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Abstract: The environmental factors that influence cider apple fruit quality, particularly bitter and 
astringent polyphenols, are not well understood. Five experiments were conducted to investigate 
how sunlight affects fruit and juice quality. In three studies, shade cloth was placed over entire trees 
or individual branches at different phenological stages, durations, and opacities. Influence of can-
opy microclimate was investigated by harvesting fruit from different sections of the tree canopy. In 
a final study, opaque paper bags were placed over fruit three weeks after full bloom (WAFB) until 
harvest. Polyphenol concentrations increased rapidly during the first five WAFB and were diluted 
as fruit grew larger. At harvest, fruit from unshaded trees had 32% greater total polyphenol concen-
trations and were 11% larger than trees shaded 1–5 WAFB. Shading branches later in the growing 
season reduced yield but had a modest and inconsistent reduction on polyphenol concentrations. 
Juice from fruit harvested from the top of the tree canopy had 33% greater polyphenol concentra-
tions and 14% greater soluble solid concentrations than juice from the interior of the canopy. Bag-
ging fruit had inconsistent impacts on polyphenol concentrations. We hypothesize that there is a 
source sink relationship between carbohydrate availability and polyphenol synthesis in apple fruit 
during the early stages of fruit development when most polyphenols are produced. Additionally, 
greater carbohydrate availability in canopies with greater sunlight exposure resulted in larger fruit 
and improved juice quality from a cider making perspective. 
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1. Introduction 
To support a cider industry that has grown over ten-fold since 2005 in the United 

States, cider makers report that they need a greater supply of apples with cider-specific 
quality attributes, particularly high polyphenol concentrations [1,2]. European cider ap-
ple orchards have traditionally been planted using larger rootstocks, with wider, more 
dense canopies [3]. This is in part to accommodate mechanical harvesting [4]. Fresh-mar-
ket apples are largely grown in high-density orchards with narrow canopies and dwarfing 
rootstocks have been designed to increase light exposure within the canopy and thus im-
prove fruit quality [5]. These high-density orchard systems are now also being used for 
cider apple production in the U.S. [6]. However, many of the increased fruit quality met-
rics achieved from greater sunlight exposure are less important quality aspects for cider 
apples: namely, peel color and cosmetic blemishes. It is unclear if greater spur and/or can-
opy sunlight exposure increases fruit and juice quality from a cider-making perspective, 
particularly juice polyphenol concentration. 

Polyphenols have many functions in plants, but it is thought that flavan-3-ols are 
produced to defend plants from herbivory by forming peroxides and quinone free radi-
cals in insect digestive tracks and/or by reducing plant tissue nutritional quality by 
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binding to proteins [7,8]. Flavan-3-ol polymers (also known as proanthocyanidins, con-
densed tannins, or tannins) are functionally defined as polyphenols that bind to and pre-
cipitate proteins and other organic compounds [9]. In fermented ciders, polyphenols pro-
vide both bitter flavors and astringent mouthfeel. Flavan-3-ol monomers (catechin and 
epicatechin) and polymers under four subunits long have bitter flavors, while larger units 
do not have a taste or aroma but provide astringency [10]. 

How orchard management practices affect cider apple fruit polyphenol synthesis and 
concentration has been the topic of only a few studies [11–14]. Most fresh market and 
processing apple cultivars have very low concentrations of catechins, epicatechins, and 
flavan-3-ol polymers in both the peel and flesh which is perhaps why these compounds 
have not been a focus for researchers [15,16]. In fact, human selection has likely favored 
apples with low flavan-3-ol content because they are more palatable when consumed as 
fresh fruit and unfermented juice. For example, Kahle et al. (2005) [17] reported flavan-3-
ol concentrations under 100 mg/L in apple juice from fresh market and processing culti-
vars, while apple cultivars selected for fermented cider may have flavan-3-ol concentra-
tions that exceed 2000 mg/L [18]. 

Studies of fresh market apple production suggest that the year-to-year variability in 
apple juice polyphenol content may be linked to light interception and carbohydrate avail-
ability. For example, apples from more sun exposed sections of the tree canopy are typi-
cally larger and have greater soluble solid concentrations than more shaded fruit due to 
both the greater photosynthetic capacity of the fruit itself and because developing fruit 
are dependent on carbohydrate resources from the adjacent spur-leaf canopy during cell 
division phase of fruit development [5,19,20]. Additionally, anthocyanin and flavonol 
synthesis is heavily regulated by ultraviolet (UV) light exposure, and increased sunlight 
exposure results in greater red coloration in the peels of red and bi-colored apples and 
improved marketability of the crop [14,21,22]. However, it is difficult to disentangle the 
effect of sunlight increasing secondary metabolite concentrations due to increased carbo-
hydrate availability or upregulation of metabolic pathways stimulated by UV exposure. 
While many of the enzymes in the flavan-3-ol metabolic pathway are light sensitive and 
shared with anthocyanins and flavonols, their concentrations have not been found to be 
rate limiting during the first 60 days after full bloom, the period when most flavan-3-ol 
synthesis occurs [23–25]. 

Among the challenges with growing cider cultivars is that tannin juice concentration 
has been found to vary dramatically among growing seasons. A study of ‘Dabinett’ and 
‘Tremlett’s Bitter’ juice tannin concentrations (as measured by the Löwenthal Permanga-
nate assay) over a ten-year period in Long Ashton, UK revealed that tannin concentrations 
fluctuated ±50% among years (Lea, unpublished data). Likewise, total polyphenol juice 
concentrations varied ±25% among four years of a study of high-tannin cider apples 
grown in coastal and eastern Washington [26]. In fact, in this study the variation among 
years affected apple total polyphenol concentration more so than the geographic region 
where the fruit was produced. Seasonal variation is confounded by a lack of understand-
ing about how horticultural management, such as orchard design, tree spacing, and prun-
ing, may affect polyphenol concentration in cider apples. These production practices can 
all impact light interception, and thus source-sink relationships within the plant. 

The goal of our investigations was to understand how sunlight affects apple fruit and 
juice quality for cider production. We hypothesized that more sun exposed fruit would be 
larger and have greater polyphenol and soluble solid concentrations. We also hypothe-
sized that fruit shaded earlier in fruit development would have a greater reduction in 
polyphenol concentrations than those receiving the same amount of shading later in the 
growing season. Three separate experiments were performed between 2016 and 2018 us-
ing differing opacities, durations, and timing of shade cloth placement over whole trees 
or individual branches to modify light exposure to fruiting spurs and correlate with 
changes in fruit physiology. A fourth experiment compared fruit harvested from different 
sections of the apple tree canopy. In a fifth experiment, individual fruit were covered with 
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opaque paper bags three weeks after bloom until harvest and physiological differences 
were compared to sun exposed fruit. 

2. Materials and Methods 
2.1. Orchard Site 

These studies were conducted between 2016 and 2018 at a Cornell University Agri-
cultural Experiment Station research orchard in Lansing, NY (42.570056, −76.594836) on 
Hudson-Cayuga silt loam soils with between a 2 and 20° slope [27]. The trees, Malus × 
domestica Borkh., were trained as a vertical axis and managed using standard pest control 
and pruning practices for the region [28]. Tree rows were aligned in a north/south orien-
tation. Trees used in Experiments 1, 2, and 3 were grafted onto ‘Malling 9’ (‘M.9’) rootstock 
and planted in 2003 with 1.8 m between trees and 3.7 m between rows. The cultivars ‘Ma-
jor’ and ‘Harry Masters Jersey’ used in Experiments 4 and 5 were grafted onto ‘Geneva 
30®’ (‘G.30’) rootstock and planted in 2003 with 2 m between trees and 3.7 m between 
rows; the cultivar ‘Somerset Redstreak’ used in Experiment 4 was grafted onto ‘M.9’ root-
stock, planted in 2003 with 1.8 m between trees and 3.7 m between rows. The ‘GoldRush’ 
trees used in Experiments 4 and 5 were grafted on ‘M.7’ rootstock and planted in 1992 
with 2.4 m between trees and 4.6 m between rows. 

2.2. Experiment 1: “Early Tree Shading” 
This study was a completely randomized design using 12 ‘Dabinett’ trees. Six trees 

were randomly chosen and covered with black polyethylene plastic woven shade cloth 
(Greenhouse Megastore, Danville, IL, USA) that blocked 60% of plant assimilable radia-
tion (PAR) for four weeks, between the periods of one and five weeks after full bloom 
(WAFB). The other six trees were left as a control. One WAFB in the spring of 2018, the 
trees were thinned to a single king bloom per flowering cluster. Ten fruit samples were 
collected between 1–2 m in height at weeks one, three, and five after full bloom, and at 
harvest. An additional ten fruit from each Control tree were also harvested at 7, 9, and 12 
WAFB. Full bloom was observed on 23 May 2018, and control and shade treatments es-
tablished on 30 May. PAR was measured within each tree canopy three weeks after full 
bloom, as described in Section 2.8. 

