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Internal browning of ‘Cripps Pink’ apples —
focusing on unanswered questions

In 2026, the apple industry celebrated 364 years
of growth. But chronology and experience are no
match for physiological disorders —in this case, internal
browning (IB).

The disorder has been the bane of the ‘Cripps Pink’
apple cultivar, especially considering its prominence
in the Pink Lady® programme.

So, the Post-Harvest Innovation (PHI) Programme
and Hortgro co-funded a research project that
sought to address unanswered questions regarding |B
of ‘Cripps Pink’ apples.

Dr Elke Crouch, Senior Lecturer in the Department
of Horticultural Sciences at Stellenbosch University,
led the research project.

A bit of context

IB is a physiological disorder that typically develops
after long-term storage. It reduces marketable yield
and threatens brand reputation, as an IB incidence
of only <1% is accepted per consignment at export
destinations (Fourie, 2003). Pink Lady® SA has set
this margin at 0%.

Brown internal fruit flesh, with a firm consistency, is
characteristic of IB. However, the disorder is often not
detectable from simply looking at the intact fruit.

There are two main types of browning in ‘Cripps
Pink’ strains. Diffuse browning (DB) affects the flesh
from just below the peel, evenly to the inside, without
impacting the vascular bundles. Radial browning
(RD) is concentrated around the vascular bundles.
And combination browning (CB) incorporates both
RD and DB.

Research in other countries has shown that DB is
triggered during harvesting seasons with cooler
growing temperatures, and that RD is found in
warmer climates. In 2010, Dr Crouch and her
research team proved that, in South Africa, 90% of

all browning was due to DB. And they later found
it to relate to storage temperatures of -0.5°C. RD in
South Africa is very seasonal and although levels were
a lot lower in 2010, not knowing the sensitivity of the
season currently makes it more difficult to manage.

To learn how to effectively manage IB in ‘Cripps
Pink’ apples — particularly RD — Dr Crouch and her
team had to go back to the orchard. Because it is
in the pre-harvest phase that the potential for RD
develops. Currently, DB is generally well managed
in the post-harvest phase.

Dr Crouch highlighted the multi-factorial nature of
IB as a key take-away for the research team, and
cited contributing factors like pre-harvest temperatures,
orchard factors and canopy position, as well as
post-harvest storage technologies.

“l love the research process — getting to know
the why behind what we observe,” she enthused.

In the research, physiological maturity (rather than
storage technique) emerged as the main driver of
susceptibility. Over-maturity at harvest pre-disposes
apples to IB, noted Dr Crouch. Therefore, she
added, the stage of maturity at harvest is one of
the most critical factors to consider.

Also worth noting is the fact that starch breakdown
in apples is a key maturity indicator that has a direct
link to increased physiological disorders like DB
and CB during storage.

DB develops from chilling injury at -0.5 °C, over-
maturity, or both (Butler 2015; Crouch et al. 2015;
James 2007). However, RD, which is seasonal and
seemingly pre-disposed by pre-harvest factors,
requires ongoing study. It mainly affects the smaller
fruit that are located on the inside of the canopy,
which could be linked to their cell density, antioxidant
status, or carbon assimilation.



Unlike RD, DB can be induced by rapid cooling and
extended cold storage.

Dr Crouch and her research team aimed to assess
the effects of pre-harvest temperature and orchard
factors (especially the rate of ripening) on IB. They
wanted to investigate the effect of canopy position
on IB incidence and associated fruit quality features.
Plus, they aimed to evaluate the efficacy of dynamic
controlled atmosphere-chlorophyll
(DCA-CF) storage alongside controlled atmo-
sphere (CA) storage, in reducing IB after long-term
storage. The team also attempted a prediction of
the disorder, but further work is needed in this area.

fluorescence

Pre-determined factors were examined to achieve
the project goal.

Orchard factors and temperature

In assessing the effects of pre-harvest temperature
on IB, orchard factors and temperature during fruit
development were key data.

