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Abstract

The present study aimed to: 1) examine indicators of maturity for harvest, and 2) determine whether maturity at harvest affects flavour quality
retention. Data was collected over the 2018, 2019, and 2021 growing seasons for three sweet cherry cultivars: Sweetheart, Staccato, and
Sentennial. Using the CTIFL (Centre Technique Interprofessionnel des Fruit et Legumes, Paris, France) colour wheel standard, cherries were
collected at the 3-4, 4-5, and 5-6 colour levels to obtain cherries at different maturity levels. Assessment of fruit quality was performed on harvest
and 28-d stored cherries. The respiratory activity of the cherry cultivars harvested at different colour levels was assessed. Environmental data was
also collected over all growing years. Dry matter was a better indicator of flavour quality than colour, as the dry matter was related to both soluble
solids, and titratable acidity. Although colour was found to be related to soluble solids, not titratable acidity, this work identified colour was not a
reliable indicator of maturity and/or flavor quality as cherries of the same colour may differ in dry matter, soluble solids and titratable acidity due
to cultivar and growing condition differences. Sweet cherries may self-actualize when growing conditions are favourable, reaching optimal dry
matter levels that indicate maturity, despite their colour, resulting in lower respiration and allowing cherries to retain their flavour quality in
storage. As the time it takes cherries to reach self-actualization differs between cultivars and growing years and may be reached at varying colour
ranges, optimum dry matter standards should be developed for each different sweet cherry cultivar under different environmental conditions.
Under the field conditions experienced in this study, optimal dry matter ranges were established for Sweetheart (22.5%—-25%) and Staccato
(19.5%—22.5%), while more analysis is required to determine optimal dry matter for Sentennial, dry matter in the range of 20.5% to 22.6%
maintained lower respiration rates at lower temperatures, potentially improving the ability to maintain quality after harvest.
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Introduction

Sweet cherries (Prunus avium L.) are a major focus of agricul-
ture in the Okanagan region of British Columbia (BC), Canada. A
large portion of the cherries grown in BC are exported and
undergo up to four weeks of storage during transportation
before delivery and consumptiont’l. In 2022, sweet cherries
accounted for 11.6% of the revenue of exported fruit from
Canada and have an export value of nearly CAD$130 milliont2.
As such, sweet cherry is an important fruit with high commer-
cial importance for Canada. Although the application of cold
storage is a necessary postharvest tool to maintain fruit quality
up to consumption, there are preharvest factors that impact
quality after longer-term storage. The work of Serrano et al.!
noted that the maturity stage at harvest determined the fruit
quality of sweet cherries after storage. For this reason, produ-
cers use several parameters to establish the optimum time for
harvesting. Producers have long used colour as a marker for
maturity, yet the concept of fruit dry matter (DM) at harvest
affecting post-storage quality has advanced-9. In fact,
Toivonen et al.l’l developed a predictive model for 'Lapins'
sweet cherry DM content using a visible/near-infrared spec-
trometer and noted its potential application to other cultivars
to provide a rapid and non-destructive means of determining
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DM linked to cherry fruit quality. If sweet cherries are harvested
at the wrong time or stored improperly during transit the qua-
lity of the cherries at their final destination does not compare to
that at the time of harvest. Therefore, it is of the utmost impor-
tance to harvest cherries at their optimal time to ensure quality
retention. Cherry fruits have minimal reserve carbohydrates so
respiration relies primarily upon organic acids’l. Additionally,
cherries have a high susceptibility to physical damage making
them highly perishable, so it is imperative to store them pro-
perly to maintain their flavour profile and overall quality®-"1,
Lower respiration rates help to maintain higher titratable acidi-
ty (TA) levels, thereby retaining flavour qualityl'"'2], Decreased
respiration rates are achieved through low-temperature stora-
ge and shipping.

Previous research linking cherry fruit maturity to flavour qua-
lity indicated early-harvested cherries with low soluble solids
(SS) levels showed low consumer acceptance due to perceived
low sweetness, while late-harvested cherries showed low
consumer acceptance due to poor texturel'314, This informa-
tion underscores the challenge growers face when determi-
ning picking date. Additionally, once cherries are harvested,
quality changes occur which include changes in the balance of
SS to TA levels. Previous work has shown that SS levels remain
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relatively constant while malic acid levels (the predominant
acid in sweet cherries) decreased by 20% when stored for 4 d at
20 °Cl&141, Further, SS, TA, and the SS/TA ratio are key parame-
ters in defining flavour quality!'*! and consumer acceptancel'¥
as SS and TA have been reported to be measures of the cherry
fruit attributes of sweetness, and sourness, respectively. Addi-
tionally, the SS/TA ratio is regarded as an overall taste attribute
determining sweet cherry acceptabilityl'416.17],

Depending on cultivar and growing location, SS values for
sweet cherries have been reported to range from 12.3 to
23.7 °Brix"4, Rootstock and storage conditions have also been
reported to affect SS, TA, and SS/TA values!'8l. Depending on
rootstock, for 'Regina’ sweet cherries, harvest SS values ranged
from 14.8 to 16.6 °Brix and TA values ranged from 5.7 to
7.4 g-L71, while SS values after storage ranged from 14.6 to
18.2 °Brix and TA values ranged from 4.4 to 6.0 g-L-'. The har-
vest SS/TA ratio ranged from 2.0 to 2.91 and the SS/TA ratio
after storage ranged from 2.47 to 3.77 depending on rootstock.
Based on sensory studies using various cherry cultivars and
breeding selections to gauge flavour quality and consumer
acceptance, the optimal SS/TA ratio was reported to be
between 1.5 and 2.0, with SS values ranging between 17 and
19 °Brix['9],

Unfortunately, members of British Columbia's sweet cherry
industry have noted that while their cherries arrive at their
export locations with good condition in terms of appearance
(i.e. firm, shiny, with green stems), issues have been reported
concerning flavour. Poor flavour has been associated with
lower levels of TA and lower oxygen in the storage atmosphere.
Our previous work noted that BC cherry growers tend to pick
their cherries at lighter colours in an attempt to harvest the
crop as soon as possible to avoid any weather or pest issues
and achieve the highest yield possible!'l. Staccato (SC) is a late
maturing economically important cultivar with little research
data available. It has been reported that SC cherries have a
respiration rate that is negatively correlated with colour when
collected between a 2 to 6 colour level as determined with
CTFIL (Centre Technique Interprofessionnel des Fruit et
Legumes, Paris, France) colour chips!', which have been typi-
cally used as a marker of maturity. For SC cultivars, data showed
the lowest respiration levels with cherries harvested at CTFIL
colour standards 4-5, and may potentially have better flavour
quality retention due to these lower respiration rates!'l. The aim
of the work was to: 1) examine indicators of maturity/readiness
for harvest (colour, SS, DM, TA, and the ratio of soluble solids to
titratable acidity (SS/TA)); and 2) determine whether colour at
harvest or other parameters (SS, TA, SS/TA, and DM) better
predict flavour quality retention after storage.

Materials and methods

Orchard growing factor measurements and
sample collection

Sweetheart (SH), Staccato (SC), and Sentennial (SL) sweet
cherries were sourced from research plots located at the
Summerland Research and Development Center (SuRDC,
Summerland, BC, Canada) in the Okanagan Valley region of
British Columbia over three growing seasons (2018, 2019, and
2021). In the 2018 growing season, two cherry cultivars (SH and
SC were collected, in the 2019 growing season, in response to
BC Cherry Association interest, three cherry cultivars (SH, SC,
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and SL) were collected. Due to COVID, data was not collected
during the 2020 growing season. In the 2021 growing season,
full data (SS, TA, DM, and respiration rate) was only collected on
the SC cherry cultivar, while DM and respiration values at
harvest were also collected for SH and SL cultivars.

To collect fruit at different maturity levels, cherry fruits were
collected at three different color levels using the CTFIL (Centre
Technique Interprofessionnel des Fruit et Legumes, Paris,
France) colour standard series at three harvest dates for each
cultivar which corresponded to the 3-4, 4-5, and 5-6 colour
levels.

To collect environmental data, two trees were chosen in each
orchard block and Onset HOBO (Bourne, MA, USA) tempera-
ture and humidity loggers were mounted in these trees as
described by Ross et al.l"l and captured data at 10 min intervals.
The temperature and humidity data were used to calculate
average temperature (AT), average high temperature (AHT),
average low temperature (ALT), and average relative humidity
(ARH) for 28 d preceding the cherry harvest date.

Fruit quality assessments: harvest and stored fruit

Cherries were generally harvested before 11:00 h on each
harvest day. Harvested cherries were transported back to the
lab for sorting, sampling, and storage. Upon arrival, cherries
were placed into a walk-in cooler at 0.5 °C to mimic rapid
hydro-cooling capabilities that the industry uses. In the after-
noon of each harvest day, cherries were removed from the
cooler and sorted following British Columbia Tree Fruits
Company protocol: (i) size was greater than 254 mm (< 10.5
row size); (ii) stemless cherries were removed; and (iii) cherries
with defects such as blemishes, splits, pitting, disease (rot,
fungi), hail damage and insect damage were removed. Again,
the colour of the cherries was assessed using the CTFIL colour
standard series. Based on the harvest period, cherries were
separated into different colour levels: 3-4, 4-5, and 5-6. For each
colour category, quality assessments (DM, SS, TA, SS/TA ratio,
firmness, size, stem pull force, stem shrivel, stem browning,
pitting, and pebbling) were performed before and after
storage.

