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Abstract: In the eastern USA and several other apple-growing regions, apple blossom thinning
using lime sulfur is a relatively new crop load management strategy. This study sought to evaluate
how application timing of lime sulfur + stylet oil blossom thinning sprays would influence thinning
efficacy and crop safety of ‘Gala’ apples. This project occurred at two locations in the USA, Winchester,
Virginia, and Mills River, North Carolina, during the 2019 growing season. Two main timing strategies
were assessed: (1) model-guided sprays with the pollen tube growth model (PTGM), (2) fixed spray
intervals with the first spray applied at a specified percentage of open bloom (20% vs. 80%), and the
second spray applied at a reapplication interval (48 h vs. 72 h). Model-guided and 20% open bloom
+ 48-h treatments reduced fruit set and increased fruit weight, diameter, and length at both sites.
Treatments with a delayed first spray at 80% open bloom or a more extended second reapplication
of 72 h were generally ineffective. There was no conclusive evidence that lime sulfur + stylet oil
blossom thinning spray timing influenced russet incidence/severity or leaf phytotoxicity. This study
demonstrated that effective and safe blossom thinning can be obtained from applying two sprays at
20% open bloom and 48 h thereafter or using the PTGM.

Keywords: apple; blossom thinning; lime sulfur; pollen tube growth model; crop load management

1. Introduction

Under natural conditions, 8–10% of apple blossoms develop into fruit; however, an
ideal crop is obtained when approximately 5% of the blossoms set fruit [1]. When proper
thinning is implemented, the crop load is reduced to a level which balances tree carbohy-
drate usage between developing fruit in the current year and flower bud development for
the following crop. Consequently, thinning improves return bloom for the following year
which promotes annual bearing [2–4]. Additionally, thinning improves fruit quality traits
such as size and coloration by allowing carbohydrates to be channeled into fewer fruits
and increasing fruit spacing to improve color development [5].

Commercial apple growers make many important annual management decisions
which directly impact the production and sustainability of their orchards. Thinning deci-
sions are considered to be among the most important since they directly impact yield, fruit
quality, profitability, and growing habit. Post-bloom chemical fruit thinning using plant
growth regulators and carbamate insecticides are the main thinning methods to reduce
crop load in apple orchards [6–8]. However, there are numerous external factors such as
weather conditions that greatly impact the efficacy of post-bloom fruit thinning spray ap-
plications [6,9,10]. One alternative thinning practice is chemical blossom thinning. Unlike
post-bloom chemical fruit thinning, chemical blossom thinning uses chemicals applied
during bloom to reduce the crop load by preventing the fertilization of a percentage of
the flowers [11]. Only a few chemicals obtained a label for apple blossom thinning in the
USA. These include dinitro-o-cresylate (DNOC), sulfcarbamide, pelargonic acid, endothall
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and liquid lime sulfur (LLS) [11–15]. However, due to phytotoxicity, variability in thinning
efficacy, and spray tank mixing issues, none of these chemicals except LLS is currently
labelled for chemical blossom thinning in the USA [11,16].

Timing of blossom thinning applications is critical for optimal results [17]. Currently,
there are two major methods of timing blossom thinning sprays: (1) visual observation of
the percentage of open blossoms and (2) model-guided spray method using the pollen tube
growth model (PTGM). Using the visual observation method requires growers to visually
estimate the percentage of open bloom frequently during the bloom period. Common
spray applications timings with visual observation method include 20%, 40%, 60%, 80%,
and 100% open bloom with single or multiple applications occurring [18]. However, the
recommended percentage of open bloom for timing a spray application can vary depending
on the chemical blossom thinner used and the source of information. In addition, variable
thinning outcomes can result since pollen tubes are capable of reaching the base of the style
within 48 h [19], thereby resulting in fertilization and rendering the blossom thinning spray
ineffective. As a result, visual observation of open bloom for timing blossom thinning
sprays is a subjective method compared to model-guided bloom thinning.

In order to find a method to determine optimum application timings, another line
of research was initiated by researchers at Virginia Tech University who invested into
developing a decision-making tool. The work of Yoder and colleagues in 2009 demonstrated
that pollen tube growth rates were regulated by genotype and temperature [19]. Further
work by DeLong et al. [20] showed that a three-factor relationship between paternal pollen
tube growth rates, maternal cultivar, and temperature collectively determined the time
required for fertilization. From this and other research, the PTGM was developed for
seven varieties (‘Red Delicious’, ‘Golden Delicious’, ‘Honeycrisp’, ‘Granny Smith’, ‘Cripps
Pink’, ‘Gala’, and ‘Fuji’). In apple, every fruiting spur produces a cluster of 5–6 blossoms,
with the central one being referred to as the king blossom. Early investigations with
the PTGM indicated that application timing guided by the model resulted in the desired
effect of allowing the fertilization of the majority of the king blossom (85% fertilized) and
preventing the fertilization of the majority of the side blossoms (20% fertilized) in Gala
orchard blocks [21]. After extensive field testing in Washington, the PTGM was publicly
made available on the AgWeatherNet website for West Coast producers [22] and the NEWA
website for East Coast producers [23].