2.3. Experiment 2: “Early Branch Shading” 
This study was a randomized complete block design using seven single-tree replica-

tions for ‘Ellis Bitter’ and eight for ‘Major’. In the spring of 2018, four branches per tree 
between 1–2 m in height were thinned to 10 fruit per cm2 branch cross-section area one 
WAFB. One of four shading treatments was then randomly assigned to each of these 
branches; each tree contained all four treatments. Black polyethylene plastic woven shade 
cloth (Greenhouse Megastore, Danville, IL, USA) that blocks 60% PAR was draped and 
fastened onto branches for 1–3, 3–5, or 1–5 WAFB (Figure 1). There was also an unshaded 
control. Fruit samples were collected at one, three, and five WAFB. Ten fruit per experi-
mental unit were harvested at the end of one WAFB, and four fruit per experimental unit 
were harvested at the end of three and five WAFB, and at harvest. Additionally, four fruit 
samples from non-treatment branches between 1–2 m in height from each tree were sam-
pled at seven, nine, and 12 WAFB to serve as reference points for polyphenol concentra-
tions and fruit growth through the season. Full bloom was observed on ‘Major’ on 19 May 
2018 and shading treatments started on 26 May. Full bloom was observed on ‘Ellis Bitter’ 
on 21 May 2018 and shading treatments started on 28 May. Canopy exposure PAR avail-
ability was measured within treatments during weeks two and four after full bloom. 
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Figure 1. Experiment 2 shading periods and fruit sampling times of different treatments on cv. ‘Ellis 
Bitter’ and ‘Major’ apple tree branches grown in Lansing, NY in 2018. 

2.4. Experiment 3: “Late Branch Shading” 
In the spring of 2016 and 2017 four galvanized steel wire cubic enclosures measuring 

30.5 cm on each side were fastened to the ends of branches in the top 2 m of the tree can-
opies. One of four shading treatments was then randomly assigned to each of these 
branches; each tree had one branch per treatment. This study was a randomized complete 
block design with shade enclosures installed in eight ‘Ellis Bitter’ and eight ‘Major’ trees 
in 2016, and eight ‘Major’ and eight ‘Harry Masters Jersey’ trees in 2017. Four weeks after 
full bloom, black polyethylene plastic woven shade cloth (Greenhouse Megastore, Dan-
ville, IL, USA) that blocks 30%, 50%, and 80% of PAR were draped over and then affixed 
to the enclosures to establish Low, Medium, and High shading treatments. One enclosure 
was left uncovered as a control. The shade cloth was left on the enclosures until harvest. 
Full bloom was observed on 17 May 2016 on both ‘Ellis Bitter’ and ‘Major’ and treatments 
were established on 13 June 2016. Full bloom was observed on 18 May 2017 in ‘Major’ and 
‘Harry Masters Jersey’. Treatments were established on 15 June. In 2017, temperature dat-
aloggers were placed within the enclosures in four ‘Major’ and four ‘Harry Masters Jersey’ 
trees when shade cloth treatments were implemented, and recorded temperature once per 
hour until harvest. Canopy exposure PAR availability was measured within treatments 
monthly until harvest. The number of leaves within each enclosure were counted after 
harvest. 

2.5. Experiment 4: “Fruit Location” 
In 2016, 2017, and 2018, fruit growth, quality, and maturity in different locations 

within apple tree canopies were characterized. The East and West portions of the canopy 
were defined as the exterior canopy 1–3 m above the ground on the respective east and 
west sides of orchard rows. The Interior was characterized as the shaded area in proximity 
to the main trunk 1–3 m above the ground, and the Top zone was characterized as the 
exposed area of the canopy in the top 1 m of the tree. This study was a randomized com-
plete block design for each cultivar, with eight trees of two cultivars (n = 16) used in each 
year. ‘GoldRush’ trees were used in all three years; ‘Major’ was used in 2016, ‘Harry Mas-
ters Jersey’ in 2017, and ‘Somerset Redstreak’ was used in 2018. Different cultivars were 
used based on the trees having sufficient crop load, but this also allowed testing these 
treatments on multiple genotypes. 

Canopy exposure PAR availability was measured in the East, West, Interior, and Top 
portions of eight trees from two cultivars in each year of the study once per month from 
June through harvest. In 2017, temperature dataloggers were placed within the treatment 
areas in four ‘GoldRush’ and four ‘Harry Masters Jersey’ trees one WAFB, and recorded 
temperature once an hour until harvest. At harvest, 10 apples were harvested from the 
East, West, Internal, and Top treatments of each tree. 
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2.6. Experiment 5: “Fruit Bagging” 
This study was conducted in 2016 and 2017 as a randomized complete block design 

with five ‘Major’ (2016 only), five ‘Ellis Bitter’, and five ‘GoldRush’ trees. Different trees 
were used in each year of the experiment. On each tree, opaque paper bags containing a 
red, black, and brown layer were placed around ten fruit bearing spurs in exposed posi-
tions within the tree canopy between 1–3 m above the ground three WAFB. The bags were 
left in place until harvest. At maturity, Bag fruit were harvested, as were fruit from the 
closest adjacent spur to serve as a Control. 

2.7. Fruit Measurements, Cortex Freeze Drying, and Polyphenol Extraction in Experiments 1 
and 2 

All fruit samples were weighed, and diameter measured. Week one fruit samples 
were too small to peel and were immersed in liquid nitrogen before being stored at −80 
°C. All other samples were peeled, and cortex tissue separated from the core and imme-
diately immersed in liquid nitrogen before being stored at −80 °C [29]. Week one and cor-
tex tissue samples were then placed in a VirTis Freezemobile 6 (Gardiner, NY, USA) until 
fully lyophilized. Samples were then ground in an IKA model A11 electric grinder (IKA, 

Staufen, Germany) to produce a fine powder. Ground tissue (100 mg) was mixed with 4 
mL solution of 70% methanol and 0.1% acetic acid to extract polyphenols from tissue sam-
ples (MilliporeSigma, Burlington, MA, USA). The tissue and methanol solution were ob-
scured with an opaque cover and mixed in an orbital shaker at 60 rpm for 15 h. The solu-
tion was then centrifuged at 500× g for 5 min and the supernatant separated from the pel-
let. 

2.8. Photosynthetically Radiation Measurements 
Canopy exposure PAR availability was measured in all studies with a Decagon LP80 

ceptometer (Decagon, Pullman, WA, USA). Measurements were taken between 1200–1400 
hr in full sun conditions. The ceptometer consists of an 84 cm light probe containing 80 
photosensors placed in the tree canopy and an external photosensor positioned in full sun 
exposure. Ten PAR measurements were taken in rapid succession and averaged to pro-
vide a ratio between PAR concentrations in full sun and within different treatments in the 
tree canopy. 

For Experiment 1, the photosensor was held 1 m away from the trunk and 1.7 m 
above the ground parallel to the tree row on the east and west side of the tree row; east 
and west side values were averaged to calculate a single canopy exposure PAR availabil-
ity value per experimental unit [30]. For Experiment 4, the photosensor was held 1 m away 
from the trunk and 1.7 m above the ground parallel to the tree row on the east and west 
side of rows for East and West measurements, respectively. The photosensor was held 1.7 
m from the ground and against the trunk for Interior measurements, and approximately 
1 m below the top of the leader for Top measurements. For Experiments 2 and 3, only the 
terminal 10.5 cm of the 84 cm long light probe containing ten photosensors were activated 
in order to characterize the PAR environment within the targeted treatment area. This 
section of the probe was placed above the foliage under the shade cloth and held level to 
take PAR measurements. 

2.9. Gas Exchange Measurements 
A LI-COR lixt 6400 portable photosynthesis gas exchange system (Lincoln, NE) was 

used to measure differences in photosynthesis rates on the control and shaded ‘Dabinett’ 
trees from Experiment 1 on 20 June 2018. Gas exchange rates were measured on three 
healthy exposed leaves on both the east and west sides of the canopy. The CO2 flow rate 
was set to 400 μmol/s stomatal ratio to 0.5, and stomatal leaf area to 2 cm2. A 2:1 ratio of 
blue to red light photons were emitted from the instrument lamp when taking measure-
ments. To simulate PAR availability under control and treatment shade light conditions, 
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1500 μmol/m2/s of photons were emitted while taking measurements on control treatment 
leaves, and 500 μmol/m2/s of photons were emitted while taking measurements on shade 
treatment leaves. 

