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Fruit canopy positioning affects fruit calcium
and potassium concentrations, disorder incidence,
and fruit quality for ‘Honeycrisp’ apple

Lee Kalcsits, James Mattheis, Luca Giordani, Michelle Reid, and Katie Mullin

Abstract: One advantage of high-density apple orchard systems is homogeneity in fruit maturity and quality.
However, even in modern orchard systems, variation in fruit quality occurs. ‘Honeycrisp’ apple is susceptible to
numerous disorders including bitter pit, soft scald, and poor colour development. Heterogeneity in fruit quality
and nutrient distribution can lead to variation in fruit storability. Here, we tested the effect of within-canopy
position on fruit calcium and potassium concentrations, quality, and disorder development for fruit across nine
representative high-density orchards. Calcium concentrations were greater in the upper part of the canopy com-
pared with the lower part. Potassium was more evenly distributed within the canopy. Calcium concentrations
and potassium-to-calcium ratios were significantly correlated with mean bitter pit incidence, which was between
20% and 30% in the lower half of the tree and <15% in the upper half. Fruit quality was significantly affected by
the position in the canopy and was not constrained to only colour, but also other quality metrics such as dry mat-
ter, size, and firmness. Additionally, the internal ethylene concentrations (IECs) of fruit in the upper canopy were
approximately 50% of the IECs for fruit from the lower canopy. With an increased emphasis on uniformity and pre-
dictability of fruit for long-term storage, these results underscore the importance of understanding variation
within the canopy. Even for high-density systems, significant variation in fruit quality can occur and fruit from
the upper canopy has lower disorder incidence and higher fruit quality than fruit from the lower canopy.

Key words: bitter pit, nutrition, distribution, Malus X domestica, elemental concentration.

Résumé : Un avantage des pommeraies denses est que les fruits obtenus ont une qualité et un degré de maturité
homogeénes. Toutefois, les vergers aménagés de facon moderne eux-mémes peuvent donner des fruits de qualité
variable. Ainsi, la pomme Honeycrisp est sujette a divers problémes, parmi lesquels la fossette amére, ’échaudure
molle et une piétre coloration. Une qualité et une répartition des oligoéléments inégales affecteront la durée de
conservation. Les auteurs ont examiné les effets de 'emplacement du fruit dans le feuillage sur la concentration
de calcium et de potassium et le développement de carences dans neufvergers a haute densité représentatifs. La con-
centration de calcium est plus élevée dans les fruits situés dans la partie supérieure du couvert que chez ceux situés
dans la partie inférieure. Celle de potassium est répartie plus uniformément dans le couvert. La concentration de cal-
cium et le rapport potassium:calcium présentent une corrélation significative avec I'incidence moyenne de la fos-
sette amere, qui affecte vingt a trente des fruits pour cent dans la moitié inférieure de ’arbre et moins de quinze
pour cent dans la moitié supérieure. La qualité du fruit est aussi sensiblement affectée par la position de ce dernier
dans le feuillage, pas seulement au niveau de la coloration, mais également d’autres parameétres comme la quantité
de matiere séche, le calibre et la fermeté. D’autre part, la concentration d’éthyléne a I'intérieur des fruits situés dans
le haut de I'arbre correspond environ a la moitié de celle relevée dans les fruits se développant plus bas. Puisqu’on
insiste davantage sur des fruits uniformes et sur la capacité de prévoir leur durée de conservation, ces résultats sou-
lignent combien il importe de comprendre les variations survenant dans le couvert. En effet, la qualité du fruit peut
varier sensiblement, méme dans les vergers trés denses, et les fruits situés dans le haut de I’arbre présentent moins
de défauts que ceux poussant plus bas, donc leur qualité est supérieure. [Traduit par la Rédaction]

Mots-clés : fossette amere, nutrition, distribution, Malus x domestica, concentration des oligoéléments.
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Fig. 2. (A) Rhodium-normalized portable X-ray fluorescence
(PXRF) counts for calcium (open circles) and potassium
(closed circles) plotted against relative canopy height
position (%) for ‘Honeycrisp’ apple fruit at harvest. Lines
represent best non-linear fit for calcium (dashed line) and
linear fit for potassium (solid line). (B) Potassium-to-calcium
ratios acquired from portable X-ray fluorescence plotted
against relative canopy height position (%). Solid line
represents best non-linear fit for mean potassium-to-calcium
ratio at each relative canopy height position (*, P < 0.01;