Temperature data from 85 orchards were collected,
across four consecutive seasons (2021 to 2024) in the
Western Cape and the Eastern Cape.

Ripening rate

To determine the ripening rate, 20 apples per
orchard were harvested weekly, half-arm length
into the canopy, from four to six weeks before the
predicted harvest date for each orchard.

This was an important precursor to the fruit being
evaluated for quality and disorders in relation to
pre-harvest temperature patterns.

On the optimum harvest date, 300 apples were
harvested per orchard.

They were then treated with 1-methylcyclopropene
(1-MCP) and underwent CA storage for nine months
at -0.5 °C (the low temperature was to make sure
that browning does occur), then six weeks in regular
atmosphere (RA) at-0.5 °C (simulating shipping and
stock rolling overseas), and seven days at 20 °C.

Multivariate analyses, comprising principal component
analysis (PCA), multiple factor analysis (MFA), cor-
relations and cluster analysis, were used to make
sense of detected associations between pre-harvest
temperature conditions, fruit maturity, and defect
incidence across developmental stages. Overall,
these showed weak but informative associations
within a highly variable, multifactorial system.

Importantly, there seems to be a link between ripening
rate and IB incidence. The highest DB incidence
was associated with a faster rate in ground colour
breakdown, increase in mass, and faster starch
breakdown, from approximately six weeks before
harvest. High RB incidence was associated with the
slowest increase in circumference, mass, seed colour
change, and starch breakdown from approximately
six weeks before harvest. It seems that these two
browning types have opposite drivers.

Canopy position
Could canopy position influence IB incidence and
associated fruit quality attributes?

To find out, the research team interrogated the
possibility that the delayed harvesting of ‘Cripps
Pink’ apples in the inner canopy (to allow more time
for red colour development) may result in advanced
fruit maturity and a related increase in IB susceptibility.
They harvested fruit from different canopy positions
on targeted days, across four seasons, on four
commercial farms in South Africa.

After the referenced 1-MCP treatment, CA and RA
storage, selected analyses and statistical modelling
techniques were employed. From these, the team
was able to evaluate the effects of canopy treatments
on fruit maturity, quality and defect development
before storage; after CA storage and simulated
shipping and during shelf life. They were also able
to identify maturity variables associated with post-
shelf-life defects and assess the predictive value of
pre-storage measurements.

The team concluded that effective management of
IB requires an integrated orchard-to-storage approach.
This includes monitoring pre-harvest temperatures,



accounting for orchard factors, separating fruit by
canopy position, and applying strict maturity indexing
before low-oxygen storage to maintain Pink Lady®

quality.

Pre-harvest temperature and orchard factors

The study identified a link between the incidence
of higher RD and high yielding orchards, warmer
[growing day degree hours (GDH)] fruit development
0-22 weeks after full bloom, cooler ripening conditions
(GDH) 0-4 weeks before harvest, and higher titratable
acidity (TA) 0.7% at harvest. Inside canopy fruit
were smaller, had less blush colour and more RD,
especially in season where fruit were not harvested
over-mature.

DB was prevalent in seasons with higher maximum
and average temperatures growing degree days
(GDD) during 0-4 weeks before harvest — confirming
its impact on a faster ripening rate before harvest.
It was also associated with low blush and low TA.
Amid high DB incidence the TA percentage was
lower, with a lower blush percentage.

And with CB there was an identified link to seedling
vigour and fruit size (larger fruit). But with no clear
temperature effects.

Ripening rate
This factor affected DB and RD differently.

A link was detected between DB incidence and fruit
growth slope (increased rate in mass and height).
Fruit with higher DB also related to a faster rate in
ground colour breakdown and starch breakdown
rate. Warmer pre-harvest temperatures were found
to accelerate starch breakdown. This may have
impacted carbohydrate reserves, which play a vital
role in fruit development. The one facilitates the
critical transition from immaturity to an edible fruit,
and the other fuels the metabolism of the fruit
during storage. Fruit from a longer growing season
appeared to break down starch slower.