Although the PTGM can assist growers in timing blossom thinning sprays, there are
several limitations. First, the model does not compensate for the varying efficacy and
modes of actions of different blossom thinning agents and/or surfactant combinations.
The PTGM was developed using LLS combined with fish oil, since it was the preferred
blossom thinning material and adjuvant in WA [21]. Additionally, the current model
utilizes the pollen tube growth rate of the pollinizer ‘Snowdrift’ for making fertilization
timing predictions [20]. With many apple orchards on the East Coast relying on several
other pollinizer cultivars (i.e., ‘Manchurian’, ‘Indian Summer’, ‘Evereste’, etc.) and even
production cultivars (i.e., ‘Golden Delicious’, ‘Fuji’, etc.) for pollen sources, the accuracy
of the PTGM will vary from block to block depending on the dominant pollen source.
Furthermore, the PTGM is currently available for seven different varieties [5]. Many apple
growers have more than seven varieties planted. Although growers could attempt to match
varieties not listed on the PTGM to the closest variety based on parentage, different varietal
responses have been recognized which could result in inaccurate model predictions [21].
Finally, recommended use of the PTGM requires a significant amount of time for the
growers to collect flowers, measure style length, input necessary data, and frequently
monitor the model. This can be especially challenging for growers who have large acreage
and multiple varieties and/or blocks.

With limitations to model-guided bloom thinning and few sound science-based guide-
lines for using the visual observation of open blooms to time sprays, there is a warranted
need for alternative lime sulfur blossom thinning timing strategies. In the present study,
two main lime sulfur blossom thinning application timing strategies were evaluated and
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compared. One strategy was based on model-guided bloom thinning applications using
the PTGM to determine application timing and frequency. The other strategy was based
on scheduled applications. For the schedule-based treatments, initial spray application
timing was based on the percentage of open bloom (i.e., 20% open bloom vs. 80% open
bloom) and subsequent blossom thinning spray timing was based on fixed time intervals
(i.e., 48 h vs. 72 h). This research sought to evaluate how: (1) initial lime sulfur blossom
thinning sprays applied according to the percentage of open bloom and (2) subsequent lime
sulfur blossom thinning sprays applied according to time intervals collectively impact fruit
set, crop density yield, fruit russet, etc., and compare to the PTGM. The ultimate goal of
this study is to provide commercial apple growers with scientific-based recommendations
on the optimum initial application timing and the required frequency of reapplication of
blossom thinning sprays.

2. Materials and Methods
2.1. Plant Materials, Treatments and Experimental Design

This project was initiated in 2019 and replicated at two sites. The experiment was
performed at Virginia Tech’s Alson H. Smith Jr. Agricultural Research and Extension
Center in Winchester, VA, USA (39◦6′45′′ N, 78◦17′0.6′′ W) and at the North Carolina State
University’s Mountain Horticultural Crops Research and Extension Center in Mills River,
NC, USA (35◦25′31′′ N, 82◦33′88′′ W). The weather data (e.g., average air temperature,
total precipitation and relative humidity) during the bloom thinning application window
were reported for both locations (Tables S1 and S2). The Winchester site utilized ‘Crimson
Gala’/‘M.9’ apple trees planted in 2000. Trees were planted at a 3 m by 5.5 m spacing and
trained to a central leader system. In Mills River, ‘Ultima Gala’/‘M.9’ apple trees planted
in 2012 were used. Trees were planted at 0.9 m by 4 m spacing and trained to tall spindle.
A total of five different treatments and an unthinned control were utilized at both sites
(Table 1). In the course of the experiment, insecticide, fungicide, and nutrient management
adhered to local recommendations. Furthermore, both research blocks received standard
pruning/training procedures during the winter of 2018/2019. No other thinning methods
were implemented in this experiment.

Table 1. Treatment schemes and application timings.