Maintaining the quality of sweet cherries undergoing long
distance ocean container shipment (up to 28 d/4 weeks) is
important for securing a successful export market for Canadian
sweet cherries and for ensuring that current market demand is
metl'l. For cherries to be marketable after storage, they must
pass several quality attributes. Attributes of firmness, size, stem
pull force, stem shrivel, stem browning, pitting, and pebbling
were assessed using previously described methods!'29 to
assess fruit quality at harvest and after storage for 28 d at 0.5 °C,
ideal refrigerated storage temperature, for all cherry cultivars,
and also storage for 28 d at 3 °C, non-ideal refrigerated storage
temperature, for SC cherries. The values of these parameters
are provided in Supplementary Tables S1-S6. As the focus of
this work was to examine how maturity level at harvest
influenced the flavour quality of SC, SH, and SL sweet cherry cul-
tivars, SS, DM, TA, and respiration rate values were the focus for
discussion. Respiration analysis was performed using methods
described by Ross et al. on freshly harvested cherries!'l. Rates of
CO, production were expressed as mg CO, kg="-h~.

DM of the cherries was determined using a Felix F750 hand-
held spectrometer (Felix Instruments, Inc,, Camas, WA, USA)
loaded with a valid model developed at the Summerland
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Research and Development Centre for cherriesl. DM was
measured on 25 fruits that were randomly selected from each
sample replicate (i.e. 50 cherries). For SS and TA analyses, the
methods of Ross et al.l'20] were used to test 25 fruits that were
randomly selected from each sample replicate (i.e. 50 cherries).
Briefly, de-stemmed cherries were transferred into a 15.2 cm X
22.9 cm polyethylene Ziplock bag. The bag was left partially
open, and the cherries were pressed by hand to obtain juice.
The juice was strained and collected into 60 mL polypropylene
screw cap containers. The resulting filtrate was tested for SS
(°Brix), and TA (g-L-' malic acid). For SS determination, the
refractive indices of the solutions were observed in °Brix tempe-
rature-corrected mode on a digital refractometer (Mettler-
Toledo, Refracto 30PX, 13/02, LXC13237, Japan). An automated
titrator (Metrohm 848 Tritrino Plus; Mississauga, ON, Canada)
was used to measure the TA of 10 mL of the juice with 65 mL
distilled water to an endpoint of 8.1 with 0.1 mol-L~" NaOH.

At each colour level (3-4, 4-5, or 5-6) 10 kg of cherry samples
were cooled to either 0.5 or 3 °C (for SC in 2021) and then
packed into cardboard boxes with a polyethylene liner, an
absorbent pad, and an iButton (Thermodata, Whitewater, WI,
USA), which measured temperatures experienced by the
cherries in the cardboard boxes during storage. After 28 d, the
same quality assessment tests were performed to see if values
varied throughout storage time at each temperature.

Statistical analysis

Statistical analysis was conducted using SAS Institute Inc.
software version 9.3 (SAS Institute, Cary, NC, USA). Data were
subjected to a four-way analysis of variance (ANOVA) using the
SAS PROC GLM procedure. The four factors tested were colour
level (3-4, 4-5, and 5-6), cultivar (SH, SC, and SL), growing year
(2018, 2019, and 2021), and time (harvest or storage (0.5 °C)).
The significance of the main effects and interaction of the four
factors was determined using Type lll sum of squares via the
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ANOVA test. Additionally, ANOVA using the SAS PROC GLM
procedure was performed on data collected for SC cultivar in
the 2021 growing year to assess the influence on storage tem-
perature (0.5 and 3 °C) on quality parameters. Statistical signifi-
cance was determined by least significant difference (LSD)
Fisher's test at 5% significance level. Principal Component
Analysis (PCA) was performed using SAS version 9.3 PROC PRIN-
COMP (SAS Institute Inc., Cary, NC, USA) on data collected from
the three cultivars over the tested growing years at three colour
levels (i.e., up to nine samples per cultivar) and 10 variables for
each investigation. Variables included: AT, AHT, ALT, ARH,
colour at harvest (ColourH), SS at harvest (SSH), SS after 28 d of
storage at 0.5 °C (SS05), TA at harvest (TAH), TA after 28 d of sto-
rage at 0.5 °C (TAO5), and DM of cherry fruit at harvest (DMH).
Microsoft Excel was used to generate PCA plots from the data
provided by SAS. Only data available for every growing year
were included in the PCA. Correlation coefficients were deter-
mined using Pearson's correlation coefficient statistical func-
tion in Excel (version 2306, Microsoft, Redmond, WA, USA).
Histograms and frequency data were generated using the
statistical function in Excel (version 2306, Microsoft, Redmond,
WA, USA). Dry matter bin sizes of 1.5% increments were used to
present and analyze the histogram and frequency data.

Results and discussion

Soluble solids, dry matter, and titratable acidity
values, and environmental conditions

Tables 1-4 present data on flavour attributes via values of
soluble solids (SS), titratable acidity (TA), SS/TA ratio, and dry
matter (DM) as affected by cultivar, growing year, storage and
colour level at harvest and after storage, respectively. The most
influential parameters in sweet cherry flavour have been found
to be SS, TA, and the SS/TA ratiol'>l. Additionally, SS and TA

Table 1. Soluble solids values as affected by cultivar, growing year, storage, and colour level at harvest.
Soluble solids (SS, °Brix)
Cultivar Colour level 2018 2019 2021
Harvest Storage (0.5 °C) Harvest Storage (0.5 °C) Harvest Storage (0.5 °C) [3 °C]
Sweetheart 3-4 18.12A1 17.73A1 18.13A1 18.23A1 - -
4-5 20.0°A1 19.8PA1 19.4PA1 18.8PA1 - -
5-6 21.9AT 21.1AT 19.9PA™ 19.6AT - -
Staccato 3-4 17.23A2 17.23A1 17.13A2 17.23M 18.82A" 18.934
18.4°
4-5 17.83A2 17.92A2 18.30A23 18.10A1 19.954 18.6%8
18.9%
5-6 20.20A2 17.9%82* 202 20.3°A13 20.1PA 19.5%A
19.7°
Sentennial 3-4 - - 18.12A1 18.12A1 - -
4-5 - - 18.9PA13 18.52A1 - -
5-6 - - 20.8/2 20.6PA23 - -
Main effects Significance F-value Degrees of freedom
Cultivar p <0.0001 36.90 2
Colour level p < 0.0001 125.76 2
Year p <0.0001 9.26 2
Time (harvest or storage at 0.5 °C) p=0.0002 13.68 1

Colour differences: within common time and cultivar, values followed by different lower case letters indicate significant differences (p <0.05); Cultivar
differences: within common colour level and time, values followed by different numbers indicate significant differences (p < 0.05); Growing year differences:
within common time, colour level and cultivar, values followed by * indicate significant differences (p <0.05); Storage differences (Harvest versus 0.5 °C
storage): within common cultivar, colour level and growing year, values followed by different uppercase letter indicate significant differences (p <0.05);
Temperature differences: within Staccato cultivar at 28 d storage and at common colour level, bolded values indicate significant differences (p <0.05)
between storage temperatures (0.5 °C vs 3 °C). (N.B. no bolded values appear in this table).

Ross et al. Fruit Research 2024, 4: e037

Page 30of 15



Fruit

Research Flavour quality attributes of sweet cherries

Table 2. Titratable acidity values as affected by cultivar, growing year, storage and colour level at harvest.

Titratable acidity (TA, g-L™" malic acid)

Cultivar Colour level 2018 2019 2021
Harvest Storage (0.5 °C) Harvest Storage (0.5 °C) Harvest Storage (0.5 °C) [3 °C]
Sweetheart 3-4 8.992A1 7.11381% 7.312A1 6.31281" - -
4-5 9.55bA1" 7.57°%8" 7.14%A 6.13%81" - -
5-6 10.56AT" 8.571" 7.562A1 6.50%8"" - -
Staccato 3-4 8.532A%" 6.65%82 6.96°A1 5.51382 12.0%A" 10.5%8"
9.72
4-5 8.872bA2* 7.04b82* 7.30%A1 6.21b81" 12.82A" 10.2%8"
9.3?
5-6 8.910A" 6.912bB2 7.182A1 6.4608" 10.6°%" 9.5b"
8.5P
Sentennial 3-4 - - 9.213cA2 7.60283 - -
4-5 - - 9.332A2 7.89282 - -
5-6 - - 8.790cA2 7.66%52 - -
Main effects Significance F-value Degrees of freedom
Cultivar p < 0.0001 193.58 2
Colour level p=0.0023 5.49 2
Year p <0.0001 1,007.20 2
Time (harvest or storage at 0.5 °C) p <0.0001 474.18 1

Colour differences: within common time and cultivar, values followed by different lower case letters indicate significant differences (p <0.05); Cultivar
differences: within common colour level and time, values followed by different numbers indicate significant differences (p < 0.05); Growing year differences:
within common time, colour level and cultivar, values followed by * indicate significant differences (p <0.05); Storage differences (Harvest versus 0.5 °C
storage): within common cultivar, colour level and growing year, values followed by different uppercase letter indicate significant differences (p <0.05);
Temperature differences: within Staccato cultivar at 28 d storage and at common colour level, bolded values indicate significant differences (p <0.05)
between storage temperatures (0.5 °C vs 3 °C).

Table 3. Soluble solids to titratable acidity ratio values as affected by cultivar, growing year, storage and colour level at harvest.

