperatures, enhancing photosyn-
thesis and growth, including in the context
of HLB-affected trees (Alarcon et al. 2006;
Suh et al. 2021). Both red and white PFs pro-
vide shading, with red PFs offering a greater
degree of shading. Salvatierra-Miranda et al.
(2023) found that whereas white PF reduced
irradiance by 56%, red PF achieved 74%
shading at similar rates to those applied in this
study. However, in the field, wind and rain re-
move the PF over time, reducing the degree of
shading. Thus, the actual shading effect over
time is likely to be much less than 50%.

Additionally, PFs alter the distribution of
irradiance throughout the canopy. Leaves in
the outer canopy face the challenge of exces-
sive light exposure and frequent photoinhibi-
tion, requiring them to spend energy to
protect against potential damage. Meanwhile
interior leaves may undergo suboptimal light
levels, reducing photosynthesis through in-
sufficient light. PFs play a beneficial role
by redirecting and reflecting light away
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Fig. 4. Fruit yield of ‘Hamlin’ sweet orange (Citrus Xsinensis) trees on ‘Kuharske’ citrange (C. sinensis X
Poncirus trifoliata) rootstock treated with red or white kaolin particle films, foliar insecticides, or
untreated across 2019 (A) and 2020 (B). Different letters at each time point indicate differences

between treatments at that specific time.

from and into the canopy, thereby alleviat-
ing excessive irradiance in the outer canopy
and excessive shading in the inner canopy, in-
creasing total canopy photosynthesis (Rosati
et al. 2007).

In the present work, the lower canopy
density to the red-PF-treated trees compared
with the white-PF-treated trees indicates a
possible shade-avoidance response, which
may be due to both increased direct shading
and decreased reflectance into the canopy.
Salvatierra-Miranda et al. (2023) found that
white and red photoselective PFs have differ-
ent shading and reflectance characteristics.
Red PF provides more shade and reflects less
photosynthetically active radiation. However,
that study did not observe an increase in
shoot length or internode length, which
would indicate a shade avoidance response.
Nevertheless, the greater shading from the
red PF might explain the lower canopy den-
sity seen in red-PF-treated trees. In a related
study, Suh et al. (2021) discovered that shade
netting reduced the canopy density of trees
affected by HLB, even though it led to an
overall increase in growth. The current study
indicates that both PF treatments improved

growth of HLB-infected trees, while the re-
duced canopy density in response to red PF
may indicate a shade avoidance response due
to supra-optimal shading, particularly due to
reduced inner-canopy reflectance. The possi-
ble shading effects suggest that better under-
standing of rates and dyes could improve the
efficacy of this tool. For example, a lower
rate of red PF than that used in this study
could be optimal.

Interaction of PFs physiological effects
with HLB. Kaolin PFs appear to mitigate
some of the physiological impacts of HLB on
citrus trees by improving canopy density and
reducing water stress. HLB infection leads to
reduced photosynthesis and altered carbohy-
drate dynamics within citrus trees, ultimately
resulting in the formation of sparse canopies
(Achor et al. 2020; Bové 2006; Kim et al.
2009). It also decreases CO, assimilation by
reducing photosynthetic surface area (Keeley
et al. 2022). HLB impact on sugar transport
leads to poorly developed roots (Johnson
et al. 2012; Kumar et al. 2018) with reduced
capacity for water and nutrient uptake
(Kadyampakeni et al. 2014; Shahzad et al.
2020), increasing water deficit and reducing

stomatal conductance (Keeley et al. 2022).
The shading effect of PFs can help balance
water demand and carbohydrate supply, im-
proving citrus photosynthesis. As highlighted
by Vincent et al. (2021a), natural shade im-
proves citrus photosystem II performance
and reduces evidence of HLB symptoms. Suh
et al. (2021) showed that moderate shading
from shade nets alleviated sink limitation of
HLB-infected trees in the field and boosted
photosystem efficiency and leaf carbon fixa-
tion, leading to better growth and yield de-
spite HLB. Kaolin PFs, by lowering canopy
temperature, help retain water without reduc-
ing stomatal conductance (Jifon and Syvertsen
2003a; Salvatierra-Miranda et al. 2023). Thus,
PFs may benefit HLB-affected trees by allevi-
ating HLB-induced leaf water deficits. In the
present work, the maintenance of canopy den-
sity with PFs during the low-rainfall period be-
tween 2019 and 2020 supports this hypothesis.