2.10. Temperature Datalogging and Growing Degree Day Calculation 
The temperature dataloggers deployed during the 2017 field season in Experiments 

3 and 4, Thermocron DS1921G-F5# (iButton Link LLC, Whitewater, WI, USA), were hung 
inside a piece of PVC pipe to prevent contact of the datalogger with direct sunlight. Grow-
ing degree days (GDD) base 10 °C was calculated for 4–6 WAFB, and from four WAFB 
until harvest for each datalogger. 

2.11. Fruit and Juice Analyses 
Harvest dates are listed in Supplementary Table S1. In Experiment 2, four fruit were 

harvested from each experimental unit on sampling dates to provide sufficient fruit 
throughout the study; in all other studies ten-fruit samples were harvested. In Experiment 
3, total yield was measured from each experimental unit before a ten-fruit subsample was 
taken to measure fruit and juice attributes. Fruit were measured for mass, percent peel 
blush, starch pattern index (SPI), and flesh firmness. Peel blush was visually approxi-
mated as the area of the fruit peel with red coloration. The SPI was rated on a 1–8 point 
scale, with 1 = 0% starch degradation and 8 = 100% starch degradation [31]. The SPI was 
also used to determine harvest date, with a target value of at least 6 (approximately 60% 
starch degradation). For Experiments 3 and 4, flesh firmness, after removing the peel, was 
measured on both the sun and the shade exposed side of each fruit along the equator with 
a penetrometer (Güss GS Fruit Texture Analyzer, Strand, South Africa) fitted with an 11.1 
mm tip. During the 2017 and 2018 harvests for all experiments, chlorophyll a content was 
measured on a 0–3 point index with a Turoni 53500 DA meter (Forli, Italy) on the sun and 
the shade side of each apple along the equator. 

Fruit from each experimental unit were milled and pressed with a Norwalk 280 juicer 
(Bentonville, AR, USA) to make a juice sample. Soluble solid concentration, pH, titratable 
acidity (TA), and total polyphenol concentrations (via the Folin-Ciocalteu assay) were 
measured for each juice sample. Soluble solid concentration was measured with an Atago 
PAL-1 digital refractometer (Tokyo, Japan) and reported as °Brix. Juice pH and TA were 
measured with an automatic titrator [Metrohm Unitrode pH meter, 778 sample processor, 
and 800 Dosino dosing device (Herisau, Switzerland)]. A 5 mL juice sample was titrated 
against a 0.1 M NaOH solution to an endpoint of pH 8.2 and expressed as g/L of malic 
acid equivalents [32]. 

Total polyphenols were measured with the Folin-Ciocalteu assay in a 96 well micro-
plate at λ 765 nm as described in [33]. Folin-Ciocalteu phenol reagent, sodium bicarbonate, 
and gallic acid were supplied by Sigma-Aldrich (St. Louis, MO, USA). For the assay, eight 
standards ranging from zero to three g/L of gallic acid were analyzed on each plate to 
generate a standard curve. On 96 well microplates, 34.9 μL of deionized water and 1.5 μL 
of juice, tissue extract, or gallic acid standard were mixed in individual wells. Mixed into 
each well was 90.9 μL of 0.2 N Folin-Ciocalteu reagent. The water, sample, and Folin-
Ciocalteu reagent were left to incubate between six and eight minutes before 72.6 μL of a 
7% weight/volume solution of sodium carbonate was mixed into each well. One hour after 
the addition of the sodium carbonate solution, the absorbance at λ 765 nm was read on a 
Molecular Devices (San Jose, CA, USA) SpectraMax Plus 284 spectrophotometer. Total 
polyphenol concentrations, measured as gallic acid equivalents, were calculated from the 
standard curve generated from each plate. 

2.12. Statistical Analysis 
Data from these experiments were compared using a linear mixed effects model. 

Treatments were considered significant at p ≤ 0.05. The Tukey HSD method was used for 
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post hoc mean separation testing in the Early Branch Shading experiments. In Experiment 
3, degree of shade cloth opacity was included as a continuous variable in statistical anal-
ysis. Treatment, cultivar, year, treatment × cultivar, and treatment × year were included 
as fixed effects. Block was included within the model as a random variable. A logit trans-
formation of peel blush and canopy exposure PAR percentage data was performed prior 
to analysis but presented as untransformed data. Data were analyzed using JMP Pro ver-
sion 14 (SAS Institute, Cary, NC, USA). 

3. Results 
3.1. Experiment 1: “Early Tree Shading” and Experiment 2 “Early Branch Shading” 
3.1.1. Light Environment and Photosynthesis Rates 

When shade cloth was placed over trees in the Experiment 1, canopy exposure of 
plant assimilable radiation (PAR) was reduced by 71%, from 47.9% to 13.8%, and net pho-
tosynthetic rate was reduced by 38%, from 20.9 to 12.9 μmol/m2/s, in comparison to the 
Control (Supplementary Table S2). Two weeks after full bloom (WAFB) in Experiment 2, 
the unshaded treatments (Control and 3–5 WAFB) had 62% more PAR exposure than the 
1–3 and 1–5 WAFB shaded treatments (Supplementary Table S3). At four WAFB, the un-
shaded treatments (Control and 1–3 WAFB) had 69% more PAR exposure than the 3–5 
and 1–5 WAFB shaded treatments. Across both sampling dates, unshaded treatments had, 
on average, 56.7% PAR exposure and shaded treatments had 19.5% canopy exposure. 

3.1.2. Fruit Development 
Fruit mass increased rapidly between one and five WAFB in both Experiments 1 and 

2. In Experiment 1, fruit from the Control treatment had a nearly 44-fold increase in mass 
during these four weeks, from 0.29 to 12.70 g, and in Experiment 2 fruit from the Control 
treatment increased over 62-fold, from 0.21 to 13.16 g (Supplementary Tables S4 and S5). 
Between five WAFB and harvest at 20 WAFB, fruit mass increased by 400% in Experiment 
1. Fruit mass increased by 542% in fruit from the Control treatment in Experiment 2 be-
tween 5 WAFB and harvest at 14 WAFB. At three WAFB, fruit from the Control treatment 
had 43% greater mass and 14% larger diameter than Shade treatment fruit in Experiment 
1. Unshaded fruit (Control and 3–5) were 17% larger and 11% wider than fruit from 
shaded treatments (1–3 and 1–5) in Experiment 2 (Supplementary Tables S4–S7). At five 
WAFB, Control treatment fruit were 64% larger than fruit from the Shade treatment in 
Experiment 1 and had 20% wider diameters. At five WAFB fruit from the Control treat-
ment were 20%, 28%, and 32% larger than 1–3, 3–5, and 1–5 treatment fruit in Experiment 
2, respectively. At harvest, Control treatment fruit were 11% larger than the Shade treat-
ment fruit in Experiment 1. There were no statistical differences in fruit mass in Experi-
ment 2 at harvest. 

3.1.3. Fruit Polyphenol Concentration 
In both Experiments 1 and 2, total fruit polyphenol concentrations increased rapidly 

between one and three WAFB and then gradually decreased in concentration until harvest 
(Figures 2 and 3, Supplementary Tables S8 and S9). In Experiment 1, between one and 
three WAFB, fruit from the unshaded Control increased in total polyphenol concentra-
tions by 86%, from 60.9 to 113.3 mg/g. Similarly, in Experiment 2, fruit from the unshaded 
Control increased in total polyphenol concentrations by 141% during this period. At five 
WAFB, total fruit polyphenol concentrations were 15% lower than at three WAFB in fruit 
from the Control treatment in Experiment 1, and 30% in the fruit from the Control treat-
ment in Experiment 2. By harvest at 20 WAFB, total fruit polyphenol concentrations from 
the Control treatment in Experiment 1 were 89% lower than they were at five WAFB, 
dropping from 96.28 to 11.02 mg/g. Similarly, in Experiment 2 total polyphenol concen-
trations in fruit from the unshaded Control were 77% lower at harvest, which was at 14 
WAFB. 
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Figure 2. Total polyphenol concentrations (gallic acid equivalents) of dried fruit cortex tissue and 
fruit mass at different stages of development of ‘Dabinett’ apple trees grown in Lansing, NY. Trees 
were either shaded or un-shaded during weeks 1–5 after full bloom. Values are means ± standard 
error (n = 6). Asterisks (*) represent statistically significantly differences for both total polyphenol 
concentrations and mass between treatments in a categorical mixed effects model at a 5% signifi-
cance level. 