RB incidence, on the other hand, was associated
with the slowest increase in circumference, mass,
seed colour change, and starch breakdown. Notably,
in fruit with high RB there were no CO:2 cavities

in the core and very low COz2 core and CO:2 flesh
browning. However, fruit with high CB also had
higher COz cavities in the core and high COz2 core
and CO:2 flesh browning.

Canopy position

The research team found blush development to be
consistently highest in the first commercial harvest
of outer canopy fruit, across seasons. And despite
the second delayed harvests of both inside and
outside canopy fruit to improve colour, blush colour
coverage remained below 40% in fruit located in
the second harvest inside canopy (Ramos, 2026).

Knowing what the fruit maturity is before storage,
emerged as a critical factor for IB management.
This was particularly important regarding long-term
storage at low oxygen. Unrefrigerated transport
from the field during hot conditions, and a delay
before storage, were identified as key contributors
to the advancement in fruit that were harvested at
optimum to beyond optimal maturity for such storage.

Notably, inner canopy fruit showed acute susceptibility
to RD, superficial and peduncular scald, and higher
total IB. But no correlation was found between DB
and CB and canopy position.

So, yes, canopy position does influence fruit quality
and post-harvest disorder risk. It should, therefore,
be considered in post-harvest management strategies.

As for recommended best practices for growers’
more effective management of IB, they include
cognisance of canopy structure, harvesting at the
right maturity, minimising transport time, measuring
maturity before fruit enters cold storage, storing
fruit according to inside and outside canopy fruit,
using a targeted cold storage type (CA or RA), and
applying step-down cooling.
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Internal browning of ‘Cripps Pink’ apples -
focusing on relevant risks

Confronting the multi-factorial risks of internal browning in ‘Cripps Pink’

Effective risk mitigation is imperative when it comes
to managing internal browning (IB), a physiological
disorder that breaks down the structure of an apple.
Whilst it constitutes a chemical reaction (oxidation),
IB is also a symptom of membrane and cellular failure.

This disorder is well managed within the South African
apple industry through storage best practices of
‘Cripps Pink’ and its clones. However, no amount
of browning is acceptable, which increases the risk
for claims. Browning is often also seasonal. And the
poor understanding of seasonality creates a potential
risk of long-term damage to this flagship cultivar,
through reduced consumer trust.

Hence, a growing understanding of the relevant
risks presents a significant mitigatory advantage,
but only with ongoing research.

There are two types of IB - diffuse browning (DB)
and radial browning (RB), with the former being
historically more common in South Africa. Combi-
nation browning (CB) arises when both DB and RB
are present in the same fruit. This dual presence
makes it tricky to definitively identify related trends.

Diffuse browning (DB). Radial browning (RB).

Combination browning (CB).

In 2026, the stakes are high, with Hortgro having
projected a 5% increase in ‘Cripps Pink’/Pink Lady®
export volumes. Hortgro is the representative industry
body for South African pome and stone fruit growers.
Retention of marketable yield and brand reputation
for this cultivar continue to hinge heavily on the
effective management of IB. But devising a suited,
robust risk mitigation strategy is dependent on on-
going research.

Background

A targeted research project sought to explore
unanswered questions regarding IB of ‘Cripps
Pink" apples. The project was co-funded by the
Post-Harvest Innovation (PHI) Programme and
Hortgro.

Dr Elke Crouch, Senior Lecturer in the Department
of Horticultural Sciences at Stellenbosch University,
led the research project. This article focuses on exploring
the risks related to IB development.

“We cannot predict IB accurately yet, but we can
highlight the risk factors,” noted Dr Crouch. She
was speaking from the premise of the multi-factorial
predisposition of apple cultivars to 1B, as well as its
relativity to the applicable growing region.