Soluble solids to titratable acidity ratio (SS/TA)

Cultivar Colour level 2018 2019 2021
Harvest Storage (0.5 °C) Harvest Storage (0.5 °C) Harvest Storage (0.5 °C) [3°C]
Sweetheart 3-4 2.0221A 2.49218" 2.4921A% 2.78218" - -
4-5 2.0921A 261218 2.7101A° 3.06°18" - -
5-6 2.0721A 246218 2.6301A* 3.02018" - -
Staccato 3-4 2,013 2.58218" 24634 3.113%8" 1.572A 1 .7935*
1.89
4-5 2,021 2.54218" 2.5122A% 2.91b18* 1.552A% 1.83%"
2.04°
5-6 22702 258218 2.8101A% 3.14218 1.89bA" 2.06°%"
2.32°
Sentennial 3-4 - - 1.9722A 2.38238 - -
4-5 - - 2.02%3A 2.34228 - -
5-6 - - 237024 2,698 - -
Main effects Significance F-value Degrees of freedom
Cultivar p < 0.0001 94.79 2
Colour level p <0.0001 22.04 2
Year p <0.0001 361.13 2
Time (harvest or storage at 0.5 °C) p <0.0001 134.15 1

Colour differences: within common time and cultivar, values followed by different lower case letters indicate significant differences (p <0.05); Cultivar
differences: within common colour level and time, values followed by different numbers indicate significant differences (p < 0.05); Growing year differences:
within common time, colour level and cultivar, values followed by * indicate significant differences (p <0.05); Storage differences (Harvest versus 0.5 °C
storage): within common cultivar, colour level and growing year, values followed by different uppercase letter indicate significant differences (p <0.05);
Temperature differences: within Staccato cultivar at 28 d storage and at common colour level, bolded values indicate significant differences (p <0.05)
between storage temperatures (0.5 °C vs 3 °C).

values have been found to be related to DM values in
kiwis21-241, apples(25], and cherriesl626. DM is a measure of
solids which includes both soluble sugars and acids along with
insoluble structural carbohydrates and starch. Crisosto et al.l*!
proposed using DM as an additional quality parameter as DM
was determined not to change during cold storagel??l. Toivo-
nen et all® have performed research linking dry matter
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measurements with sweet cherry quality. As cold storage is also
used to maintain cherry quality, assessing DM at harvest and
upon storage was of relevance, and a key aspect of this work
was to examine how DM values relate to sweet cherry respira-
tion rates and cherry quality parameters.

Data in Table 1 shows the SS levels at each colour level for
each sweet cherry cultivar. Overall, SH cherries at harvest had

Ross et al. Fruit Research 2024, 4: e037
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Table4. Dry matter values as affected by cultivar, growing year, storage and colour level at harvest.

Dry matter (DM, %)

Cultivar Colour level 2018 2019 2021
Harvest Storage (0.5 °C) Harvest  Storage (0.5 °C) Harvest Storage (0.5 °C) [3°C]
Sweetheart 3-4 20.92A1" 20.6%AT 18.6°A1" 18.6°A1" 22.13A1 -
4-5 21.9PA1 22,0PA1 19.9PA1 19.82cA1” 22.5PA1 -
5-6 25.2¢A1 23.5B81 21.1AT 20.6°AT 23.6A1 -
Staccato 3-4 20.23A1 19.5%A2" 18.42A2" 18.12A%3" 21.0A% 20.6°%"
19.82
4-5 204242 20.8°A% 19.12A1 18.82A% 22.0°A% 21 .6bg*
219
5-6 22.46A2 22.3A2 22.9PA" 21.6°A% 23.0A2 22207
22.4°
Sentennial 3-4 - - 18.23A2 18.43A13 20.52A% -
4-5 - - 19.3PA1 18.8PA2 22,641 -
5-6 - - 22,942 20.9PA13 23.5¢412 -
Main effects Significance F-value Degrees of freedom
Cultivar p < 0.0001 11.36 2
Colour level p < 0.0001 130.99 2
Year p < 0.0001 56.64 2
Time (harvest or storage at 0.5 °C) Not significant, p = 0.0922 297 1

Colour differences: within common time and cultivar, values followed by different lower case letters indicate significant differences (p < 0.05); Cultivar
differences: within common colour level and time, values followed by different numbers indicate significant differences (p < 0.05); Growing year differences:
within common time, colour level and cultivar, values followed by * indicate significant differences (p <0.05); Storage differences (Harvest versus 0.5 °C
storage): within common cultivar, colour level and growing year, values followed by different uppercase letter indicate significant differences (p <0.05);
Temperature differences: within Staccato cultivar at 28 d storage and at common colour level, bolded values indicate significant differences (p <0.05)
between storage temperatures (0.5 °C vs 3 °C). (N.B. no bolded values appear in this table).

ranges of 18.1%-21.9% over the 2018 and 2019 growing
seasons. SC cherries at harvest had levels between 17.1%-—
20.2% over the three growing years (2018, 2019, and 2021),
while SL cherries at harvest had levels of 18.1%—-20.8% in 2019.
Statistical analysis showed that the main effects of Cultivar
(p < 0.0001; F-value = 36.90; degrees of freedom (df) = 2),
Colour (p < 0.0001; F-value = 125.76, df = 2), Time (p = 0.0007; F-
value = 13.68; df = 1), and Year (p < 0.0001; F-value = 9.26; df =
2) were all significant. Additionally, the interactions of Cultivar *
Year (p < 0.0001, F-value = 26.37; df = 1), Colour * Year (p <
0.0069; F-value = 4.19; df = 4), Cultivar * Colour * Year (p <
0.0003; F-value = 10.28; df = 2) and Colour * Time * Year (p <
0.0131; F-value = 3.67; df = 4) were all significant.

With respect to growing year differences, in 2018, SS levels in
SH were greater than those of SC at all colour levels. In 2019,
again at the 3-4 colour level SC, cherries exhibited lower SS
levels than SH and SL cherries. At the 4-5 colour level, SH
cherries again showed higher SS levels compared to SC
cherries. At the 5-6 colour level, SL cherries showed higher SS
levels compared to SC and SH, while SC and SH cherries
showed comparable SS levels at the 5-6 colour level. The SS
values of SC cherries at 3-4 and 4-5 colour levels from the 2021
growing year were higher than values observed at the same
colour levels in 2018 and 2019 growing year samples. There
was no difference observed in SS levels of SC cherries at the 5-6
colour level between growing years. The data shows that
colour level, cultivar, and growing year all affected SS levels.

Within cultivars, for SH in the 2018 growing season, as colour
level increased, SS level increased. An increase in SS as colour at
harvest increased for SH cultivar was reported by Puniran et
al.l27l In the 2019 growing year for SH cherries and in the 2021
growing year for SC cherries, SS levels plateaued at the 4-5
colour level. For SC (2018 and 2019 growing year) and SL
cherries (2019 growing year) as colour level increased, SS level
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increased. Ross et al.l'! reported this same trend for SC cultivar
on data collected from 2015, 2016, and 2017 growing years.
This data demonstrates the influence of growing conditions on
SS levels.

In general the SS levels at each colour level for each sweet
cherry cultivar did not change over the 28 d storage at 0.5 °C. It
should be noted that SC cherries from the 2018 growing year at
the 5-6 colour level and SC cherries from the 2021 growing year
at the 4-5 colour level did show a significant (p < 0.05) decrease
in soluble solids after 28 d of storage at 0.5 °C. SS values for
2018 SC cherries at the 5-6 colour level harvest was 20.2 °Brix,
while SS values after 28 day storage at 0.5 °C was 17.9 °Brix. SS
values for 2021 SC cherries at the 4-5 colour level harvest was
19.9 °Brix, while SS values after 28 d of storage at 0.5 °C was
18.6 °Brix. In 2021 the effect of storage temperature (0.5 °C vs
3 °C) was investigated. SS levels in the SC cherries at the
different colour levels were not affected by the different
storage temperatures. This result was consistent with other
findings!':814], which suggested that under typical low tempera-
ture storage conditions and proper shipping conditions, the
change in flavour profiles were likely not due to major changes
in SS levels. It is important to note that Alique et al.l®! found that
while SS values were consistent, the levels of glucose and fruc-
tose decreased by 13% and 10%, respectively, after 4 d under
ambient conditions. It may be worth investigating if under a
lower temperature environment, the levels of key monosaccha-
rides would remain constant or change.

This moves the focus of flavour retention to TA values.
Table 2 shows the TA levels at each colour level for each sweet
cherry cultivar. Statistical analysis showed that the main effects
of Cultivar (p < 0.0001; F-value = 193.58; df = 2), Colour (p =
0.0023; F-value = 5.49, df = 2), Time (p < 0.0001; F-value =
474.18; df = 1), and Year (p < 0.0001; F-value = 1007.20; df = 2)
were all significant. The interactions of Cultivar * Colour (p <
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0.001; F-value = 5.81; df = 4); Cultivar * Year (p < 0.0001; F-
value = 19.9; df = 1); Colour * Time (p = 0.0431; F-value = 3.44;
df = 2); Colour * Year (p < 0.0001; F-value = 18.01; df = 4); Time *
Year (p < 0.0001; F-value = 17.21; df = 2); Cultivar * Colour * Year
(p = 0.0009; F-value = 8.63; df = 2); Colour * Time * Year (p =
0.0127; F-value = 3.70; df = 4) were all significant.