 
Figure 3. Total polyphenol concentrations (gallic acid equivalents) of dried fruit cortex tissue differ-
ent stages of development of ‘Ellis Bitter’ and ‘Major’ apple trees grown in Lansing, NY. Branches 
on individual trees were subjected to shading treatments during weeks 1–3, 3–5, or 1–5 after flowing. 
Values are means ± standard error (n = 7 ‘Ellis Bitter’ + 8 ‘Major’ = 15). Different lowercase letters 
indicate a separation of treatments by the Tukey HSD method at a 5% significance level. 
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In both Experiment 1 and 2, at one WAFB (before shading treatments were imple-
mented) there was no difference among treatments in fruit total polyphenol concentra-
tions (Figures 2 and 3). At three WAFB, Experiment 1 unshaded fruit from the Control 
treatment had 22% greater total polyphenol concentrations than fruit from the Shade treat-
ment. In Experiment 2, unshaded treatments (Control and 3–5) had 10% greater total pol-
yphenol concentrations than shaded treatments (1–3 and 1–5) at three WAFB. At five 
WAFB in Experiment 1, total fruit polyphenol concentrations were 15% greater in the Con-
trol than Shade treatment. In Experiment 2, Control treatment fruit had total polyphenol 
concentrations that were 11% greater than in the 1–5 treatment at five WAFB. At harvest, 
fruit from the Control treatment had 32% greater total polyphenol concentrations than 
fruit from the Shade treatment, and Control juice had 30% greater total polyphenols than 
Shade juice in Experiment 1. At harvest in Experiment 2, Fruit from the Control treatment 
had 11% greater total polyphenol concentrations than the 1–5 treatment; there were no 
differences among the Control, 1–3, or 3–5 treatments. Control treatment juice had 30%, 
25%, and 28% greater total polyphenol concentrations than juice from the 1–3, 3–5, and 1–
5 treatments, respectively. 

3.1.4. Fruit and Juice Characteristics 
At harvest, there were no differences in fruit starch pattern index, peel blush, or chlo-

rophyll a content in either Experiments 1 or 2 (Tables 1 and 2). There were also no differ-
ences in juice soluble solid concentration, pH, or titratable acidity. 

Table 1. Fruit and juice characteristics of ‘Dabinett’ apple trees grown in Lansing, NY. Trees were 
either unshaded (Control) or shaded during weeks 1–5 after full bloom. Values are means ± standard 
error (n = 6). 

Treatment Starch Pattern  
Index (1–8) Peel Blush (%) Chlorophyll a  

Index 
Soluble Solids 

(°Brix) pH Titratable Acidity 
(g Malic acid/L) 

Control 4.57 ± 0.18 72 ± 2 1.67 ± 0.05 11.0 ± 0.3 4.61 ± 0.10 1.06 ± 0.04 
Shade 4.47 ± 0.21 75 ± 2 1.63 ± 0.04 10.4 ± 0.2 4.72 ± 0.10 1.10 ± 0.03 

p-value 0.725 0.236 0.6334 0.126 0.082 0.478 

Table 2. Fruit and juice characteristics of ‘Ellis Bitter’ and ‘Major’ apple trees grown in Lansing, NY. 
Branches on individual trees were subjected to different shading treatments during the five weeks 
after full bloom (WAFB). Values are means ± standard error (‘Ellis Bitter’ n = 7, ‘Major’ n = 8). Dif-
ferent lowercase letters indicate a separation of treatments by the Tukey HSD method at a 5% sig-
nificance level. 

Cultivar Treatment 
Starch Pattern 

Index 
(1–8) 

Peel Blush 
(%) 

Chlorophyll a  
Index 

Soluble  
Solids (°Brix) 

pH Titratable Acidity 
(g Malic acid/L) 

‘Ellis Bitter’ 
Control 

6.9 ± 0.4 55 ± 2 1.08 ± 0.04 9.4 ± 0.2 4.36 ± 0.02 1.79 ± 0.04 
‘Major’ 2.9 ± 0.2 48 ± 3 1.05 ± 0.11 10.5 ± 0.3 4.32 ± 0.03 2.22 ± 0.17 

‘Ellis Bitter’ 
1–3 WAFB 

7.0 ± 0.2 53 ± 2 1.23 ± 0.05 9.0 ± 0.2 4.36 ± 0.03 1.81 ± 0.04 
‘Major’ 2.9 ± 0.2 42 ± 4 1.16 ± 0.08 9.8 ± 0.2 4.31 ± 0.02 2.22 ± 0.04 

‘Ellis Bitter’ 
3–5 WAFB 

6.6 ± 0.28 50 ± 2 1.26 ± 0.06 9.1 ± 0.3 4.38 ± 0.03 1.82 ± 0.04 
‘Major’ 2.3 ± 0.2 44 ± 4 1.09 ± 0.10 9.7 ± 0.2 4.31 ± 0.02 2.28 ± 0.10 

‘Ellis Bitter’ 
1–5 WAFB 

7.2 ± 0.14 48 ± 3 1.32 ± 0.05 8.2 ± 0.3 4.39 ± 0.02 1.76 ± 0.08 
‘Major’ 2.9 ± 0.2 44 ± 3 1.03 ± 0.11 10.3 ± 0.5 4.34 ± 0.02 2.28 ± 0.11 

p-value 

Treatment 0.072 0.133 0.115 0.088 0.217 0.951 
Cultivar <0.001 0.006 0.170 0.001 0.113 <0.001 

Treatment × 
Cultivar 

0.802 0.306 0.069 0.163 0.812 0.884 
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3.2. Experiment 3: “Late Branch Shading” 
3.2.1. Light Environment 

There was a linear relationship between treatment shade cloth opacity and canopy 
exposure of PAR within Experiment 3 enclosures (Supplementary Figure S1). In the Con-
trol treatment, canopy exposure of PAR was 90.7%; Low, Medium, and High treatment 
branches were exposed to 59%, 46%, and 18% of PAR, respectively (Supplementary Table 
S10). 

3.2.2. Enclosure Growing Degree Days 
The shade cloth treatments all reduced cumulative growing degree days within the 

enclosures. From 4–6 WAFB, Low, Medium, and High treatments had 9%, 9%, and 8% 
fewer growing degree days base 10 °C than the Control, respectively (Supplementary Ta-
ble S11). From four WAFB until harvest, Low, Medium, and High treatments had 9%, 8%, 
and 5% fewer growing degree days base 10 °C than the Control, respectively. Thus, the 
presence or absence of shade cloth affected air temperature, but the shade cloth opacity 
did not influence cumulative growing degree days. 

3.2.3. Fruit and Juice Characteristics 
In Experiment 3, as shade opacity increased, fruit mass of the harvested fruit and 

yield per branch decreased (Supplementary Table S12). Fruit mass in Low, Medium, and 
High treatment branches were 8%, 10%, and 7% smaller than the Control treatment fruit, 
respectively. Yield per branch was 21% less the High treatment than the Control. How-
ever, there was no relationship among the shading treatments for the ratio of yield to leaf 
number. Peel blush was also reduced by increased opacity; the High treatment fruit had 
29% less peel blush than the Control (Figure 4). There was no relationship between shad-
ing intensity and SPI, fruit firmness, or chlorophyll a content. Soluble solid concentration 
in juice was reduced with increased shading opacity; Low, Medium, and High treatment 
juice had 7%, 8%, and 12% lower soluble solid concentrations than the juice from the Con-
trol treatment, respectively (Supplementary Table S13). Juice from the High treatment also 
had 5% lower titratable acidity than the Control, but Low and Medium treatment juice 
had similar titratable acidity concentrations to the Control. Greater shading intensity also 
resulted in lower juice polyphenol concentrations. Juice from the Low, Medium, and High 
treatments had 8%, 10%, and 14% lower total polyphenol concentrations than the Control, 
respectively. Total differences in polyphenols were higher in 2016 than 2017. High treat-
ment juice was 26% lower in total polyphenols than the Control in 2016, but only 6% lower 
in 2017. 

 
Figure 4. Mean fruit and juice characteristics from ‘Major’ (n = 8 for 2016 and 2017), ‘Ellis Bitter’ (n 
= 8), and ‘Harry Masters Jersey’ (n = 8) apple trees grown in Lansing, NY in 2016 and 2017. Branches 
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on individual trees were subjected to different shading opacities from four weeks after full bloom 
until harvest. Values are means relative to the Control treatment ± standard error. 