No.
Treatment Schemes z Winchester, Virginia y Mills River North, Carolina x

Spray #1 Spray #2 Spray #1 Spray #2 Spray #1 Spray #2

1 w PTGM PTGM 4/21/19
12:30 AM

4/23/19
2:37 PM

4/10/19
1:07 PM

4/12/19
8:25 AM

2 v 20 OB 48 h 4/18/19
12:48 PM

4/20/19
8:47 PM

4/9/19
8:45 AM

4/11/19
8:43 AM

3 v 20 OB 72 h 4/18/19
12:48 PM

4/21/19
5:21 PM

4/9/19
8:45 AM

4/12/19
8:25 AM

4 v 80 OB 48 h 4/20/19
8:47 PM

4/22/19
7:40 PM

4/13/19
5:00 PM

4/16/19
9:07 AM

5 v 80 OB 72 h 4/20/19
8:47 PM

4/23/19
7:36 PM

4/13/19
5:00 PM

4/17/19
9:50 AM

6 u Control - - - -
z Each treatment received two blossom thinner spray applications. Both spray applications contained 2 Nova-
Source Lime Sulfur and 2 JMS Stylet Oil. Treatments differed according to application timing. y Actual application
timing of blossom thinning sprays at Winchester, Virginia site. x Actual application timing of blossom thinning
sprays at Mills River, North Carolina site. w Spray application timing of treatment number 1 utilized the pollen
tube growth model. The model was started once ~20 of king blossoms were open. The model was started on
17 April 2019 at 10:00 AM in Winchester, Virginia and on 7 April 2019 at 7:00 PM in Mills River, North Carolina.
The first spray application was targeted at the date/time when the pollen tube reached 100% the length of the
style as predicted by the model. The second spray application was targeted at the date/time when the pollen
tube reached 60–70% the length of the style as predicted by the model. v Spray application timing for treatment
numbers 2–5 was determined by pre-structured timing intervals. The first applications were targeted when 20%
or 80% open blooms occurred and second applications where targeted at the 48-h or 72-h time marks following the
first spray. u Non-thinned control. No blossom thinning sprays, no fruit thinning sprays, no hand-thinning, etc.
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2.2. Treatment #1: PTGM and Spray Applications

For treatment #1, the PTGM was utilized to determine the application timing of the
first and second sprays. At both sites the PTGM was started once ~20% of the king blossoms
were open. This was determined by daily visual observation. Prior to the starting the
model, 50 blossoms were collected at random at each site in order to determine the average
style length to be entered into the model. At the Winchester site, the average style length
was 12.96 mm and at Mills River average style length was 9.77 mm. At the Winchester
site the first and second applications occurred when the estimated pollen tube growth
was 114% and 57% the length of the style, respectively. At the Mills River site, the first
application occurred when estimated pollen tube growth reached 95% the length of the
style. The second application occurred when estimated pollen tube growth was 76% the
length of the style (Table 1).

2.3. Treatments #2–5: Spray Applications

Treatments #2, #3, #4, and #5 utilized pre-structured blossom thinning spray timings
based upon the percentage of open bloom for initial sprays and fixed time intervals for
subsequent sprays. To determine the percentage of open bloom, ten representative branches
uniformly distributed in the research block at each site were selected. At the pink stage
(code 57, BBCH-Scale) [24], all flower clusters on each branch were counted and multiplied
by five (assuming five flowers per cluster) to determine the theoretical total number of
flowers. Daily counts of the open flowers on each branch were performed starting at the
late pink stage. The daily count of open flowers was then divided by the theoretical total
number of flowers to determine the percentage of open flowers for each day.

The experiment had a complete randomized design (CRD) and was replicated five
times. The experimental unit was a single-tree plot and buffer trees separated plots. The
first and second blossom thinning sprays for all treatments consisted of spray solution
containing: 2% NovaSource Lime Sulfur Solution (active ingredient: 29% calcium polysul-
fide) and 2% JMS Stylet Oil (active ingredient: 97.1% paraffinic oil). Both sides of the trees
were sprayed until thoroughly wetted. At the Winchester site, treatment spray applications
started with an electric powered handgun sprayer (custom fabricated) mounted on the
bed of a utility vehicle. At the Mills River site, a CO2 sprayer (Bellspray, Inc., Opelousas,
LA, USA) mounted on the bed of a utility vehicle was used to apply the blossom thin-
ning sprays.

2.4. Fruit Set (%) Assessments

Fruit set differences between treatments was evaluated by flagging representative
limbs to obtain approximately 100 flower clusters per replicate tree. At the Winchester site,
three uniform branches per replicate tree were selected to obtain the ~100 flower clusters.
At the Mills River site, 3–7 uniform limbs per replicate tree were selected to obtain the
~100 flower clusters. From the flagged flower clusters, the cluster count (i.e., 103 flower
clusters) was multiplied by five (the average number of blossoms per cluster) to obtain the
theoretical maximum fruit set (i.e., 515 fruit) on the flagged limbs of each replicate tree.
Counts of the number of fruits on the flagged limbs of each replicate tree were performed
two weeks, four weeks, six weeks, and eight weeks after petal fall and immediately prior
to harvest. To obtain fruit set percentages, the fruitlet/fruit count from each respective time
interval was divided by the theoretical maximum fruit set (i.e., 515 fruit).

