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Abstract

Abstract
Fruit loss is a major concern to the kiwifruit industry as it incurs a high cost to monitor
and remove over soft or rotten fruit to meet export standards. Kiwifruit is exposed to
various temperature scenarios due to different packhouse cooling practices, and
temperature control is difficult to maintain throughout the supply chain. Fruit pallet
temperatures are wirelessly monitored in the supply chain. This time temperature data
provides valuable rich information which could be used to predict kiwifruit quality.
In the laboratory, green ‘Hayward’ kiwifruit were exposed to industry coolchain
scenarios to investigate their influence on fruit firmness in subsequent storage. Cooling
rate and storage temperature were identified to affect fruit firmness and chilling injury
development significantly, where accelerated softening and increased chilling injury
development was observed in late storage (> 100 d) when fruit were cooled directly to
0 °C. However, when fast cooled fruit were stored at 2 °C instead of 0 °C, low incidence
of chilling injury was observed. The influence of cooling rate and storage temperature on
kiwifruit quality suggests that industry should focus on the management practices adopted
by packhouses in order to maintain acceptable quality after long term storage. A
proportion of the firmness data results were used to develop a mechanistic style
mathematical model of kiwifruit softening. Kiwifruit softening was mathematically
described based on the correlation with starch degradation, breakdown of cell wall
structure, and a description of the incidence of chilling injury development during storage.
The model inputs consist of solely commonly collected at-harvest attributes: firmness,
dry matter and soluble solids content and time-temperature data. Applying at-harvest
attributes as model inputs enabled a capability to predict different softening curves as
influenced by fruit maturity, and grower line differences. The developed model
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demonstrated promising softening prediction with mean absolute errors (MAE) between
0.8 to 2.1 N when fruit were exposed to fluctuating temperatures and cooling profiles. A
logistic model was used to estimate the proportion of chilling injured fruit. Based on the
given time temperature information, the logistic model was able to predict the proportion
of chilling injured fruit reasonably well (R2 = 0.735). This chilling injury prediction was
subsequently used to adjust the softening prediction during the late storage period (>100
d). Model validation was performed using the remaining data, identifying a lack of fit in
both the rapid (MAE of 20.8 N) and gradual (MAE of 8.0 N) softening phase. The lack
of fit in the rapid softening phase is proposed to be explained by the presence of an initial
lag phase in softening which the developed model is unable to predict. The magnitude of
firmness associated with starch content and cell wall integrity heavily influenced the lack
of fit in the gradual softening phase. Fixing the initial amount of firmness associated to
cell wall integrity to be constant for all maturities and grower lines improved the softening
prediction.
Overall, this thesis contributes to the challenge of predictively modelling kiwifruit quality
in the supply chain. However, there are still many opportunities for improvement
including introducing the influence of: variation within the same batch; fruit maturity on
chilling injury development; ethylene in the environment; pre-harvest management
practices and extending the model to have more focus on high temperature conditions
such as those experienced in the marketplace. Conducting studies on: the effect of curing
on kiwifruit; using non-destructive techniques to provide information to help define
model parameters for prediction; effect of high temperature exposure on kiwifruit
softening are possible opportunities that may contribute to enable better prediction of
kiwifruit quality in the supply chain in the future.
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Chapter 1: Introduction

1. Introduction
Kiwifruit is the major fresh produce export in New Zealand and was worth approximately
$ 1.2 billion in 2015 (Aitken & Hewett, 2015). ‘Hayward’ kiwifruit is the most
widespread cultivar among the different cultivars and has good postharvest performance
and acceptable flavours (Burdon et al., 2004; Burdon & Lallu, 2011). Fruit loss has been
a major problem for the industry, costing approximately $ 120 million per year for
monitoring and removal of over soft or rotten fruit to meet export standards (Tanner et
al., 2012). As a result, there is an emphasis on the reduction of fruit loss.
Fruit are exposed to different temperature scenarios throughout the supply chain. Wireless
monitoring system was implemented in the industry to monitor the fruit pallet
temperatures (Bollen et al., 2013), identifying several possible temperature scenarios
which compromise fruit quality. Kiwifruit is exposed to various temperature scenarios
due to different packhouse cooling capacity and practices, and temperature control is
difficult to maintain throughout the supply chain.
Cooling profiles, storage temperature and storage room ethylene concentration have an
impact on fruit quality (East et al., 2016). Variation in initial fruit quality and fluctuation
in storage conditions throughout the supply chain, make prediction of fruit quality
difficult (Feng et al., 2003a; Tijskens et al., 2003). The presence of bruise or rotten fruit
also affect fruit quality and hence predicting fruit quality during storage becomes even
more complex (Mitchell, 1990; Jeffery & Banks, 1996; Burdon & Lallu, 2011; Van Den
Dungen et al., 2011).
Kiwifruit softening consists of three softening phases; the initial lag phase, the rapid
softening phase and a gradual softening phase (White et al., 2005; Schroder & Atkinson,
2006). Fruit ripening can be explained by starch degradation resulting in increased sugar
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content and loss of cell wall integrity which softens the fruit texture (Beever & Hopkirk,
1990; Redgwell et al., 1991; Redgwell et al., 1992; Bonghi et al., 1996). Kiwifruit can
also develop chilling injury during cooling and low temperature storage (Lallu, 1997).
The fruit postharvest performance during storage may be anticipated by understanding
the fruit physiology and factors that influence fruit ripening.
This research aims to develop a mathematical model to predict ‘Hayward’ kiwifruit
softening in the supply chain. The model will be developed using time temperature
information and common at-harvest attributes; fruit firmness, soluble solids content and
dry matter content which are easily collected in the commercial setting throughout the
supply chain. The model prediction should benefit the industry by providing improved
information on kiwifruit softening and thus enable improved logistics with the goal to
reduce fruit losses. The model focuses on predicting fruit firmness in subsequent storage
as influenced by supply chain temperature scenarios, ignoring all ethylene effects.
Therefore, ethylene concentration will be controlled to be below the industry standard
during storage.
There are many mathematical approaches to describe the softening of kiwifruit during
storage at different temperatures. Jabbar (2014) and Benge et al. (2000) demonstrated the
use of empirical models such as the Complementary Gompertz (CG) model to describe
fruit softening. Empirical models fit a curve to a large pool of data and contain several
parameters that describe the curve but do not have any underlying biological basis. The
advantage of using mechanistic approach is the flexibility to predict fruit softening under
variable supply chain conditions. Exponential kinetics and Michaelis Menten are used to
describe fruit softening in various storage temperatures (Schotsmans et al., 2005;
Schotsmans et al., 2008) and modified atmosphere conditions (Hertog et al., 2004c) and
may be used as a starting point for model development. These models however have not
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included softening by chilling injury development. A successful model will be able to
describe kiwifruit softening with the influence of chilling injury development under
supply chain conditions, ideally based on the initial fruit properties and storage conditions.
This research aims to:
•

include temperature dependency in the model to account for all the possible
temperature scenarios occur in the supply chain

•

study the effect of chilling injury development on fruit firmness in subsequent
storage

•

validate the developed model to predict softening of fruit population from various
maturities, grower lines and coolchain scenarios

1.1. Thesis overview
The literature review (Chapter 2) provides information on the current knowledge on
‘Hayward’ kiwifruit ripening and its supply chain. The factors influencing (e.g. pre and
postharvest treatments) fruit ripening will be reviewed. The mechanisms potentially
explain kiwifruit ripening will be discussed in chapter 2, which subsequently aids in the
model development. This chapter also includes the different types of model (empirical
and mechanistic model) used to describe fruit softening. This review demonstrates the
potential application of the developed model to kiwifruit industry.
The time temperature information provided by the industry has identified several
possible conditions in the supply chain that will potentially affect kiwifruit quality (Figure
3.1). These potential temperature scenarios formed a basis for simulation in the laboratory
to evaluate their effect on fruit firmness in subsequent storage. Chapter 3 demonstrates
the screening and identification of supply chain scenarios that influence the fruit firmness
during storage.

3

Chapter 1: Introduction

Chapter 4 focuses on the effect of chilling injury development on fruit firmness in
subsequent storage. The symptoms of chilling injury in kiwifruit are defined in this
chapter to distinguish chilling injured fruit from normal soft fruit or rotten fruit. A series
of different supply chain scenarios that were identified in chapter 3 were applied to
kiwifruit from different maturities and grower lines. The incidence of chilling injury
across different coolchain scenarios was quantified and associated with fruit firmness.
Chapter 5 illustrates the possible mechanisms that explain kiwifruit softening and
subsequently aid in the model development. The occurrence of chilling injury
development during coolstorage is then mathematically described forming part of an
overall final predictive model for kiwifruit quality change during storage.
In chapter 6, the model is developed to predict fruit softening based on time
temperature information and at-harvest attributes that can be collected easily by the
industry. Chapter 6 demonstrates the model performance to predict fruit softening as
influenced by fruit grower lines and coolchain conditions based on the data collected in
chapter 3.
The developed model is then validated against an independent set of experimental
data in chapter 7. The model capability to predict kiwifruit firmness with given supply
chain conditions and at-harvest attributes to account for the variability between fruit
harvest seasons and fruit maturity is assessed.
Chapter 8 consists of the overall discussion and recommendations including the
summarised outcomes and the limitations of the established model. This chapter also
discusses the possible future opportunities to be explored to improve the model capability
to predict kiwifruit softening.
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2. Literature review
2.1. Kiwifruit
Kiwifruit (Actinidia deliciosa cv. Hayward) soften and develop flavour and sweetness
during ripening, reaching a good eating quality that is acceptable to consumers (Crisosto
& Crisosto, 2001; Jaeger et al., 2003; Burdon et al., 2004). The industry follows a
standard that fruit fall below 10 N are not exported as the fruit will fail to meet the eating
firmness window of 6 to 8 N upon reaching oversea markets. Huge cost is involved to
repack and sort fruit to meet this industrial threshold. Therefore, developing a
mathematical model to predict kiwifruit firmness during storage will potentially benefit
the industry to anticipate the fruit storability. In order to develop a mathematical model
to describe kiwifruit softening, a comprehensive understanding of the mechanisms behind
fruit ripening and factors that influence ripening is required.

2.2. Kiwifruit ripening
During the ripening of kiwifruit, various biochemical reactions occur, resulting in an
increase in soluble solids content and decrease in fruit firmness. The increase in soluble
solids can be explained by the breakdown of starch and the change in firmness is related
to the breakdown of cell wall structure. These biochemical reactions occur at different
stages of softening. Schroder and Atkinson (2006) illustrated the respective mechanisms
taking place during stages of kiwifruit ripening (Figure 2.1). Starch degradation is
proposed to occur during the initial lag phase and transition to the rapid softening phase,
while breakdown of cell wall structure such as solubilisation and depolymerisation of
pectin and breakdown of the middle lamella contributes to the remaining softening phases
(Figure 2.1). Overall, kiwifruit ripening can be categorised into 4 different phases,
including an initial lag (initiation), rapid, and gradual softening, and the over-ripe phases
(Beever & Hopkirk, 1990; White et al., 2005; Schroder & Atkinson, 2006; Jabbar, 2014).
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The following sections will discuss more on the respective mechanism on influencing
fruit firmness.

