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Abstract: Fruit size is a highly valued commercial trait in peach. Competition among fruit and
among other sinks on a tree reduces potential growth rate of the fruit. Hence, crop-load management
strategies such as thinning (removal of flowers or fruit) are often practiced by growers to optimize
fruit size. Thinning can be performed at bloom or during early fruit development and at different
intensities to optimize fruit growth responses. Responses to thinning may be cultivar and location
specific. The objective of the current study was to fine-tune thinning strategies in the southeastern
United States, a major peach producing region. Timing and intensity of thinning were evaluated
across multiple cultivars over three years. Thinning at bloom or at 21 d after full bloom (DAFB)
improved fruit size in comparison to unthinned trees in ‘Cary Mac’ and ‘July Prince’, respectively,
in one year. Bloom-thinning reduced fruit yield (kg per tree) in the above cultivars in one year,
suggesting that flower thinning alone may not be a viable option in this region. Intensity of thinning,
evaluated as spacings of 15 cm and 20 cm between fruit, did not differentially affect fruit weight
or yield. However, fruit diameter decreased quadratically with increasing fruit number per tree in
‘Cary Mac’, ‘July Prince’ and ‘Summer Flame’. Similarly, fruit weight decreased quadratically in
response to increase in fruit number per tree in ‘Cary Mac’ and ‘July Prince’. Further, yield-per-tree
decreased with increasing fruit size in ‘Cary Mac’ and ‘July Prince’. Importantly, these relationships
were cultivar specific. Together, the data suggest that achieving a target fruit number per tree is an
effective strategy for crop-load management to optimize fruit size in southeastern peach production.
The target fruit number per tree may potentially be achieved through a combination of flower and
fruit-thinning during early fruit development. Such an approach may provide flexibility in crop-load
management in relation to adverse weather events.

Keywords: bloom-thinning; crop-load management; fruit growth and development; fruit number;
fruit size

1. Introduction

Fruit size is a major commercial trait in many tree fruits such as the peach. The peach fruit displays
double sigmoidal growth, measured as change in fruit diameter [1–4]. The initial period of rapid
growth following bloom, Stage I (S1), is mediated largely by cell division [4,5]. This is followed by
Stage II (S2), where fruit diameter does not increase substantially, but fruit development progresses and
is associated with lignification of the endocarp [4,5]. Stage III (S3) is a final period of rapid growth and
is characterized by extensive cell expansion [5,6]. This is followed by Stage IV (S4), a developmental
stage involving further fruit maturation and senescence [4,6]. Final fruit size is largely determined by
the number of cells and their size [7,8]. Variation in fruit size across cultivars is associated largely with
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differences in cell number [9]. Majority of cell division during fruit growth occurs during the S1 stage
of early fruit development [4,5].

Following bud break in early spring, growth of the flowers and subsequently the fruit is largely
supported by stored reserves of carbon (C) and nitrogen (N) [3,10,11]. Many current peach cultivars
were developed to set more fruit than they can support to a commercially acceptable size [2,12].
High fruit number per tree in conjunction with limited resources amplifies competition among young
fruit, limits their growth potential and reduces fruit size [4,13,14]. Thinning, removal of flowers or fruit
from the tree, reduces competition among flowers/fruit and allows for their optimum growth [12,15].
The earlier this competition is reduced by thinning, the greater the ability of fruit to express their
potential growth rate [2,3,15–17]. Hence, thinning is a critical crop-load management strategy routinely
applied by growers to optimize fruit size [18,19].

Crop-load management in peach can involve dormant pruning and flower bud removal/inhibition
strategies to minimize flower number per tree [19]. Flower removal or thinning at bloom greatly
minimizes the effects of competition among fruit during a key source-limitation period, thereby
maximizing growth potential of the fruit [2,20]. However, such early crop-load management strategies
alone can potentially result in excessive reduction of fruit number per tree as some retained flowers
may not set fruit, and as natural abscission may further reduce the fruit load [21–23]. Further, adverse
weather during this period may limit fruit set. In such cases, potential loss in total yield could be more
significant than the potential increase in fruit size [12]. Reduction in flower/fruit number per tree also
decreases their collective strength as a sink with thinned trees showing more vegetative growth than
unthinned trees [14,20]. Fruit-thinning during early development (S1) can minimize these negative
aspects of bloom-thinning while allowing for increase in fruit size [18,24]. While fruit growth increases
in response to fruit-thinning, this may not completely compensate for the reduction in potential growth
rate during the early period of source-limited growth [20]. However, fruit removal before pit hardening
(during S1) is a commonly used strategy in peach crop-load management to avoid the issues indicated
above with earlier interventions [19]. Thinning after natural abscission is less labor intensive as only
excess fruit need removal [16]. However, thinning at late stages of development may not provide
significant advantages as resource limitations during early stages severely impact growth [20,25].

Intensity of thinning is another potentially significant factor influencing fruit size. Thinning
severity is reflected on the shoot level by spacing between individual fruit, and on the tree level by
total fruit number per tree (normalized to tree size). Marini [26] indicated that spacing in the range
of 10–20 cm between fruit may not differentially influence fruit size responses and that this response
is rather dependent on total fruit number per tree. However, other studies indicated that spacing
between fruit on the shoot was a significant factor influencing fruit size [12]. Further, it may be likely
that such responses to spacing may be cultivar dependent [12]. Specific recommendations for thinning
intensity based on spacing on shoots or as fruit number per tree [per trunk cross sectional area (TCSA)]
are not universally available.