SH cherries at harvest had TA value ranges of 8.99-
10.56 g-L=" in 2018, and 7.31-7.56 g-L~! in 2019. In 2018, the
highest TA value was at the 5-6 colour level for SH cherries,
while for the 2019 SH cherries there was no difference between
colour levels for the TA values. After storage SH cherries at the
various colour levels showed TA levels of 7.11-8.57 g-L-! and
6.31-6.50 g-L~" for 2018 and 2019, respectively. Again the
stored 2018 SH cherries at the 5-6 colour level showed the
highest TA values, while the TA values for the stored 2019 SH
cherries were not affected by colour level. SC cherries at harvest
showed TA value ranges of 8.53-8.91 gL' in 2018, 6.96—
7.18 g.L71in 2019, and 10.6—12.8 g-L~" in 2021. After storage SC
cherries had lower TA values at all colour levels for all growing
years. In 2018, 2019, and 2021, TA values for SC cherries after
storage ranged from 6.65-7.04 g-L~', 551-6.46 gL' and
8.5—-10.5 g-L~, respectively. In 2021, for the SC cherries, the
higher storage temperature (3 °C) resulted in a greater loss of
TA values for all colour levels compared to the lower tempera-
ture of 0.5 °C. SL cherries at harvest had TA levels of 8.79—
9.33 g-.L-"in 2019 and after storage at 0.5 C, TA values ranged
from 7.60-7.89 g-L~', with the highest value of TA at the 4-5
colour level. Therefore for all cultivars over all growing years, TA
values decreased upon storage, which was expected. The data
from Table 2 shows the magnitude of the decrease in TA values
after storage varied by growing year. Additionally, trends for
differences of TA magnitude change with respect to cultivar
and colour level were not obvious. The magnitude of the
decrease in TA values between harvest and storage was higher
for the SC cherries stored at 3 °C compared to those stored at
0.5°C.

Comparing the effect of colour level on TA level within culti-
var for SH cherries, TA values increased as colour level at
harvest increased in 2018, but the trend did not continue in
2019, possibly due to different growing conditions such as
orchard temperature and relative humidity values, which will
be further discussed. For SC cherries, TA values peaked at the 4-
5 colour level for 2018 and 2021 growing years, but were not
significantly different between colour levels in 2019 (p < 0.05).
In the 2019 growing year, SL cherries also had the highest TA
values at the 4-5 colour level. Comparing the effect of cultivar
on TA level within comparable colour level, 2018 harvest SH
cherries showed higher TA values than SC cherries. In the 2018
growing year, upon storage and at comparable colour level, SH
cherries again showed higher TA values than SC cherries. In the
2019 harvest, SC cherries exhibited the same TA values as SH
cherries, while SL cherries had higher TA values than SC and SH.
In the 2019 growing year SL cherries harvested at the 3-4 colour
level showed greater TA values after storage compared to SH
and SC cherries; SC cherries had the lowest TA values at this
colour level. When harvested at the 4-5 and 5-6 colour levels, SL
cherries had higher TA values upon storage compared to SH
and SC cherries.

The data suggests that different cultivars tend to peak TA
values, which may be affected by growing conditions/growing
year and maturity level/colour level. This is further supported
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by the work of Milosevic & Milosevic[?8! that indicated TA levels
of sour cherries are affected by level of ripeness. Puniran et
al.l?7l also indicted that finding where peak TA values occur at
harvest can help negate the decrease in values that occurs
during storage and therefore promote flavour quality retention.

In 2021 the effect of storage temperature (0.5 °C vs 3 °C) was
investigated as 0.5 °C represents ideal storage temperature
while 3 °C represents a storage temperature where quality dete-
rioration would be promoted, and may be a more realistic
temperature experienced during overseas/export shipping
(personal communication, Dr. Peter Toivonen, May, 2021). TA
levels in the SC cherries harvested at the different colour levels
were affected by the different storage temperature as seen in
Table 2. At common colour level, SC cherries from the 2021
growing season stored at 3 °C showed lower TA values than
samples stored at 0.5 °C. The SC cherries at the 5-6 colour level
stored at 3 °C showed the lowest TA values upon storage. As
higher TA values are associated with flavour quality('"Z, the SC
cherries harvested at the 5-6 colour level and stored at 3 °C
would show poorer flavour quality.

Table 3 shows the SS/TA ratio values as affected by cultivar,
growing year, storage and colour level at harvest. Statistical
analysis showed that the main effects of Cultivar (p = 0.0001; F-
value = 94.79; df = 2), Colour (p < 0.0001; F-value = 22.04; df =
2), Time (p < 0.0001; F-value = 134.15; df = 1), and Year (p <
0.0001; F-value = 361.13; df = 2) were all significant. The interac-
tions of Cultivar * Colour (p = 0.0009; F-value = 5.91; df = 4) and
Time * Year (p = 0.0059; F-value = 5.95; df = 2) were significant.
The SS/TA ratio values over all cultivars, colour levels and gro-
wing years ranged from 1.55 to 2.81 at harvest and 1.79 to 3.14
after storage at 0.5 °C for 28 d. SC cherries in the 2021 growing
year were tested to determine the effect of storage tempera-
ture (0.5 or 3 °C) on flavour quality. The SS/TA ratio for the 2021
SC cherries stored at 0.5 °C for 28 d ranged from 1.79 to 2.06
while the SS/TA ratio for the 2021 SC cherries stored at 3 °C for
28 d ranged from 1.89 to 2.32. SS/TA ratios for the 3 °C stored
cherries at the 4-5 and 5-6 colour levels were significantly
higher (p <0.05) compared to corresponding SS/TA ratios for
the 0.5 °C stored cherries at the 4-5 and 5-6 colour levels.
Higher SS/TA ratio are due to lower TA values (data in Table 3)
and impact flavour quality and therefore lower storage temper-
atures are preferable, which was expected.

Comparing between growing years, for SH and SC cherries,
the SS/TA ratio at harvest was higher in the 2019 growing year
compared to the 2018 growing year. SC cherries from the 2021
growing year showed the lowest at harvest SS/TA ratio. Within
cultivar, the SH cherries from the 2018 growing year showed no
difference in harvest SS/TA ratio at the different colour levels.
SH cherries from the 2019 growing year showed higher harvest
SS/TA ratios at the 4-5 and 5-6 colour levels compared to the 3-
4 colour level. The SC cherries at all growing years showed
highest harvest SS/TA ratio levels at the 5-6 colour level and
comparable harvest SS/TA ratio levels at the 3-4 and 4-5 colour
levels. SL cherries also showed the highest harvest SS/TA ratio
at the 5-6 colour level and comparable harvest SS/TA ratios at
the 3-4 and 4-5 colour levels.

Comparing cultivars at common colour level, in 2018 gro-
wing year SC cherries at the 5-6 colour level showed a higher
harvest SS/TA ratio compared to SH cherries at the correspon-
ding colour level. In the 2019 growing year SH and SC cherries
showed higher harvest SS/TA ratios at the 3-4 colour level
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compared to SL cherries. At the 4-5 colour level, SH cherries
showed the highest harvest SS/TA ratio value and SL cherries
showed the lowest harvest SS/TA ratio value. At the 5-6 colour
level, SH and SC cherries showed comparable SS/TA ratios
while SL cherries showed the lowest SS/TA ratio.

Overall, this data indicates that ensuring cherry flavour qua-
lity is complex as SS/TA ratio varied by growing year, colour
level and cultivar. Comparing SS/TA ratio data for all cultivars
over all growing years did not show an observable trend
between colour level and SS/TA ratio. As such, colour is not a
reliable indicator of flavor quality.

Table 4 shows the DM values as affected by cultivar, growing
year, storage and colour level at harvest. Statistical analysis
showed that the main effects of Cultivar (p = 0.0001; F-value =
11.36; df = 2), Colour (p < 0.0001; F-value = 130.99; df = 2), and
Year (p < 0.0001; F-value = 56.64; df = 2) were all significant.
Notably, the main effect of Time (harvest vs stored) was not
significant (p = 0.0922). The interactions of Cultivar * Year (p =
0.001; F-value = 6.45; df = 3); Colour * Year (p = 0.0004; F-
value = 6.38; df = 4); Cultivar * Colour * Year (p = 0.0018; F-
value = 4.64; df = 5) were all significant. Although SS and TA
values were not obtained for all three cultivars in 2021, DM
values at harvest were obtained for all three cultivars in 2021.
Data in Table 4 show, in general, DM levels did not change over
28-d storage, which was expected. Additionally, data in Table 4
shows that in most cases, at common cultivar and colour level,
DM values measured in 2021 were greater than DM values
measured in 2018 and 2019 for all cultivars (SH, SC, and SL).

Within each cultivar, over all growing years, the harvest DM
values were significantly different (p < 0.05) at each colour
level, except for SC cherries in the 2018 and 2019 growing
years. 2018 and 2019 DM values were not significantly different
from colour level 3-4 to colour level 4-5. At the 5-6 colour level,
over all growing years, SH cherries showed higher DM values
compared to dry matter values observed for SC cherries (p <
0.05). At the 3-4 colour level, over all growing seasons, the DM
values for SL and SC cherries were not significantly different
(p < 0.05). At the 4-5 colour level, over all growing seasons, the
DM values for SL were not significantly different than the DM
values exhibited by SH and SC cherries (p < 0.05). In 2021 the
effect of storage temperature (0.5 °C vs 3 °C) was investigated.
DM levels in the SC cherries at the different colour levels were
not affected by the different storage temperature. Overall, DM
levels ranged from 18.1 to 25.2 depending on cultivar, colour
level, growing year, and storage.