** P < 0.001)
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Fruit quality variation by canopy position and maturity
Fruit weight varied more between orchards than
within orchards. However, there was as much as a two-
fold variation in fruit weight within orchards, where
the mean fruit weight ranged from an average of 165 to
342 g (data not shown). Although crop load was reported
to be a major contributor of fruit weight at harvest (Serra
et al. 2016), crop load was carefully controlled in this
study. Fruit weight across all sampled fruit ranged from
122 to 482 g. Fruit weight was significantly affected by
canopy position (Fig. 3) and was greater in fruit from
the upper canopy compared with fruit from the lower
canopy. The average fruit weight for the upper half of
the canopy was 252 g, while the fruit weight for the
lower half of the trees was 245 g. There was a significant
relationship between the relative radial distance from
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Fig. 3. Mean fruit weight (g) of ‘Honeycrisp’ apples sampled
across vertical (closed circles) and horizontal (open circles)
relative canopy positions. Lines represent significant
regression relationships for vertical (solid line) and
horizontal (dashed line) canopy distribution (*, P < 0.01).
Low percentages (%) represent either closer proximity to the
trunk for horizontal canopy position or at the bottom of the
tree for vertical position.
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the trunk and fruit weight (P = 0.012; r* = 0.63), where
fruit weight was >250 g near the trunk but as the
distance from the trunk increased, fruit weight was
decreased, with an average fruit weight of approxi-
mately 230 g at the outside canopy (Fig. 3). Therefore,
the largest fruit size occurred in regions closest to the
trunk in the upper half of the canopy.

The SSC was higher in the upper canopy, with a signifi-
cant positive relationship between SSC and relative can-
opy height (P =0.013; r = 0.79; Fig. 4B). The mean SSC
ranged between 13 and 14 °Brix both vertically and radi-
ally within the tree. There was no relationship between
vertical canopy position and TA, which ranged from
0.45% to 0.67% malic acid and was independent of SSC.
However, there was a significant negative relationship
between radial canopy position and TA (P =0.004;
r=—-0.79; Fig. 4A). Both DM and M2 fruit firmness fol-
lowed similar patterns to SSC, where fruit was firmer
and DM was greater for fruit from the upper canopy
(Figs. 5C and 5E). Internal ethylene concentrations were
lower in the upper part of the tree and there was a nega-
tive relationship with vertical canopy position (P = 0.015;
r=0.77; Fig. 5A); however, IEC increased as radial posi-
tion in the tree increased (P = 0.005, r = 0.77; Fig. 5A).
Fruit starch and M1 firmness were unaffected by canopy
position (Figs 5D and 5B). Peel colour development was
less clearly impacted by canopy position and overall col-
our development was well developed across all fruit in
these high-density systems; however, there were some
significant relationships that were related to canopy
position (Fig. 6). Fruit from the outer canopy had greater
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Fig. 4. Mean (A) titratable acidity and (B) soluble solids
concentration of ‘Honeycrisp’ apple across vertical (closed
circles) and horizontal (open circles) relative canopy
position sampled from nine different orchards. Lines
represent significant linear relationship for vertical (solid
line) and horizontal (dashed line) canopy distribution

(*, P < 0.05; *, P < 0.01). Regression lines are only shown
for significant linear relationships. Low percentages (%)
represent either closer proximity to the trunk for
horizontal canopy position or at the bottom of the tree
for vertical position.
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b* values (more red colour) than fruit from radial posi-
tions closer to the trunk (P = 0.0005, r = 0.88) and lower
in the tree (P =0.001, r = —0.9). Interestingly, fruit from
lower in the canopy on the outer branches had greater
Chroma values than fruit from the upper part of the tree
closer to the trunk.

Disorder incidence in relation to relative canopy position
Bitter pit incidence was approximately 20% for fruit
sampled across the nine orchards in this study (data not
shown). There was significant variability in bitter pit
incidence that was dependent on the position of the
fruit in the tree. Some regions in the tree did not have
any bitter pit while other regions had more than 60% of
fruit affected by bitter pit. Bitter pit incidence was the
greatest in the lower and inner regions of the tree

Can. J. Plant Sci. Vol. 99, 2019

Fig. 5. Mean (A) internal ethylene concentration (mL L™
IEC), (B) starch index rating, (C) M1 and (D) M2 fruit
firmness (kg), and (E) dry matter (%) of ‘Honeycrisp’ apples
sampled across vertical (closed circles) and horizontal (open
circles) relative canopy positions. Low percentages (%)
represent either closer proximity to the trunk for
horizontal canopy position or at the bottom of the tree

for vertical position. Lines represent significant linear
relationship for vertical (solid line) and horizontal (dashed
line) canopy distribution (*, P < 0.05; **, P < 0.01; ***,

P < 0.001). Regression lines are only shown for significant
linear relationships.
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(Fig. 7, Table 2). Bitter pit incidence varied vertically in
the tree and was significantly lower in the upper half of
the tree compared with the lower half (Fig. 8). Canopy
position also affected the incidence of other disorders
during storage (Table 2). Between 8.2% and 17.0% of fruit
was greasy in the lower half of the tree compared with
between 0% and 2.9% in the upper 20% of the tree. Fruit
harvested from lower canopy positions had a higher inci-
dence of soft scald (P = 0.05; r = —0.60). The only disorder
that was related to the radial position in the canopy was
fruit rot, where fruit from the inner canopy had a
greater incidence of rot (P < 0.05; r = —0.56).

