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‘Honeycrisp’ Apple Maturity, Quality and Storage 
Disorders According to Interior and Exterior

Tree Canopy Position

Abstract
  Apples are typically spot picked according to color and, therefore, indirectly according to canopy light expo-
sure that affects fruit peel anthocyanins. We studied how interior and exterior canopy positions influenced fruit 
maturity and storage disorder incidence in ‘Honeycrisp’ apples grown in Maine (ME) USA, Minnesota (MN) 
USA and Ontario (ON) Canada, and harvested two to three times.  Harvest maturity was more advanced in exte-
rior compared with interior fruit. In both ME and ON, index of absorbance difference (IAD) was higher for interior 
fruit compared to exterior fruit.  Starch pattern index (SPI) was lower in interior fruit in ME and ON during the 
first harvest, but not the later harvests, and not in MN where starch breakdown was advanced. Internal ethylene 
concentration (IEC) at harvest, measured in ON only, was lower in interior fruit during the first harvest, but no 
difference occurred between the two positions in the latter two harvests. After four months of cold storage plus 
1- and 7-d shelf tests, IEC (measured in ON only) was lower in exterior fruit. In all three sites, soft scald, soggy 
breakdown and bitter pit incidence did not vary between the canopy positions. Fruit were not conditioned to 
10 degrees C and stored at 0.5 °C to allow for full development of chilling injury disorders. Canopy position 
altered fruit maturation and quality with no significant effect on soft scald or bitter pit.
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‘Honeycrisp’ apples are prone to several stor-
age disorders that vary with harvest maturity 
and other unknown factors that may be envi-
ronmentally related (Lachapelle et al., 2013; 
Leisso et al., 2019; Moggia et al., 2015; Mo-
ran et al., 2009; Watkins et al., 2005).  The 
light and temperature environment within a 
tree canopy varies according to canopy po-
sition as shoots intercept sunlight (Jackson 
and Sharples, 1971; McTavish et al., 2020; 
Woolf and Ferguson, 2000).  Despite the use 
of size-controlling rootstocks that maximize 
light, high density systems with closer row 
spacing of tall trees can lead to poor light 
in the lower canopy (Robinson et al., 2011).  
The effect of light and canopy exposure on 
fruit quality is well documented (Jackson 
and Sharples, 1971; Robinson et al., 1983), 

but understanding the influence on maturity 
and storability is increasingly important for 
new cultivars that are prone to postharvest 
losses.  Apples are typically spot picked ac-
cording to color and, therefore, indirectly ac-
cording to canopy light exposure that affects 
anthocyanin synthesis and red skin color of 
fruit (Giap et al., 2021).  Interior fruit with 
less sun exposure and less color are typically 
harvested later than exterior fruit in orchards 
where spot picking is practiced.  These po-
tential differences in environment can influ-
ence how fruit perform in the supply chain 
and can cause losses when storage practices 
are inappropriate for the maturity of the fruit 
(McTavish et al., 2020).
  Canopy position influences fruit maturity 
and ripening, but not in a consistent manner.  
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In shaded or interior apples, ethylene produc-
tion and IEC at harvest can be lower (Jackson 
et al., 1977), similar (Chu, 1980; Nilsson and 
Gustavson, 2007), or greater (Kalcits et al., 
2019) than in exterior or sun exposed apples.  
After ripening, interior fruit can have greater 
ethylene production (Nilsson and Gustavson, 
2007), or lower ethylene production after 
long term storage (Chu, 1980) than exterior 
apples. Starch breakdown, another indicator 
of maturity, is slower in shaded ‘Honeycrisp’ 
grown in Quebec, Canada (Chouinard et al., 
2019), but is unaffected by shading in ‘Hon-
eycrisp’ grown in Washington (Serra et al., 
2020).  The disparity among these studies in 
the effect of position on maturity and ripen-
ing may be due to variations in cultivars, cli-
mate, tree size, degrees of canopy shading, 
and physiological maturity at harvest. 
  The influence of canopy position may 
have an impact on ‘Honeycrisp’ storage dis-
orders that are also influenced by harvest ma-
turity such as bitter pit (DeLong et al., 2014; 
Meheriuk et al., 1994), soggy breakdown and 
soft scald (Ehsani-Moghaddam and DeEll, 
2013). ‘Honeycrisp’ apples are highly prone 
to bitter pit, a disorder that is more severe 
in fruit from the lower compared to upper 
canopy fruit (Kalcits et al., 2019), but un-
like ‘Cox’s Orange Pippin’, in which bitter 
pit is less severe in fruit from shaded inte-
rior or lower canopy positions (Ferguson and 
Triggs, 1990; Jackson and Sharples, 1971).  
In a controlled shading study, fruit from trees 
shaded in the previous growing season had 
greater bitter pit than those from unshaded 
trees, possibly due to seasonal carry over ef-
fects on calcium (Jackson et al., 1977). Soft 
scald, a chilling injury, was less prevalent in 
fruit from the lower canopy in Washington-
grown ‘Honeycrisp’ where incidence is rela-
tively low (Kalcits et al., 2019).  The effect 
of canopy position on soft scald may be dif-
ferent in the cooler production regions of the 
Midwest and northeastern USA and Canada 
where incidence can be severe (DeLong et 
al., 2014; Moran et al., 2020; Watkins et al., 
2005).  