Figure 1a—c shows the distribution of the three cherry culti-
vars relative to DM value ranges over all three growing years via
histograms. Cherries at the same colour level did not all have
the same DM; this was observed both within and between culti-
vars (Fig. 1a—c). DM data, compiled over all available growing
years, for each cultivar in the 3-4, 4-5, and 5-6 colour levels had
considerable overlap. However, it is noted there is consistent
shift to a higher DM at the 5-6 colour level.

Over all growing years, DM values for SH cherries ranged
from 14%—27%, 14%—28.5%, and 16.5%—33%, at the 3-4, 4-5,
and 5-6 colour levels, respectively (Fig. 1a). SH cherries at the 3-
4 and 4-5 colour levels showed the highest proportion (26%
and 26%, respectively) of cherries resided in the 22.5 and 22.5%
DM bins indicating the highest percentage of SH cherries in
these colour levels exhibited a DM of 21% to 22.5%, while the
highest proportion (21%) of cherries at the 5-6 colour level
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Fig. 1 Histogram representing distribution of dry matter data for:
(a) Sweetheart (SH) cherries over the 2018, 2019, and 2021
growing years; (b) Staccato (SC) cherries over the 2018, 2019, and
2021 growing years; and (c) Sentennial (SL) cherries over the 2019
and 2021 growing years. For all parts, the 3-4 colour level is solid
black, the 4-5 level is black stripes, and the 5-6 level is solid grey.
On the horizontal axis different dry matter value (DM) ranges are
shown via bins and on the vertical axis the frequency or propor-
tion (%) of cherries within the DM bins/ranges are shown. Data
was generated from two replicates of samples of 25 cherries (i.e. 50
cherries) from all available growing years.

resided in the 24% DM bin indicating the highest percentage of
SH cherries at this colour level exhibited a DM of 22.5% to 24%
(Fig. 1a).

For SC cherries over all growing years, DM values ranged
from 14%—25.5%, 14%—30%, and 16.5%—30%, at the 3-4, 4-5,
and 5-6 colour levels, respectively (Fig. 1b). SC cherries at the 3-
4 colour level showed the highest proportion of cherries (27%)
resided in the 19.5% DM bin which indicated the highest
percentage of SC cherries at this colour level exhibited a DM of
18 to 19.5%. SC cherries at the 4-5 colour level showed the
highest proportion of cherries (25%) resided in the in the 21%
DM bin which indicated the highest percentage of SC cherries
at this colour level exhibited a DM of 19.5% to 21 %. At the 5-6
colour level, the highest proportion (35%) of SC cherries
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resided in the 22.5% DM bin which indicated the highest
percentage of SC cherries exhibited a DM of 21%-22.5%
(Fig. 1b).

Over the 2019 and 2021 growing years, SL cherries DM
values ranged from 15%—25.5%, 15%—28.5%, and 16.5%—-33%
at the 3-4, 4-5 and 5-6 colour levels, respectively (Fig. 1c). SL
cherries at the 3-4 colour level showed the highest proportion
of cherries (36%) resided in the 21% DM bin which indicated
the highest percentage of SL cherries at this colour level exhi-
bited a DM of 19.5% to 21%. SL cherries at the 4-5 colour level
showed the highest proportion of cherries (28%) resided in the
in the 21% DM bin which indicated the highest percentage of
SL cherries at this colour level exhibited a DM of 19.5% to 21 %.
At the 5-6 colour level, the highest proportion (26%) of SC
cherries resided in the 22.5% DM bin which indicated the
highest percentage of SL cherries exhibited a DM of 21%—
22.5% (Fig. 1c).

In all, the data in Tables 1-4 and Fig. 1 indicate that colour is
not a reliable indicator of maturity or flavor quality. Cherries of
the same colour may differ in DM, SS, TA, and SS/TA ratio due to
cultivar and growing conditions. The implication of these
results are discussed in subsequent sections.

Temperature, relative humidity and harvest date for the
2018, 2019, and 2021 growing years are detailed in Table 5.
Environmental variations between years impacted colour
development, which resulted in yearly variations in our harvest
dates as cherry picks were based on cherry colour levels: 2018,
July 16 to August 9; 2019, July 18 to August 6; and 2021, July 5
to July 27, nearly two weeks earlier than in previous years
(Table 5). In terms of environmental data, the average
temperature (AT), average high temperature (AHT), and

Flavour quality attributes of sweet cherries

average low temperature (ALT) values measured in 2021 were
greater than the values determined in 2018 and 2019, while the
average relative humidity (ARH) values determined in 2021
were lower than the values measured in 2018 and 2019
(Table 5). Depending on growing year and harvest date,
average temperature values ranged from 17.17 to 24.28 °C, ave-
rage high temperature values ranged from 28.59 to 50.68 °C,
average low temperatures ranged from 7.17 to 10.68 °C, and
average relative humidity values ranged from 40.68% to
66.16% (Table 5).

Principal component analysis (PCA) was performed on all
cultivars over all growing seasons to best resolve cultivar
specific relationships between variables affecting flavour qua-
lity parameters: colour, DM, SS and TA (Fig. 2).

Figure 2 shows that principal components 1 and 2 described
most of the variation (84.75%) in the model. SS at harvest (SSH)
and SS at 28-d storage at 0.5 °C (SS05) along with DM at harvest
(DMH) were positively correlated with colour at harvest
(ColourH). TA at harvest (TAH) and TA at 28-d storage at 0.5 °C
(TAO5) were positively correlated with average high tempera-
ture (ATH). AHT, average low temperature (ALT) and average
temperature (AT). DMH was more strongly correlated with TAH
and TAO5 compared to ColourH. TAH and TAO5 were positively
correlated, yet negatively correlated with average relative humi-
dity (ARH). The 2021 SC samples at the 3-4, 4-5, and 5-6 colour
levels (5C34-2021, SC45-2021, and SC56-2021) were clustered
with TAH, TAO5, ALT, AHT, and AT variables and located in a
quadrant opposite of ARH. In late June 2021 a heatwave of un-
precedented magnitude impacted the Pacific Northwest region
of Canada and the United States; the Canadian national tempe-
rature record was broken with a new record temperature of

Table5. Temperature and relative humidity environmental data for 2018, 2019, and 2021 growing years.

Average . Average low Average high
Growing year Colour level Harvest date temperagtlure ﬁnﬁ:ﬁgﬁﬁk&mf tempera'?ure (ALT) tempera?ure &HT)
(AT) (°Q) Q) (°Q)

2018 Sweetheart 3-4 July 16 18.96 61.5% 717 32.14
4-5 July 23 18.85 59.8% 7.7 32.13
5-6 July 30 20.45 56.85% 7.49 32.05
Staccato 3-4 July 30 19.74 59.17% 742 32.04
4-5 August 9 21.14 54.46% 7.42 32.77
5-6 August 9 21.14 54.49% 742 32.77
2018 overall average 20.05 57.71% 7.35 3232
2019 Sweetheart 3-4 July 18 17.86 66.04% 7.22 28.79
4-5 July 24 18.39 66.1% 7.22 28.59
5-6 July 24 18.39 66.1% 7.22 28.59
Staccato 3-4 July 22 18.03 66.16% 7.22 28.59
4-5 July 29 19.19 62.92% 8.67 29.39
5-6 July 31 19.19 62.92% 8.67 29.39
Sentennial 3-4 July 22 18.03 66.16% 7.22 28.59
4-5 July 29 18.99 63.77% 8.67 29.39
5-6 August 6 19.79 59.94% 8.67 29.39
2019 overall average 18.87 63.65% 8.19 28.96
2021 Sweetheart 3-4 July 5 24.01 40.68% 8.51 50.68
4-5 July 12 24.28 40.68% 10.68 49.23
5-6 July 20 24.10 40.68% 9.66 47.47
Staccato 3-4 July 13 24.01 40.68% 851 50.68
4-5 July 21 24.28 40.68% 10.68 49.23
5-6 July 27 24.10 40.68% 9.66 47.47
Sentennial 3-4 July 12 24.01 40.68% 851 50.68
4-5 July 19 24.28 40.68% 10.68 49.23
5-6 July 26 24.10 40.68% 9.66 47.47
2021 overall average 2412 40.68% 9.62 49.13
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Fig. 2 Principal component analysis (PCA) plot for: Sweetheart (SH) cherries with data from 2018 and 2019 growing years at the 3-4, 4-5, and
5-6 colours levels (SH34-2018, SH45-2018, SH56-2018, SH34-2019, SH45-2019, and SH56-2019; Staccato (SC) cherries with data from 2018, 2019
and 2021 growing years at the 3-4, 4-5, and 5-6 colour levels (SC34-2018, SC45-2018, SC56-2018, SC34-2019, SC45-2019, SC56-2019, SC34-2021,
SC45-2021, and SC56-2021); and Sentennial (SL) cherries with data from 2019 growing year (SL34-2019, SL45-2019, and SL56-2019). PC1 and
PC2 accounted for 84.75% variation. The variables include: average temperature (AT), average high temperature (AHT), average low
temperature (ALT), average relative humidity (ARH), colour at harvest (ColourH), SS at harvest (SSH), SS after 28 d of storage at 0.5 °C (5505),
titratable acidity at harvest (TAH), titratable acidity after 28 d of storage at 0.5 °C (TA05) and dry matter of cherry fruit at harvest (DMH). Orchard
growing factors, flavour quality attributes (loading factors), along with sweet cherry cultivars from each growing season (component scores)
were presented as lines with arrows, lines with circles, and squares, respectively. Variables close to each other with small angles between them
are strongly positively correlated; variables at right angles are likely not correlated; variables at large angles (close to 180°) are strongly

negatively correlated.