While variable within the canopy, the potassium-to-
calcium ratio of the fruit was most closely related to bit-
ter pit incidence; this ratio in the fruit explained 48% of

< Published by NRC Research Press
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Fig. 6. Mean (A) L*, (B) a*, (C) b*, (D) hue angle, and
(E) Chroma of ‘Honeycrisp’ apples sampled across vertical
(closed circles) and horizontal (open circles) relative canopy
positions. Low percentages (%) represent either closer
proximity to the trunk for horizontal canopy position or at
the bottom of the tree for vertical position. Lines represent
significant linear relationship for vertical (solid line) and
horizontal (dashed line) canopy distribution (*, P < 0.05;

**, P <0.01; **, P < 0.001). Regression lines are only shown
for significant linear relationships.
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the variation observed in bitter pit incidence (Fig. 9C).
Within each relative canopy position encompassing a
10% by 10% positioning grid, fruit calcium concentrations
explained 29% of the variation observed in bitter pit
incidence (Fig. 9A). Potassium, however, was not signifi-
cantly related to bitter pit incidence (Fig. 9B).

Discussion
Calcium and potassium variation within a high-density
apple canopy

Across orchards and trees, there was a significant rela-
tionship between tree position and fruit calcium and
potassium concentrations, where higher calcium con-
centrations were seen in the upper part of the canopy.
These results contrast the reported results in Jackson
and Sharples (1971), where lower calcium concentrations
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in the upper canopy were reported. The reasons behind
these contrasting results could be linked to tree size
and vigor, where trees were larger and not densely
planted in the earlier study compared with the high-den-
sity, low-vigor plantings in the present study. The mecha-
nisms underlying these variations are unclear; however,
they may be a result of within-tree variation in plant
transpiration and distribution. The association between
plant transpiration and the accumulation of calcium in
plant organs has been well established (Montanaro
et al. 2010, 2014; de Freitas and Mitcham 2012; Hocking
et al. 2016). Higher transpiration rates lead to greater
deposition of calcium in those organs. These studies
and reviews have addressed genetic and treatment
differences affecting these rates in whole plants.
However, the relationship within individual canopies
has been less explored and has significant implications
for sampling methods. Transpiration of leaves and
organs would be dependent on temperature, wind, rela-
tive humidity, and physiological transpiration control
such as lenticels and stomata. Transpirational pressure
should be greater on the outer parts of trees since these
regions would be more exposed to high light and low
humidity conditions that would have greater transpira-
tional pressure and therefore, increased calcium deposi-
tion in those organs. This was observed in this
experiment across many orchards and trees, where the
outer regions of the canopy had greater fruit calcium
concentrations than fruit from the inner regions of the
canopy. In contrast, potassium was less variable and
was not related to canopy position. Potassium is plant-
mobile and may demonstrate a greater degree of remobi-
lization and plasticity than calcium (Van Goor and
Wiersma 1974), and therefore, differences in distribution
caused by localized environmental conditions may be
less likely to have an impact.

Effect of canopy position on fruit quality for simple,
compact apple trees

The relationship between locations within the tree
was less clear for fruit quality metrics. Variation in fruit
quality is often associated with variability in light pen-
etration into the canopy (Jackson and Sharples 1971;
Robinson and Lakso 1988). Fruit quality metrics that are
associated with carbohydrate loading such as fruit size,
SSC, and DM were positively associated with vertical
position in the tree. Similar results were reported in
stone fruit by Stanley et al. (2014). Upper regions of the
tree would also have higher amounts of light absorption
and carbon fixation (Corelli-Grappadelli and Coston
1991). Radially, the trends were often less clear, where
radial position was not associated with any fruit quality
traits except IEC. Additionally, IEC was not associated
with starch degradation for ‘Honeycrisp’. This has been
reported in other research, where starch degradation
is a poor indicator of physiological maturity in
‘Honeycrisp’ apple (Watkins et al. 2005). Peel colour
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Fig. 7. Two-dimensional distribution of bitter pit incidence (%) taken from different relative vertical and radial positions in the
tree canopy of 78 ‘Honeycrisp’ apple trees from nine commercial orchards. Black tiles indicate where there was no fruit
present in that location. [Colour online.|
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Table 2. Disorder incidence and rot for fruit from relative vertical or radial position in the canopy
for fruit from 72 ‘Honeycrisp’ apple trees.