  Understanding how canopy position influ-
ences fruit maturity and disorder develop-
ment is important for harvest management 
of apples that are prone to quality issues and 
storage disorders.  The objective of this study 
was to compare harvest maturity, fruit quality 
and storage disorder development in ‘Hon-
eycrisp’ apples from the canopy interior and 
exterior in three geographical locations in the 
Midwest and northeastern USA and Canada. 
	  

Materials and Methods
  ‘Honeycrisp’ apples were harvested from 
trees grown in three locations which were 1) 
Monmouth, ME USA (44° 13’ 51” N, 70° 4’ 
5” W), 2) Lake City, MN USA (44° 51’ 30” 
N, 93° 39’ 41” W) and 3) Norfolk County, 
ON Canada (42° 52’ 44” N,  80° 15’ 22.6” 
W). Trees were grafted to ‘Geneva 30’ (G.30) 
rootstock planted in 2007 in ME, ‘Budagov-
sky 9’ (B.9) planted circa 1997 in MN and 
‘Malling 26’ (M.26) planted in 1998 in ON.  
In each location, fruit were harvested ac-
cording to canopy position, the exterior rep-
resenting greater exposure to light, and the 
interior representing shade or partial shade.  
Fruit were harvested twice in ME (19 Sept. 
and 2 Oct. 2018), and three times in ON (14 
Sept., 28 Sept. and 4 Oct.) and MN (19 Sept., 
25 Sept., and 2 Oct.).  In ME, 40 to 60 fruit 
per tree and canopy position were harvested 
from each of five trees at each harvest date.  
In ME, a different set of five trees was har-
vested each time.  Fifteen fruit per tree and 
canopy position in MN and 30 fruit per tree 
in ON were harvested from the same set of 
trees at each harvest date.  Fruit were stored 
at 0.5 °C for 4 months in air at each location 
and with no conditioning.  
  Quality and maturity at harvest were mea-
sured on a subsample of 10 fruit in ME and 
ON, and 5 fruit in MN. Harvest measure-
ments included fresh weight, percent peel 
blush, SPI, soluble solids concentration 
(SSC) and flesh firmness.  In addition, IAD 
was measured in only ME and ON using a 
Delta Absorbance Meter® (Sinteleia, Bolo-
gna, Italy). Measurements 1 and 7 days after 
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removal from cold storage included SSC and 
firmness for 10 fruit in ME and ON, and 5 
fruit in MN.  
  Starch staining with iodine was measured 
by dipping or spraying each cross-sectioned 
apple in or with potassium-iodine solution 
and using a visual rating where 1 = all starch 
remaining and 8 = no starch (Blanpied and 
Silsby, 1992).  Flesh firmness was measured 
on two peeled sides of each fruit using a drill 
press-mounted penetrometer (McCormick 
Fruit Tester model FT 327, Italy) in MN; 
an electronic texture analyzer (Güss, South 
Africa) in ON, and an EPT-1 (Kelowna, BC, 
Canada) in ME, all equipped with an 11-mm 
diameter plunger. Soluble solids concentra-
tion was measured using a hand-held tem-
perature-compensated refractometer (Atago, 
Tokyo, Japan) models PAL-1 3810A in ME, 
ATC-1E in MN, and PR-32 in ON) from 
juice expressed during pressure testing. Solu-
ble solids was measured on a pooled sample, 
except in MN, where SSC was measured for 
each individual fruit.  The percentage of peel 
with red coloration was visually estimated 
for each fruit. 
  In ON, IEC was measured in 10 fruit at 
harvest, and at 1 and 7 d after removal from 
storage. A 3-mL gas sample was withdrawn 
from the core using a syringe and injected 
into an Agilent 7820A gas chromatograph 
(Agilent Technologies Canada Inc., Missis-
sauga, ON, Canada) equipped with a 0.25 
mL sample loop, flame ionization detector, 
and 25 m x 0.53 mm CarboBOND capillary 
column (Agilent Technologies Canada Inc., 
Mississauga, ON, Canada). The injector, col-
umn and detector temperatures were 150, 80 
and 250 °C, respectively. High-grade helium 
was used as the carrier gas, with a typical run 
time of 1.5 min.
  The proportion of fruit with soft scald, 
soggy breakdown, bitter pit, diffuse flesh 
browning, lenticel breakdown and leather 
blotch was measured on 30 to 50 fruit per 
tree and canopy position in ME, 20 fruit in 
ON and 10 fruit in MN.
  This experiment had a randomized design 