Figure 2.1: Schematic representation of key events during postharvest kiwifruit
ripening. Phase 2 to 4 represent the different softening phases. (Source: Schroder
and Atkinson, 2006).
2.2.1. Starch degradation
Degradation of starch content is an event that occurs during kiwifruit ripening.
Starch accumulation occurs during fruit development and starts to breakdown when
ripening (Beever & Hopkirk, 1990). Conversion of starch to sugar is an important
metabolic aspect in ripening. Starch content decreases concomitant with an accumulation
of soluble solids when kiwifruit ripens (Macrae et al., 1992; Fonseca et al., 2002). Mature
kiwifruit have a starch content of 5 to 7 % fresh weight but after ripening the starch
content decreases and sugar content increases up to 12 to 15 % (Beever & Hopkirk, 1990).
During kiwifruit ripening, there is a good correlation between starch degradation
and the rapid loss of firmness in the early stage of softening (Macrae et al., 1989).
Although this correlation between starch breakdown and textural softening exist, the
mechanism behind it remains to be elucidated. Bonghi et al. (1996) suggested starch
6
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degradation may play an important role in the early stage of softening in kiwifruit. Unlike
in kiwifruit, breakdown of starch content was found to contribute to textural softening in
banana (Kojima et al., 1994; Bhagyalakshmi et al., 2002).
Starch degradation during ripening potentially affects cell turgor pressure. Turgor
pressure contributes to the cell and tissue strength by providing the hydrostatic pressure
within the cell and therefore influences textural properties (De Belie et al., 2000). Having
a low turgor pressure will cause the cell to collapse while too high in turgor pressure leads
the cell to be brittle and likely to rupture (Lin & Pitt, 1986; Jackman & Stanley, 1992).
An increase in soluble solids content during ripening will result in an increase in turgor
pressure and thus an increase in firmness is expected. However, no distinct pattern of
change in cell turgor has been observed during kiwifruit ripening (Harker & Hallett, 1994).
Harker and Hallett (1994) proposed the cell wall of ripened kiwifruit cell became more
plastic and elastic and thus resulted in a cell expansion rather than an increase in turgor
pressure when placed in a hypotonic solution. Another possibility is solute accumulation
may occur in both apoplast and symplast and thus maintaining a constant turgor pressure.
Turgor pressure in beetroot tissue was found to remain unchanged even after an increase
in osmotic pressure due to sucrose accumulation (Tomos et al., 1992). Turgor pressure in
tomato was found to be lower than expected from the osmotic potential, which may be
due to the presence of solutes in the apoplast (Schackel et al., 1991). Overall, these
findings point out the possible reasons why no association between change in turgor
pressure and starch breakdown was observed in kiwifruit ripening.
2.2.2. Breakdown of cell wall structure
Cell wall is made up of two distinct layers; mainly primary and secondary layers
that provide the cell wall integrity. The primary layer is highly hydrated with
approximately 65% water and consists of pectic polysaccharides, cellulose, hemicellulose
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and soluble protein including enzymes (Brummell, 2006). Whereas the secondary layer
contains large deposition of ligin, a complex structure made up of phenolic compounds
(Lewis & Yamamoto, 1990).
Modifications to cell wall structure are commonly observed during fruit ripening
(Van Buren, 1979; Brummell, 2006; Prasanna et al., 2007). During kiwifruit ripening,
breakdown of cell wall structure includes a change in pectin content (Soda et al., 1987;
Redgwell et al., 1990; Bonghi et al., 1996), swelling of the cell wall (Hallett et al., 1992),
and changes in the hemicellulose fraction (Percy et al., 1996). The changes in cellular
structure and composition could explain the difference in textural properties. Juiciness
can be explained by the release of cell content when the cells are broken during chewing,
while turgor pressure contributes to the crispness in the tissue. The breakdown of the
pectic-rich middle lamella takes place during fruit ripening. This weakens the cell to cell
adhesion and results in a mealiness textural property. Cellulose provides the cell rigidity
while pectin contributes to cell elasticity.
2.2.2.1.
Modification of cell wall polymeric network
Solubilisation and degradation of pectic polymers were found in tomato and
kiwifruit ripening (Huber, 1992; Redgwell et al., 1992). The pectin found in the cell walls
changed from a relatively rigid state to a more mobile state during kiwifruit ripening
(Newman & Redgwell, 2002). The ‘softening’ of pectin is a physical modification as no
changes in the chemical composition is observed. Pectin starts to ‘soften’ in the early
stages of ripening, preceding both pectin solubilisation and depolymerisation. Redgwell
et al. (1992) demonstrated that degradation of pectic polymers in kiwifruit happened after
solubilisation. Polygalacturonase (PG) and ȕ-galactosidase are involved in the
degradation of pectin (Wegrzyn & Macrae, 1992; Bonghi et al., 1996). Wegrzyn et al.
(1992) identified an increment in pectin methylesterase (PME) activity during ethylene
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treatment followed by a rapid drop to a low level as kiwifruit softened. Although there
was a detection of PME activity, little is established on the role of PME on kiwifruit cell
wall in vivo. Many studies have shown a certain level of enzyme activities during ripening
of kiwifruit. However, enzymes work interdependently and hence it is difficult to identify
the key enzyme which triggers fruit softening.
Depolymerisation of hemicellulose occurs in fruit softening. Hemicellulose
was extensively depolymerized during pepper (Harpster et al., 2002) and papaya (Paull
et al., 1999) ripening. Similarly, a significant decrease in molecular weight of xyloglucan
in tomato was observed during ripening (Maclachlan & Brady, 1994). The presence of
long chain hemicellulose contributes to the rigidity of the cell wall. An increase in
molecular weight of xyloglucans has been closely correlated to the increase in mechanical
strength of cell walls in pea epicotyls (Miyamoto et al., 1997). When long chain
xyloglucans are depolymerised, a decreased in mechanical rigidity of cell wall is observed
(Nishitani & Masuda, 1981). A decrease in the average molecular weight of xyloglucan
from approximately 500 to 300 kDa (KOH - extracted) or 185 to 115 kDa (GTC –
extracted) was observed during kiwifruit ripening (Redgwell et al., 1991). The reduction
in the molecular weight of xyloglucan weakens the cellulose – hemicellulose framework,
promoting cell wall swelling. The nature of the cellulose crystallites or the
polysaccharides adhering to crystallite surface remain unchanged when cell wall
dissolution was extreme during kiwifruit ripening (Newman & Redgwell, 2002).
Nevertheless, depolymerisation of hemicellulose may not be the key mechanism that
results in loss of firmness. Other studies have shown that no traces of depolymerisation
of hemicellulose were found during softening. For instance, no major variations or
changes in xyloglucan during the ripening of grape berries (Vitis vinifera L.) were
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observed (Nunan et al., 1998). Similar findings were found in apple during ripening
(Percy et al., 1997).
Expansin is a protein found in fruit cell wall and plays a role in fruit softening.
Expansin was found to bind between the interface of cellulose microfibrils and matrix
polysaccharides, promoting the extension reversibly by breaking the non-covalent bonds
within the polymeric network (McQueenmason & Cosgrove, 1995). Many studies failed
to identify the presence of hydrolytic activity caused by expansin that explains the
breakdown of cell wall structure. An established mechanism proposed is that expansin
disrupts the non-covalent bonds between cell wall polysaccharides and thus promoting
cell wall extension (Shcherban et al., 1995). The cell wall extension allows the cell to
maintain its structure during cell enlargement and expansion under high turgor pressure
environment (Cosgrove, 2000). High levels of the expansin gene was found in tomato
during ripening suggested that it promotes the breakdown of cell wall structure by
exposing the inaccessible non-covalently bound polymers to hydrolysis by endogenous
enzymes found in the cell wall and its expression was stimulated by ethylene (Rose et al.,
1997). Overexpression or suppression of expansin in transgenic tomato plants have shown
evidence of softer or firmer fruit compared to the control (Brummell et al., 1999).
Expansin was discovered in strawberry during ripening implying that it is a common
component of ripening (Civello et al., 1999). Similarly, expansin was found in kiwifruit
and plays a role in the release of pectin from unripe cell wall material (Schroder &
Atkinson, 2006).
2.2.2.2.
Swelling of cell wall
One of the modifications taking place during ripening is the swelling of cell
wall. Swelling of cell wall is caused by pectin solubilisation. The absence of cell wall
allows water to move into the void space between the cellulose-hemicellulose network
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(Redgwell et al., 1997). Cell wall swelling in kiwifruit during ripening is significant as
the cell wall thickness in the outer pericarp was three to four times thicker than fruit at
harvest (Hallett et al., 1992). Redgwell et al. (1997) reported the presence of cell wall
expansion in fruit such as avocado, blackberry, plum and persimmon. On the other hand,
apples, pear, and watermelon display little increase in cell wall thickness during ripening,
proposing that fruit with crisp texture do not display significant swelling of cell wall as
compared to fruit with soft melting texture. Redgwell et al. (1997) interpreted that
swelling of cell wall can be strongly correlated to pectin solubilisation but not pectin
depolymerisation. The viscosity of the cell wall material increases during the swelling of
cell wall, where the cell wall material of kiwifruit was found to be more viscous when the
fruit is ripened (Redgwell et al., 1992).
2.2.3. Chilling injury development
Chilling injury is a physiological disorder which develops when fruit are stored at
low temperature, slightly above their freezing temperature. Chilling injury can be a
reversible or irreversible process. Chilling injury can be classified as primary or
secondary event (Marangoni et al., 1996). During a primary event, phase change in
membrane lipids is induced. This is a reversible process until a secondary event occurs.
A secondary event causes a modification in the normal properties of the membrane lipids.
Phase change in the cell membrane of avocados can be reversed by increasing the storage
temperature, however once the cell membrane is damaged (i.e secondary phase), the
process is found to be irreversible (Plattaloia & Thomson, 1987). Usually, the severe and
permanent chilling injury symptoms found on fresh produce are the outcome of
irreversible phase of the reaction.
The symptoms of chilling injury vary depending on the type of commodity. In
‘Hayward’ kiwifruit, the typical chilling injury symptoms are development of ring or
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patch of granular, water soaked tissue in the outer pericarp and formation of diffuse pitting
along with the development of a dark scald-like appearance in the skin (Lallu, 1997). Not
all fruit display similar chilling injury symptoms as kiwifruit. Stone fruit such as apricots,
plums and peaches display a mealy texture, woolliness, flesh browning, flesh
translucency, loss of flavour, and fail to ripen (Vonmollendorff et al., 1992). Tomato
exhibits similar chilling injury symptoms as for stone when compared to the non-chilled
tomatoes (Jackman et al., 1992). Citrus fruit develop chilling injury symptoms such as
cold pitting, brown staining, and increases in the susceptibility to decay and quality losses
(Menesatti et al., 2005). Development of browning at the core and flesh is the main
chilling injury disorder for ‘Yali’ pear (Wu et al., 1992). These chilling injury symptoms
affect the overall quality and appearance of the commodity which results in consumer
rejection and large volume of fruit wastage.
The loss of cell membrane integrity may be used to explain the mechanism behind
the water soaked appearance in chilling injured kiwifruit. Excessive oxidative stress
damages the cell membrane integrity and possibly leads to the water soaked appearance
along the outer pericarp of kiwifruit. Oxidative stress is caused by excess reactive oxygen
species (ROS), which the cell struggles to scavenge (Hodges et al., 2004). ROS can be
scavenged with the presence of antioxidant compounds, such as ascorbic acid and
glutathione, and antioxidant enzymes, such as superoxide dismutase (SOD), ascorbate
peroxidase (APX) and catalase (CAT) (Mittler, 2002). Increasing the antioxidant
enzymes helps to increase the chilling tolerance. An increase in antioxidant enzymes
activities was found to reduce accumulation of ROS and thus lower chilling injury
development in cucumber (Yang et al., 2011) and kiwifruit (Yang et al., 2012; Yang et
al., 2013).
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Chilling injury affects the cell wall composition. Grainy texture is one of the
chilling injury symptoms in kiwifruit and is explained by the reduction in cell to cell
adhesion due to solubilisation of pectin in the middle lamella. This results in cells being
able to remain intact without releasing their cellular contents when crushed (Brummell et
al., 2004). The grainy texture found in ‘Braeburn’ apple was found to be associated with
the reduction of cell to cell adhesion between neighbouring cells (Harker & Hallett, 1992).
The cell wall bulk porosity of chilling injured kiwifruit cell decreased with severity and
the grainy appearance found in kiwifruit is proposed to be related with the presence of
gas bubbles in cells (Bauchot et al., 1999). Bauchot et al. (1999) also demonstrated that
grainy appearance of kiwifruit tissue have 30% more cell wall material (CWM) and 70 %
more galactosyl content in the CWM of outer pericarp tissue compared to the unaffected
tissue.