49.6 °Cl291, Also, the relative humidity levels during this period
were also extremely lowB%, As the location of this study was
impacted by this heatwave, the data shown in Table 6 shows
higher temperatures and lower relative humidity values for
the 2021 growing year. The TA values measured in the 2021
growing year were nearly two times the levels measured in the
2018 and 2019 growing years (Table 2). This shows an impact of
growing conditions on flavor quality; both the negative correla-
tion between ARH and TA and positive correlations of AT, AHT,
and ALT with TA are notable. However, it is noted that correla-
tion does not mean causation. The SH and SC cultivars from the
2018 growing year at the 5-6 colour level were clustered
together, and were located in the same quadrant as ColourH,
SSH, SS05, and DMH variables (Fig. 2). This indicates these
samples were characterized by high values of SSH, SS05, and
DMH. All cultivars at the 3-4 colour level from the 2018 (SH and
SC), and 2019 (SH, SC, and SL) growing years along with all
cultivars at the 4-5 colour level from the 2019 (SH, SC, and SL)
growing year were clustered in quadrants opposite of the SSH,
SS05, DMH, ColourH, TAH, and TAO5 variables while near the
ARH variable. The clustering of the samples indicates similarity
and lower levels of SSH, SS05, DMH, TAH, and TAOQ5.

Respiration rates

High respiration rates have long been associated with rapid
fruit quality deterioration'"l. Lower respiration rates help to
maintain higher TA levels, thereby retaining flavour
qualityl"12. This work aimed to provide information on

Ross et al. Fruit Research 2024, 4: e037

assessing whether rapid and non-invasive dry matter measure-
ments can serve as a surrogate for respiration rate measure-
ments and/or TA measurements to predict fruit quality as this
information is essential for developing recommendations to
optimize cherry quality retention upon long distance transport.
Although it is well known that quality deteriorates more quickly
in fruit with higher respiration rates, the respiration rate data
for the SH, SC, and SL cherries was collected and analyzed with
respect to the different colour levels and corresponding DM
values to investigate a link between respiration rate and DM
value. Examining the data with this perspective is very novel
and additionally very little information on respiration rates is
available for SC and SL sweet cherries cultivars in the literature.
Table 6 shows the respiration rates for a) SH and b) SC cher-
ries at different colour levels for the 2018 growing year and
how they were affected by respiration rate assessment tempe-
rature (0.5, 5, and 10 °C). Table 6 also shows the respiration
rates for a) SH, b) SC, and c) SL cherries at different colour levels
for the 2021 growing year and how they are affected by respira-
tion rate assessment temperature. Please note respiration data
is incomplete for the 2019 growing year because of data con-
straints due to equipment difficulties and therefore no statisti-
cal analysis was performed on the available 2019 respiration
data. As little information exists in the literature for SC and SL
cherries, we have included the incomplete respiration data.
Table 6 also shows average color data and average DM data for
the cherries collected at the different colour levels. Additionally,
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Table6. Average colour level and respiration rate of sweet cherries at harvest.

Flavour quality attributes of sweet cherries

Respiration rate (mg CO, kg~"-h~")

Growing year Colour  Average colour measured at harvest  Dry matter bin (%), highest assessed at 0.5, 5 or 10 °C
level [average dry matter at harvest] proportions of cherries
0.5°C 5°C 10°C
2018 Sweetheart 3-4 3.74%1 [20.9%] 21,38% 2.8741" 5.9921" 9.75a1"
4-5 4.66P" [21.9%] 22.5,38% 3.57b" 5.53b1" 9.06""
5-6 5.54<" [25.2%] 25.5,26% 3.5001 5.18°" 9.5821"
Staccato 3-4 3.587" [20.2%] 19.5, 44% 44322 7.082% 9.907"
4-5 4.62"" [20.4%] 21,36% 4.5822" 8.05°2° 11,2207
5-6 5.64" [22.4%)] 22.5,50% 4,122 6.43% 9.783"
2019 Sweetheart 3-4 3.76%" [18.6%] 18, 26%; 19.5, 26% Nd 6.04 13.7
4-5 4.421[19.9%] 21,32% Nd Nd 83
5-6 5.42°"[21.1%] 22.5,28% Nd 6.95 13.5
Staccato 3-4 3.46%" [18.4%)] 19.5,32% Nd 5.8 12.47
4-5 4.40°12[19.1%)] 19.5, 40% Nd 6.14 Nd
5-6 5.40%" [22.9%] 22.5,26% Nd Nd Nd
Sentennial 3-4 3.6221 [18.2%] 18, 28% Nd 6.5 12.80
4-5 4.222[19.3%] 21,40% Nd 3.76 Nd
5-6 5.2092[22.9%] 22.5,24% Nd Nd Nd
2021 Sweetheart 3-4 Nd [22.1%] 22.5,40% 318" 5.86%" 8.81"
4-5 Nd [22.5%] 22.5,28% 2.78" 5.08°" 8.1a1"
5-6 Nd [23.6%] 24,30% 2.652" 432" 9.192"
Staccato 3-4 3.502" [21.0%] 19.5, 28% 2.72% 4,652 10.94%%
4-5 480" [22.0%] 21, 24%; 22.5, 20% 3.2781” 43892 8.22b1"
5-6 5.60<" [23.0%] 24,30% 3.052"" 5.07°2° 95721
Sentennial 3-4 Nd [20.5%] 21, 48% 2,712 4.773% 7.841"
4-5 Nd [22.6%] 22.5,28%; 24, 24% 27817 481212 ggb!”
5-6 Nd [23.5%] 22.5, 28%; 24, 24% 4.23b2 447212 9.880"

Within common cultivar and growing year, values followed by different letters indicate significant differences (p <0.05)-shows colour differences; Within
common colour level and growing year, values followed by different numbers indicate significant differences (p <0.05)-shows cultivar differences; Within
common cultivar, growing year and colour level, values followed by * indicate significant differences (p <0.05)-shows respiration rate differences at the
different temperatures. Due to incomplete data, statistical analysis was not performed on 2019 data. Nd = Actual colour was not calculated for Sweetheart
and Sentennial cherries in 2021 although cherries were collected 3-4, 4-5, 5-6 colour levels as in previous years and can be considered to have colour levels of

approximately 3.5, 4.5, and 5.5, respectively.

Table 6 shows data on the DM (%) bins containing the highest
proportion of cherries for each cultivar in each growing year at
each colour level (histograms for each cultivar for individual
growing year not shown).

Table 6 shows the average colour measured for the cherries
harvested at the 3-4, 4-5, and 5-6 colour levels all varied slightly
depending on growing year and cultivar. In both the 2018 and
2019 growing years there was no difference in color levels
between SH and SC at harvest. In the 2019 growing year, the SL
cherries showed lower average colour values at the 4-5 and 5-6
colour levels compared to the average colour levels of SH and
SC cherries at the same level. Nevertheless, results indicated the
cherries were harvested and sorted to the desired colour levels.
In 2021, average colour was not calculated for SH and SL cher-
ries, although cherries were collected at the 3-4, 4-5, and 5-6
colour levels, as in previous years, and can be considered to
have been within range. The average colour level was calcu-
lated for SC cherries in 2021, as SC cultivar received compre-
hensive study over all growing years (2018, 2019 and 2021). The
calculated colour level values for SC cherries in the 2021 grow-
ing year at the 3-4, 4-5, and 5-6 colour levels were 3.5, 4.8, and
5.6, respectively.

Table 6 shows the lower the respiration rate assessment tem-
perature, the lower the respiration rate, which was expected as
cherries are recommended to be stored at 0.5 °C to ensure
quality retention due to this factl'l. In 2018, SH respiration rate
values were consistently lower than SC cherries at 0.5 and 5 °C.
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However, at 10 °C the respiration rate values become compara-
ble between cultivars (Table 6). Comparing between colour
level, SH at colour level 3-4 showed the lowest respiration rate
at 0.5 °C but had the highest respiration rate when assessed at
5 °C (Table 6). While SC 5-6 cherries at the 5 °C respiration rate
assessment temperature showed a significantly lower respira-
tion rate compared to respiration rates measured for SC 3-4 and
SC4-5 cherries at 5 °C (Table 6).

In 2021, SH and SC respiration rates were more comparable
at 0.5 and 10 °C, but at 5 °C, SH respiration rates were higher
than SC at the 3-4 and 4-5 colour levels while SC cherries
showed a higher respiration rate when assessed at 5 °C com-
pared to the SH cherries at the 5-6 colour level (Table 6). SH
respiration rates in 2021 were consistent at 0.5 and 10 °C for all
colour levels (Table 6). However, at 5 °C SH cherries at the 5-6
colour level had the lowest respiration rate for all three of the
colour levels and the SH cherries at the 3-4 colour level showed
the highest respiration rate. This occurred in both 2018 and
2021 (Table 6). The respiration rates of SC cherries were not
affected by colour level when assessed at 0.5 °C, but at the 5 °C
respiration rate assessment temperature, 2018 SC cherries at 5-
6 colour level had lower respiration values (Table 6), while 2021
SC cherries at the 4-5 colour level showed a lower respiration
rate value (Table 6). Comparing colour levels, SL cherries at the
5-6 colour level had the highest respiration rates at 0.5 and
10 °C (Table 6). However, at 5 °C, all SL colour levels had
comparable respiration values (Table 6). Further, in 2021, all
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cultivars at 0.5 °C assessment temperature showed respiration
rates that were comparable between all colour levels except for
SL 5-6. This respiration rate value was significantly higher than
the respiration rates measured for the SL 3-4 and 4-5 colour
levels and was also higher than the respiration rates deter-
mined for SH and SC at the 5-6 colour level. Interestingly, the
respiration rate assessed at 0.5 °C for SL at the 5-6 colour level
was not significantly different than the respiration rate assessed
at 5 °Cfor SL at the 5-6 colour level (Table 6).