3.3. Experiment 4: “Fruit Location” 
3.3.1. Light Environment 

Canopy exposure of PAR was greatest in the Top treatment of tree canopies in Ex-
periment 4 (Supplementary Table S14). On average, across all years and cultivars, canopy 
exposure of PAR was 68% in the Top treatment. The East and West treatments had similar 
exposure to PAR to one another, receiving on average 48% and 42% of PAR to these sec-
tions of the tree canopy, respectively. The East and West treatments received, on average, 
35% less PAR than the Top treatment. The Interior treatment had the lowest PAR; on av-
erage only 8% of PAR reached the Interior treatment of the canopy, 89% less than the Top 
treatment and 83% less than the East and West treatment. Relative differences in canopy 
exposure of PAR within treatments were similar throughout the growing season. 

3.3.2. Canopy Growing Degree Days 
The Top and West treatments accumulated more growing degree days (GDD) than 

the Interior treatments from 1–6 WAFB; Top and West treatments had 4% more growing 
degree days base 10 °C during this period (Supplementary Table S15). From one WAFB 
until harvest, the Top and West treatments accumulated more growing degree days than 
the East and Interior treatments. The Top treatment had 6% and 9% more growing degree 
days base 10 °C than East and Interior treatments, respectively. The West treatment had 
7% and 10% more growing degree days base 10 °C than East and Interior treatments, re-
spectively. 

3.3.3. Fruit and Juice Characteristics 
At harvest, fruit mass from the Top, East, and West treatments were greater than fruit 

from the Interior treatment; fruit from the Interior were 7% smaller than fruit from the 
Top and 6% smaller than fruit from the East and West sections of tree canopies (Figure 5). 
Fruit peel blush was 72% greater in the Top than in Interior treatment fruit, and 53% 
greater on East and West fruit than Interior fruit. On a green scale color index used for 
‘GoldRush’ fruit, Interior fruit were 0.9 units greener than fruit from the Top treatment, 
and 0.6 and 0.7 units greener than East and West fruit, respectively (Supplementary Table 
S16). East treatment fruit were 0.3 units greener than Top fruit. Chlorophyll a content in 
fruit peels was 37% greater in Top fruit than Interior fruit, and 33% greater in East and 
West fruit than Interior fruit. Interior fruit were also less ripe than Top and West fruit; 
Top, East and West fruit were 0.4, 0.3, and 0.6 starch pattern index (SPI) units higher than 
the Interior, respectively. Soluble solid concentrations were greatest in the Top treatment; 
juice from the Top treatment was 3% greater than East and West juice and 12% higher 
than Interior juice (Supplementary Table S17). East and West juice was 9% higher in solu-
ble solids than Interior Juice. Interior juice was 0.1 pH units more alkaline than Top, East, 
and West section juice. Total polyphenol concentrations were greater in more exposed 
sections of the tree canopy; Top section juice had 20% more total polyphenols than East 
and West juice, and 33% more total polyphenols than Interior juice. East and West treat-
ment juice had 11% more total polyphenols than Interior juice. 
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Figure 5. Fruit and juice characteristics of apples from different regions of ‘GoldRush’, ‘Major’, 
‘Harry Masters Jersey’, and ‘Somerset Redstreak’ apple tree canopies grown in Lansing, NY in 2016, 
2017, and 2018. Values are mean values relative to the Top treatment ± standard error (n = 8 × 3 years 
in ‘GoldRush’, 8 ‘Major’ in 2016, 8 ‘Harry Masters Jersey’ in 2017, and 8 ‘Somerset Redstreak’ in 2018 
= 32). Different lowercase letters indicate a separation of treatments by the Tukey HSD method at a 
5% significance level. 

3.4. Experiment 5: “Fruit Bagging” 
Fruit and Juice Characteristics of Fruit Bagging Experiment 

Fruit mass was smaller in the Bag treatment than the Control for ‘Major’ and ‘Ellis 
Bitter’; Bag treatment fruit were 26% and 25% smaller than the Control, in ‘Major’ and 
‘Ellis Bitter’, respectively, (p < 0.001). There was no difference between ‘GoldRush’ Bag 
and Control treatment fruit mass (p = 0.996). In ‘Major’ and ‘Ellis Bitter’ Bag fruit had less 
than 1% peel blush coloration, while Control fruit had 50% or greater peel blush coloration 
(Table 3). In ‘GoldRush’ Bag treatment apples, fruit peels were very light yellow, all scor-
ing 1.0 on the Green Scale, while Control treatment fruit had a mean Green Scale score of 
3.0. Control treatment fruit had greater chlorophyll a content than Bag treatment fruit in 
all cultivars as well. Bag treatment fruit also had less starch at harvest in ‘Major’ and ‘Ellis 
Bitter’ (p < 0.001). ‘Major’ and ‘Ellis Bitter’ Bag treatment fruit scored 1.2 and 0.4 starch 
pattern index units higher than the Control, respectively. There was no difference in SPI 
in ‘GoldRush’ (p = 0.505). There was no difference in flesh firmness between treatments. 

Table 3. Fruit characteristics of bagged (Bag) and un-bagged (Control) apples from ‘Major’, ‘Ellis 
Bitter’, and ‘GoldRush’ apple trees grown in Lansing, NY in 2016, and 2017. Bag apples had an 
opaque paper bag placed over fruit at three weeks after full bloom until harvest. Values are means 
± standard error (n = 5 ‘Ellis Bitter’ and 5 ‘GoldRush’ in 2016 and 5 ‘Major’, 5 ‘‘Ellis Bitter’, and 5 
‘GoldRush’ in 2017). 

Cultivar Treatment Mass (g) Peel Blush 
(%) 

Green Scale 
(1–5) 

Chlorophyll a 
Index 

Starch Pattern 
Index (1–8) 

Firmness 
(N) 

‘Major’ 
Control 

89.3 ± 7.6 69.6 ± 4.6 - 0.46 ± 0.12 6.2 ± 0.2 65.4 ± 1.5 
‘Ellis Bitter’ 67.0 ± 3.1 50.8 ± 1.9 - 1.30 ± 0.09 7.0 ± 0.1 73.3 ± 2.2 
‘GoldRush’ 175.6 ± 0.3 - 3.0 ± 0.2 0.64 ± 0.06 3.9 ± 0.1 84.1 ± 1.1 

‘Major’ Bag 66.4 ± 6.2 0.4 ± 0.1 - 0.02 ± 0.01 7.7 ± 0.2 58.4 ± 1.4 
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‘Ellis Bitter’ 50.1 ± 3.3 0.1 ± 0.0 - 1.14 ± 0.06 7.4 ± 0.2 74.7 ± 3.0 
‘GoldRush’ 175.5 ± 20.6 - 1.0 ± 0.0 0.23 ± 0.04 4.0 ± 0.1 85.2 ± 0.7 

p-value 

Treatment <0.001 <0.001 <0.001 <0.001 <0.001 0.098 
Cultivar <0.001 <0.001 - <0.001 <0.001 <0.001 

Year <0.001 0.337 0.926 - 0.015 <0.001 
Treatment × Cul-

tivar 0.006 <0.001 - 0.121 <0.001 0.005 

Treatment × Year 0.823 0.301 0.926 - 0.488 0.490 

Soluble solid concentrations were greater in Control treatment than Bag treatment 
juice in all cultivars (Table 4). Juice pH was lower in the Control treatment than in the Bag 
treatment. In ‘GoldRush’, titratable acidity was 23% greater in Control treatment juice 
than Bag treatment juice. In ‘Major’ and ‘Ellis Bitter’, there was no statistically significant 
difference in titratable acidity (p = 0.190). Overall, there was no statistically significant dif-
ference in total polyphenol concentrations among treatments. However, in ‘GoldRush’ to-
tal polyphenol concentrations were 61% greater in Control juice than Bag juice (p < 0.001); 
Control treatment juice had 0.37 g gallic acid equivalents (GAE)/L of polyphenols, while 
Bag treatment juice had 0.23 g GAE/L. In ‘Major’, total polyphenol concentrations were 
27% greater in the Bag treatment than the Control (p = 0.026); Control treatment juice had 
1.39 g GAE/L, and Bag treatment juice had 1.77 g GAE/L. In ‘Ellis Bitter’, there was no 
statistically significant difference between treatments (p = 0.796). 