2.3. Factors affecting fruit ripening
Previous section 2.2 has explained the possible biochemical reactions occurring
during fruit ripening which result in an increase in soluble solids content and decrease in
fruit firmness. Temperature, ethylene, humidity, fruit maturity and rot development are
factors that can affect fruit ripening. It is important to understand their influence on fruit
ripening and thus allowing the developed model to be responsive to these factors
accordingly. The sections below discuss the effect of temperature, ethylene, humidity,
fruit maturity and rot development on fruit ripening.
2.3.1. Temperature
Temperature is one of the major factors that influence the metabolism in kiwifruit
and the rate of ripening (Hawkins, 1922; Beever & Hopkirk, 1990; Ritenour et al., 1999;
Prasanna et al., 2007). A decrease in temperature reduces respiration rate (Wright &
Heatherbell, 1967; Antunes & Sfakiotakis, 1997; Heyes et al., 2010). Antunes and
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Sfakiotakis (1997) reported an approximately tenfold increase in respiration rate when
kiwifruit were exposed to increased temperature from 10 to 40 °C.
The rate of softening is also affected by temperature. Schotsmans et al. (2008)
demonstrated this temperature dependence over a temperature range from 1.5 to 25 °C.
This was also reported by Ritenour et al. 1999. However, when fruit are exposed to very
high temperature conditions, the rate of softening was found to decrease. This
phenomenon was observed in apples (Johnston et al., 2001), avocados (Eaks, 1978), pears
(Maxie et al., 1974), plums (Tsuji et al., 1984) and tomatoes (Biggs et al., 1988) when
exposed to high temperature conditions between 30 to 40 °C. Because rate of softening is
sensitive to temperature, kiwifruit has a storage life of at least 20 to 24 weeks when stored
at 0 °C (McDonald, 1990), but when stored at 20 °C the storage life decreases drastically
to 3 weeks (White et al., 2005; Jabbar, 2014). The industry stores kiwifruit at 0 °C to
ensure a long storage life and this allows the export of large quantities of fruit to different
countries by shipment.
2.3.2. Ethylene
Ethylene plays an important role in fruit softening evidence by exposure of fruit
to ethylene triggering accelerated softening (Hewett et al., 1999; Kim et al., 1999; Jabbar
& East, 2016). McAtee et al. (2015) demonstrated that kiwifruit follows a hybrid ethylene
independent-dependent mechanism where the first phase of softening is independent to
ethylene while the second phase of softening is dependent on ethylene. Besides ethylene,
exposure to cold temperature triggers fruit softening (Snelgar et al., 1993; Burdon et al.,
2007). The mechanism that triggers fruit ripening remains ambiguous, either being
initiated by exogenous ethylene or chilling conditions. Therefore, it is challenging to
describe the primary initiation of fruit softening.
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Influence of ethylene on fruit softening has been studied in apples (Johnston et al.,
2002; Gwanpua et al., 2012) and tomatoes (Biggs et al., 1988; Alexander & Grierson,
2002). The presence of ethylene is known to influence softening rates in kiwifruit. There
are many studies conducted to discuss the effect of ethylene on kiwifruit ripening during
storage at 20 °C (Antunes & Sfakiotakis, 2000, 2002b; Antunes, 2007; Albert et al., 2013)
and 0 °C (Arpaia et al., 1986; Jeffery & Banks, 1996; Wills et al., 2001). Ethylene
production is a complex biochemical reaction (Lieberman, 1979; Lelievre et al., 1997),
which can be inhibited with low activities of 1-aminocyclopropane-1-carboxylic acid
content (ACC) and reduce ethylene-forming enzyme activity (Stavroulakis & Sfakiotakis,
1993; Antunes & Sfakiotakis, 1997). Fruit produces ethylene resulting in an accumulation
of ethylene inside the fruit. Internal ethylene diffuses to the atmosphere when the ethylene
concentration is lower in the atmosphere than fruit internal ethylene. The skin of the fruit
is the principle barrier to ethylene loss from internal to the surrounding atmosphere.
However, in situations where the concentration of ethylene in the atmosphere is greater
than internal to the fruit, ethylene will diffuses into the fruit and affects softening.
Kiwifruit produces low levels of ethylene at harvest, less than 0.01 nL.kg-1h-1
(Burdon & Lallu, 2011). During storage at 0 °C, kiwifruit produces low level of ethylene
in first 2 months of storage and production subsequently accelerates rapidly to the
climacteric peak during the late storage period of 100 to 140 days (Chiaramonti &
Barboni, 2010). Kiwifruit are found to produce high amount of ethylene when firmness
falls below 10 N (Beever & Hopkirk, 1990; Mitchell, 1990; Lelievre et al., 1997;
Manolopoulou & Papadopoulou, 1998; Taglienti et al., 2009; Burdon & Lallu, 2011).
Therefore, accumulation of ethylene within a package is only likely to take place during
the late storage period, provided there is an absence of rotten, chilling injured or damaged
fruit. Rotten, chilling injured and damaged fruit have been found to produce ethylene at
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higher rates (Hyodo & Fukasawa, 1985; Antunes & Sfakiotakis, 2002a; Feng et al., 2003b;
Burdon & Lallu, 2011) and thus their presence is likely to accumulate ethylene
concentration within the atmosphere of the package, potentially affecting the
neighbouring fruit in the same pack.
Chilling injured fruit were found to produce ethylene (Hyodo & Fukasawa, 1985;
Antunes & Sfakiotakis, 2002a; Feng et al., 2003b), potentially increasing the amount of
ethylene within the package. Since kiwifruit is found to be very sensitive to ethylene, the
increase amount of ethylene produced by chilling injured fruit may potentially affect the
neighbouring fruit within the same package, leading to a huge variation in fruit firmness
across a single fruit pallet. Ethylene exposure was found to influence chilling injury
development. Jabbar and East, (2016) showed that exposing fruit to ethylene
concentration of 1 ȝL L-1 resulted in a higher incidence (> 20 %) of chilling injured fruit.
In a real coolchain scenario, ethylene can accumulate within packages and
therefore it is important to understand the effect of ethylene on fruit softening. However,
the amount of ethylene in fruit or atmosphere is difficult to quantify accurately and thus
making it a challenge for the industry to measure ethylene concentration throughout the
coolchain. East et al. (2015) identified the difficulties to predict ethylene concentration
within a pack as ethylene transmission across the packaging material is complex, where
the packaging material is enclosed, but not perfectly sealed. Furthermore, the industry
does not have the technology to measure ethylene concentration in the working range of
10 nL L-1 to 10 μL L-1 and thus quantifying ethylene concentration within a pack is
impractical. Even though it is difficult to measure, the industry actively scrubs ethylene
from the surrounding coolstore air during storage. Therefore, initially the effect of
ethylene on fruit softening will be excluded in the model development.
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2.3.3. Humidity
Kiwifruit stored in low humidity conditions result in moisture loss and skin
shrinkage (Bautista-Banos et al., 2000). Shrivel can occur in extreme cases of water loss,
resulting in wrinkling or flaccidness in fruit. Approximate of 4 to 5 % weight loss during
storage puts kiwifruit at risk of shrivelling (Burdon & Lallu, 2011). Besides weight loss,
shrivelling is found to be influenced by softening and the water characteristics of the
fruit’s outer pericarp when the fruit soften (Burdon et al., 2014a).
Weight loss in fruit is found to be related to water vapour pressure deficit (WVPD),
where greater weight loss is observed at higher WVPD (Paull, 1999). Weight loss can be
reduced by lowering WVPD through reducing air temperature, increasing humidity or
providing a barrier to water loss (Grierson & Wardowski, 1978; Ben-Yehoshua, 1987).
To avoid significant weight loss, kiwifruit are cooled promptly to storage temperature,
stored at high humidity (95% RH), and a polyliner is wrapped around the tray of fruit to
maintain a high humidity conditions within the pack.
Humidity has been found to influence rot development in kiwifruit. BautistaBanos et al. (2000) found an increase in relative humidity coincides with a decrease in
infection levels in kiwifruit. The incidence of rots in table grapes was found to decrease
when relative humidity increased from 85 to 90 % and subsequently increased when
relative humidity falls above 95 %, suggesting the optimal humidity to store table grapes
is between 90 to 95 % RH (Pinto et al., 2015). Storing fruit at optimal humidity conditions
is a common practise to lower incidence of rot. Vegetables such as carrots, potatoes and
cabbage have been reported to best store at a range of 90 to 95 % RH to reduce the
incidence of rot (Ryall & Lipton, 1979). Kiwifruit is recommended to be stored at a
relative humidity of 95 % at 0 °C (McDonald, 1990; Lallu et al., 1992). Fruit are packed
inside a polyliner, maintaining the humidity within the tray. However, when cooling fruit
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to storage temperature, there is a likelihood that condensation will form on the polyliner,
which may have consequences such as promoting rot development.
Overall, humidity indirectly influences fruit softening as it has an effect on rot
development and rot influences fruit firmness. The model aims to predict fruit firmness
under supply chain conditions and thus understanding the effect of humidity on fruit
softening will aid in the model development, however it is a secondary factor and initially
model parameters that explain the effect of humidity on firmness may be omitted.
2.3.4. Fruit maturity
Kiwifruit are harvested across different maturities. Fruit maturity has been found
to influence subsequent fruit quality during long term storage. Late maturity fruit were
found to be firmer in late storage than early maturity fruit (Mitchell et al., 1992; Costa et
al., 1997). Kiwifruit are considered mature upon harvest but what determines their
competence to ripen is still unclear. McAtee et al., (2015) found the fruits competence to
ripen was independent to ethylene exposure, whereas exposing fruit to cold temperatures
triggers the fruit to ripen (Snelgar et al., 1993 and Burdon et al., 2007). The changes
required to initiate ripening may explain the presence of the lag phase in softening
observed in early maturity fruit that is not observed in late maturity fruit (Beever &
Hopkirk, 1990, Schroder & Atkinson, 2006 and Jabbar et al., 2014). Since fruit maturity
was found to affect softening, it is important that the developed model is able to account
for maturity differences across the harvest season.
Fruit maturity has also been observed to influence chilling injury development.
The lack of cold acclimatisation in field or advancement in ripening explains the
incidence of chilling injury development in kiwifruit Koutsoflini et al. (2013) explained
that the high incidence of chilling injury development in kiwifruit is caused by the lack
of acclimatisation to low temperature. Susceptibility to chilling injury in kiwifruit has
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also been observed to be lowered due to increase in cold acclimatisation in the field
(Sfakiotakis et al., 2005; Burdon et al., 2007). Advancement in ripening due to delay
storage at 20 °C or ethylene exposure was found to promote chilling injury development
in kiwifruit (Koutsoflini et al., 2013). Jabbar & East, (2016) also found that exposing
kiwifruit to ethylene at harvest increases incidence of chilling injury.
Fruit maturity is estimated based on soluble solids content as it increases during
ripening (Burdon & Lallu, 2011; Burdon et al., 2013). In the New Zealand industry, a
minimum soluble solids content of 6.2 °Brix is required before harvesting to obtain fruit
with good quality and storage performance (Harman, 1981; Mitchell, 1990). Since soluble
solids content is used to estimate fruit maturity and is easily collected by the industry, it
can be used as a model input to differentiate fruit maturity across the harvest season.
2.3.5. Rot development in kiwifruit
Rot development occurs during or after postharvest storage depending on the
survivability of the particular organism (Pennycook, 1985; Brook, 1990). The main
postharvest pathogens that are responsible for fruit rots in New Zealand are Botrytis,
Cryptosporiopis, Phomopsis, and Cylindrocarpon (Burdon & Lallu, 2011). Botrytis is
able to survive at low temperatures and can be found at the stem end, body or stylar end
of the fruit after 4 to 8 weeks of storage (Brook, 1992; Manning et al., 2010; Burdon &
Lallu, 2011). Pennycook (1985) explained that the spores of Botrytis are usually deposited
at the picking wound during handling, packing and packhouse grading operations. When
the uppermost cell layers of the picking wound are ruptured, the conidia germinate and
grow rapidly into the fruit’s vascular tissues.
Manning et al. (2010) discussed the possibility to reduce fruit rots caused by
Botrytis by introducing curing. Curing is a process whereby kiwifruit are exposed to
ambient temperature and humidity for a period of time after harvest and is usually applied
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at the beginning of the supply chain before grading and packing. The influence of curing
on rot development is possibly temperature and humidity dependent. Although the
mechanism behind curing is not well defined, it was believed to be associated with a low
degree of water loss that occurs before packing and/or cooling. Lallu and Webb (1997)
found that fast cooling fruit to storage temperature increased the occurrence of Botrytis
rot in kiwifruit due to the associated water loss or condensation at the picking scar.
The major physiological effect of rot development in kiwifruit is the resultant
ethylene produced by the damaged fruit tissues. As discussed above that kiwifruit are
sensitive to ethylene and therefore the amount of ethylene produced by rotten fruit
potentially affects the neighbouring fruit within the same package. The presence of rotten
fruit at harvest is likely to influence fruit softening. Burdon et al. (2011) discussed the
occurrence of rot in kiwifruit would result in a significant difference in fruit firmness
across different packs within a single pallet as the fruit in the same pack will soften rapidly
compared to fruit in surrounding packs.