2.5. Fruit Yield and Fruit Quality Assessments

Whole trees were harvested across two harvest events to mimic commercial manage-
ment practice. All fruits were harvested except for any fruit which had obvious visual
damage from excessive rot, herbicide injury, mechanical injury, etc. An electronic fruit
sorter (Durand-Wayland, Inc., LaGrange, GA, USA) equipped with a color and infrared
camera system and full transmittance spectrometer (TrueSort Electronics; Ellips, Eidhoven,
The Netherlands) was used to determine: (1) fruit weight, (2) fruit diameter, (3) fruit length,
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and (4) the percentage of blush present on each fruit. From this data, the yield (kg fruit/tree)
per treatment and fruit count (# fruit/tree) was calculated. The crop yield per acre was
estimated using tree density (Winchester: 242 trees per acre; Mills River: 1092 trees per
acre), the kilograms of harvested fruit per replicate tree, and a fixed bushel weight of 48 lbs.
From the Winchester site, a total of 18,815 individual fruits were harvested from both
picks and run through the sorter, while a total of 6040 individual fruits were harvested in
Mills River. After running the fruit through the sorter, twenty fruits from each replicate
were randomly selected for evaluating fruit russet incidence/severity. A russet rating
scale adapted from the United States Standards for Grades of Apples was used (United
State Department of Agriculture, 2002). Using the scale, the fruits were placed into one of
three grade categories: Category 1 (USA Extra Fancy and U.S. Fancy grades) 0% russeting;
Category 2 (U.S. No. 1 grade) 1–25% smooth net-like russeting and/or 1–10% smooth
solid russeting; and Category 3 (U.S. Utility Grade) >25% smooth net-like russeting and/or
>10% smooth solid russeting.

2.6. Foliar Phytotoxicity

Foliar phytotoxicity was visually rated using a 0–100 scale with 0 indicating that 0%
of the leaf surface was necrotic/chlorotic and 100 indicating that 100% of the leaf surface
was necrotic/chlorotic. Four representative spurs (two from each side of the tree) were
rated on each plot. When generating the phytotoxicity ratings, the entire surface area of all
the leaves of each spur were considered.

2.7. Statistical Analysis

JMP Pro 14 was used for all statistical analysis. Tukey’s honest significantly difference
was used as the sole statistical method in evaluating significant difference between the
treatments with regards to fruit set, crop density, yield, foliar phytotoxicity, fruit russet-
ing, etc.

3. Results
3.1. Effects of Thinning Strategies on Fruit Set and Yield

The majority of the blossom thinning treatments reduced fruit set at the Winchester
site (Table 2). All the blossom thinning strategies, except 80% open bloom + 72-h treatment,
reduced fruit set significantly at harvest compared to the control. No significant effect
on fruit set was observed when thinning timing was guided by the PTGM or scheduled
applications. Differences in fruit set at harvest between treatments were more variable
at the Mills River site. Only the PTGM treatment and 20% open bloom + 48 h-treatment
were found to have a mean fruit set at harvest which was both lower and significantly
different from the control (Table 2). In both locations, fruit set data collected at early time
points after petal fall (e.g., 2–8 WAPF) followed almost the same trend observed at harvest,
indicating that blossom thinning treatment was the major source of variation observed
among treatments.

All treatments at the Winchester site had lower yield (kg/tree) and lower fruit numbers
per tree when compared to the control (Table 3). However, none were significantly different
from the control. At the Mills River site, thinning treatments had no significant effect on
tree yield (kg/tree) compared to control. However, the PTGM significantly reduced fruit
number per tree when compared to the control (Table 3). The estimated yield per acre
(bushels/acre) did not differ from the control in both sites, with one exception: the PTGM
treatment was significantly different from the 80% open bloom + 48-h treatment and 80%
open bloom + 72-h treatment in Mills River (Table 4).
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Table 2. Treatment effect on fruit set (%) of ‘Gala’ apples. z

Treatment 2 WAPF 4 WAPF 6 WAPF 8 WAPF At Harvest

Fruit Set (%) in Winchester, Virginia
PTGM 30.0 bc 17.6 a 13.4 b 12.7 b 11.7 b

20 OB + 48 h 25.7 c 12.0 b 10.2 b 9.8 b 9.6 b
20 OB + 72 h 25.6 c 11.9 b 10.1 b 9.4 b 9.1 b
80 OB + 48 h 37.6 ab 17.5 a 14.3 ab 13.6 ab 13.2 ab
80 OB + 72 h 32.9 abc 17.2 a 14.1 ab 13.4 ab 11.5 b

Control 44.0 a 21.4 a 18.6 a 17.5 a 16.3 a
Fruit Set (%) in Mills River, North Carolina

PTGM 29.4 b 10.8 c 8.4 b 8.3 b 7.8 b
20 OB + 48 h 38.2 ab 16.0 bc 10.0 b 9.2 b 8.8 b
20 OB + 72 h 45.5 a 22.5 a 16.1 a 15.6 a 14.9 a
80 OB + 48 h 39.8 ab 22.7 a 15.3 a 15.0 a 14.5 a
80 OB + 72 h 41.8 ab 17.8 ab 12.0 ab 11.8 ab 10.9 ab

Control 46.1 a 20.3 ab 14.3 a 13.6 a 13.2 a
z Mean separation within columns by Tukey’s honest significant difference test in JMP Pro 14 at α = 0.05. Weeks
after petal fall (WAPF), open bloom (OB), pollen tube growth model (PTGM).