Table 4. Juice characteristics of bagged (Bag) and unbagged (Control) apples from ‘Major’, ‘Ellis 
Bitter’, and ‘GoldRush’ apple trees grown in Lansing, NY in 2016, and 2017. Bag apples had an 
opaque paper bag placed over fruit at three weeks after full bloom until harvest. Values are means ± 
standard error (n = 5 ‘Ellis Bitter’ and 5 ‘GoldRush’ in 2016 and 5 ‘Major’, 5 ‘Ellis Bitter’, and 5 
‘GoldRush’ in 2017). 

Cultivar Treatment 
Soluble Solid  

Concentration (°Brix) pH 
Titratable Acidity 

(g Malic acid/L) 
Total Polyphenols  

(g GAE/L Z) 
‘Major’ 

Control 
13.1 ± 0.4 4.44 ± 0.01 2.2 ± 0.1 1.39 ± 0.19 

‘Ellis Bitter’ 10.6 ± 0.3 4.44 ± 0.02 2.0 ± 0.0 0.95 ± 0.08 
‘GoldRush’ 14.0 ± 0.3 3.38 ± 0.02 9.4 ± 0.3 0.37 ± 0.02 

‘Major’ 
Bag 

12.4 ± 0.6 4.49 ± 0.05 2.3 ± 0.1 1.77 ± 0.21 
‘Ellis Bitter’ 10.4 ± 0.4 4.47 ± 0.02 2.1 ± 0.0 0.97 ± 0.05 
‘GoldRush’ 12.9 ± 0.2 3.49 ± 0.01 7.6 ± 0.2 0.23 ± 0.02 

p-value 

Treatment <0.001 <0.001 <0.001 0.159 
Cultivar <0.001 <0.001 <0.001 <0.001 

Year 0.160 0.257 0.926 0.955 
Treatment × Cultivar 0.015 0.008 <0.001 <0.001 

Treatment × Year 0.322 0.306 0.521 0.064 
Z GAE = gallic acid equivalents. 

4. Discussion 
4.1. Overall Assessment of Sunlight Exposure on Cider Apple Fruit Quality 

Our results suggest that reducing light exposure into an apple tree canopy decreases 
fruit size, juice soluble solid concentration and total polyphenol concentration—all im-
portant quality characteristic for cider production. Diminished fruit quality appears to be 
most pronounced when both leaves and fruit are shaded. Additionally, fruit quality at 
harvest appears to be most influenced by early season light interception. For example, in 
Experiment 1, “Early Tree Shading”, we found that shading fruiting spurs for four weeks 
during the cell division phase of fruit development resulted in a reduction of fruit size by 
10% and juice polyphenol concentrations by 23% at harvest. These effects are likely 
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attributed to reduced carbohydrate availability to developing fruit at a time in the season 
when endogenous supply is low and the leaves are still greater sinks than sources of pho-
tosynthates [19,34]. Localized decreased light interception of the canopy throughout or 
later in the season was also correlated with reduced yields, smaller fruit size, and lower 
soluble solid concentrations, as found in Experiments 3 and 4 (“Late Branch Shading” and 
“Fruit Location”). Localized decreases in light interception can also be related to delayed 
ripening, as evidenced by greater chlorophyl a and lower starch pattern indices of fruit 
from more shaded areas of canopies in Experiment 4. 

The relationship between canopy light interception and yield at both a microclimate 
and orchard-scale is well established in apple trees [35–37]. Fruit cell number is dependent 
on carbohydrate availability for cell growth and division during the first 30–45 days after 
petal fall [38]. Limiting carbohydrate availability during this period, either from reduced 
net photosynthesis (such as from lower light availability) or competition with other sinks 
(such as fruit), reduces cell number and growth, and ultimately potential maximum fruit 
size [20,39,40]. 

Across the experiments in this study, reduced sunlight exposure was correlated with 
lower polyphenol concentrations. Polyphenols are a diverse class of compounds influ-
enced by a number of factors, including UV light exposure, herbivory, and carbohydrate 
availability [41–44]. Increased light exposure to a canopy is correlated with both greater 
UV light exposure and greater carbohydrate supply to developing fruit. While correlated 
with one another, these factors have distinct physiological and metabolic impacts on fruit 
development. Thus, it is difficult to differentiate the impacts of increased light exposure 
directly to fruit from increased light exposure to the adjacent spur canopy producing more 
carbohydrates. 

4.2. Seasonal Development of Polyphenols in Cider Apples 
The rapid accumulation of polyphenols in fruit during the first five weeks after full 

bloom (WAFB) and then their gradual decline in concentrations during the rest of fruit 
growth and development in Experiments 1 and 2 (the “early shading” experiments) sug-
gests that most polyphenol synthesis occurs during the cell division phase of fruit devel-
opment. Similarly, Renard et al. (2007) [45] found that nearly all flavan-3-ol (catechin, epi-
catechin, and their procyanidin polymers) synthesis occurred during the first six WAFB 
for the cider cultivars ‘Avrolles’ and ‘Kermerrien’. Polyphenol synthesis rates were much 
lower after cell division ceased. Zhang et al. (2010) [16] also found that flavan-3-ol concen-
trations increased exponentially during the cell division phase of fruit growth in ‘Hon-
eycrisp’ and then were diluted as fruit cells enlarged. 

Renard et al. (2007) [45] found that at five weeks after full bloom the vast majority of 
cortex tissue polyphenols in high tannin cider apples were flavan-3-ols, followed by 
caffeoylquinic acid and dihydrochalcones, respectively. In cortex tissue of cider apples at 
harvest, Guyot et al. (1998) [46] found that procyanidins and flavan-3-ol monomers con-
stituted the vast majority of polyphenols. After cell division, flavan-3-ol monomers poly-
merize and increase in mean polymer length for the remainder of the growing season 
[16,45,47]. This suggests that the majority of polyphenols, particularly those with organo-
leptic properties such as catechins, epicatechins, and their polymers, are synthesized dur-
ing the cell division phase of fruit development. Enzyme concentrations related to poly-
phenol synthesis (including flavan-3-ols), such as phenylalanine ammonia-lyase, chal-
cone-synthase, and dihydroflavonol reductase are greatest in young fruit [23,24]. The re-
ported periods of high enzyme concentrations during fruit cell division correspond with 
the periods of high polyphenol synthesis in fresh eating apple cultivars and flavan-3-ol 
synthesis in cider apples [23–25,45]. Rapid polyphenol synthesis during the cell division 
phase of fruit growth were also found in Experiments 1 and 2. 
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4.3. Differing Effects of Light Exposure to Fruits, Leaves, and Whole Canopies on Polyphenol 
Synthesis in Cider Apples 

In Experiment 5, “Fruit Bagging”, the similar total polyphenol concentrations be-
tween Bag and Control treatment ‘Ellis Bitter’ juice, and greater total polyphenol concen-
trations of Bag than Control treatment juice in ‘Major’ suggests that flavan-3-ol and procy-
anidin synthesis is not regulated by light exposure solely to the fruit. In ‘Major’, the greater 
fruit mass of Control than Bag treatments suggest that total polyphenol content on a per 
fruit basis were similar between treatments, and that greater fruit mass in the Control treat-
ment led to lower total polyphenol concentrations in juice. The greater total polyphenol 
concentrations in Control than Bag fruit in ‘GoldRush’ suggests that light exposure does 
influence polyphenol synthesis in the cortex of this cultivar. Though ‘GoldRush’ is in-
cluded in hard cider blends due to its high acidity, it is mostly grown for the fresh market 
and thus has low total polyphenols in comparison to cider specific cultivars [15]. Juice from 
similar fresh market cultivars have greater proportions of hydroxycinnamic acids and di-
hydrochalcones than flavan-3-ols in their juice polyphenol content [17,18]. Fruit bagging 
has been shown to lower hydroxycinnamic acid concentrations in the peel and flesh of 
apples [48]. We did not determine which polyphenols were produced in lower concentra-
tions due to fruit bagging in ‘GoldRush’. However, there is evidence of cultivar variation 
in the influence of light exposure on fruit and the synthesis of flavan-3-ols in apple tissue. 
Chen et al. (2012) [48] found fruit bagging to decrease concentrations in flavan-3-ol con-
centrations in ‘Red Delicious’ and ‘Golden Delicious’ fruit cortex tissue while not having 
any impact on flavan-3-ol synthesis in ‘Royal Gala’. Additionally, concentrations of flavan-
3-ols have not been found to be affected by light exposure in fruit peels of ‘Elstar’ and 
‘Jonagold’ apples [49]. However, because light exposure directly to the fruit did not reduce 
polyphenol concentrations in Experiment 5 in ‘Major’ and ‘Ellis Bitter’ this suggests that 
differences in total polyphenol concentrations in the other experiments resulted from re-
duced carbohydrate availability, and not a direct impact of light on enzymatic activity in 
the fruit itself.  