An integrated approach is integral to the effective
overall management of IB. Ongoing combined
climate monitoring, canopy management, and
maturity-specific storage practices stand to enhance
post-harvest consistency, extend storage life and
meet premium market standards for the South African
apple industry.

Fruit- and orchard-specific factors like irrigation
practices, possibly pre-harvest spray applications
(for which there is currently limited research), maturity,
fruit size, biological composition, current and previous
season yield (crop load) and tree age must also be



scrutinised ongoingly as contributing factors to 1B
development. Regarding orchard drivers for the
different defects, these were the key qualitative
ones: for RB — growing region, previous season and
current season yield; CB and COz-induced defects
(previous season yield, but unclear; current season
yield COz2 core browning, and core cavities more in
low yield) — growing region, rootstock row orientation,
tree vigour, and previous and current season yield;
superficial scald - tree vigour; DB and peduncular
scald — none identified. Collectively, these can provide
critical guidance in determining the impact and
relevance of these factors, and to create an orchard
risk profile.

As for climatic factors, related variables and the
accumulation of growing degree days (GDD) above
10°C from full bloom to harvest, are equally im-
portant considerations. GDD refers to the thermal
time index that quantifies heat accumulation above
a defined base temperature (in this case, 10°C).

Once there's a good understanding of the factors
involved and the seasonal risk of IB development
due to temperature, along with advanced post-harvest
research and technologies, these can facilitate
effective post-harvest management to reduce risk
and optimise market planning strategies.

Table 1 provides a snapshot of relevant risks to consider.

And below is a comparison of pre- and post-harvest
factors that influence cultivar-specific browning
types. This comparative knowledge is instrumental
in investigating relevant research gaps (Ramos, 2026).

This phase can be thought of as the genesis of IB
risks — where it all begins.

The research team invested thousands of hours
plotting, investigating and interrogating relevant
aspects of the pre-harvest phase.

For storage facilities, becoming au fait with relevant
pre-harvest risk factors and the apple profiles that
they receive, will go a long way to equipping them
to significantly reduce browning risk by adjusting
their storage methods and time accordingly.

RB risk increased when previous and current yields
exceeded 70-80 t/ha and fruit size was below 69
mm. Core browning (CB) was most prevalent in orchards
with high tree row volumes (>2200 L) and large fruit
(>140 g) with low sugar levels [Total Soluble Solids
(TSS <14%)]. Similarly, superficial scald was highest
in large fruit (>130 g) with low TSS. CO2-induced
disorders, including flesh browning and internal
cavities, were strongly associated with seedling
rootstocks,
starch breakdown.

vigorous canopies, and advanced

High yields (>79-82 t/ha) helped minimize CO2
flesh browning and core cavities, and higher acidity
[titratable acid (TA)] reduced browning risks.

The highest DB incidence was associated with a
faster rate in ground colour breakdown, increase in
mass, faster starch breakdown, and a lower before-
storage blush percentage and colour, and after-
storage TA and firmness.

The highest RB incidence was associated with the
slowest increase in circumference, mass, seed colour
change and starch breakdown.

Climatic factors

Thermal conditions during the growing and ripening
phases dictate fruit stability in storage. RB
incidence is lower in cooler overall seasons that
have a warmer ripening period shortly before harvest.
In contrast, DB is triggered by extreme temperature
spikes and high maximum temperatures in the final
month before harvest. These temperature surges
appear to cause a faster starch breakdown and
more mature fruit, reducing the fruit's tolerance to
long-term cold storage.

However, DB risk is lower in longer growing seasons
(=188 days) with cooler ripening phases.

Whilst thermal effects on superficial scald are less
clear, peduncular scald is reduced by cooler ripening
phases, also likely influencing maturity. Finally,
CO2-induced disorders like core browning and
core cavities are least likely after warmer cumulative



growing seasons, whereas flesh cavities are exacerbated
by low heat units [growing degree hours (GDH)] in
the four weeks leading up to harvest. GDH measures
heat accumulation to predict plant development stages.