To further discuss the results presented above, a main source
of decreasing TA values in cherries is high respiratory
activityl''l. Therefore, linking flavour quality, which is affected
by TA levels, to differences in respiration rates is reasonable.
Higher respiration rate assessment temperatures were related
to higher respiration rates of cherries as seen in Table 6, which
was not unexpected and again points to the importance of
keeping temperature near 0.5 °C during storage. Additionally,
the temperature cherries experience during a growing season
affects the respiration rate of the harvested fruit, as Ross et al.[']
found the average temperature and the average high tempera-
ture measured in an orchard was positively correlated with the
cherry respiration rate at both 5 and 10 °C. Therefore, under-
standing factors that impact respiration rate, and ensuring
cherries are harvested under conditions that ensure a low respi-
ration rate is of significant importance. Table 6 (2021 data)
suggests the colour level with the lowest respiration rates for
SC cherries is 4-5, which is supported by previous work!'l. While
Table 6 (2018 data) suggests the 5-6 colour level gives the
lowest respiration rates for SC cherries. When this information
is combined with the TA value data, the peak TA values for SC
cherries occurs at the 4-5 level and 5-6 colour levels. SH cher-
ries showed that for respiration rate assessed at 0.5 °C, the
colour level with the consistently lowest respiration rate was
3-4, but at the 5 °C respiration rate assessment temperature,
which is a more abusive temperature, the 5-6 colour level
showed the lowest respiration rate in both 2018 and 2021. The
highest TA values were seen at the 5-6 colour level for SH cher-
ries. SL cherries show highest TA values at the 3-4 and 4-5
colour level in the 2019 growing year, but insufficient respira-
tion rate data is available in 2019 to comment further. However,
the data in Tables 1-4 indicate that colour is not a reliable indi-
cator of maturity and/or flavor quality. Cherries of the same
colour may differ in DM, SS and TA due to cultivar and growing
conditions. Figure 1 shows that not all cherries at the same
colour level are at the same DM both within and between culti-
vars. There is a range of DM values for each cultivar in the 3-4,
4-5, and 5-6 colour ranges. However, it is noted the distribution
of DM shifted to the right (higher levels) in the 5-6 colour
cherries. The work of Palmer et al.l2%] and Toivonen et al.l% have
indicated the importance of DM as a fruit quality metric. The
implications of colour, DM, and respiration rate results on fla-
vour quality and DM standards are discussed below.

Linking colour, dry matter and respiration rate
with flavour quality attributes to determine an
index for maturity

Associations between colour and DM at harvest with sweet
cherry flavour quality attributes and respiration rates were sta-
tistically examined using Pearson's correlation coefficient from
all available data over all growing years to investigate whether
there may be colour/DM levels that are associated with lower
respiration rates (Table 7) and could be indicative of when
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harvest should be performed (i.e. maturity). It was found that
colour at harvest was positively correlated with SS at harvest
and SS after storage (r = 0.845, p <0.0005, and r = 0.684, p <
0.005, respectively). Colour at harvest was also positively corre-
lated with DM at harvest (r = 0.768, p <0.0005). This was
expected as darker cherries of a certain cultivar are generally
more developed or mature; sugar content (main contributor to
DM) and TA increases upon fruit developmentl'©622l. Neither
colour or DM at harvest were correlated with SS/TA ratio at
harvest or after storage (Table 7). Over all cultivars, no correla-
tion was seen between respiration rate at any assessment
temperature and colour level (Table 7). No significant correla-
tions were found between respiration rate assessed at 0.5 and
10 °C and DM (Table 7). A significant negative correlation (r =
—0.514, p =0.025) was found between respiration rate at 5 °C
and DM. It was speculated that a correlation between respira-
tion rate and DM was not observed when assessed at 0.5 °C, as
this temperature is very low and effectively slows metabolic
activity regardless of physiological status of the cherry. No
observed correlation between respiration rate assessed at 10 °C
and DM was speculated to be due to 10 °C being such an
abusive temperature that even physiologically healthy cherries
show elevated respiration rates when stored at 10 °C, and likely
experienced increased flavour quality deterioration, which
could be tested by measuring SS and TA values. Over all culti-
vars at 5 °C, cherries with lower DM tended to have higher
respiration rates, and may be susceptible to more rapid quality
deterioration at non-ideal temperatures such as 3-5 °C, which

Table 7. Correlations between colour and dry matter at harvest with
sweet cherry flavour quality attributes and respiration rate.

Relationship assessed for Sweetheart*,

Staccato, and Sentennial** c’:)erzlsaot?o; Slgr;g:lcealmce
cultivars over 2018, 2019, ..

and 2021 growing seasons coefficient (pvalue)
Colour correlated with

Soluble solids at harvest r=+0.845 p<0.0005
Soluble solids at 28-d storage r=+0.684 p<0.005
Dry matter at harvest r=+0.768 p=0.0005
Dry matter correlated with

Soluble solids at harvest r=+0.871 p<0.0005
Soluble solids at 28-d storage r=+0.776 p<0.0005
Colour at harvest r=+0.769 p<0.0005
Titratable acidity at harvest r=+0439 p<0.05
Titratable acidity at 28 d storage r=+0398 p<0.10
Respiration rate at 5 °C r=-0.514 p=<0.025
Insignificant correlations

Colour and titratable acidity at harvest r=+0.099 p=0.696
Colour and titratable acidity at 28 d storage r=+0.100 p=0.692
Colour and soluble solids to titratable r=+0.218 p=0.383
acidity ratio at harvest

Colour and soluble solids to titratable r=+0.073 p=0.774
acidity ratio at 28 d storage

Colour and respiration rate at 0.5 °C r=+0.252 p=0.364
Colour and respiration rate at 5 °C r=-0.206 p=0.462
Colour and respiration rate at 10 °C r=+0.084 p=0.766
Dry matter and soluble solids to titratable ~ r=-0.135 p=0.595
acidity ratio at harvest

Dry matter and soluble solids to titratable ~ r=-0.227 p=0.365
acidity ratio at 28 d storage

Dry matter and respiration rate at 0.5 °C r=-0.125 p=0.657
Dry matter and respiration rate at 10 °C r=-0.181 p=0.519

*Only 2018 and 2019 growing season data available; **only 2019 growing
season data available.
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can be encountered in the cherry industry, particularly during
export shipping (personal communication, Dr. Peter Toivonen,
May, 2021). This points to the importance of good temperature
control during storage and diverting lower DM cherries to the
domestic and/or rapid consumption market vs export market.
Colour was not correlated with TA, while DM at harvest was
positively correlated with TA at harvest and upon storage
(Table 7), which is relevant for flavour quality. These results
indicate that DM has a greater influence on flavour quality
attributes than cherry colour.

Further, specific cultivar respiration rate and DM relation-
ships were also examined (data not shown). For SH cherries, a
negative correlation was determined between respiration rate
assessed at 5 °C and DM (p <0.1), yet this correlation was not
seen for SL cherries. Based on statistical parameters SC cherries
only showed a negative correlation between respiration rate
assessed at 5 °C and DM if a higher p value > 0.1 was used
which signifies evidence is not strong enough to suggest a rela-
tionship exists. Nevertheless, the statistically significant nega-
tive correlation between respiration rate assessed at 5 °C and
DM over all cultivars was identified (Table 7).

Although colour was positively correlated with DM (Table 7),
a higher colour may not necessarily indicate a low respiration
rate as no significant correlation was observed between colour
and respiration rate at any assessment temperature when
examined over all cultivars over the growing years tested.
Although this highlights the importance of DM in overall qua-
lity rather than colour, the data presented thus far suggests
certain cultivars achieve different optimal DM values or ranges
at maturity that are related to quality retention. In general,
higher DM is positive, but is there an upper limit/threshold in
terms of higher respiration rate. The lack of correlation
between respiration rate assessed at 5 °C and DM for SC and SL
cherries seems to indicate a lower optimal DM level for these
cultivars compared to SH cherries, as a negative correlation
between respiration rate assessed at 5 °C and DM was observed
for SH cherries. Again, non-ideal temperatures such as 3-5 °C,
can be encountered in the cherry industry, particularly during
export shipping, which makes these results extremely relevant
to help ensure cherry growers deliver high quality fruit for the
export market.