with factorial arrangement of harvest date 
and canopy position.  Each combination of 
harvest date and canopy position had five 
single-tree replications.  The main effects 
of site, harvest date, canopy position and 
their interactions were subjected to analysis 
of variance using the SAS GLIMMIX pro-
cedure (software version 9.1, SAS Institute, 
Inc, Cary, NC) with means separation per-
formed by LSMEANS and using the slice 
option to dissect interactions (Marini, 2022).  
Disorder incidence data was arcsine trans-
formed, and IEC was log-transformed for 
analysis, but actual means are presented. 

Results and Discussion
Maturity indicators. Starch pattern index 
(SPI) varied between canopy positions (Ta-
ble 1) with significant harvest and site inter-
actions.  In ME and ON, SPI was lower in 
fruit from the interior, but by the 2nd harvest 
differences became non-significant. A lower 
SPI indicates less starch breakdown. Canopy 
position did not significantly affect SPI in 
MN.  In all three sites, SPI increased with 
later harvest consistent with advancing ma-
turity, and was nearly complete by harvest 2 
for ME and MN fruit. 
  Fruit peel IAD, a measure of peel chloro-
phyll, varied with canopy position with site 
interactions. In both ME and ON, IAD was 
higher for interior fruit with all harvest dates 
indicating less advanced maturity.  Site dif-
ferences occurred as well, but only for inte-
rior fruit.  During harvest 1, IAD was greater 
in ME than ON, but the opposite occurred 
during harvest 2 when IAD was lower in ME 
than in ON.  Fruit peel IAD was not measured 
in MN.  
  Internal ethylene concentration (IEC), 
measured in ON only, varied with canopy po-
sition and harvest date (Table 2).  At harvest, 
IEC was lower for interior fruit than exterior, 
but this occurred only for the first harvest.  
An increase in IEC occurred with later har-
vest date but only in fruit from the interior.  
For exterior fruit, there was no harvest date 
effect.  After four months of cold storage, 
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IEC was greater for interior fruit than for 
exterior fruit at both d1 and d7 at room tem-
perature. This position effect was significant 
in fruit from each harvest.  
  The delay in maturity in fruit from the 
canopy interior was based on less starch 
breakdown and higher IAD values in ME and 
ON and lower IEC during the first harvest in 
ON.  Differences in harvest maturity were 
minimal in MN.  ‘Honeycrisp’ apples grown 
in WA also had greater IEC in fruit from the 
lower canopy compared to the upper, but in 
fruit closest to the tree trunk, IEC was great-
er than in fruit towards the outer tip of the 
limbs (Kalcits et al., 2019).  Pear fruit from 
the lower canopy display slower maturity at 

harvest as measured by greater IAD and firm-
ness at harvest, but elevated ethylene bio-
synthesis gene expression compared to fruit 
from the canopy top (Jaho et al., 2014).  In 
our study, differences in IAD persisted through 
the 2nd and 3rd harvest, but IEC differences 
did not, and were reversed after storage be-
coming greater for interior than for exterior 
fruit.  Shaded apples and plums not placed 
in cold storage display a more rapid ripening 
despite no difference or delay in harvest ma-
turity (Murray et al., 2005; Nilsson and Gus-
tavsson, 2007).  In contrast, pears from the 
canopy interior held in long-term controlled 
atmosphere storage ripened more slowly 
(Serra et al., 2018).  We stored apples in air 