Long-term storage regimes
There are various long-term storage regimes available
to effectively manage IB incidence.

Long-term storage technology

Dynamic Controlled Atmosphere Chlorophyll
Fluorescence (DCA-CF) regulates oxygen at the
lowest oxygen limit according to the fluorescence
of the fruit, below 1 kPa, and reduces the risk of
superficial scald development in ‘Granny Smith'.
Controlled atmosphere (CA) regulates oxygen at a
constant oxygen level —in this trial, at 1,5 kPa.

Results showed that regardless of low oxygen storage
techniques, maturity played a bigger role in long-
term storage than the storage technique employed.
Storing fruit with a high starch breakdown in low
oxygen storage, for extended periods of time, will
result in high IB.

Literature shows that in the case of RB, COz2 levels
>1 kPa in CA were found to increase susceptibility.
‘Cripps Pink’ and its strains are COz2-sensitive above
1 kPa.

Long-term storage temperature

Similarly, the team was confronted with the dilem-
ma of decreased DB incidence when storing fruit
at 3 °C, but with compromised fruit quality. Low
storage temperatures possibly result in a stress re-
sponse in fruit, increasing reactive oxygen species
(ROS). And this physiological post-harvest factor
possibly overcomes the cell antioxidant function,
giving rise to DB development. Research team
member, Heleen Tayler, has proven that step-down
cooling from 3 °C works well in inhibiting disorder
development and is captured in three storage
regimes in the industry best practice guidelines.

For RB, an incidence decrease was also observed
in these same trials when step-down cooling was
applied from 3 °C to 1 °C. Therefore, the research
team advises following the best practice guidelines
closely to minimise overall IB incidence.

1-Methylcyclopropene and Diphenylamine

Lower DB incidence was recorded in 1-Methylcy-
clopropene (1-MCP)-treated fruit (Butler, 2015;
Crouch et al., 2015; de Jong, 2023; James, 2007;
Majoni et al., 2013). And this category of fruit also
exhibited lower scald and overall IB incidence (Majoni
et al., 2013; Store-it Group, 2022). 1-MCP inhibits
gaseous ethylene, thereby retarding ripening and
extending shelf life.

Regarding COz-related browning, the application of
Diphenylamine (DPA) — a post-harvest chemical anti-
oxidant — is reported to decrease the incidence of
superficial scald and IB by retaining ascorbic acid levels
and decreasing H202 production. Unfortunately, DPA is
not allowed in many of our major markets, including
the European Union (EU) and the United Kingdom (UK).

Harvesting inner and outer canopy fruit together
and disregarding their distinct difference in maturity
poses a significant risk of IB development when
these fruit are stored together.

Other important considerations for risk avoidance
include harvesting at optimum maturity and placing
fruitin cold storage, soonest after harvesting, to reduce
maturity progression before storage.

Unrefrigerated transport over long distances, after
harvesting in hot conditions, causes starch breakdown
to reach post-optimum levels, even though fruit were
harvested at optimum starch breakdown. This results
in high IB during low oxygen long-term storage.

A previous study by Butler, in the same group,
found insufficient potassium (K) and low K to
magnesium (Mg) in fruit that were prone to IB
development. Fruit low in K content is more
susceptible to low temperature breakdown (Bramlage,
1993) and cold injury is one of the leading causes of
DB (Bramlage et al. 1980; James et al. 2005).

Resistance towards chilling injury in fruit high in
K is associated with an increase in phospholipids,
membrane permeability and improvement of the
biochemical and biophysical properties of cells
(Hakerlerker et al., 1997). K increases resistance towards
chilling temperatures by regulating osmotic and



Table 1: A snapshot of the most pertinent risks to consider regarding IB

Risk factors

Diffuse
browning (DB)

Radial
browning (RB)

Combination
browning (CB)

Maturity

Post-optimum fruit.