In 2018, the respiration rate at 5 °C was lowest at the 4-5 and
5-6 colour levels for SH cherries, and the average DM values
were ~22% and 25%, respectively. Information from Table 6
shows that 38% of SH fruit were in the 22.5% DM bin indicating
the highest percentage of SH cherries at the 4-5 colour level
had a DM of 21% to 22.5% while 26% of SH cherries at the 5-6
colour level resided in the 25.5% DM bin indicating the highest
percentage of cherries at this colour level had a DM of 24% to
25.5%. For SH cherries in 2021, the lowest respiration rate at 5
°C was at the 5-6 colour level and average DM value was
~23.6%. Information from Table 6 shows that 30% of SH at the
5-6 colour level resided in 24% DM bin indicating the highest
percentage of SH cherries at this colour level had a dry mater of
22.5% to 24%. For 2018 SH cherries, titratable acidity, which is
important for flavour quality, was highest at the 5-6 colour level
where respiration rate assessed at 5 °C was lower. These results
imply, that at maturity, cherries tend to a certain DM value or
range that corresponds to reduced respiratory activity and
promotes quality retention, and would therefore be consi-
dered optimal. Based on this data (lower respiration rate (2018
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and 2021) and peak TA (2018)), an optimal DM range for SH
may be between 22.5%—-25% DM or around 23% DM. This opti-
mal DM corresponded to cherries in the 4-5 colour level (21.9%)
in 2018, and in the 5-6 colour level (25.2%, 23.6% respectively)
in 2018 and 2021.

2018 respiration rate (assessed at 5 °C) was lowest at the 5-6
colour level for SC cherries and the average DM value was
~22%, respectively. Information from Table 6 shows that 50% of
SC cherries resided in the 22.5% DM bin indicating the highest
percentage of SC cherries at the 5-6 colour level had a DM of
21% to 22.5% The 2021 respiration rate (assessed at 5 °C) was
lowest for SC cherries at the 4-5 colour level and average DM
value was ~22% while the highest respiration rate was mea-
sured at the 5-6 colour level and the average DM value was
~23.0%. Information from Table 6 shows that 24% and 20% of
SC cherries resided in each the 21% and 22.5% DM bins, respec-
tively, indicating the highest percentage of SC cherries at the
4-5 colour level had a DM of 19.5% to 22.5%. For 2021 SC cher-
ries, TA was higher at the 4-5 colour levels, where respiration
rate assessed at 5 °C was lowest. Again, these results imply that
at maturity cherries tends to a certain DM value or range (opti-
mal) that corresponds to reduced respiratory activity and pro-
motes quality retention. Based on this data (lower respiration
rate (2018 and 2021) and peak TA (2018 and 2021)) an optimal
DM range for SC may be between 19.5%-22.5% DM or around
22% DM. This optimal DM corresponded to cherries in the 4-5
colour level (22.0%) in 2021, and in the 5-6 colour level (22.4%)
in 2018. The data also shows the optimal DM range for SH cher-
ries is higher than the optimal DM range for SC cherries.

In 2021, for the SL cherries, all colour levels showed the same
respiration rate (assessed at 5 °C) and average DM values were
20.5%, 22.6% and 23.5% for the 3-4, 4-5 and 5-6 colour levels,
respectively. Information from Table 6 shows that SL cherries at
both the 4-5 and 5-6 colour levels, 28% and 24% of the cherries
resided in the 22.5% and 24% DM bins indicting the highest
percentage of cherries at these colour stages ranged from 21%
to 24% DM. For SL, based on the one year of respiration data
(2021), determining optimum DM was not as clear. At lower
storage temperature (0.5 °C), lower average DM (20.5%—22.6%
vs 23.5%) maintained lower respiration rates, but at higher
storage temperature (5 and 10 °C) respiration rate did not
appear to be affected by DM level. These lower DM values
occurred at the 3-4 and 4-5 colour levels.

Available DM, TA and respiration rate data as discussed sug-
gests the optimal DM range for SH may be between 22.5%—
25% DM or around 23% and an optimal dry matter range for SC
may be between 19.5%-22.5% DM or around 22% DM, The
histogram data over all growing years does further strengthen
the justification for suggesting different optimal DM values for
different cultivars (Fig. 1). The data over all growing years
shows higher proportions of cherries in the 24 % DM bin for SH
cherries at the 5-6 colour level which indicated highest propor-
tion of cherries with a DM of 22.5% to 24%. The SC cherries at
the 5-6 colour level showed the highest proportion of cherries
in the 22.5% DM bin, which indicates the highest percentage of
cherries have a DM of 21% to 22.5%; again these DM ranges
have been suggested as optimal DM values based on previ-
ously discussed respiration data.

In psychology self-actualization is a concept regarding the
process by which an individual reaches their full potential®",
The data suggests that sweet cherries self-actualize, with the
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majority of cherries reaching maturity with a DM range that pro-
motes quality retention during storage when growing condi-
tions are favourable. This optimal DM range is different for
different cultivars, and growing conditions would be expected
to influence the rate and/or ability of this 'self-actualization’, as
this work and our previous research has shown that environ-
mental factors are correlated with these important quality
characteristics!'l. Placing highest importance on distribution of
DM levels at the 5-6 colour levels (Fig. 1) is justified as the cher-
ries are the most physiologically mature and will likely exhibit
the highest proportion of cherries with optimal DM; however,
the optimal DM can occur at other colour ranges and should be
used as the primary indicator of maturity. Maturity at harvest is
the most important factor that determines storage-life and final
fruit quality assweet cherries produce very small quantities of
ethylene and do not respond to ethylene treatment; they need
to be picked when fully ripe to ensure good flavour qualityB2. It
is noted the CTFIL colour standard series goes up to colour level
7, yet a balance needs to be reached between flavour quality
optimization vs other quality parameters such as firmness and
stem pull force. Supplementary Tables S1-S6 provide values of
the quality parameters of firmness, stem pull force, stem shrivel,
stem browning, pebbling and pitting levels at harvest and after
storage for the SH, SC and SL cherries. All of these cherry culti-
vars exhibited good quality attributes at the 5-6 colour level, as
well as lighter colour ranges.

It is noted that the development of DM standards for diffe-
rent cultivars is a novel concept. This work was positioned as
field work that collected cherry data for three cultivars over
three growing years in adjacent orchards using the same mana-
gement practices. Equipment constraints limited respiration
rate data collection. As such absolute optimal DM values and/or
ranges could not be determined nor was the goal of this study.
The goal of this work was to further the concept that different
cultivars may reach maturity at different DM levels, which
would result in lower respiration rates and higher TA levels at
harvest, and after storage, achieving enhanced quality reten-
tion. In this regard, absolute optimal DM would be the DM
achievable by a cherry cultivar that maximizes flavour attribu-
tes and minimizes respiration under ideal conditions. In reality,
the absolute optimal DM may or may not be reached during a
growing season depending on environmental conditions and
orchard management practices; however, cherry cultivars will
reach a DM that will be optimal for the growing conditions at
harvest maturity, as the present research demonstrates. Develo-
ping definitive DM standards to determine optimal harvest
points for different cultivars under different environmental con-
ditions should be a direction of research to be further pursued
to ensure cherry quality, particularly for cherries subjected to
longer term storage and/or cherries destined for the overseas
export market.

The present work is not the first to point to the importance of
DM and cherry flavour retention, as an anecdotal report®3! indi-
cated that SH cherries should be harvested at a DM of no
higher than 20% or the fruit will lose both sugar and acidity
more rapidly during shipping storage. Although this DM value
is lower than the DM recommended for SH in the current work,
it indicates the importance of DM level and flavour quality in
relation to a specific cultivar. The differences between optimal
DM for flavour retention in our work and the anecdotal report
signifies the complexity of determining DM standards and the
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impact of growing year/environmental conditions and orchard
management practices on optimal DM. Growers will continue
to face these complex issues but the present work provides
valuable information to growers regarding DM standards for
three cultivars.

It must be noted again that development of absolute DM stan-
dards for different cherry cultivars requires more study under
rigorous controlled environmental conditions. Additionally,
given the impact of environmental conditions on optimal DM,
cultivars of interest must be studied over many growing years
and orchard conditions to collect a robust data set. Neverthe-
less, the present research indicates that SH, SC, and SL cultivars
have different dry matter values at maturity. The data also
shows the DM range for SH cherries at maturity is higher than
the DM range for SC cherries at maturity and that for SL, lower
DM levels maintained lower respiration rates at lower tempera-
tures, potentially improving ability to maintain quality after
harvest.

Conclusions

Overall, this research showed that DM was a better indicator
of flavour quality than colour, as DM was related to both sugars
and TA, while colour was only related to sugar. Therefore, this
work identified that colour may not be a reliable indicator of
maturity and/or flavor quality. This work indicated that cherries
of the same colour may differ in DM, SS, and TA due to cultivar
type and growing conditions as influenced by growing year.
Relative humidity encountered by cherries during the growing
season was negatively correlated with TA and higher growing
temperatures were positively correlated with TA. This work
discovered that sweet cherries may self-actualize, in that when
growing conditions are favourable, DM levels may tend
towards a certain level at maturity (optimal DM) resulting in
superior flavour quality attributes and lower respiration, allo-
wing cherries to reach their full quality potential and ensure
quality retention in storage. Therefore, optimal DM can be
reached at maturity despite colour. Remaining challenges
include development of DM standards for various sweet cherry
cultivars and further understanding the impact of growing con-
ditions to better allow for self-actualization and prediction of
the optimal DM under those conditions to optimize timing of
harvest from year-to-year. Nevertheless, this research based on
field work for three sweet cherry cultivars over three growing
years, indicated an optimal DM range for SH between 22.5%—
25% DM and an optimal DM range for SC between 19.5%—
22.5% DM. Interestingly, under the same field conditions, the
optimal DM range for SH cherries was higher than the optimal
DM range for SC cherries. More analysis is required for deter-
mining optimal DM for SL, but the initial data indicates DM in
the range of 20.5% to 22.6% maintained lower respiration rates
at lower temperature potentially improving ability to maintain
quality after harvest.
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