Response to thinning treatments may be influenced by genetics of the cultivar [12,16]. Further,
climatic conditions unique to a given region may influence thinning responses [27]. Hence, thinning
strategies need to be cultivar- and location-specific. The optimum time and intensity of thinning for
peach production in the southeastern United States, particularly in Georgia, a leading peach producing
state, have not been determined previously. The main objective of the current study was to determine
the optimum period of flower/fruit-thinning of peaches in Georgia. Three different times and two
intensities of thinning were evaluated across multiple peach cultivars over three years. The effects of
these treatments on fruit size, yield and fruit quality characteristics were evaluated.
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2. Materials and Methods

2.1. Plant Material and Cultural Practices

Commercial mature peach orchards were used in all studies. In 2017 (Experiment I), trees of
‘Spring Prince’ and ‘June Prince’ (both planted in 2008) at Fort Valley State Orchard and ‘Cary Mac’
(planted in 2010) at Lane’s Southern Orchards, both in Fort Valley, GA, were used. The above cultivars
are early season cultivars. In 2018 (Experiment II) and 2019 (Experiment III), ‘Cary Mac’ (planted
in 2010), ‘July Prince’ (planted in 2011) and ‘Summer Flame’ (planted in 2010) at Lane’s Southern
Orchards, Fort Valley, GA, were used. ‘July Prince’ and ‘Summer Flame’ are mid-season cultivars.
Trees were spaced at 6.1 m × 4.6 m (‘Cary Mac’ and ‘Summer Flame’); 6.1 m × 3.7 m (‘July Prince’);
and 6.1 m × 5.5 m (‘Spring Prince’ and ‘June Prince’). These orchards were maintained by growers
following recommendations in the southeastern peach, nectarine and plum pest management and
culture guide [28].

2.2. Thinning Treatments

Thinning treatments were adapted from those described by Njoroge and Reighard [12].
Two spacings (15 cm and 20 cm) were applied at each of three thinning times defined as days
after full bloom (DAFB; bloom dates are presented in Table S1). Across all three years, thinning was
scheduled to be performed at bloom, early S1 (≤21 DAFB) and late S1 (≥26 DAFB). Within each variety,
early S1 and late S1 thinning times were separated by at least 9 d. However, in 2017, the fruit-thinning
times were delayed to ~45 DAFB and ~60 DAFB (early and late, respectively) due to inclement weather.
Lack of chill hour accumulation and a late freeze (16 March 2017) resulted in ~80% losses in Georgia
peach production (Chavez, personal communication). Hence, fruit-thinning was delayed that year
until damage from the weather events could be assessed. In 2018 and 2019, thinning proceeded as
scheduled, except that in 2019, thinning at bloom could not be performed in ‘July Prince’ due to
inclement weather. In all three years, a control (no thinning) treatment was included for each cultivar.
The thinning treatments are summarized in Table 1. Each tree was treated as an experimental unit.
Seven trees per row were used for each replication in a randomized complete block design (RCBD) with
three replications (three rows). Within each row, the row-end trees were not used. Trees of uniform
size were selected and randomly assigned to one of thinning treatments.

Table 1. Summary of peach-thinning treatments evaluated in 2017–2019.

Cultivar ‘Cary Mac’ ‘June Prince’ ‘Spring Prince’

2017 z Spacing

1 0 DAFB y 0 DAFB 0 DAFB 15 cm
2 0 DAFB 0 DAFB 0 DAFB 20 cm
3 43 DAFB 49 DAFB 49 DAFB 15 cm
4 43 DAFB 49 DAFB 49 DAFB 20 cm
5 62 DAFB 62 DAFB 62 DAFB 15 cm
6 62 DAFB 62 DAFB 62 DAFB 20 cm

7 x No Thinning No Thinning No Thinning No Thinning

2018 ‘Cary Mac’ ‘July Prince’ ‘Summer Flame’ Spacing

1 0 DAFB 0 DAFB 0 DAFB 15 cm
2 0 DAFB 0 DAFB 0 DAFB 20 cm
3 21 DAFB 14 DAFB 14 DAFB 15 cm
4 21 DAFB 14 DAFB 14 DAFB 20 cm
5 30 DAFB 33 DAFB 26 DAFB 15 cm
6 30 DAFB 33 DAFB 26 DAFB 20 cm
7 No Thinning No Thinning No Thinning No Thinning
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Table 1. Cont.

Cultivar ‘Cary Mac’ ‘June Prince’ ‘Spring Prince’

2019 ‘Cary Mac’ ‘July Prince’ ‘Summer Flame’ Spacing

1 0 DAFB − 0 DAFB 15 cm
2 0 DAFB − 0 DAFB 20 cm
3 19 DAFB 21 DAFB 15 DAFB 15 cm
4 19 DAFB 21 DAFB 15 DAFB 20 cm
5 28 DAFB 44 DAFB 43 DAFB 15 cm
6 28 DAFB 44 DAFB 43 DAFB 20 cm
7 No Thinning No Thinning No Thinning No Thinning

z Poor chill accumulation and a late freeze resulted in delayed thinning treatments; y DAFB—days after full bloom;
x No thinning served as the control.