Table 3. Treatment effect on number of fruit per tree and yield of ‘Gala’ apples. z

Treatment
Winchester, Virginia Mills River, North Carolina

Yield
(kg Fruit/Tree) y Fruit No./Tree x Yield

(kg Fruit/Tree) y Fruit No./Treex

PTGM 72.4 a 596 a 16.3 b 119 c
20 OB + 48 h 65.5 a 518 a 19.5 ab 153 bc
20 OB + 72 h 79.6 a 572 a 23.8 ab 207 ab
80 OB + 48 h 84.8 a 657 a 28.2 a 217 ab
80 OB + 72 h 66.8 a 564 a 28.5 a 284 a

Control 93.8 a 855 a 27.2 ab 228 ab
z Mean separation within columns by Tukey’s honest significant difference test in JMP Pro 14 at α = 0.05.
y Kilograms of fruit/tree determined by entire tree harvest (two separate picks at both sites) and running fruit
though sorter to obtain total weight of harvested fruit per replicate tree. x Number of fruit/tree determined by
entire tree harvest (two separate picks at both sites) and running fruit though sorter to obtain the total number of
fruits per replicate tree.

Table 4. Treatment effect on estimated yield (bushels/acre) of ‘Gala’ apples. z

Treatment Winchester, Virginia y Mills River, North Carolina x

PTGM 805 a 820 b
20 OB + 48 h 728 a 978 ab
20 OB + 72 h 885 a 1193 ab
80 OB + 48 h 943 a 1415 a
80 OB + 72 h 742 a 1429 a

Control 1042 a 1363 ab
z Mean separation within columns by Tukey’s honest significant difference test in JMP Pro 14 at α = 0.05.
y Estimated yield calculated using tree density (242 trees per acre), kilograms of harvested fruit per replicate tree,
and a fixed bushel weight of 48 lbs. x Estimated yield calculated using tree density (1092 trees per acre), kilograms
of harvested fruit per replicate tree, and a fixed bushel weight of 48 lbs.

3.2. Effects of Thinning Strategies on Fruit Quality & Foliar Phytotoxicity

At both sites, each treatment was significantly different from the control with regards
to fruit weight (g), diameter (mm), and length (mm) (Table 5). Furthermore, the significant
differences of fruit weight, diameter, and length were consistent in each treatment at each
respective site. Despite the presence of significant differences between treatments and the
control, there was no clear relation between initial spray application timing (20% open
bloom vs. 80% open bloom) nor reapplication frequency (48 h vs. 72 h) and fruit size,
diameter, and weight at either location (Table 5).
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Table 5. Treatment effect on individual fruit weight, diameter, length, and blush of ‘Gala’ apples. z

Treatment Weight (g) y Diameter (mm) y Length (mm) y Blush y

Winchester, Virginia x

PTGM 121 d 64.15 d 60.75 d 56.66 a
20 OB + 48 h 126 c 65.08 c 61.53 c 57.11 a
20 OB + 72 h 139 a 67.48 a 64.23 a 54.23 bc
80 OB + 48 h 129 b 65.70 b 62.50 b 53.48 c
80 OB + 72 h 118 e 63.65 e 60.15 e 56.04 ab

Control 110 f 61.83 f 58.74 f 56.69 a
Mills River, North Carolina w

PTGM 138 a 66.98 a 64.53 a 65.87 a
20 OB + 48 h 127 b 65.15 b 62.53 b 66.66 a
20 OB + 72 h 115 d 62.35 d 59.92 d 52.95 c
80 OB + 48 h 130 b 65.56 b 62.81 b 59.24 b
80 OB + 72 h 100 e 58.96 e 56.66 e 49.24 d

Control 119 c 63.47 c 61.07 c 47.71 d
z Mean separation within columns by Tukey’s honest significant difference test in JMP Pro 14 at α = 0.05.
y Individual fruit weight, diameter, length, and blush determined by entire tree harvests (two separate picks) at
both sites and running all harvested fruit though sorter. x Data were obtained from a total of 18,815 individual
fruits harvested from all treatment trees and control trees at Winchester, Virginia site. w Data were obtained
from a total of 6040 individual fruits harvested from all treatment trees and control trees at Mills River, North
Carolina site.