Immaturity and
post-optimum fruit.

Over-maturity.

Pre-harvest temperature
(0-40 days before harvest)

Warmer temperatures during
the ripening phase
(>255 GDD).

Cooler temperatures during
the ripening phase
(<265 GDD).

Depends on DB and RB
interactions.

Growing region

(though factors like harvest
maturity and cooling rate
play a much bigger role)

Not applicable.

v

v

Growing season
temperature
(0-22 WAFB)

Not applicable.

Warmer growing season

(> 34216 GDH). Warmer
during and after cell
enlargement phases.
Significant for 0-2, (cell
division), 8-10, 14-16, 18-20
(cell enlargement) weeks
after full bloom (WAFB).

Depends on DB and RB
interactions.

« chilling injury at-0.5 °C
« rapid cooling
- extended cold storage

+ step-down cooling reduces risk.

« high CO: levels
« step-down cooling
reduces risk.

Growing season length (d) | <182 days. Not applicable. Not applicable.
Fruit size Large (>70 mm). Small (<69 mm). Large
Mass differences Mass differences (>69 mm)
not significant. not significant (>140 g).
Storage + >3 months in CA storage «long-term CA +>3months in CA storage

-0.5°C
- step-down cooling
reduces risk.

Canopy position (currently,
there is limited research)

Not applicable.

Inner
(if harvested at optimum).

Not applicable.

Blush

Lower blush percentage
(<35%) and intensity (1.8).

Inside canopy; lower
blush fruit (canopy trial).

Not applicable.

TA Lower TA (0.3% - after storage). | Higher TA (0.7% before storage).| Lower TA (0.4% - after storage)
TSS Not significant Not applicable. Lower TSS (<14%- after storage).
Seed Colour Index Not significant Lower seed colour index (5.2).] Not significant

Tree vigour/ Not applicable. Not applicable. Vigorous

row volume (L/ha) >2200 L/ha.

Yield (t/ha)
Previous season
Current season

Not applicable.

Higher previous (>68 t/ha)
and current season yield
>80 t/ha.

Not applicable.

Starch breakdown

Neglecting to measure starch breakdown in apples from the inside of the canopy
enhances the risk of exceedance in starch breakdown. Starch breakdown as maturity
parameter, gives an indication of suitability for long-term low oxygen storage.

Harvesting (non-selective)

Neglecting step-down cooling

Extended transport time

Knowledge gaps
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A Pink Lady® Orchard.

water potential of cell sap and reducing electrolyte
leakage (Singer et al. 1996). However, more
research is required to establish a definitive link
over multiple seasons.

Knowledge gaps
Failing to close knowledge gaps was flagged by
researchers as a significant potential risk to effective
IB management.

Future recommendations/next steps

To fully maximise current research outputs and
findings, the research team recommends developing
a multi-factor storability index (MFSI) for browning
risk assessment, with the goal of:

e |dentifying specific biomarkers, like ascorbic acid
depletion rates or ethylene precursors that link
pre-harvest climatic factors (e.g. temperature) to
the advancement of physiological disorders, like IB
and superficial scald.

e Developing a decision tree model that prioritises
and integrates parameters that include ripening
rate, tree row volume, and minimum night temperatures.
This is to provide a real-time storability risk score for

Dr Elke Crouch
Research team and statistical assistance:

Project lead:

growers and to facilitate research-based decision-
making. It needs to be done within regions, or with
two contrasting regions to limit variation. Currently
cumulative risk factors should be considered on an
orchard level. Parameter thresholds should also be
validated.

¢ Single factors identified within this multifactorial
experiment should be tested in separate trials. Single-
factor contrasts are required to confirm the effect of
certain risk factors associated with IB types, as IB is
influenced by many factors at the same time (also in
this trial). These further studies will confirm whether
the tested variable does in fact play a significant
role, when all other factors are held constant.

"“Cripps Pink” apples.
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