2.3. Yield and Fruit Quality Measurements

All fruit on the tree were manually harvested at commercial maturity (harvest dates are presented
in Table S2), which is defined as firm fruit with a yellow or cream ground color in Georgia [29].
At each harvest date, mature fruit were removed from each tree and placed into separate labeled
boxes. These boxes were then weighed on portable scales and the total yield-per-tree recorded.
When necessary, fruit were also separated into commercial (>~63.5 mm in diameter) and undersized
(<~63.5 mm in diameter) categories. In such cases, measurements on these classes were recorded
separately. Around 10–12 fruit per tree were randomly selected and placed into coolers with ice to
remove field heat and transported to Athens, GA, for additional analyses. Fruit were stored in a 4 ◦C
walk-in cooler until further analysis.

Fruit weight of ten individual fruit were obtained using a Quintix Precision Balance (Sartorius,
Gottingen, Germany). Two fruit diameter measurements were also obtained for each fruit using
Digimatic digital calipers (Mitutoyo, Kanagawa, Japan): a cheek-to-cheek diameter (diameter 1) and a
suture-to-opposite-side diameter (diameter 2). These measurements were taken at the widest part of
the fruit. Total fruit number was estimated by dividing the total yield-per-tree by the average fruit
weight of the given tree.

Chill hour accumulation was determined using the chill hour calculator available on the UGA
weather network (http://www.georgiaweather.net) using the Fort Valley weather station (Fort Valley
State University, 31,030) [30]. Growing degree days (GDD) for the first 30 DAFB (GDD30) were also
determined. Daily average temperature data for the first 30 DAFB were retrieved from the UGA
weather network’s historical data archive (http://www.georgiaweather.net) [31]. For chill hours and
GDD30, a base temperature and upper threshold of 7 ◦C and 35 ◦C, respectively, were used [32,33].

For soluble solids content (SSC) and titratable acidity (TA) measurements, three of the ten fruit
were chosen randomly for juicing. Fruit were peeled, and the flesh was pureed using a blender. In 2017,
40 ± 1 g of mesocarp tissue was pureed using a Magic Bullet blender. In 2018 and 2019, 80 ± 1 g of the
mesocarp tissue was pureed using a Ninja blender (BL456). The pureed flesh was strained through a
double layer of cheese cloth to extract juice. The juice was stored at −20 ◦C until SSC and TA analyses
could be performed. Juice samples were thawed at room temperature for two hours prior to testing.
For TA analysis, 5 mL of juice was diluted with 45 mL of H2O. Fruit TA was measured as percent malic
acid equivalents and determined using a mini titrator (Hanna instruments, Smithfield, RI, USA) in
2017 and a Titrino Plus autotitrator (Metrohm, Herisau, Switzerland) in 2018 and 2019. The TA values
were consistent and comparable across the two titrators. With both instruments, samples were titrated
to a pH of ~8.1 using 0.1-N NaOH. The SSC was determined using a Palette refractometer (Atago,
Tokyo, Japan). The refractometer was cleaned with H2O after each sample.

http://www.georgiaweather.net
http://www.georgiaweather.net
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2.4. Statistical Analyses

All statistical analyses were performed in JMP (Version 14.1.0. SAS Institute, Inc., Cary, NC,
USA, 1989–2019). Data from different years and from different cultivars were analyzed separately.
When applicable, commercial and noncommercial (undersized) fruit measurements were also analyzed
separately. Differences between thinning treatments within a cultivar were analyzed using a linear
mixed model (blocks treated as a random effect) followed by mean separation using Tukey’s HSD
(honest significant difference). Comparison of the means among the three thinning timings, and between
the two spacings of thinning was performed using contrasts. Regression analyses were performed in
SigmaPlot (version 11; Systat Software, Inc., San Jose, CA, USA). Data from 2018 and 2019 were used
together within each cultivar for regression analyses. Data from 2017 were excluded from regression
analyses owing to compromised fruit numbers per tree and higher presence of undersize fruit because
of reduced chill accumulation and late spring freeze. As indicated above, ‘July Prince’ bloom-thinning
treatments could not be performed in 2019. Fruit number per tree, fruit weight, diameter and yield data
from these trees (not thinned) were also included in the regression analyses. Principal components
analyses (PCA) were performed separately for 2018 and 2019 data in JMP.