2.4. Kiwifruit supply chain
The kiwifruit supply chain includes harvesting from the orchard, grading, packing,
cooling, storing, exporting and retailing before the products reach the end consumers.
Kiwifruit are exposed to different pre and post-harvest treatments to extend fruit
storability across the supply chain. In the development of a mathematical model to predict
fruit firmness across different supply chain conditions, it is important to identify the
possible factors that affect fruit softening across the supply chain.
2.4.1. Pre-harvest treatments
Pre-harvest treatments such as vine management (Boyd & Barnett, 2011;
Patterson & Currie, 2011) or manipulation of light exposure (Tombesi et al., 1993) are
adopted by growers to improve fruit quality. Dry matter content is used as a quality index
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for ‘Hayward’ kiwifruit. Generally fruit with high dry matter content is more acceptable
to consumers (Crisosto et al., 2011). Growers providing fruit with high dry matter content
at harvest receive incentives, motivating them to adopt pre-harvest treatments. Boyd &
Barnett (2011) demonstrated the application of girdling and low cropload to kiwifruit
vines which resulted in an increase in fruit size and dry matter content. Similarly,
Patterson & Currie (2011) showed that applying vine management techniques such as
girdling, management of fruit bio stimulants, cane stringing and thinning on kiwifruit
vines consistently deliver high productivity and taste potential fruit (i.e. high dry matter
content).
Nutrient fortification is another pre-harvest treatment used to improve fruit quality.
Calcium fortification on vines at full bloom stage potentially improves the storage life of
kiwifruit (Xu et al., 2015). Calcium ions form strong calcium bridges between pectin
molecules (Brummell, 2006; Goulao & Oliveira, 2008) and thus achieves firmer fruit by
altering the rate of cell wall degradation. Other nutrients including nitrogen, phosphorous,
potassium and magnesium are likely to affect fruit firmness (Prasad & Spiers, 1992;
Smith et al., 1994; Feng et al., 2003a). Since pre-harvest treatments were found to affect
fruit quality, applying commonly collected at-harvest attributes (i.e. soluble solids and
dry matter content) as initial model inputs allows quantification of pre-harvest treatments.
However, this approach only describes the pre-harvest treatments that alter the soluble
solids and dry matter content (i.e. vine management and manipulation of light exposure).
2.4.2. Postharvest treatment
Fruit quality is influenced by several factors throughout the supply chain. These
coolchain scenarios include the exposure to different cooling rates, storage temperatures,
breaks in temperature control, high temperature conditions and fluctuating humidity
conditions. The New Zealand industry has been collecting time temperature information
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of the supply chain to identify the possible temperature scenarios that compromise fruit
quality. Since the model focus is to predict fruit firmness under supply chain conditions,
it is important to investigate the effect of several temperature scenarios on fruit firmness.
In packhouses, fruit are graded, packed and cooled to storage temperature based
on their cooling capacity and practises. Force air cooling, hydrocooling, room cooling
and vacuum cooling are the several techniques used to cool fruit rapidly to storage
temperature (Brosnan & Sun, 2001). Precooling is usually used to remove field heat from
fruit after harvest to improve fruit quality (Findlay & Combrink, 1996). Lallu and Webb
(1997) demonstrated that precooled kiwifruit are firmer during storage. A shorter cooling
time is found to improve spear quality and less weight loss in asparagus (Lallu et al.,
2000). Applying precooling to strawberries after harvest has reported to improve the fruit
quality (Pelletier et al., 2011) and reduce fruit decay incidence (Nunes et al., 2005).
Although precooling has been demonstrated to improve fruit quality, many studies
have shown that precooling of fruit may cause an adverse impact on fruit quality. Lallu
(1997) proposed that exposing kiwifruit to precooling promotes chilling injury
development and thus affects fruit quality. Precooled kiwifruit is firmer compared to nonprecooled fruit however, the incidence of Botrytis stem end rots has been shown to be
higher in precooled fruit (Lallu & Webb, 1997). It is difficult for the industry to slow cool
large amounts of fruit to storage temperature and thus precooling is usually adopted by
packhouses.
Temperature conditioning is one of the several postharvest techniques used to
lower the incidence of chilling injury by exposing commodity to temperatures that are
slightly above the critical chilling range either in a single or multiple step conditioning.
This may allow fruit to acclimatise to low temperature. By applying temperature
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conditioning, the amount of phospholipids in membranes is maintained at high level, there
is an increment in the degree of unsaturation in membrane fatty acids and suppression of
the sterol to phospholipid ratio (Wang, 1994). Yang et al. (2013) demonstrated that
chilling injury in ‘Hayward’ kiwifruit can be alleviated when exposed to temperature
conditioning at 12 °C for 3 days due to an increase in antioxidant enzyme activities and
maintaining higher levels of endogenous hormones. The incidence of chilling injury in
‘Hongyang’ kiwifruit was lowered when the fruit were gradually cooled from 15 to 0 °C
(Yang et al., 2012). Exposing banana (Pantastico et al., 1968), cucumber (Nakamura et
al., 1985; Lafuente et al., 1991), eggplants, tomatoes (Galvez et al., 2010), pear (Lim et
al., 2005; Yan et al., 2013), and mangoes (Rodeo & Esguerra, 2013) to temperature
conditioning effectively reduces chilling injury.
Storage temperature was found to influence fruit quality. The occurrence and
severity of chilling injury in kiwifruit are influenced by storage temperature. Over a
storage temperature range of -0.5 to 2.5 °C, Lallu (1997) demonstrated that storing
precooled fruit at storage temperature above 1 °C lowered the incidence of chilling injury
development. In peaches, chilling injury occurs when stored at temperature between 2.2
and 7.6 °C, which is known as the killing temperature zone (Crisosto et al., 1999). In
addition, storing Lanes Late navel oranges at -1 °C had the highest incidence of chilling
injury (Henriod et al., 2005).
During storage, differences in temperature across several locations within
industrial refrigerated coolrooms was observed due to oscillation around the set room
temperature (East et al., 2016). For instance, when the coolroom is set at 1 °C, the
refrigeration system will be activated at 2 °C and switched off at 0 °C. Therefore, fruit
that are located near the evaporator will be closer to 0 °C while fruit located away from
the evaporator will be exposed to 2 °C. Since it was found that cooling rate and storage
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temperature affect fruit quality by promoting chilling injury development, there may be
a possibility to position pallets of fruit in coolroom according to the cooling profile. For
instance, fruit that were cooled fast will be placed away from the evaporator (i.e. 2 °C)
while fruit that were slow cooled could be located near the evaporator (i.e. 0 °C).
Due to logistic constraints, temperature can be difficult to maintain throughout the
coolchain. Therefore, fluctuation in temperature is likely to occur across the supply chain.
The New Zealand kiwifruit industry does not actively control temperature between onshore storage facilities and the port, as a cost saving measure. A standard side curtain
delivery truck is used to transfer kiwifruit between on-shore storage and the port which
does not control temperature. Hence, a break in temperature control is likely to happen
during the transportation from on-shore storage to the port prior to shipment. Temperature
fluctuations and breaks have been shown to influence ripening of other fruits such as
breaks in temperature for a day at 20 °C led to a significant softening in apples (East et
al., 2008). Similarly, the quality of strawberries (colour, weight loss, firmness, shrivelling,
and decay and bruise incidence) was affected when exposed to temperature fluctuation
during ground, in-flight and retail handing operations (Nunes et al., 2003).
Kiwifruit are exported to countries in South East Asia and the Indian subcontinent.
Bellavi Jayashiva (2012) demonstrated the change in fruit firmness when kiwifruit were
exported to Indian markets, with an average ambient temperature of 35 °C. In addition,
there is likelihood for fruit to be exposed to fluctuating humidity conditions, especially
when exporting to countries with low humidity weather. Fruit are packed within a layer
of polyliner, which maintains high humidity conditions during storage. However,
exposing to high temperature and fluctuating humidity conditions may alter the
temperature and humidity within the pack and thus compromising fruit quality.
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2.5. Softening models
Using a mathematical approach to describe fruit softening pattern has been well
established in many studies, ideally using mathematics to associate theory with
experimental data. A mathematical model to characterise fruit softening behaviour can be
represented by either an equation or a set of equations (Thornley & France, 2007).
Mathematical approaches have been widely adopted to make quantitative softening
predictions that can be compared with the real experimental data. The postharvest
performance of apples under different storage conditions has been well described
mathematically (Johnston et al., 2001; Johnston et al., 2002; Roth et al., 2008; Van Pham
et al., 2008; Gwanpua et al., 2012). Similarly, mathematical approaches have been used
to describe the postharvest performance of banana (Chen & Ramaswamy, 2002; Quevedo
et al., 2009; Hashim et al., 2012), cherry (Muskovics et al., 2006), peach (Tijskens et al.,
1998; Tijskens et al., 2012), and tomato (Van Dijk et al., 2006a; Van Dijk et al., 2006b;
Pinheiro et al., 2013). The following sections will focus on describing kiwifruit softening
patterns using empirical or mechanistic approaches.
2.5.1. Empirical approach
Empirical models are developed by fitting curves to large sets of experimental
data using mathematical or statistical equations such as complementary Michaelis –
Menten (CMM), Complementary Gompertz (CG), or Weibull probabilistic models.
Thornley et al. (2007) explained that empirical model contains several unknown
parameters that do not have any scientific or biological explanations. A combination of
two Weibull probabilistic models containing 4 different parameters were developed to
describe kiwifruit softening based on fruit elasticity (Terasaki et al., 2013). Benge et al.
(2000) demonstrated use of a empirical approach to describe the kiwifruit softening
pattern during storage but this approach failed to characterise softening with sufficient
accuracy. Hence, more complicated models such as segmented Jointed Michaelis –
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Menten (JMM) and Inverse Exponential Polynomial (IEP) were developed to better
characterise the softening (Benge et al., 2000). The application of Complementary
Gompertz (CG) and Time Shift Complementary Gompertz (TSCG) were used to predict
kiwifruit softening at 20 °C in air, introducing batch specific parameters to account for
grower line variability (Jabbar, 2014). However, these models are too rigid and thus
unable to describe softening behaviour when fruit are exposed to different conditions
apart from the experimental data used to develop these models.
2.5.2. Mechanistic approach
A mechanistic approach can be used to mathematically describe fruit softening
based on an extensive understanding or explanation of the phenomena being modelled
(Thornley & France, 2007). Exponential kinetics, Michaelis Menten and linear kinetics
are often used when developing mechanistic models. Adopting a mechanistic approach
to describe fruit softening provides flexibility in modelling fruit softening behaviour
under different storage conditions such as temperature or gas compositions. Kiwifruit
softening under modified atmosphere conditions has been modelled mechanistically by
relating the softening rate with gas exchange using the Michaelis Menten model (Hertog
et al., 2004c). Kinetics models have been used to describe kiwifruit softening when
exposed to different storage temperatures (Schotsmans et al., 2005; Schotsmans et al.,
2008). Similarly, a kinetic model was used to describe colour change in kiwifruit slices
during hot air drying at different temperatures (Mohammadi et al., 2008).
2.5.2.1.
Temperature dependency
Fruit softening is dependent on temperature and thus the rate of softening is a
function of temperature. Often, the Arrhenius equation is introduced to account for
temperature dependency. Hertog et al. (2004) and Schotsmans et al. (2005 & 2008)
applied the Arrhenius equation to describe the effect of temperature on kiwifruit softening.
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Johnston et al. (2001) demonstrated that rate of softening in apple increased from 0 to
24 °C and subsequently decreased when exposed to temperature between 24 and 35 °C.
The decrease in softening rate at high temperature is explained by reduced in ethylene
biosynthesis (Klein & Lurie, 1990), and reduction in cell wall degradation (Klein et al.,
1990; Shalom et al., 1993a). Therefore, Johnston et al. (2001) used Arrhenius equation
to explain the increase in softening rate at temperature between 0 to 24 °C and introduced
a Boltzman component to account for the decrease in softening rate at temperature
between 24 and 35 °C.
2.5.2.2.
Biological variability
Fruit are harvested across different orchards and maturities and thus biological
variation exists between fruit. For instance, biological variation is distinguishable by the
difference in at-harvest colour in tomato. Biological variability in postharvest behaviour
has been interpreted using several different techniques (Lammertyn et al., 2003;
Scheerlinck et al., 2004; Tijskens et al., 2005; De Ketelaere et al., 2006). Biological age
is used to define the biological variability in tomato, assuming a ripening process from
fruit setting to senescence is the same for all tomatoes (Tijskens & Evelo, 1994; Tijskens
et al., 2003; Hertog et al., 2004b). Introducing variables such as biological age into kinetic
models to describe the change in postharvest quality will allow to model fruit postharvest
behaviour across a batch instead of individual fruit. Hertog et al. (2004a) applied a
probabilistic kinetic approach to explain the postharvest variation in tomato colour in
terms of variation in biological age. A similar approach was applied to describe the
complex behaviour of a batch reflecting propagation of biological variation in the growth
of Belgian endive (Hertog et al., 2007b). The industry handles fruit in batches and thus
integrating propagation of variation in mechanistic modelling will benefit the industry to
predict the postharvest batch behaviour.
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2.6. Summary
This chapter displayed the challenges faced by the kiwifruit industry to reduce fruit
losses. There are several factors that affect kiwifruit ripening, including exposure to
ethylene, temperature, fluctuating coolchain scenarios, and pre-harvest treatment. As a
result, predicting kiwifruit ripening is a difficult task. Significant variation in fruit
firmness occurs between batches (due to orchard management, harvest date, and
production area) and within batches (due to presence of rotten or chilling injured fruit).
These factors further complicate the prediction of fruit softening.
The use of mathematical modelling to describe fruit softening is not a new approach.
The current models developed by Hertog et al. (2004) and Schotsmans et al. (2005 and
2008) demonstrated the ability to describe kiwifruit softening. However, these models did
not include the effects of chilling injury development on fruit firmness or include atharvest attributes as model inputs for different fruit maturities. This research aims to
develop a mathematical model to describe ‘Hayward’ kiwifruit softening in supply chain
conditions, including the effect of chilling injury development. Such a model will
contribute towards improved information on fruit softening to the industry with the
intention to reducing fruit losses.
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3. Softening of ‘Hayward’ kiwifruit in different coolchain scenarios (*)
3.1. Introduction
Fruit quality is difficult to maintain throughout the supply chain as parameters such
as temperature and humidity are likely to fluctuate over time. The industry has established
a system to monitor temperature and humidity across the supply chain, from harvest to
final consumer (Bollen et al., 2013). After harvesting, fruit are transported to the
packhouse for grading, sorting and packing. The fruit is then stored in a coolroom for up
to 7 months before export to overseas markets in a refrigerated cargo ship or container.
Excessive softening and rotten fruit result in an increase in fruit losses and additional
labour cost for sorting and re-packing. Different cooling profiles, storage temperature,
breaks in temperature control (Figure 3.1), high temperature environments, and
fluctuating humidity at high temperature environments were identified from the time
temperature profile of the coolchain as possible factors to cause potential risk on fruit
quality.
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Figure 3.1: Example of time temperature profile of the air inside the box retrieved
from commercial monitoring system.
(*) This chapter includes material published in the paper:
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There are several occurrences throughout the supply chain that pose potential risk to
kiwifruit quality. Ripening and senescence can be reduced by removing the field heat of
harvested produce and thus maintaining good keeping quality of fruit and vegetables.
Precooling is a common practice to effectly remove field heat before storage. However,
it was found that kiwifruit are susceptible to chilling injury and rot development when
precooled in 9 to 12 hours to storage temperature (Lallu & Webb, 1997).
The softening rate of kiwifruit is a function of storage temperature (Hertog et al.,
2004c; Schotsmans et al., 2008). Exposing kiwifruit to high temperature will accelerate
softening and thus decrease storability. Water or mass loss is the outcome of exposure to
a lower humidity environment, which eventually leads to shrivel (Paull, 1999).
Furthermore, water loss affects the fruit metabolism, accelerating fruit ripening (Burdon
et al., 1994). Due to logistical constraints, a break in temperature control can occur in
supply chains, which may affect fruit quality. The likelihood for kiwifruit to be exposed
to a break in temperature control is greater when using the standard curtain sider trucks
as a tool for transportation. Studies have shown that the quality of apples (East et al.,
2008) and strawberries (Nunes et al., 2003) were affected when exposed to breaks in
temperature control. Exporting fruit to countries in the Indian subcontinent and South
East Asia will potentially expose fruit to high temperature and fluctuating humidity
environments.
Kiwifruit softening generally consists of three distinct softening phases. An initial
lag phase is followed by a rapid decline and subsequently a gradual softening phase
towards a lower asymptote (White et al., 2005; Jabbar et al., 2014). In addition, the rate
of softening has been observed to increase during the gradual softening phase (Benge et
al., 2000; Schroder & Atkinson, 2006). White et al. (2005) suggested that the initial lag
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phase is correlated to the time taken to become fully ripe and thus affected by the fruit
maturity.
The industry has implemented a wireless monitoring system to monitor the fruit
pallet temperatures (Bollen et al., 2013), which can identify the several possible
conditions in the supply chain that will potentially compromise the kiwifruit quality. The
aim of this study is to investigate the storability of ‘Hayward’ kiwifruit as influenced by
these conditions monitored in industry. Understanding the effect of these factors on
storage performance will allow assessment of the importance of these deviations from
optimal storage conditions and aid in the development of a predictive model for kiwifruit
quality during storage with given time-temperature information.