Flavan-3-ol synthesis appears to be less light sensitive than anthocyanins, flavonols, 
and hydroxycinnamic acids [23,48–50]. Concentrations of light-sensitive enzymes in the 
flavan-3-ol pathway have been found to not be rate limiting during the cell division phase 
of fruit growth when most flavan-3-ol synthesis occurs [23–25]. Even later in fruit devel-
opment, the synthesis of flavan-3-ols are much less light sensitive than other classes of 
polyphenols. Fruit bagging of ‘Cripps’ Red’ apples reduced transcription factors for an-
thocyanin and flavonol synthesis by 40- and 70-fold, respectively, but transcription factors 
for flavan-3-ol synthesis declined only two to four-fold [50]. Anthocyanins were not de-
tectible in the fruit peel of bagged ‘Cripps’ Red’ apples, and flavonol concentrations were 
reduced in bagged fruit in comparison to the control, but there was no difference in con-
densed tannins among treatments. 

4.4. Temperature Effects on Polyphenol Synthesis in Cider Apples 
It is well established that apple tree metabolic rates, like most plants, are affected by 

temperature [51]. However, we were unable to find any studies that investigated the re-
lationship between temperature and flavan-3-ol concentrations in apple trees. The Top 
and West tree sections had similar growing degree accumulations to one another in Ex-
periment 4, but the fruit from the Top treatment had greater juice total polyphenol con-
centrations. Conversely, the West tree sections had greater growing degree accumulation 
than the East tree sections but had similar juice total polyphenol concentrations to one 
another. Similarly, while growing degree accumulation was slightly reduced by the pres-
ence of shade cloth in Experiment 3, the “late branch shading” study, increasing shade 
cloth opacity did not correlate with increasingly lower growing degree accumulations. 
However, increasing shade cloth opacity was correlated with reducing total polyphenol 
concentrations; in other words, PAR exposure was a stronger predictor of total 
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polyphenols in the fruit than temperature. The differences in temperature observed 
within treatments in these experiments were not correlated with changes in total polyphe-
nol concentrations. 

4.5. Effect of Carbohydrate Availability on Polyphenol Synthesis in Cider Apples 
Because the direct effects of sunlight and temperature most likely did not impact pol-

yphenol development, the findings from our study suggest that carbohydrate availability 
during fruit development is the primary controlling factor for polyphenol synthesis in 
apples. This was shown when branches shaded for only two weeks during the cell divi-
sion phase had 21% lower total juice polyphenol concentrations at harvest in comparison 
to the unshaded control in Experiment 2. Not only were total polyphenol concentrations 
reduced via shading whole trees and branches during this period, but these treatments 
also resulted in 10% smaller fruit size in Experiment 1 at harvest. During the cell division 
stage of fruit growth, fruit cell number is dependent on carbohydrate availability for cell 
growth and division [38]. Limiting carbohydrate availability during this period, either 
from reduced net photosynthesis or competition with other sinks (such as fruit), reduces 
cell number and growth, and ultimately reduces final fruit size [20,39,40]. Fruit are de-
pendent on localized carbohydrate resources from spur leaves between one and three 
weeks after full bloom; shading of branches reduces fruit size and delays the export of 
carbohydrates from extension shoots to developing fruit [20]. 

Even though shading intensities and duration were greater in the “late branch shad-
ing” (Experiment 3), than the “early shading” studies (Experiments 1 and 2), polyphenol 
concentrations were reduced more by the earlier reduction in carbohydrate availability. 
In Experiment 2, shade cloth blocking 60% of PAR on individual branches for 4 weeks 
early in fruit development reduced juice polyphenol concentrations by 22%; in Experi-
ment 3, shade cloth blocking 80% of PAR on individual branches for 11 weeks or longer 
only reduced polyphenol concentration by 14%. As extension shoot leaves mature, nearby 
fruit receive a greater proportion of carbohydrates from them rather than spur leaves. 
Thus, initiating shading four WAFB in Experiment 3 was towards the end of the primary 
period of polyphenol synthesis in young fruit [20,24,45]. Furthermore, shading starting at 
four WAFB did not consistently impact polyphenol concentrations in Experiment 3, with 
an over four-fold greater reduction of total polyphenol concentrations in 2016 than 2017. 

In a study of ‘Red Elstar’ and ‘Jonagold’ apple trees by Awad et al. (2001) [52], ad-
justing carbohydrate availability to fruit via reducing crop load at four and eight WAFB 
did not impact polyphenol concentrations. In that same study, fruit soluble solid concen-
tration and titratable acidity were increased in trees with a lower crop load, similar to fruit 
with less or no shading in the “late branch shading” study (Experiment 3) having more 
soluble solids and titratable acidity than more heavily shaded fruit. Additionally, varying 
the harvest date by four weeks at the end of fruit development has not been found to 
influence total polyphenol concentration in apples [53]. 

Differences in total polyphenol concentrations of fruit from the different sections of 
trees in Experiment 4 (the “fruit location” study) were likely influenced by localized dif-
ferences in carbohydrate availability during fruit development, and depending on culti-
var, potentially influenced by light exposure to individual fruit. Similar to the shaded re-
gions of the canopy in the “early shading” studies, Interior sections of the tree had less 
light available for spur leaves and extension shoots early in fruit development when most 
polyphenol synthesis occurs [24,52]. Similar to Experiment 4, fruit polyphenol concentra-
tions, including flavan-3-ols, have been found to be greater in the exterior, sun exposed 
regions of the canopy than fruit from the interior canopy [19]. Additionally, similar to 
Experiment 4, Feng et al. (2014) [19] found fruit size and soluble solid concentration to be 
greater in fruit from the exterior region of the canopy than the interior. 
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4.6. Polyphenol Methodology 
The Folin-Ciocalteu assay used to measure total polyphenols in our study has high 

precision, low variability, a relatively wide working range, and is cost and time effective. 
This assay has also been found to be more accurate than the Löwenthal permanganate 
assay for measuring polyphenol concentrations in apple juice and cider [54]. However, 
the Folin-Ciocalteu assay does not measure concentrations of specific polyphenol com-
pounds and is known to measure non-polyphenol compounds that can be reduced, such 
as ascorbic acid, sulfur dioxide, and reducing sugars [55]. Polyphenol characterization via 
high performance liquid chromatography would have elucidated exactly which polyphe-
nols were synthesized during our study and recording ratios of fresh to dry weight of 
tissue samples would have allowed the quantification of total polyphenols on a per fruit 
basis. Nonetheless, the Folin-Ciocalteu assay is a useful tool in measuring relative differ-
ences in polyphenol concentrations among samples from the same cultivar, such as in this 
research. 

4.7. Implications for Cider Apple Orchard Design and Management 
Pruning practices and tree training systems that provide more uniform light pene-

tration throughout the tree canopy may result in greater carbohydrate availability to each 
fruit, and therefore higher polyphenol and soluble solid concentrations, and larger yields. 
High density orchard designs, such as spindle or V-trellis, have been recently adopted 
widely in apple producing regions in part due to the greater light interception of the spur 
canopy, and resultantly larger fruit and greater yields, these designs provide in compari-
son to many older orchard designs. Additionally, early adjustment of crop load, such as 
through bloom thinning, may offer a means to decrease carbohydrate demand and thus 
concomitantly increase fruit size and polyphenol concentration. 