Table 1. Harvest maturity and fruit quality of ‘Honeycrisp’ apples according to harvest date (H1, H2 and 
H3) and canopy position in Maine (ME), Minnesota (MN) and Ontario (ON).

z P-values for pairwise comparisons. ns indicates nonsignificance.
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Table 1. Harvest maturity and fruit quality of ‘Honeycrisp’ apples according to harvest date (H1, H2 and H3) and canopy position 

in Maine (ME), Minnesota (MN) and Ontario (ON). 

 

Position 

ME  MN  ON 

H1 H2  H1 H2 H3  H1 H2 H3 

Starch pattern index 

Exterior 6.0 7.8  7.1 7.9 7.9  4.1 5.6 6.6 

Interior 4.5 7.4  6.5 7.1 7.9  2.7 5.2 6.3 

P-value 0.001 z ns  ns 0.072 ns  0.002 ns ns 

Index of absorbance difference 

Exterior 0.86 0.56  -- -- --  0.90 0.76 0.62 

Interior 1.34 0.79  -- -- --  1.02 0.89 0.79 

P-value 0.001 0.001  -- -- --  0.039 0.024 0.004 

z P-values for pairwise comparisons. ns indicates nonsignificance. 
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Table 2. ‘Honeycrisp’ apple internal ethylene concentration (μL• L-1) in fruit harvested at three dates (H1, 
H2 and H3) from the interior and exterior canopy in Ontario, and measured at harvest and after 4 months 
of cold storage at 0.5oC plus 1 and 7 days at room temperature.

z Log transformed for analysis with back transformed means.
y P-values for pairwise comparisons. ns indicates nonsignificance.
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Table 2. ‘Honeycrisp’ apple internal ethylene concentration (μL• L-1) in fruit harvested at three dates (H1, H2 and H3) from the 

interior and exterior canopy in Ontario, and measured at harvest and after 4 months of cold storage at 0.5oC plus 1 and 7 days at 

room temperature. 

 At harvest  Stored + 1d  Stored + 7d 

Position H1 H2 H3  H1 H2 H3  H1 H2 H3 

Exterior 16.0 z 15.4 7.2  41.7 22.7 23.0  64.6 35.9 26.5 

Interior   3.4 14.6 9.6  64.4 32.0 32.2  97.1 61.4 44.4 

P-value 0.001 y 0.083 nsy  0.001 0.003 0.004  0.001 0.001 0.025 

z Log transformed for analysis with back transformed means. 

y P-values for pairwise comparisons. ns indicates nonsignificance. 
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for four months, so these storage conditions 
may have led to altered effects on ripening 
according to canopy position compared with 
long-term controlled atmosphere storage or 
with 1-methylcyclopropene treatment.

Fruit quality. Fruit quality was generally af-

fected by canopy position and harvest date, 
but also varied with site.  Fruit weight was 
greater for fruit from the exterior compared 
to interior during both harvests in ME, and 
with the first harvest in both MN and ON 
(Table 3).  Fruit were largest in ON, interme-
diate in ME and smallest in MN.  Fruit from 

Table 3. Fruit quality of ‘Honeycrisp’ apples at harvest and after 4 months cold storage, and according 
to harvest date (H1, H2 and H3) and canopy position in Maine (ME), Minnesota (MN and Ontario (ON).
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Table 3. Fruit quality of ‘Honeycrisp’ apples at harvest and after 4 months cold storage, and according to harvest date (H1, H2 and 

H3) and canopy position in Maine (ME), Minnesota (MN) and Ontario (ON). 