PF effects on pest and disease. The results
in terms of total growth and yield may also
be attributed to PFs impacts on ACP popula-
tions. Pierre et al. (2021) reported that in the
first 2 years of this experiment, ACP popula-
tions were reduced by PF treatments. This re-
sulted in delayed infection with CLas, resulting
in a temporary growth rate benefit to disease-
free trees in PF treatments. Additionally, ACP
feeding on citrus leaves or reproduction nega-
tively impacts health and yield, even in al-
ready-infected trees (Tansey et al. 2017); thus,
the PFs could improve growth of trees before
and after CLas infection in the present study
due to reduced pest populations, as reported in
Pierre et al. (2021). The lower yield and fruit
numbers in non-PF treatments may therefore
be partially due to the earlier CLas infection,
along with the negative effects of ongoing
ACP feeding and reproduction. Johnson et al.
(2012) noted that the symptoms on infected
trees are influenced by tree age, as well as the
timing and phase of infection. If this hypothe-
sis is correct, our findings suggest that imple-
menting kaolin PFs immediately after planting
citrus trees could enhance growth directly and
help delay CLas infection. However, the ef-
fects of PFs on ACP infestation and CLas in-
fection do not fully account for the results of
this study. Despite a 100% CLas infection rate,
we observed that PF-treated plants exhibited
greater growth and yield compared with those
without PFs, including improved foliar reten-
tion during the spring of 2020. Although we

Table 3. Fruit number (number/tree), average fruit weight (g), and fruit quality (°Brix, TA, and Brix/TA ratio) measurements of ‘Hamlin’ sweet orange
(Citrus xsinensis) trees on ‘Kuharske’ citrange (C. sinensis X Poncirus trifoliata) rootstock treated with kaolin particle films, foliar insecticides, and

no foliar insecticides across 2019 and 2020.

Fruit (number/tree) Avg fruit wt (g) °Brix TA Brix/TA
Treatment 2019 2020 2019 2020 2019 2020 2019 2020 2020
Red Kaolin PF 6.50 a 40.50 a 1023 a 120.98 a 7.64 a 7.85a 283 a 3.63 a 2.16 a
White Kaolin PF 7.67 a 27.50 ab 118.62 a 114.64 a 7.55a 8.38 a 348 a 393 a 213 a
Foliar insecticides 0.67 a 9.33 be 80.00 ab 101.05 b NA 6.86 a NA 310 a 221 a
No foliar insecticides 033 a 2.00 ¢ 45.50 b 105.00 ab NA 7.03 a NA 326a 2.16 a

NA = not available data; PF = particle films; TA = titrated acidity.
Different letters within each column indicate significant differences at P = 0.05.
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did not measure ACP populations at that time,
it is important to note that ACP numbers are
generally low during the preceding months due
to cooler temperatures and limited new shoots
for ACP reproduction (Pierre et al. 2021).

Conclusion

Kaolin PFs promote the growth of trees
affected by HLB and result in increased
yields. This is due to their beneficial effects
on plant physiology and pest management,
resulting in growth or yield improvements
that are 2 to 4 times greater than those
achieved with insecticidal control. PFs is a
shade treatment that decreases leaf tempera-
ture, increases water use efficiency, and facil-
itates better photosynthesis in citrus canopies.
It further improves growth, protects citrus
against the spread of HLB, and reduces water
demand of trees already infected with HLB.
The present study suggests that the use of PF
treatments, especially red-dyed PF, can be a
valuable strategy for citrus growers aiming to
mitigate the impact of HLB and enhance the
overall health and productivity of their or-
chards. The sustained positive effects ob-
served from years 2 to 4 after planting
highlight the efficacy of PF treatments in pro-
moting the health of sweet orange trees.
However, further research and field trials
may be needed to validate these findings
across different environmental conditions and
citrus varieties, assess whether the positive
impacts of PFs under HLB differ from those
of uninfected trees, and determine what rates
of PFs confer the maximum benefit. Consider-
ing the physiological effects, we can hypothe-
size that the advantages or disadvantages may
vary depending on the season and rate of appli-
cation. For instance, low rainfall may enhance
the benefits, whereas cool temperatures may at-
tenuate the benefits of PF applications. The
benefits, however, are strong, ultimately result-
ing in strong increases in yield of sweet orange
plantings under high HLB pressure.
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