5. Conclusions 
Altering light exposure to fruit for short periods early in development resulted in 

differences in polyphenol concentrations that persisted until harvest, while altering light 
exposure after approximately five weeks after full bloom had minimal impact on poly-
phenol concentrations. We propose there is a source-sink relationship between carbohy-
drate availability and polyphenol synthesis during the cell division phase of apple fruit 
growth. Additionally, greater light exposure to fruiting spurs resulted in increased fruit 
size and soluble solid concentrations, which are also likely related to carbohydrate avail-
ability to developing fruit. Cultivar specific interactions between light exposure and fla-
van-3-ol synthesis in fruit are likely to exist and require additional study. Nonetheless, the 
results of the experiments described in this paper suggest that increased cider apple qual-
ity is obtained when grown fruit is grown in orchard systems that maximize spur-canopy 
sunlight interception. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/horticulturae8110993/s1, Supplementary Figure S1: Percent-
age of plant assimilable radiation (PAR) permeating the canopy and shadecloth in Experiment 3 of 
‘Major’, ‘Ellis Bitter’, and ‘Harry Masters Jersey’ apple trees grown in Lansing, NY. Branches on 
individual trees were subjected to different shading opacities from week four after full bloom until 
harvest. Values are means ± standard error (n = 8 ‘Major’ 2016, 8 ‘Ellis Bitter’ 2016, 8 ‘Major’ 2017, 
and 8 ‘Harry Masters Jersey’ 2017 = 32); Supplementary Table S1. Harvest dates of experiments in 
different cultivars and years within this study. (‘HMJ’ = ‘Harry Masters Jersey’, ‘SRS’ = ‘Somerset 
Redstreak’), Supplementary Table S2. Percentage of plant assimilable radiation (PAR) permeating 
the canopy and shade cloth, and photosynthesis rate of Control leaves exposed to 1500 μmol/m2/s 
of photons and Shade leaves exposed to 500 μmol/m2/s of photons in cv. ‘Dabinett’ apple trees 
grown in Lansing, NY. Treatment trees were shaded during weeks 1–5 after full bloom in Experi-
ment 1. Values are means ± standard error (n = 6), Supplementary Table S3. Percentage of plant 
assimilable radiation (PAR) permeating the canopy and shade cloth two and four weeks after full 
bloom (WAFB) from cv ‘Ellis Bitter’ and ‘Major’ apple trees grown in Lansing, NY. Branches on 
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individual trees were subjected to different shading treatments during weeks 1–5 after full bloom 
in Experiment 2. Values are means ± standard error (‘Ellis Bitter’ n = 7, ‘Major’ n = 8). Different 
lowercase letters indicate a separation of treatments by the Tukey HSD method at a 5% significance 
level, Supplementary Table S4. Mass of fruit at different stages of development from ‘Dabinett’ ap-
ple trees grown in Lansing, NY. Trees were either shaded or un-shaded during weeks 1–5 after full 
bloom in Experiment 1. Values are means ± standard error (n = 6), Supplementary Table S5. Mass of 
fruit at different stages of development from ‘Ellis Bitter’ and ‘Major’ apple trees grown in Lansing, 
NY. Branches on individual trees were subjected to different shading treatments during weeks 1–5 
after full bloom in Experiment 2. Values are means ± standard error (‘Ellis Bitter’ n = 7, ‘Major’ n = 
8). Different lowercase letters indicate a separation of treatments by the Tukey HSD method at a 5% 
significance level, Supplementary Table S6. Diameter of fruit at different stages of development 
from ‘Dabinett’ apple trees grown in Lansing, NY. Trees were either shaded or un-shaded during 
weeks 1–5 after full bloom in Experiment 1. Values are means ± standard error (n = 6), Supplemen-
tary Table S7. Diameter of fruit at different stages of development from 'Ellis Bitter' and 'Major' 
apple trees grown in Lansing, NY. Branches on individual trees were subjected to different shading 
treatments during the five weeks after full bloom (WAFB) in Experiment 2. Values are means ± 
standard error (‘Ellis Bitter’ n = 7, ‘Major’ n = 8). Different lowercase letters indicate a separation of 
treatments by the Tukey HSD method at a 5% significance level, Supplementary Table S8. Total 
polyphenol concentrations (gallic acid equivalents) of dried fruit cortex tissue at different stages of 
development and juice from cv ‘Dabinett’ apple trees grown in Lansing, NY. Trees were either 
shaded or un-shaded during weeks 1–5 after full bloom in Experiment 1. Values are means ± stand-
ard error (n = 6), Supplementary Table S9. Total polyphenol concentrations (gallic acid equivalents) 
of dried fruit cortex tissue at different stages of development and juice from cv ‘Ellis Bitter’ and 
‘Major’ apple trees grown in Lansing, NY. Branches on individual trees were subjected to different 
shading treatments during in the five weeks after full bloom (WAFB) in Experiment 2. Values are 
means ± standard error (‘Ellis Bitter’ n = 7, ‘Major’ n = 8). Different lowercase letters indicate a mean 
separation among treatments by the Tukey HSD method at a 5% significance level, Supplementary 
Table S10. Percentage of plant assimilable radiation (PAR) permeating the canopy and shade cloth 
in June, July, and August of ‘Major’, ‘Ellis Bitter’, and ‘Harry Masters Jersey’ ('HMJ') apple trees 
grown in Lansing, NY in 2016 and 2017. Branches on individual trees were subjected to different 
shading opacities from four weeks after full bloom until harvest in Experiment 3. Values are means 
± standard error (n = 8 ‘Major’ 2016, 8 ‘Ellis Bitter’ 2016, 8 ‘Major’ 2017, and 8 ‘HMJ’ 2017 = 32), 
Supplementary Table S11. Growing degree days base 10 °C inside shading enclosures of ‘Major’ and 
‘Harry Masters Jersey’ (‘HMJ’) apple trees grown in Lansing, NY in 2017. Branches on individual 
trees were subjected to different shading opacities from four weeks after full bloom until harvest in 
Experiment 3. Values are means ± standard error (n = 4 ‘Major’ and 4 ‘HMJ’ = 8), Supplementary 
Table S12. Harvest and fruit characteristics of ‘Major’, ‘Ellis Bitter’, and ‘Harry Masters Jersey’ 
(‘HMJ’) apple trees grown in Lansing, NY in 2016 and 2017. Branches on individual trees were sub-
jected to different shading opacities from four weeks after full bloom until harvest in Experiment 3. 
Values are means ± standard error (n = 8 ‘Major’ 2016, 8 ‘Ellis Bitter’ 2016, 8 ‘Major’ 2017, and 8 
‘HMJ’ 2017 = 32), Supplementary Table S13. Juice characteristics of ‘Major’, ‘Ellis Bitter’, and ‘Harry 
Masters Jersey’ (‘HMJ’) apple trees grown in Lansing, NY. Branches on individual trees were sub-
jected to different shading opacities from four weeks after full bloom until harvest in Experiment 3. 
Values are means ± standard error (n = 8 ‘Major’ 2016, 8 ‘Ellis Bitter’ 2016, 8 ‘Major’ 2017, and 8 
‘HMJ’ 2017 = 32), Supplementary Table S14. Percentage of plant assimilable radiation (PAR) perme-
ating the canopy in different regions of ‘GoldRush’, ‘Major’, ‘Harry Masters Jersey’ (‘HMJ’), and 
‘Somerset Redstreak’ ('SRS’) apple trees in Experiment 4. The study was conducted in Lansing, NY 
in 2016, 2017, and 2018. Values are means ± standard error (n = 8 × 3 years in ‘GoldRush’, 8 ‘Major’ 
in 2016, 8 ‘HMJ’ in 2017, and 8 ‘SRS’ in 2018 = 32). Different lowercase letters indicate a separation 
of treatments by the Tukey HSD method at a 5% significance level, Supplementary Table S15. Grow-
ing degree days base 10 °C in different regions of ‘GoldRush’, and ‘Harry Masters Jersey’ (‘HMJ’) 
apple trees grown in Experiment 4 in Lansing, NY in 2017. Values are means ± standard error (n = 4 
‘GoldRush’ and n = 8 ‘HMJ’). Different lowercase letters indicate a separation of treatments by the 
Tukey HSD method at a 5% significance level, Supplementary Table S16. Fruit characteristics of 
apples from different regions of ‘GoldRush’, ‘Major’, ‘Harry Masters Jersey’ (‘HMJ’), and ‘Somerset 
Redstreak’ (‘SRS’) apple tree canopies grown in Experiment 4. The study was conducted in Lansing, 
NY in 2016, 2017, and 2018. Values are means ± standard error (n = 8 × 3 years in ‘GoldRush’, 8 
‘Major' in 2016, 8 ‘HMJ’ in 2017, and 8 ‘SRS’ in 2018 = 32). Different lowercase letters indicate a 
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separation of treatments by the Tukey HSD method at a 5% significance level, Supplementary Table 
S17. Juice characteristics of apples from different regions of ‘GoldRush’, ‘Major’, ‘Harry Masters 
Jersey’ (‘HMJ’), and ‘Somerset Redstreak’ (‘SRS’) apple tree canopies grown in Experiment 4. The 
study was conducted in Lansing, NY in 2016, 2017, and 2018. Values are means ± standard error (n 
= 8 × 3 years in ‘GoldRush’, 8 ‘Major’ in 2016, 8 ‘HMJ’ in 2017, and 8 ‘SRS’ in 2018 = 32). Different 
lowercase letters indicate a separation of treatments by the Tukey HSD method at a 5% significance 
level. 
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