3. Results

3.1. Experiment I (2017)

In 2017, fruit were divided into commercial and undersized fruit size categories at harvest,
as described above. No significant differences in fruit weight and yield were observed across treatments
in ‘Cary Mac’ and ‘Spring Prince’ (Figure S1). Yield in ‘June Prince’ was significantly different across
treatments (p = 0.049), but means were not separable by Tukey’s HSD. Contrasts analysis indicated
that yield in the 63 DAFB thinning treatments was higher than that in the 0 and 49 DAFB thinning
treatments (p = 0.034 and 0.026, respectively). In ‘Cary Mac’, the 43 DAFB-20-cm-thinning treatment
displayed lower yield of undersized fruit than that in the control (data not shown). In addition,
yield of undersized fruit in the 43 DAFB thinning treatments was lower than that in the 62 DAFB
thinning treatments (p = 0.035; data not shown). Fruit number per tree did not differ significantly
across treatments (Table 2). Data for diameter 1 (cheek-to-cheek) only is presented as the two diameter
measurements showed the same trends across treatments (Table 2). Across all cultivars, fruit diameter
of commercial size fruit did not differ significantly across treatments. Soluble solids content and TA
did not differ across treatments for any of the cultivars (commercial size fruit). In the undersized fruit
of ‘Cary Mac’, the 15 cm spacing treatment resulted in lower TA than that in the 20 cm treatment
(data not shown).

Table 2. Fruit diameter, number per tree and quality parameters in response to thinning treatments in 2017.

Treatment Diameter (mm) z SSC TA FPT v

‘Cary Mac’ Commercial y Undersized y (% Brix) x (% MA) w

0 DAFB-15 cm 62.02 ± 0.38 u 55.65 ± 2.03 10.3 ± 0.2 0.92 ± 0.04 460 ± 111
0 DAFB-20 cm 62.81 ± 0.40 56.08 ± 0.82 9.8 ± 1.1 1.05 ± 0.05 436 ± 85
43 DAFB-15 cm 62.09 ± 1.45 56.60 ± 0.97 9.6 ± 0.6 0.97 ± 0.05 416 ± 14
43 DAFB-20 cm 63.48 ± 0.76 56.99 ± 0.58 10.7 ± 0.2 0.98 ± 0.00 319 ± 70
62 DAFB-15 cm 62.32 ± 1.42 56.36 ± 1.04 10.5 ± 0.4 1.00 ± 0.03 500 ± 95
62 DAFB-20 cm 62.62 ± 1.00 55.08 ± 0.42 10.3 ± 0.3 1.08 ± 0.07 524 ± 65

Control 62.22 ± 0.12 57.12 ± 1.46 9.9 ± 0.2 0.94 ± 0.03 607 ± 47
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Table 2. Cont.

Treatment Diameter (mm) z SSC TA FPT v

‘Cary Mac’ Commercial y Undersized y (% Brix) x (% MA) w

‘June Prince’
0 DAFB-15 cm 66.54 ± 1.37 48.82 ± 0.44 11.3 ± 0.3 0.88 ± 0.03 87 ± 1
0 DAFB-20 cm 66.98 ± 1.24 49.42 ± 1.22 10.8 ± 0.1 0.82 ± 0.06 54 ± 9

49 DAFB-15 cm 68.19 ± 2.20 50.36 ± 1.34 10.8 ± 0.3 0.88 ± 0.04 55 ± 8
49 DAFB-20 cm 67.06 ± 0.78 51.23 ± 1.45 10.6 ± 0.2 0.73 ± 0.04 63 ± 13
62 DAFB-15 cm 67.95 ± 1.03 51.37 ± 1.57 11.0 ± 0.4 0.79 ± 0.02 80 ± 15
62 DAFB-20 cm 70.34 ± 1.30 50.64 ± 0.77 11.4 ± 0.1 0.90 ± 0.11 72 ± 1

Control 67.55 ± 0.86 50.38 ± 3.09 9.8 ± 0.5 0.81 ± 0.08 125 ± 36

‘Spring Prince’
0 DAFB-15 cm 59.65 ± 0.64 43.40 ± 1.10 11.3 ± 0.3 0.72 ± 0.05 127 ± 27
0 DAFB-20 cm 60.98 ± 1.68 45.05 ± 2.20 10.4 ± 0.2 0.69 ± 0.08 55 ± 11

49 DAFB-15 cm 59.69 ± 3.12 43.63 ± 1.54 10.9 ± 0.4 0.81 ± 0.11 73 ± 9
49 DAFB-20 cm 58.54 ± 0.21 41.20 ± 2.71 9.5 ± 0.6 0.72 ± 0.03 82 ± 17
62 DAFB-15 cm 59.16 ± 2.43 45.73 ± 1.89 11.9 ± 0.3 0.79 ± 0.02 69 ± 13
62 DAFB-20 cm 60.97 ± 1.00 45.47 ± 0.70 11.3 ± 0.7 0.76 ± 0.18 66 ± 9

Control 61.15 ± 0.25 45.08 ± 1.44 10.5 ± 0.7 0.68 ± 0.03 111 ± 7
z Diameter refers to the cheek-to-cheek diameter, y Commercial and undersize fruit are those with diameters>and
<~63.5 mm, respectively. x % Brix is a measure of the soluble solids content (SSC) of commercial size fruit. w TA
refers to titratable acidity and is presented as % malic acid equivalent of commercial size fruit. v Fruit number
per tree (FPT) was calculated using average fruit weight and the total yield data (commercial and undersize fruit).
u Mean ± S.E (n = 3).