 

Position 

ME  MN  ON 

H1 H2  H1 H2 H3  H1 H2 H3 

Fruit weight (g) 

Exterior 203 236  174 183 184  248 251 253 

Interior 159 200  142 168 189  220 235 232 

P-value 0.001 0.004  0.010 ns ns  0.019 ns 0.072 

Peel blush (% of surface) 

Exterior 69 74  73 85 84  40 52 66 

Interior 23 54  47 57 66  13 24 36 

P-value 0.001 0.001  0.001 0.001 0.001  0.001 0.001 0.001 

Soluble solids concentration (%) at harvest 

Exterior 11.5 12.5  12.7 12.7 11.8  11.1 11.3 11.8 

Interior 9.8 11.2  11.7 12.0 12.5  10.1 10.8 11.1 

P-value 0.001 0.001  0.002 0.026 0.030  0.002 ns 0.019 

 4 

Soluble solids concentration (%) after storage + 1d 

Exterior 11.0 11.2  12.5 12.7 12.7  11.9 12.0 12.0 

Interior 9.8 10.4  11.7 12.1 12.4  10.8 11.1 10.9 

P-value 0.001 0.065  0.057 0.098 ns  0.005 0.024 0.006 

Firmness (N) at harvest 

Exterior 66.2 62.6  55.1 49.4 46.1  66.4 62.5 60.8 

Interior 68.2 62.5  57.6 54.4 48.9  67.7 63.1 60.1 

P-value ns z ns  0.071 0.001 0.046  ns ns ns 

Firmness (N) after storage + 1d 

Exterior 63.5 60.4  57.2 53.0 40.6  67.2 65.5 63.5 

Interior 66.3 62.6  57.6 54.7 48.5  68.8 65.6 65.1 

P-value ns ns  ns ns 0.001  ns ns ns 

z P-values for pairwise comparisons. ns indicates nonsignificance. 
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the canopy exterior had greater peel surface 
with blush than fruit from the interior. This 
was significant for all sites and harvest dates. 
Fruit from MN generally had more blush 
than from ME or ON, and ON fruit had less 
blush than the other two locations.  Exterior 
fruit had greater SSC than interior fruit for 
all harvest dates and in all three sites except 
for the second harvest in ON. After storage, 
SSC was greater in fruit from the canopy 
exterior compared with the interior, but this 
difference was not significant for fruit from 
the latter harvests in ME and MN.  After a 
7-d shelf test, SSC was significantly greater 
with exterior fruit (not shown) with no har-
vest date or site interactions. In ME and ON, 
fruit firmness at harvest and after storage did 
not vary between canopy positions. In MN, 
fruit firmness at harvest was greater in fruit 
from the canopy interior, but after storage, 
this was significant for only the third harvest. 
After and a 7-day shelf test, canopy position 
had no effect on firmness in any site except 
in ON for fruit from the third harvest which 
was greater in fruit from the interior (data not 
shown). 
  When comparing apples from the canopy 
interior harvested at a later date to exterior 
apples harvested earlier, maturity and fruit 
quality were generally similar.  Fruit from the 
interior at the 2nd harvest had similar IAD and 
fresh weight as exterior fruit at the 1st harvest, 
but peel color of interior fruit did not become 
as great as exterior fruit until the 3rd harvest.	

Storage disorders. Storage disorders oc-
curred in all three sites, but with no consis-
tent canopy position effect (data not shown). 
Soft scald did not differ between the two can-
opy positions, except in MN fruit from the 
third harvest when it was more severe in inte-
rior fruit.  Diffuse flesh browning and lenticel 
breakdown incidence varied between canopy 
position in ME with the 2nd harvest date when 
it was more severe in fruit from the exterior 
(5.6%) compared with the interior (0.6%). In 
MN and ON, diffuse flesh browning was less 
than 1%. Soggy breakdown, bitter pit and 
leather blotch did not vary with canopy posi-
tion. 
  The lack of canopy position effect on bit-
ter pit was not consistent with previous stud-
ies (Kalcits et al., 2019; Marini et al., 2022). 
Despite the standard foliar calcium, bitter 
pit occurred in ME and ON where incidence 
was as high as 11% and 14%, respectively. 
No bitter pit occurred in MN where size was 
generally smaller and trees were grafted to 
B.9 rootstock which increases leaf and fruit 
calcium compared to M.26 (Fazio et al., 
2020), the rootstock used in ON. 
  The lack of canopy position effect on soft 
scald contrasts with a previous study where 
soft scald was greater at lower positions, but 
with no difference between fruit closest to 
the trunk compared with near the tip of the 
limb (Kalcits et al., 2019).  In our study, har-
vest maturity was delayed in fruit from the 
interior, but this did not influence soft scald 

Supplement 1. ANOVA P-values for the main effects and their interactions.
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Supplement 1. ANOVA P-values for the main effects and their interactions. 