3.2. Material and methods
3.2.1. Supply chain simulation
Approximately 108 trays of commercially produced ‘Hayward’ kiwifruit from the
Bay of Plenty region were harvested in late May 2012 from 3 different grower lines. Fruit
were commercially graded with count 36 size fruit delivered to Massey University,
Palmerston North in modular bulk boxes and subsequently randomly packed into single
layer trays with polyliners. A truck without temperature control was used to transport fruit
from packhouse to Massey University. Care was taken to separate grower lines as each
grower line was used as a replicate. Fruit were cooled using two different cooling methods,
direct or gradual cooling and subsequent exposed to different temperature scenarios.

31

Chapter 3: Softening of ‘Hayward’ kiwifruit in different coolchain scenarios

3.2.1.1.
Cooling profiles
Trays of fruit were exposed to two different cooling methods, either direct or
gradual cooling. Direct cooling (D) was achieved by placing the trays of fruit into a cool
room set at 0 or 2 °C with 95 ± 5% RH (Figure 3.3). Gradual cooling (G) was achieved
by placing the trays of fruit into a cool room with decreasing set point temperature from
16 to 0 or 2 °C over a period of 2 weeks (Figure 3.3). The fruit were subsequently stored
in a cool room set at 0 ± 1 or 2 ± 1 °C with 95 ± 5% RH respectively for 25 weeks. The
temperature and humidity of the cool room and air inside the fruit tray were monitored
using data loggers, iButton (DS1923, Maxim Integrated, USA) throughout the cooling
and storage period. The cool room temperature and humidity were monitored by placing
the data loggers at different locations within the cool room (Figure 3.2). Fruit were cooled
by stacking 20 - 24 trays in a column. The data logger was placed at the centre of the fruit
tray, beneath the polyliner and thus measuring the air temperature inside the tray. The
tray that contains the data logger was located at the centre of the stacked column during
cooling. Temperature and humidity were recorded at intervals of 15 minutes.
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Figure 3.2: Configuration of the coolroom with the location of the trays and data
logger to monitor the room temperature and humidity.
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Figure 3.3: Time temperature profile of direct (A) and gradual (B) cooling to 0 or
2 °C.
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3.2.1.2.
Temperature scenarios
Kiwifruit were placed in a single layer tray with a layer of polyliner added to
each tray. Temperature and humidity loggers (iButton) were placed inside the tray to
monitor the temperature and humidity of the air inside the fruit tray before exposed to the
different temperature scenarios. Three different temperature scenarios were designed to
simulate possible coolchains for kiwifruit, whereby after a period of coolstore, fruit will
be exposed to a break in temperature control, high temperature conditions or different
humidity environments (Figure 3.4). To simulate a break in temperature control (TB),
kiwifruit were exposed to 8 °C for 1 d after 9 or 15 weeks of storage at 0 or 2 °C
respectively (Figure 3.4). Simulation was carried out to mimic the high temperature
conditions (HT) by exposing fruit to 20, 25, 30 or 35 °C at 95% RH for a week after 10
weeks of storage at 0 °C (Figure 3.4). Fruit were left in respective temperature controlled
rooms for a day before evaluating the fruit firmness. The exposure of fruit to different
humidity conditions at high temperature (DH) was simulate by placing fruit in 35, 55, 75
or 95% RH at 30 °C for a week after 14 weeks of storage at 10 °C (Figure 3.7). The data
loggers used for humidity measurement were calibrated using different salt solutions.
Similarly, fruit were left at least a day for it to equilibrate to set humidity and temperature
before conducting the measurement.
3.2.2. Fruit assessment
Measurements were conducted to assess the fruit quality (firmness, soluble solid
content and incidence of rotten fruit) and physiological status (respiration rate) at intervals
of 2 to 3 weeks across the storage period.
3.2.2.1.
Fruit firmness
Kiwifruit were equilibrated to 20 °C overnight before measurement. Fruit
exposed to high temperature conditions (25, 30 and 35 °C) were left at 20 °C for at least
3 hours before measurement. A penetrometer (QALink Willowbank Electronics Ltd.,
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Napier, New Zealand), fitted with a standard 7.9 mm round Effegi probe and interfaced
to a computer was used. A 2 mm slice of skin was removed from an equatorial region
before measurement. The probe was set to penetrate the flesh to a depth of 8 mm at 20
mm s-1 with the minimum measurement being 1 N. Two measurement locations
perpendicular to each other were used for each fruit. Fruit firmness readings were
calculated based on an average of 36 fruit for each measurement. Rotten fruit were
removed from the population prior to measuring fruit firmness.
3.2.2.2.
Soluble solids content
Initial soluble solids content (SSC) was measured using a pocket refractometer
(PAL-1, Atago, Tokyo, Japan). SSC was expressed as a percentage on the Brix scale. SSC
readings were calculated based on an average of 36 fruit for every grower line for the first
5 measurements and 10 fruit for the remaining measurements.
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Figure 3.4: Description of various temperature scenarios used for ‘Hayward’
kiwifruit from 2012 harvest.d denotes days, w denotes weeks, TB denotes a break in
temperature treatment, HT denotes high temperature treatment and DH denotes
different humidity treatment.
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3.2.2.3.
Decay incidence
Decay incidence was assessed visually by inspecting for symptoms of rot
which developed on the side or stem end (Figure 3.5). The incidence of decay was
calculated as a percentage of the total fruit population (36 fruit per grower).