The treatments at the Winchester site did not have a substantial effect on fruit blush
(Table 5). However, 20% open bloom + 72-h treatment and the 80% open + 48-h treatment
slightly decreased the percentage of fruit blush and were significantly different from the
control. At the Mills River site, most thinning treatments increased fruit blush coverage
when compared to the control (Table 6). The exception was the 80% open bloom +72-h
treatment, which did not differ from the control. Furthermore, the Mills River data collec-
tively showed that fruit blush increased with earlier initial application timing and more
frequent reapplication.

Table 6. Treatment effect on fruit packout according to fruit russet incidence/severity.

Treatment U.S Extra Fancy and U.S Fancy x U.S. No. 1 w U.S. Utility v

Winchester, Virginia
PTGM 51 c 48 a 1 a

20 OB + 48 h 58 bc 42 a 0 a
20 OB + 72 h 70 abc 29 ab 1 a
80 OB + 48 h 77 ab 22 b 1 a
80 OB + 72 h 63 abc 36 ab 1 a

Control 82 a 18 b 0 a
Mills River, North Carolina

PTGM 48 a 44 a 8 a
20 OB + 48 h 54 a 41 a 5 a
20 OB + 72 h 36 a 61 a 3 a
80 OB + 48 h 39 a 53 a 8 a
80 OB + 72 h 52 a 45 a 3 a

Control 46 a 49 a 5 a
z Mean separation within columns by Tukey’s honest significant difference test in JMP Pro 14 at α = 0.05.
y Packout according to fruit russet incidence/severity was determined using a 20-fruit subsample per replicate
and assigning each individual fruit into a USDA apple grade based upon the incidence/severity of russet on
the fruit as according to the USDA apple grade standards. x U.S. Extra Fancy and U.S. Fancy Grades criteria:
0 russeting. w U.S. No. 1 Grade criteria: 1–25 smooth net-like russeting and/or 1–10 smooth solid russeting. v U.S.
Utility Grade criteria: greater than 25 smooth net-like russeting and/or greater than 10 smooth solid russeting.

All the treatments from the Winchester site had lower mean packouts of U.S. Extra
Fancy/U.S. Fancy grade fruit and higher proportions of U.S. No. 1 grade fruit due to
the incidence and severity of russet (Table 6). The PTGM treatment and the 20% open
bloom + 48-h treatment both had lower mean percentages of U.S. Extra Fancy/U.S. Fancy
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grade fruit and higher mean percentages of U.S. No. 1 grade fruit which were significantly
different from the control at the Winchester site. There was no significant difference in the
proportion of fruit classified in the U.S. Utility grade at the Winchester site. At the Mills
River site, blossom thinning treatments has no significant effects on fruit packout compared
to control. Additionally, no significant differences were observed among thinning strategies
(Table 6).

At the Winchester site, all thinning treatments increased the incidence of phytotoxicity
with most of them being significantly different from the control (Table 7). The Winchester
treatments suggested that phytotoxicity incidence increased with later initial applications.
However, there was no significant difference between the phytotoxicity ratings of earlier
initial applications when compared to the later initial applications. At Mills River thinning
treatments increased phytotoxicity incidence but were not significant when compared to
the control. However, only the PTGM treatment showed significantly higher levels of foliar
phytotoxicity (Table 7).

Table 7. Treatment effect on phytotoxicity z, y.

Treatment Winchester, Virginia Mills River, North Carolina

PTGM 1.8 a 16.0 a
20 OB + 48 h 1.8 a 8.0 b
20 OB + 72 h 1.7 ab 5.8 b
80 OB + 48 h 2.6 a 6.5 b
80 OB + 72 h 3.0 a 4.3 b

Control 0.2 b 5.0 b
z Mean separation within columns by Tukey’s honest significant difference test in JMP Pro 14 at α = 0.05.
y Phytotoxicity evaluated by selecting four leaf spurs per replicate and visually assessing the percentage of
chlorotic/necrotic leaf area present on the upper surface area of the leaves present on each spur. Phytotoxicity
expressed as the percentage of leaf area affected by chlorosis and/or necrosis.