3.2. Experiment II (2018)

Fruit weight and diameter were not significantly different across treatments for any of the three
cultivars evaluated (Figure 1; Table 3). In ‘Cary Mac’ and ‘July Prince’, control trees displayed
significantly higher yield than that in the 0 DAFB-20 cm spacing treatment by 4.9-fold and 2.2-fold,
respectively. Contrasts analysis indicated that yield in the 0 DAFB thinning treatments was lower than
that in the 21 and 30 DAFB thinning treatments in ‘Cary Mac’ (p = 0.009 and 0.048, respectively) and the
33 DAFB fruit-thinning treatments in ‘July Prince’ (p = 0.028). In ‘Cary Mac’, fruit number per tree was
5.6-fold lower in the 0 DAFB-20 cm spacing treatment compared to the control (Table 3). It was also
lower in the 0 DAFB thinning treatments in comparison to that in the 21 DAFB treatments (p = 0.01).
In ‘July Prince’ fruit number per tree in control trees was around 2.5-fold higher than that in the two
0 DAFB thinning treatments (Table 3). Contrasts analysis also indicated that fruit number per tree in
the 0 DAFB thinning treatments was lower than that in the 33 DAFB thinning treatments (p = 0.042).
Fruit SSC was lower in the 0 DAFB-15 cm spacing treatment in comparison to the 30 DAFB-20 cm
spacing treatment in ‘Cary Mac’. It was not different across treatments in the other two cultivars.
Fruit TA was not significantly different across the treatments in the three cultivars. Contrasts analysis
indicated that ‘Cary Mac’ fruit SSC and TA were higher in the 30 DAFB treatments in comparison to
the other two timings of thinning.
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Figure 1. Fruit weight and yield-per-tree in response to thinning timing and intensity in experiment II
(2018). Thinning by flower removal was performed at bloom (0 d after full bloom (DAFB)) and by fruit
removal at two stages of early development in three cultivars. At each stage, thinning was performed
to a spacing of 15 cm or 20 cm between flowers/fruit. Control (Con) trees were not thinned. Mean ± S.E.
of the mean are presented for fruit weight and yield data (n = 3). Similar letters above the bars indicate
no significant difference in fruit yield between treatments.

Table 3. Fruit diameter, number per tree and quality parameters in response to thinning treatments
in 2018.

Treatment
Diameter (mm) z SSC TA

FPT w

‘Cary Mac’ (% Brix) y (% MA) x

0 DAFB-15 cm 76.55 ± 0.82 v 11.7 ± 0.5 b u 0.96 ± 0.02 39 ± 11 ab
0 DAFB-20 cm 77.15 ± 1.93 12.6 ± 1.5 ab 0.93 ± 0.08 25 ± 5 b

21 DAFB-15 cm 76.35 ± 0.37 12.5 ± 1.3 ab 0.89 ± 0.02 105 ± 2 ab
21 DAFB-20 cm 76.85 ± 0.75 12.7 ± 1.9 ab 1.01 ± 0.06 91 ± 50 ab
30 DAFB-15 cm 78.24 ± 0.95 16.0 ± 1.3 ab 1.05 ± 0.01 66 ± 6 ab
30 DAFB-20 cm 76.46 ± 1.80 16.7 ± 0.8 a 1.09 ± 0.06 87 ± 11 ab

Control 75.45 ± 2.59 15.7 ± 0.7 ab 1.00 ± 0.02 142 ± 27 a
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Table 3. Cont.

Treatment
Diameter (mm) z SSC TA

FPT w

‘Cary Mac’ (% Brix) y (% MA) x

‘July Prince’
0 DAFB-15 cm 87.09 ± 1.39 12.1 ± 1.0 0.81 ± 0.04 153 ± 39 b
0 DAFB-20 cm 87.83 ± 4.27 12.9 ± 1.3 0.80 ± 0.07 147 ± 47 b

14 DAFB-15 cm 83.82 ± 2.61 13.0 ± 1.6 0.86 ± 0.04 214 ± 4 ab
14 DAFB-20 cm 87.30 ± 1.18 14.1 ± 1.0 0.85 ± 0.03 170 ± 11 ab
33 DAFB-15 cm 84.52 ± 1.36 13.5 ± 1.2 0.81 ± 0.06 225 ± 25 ab
33 DAFB-20 cm 85.76 ± 0.12 14.5 ± 2.1 0.82 ± 0.03 265 ± 58 ab

Control 82.41 ± 1.77 14.2 ± 1.0 0.79 ± 0.05 371 ± 66 a

‘Summer Flame’
0 DAFB-15 cm 80.80 ± 2.95 13.0 ± 0.6 1.04 ± 0.08 15 ± 3
0 DAFB-20 cm 79.87 ± 1.29 22.5 ± 3.6 1.06 ± 0.09 13 ± 3

14 DAFB-15 cm 82.32 ± 1.57 14.1 ± 1.4 1.13 ± 0.09 18 ± 11
14 DAFB-20 cm 80.18 ± 1.41 16.0 ± 1.9 0.95 ± 0.01 31 ± 15
26 DAFB-15 cm 79.31 ± 2.70 14.6 ± 0.7 0.99 ± 0.04 25 ± 15
26 DAFB-20 cm 80.68 ± 0.30 13.7 ± 1.8 1.08 ± 0.00 43 ± 12

Control 84.57 ± 3.86 14.6 ± 0.7 1.08 ± 0.07 49 ± 23
z Diameter refers to the cheek-to-cheek diameter, y % Brix is a measure of the soluble solids content (SSC),
x TA—titratable acidity, measured as % malic acid equivalents., w Fruit number per tree was estimated using average
fruit weight and the total yield., v Mean ± S.E (n = 3). u p ≤ 0.05. Similar letters within each column indicate that
values are not significantly different.