Figure 3.5: Fruit rots found at the side or stem end of ‘Hayward’ kiwifruit. Red
arrow indicates the rotten area.

3.2.2.4.
Respiration rate
Ten individual kiwifruit were each placed in a 500 mL glass jar sealed with a
septum jar lid. Carbon dioxide concentrations were measured upon sealing and after 3 h
at 0 or 2 °C. Headspace gas was sampled from the septum using a 1 mL syringe and
injected to a carbon dioxide transducer (Analytical Development Company, Hoddesdon,
UK) which was interfaced to an integrator (HP3396A, Hewlett Packard, USA). The
respiration rate was calculated based on the accumulation of carbon dioxide concentration
over time considering the fruit weight and remaining free volume of the jar. The fruit
density was assumed to be 1037 kg m-3 (Jordan et al., 2000).
3.2.2.5.
Statistical analysis
The experiments were conducted using a complete random design, with each
grower line representing a replicate. Fruit firmness statistical analysis was performed
using Minitab Version 15 (Minitab Inc, State College, PA, USA). Data were subjected to
a General Linear Model, at each time with storage treatment and grower line as fixed
factors. Comparison of means was undertaken using Tukey’s test at p  0.05. The
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Anderson-Darling test was used to perform a normality test on sample populations. When
required, Chi-square analysis was used to analyse the significance of the incidence count
of rotten fruit.

3.3. Result and discussions
3.3.1. Cooling profiles achieved
Replicating the various coolchain scenarios in the laboratory for three different
grower lines is a challenge. This was achieved by strict temperature control and
monitoring. Figure 3.6 shows that the fruit were cooled differently to storage temperature
(0 or 2 °C), where direct cooling took approximately 3 days to cool fruit to storage
temperature while gradual cooling took approximately 2 weeks to cool fruit to storage
temperature. Consistent cooling profiles and storage temperature across different grower
lines enables to relate the subsequent fruit data to the cooling rate and storage temperature.
Different possible coolchain scenarios were simulated in the laboratory. A break
in temperature control can occur in the supply chain during loading, transporting and the
lack of coolstore facilities in the marketplace. Since a standard curtain sider truck is used
to transport pallets of kiwifruit to the port for export and thus a break in temperature
control is likely to take place. Figure 3.7 demonstrates that the tray took an approximately
1 day to reach 8 °C and approximately 3 days to return to storage temperature (TB). This
replicates a break in temperature control in the coolchain as observed in industry (Figure
3.1). There is a possibility for kiwifruit to be shipped to countries in South East Asia or
Indian subcontinents, exposing fruit to high temperature and fluctuating humidity
environment. Without control of temperature and humidity, fruit can be easily exposed to
fluctuating humidity and high temperature environment. Figure 3.7 shows that the tray of
fruit took approximately 1 to 2 days to equilibrate to the desired temperature (HT) and
humidity environment (DH).
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3.3.2. At-harvest attributes
Fruit of different grower lines are exposed to different growing conditions and
vine management procedures such as girdling, fruit crop load, light manipulation
(Tombesi et al., 1993; Boyd & Barnett, 2011; Patterson & Currie, 2011) and thus
obtaining differences in at-harvest attributes. The at-harvest soluble solids content is used
as an indicator to estimate the fruit maturity in kiwifruit industry, where a minimum of
6.2 % is required for commercial clearance (Mitchell, 1990; Costa et al., 1997; Burdon et
al., 2013). Table 3.1 shows that all 3 grower lines were commercially mature, with a
soluble solids content of more than 6.2 °Brix, which is above the commercial clearance.
Although G3 has the lowest soluble solids content, the difference was large compared to
G1 and G2. Similarly, G1 has the lowest initial firmness but the difference was not
substantial compared to G2 and G3. No significant difference was observed in the dry
matter content across all 3 grower lines (Table 3.1).
Table 3.1: Average at-harvest attributes of kiwifruit from respective grower lines.
Each value represents the average initial firmness, soluble solids content and dry
matter content of fruit from a single tray or respective grower line. p-value < 0.05
represents a significant difference between grower lines. Different letters in
parentheses are statistically different at p = 0.05. NS denotes no significant
difference.

Factors
G1
G2
G3
pvalue
LSD0.05
n

Soluble
solids
content
(B0), °Brix
11.3
a
11.6
a
10.8
b

Dry matter
content
(Dm0), %

Firmness
(F0), N
44.2
51.6
51.2

a
b
b

18.2
18.4
17.9

0.015

< 0.001

0.193

0.61
36

4.26
36

NS
15
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3.3.3. Effect of cooling rate on kiwifruit quality during storage
A secondary rapid softening and a long gradual final phase are observed in the
softening curves of stored kiwifruit (Figure 3.8). An initial lag phase can occur at the
beginning of the softening curve during ripening. White et al. (2005) and Jabbar et al.
(2014) both have demonstrated that ‘Hayward’ kiwifruit displayed an initial lag phase
during the 6 to 9 days of ripening at 20 °C. However, the softening curves in this work
did not show an initial lag phase, which may be due to the measurement interval between
the first and second measurements being 21 days. Benge et al. (2000) also demonstrated
the absence of initial lag phase in the softening of ‘Hayward’ kiwifruit when stored at
0 °C.
The cooling rate of kiwifruit to 0 °C had an influence on fruit firmness in the
subsequent storage (p < 0.05, Figure 3.8). There was no effect of cooling rate on fruit
firmness before 120 d of storage. However, an accelerated decrease in fruit firmness was
observed in the long gradual softening phase, after 120 d of storage when ‘Hayward’
kiwifruit was directly cooled to 0 °C (Figure 3.8A). This accelerated decrease in fruit
firmness was not found in fruit that were gradually cooled to 0 °C, maintaining a firmness
of about 10 N after 120 d of storage. In addition, the accelerated softening in the long
gradual softening phase of direct cooled fruit was not observed when subsequently stored
at 2 °C (Figure 3.8B). This suggests that cooling rate affects the subsequent fruit firmness
when fruit are stored at 0 °C only.
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Figure 3.8: Effect of cooling profile on ‘Hayward’ kiwifruit softening at constant
storage conditions of 0 (A) and 2 (B) °C. The data set points represent the average
fruit firmness of 3 replicate growers of 36 fruit each (n = 108). Rotten fruit were
removed from population prior to analysis. Error bars displayed represent the
LSD0.05.
A possible reason for firmness maintenance in gradually cooled fruit is that slow
cooling may act as a period of acclimatisation, allowing fruit to build resistance to cold
temperature, similar to temperature conditioning (Burdon and Lallu, 2011). It was found
that applying temperature conditioning to kiwifruit (Yang et al., 2012; Yang et al., 2013),
grapefruit (McDonald et al., 1993) and avocados (Woolf et al., 2003) induces resistance
to low temperature and thus enhances fruit tolerance to chilling injury Consequently, the
accelerated softening in the gradual softening phase of directly cooled fruit may be a
result of the development of chilling injury. Previously, Lallu (1997) observed that shorter
cooling time to storage temperature resulted in higher incidence of chilling injured fruit
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while Yang et al. (2013) found that kiwifruit kept at 12 °C for 3 days before storage at
0 °C resulted in firmer fruit after 80 d of storage in comparison to directly cooled fruit.
Rapid increase in soluble solids content (SSC) was observed during the initial 50
d and reached a plateau for the remainder of the storage period at 0 and 2 °C (Figure 3.9).
Similar increases in SSC have been observed during storage at 0 °C previously (Boquete
et al., 2004; Ma et al., 2014). Cooling rates and storage temperature between 0 and 2 °C
had no influence on ‘Hayward’ kiwifruit soluble solid accumulation (p > 0.05).
When kiwifruit ripen, they behave as climacteric fruit (Beever & Hopkirk, 1990;
Mitchell, 1990). Often, a rise in respiration rate is observed for a short period, followed
by a slow decrease as the fruit soften. Yang et al. (2013) demonstrated an initial decline
in respiration rate within the first 10 d of storage at 0 °C, followed by a peak in respiration
rate at 40 d, and a subsequent decrease from 40 to 120 d. The results from this work show
that there was an initial decline in respiration rate during the first 50 d of storage with a
decrease till end of storage at 0 and 2 °C (Figure 3.10). However, a rise in respiration rate
was found after 120 d of storage when fruit were directly cooled and stored at 0 °C (Figure
3.10A).
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Figure 3.9: Effect of cooling profile on the accumulation of soluble solids in
‘Hayward’ kiwifruit at control storage conditions of 0 (A) and 2 (B) °C. The data set
points represent 3 replicate growers of 36 fruit (n = 108) for the first 5 measurements
and 10 fruit (n = 30) for the remaining storage period as indicated by the grey
vertical line. Rotten fruit were removed from population prior to analysis. Error
bars displayed represent the LSD0.05.
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Figure 3.10: Effect of cooling rate on ‘Hayward’ kiwifruit respiration rate at 0 (A)
and 2 (B) °C. The data set points represent 3 replicate growers of 10 fruit (n = 30).
Error bars displayed represent the LSD0.05.
Respiration rate can be used to indicate fruit metabolic activity. The respiration
rate of directly cooled fruit was higher compared to gradually cooled fruit during storage
(Figure 3.10A). The increase in respiration rate after 120 d of storage corresponds to the
time when directly cooled fruit become softer than gradually cooled fruit. It is unknown
if the increase in respiration rate observed after 120 d is a cause or effect of the accelerated
softening observed towards the end of storage for the directly cooled fruit. This result
may suggest that the fruit were undergoing chilling stress as fruit respiratory response can
be altered when under chilling stress. Respiration rate of chilling injured persimmon has
previously been found to be higher than non-chilling injured fruit (Macrae, 1987).
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The incidence of decay in direct cooled fruit was lower compared to gradually
cooled fruit (Table 3.2). Significant incidence of decay was only observed for directly
cooled fruit at the end of storage (Figure 3.11). Similarly, the incidence of fruit decay in
strawberry was found to be reduced with prompt cooling (Nunes et al., 2005). The growth
of pathogens that cause rot on fresh produce is temperature dependent, and thus it is
recommended to store fresh produce at low temperature. It is possible that the higher
incidence of rotten fruit in gradually cooled fruit is a result of the delay in cooling
allowing the pathogen to advance in development during this time. However, the longer
cooling period of gradually cooled fruit does not always lead to more rot development,
and in fact may allow fruit to build resistance against decay. A delay in packing and
cooling of kiwifruit for up to 7 days led in a lower incidence of subsequent rots
(Pennycook & Manning, 1992).
Table 3.2: Contingency table for the relationship of cooling rate on the incidence of
rotten fruit in ‘Hayward’ kiwifruit subsequently stored at 0 or 2 °C. Each count
represents the sum of 3 replicate grower lines across the storage period. Chi-square
= 34.57, df = 1, p < 0.001. Values in the parenthesis are contributions to chi square.
Cooling profiles Sound Rotten Total
2149
11
Direct cooling
2160
(0.249) (15.56)
2103
57
Gradual cooling
2160
(0.249) (15.56)
Total
4252
68
4320
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Figure 3.11: Effect of cooling rate on the incidence of rotten fruit in ‘Hayward’
kiwifruit subsequently stored at 0 or 2 °C. The data points represent incidence for 3
replicate growers of 36 fruit (n = 108). G2w,0 denotes gradual cooling to 0 °C, D3d,0
denotes direct cooling to 0 °C, G2w,2 denotes gradual cooling to 2 °C and D3d,2 denotes
direct cooling to 2 °C.
3.3.4. Effect of storage temperature on kiwifruit quality during storage
Storage temperature affects kiwifruit softening, where fruit stored at higher
temperature soften faster than in lower temperature (Hertog et al., 2004c; Schotsmans et
al., 2005). Results showed that fruit stored at 2 °C were softer than fruit stored at 0 °C
(Figure 3.12B). However, fruit that were direct cooled and stored at 0 °C became softer
than fruit stored at 2 °C during late storage period, after 150 d of storage (Figure 3.12A).
This result disagrees with the expectation that fruit stored at higher temperature will
soften faster. As proposed earlier the more rapid decrease in firmness during the late
storage period may be a result of chilling injury development. The risk of chilling injury
development in kiwifruit decreases with increasing storage temperature. Lallu (1997)
observed a significant reduction of chilling injured kiwifruit when stored at 2.5 °C
compared to 0 °C. Overall, storing ‘Hayward’ kiwifruit at 2 °C leads to softer fruit but it
may help to alleviate chilling injury development.
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Figure 3.12: Effect of storage temperature on ‘Hayward’ kiwifruit softening when
direct cooled (A) or gradual cooled (B) to storage temperature at 0 or 2 °C. The data
set points represent the average fruit firmness of 3 replicate growers of 36 fruit each
(n = 108). Rotten fruit were removed from population. Error bars displayed
represent the LSD0.05 at each time point.
Storage temperature did not influence the incidence of rotten fruit (Table 3.3).
Botrytis rot happens during cool storage and can spread easily to surrounding fruit with
contact (Brook, 1992). Fruit maturity, weather conditions in orchard and pre- and
postharvest handling operations are factors that influence rots infection in kiwifruit
(Brook, 1990; Hopkirk et al., 1990b). Good postharvest management, for instance, curing
of kiwifruit between temperature of 10 and 20 °C and relative humidity higher than 92%
for less than 3 days helps to control rot in kiwifruit, without losing fruit quality during
cool storage (Bautista-Baños et al., 1997).
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Table 3.3: Contingency table for the relationship of storage temperature on the
incidence of rotten fruit in ‘Hayward’ kiwifruit subsequently stored at 0 or 2 °C.
Each count represents the sum of 3 replicate grower lines across the storage period.
Chi-square = 0.54, df=1, p = 0.463. Values in parenthesis are contributions to chi
square.
Storage temperature Sound
0 °C
2 °C
Total