Relative canopy position Bitter pit Rot Greasy Shrivel Scald Soft scald
Vertical orientation

30 311 2.7 8.2 0.0 0.0 41
40 23.9 2.5 14.5 0.9 0.0 17
50 19.3 0.0 17.0 11 11 0.0
60 12.9 5.4 15.7 0.0 0.0 0.0
70 121 4.2 15.5 0.9 0.0 2.6
80 151 41 151 0.0 0.0 11
90 14.7 8.3 2.9 2.9 0.0 0.0
100 14.3 0.0 0.0 0.0 0.0 0.0
r value -0.79* 0.21 —-0.54* 0.22 —-0.24 -0.60*
Radial orientation

10 33.3 0.0 16.7 0.0 0.0 0.0
20 18.6 5.6 16.3 0.0 0.0 3.5
30 15.2 6.0 71 18 0.0 0.9
40 16.8 3.9 13.7 0.8 0.0 16
50 19.0 1.2 17.9 0.0 0.0 2.4
60 15.4 2.5 12.8 13 13 0.0
70 17.5 2.4 25.0 0.0 0.0 2.5
80 25.0 0.0 5.9 0.0 0.0 0.0
90 7.5 0.0 0.0 0.0 0.0 0.0
100 33.3 0.0 12.5 0.0 0.0 0.0
r value -0.21 -0.56* -0.33 0.26 0.02 0.4

Note: Pearson correlation coefficients (Pearson’s r value) were calculated for each disorder or rot
and canopy position (*, P < 0.05).

development, like internal quality, was less consistent, phases of the orchard life would be expected to be rela-
but even still, there is consistent variation within the tively uniform in colour development, as light penetra-
canopy. Fruit produced in dwarfing, simple architecture tion throughout the canopy should also be relatively
systems that are just entering their most productive uniform. However, there were significant negative
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Fig. 8. Bitter pit (%) incidence after 4 mo of cold storage at 2 °C for ‘Honeycrisp’ fruit sampled across vertical canopy position with

height.
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Fig. 9. Linear relationship between relative (A) calcium, (B)
potassium, and (C) potassium-to-calcium ratio
concentrations measured using PXRF and bitter pit
incidence sampled from each classified canopy position
from 78 ‘Honeycrisp’ trees from nine commercial orchards.
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correlations between both Chroma and hue angle and
relative vertical position in the canopy. These values
would not have a significant bearing on the colour grad-
ing of fruit because the differences in colour ratings
using a chromameter were small relative to differences

required for grading of fruit into different colour classes
(Winzeler and Schupp 2011).

Disorder incidence in relation to canopy position

The distribution of bitter pit in the canopy was strongly
related to the distribution of apple fruit calcium in the
tree. Although the association between calcium and its
ratio with potassium have been well established, the rela-
tionship between these factors and bitter pit have not
been so clearly identified by location within a tree across
a large subset of trees and orchards. The results reported
here for ‘Honeycrisp’ contrast those reported by Jackson
and Sharples (1971) for ‘Cox’s Orange Pippen’ in low den-
sity apple trees. Here, however, there was also a decrease
in greasy fruit and soft scald for fruit harvested from the
upper canopy. Since these disorders appear to be some-
what associated with IEC, they may be related to the lower
IEC for those same fruit in the upper canopy. Similarly, in
stone fruit, internal browning was reported to be lower
for fruit from the outer canopy (Crisosto et al. 1997). The
greater incidence of rot from inner fruit on the radial axis
could also be a function of IEC, where more mature fruit
can be more susceptible to some postharvest pathology
diseases (Prusky 1996).

Implications for sampling and harvest approaches

Sampling protocols often seek to limit variability in
the orchard through even sampling of size, maturity,
and location within the tree. However, correcting for
these traits can create bias in the sample when attempt-
ing to link fruit nutrient status or fruit quality to
disorder incidence. This is especially true when equaliz-
ing where fruit is collected within the tree. For example,
sampling from the sun-exposed portions on outer
branches may underestimate the bitter pit risk in the
orchard or give a different estimate of maturity and
quality than a sample that was entirely random. For the
purposes of assessing risk and linking quality metrics
to one another, unbiased random samples would be
preferred to sorted sampling approaches.
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