3.3. Experiment III (2019)

The 0 DAFB-15 cm spacing thinning treatment in ‘Cary Mac’ resulted in 1.35- to 1.5-fold higher
fruit weight than that in the 19 DAFB-20 cm spacing and control treatments, respectively (Figure 2).
This pattern was also reflected in fruit diameter data (Table 4). Fruit diameter in the 0 DAFB-15 cm
spacing, treatment was 11% and 15% greater than that in the 19 DAFB-20 cm spacing and control
treatments, respectively. Contrasts analysis indicated that 0 DAFB thinning treatments displayed
greater fruit weight and diameter than that in the 19 DAFB thinning treatments (p = 0.011 and 0.026,
respectively). Thinning at bloom could not be performed for ‘July Prince’. However, fruit-thinning
at 21 DAFB resulted in higher fruit weight (1.78- to 1.87-fold) and diameter (25%–27%) than that in
the control in this cultivar (Figure 2; Table 4). Fruit weight and diameter were greater in the 21 DAFB
thinning treatments than those in the 44 DAFB treatments (p = 0.008 and 0.012, respectively). Fruit
weight and diameter did not differ across the thinning treatments in ‘Summer Flame’ (Figure 2; Table 4).
In all cultivars, fruit yield and fruit number per tree did not differ across treatments. In ‘Cary Mac’,
fruit SSC was higher in the 0 DAFB than in the 28 DAFB thinning treatments and fruit TA in the 0
DAFB treatments was lower than that in the 19 DAFB thinning treatments (p = 0.047 and p = 0.031,
respectively). In ‘July Prince’ fruit-thinning at 21 DAFB with 15 cm spacing resulted in higher TA than
later thinning and control treatments (Table 4). In addition, fruit in the 21 DAFB thinning treatments
displayed higher TA than those in the 44 DAFB treatments (p = 0.024). In ‘Summer Flame’, SSC and TA
did not differ across treatments.
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Figure 2. Fruit weight and yield-per-tree in response to thinning timing and intensity in experiment 3
(2019). Thinning was performed by flower removal at bloom (0 days after full bloom (DAFB)) and
by fruit removal at two stages of early development in three cultivars. ‘July Prince’ was not thinned
at bloom. At each stage, thinning was performed to 15 cm or 20 cm spacing between flowers/fruit.
Control (Con) trees were not thinned. Mean ± S.E. of the mean are presented for fruit weight and
yield data (n = 3). Similar letters above the bars indicate no significant difference in fruit weight
between treatments.

Table 4. Fruit diameter, number per tree and quality parameters in response to thinning treatments
in 2019.

Treatment
Diameter (mm) z SSC TA

FPT w

‘Cary Mac’ (% Brix) y (% MA) x

0 DAFB-15 cm 71.76 ± 1.60 v a u 12.4 ± 0.1 0.92 ± 0.02 173 ± 12
0 DAFB-20 cm 67.58 ± 0.84 ab 12.2 ± 0.1 0.99 ± 0.02 135 ± 19

19 DAFB-15 cm 67.41 ± 0.90 ab 12.0 ± 0.3 1.07 ± 0.07 312 ± 31
19 DAFB-20 cm 64.56 ± 1.97 b 12.0 ± 0.2 1.03 ± 0.03 392 ± 189
28 DAFB-15 cm 68.62 ± 1.73 ab 11.8 ± 0.2 1.04 ± 0.03 366 ± 64
28 DAFB-20 cm 68.66 ± 0.72 ab 11.6 ± 0.3 0.93 ± 0.05 375 ± 72

Control 62.14 ± 1.36 b 11.3 ± 0.3 1.00 ± 0.01 694 ± 246

‘July Prince’ t

21 DAFB-15 cm 73.95 ± 1.54 a 11.6 ± 0.6 0.80 ± 0.01 a 476 ± 96
21 DAFB-20 cm 75.05 ± 0.67 a 10.7 ± 0.6 0.70 ± 0.02 ab 425 ± 39
44 DAFB-15 cm 68.98 ± 1.26 ab 11.5 ± 0.4 0.63 ± 0.04 b 666 ± 202
44 DAFB-20 cm 66.49 ± 3.42 ab 11.1 ± 0.4 0.67 ± 0.02 b 706 ± 107

Control 58.96 ± 2.63 b 11.0 ± 0.7 0.66 ± 0.02 b 1084 ± 119
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Table 4. Cont.