Rotten Total

2123
37
(0.004) (0.265)
2129
31
(0.004) (0.265)
4252
68

2160
2160
4320

3.3.5. Effect of break in temperature control on kiwifruit quality during
storage
A break in temperature control of 8 °C for 1 day after 9 weeks of storage did not
result in a significant difference on the fruit firmness (p > 0.05) (Figure 3.13). In apples,
it was found that a break of 1 d at 20 °C resulted in significant softening (East et al., 2008).
The small break in temperature of 8 °C for a day is lower in comparison to exposure to
the 20 °C for a day in apples studies and thus suggests that the exposed temperature is not
high enough to cause a significant impact on kiwifruit softening. Strawberries (cv. Sweet
Charlie) were considered unmarketable when exposed to fluctuating temperature regimes
which were encountered during handling operations (Nunes et al., 2003). Results
obtained also show that a break in temperature after 15 weeks of coolstorage have no
significant effect (p > 0.05) on the subsequent fruit firmness (Figure 3.13).
The current logistics chain between on-shore cool storage and port, which features
no active temperature management, appears to be appropriate for the kiwifruit industry.
However, kiwifruit is shipped over a range of maturities and after a range of lengths of
time in storage and the results gathered only represent two fruit conditions and thus need
to be treated with some caution.
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Figure 3.13: Effect of break in temperature control on the kiwifruit firmness after 9 or 15 weeks of storage at 0 (A, B, E and F) or 2 °C (C, D, G and
H). Fruit were either direct cooled (A, E, C and G) or gradual cooled (B, F, D and H) respectively. Data points represent the average fruit firmness of
3 growers of 36 fruit (n = 108). Rotten fruit were removed from population prior to analysis. Error bars displayed represent the LSD0.05.
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3.3.6. Effect of high temperature conditions on kiwifruit quality during
storage
Results demonstrated that exposing fruit to high temperature conditions after 10
weeks of storage has influenced the subsequent fruit firmness (Figure 3.14). Fruit exposed
to different temperature display different softening. However, a lag phase prior to more
rapid softening was observed when kiwifruit were exposed to 20 °C (Figure 3.14). This
lag phase is not observed when fruit were exposed to 25, 30 or 35 °C. Previously, White
et al. (2005) and Macrae et al. (1989) proposed that the presence of lag phase was
correlated to the time taken for fruit to be fully ripened. However, in this case, fruit
ripening has initated during the 10 weeks of storage at 0 °C before placing at elevated
temperature conditions. Therefore, in this case early fruit maturity does not explain the
lag phase that was reflected in the softening curve when exposed to 20 °C. The
mechanisms behind the observed lag phase are unknown. Nevertheless, there is a
possibility that the concentration of ethylene plays a part in regulating the transition
between the lag phase and rapid softening phases. Jabbar and East (2016) demonstrated
that exposing kiwifruit to exogenous ethylene concentration of 0.1 ȝL L-1 and above after
10 weeks of storage at 0 °C is able to initiate rapid softening in kiwifruit. Kiwifruit was
found to produce low level of ethylene when exposed to 20 °C after 60 days of storage at
0 °C for the first 3 days of exposure and subsequent producing high level of ethylene over
the remaining storage period at 20 °C (Antunes & Sfakiotakis, 2002b). Therefore, there
is a possibility that it took more than 3 days to accumulate more than 0.1 ȝL L-1 of ethylene
within the tray headspace in order to trigger rapid softening. This would possibly explain
the reason for the observed lag phase when exposed to 20 °C.
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Figure 3.14: Effect of high temperature exposure on kiwifruit firmness after 10
weeks of storage at 0 °C. The data points represent the average fruit firmness of 3
growers of 36 fruit (n = 108). Rotten fruit were removed from population prior to
analysis. Graph B represents the same data as graph A but focus on the late storage
period. Error bars displayed represent the LSD0.05.
Figure 3.14 shows that the softening rate of fruit stored at 35 °C was slower than
fruit stored at 20 to 30 °C. Similarly, many studies have demonstrated a decrease in the
softening rate of plums (Tsuji et al., 1984), pears (Maxie et al., 1974), avocados (Eaks,
1978), and tomatoes (Biggs et al., 1988) when continuously held at temperatures between
30 to 40 °C. During kiwifruit ripening, several biochemical reactions take place, altering
the fruit characteristic and physiology (Redgwell et al., 1990; Redgwell et al., 1997;
Brummell, 2006). There is a possibility that these biochemical reactions were affected
when exposed to 35 °C. The softening rate of ‘Royal Gala’ and ‘Cox’s Orange Pippin’
apples was observed to decrease when exposed to temperature between 24 and 35 °C,
which was suggested to be a result of the inactivation of enzymes that were directly or
indirectly involved in cell wall disassembly (Johnston et al., 2001). Many cell wall studies
on apples have found a higher proportion of insoluble pectin when apple were exposed to
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38 °C for 4 days, indicating that high temperature condition inhibits uronic acid
degradation (Klein & Lurie, 1990; Shalom et al., 1993b; Shalom et al., 1996).
3.3.7. Effect of storage humidity on kiwifruit quality during storage
Humidity affects fruit quality in terms of mass or water loss which leads to
shrivelling. Furthermore, humidity can affect fruit metabolism, accelerating fruit ripening
(Burdon et al., 1994; Wada et al., 2008). At coolstorage conditions, kiwifruit were packed
inside the polyliner and hence the humidity within the tray or pallet is usually at
approximately 100 %. When humidity inside the tray is measured throughout the supply
chain and it is consistently found to be maintained at more than 95 % (Bollen et al., 2013).
However, there is a possbility that the humidity will fluctuate when fruit are exposed to
high climate temperatures as driving force for water loss can be expontentially larger at
higher temperatures. Storage at different humidity conditions will affect the amount of
water loss and thus altering the turgor pressure which may affect the fruit firmess. Figure
3.15 shows that fruit firmness was not affected greatly when at 30 °C and 35 to 95 % RH.
Harker and Hallett (1994) found no obvious change in cell turgor pressure during fruit
ripening, suggesting that during ripening the cell wall becomes more plastic and elastic
and thus result in cell expansion rather than a change in turgor pressure. This may explain
why little differences in firmness was observed between various humidity conditions
(Figure 3.15). Furthermore, humidity was found to have little influence on fruit firmness
but had great impact on weight loss and Botrytis infection level in kiwifruit when stored
at three different humidity conditions ( 40-59%, 65-80% and 92-97%) for a week at 0 °C
(Bautista-Banos et al., 2000).
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Figure 3.15: Effect of humidity at 30 °C on kiwifruit firmness after 14 weeks of
storage at 0 °C. The data points represent the average fruit firmness of 3 growers of
36 fruit (n = 108). Rotten fruit were removed from population prior to analysis.
Graph B represents the same data as graph A but focus on the late storage period.
Error bars displayed represent the LSD0.05.
It is critical to select the correct technique to evaulate the effect of water loss on
fruit firmness as fruit firmness can be affected by changes in the structural cell wall
components or cell turgor pressure. Fruit firmness was measured using a penetrometer
and there is a possiblity that the penetrometer was unable to quantify the change in
firmness at different humidity conditions due to water loss. It was found that using an
invasive puncture test was unable to show the effect of humidity on ‘Tradiro’ tomato but
an non-invasive technique was able to demonstrate the effect of humidity on the rate of
softening (Hertog et al., 2004a). Acoustic firmness measurement was used to show the
increase in stiffness when apples were stored at high humidity conditions (De Belie et al.,
1999).
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3.4. Conclusion
The rate of cooling to storage temperature (direct or gradual), storage temperature (0
or 2 °C) and exposure to high temperature conditions (20, 25, 30, 35 °C) are all factors
that affect kiwifruit softening significantly. Development of chilling injury may be an
outcome of cooling kiwifruit directly to storage temperature at 0 °C. However, breaks in
temperature control and exposure to different humidity conditions at 30 °C did not
influence subsequent fruit firmness. When developing the mathematical model to predict
fruit softening, the model should be responsive to cooling rate, storage temperature and
high temperature exposure.
Factors such as storage temperature and rate of cooling to storage temperature have
been shown to affect the fruit firmness, possibly by inducing chilling injury during storage.
However, chilling injury was not mentioned or quantified in this work. Therefore, in the
next chapter more experiments are carried out to evaluate the incidence of chilling injured
fruit when storing fruit as influenced by storage temperature (0 and 2 °C) and rate of
cooling to storage temperature. The effect of maturity on chilling injury development and
fruit firmness will be investigated in the next chapter. Understanding the effect of storage
temperature and cooling rates on the incidence of chilling injury will benefit in the
development of mathematical model to predict the softening curve.
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4. Factors influencing development of chilling injury in ‘Hayward’
kiwifruit during coolstorage (*)
4.1. Introduction
Chilling injury can develop in fruit when stored at low temperature, above freezing
temperature. Chilling injury occurs in peaches (Crisosto et al., 1999), orange (Henriod et
al., 2005), banana (Pantastico et al., 1968) and pears (Yan et al., 2013). Previously,
incidence of chilling injury development in kiwifruit was found to be lower when fruit
were stored at higher storage temperature or took a longer time to cool fruit to 0 °C (Lallu,
1997; Lallu & Webb, 1997). Besides storage conditions, fruit maturity at harvest can
influence development of chilling injury with incidence previously found to be higher in
early harvest kiwifruit (Koutsoflini et al., 2013). In order to predict storage quality, the
effect of these factors on promoting chilling injury development is required.
The symptoms of chilling injury are dependent on the type of fruit. In ‘Hayward’
kiwifruit symptoms include the development of a ring or patch of granular, water soaked
tissue along the outer pericarp, and formation of diffuse pitting along with the
development of a dark scald-like appearance on the skin (Lallu, 1997; Bauchot et al.,
1999; Antunes & Sfakiotakis, 2002a; Burdon et al., 2007). There is a similarity between
symptoms of chilling injury and over ripening and thus make it difficult to identify
whether excessive softening is caused by chilling injury or senescence. The development
of chilling injury is usually caused by oxidative stress from excess reactive oxygen
species (ROS) which subsequently damage the cell membrane (Hodges et al., 2004;
Antunes & Sfakiotakis, 2008). The loss of cell membrane structure may be the possible
mechanism for the water soaked appearance found. Bauchot et al. (1999) suggested that
grainy tissue found along the outer pericarp of a chilling injured kiwifruit is associated