4. Discussion
4.1. Fruit Set and Yield as Affected by Thinning Spray Timing

This study demonstrated that use of the ‘Gala’ PTGM reduced fruit set, yield, fruit
number, and estimated yield per acre at both sites in most cases (Tables 2–4). This is
in agreement with other research studies [18,25] which demonstrate that the PTGM is
a reliable method for timing blossom thinning sprays. Additionally, lime sulfur sprays
applied at 20% open bloom and 48 h later performed near equally well as the PTGM
treatment in reducing fruit set, crop density, kg fruit/tree, fruit no/tree, and estimated
yield per acre in most situations. Blossom thinning sprays need to be applied early enough
to prevent excessive fruit set [26], which could also explain why the 20% open bloom +48-h
treatment performed as well as the PTGM. This treatment also performed well likely due
to the short reapplication frequency (48 h). Since temperature directly impacts pollen tube
growth which, in turn, influences the time required for fertilization [19], shorter spray
intervals are more likely to decrease the chances of flower fertilization and preventing fruit
set. The other treatments with more delayed reapplication frequencies and later initial
sprays were found to be not as effective in reducing the factors affecting yield such as fruit
set, crop density, etc.

With regards to reapplication frequency of the treatments with an initial application at
20% open bloom, it was found that the treatment with an initial application at 20% open
bloom and 72 h thereafter was effective in reducing fruit set at the Winchester site but
not in Mills River. Although temperature plays a major role in determining fertilization
timing [19], there were minor differences in mean hourly temperature between the time
of the first and second sprays for the 20% open bloom + 72-h treatment at the two sites
(Winchester 62.9 ◦F and Mills River 61.3 ◦F). Consequently, differences in fruit set between
Winchester site and Mills River site were likely due to other variable(s) affecting the time
required for flower fertilization, such as style length. Indeed, at the Winchester site, the
mean style length was found to be 12.96 mm compared to the shorter 9.77 mm style length
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at the Mills River location. Since longer style length has been shown to be associated with
more time required for flower fertilization [20,27], it is likely that the shorter style length
at the Mills River site allowed the pollen tubes to reach the base of the style, resulting in
flower fertilization prior to the second spray in the 20% open bloom treatment, thereby,
rendering the second spray ineffective in thinning the flowers and causing the treatment
to have a higher fruit set. Additionally, pollen tube growth rates and the associated time
required for fertilization have shown to be influenced by other factors such as paternal
pollen source [20,27]. With the research sites having different adjacent blocks containing
different production and pollinizer cultivars, the dominant paternal pollen source was
likely different between the two sites and may have also had a role in affecting the time
required for flower fertilization.

Later initial applications at 80% open bloom were not reliably effective in reducing
fruit set, kg fruit/tree, fruit no./tree, nor estimated bu./acre (Tables 2–4). This likely
resulted from the additional time allowed for the majority of the blossoms to open and
become fertilized, thereby rendering the blossom thinning sprays less effective. Finally,
there was no significant difference in fruit set, yield, fruit no./tree, and estimated bu./acre
(Tables 2–4) between the reapplication frequencies (48 h vs. 72 h) of the treatments with an
initial application at 80% open bloom. This likely resulted from the increased crop load
which could have minimized significant difference. Delayed second applications in the
80% open bloom treatments at the Mills River site could have contributed to this limited
treatment responses.

4.2. Effects of Thinning Timing Strategies on Fruit Quality, Packout and Phytotoxicity

Despite the large number of data points (18,815 fruits from the Winchester site and
6040 fruits from the Mills River site) and the presence of significant difference between
treatments and the control, there was no clear relationship effect of initial application
timing (i.e., 20% open bloom vs. 80% open bloom) nor reapplication frequency (i.e., 48 h
vs. 72 h) on individual fruit weight, diameter, or length across both sites (Table 5). At
the Winchester site, lime sulfur treatments had higher mean fruit weights, diameters,
and lengths which were significantly different from the control, suggesting that all of the
treatments had a thinning effect. This agrees with other recent studies [18,24,28–30] which
showed that increased thinning (i.e., reduced fruit set, reduced crop load, etc.) increased
fruit weight/size when lime sulfur was used as a blossom thinner. At the Mills River site,
all the treatments, with the exception of the 20% open bloom + 72-h treatment and 80% open
bloom + 72-h treatment, had significantly higher mean weights, diameters, and lengths
than the control (Tables 2–6). This likely resulted from the short style length (9.77 mm)
as explained above. At both sites, the PTGM treatment and the other treatments with a
reapplication interval of 48 h all had significantly higher mean fruit weights, diameters,
and lengths compared to the control. With effective thinning applications shifting the fruit
weight distribution from lower size categories to higher size categories [31], it is suggested
that the PTGM and 48-h reapplication treatments had an effective thinning effect.