Treatment
Diameter (mm) z SSC TA

FPT w

‘Cary Mac’ (% Brix) y (% MA) x

‘Summer Flame’
0 DAFB-15 cm 74.84 ± 0.93 13.2 ± 0.9 0.86 ± 0.09 106 ± 37
0 DAFB-20 cm 74.03 ± 0.78 13.8 ± 0.4 0.75 ± 0.07 35 ± 4

15 DAFB-15 cm 76.30 ± 0.90 11.8 ± 0.4 0.75 ± 0.08 44 ± 2
15 DAFB-20 cm 74.40 ± 4.13 13.7 ± 0.1 0.87 ± 0.03 51 ± 5
43 DAFB-15 cm 74.67 ± 1.79 13.4 ± 0.6 0.89 ± 0.02 94 ± 12
43 DAFB-20 cm 75.58 ± 1.55 12.7 ± 0.5 0.86 ± 0.06 108 ± 36

Control 75.21 ± 0.68 13.5 ± 1.3 0.79 ± 0.11 92 ± 54
z Diameter refers to the cheek-to-cheek diameter. y% Brix is a measure of the soluble solids content (SSC). x

TA—titratable acidity, measured as % malic acid equivalents. w Fruit per tree was estimated using average fruit
weights and the total yield. v Mean ± S.E (n = 3). u p ≤ 0.05. Similar letters within each column indicate that values
are not significantly different. t bloom-thinning treatments were not performed

3.4. Relationships among Fruit Number per Tree, Yield and Fruit Size

Data from 2018 and 2019 were analyzed together within each cultivar to determine relationships
among fruit number, fruit size and yield parameters. Fruit diameter and fruit weight were strongly
and positively related within each cultivar (data not shown). The three cultivars displayed negative
relationships between fruit number per tree and fruit diameter and fruit weight (Figure 3; Figure S2).
Variation in fruit number per tree contributed to around 58%, 84% and 14% of the variation in
fruit diameter in ‘Cary Mac’, ‘July Prince’ and ‘Summer Flame’, respectively (Figure 3). Similarly,
it contributed to 56% and 84% of the variation in fruit weight in ‘Cary Mac’ and ‘July Prince’, respectively.
Variation in fruit size contributed to around 40% and 45% of the variation in fruit yield in ‘Cary Mac’
and ‘July Prince’, respectively (Figure 4). It did not significantly contribute to variation in fruit yield in
‘Summer Flame’ (Figure 4). Regression equations are presented in Table S3.
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Figure 3. Relationship between fruit number per tree and fruit size. Relationship between fruit number
per tree and fruit diameter (mm) and between fruit number per tree and fruit weight (g) is presented
for three cultivars. Data from all treatments in 2018 and 2019 were used together within each cultivar
for these analyses. Quadratic relationships were determined in SigmaPlot 11. NS: not significant.
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Figure 4. Relationship between fruit size and yield-per-tree. Relationship between fruit diameter (mm)
and fruit yield and between fruit weight (g) and fruit yield is presented for three cultivars. Data from
all treatments from 2018 and 2019 were used together within each cultivar for the analyses. Quadratic
relationships were determined using SigmaPlot 11. NS: not significant.

4. Discussion

‘Cary Mac’, ‘June Prince’, ‘Spring Prince’, ‘July Prince’ and ‘Summer Flame’ require chilling
accumulation of around 750, 650, 650, 850 and 650 units, respectively [34,35]. Hence, low chilling unit
accumulation (438 units) in 2017 likely resulted in reduced fruit set in that year [3]. Further, a freeze
occurred on 16 March 2017. Early season cultivars (‘Cary Mac’, ‘June Prince’ and ‘Spring Prince’) are
more susceptible to spring freeze damage than mid-(‘July Prince’ and ‘Summer Flame’) or late-season
cultivars as these freeze events often coincide with bloom [36]. Georgia peach growers reported around
80% losses in fruit production that year due to the above events. This was evident in the low total yield
for the control treatment in different cultivars in 2017 (Table 3). Under such circumstances, thinning
had no effect on total yield, fruit weight or fruit quality. These data suggest that when fruit load is
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reduced by lack of chilling accumulation and/or late freeze events, thinning is unlikely to provide
benefits in fruit weight improvement as fruit growth is no longer source-limited [20,37]. Despite the
lack of source-limitations on fruit growth, fruit size was generally lower in 2017 (comparison of fruit
size in ‘Cary Mac’ across years). The GDD30 was higher in 2017 (320) than in 2018 and 2019 (160 and
191, respectively). Higher temperatures during early growth tend to decrease peach fruit size largely
due to limitations in the availability of resources to support increased growth and developmental
rates [10,27]. Therefore, warmer temperatures during early fruit growth in 2017 may have resulted in
smaller fruit size. Alternatively, severe reduction in fruit number per tree may have greatly diminished
the role of fruit as a major sink and altered resource partitioning such that growth of other sinks
(e.g., vegetative growth) was prioritized [14,20]. This is supported by reports of increased shoot growth
and leaf to fruit ratio in bloom-thinned trees compared to fruit-thinned or unthinned trees [18,38].