Factor Starch pattern 

index 

Index of absorbance 

difference 

Fruit 

weight 

Peel 

blush 

Soft 

scald 

Soggy 

breakdown 

Bitter 

pit 

Lenticel 

breakdown 

Diffuse flesh 

browning 

Leather 

blotch 

Site 0.001 0.058 0.001 0.001 0.010 0.003 0.001 0.007 0.002 0.004 

Harvest 0.001 0.001 0.001 0.001 0.001 ns 0.023 0.100 0.024 ns 

Position 0.001 0.001 0.001 0.001 ns ns ns 0.039 0.046 ns 

S x H 0.001 nsz ns 0.092 0.005 ns 0.045 0.009 0.002 ns 

H x P 0.041 ns ns ns ns ns ns ns 0.076 ns 

S x P ns 0.001 ns ns 0.076 ns ns 0.038 0.002 ns 

S x H x P ns ns ns 0.014 0.086 ns ns 0.045 0.018 ns 

z ns indicates nonsignificance. 
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Supplement 2. ANOVA P-values for the main effects and their interactions.

 6 
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Supplement 2. ANOVA P-values for the main effects and their interactions. 

 IEC  firmness  SSC 

 harvest  d 1 d 7  harvest  d 1 d 7  harvest  d 1 d 7 

Site -- -- --  0.001 0.001 0.001  0.001 0.001 0.001 

Harvest 0.001 0.001 0.001  0.001 0.001 0.001  0.001 0.086 0.034 

Position 0.001 0.001 0.001  0.002 0.001 0.003  0.001 0.001 0.001 

S x H -- -- --  nsz 0.001 0.001  0.002 ns ns 

H x P -- -- --  ns 0.041 ns  ns ns ns 

S x P 0.001 0.002 ns  0.016 ns ns  0.040 ns ns 

S x H x P -- -- --  ns ns ns  ns ns ns 

z ns indicates nonsignificance. 

 331 
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and according to harvest and tree canopy positions in Maine (ME), Minnesota (MN) and Ontario (ON).
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Supplement 3. Storage disorder incidence (%) in ‘Honeycrisp’ apples after 4 months cold (0.5 °C) storage and according to harvest and tree canopy position in 

Maine (ME), Minnesota (MN) and Ontario (ON). 

 Soft Scald  MN  ON 

Position H1 H2  H1 H2 H3  H1 H2 H3 

Soft scald  

Exterior 0.4 19  4 30 38  0 4 58 

Interior 0.0 30  0 40 66  0 2 42 

P-value ns ns  ns ns 0.001  ns ns ns 

Soggy breakdown 

Exterior 0 0.0  6   2 0  0 0.0 1.0 

Interior 0 0.4  4 10 0  0 0.5 0.5 

P-value ns ns  ns ns ns  ns ns ns 

Bitter pit 

Exterior   9.5 10.6  0 0 0    6.0   7.5 0.5 

Interior 12.0   7.5  0 0 0  11.5 13.5 3.0 

P-value ns ns  ns ns ns  0.091 0.063 ns 

Diffuse flesh browning 

Exterior 0 5.6  0 0 0  0 0 0 

Interior 0 0.6  0 0 0  0.5 0.5 0 

P-value ns 0.001  ns ns ns  ns ns ns 

 8 

           

           

           

           

           

           

Lenticel breakdown 

Exterior 0 5.3  0 0 0  0.5 0 0 

Interior 0 0.6  0 0 0  0.0 0 0 

P-value ns 0.079  ns ns ns  ns ns ns 

y ns indicates nonsignificance. 
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or soggy breakdown compared with exterior 
fruit. 
  Canopy position altered fruit maturation 
and fruit quality with no significant effect on 
soft scald or bitter pit, two storage disorders 
that are associated with harvest maturity. 
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