Effects on fruit blush were inconsistent. The 20% open bloom + 72-h and 80% open
bloom + 48-h treatments slightly decreased fruit blush at the Winchester site. In comparison,
the Mills River data suggested that fruit blush increased with earlier initial application
timing and more 48-h reapplication timing (Tables 2–6). Bound [29] demonstrated that
lime sulfur blossom thinning sprays with heavier thinning increased fruit background
color. With a negative linear relationship existing between crop load and fruit color [31],
it is suggested that the earlier initial application time (i.e., 20% open bloom) and more
frequent reapplication frequencies (i.e., 48 h) of blossom thinning sprays can result in more
thinning, thereby increasing fruit color. Evidence of this trend is generally supported by
the Mills River fruit set data (Table 2). However, this relationship between application
timing and fruit blush was not observed at the Winchester site. This could have resulted
from sub-clonal differences (‘Ultima Gala’ vs. ‘Crimson Gala’) and/or the training system
differences (high density vs. medium density) between the two sites.
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Lime sulfur blossom thinning sprays is performed during the most sensitive time of de-
velopment for the induction of russeting [31]. Fruit packout from russet incidence/severity
was not conclusive between the two sites. At the Winchester site, all lime sulfur treat-
ments had lower mean packouts of U.S. Extra Fancy/U.S. Fancy grade fruit and higher
proportions of U.S. No. 1 grade fruit due to the incidence and severity of russet, though
not always significant (Table 6). On the contrary, lime sulfur sprays had no impact on fruit
russeting incidence/severity and consequential impact on the packout of higher-grade
fruit in Mills River, despite some treatments being applied during poor drying conditions
(Table S2) and/or later than desired. Lime sulfur effects on fruit russeting has varied
between different studies and is likely dependent on multiple factors. Stopar [30] found
that increasing concentrations of lime sulfur did not increase the occurrence of fruit russet,
whereas Peck et al. [25] found that model-guided lime sulfur blossom thinning sprays
resulted in a significant increase of fruit russet incidence. The adjuvant used in lime sul-
fur sprays can also have significant impacts on fruit russet incidence [29]. Furthermore,
it has been suggested that climatic factors such as humidity can have an influence on
russet incidence/severity [32]. The results from this study suggested that there was no
conclusive effect of lime sulfur blossom thinning spray timing and humidity on russet
incidence/severity (Table 6). However, it is likely that variables such as canopy density
and training systems that were different between the two sites could explain the difference
in fruit russet incidence/severity between the two sites.

Some lime sulfur treatments slightly increased incidences of foliar phytotoxicity
compared to the control (Table 7). However, the PTGM treatment at the Mills River site
showed an exceptionally high level of phytotoxicity compared to other treatments at both
sites. This likely a result of poor weather conditions during the time of application, as light
rain (0.34 inch) occurred during application (Table S2). Slow drying conditions caused by
low light, high humidity, and temperatures above 85 ◦F around the time of application have
potential for causing foliar phytotoxicity from lime sulfur blossom thinning sprays [11].
Overall, there was no clear relationship between lime sulfur blossom thinning spray timing
and phytotoxicity incidence. Although lime sulfur blossom thinning sprays have been
associated with increased foliar phytotoxicity in some studies [30], other studies [18] have
shown that lime sulfur results in minimal foliar phytotoxicity and other blossom thinners,
such as ammonium thiosulphate, can result in more excessive phytotoxicity. From the
results of this study, it can be suggested that lime sulfur sprays applied during bloom have
the potential to result in increased foliar phytotoxicity with little to no influence from the
application timing.

5. Conclusions

This study found that the ‘Gala’ PTGM was effective in timing blossom thinning
application, which resulted in reduced fruit set and increased fruit weight and size across
two locations. Additionally, we demonstrated that treatments with an initial application
applied at 20% open bloom and 48 h thereafter were nearly equally effective as the PTGM
treatment in reducing fruit set and increasing individual fruit weight and size. Other treat-
ments with a later initial application at 80% open bloom and more delayed second sprays
(i.e., 72 h after the initial spray) were not effective or consistent. The data from this study
did not conclusively suggest a relationship between lime sulfur blossom thinning spray
timing and fruit russet incidence/severity and foliar phytotoxicity. Likely, other factors
such as humidity, drying time, and climate could impact the crop safety of lime sulfur
blossom thinning sprays more than application timing. From this study, it is suggested
that growers wishing to adopt chemical blossom thinning as a main thinning practice
should use the PTGM if feasible. However, if growers cannot use the PTGM this project
demonstrates that lime sulfur sprays applied at 20% open bloom and 48 h thereafter may
result in a similar thinning outcome. Although this project only evaluated lime sulfur
blossom thinning spray timing, growers must also consider other variables such as rates,
surfactant, and the number of applications when planning a lime sulfur blossom thinning
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spray program. These additional considerations are critical and should be thoroughly
evaluated in future applied research studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/horticulturae7090308/s1, Table S1: Weather Data for the Alson H. Smith Jr. Agricultural
Research and Extension Center in Winchester, Virginia (1–30 April 2019). z; Table S2: Weather Data
for the Mountain Horticultural Crops Research and Extension Center in Mills River, North Carolina
(1–30 April 2019) z.
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