Thinning at bloom often results in larger fruit size at harvest in comparison to thinning at later
stages [12,39,40]. Bloom-thinning has also been reported to substantially alter fruit size distribution
at harvest in favor of larger fruit size [18,19]. In the current study, fruit weight and diameter were
enhanced by bloom-thinning in ‘Cary Mac’ in 2019 by up to 50% (weight), but it was not significantly
affected in other cultivars or years. Further, bloom-thinning resulted in significantly lower yield-per-tree
in ‘Cary Mac’ and ‘July Prince’ in 2018, indicating that severe thinning during bloom can potentially
reduce yields. This was consistent with previous reports that indicated a reduction in yield in response
to bloom-thinning [12,18,39,40]. However, partial bloom-thinning has been reported to increase fruit
size without negatively affecting yield [18,37,41–43]. Together, these data suggest that bloom-thinning
alone may not provide consistent and desirable results in relation to improvement in fruit size and may
potentially reduce yields. However, partial bloom-thinning followed by fruit-thinning may be a viable
option and will need further evaluation in Georgia. Early fruit-thinning resulted in an increase in fruit
weight only in ‘July Prince’ in 2019. Fruit number per tree was generally higher in 2019 (Figure 3),
suggesting that fruit size improvement in response to early fruit-thinning was only obtained when
natural fruit load was higher. Fruit size distribution was not evaluated in this study. Hence, it remains
unclear if bloom or early fruit-thinning treatments altered fruit size distribution in favor of larger size
fruit. Intensity of thinning, as evaluated by the two spacing treatments, did not significantly affect
fruit weight or yield. This was further supported by contrasts analyses. These data are consistent with
previous studies which indicated that other factors such as the number of fruit on the tree, were more
influential in determining final size and yield [12,21,26].

Regression analyses indicated significant quadratic relationships between fruit number per tree
and fruit size parameters and between fruit size parameters and yield. This was also supported
by principal components analyses (PCA; Figure S2). These relationships underline the importance
of achieving a target fruit number per tree through thinning to optimize fruit size and yield and
support previous reports [12,26]. Further, these relationships were cultivar-specific, as fruit number
per tree explained up to 58% of the variation in fruit size in ‘Cary Mac’, 84% of the variation in
‘July Prince’ and 14% of the variation in ‘Summer Flame’ (fruit diameter). Additionally, PCA indicated
separation of cultivars within each year (Figure S2), supporting the idea that responses to thinning are
cultivar-specific. Commercially, fruit size greater than around 64 mm is considered of higher quality
and is often associated with a premium [12,18,19]. In ‘Cary Mac’, a fruit load of 500 fruit per tree
allowed for a fruit size of 64.65 mm (diameter) and 136 g (weight). This translates to an overall yield of
64–67 kg per tree. In ‘July Prince’ which tended to produce larger fruit, a fruit load per tree of 800 fruit
allowed for a fruit size of 64.5 mm and 153 g. Regression analyses between fruit size parameters
and yield indicated that such a fruit load translated to 108–109 kg of fruit per tree. In ‘Summer
Flame’, fruit number per tree generally did not exceed 200 in the two years of study allowing for fruit
size to be greater than 65 mm, although the relationship was weaker. These data support previous
conclusions [12,20,44,45] that target fruit number per tree is an effective approach for crop-load
management in peach production. The current study further suggests that target fruit number per tree
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is substantially cultivar dependent [37,45]. Evaluation of fruit size distribution in response to varying
levels of fruit load per tree across cultivars can help determine these genotype-specific relationships.

Perceived flavor of the fruit is also important for consumer acceptability [46,47]. In peach,
the perceived sweetness of the fruit is especially important and is dependent on the sugar content and
acidity of the fruit [47,48]. In this study, PCA indicated that ‘July Prince’ was separable from the other
cultivars due, in part, to its lower TA (Figure S2). However, SSC and TA did not consistently differ
between different thinning times and intensities. This is consistent with previous reports indicating
inconsistent or minor effects of thinning treatments on fruit SSC [12,41,49,50]. Altogether, thinning
times and intensities did not consistently affect fruit flavor in this study.

5. Conclusions

Thinning at bloom or during early fruit development at varying intensities did not consistently
increase fruit size, and partly had a negative effect on yield-per-tree. However, analysis of relationships
among fruit number per tree, yield-per-tree, and fruit size parameters, underlined the importance
of thinning to adjust total fruit number per tree. Further, these relationships were cultivar-specific,
suggesting that fruit load management strategies need to be tailored to individual cultivars. Hence,
achieving a target fruit number per tree suitable for a given cultivar through thinning presents a
reasonable approach for crop-load management in southeastern peach production. A combination of
bloom and early fruit-thinning to achieve the desired fruit number per tree may present a viable option
for optimizing fruit number per tree and thereby, fruit size and yield. Such a crop-load management
strategy would also allow for flexibility in thinning practices in relation to adverse weather events.
Following a freeze event, fruit density within the canopy may be reassessed and the target fruit
number per tree may be achieved through fruit-thinning. These approaches need to be evaluated in
future studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-7524/6/3/41/s1, Table
S1: Bloom dates during 2017–2019 for peach trees used in this study, Table S2: Harvest dates during 2017–2019
for peach trees used in this study, Table S3: Polynomial regression equations for relationships among fruit size,
fruit number and yield in peach, Figure S1: Fruit weight and yield-per-tree in response to thinning timing and
intensity in experiment I (2017), Figure S2: Principal components analysis (PCA) of data from 2018 (A) and 2019 (B).
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