(*) This chapter is summarised in the material published in the paper:
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with the presence of gas bubbles with a decreasing trend in bulk porosity of the cell wall
with increased severity observed.
There are several postharvest techniques that are adopted to reduce the development
of chilling injury in fruit. Commonly used techniques include chemical treatment such as
ethoxyquin or squalene dipping (Wang & Baker, 1979; McDonald et al., 1993),
temperature conditioning (Nakamura et al., 1985; Yang et al., 2012) and intermittent
warming (Biswas et al., 2012; Biswas et al., 2016). Exposing ‘Hayward’ kiwifruit to
temperature conditioning of 3 days at 12 °C alleviated chilling injury development due to
increased antioxidant enzyme activity and maintaining high levels of endogenous
hormones (Yang et al., 2013). Temperature conditioning was found to supress the
increment in sterol to phospholipid ratio, increase the degree of unsaturation in membrane
fatty acids, maintain high level of phospholipids content in membranes and enhance other
factors that contribute to lower the development of chilling injury (Wang, 1994).
The industry inserts temperature loggers in pallets to monitor the temperature
throughout the coolchain, identifying several different cooling profiles and storage
temperatures (Bollen et al., 2013). Harvested fruit are cooled to different storage
temperatures based on the respective packhouse cooling capacity and practices. A
difference in storage temperature may potentially be explained by positional and temporal
temperature variation within industrial coolrooms (East et al., 2016). Positional variations
occur as fruit located near the evaporator air flow are exposed to cooler temperatures than
fruit located at other locations.

Results from chapter 3 suggested the possibility of chilling injury development in
‘Hayward’ kiwifruit when cooled directly to storage temperature at 0 °C, observed as a
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faster rate of softening during the later storage period (Figure 3.8). This chapter will focus
on further investigating and quantifying chilling injury development in association with
cooling rate in particular. A series of different coolchain scenarios were applied to fruit
after harvest across different fruit maturities to further investigate the influence on fruit
firmness and chilling injury development. Mathematically describing the occurrence of
chilling injury development during coolstorage will aid in the development of a predictive
model for kiwifruit quality during storage given time-temperature information, since
chilling injury development affects fruit storability.

4.2. Materials and methods
4.2.1. Fruit source
Approximately 400 trays of commercially produced ‘Hayward’ kiwifruit from the
Bay of Plenty region were harvested on three separate occasions. Fruit were harvested at
2 week intervals from the same 3 grower lines in order to represent early, mid and late
maturity fruit. Fruit of approximately count size 30 were harvested from orchard, packed
in single layer trays (without polyethylene polyliner) and delivered to Massey University,
Palmerston North. A closed curtain truck without temperature control was used to
transport fruit from orchard to Massey University. The temperature during transport was
monitored with 2 iButton data loggers recording at 15 minutes intervals. The early
maturity fruit were delivered on 29th April 2013, mid maturity fruit were delivered on
13th May 2013 and late maturity fruit were delivered on 27th May 2013 to Massey
University.

Upon arrival, the pallet of fruit was kept in a room without temperature control
(but with temperature monitoring) to continue curing overnight. On the following day,
polyliners were added to each tray and each tray was randomly labelled to individual
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treatment (coolchain simulation) and subsequent measurement timing. For each grower
line, maturity and treatment condition combinations, 22 trays were used.
4.2.2. Coolchain simulation
Trays of fruit were exposed to different cooling profiles consisting of 4 different
cooling methods; rapid (R), direct (D), gradual (G) or combination of rapid and gradual
(C) cooling and 2 subsequent storage temperatures of 0 or 2 °C (Figure 4.1). Rapid
cooling was accomplished by placing the trays of fruit in a pallet scale pre-cooler that
was set up in a cool room at 0 °C (O’Sullivan et al., 2016). The pre-cooler cooled the fruit
rapidly to 0 °C within 12 h. Fruit were subsequently stored at either 0 (R12h,0) or 2 °C
(R12h,2). Direct cooling was achieved by placing the trays of fruit into a cool room set at
0 °C and cooled using a room cooling technique (D3d,0). Fruit were cooled in cool room
by stacking 20 to 24 trays in a single vertical column. Gradual cooling was established
by placing trays of fruit into a cool room initially at 16 °C with the set point temperature
decreasing to 0 °C (at a rate of 1-2 °C per day) over a period of 2 weeks and subsequently
stored at 0 °C (G2w,0). A combination of rapid and gradual cooling was attained by placing
the fruit in a pre-cooler to cool the fruit to 10 °C within 12 h, follow by a gradual cooling
to 0 (C1w,0) or 2 °C (C1w,2) within 1 week. Once cooled, all the trays of fruit remained in
a cool room set at 0 ± 1 or 2 ± 1 °C and 95 ± 5% RH respectively for up to 25 weeks.
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Figure 4.1: The proposed cooling profiles to cool fruit to storage temperature at 0
or 2 °C. R12h,0 refers to rapidly cooled to 0 °C within 12 h, R12h,2 refers to rapid
cooling to 2 °C within 12 h, D3d,0 refers to direct cooling to 0 °C within 3 d, G2w,0
refers to gradual cooling to 0 °C within 2 w, C1w,0 refers to rapid cooling to 10 °C
within 12 h followed by slow cooling to 0 °C within 1 w, C1w,2 refers to rapid cooling
to 10 °C within 12 h followed by slow cooling to 2 °C within 1 w.
The temperature and humidity of the cool room and air inside the fruit tray were
monitored using iButton data loggers (DS1923, Maxim Integrated, USA) throughout the
cooling and storage period. Two data loggers were used per grower, maturity and
treatment combination. The data loggers were placed at the centre of the fruit tray,
beneath the polyliner and thus measured the air temperature inside the tray. The tray that
contained the data logger was located at the centre of the stacked column during cooling
and storage. Temperature and humidity were recorded at 15 minutes intervals.
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4.2.3. Fruit assessment
Measurements to assess fruit quality (firmness, occurrence and severity of chilling
injured fruit, and incidence of rotten fruit) were conducted at fortnightly intervals for the
first 60 days (0, 18, 32, 46 and 60 days), and later 3 weeks intervals until 25 weeks of
storage (81, 109, 130, 151 and 172 days). The fruit measurements were conducted with a
sample size of 30 fruit (a single layer tray) for the first 6 measurement days and 90 fruit
(3 single layer trays) for the remaining 4 measurement days.
4.2.3.1.
Initial dry matter and soluble solids content
Initial soluble solids content (SSC) was measured using a pocket refractometer
(PAL-1, Atago, Tokyo, Japan). SSC was expressed as a percentage on the Brix scale. SSC
readings were calculated based on an average of 30 fruit for early maturity fruit and 20
fruit for mid and late maturity fruit. Dry matter (DM) was measured by slicing a 2 to 3
mm thick equatorial slice from the fruit and placing it on a weighed petri dish. The slices
were placed in food dehydrator (3000 series, Excalibur, California, USA) at 60 to 65 °C
overnight. DM was calculated by the percentage of the dry weight over fresh weight. Petri
dish and fruit slices were weighed using a weighing balance with 0.001 g accuracy
(Mettler PG-503S, Toledo, Switzerland).
4.2.3.2.
Occurrence and severity of chilling injury
Incidence of chilling injury was assessed visually by inspecting for symptom
development on the outer pericarp after conducting a single equatorial slice. The
symptoms include grainy tissue and a water soaked ring along the outer pericarp (Figure
4.2). The incidence of chilling injury was calculated as a percentage of the total fruit
population (90 fruit per grower), with no distinction made for the severity of chilling
injury symptoms.
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Figure 4.2: Example of severity of chilling injury found along the outer pericarp of
‘Hayward’ kiwifruit. Grainy tissue and water soaked appearance were identified as
symptoms of chilling injury. Severity increases from left to right across the figure.
Red arrow indicates the chilling injury symptoms.
4.2.3.3.
Decay incidence
Decay incidence was assessed visually by inspecting for symptoms of rots
which developed on the side or stem end (Figure 3.5). The incidence of decay was
calculated as a percentage of the total fruit population (30 or 90 fruit per grower). The
water soaked appearance observed along the outer pericarp of a chilling injured fruit is
different compared to a severely rotten fruit (Figure 4.3) and thus the ability to
differentiate a rotten fruit from a chilling injury fruit is important and achievable.
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Figure 4.3: The comparison between a fruit with chilling injury symptom (left) and
a rotten fruit (right).
4.2.3.4.
Fruit firmness
Kiwifruit were equilibrated to 20 °C overnight before measurement. A
penetrometer (QALink Willowbank Electronics Ltd., Napier, New Zealand), fitted with
a standard 7.9 mm round Effegi probe and interfaced to a computer was used. A 2 mm
slice of skin was removed from an equatorial region before measurement. The probe was
set to penetrate the flesh to a depth of 8 mm at 20 mm s-1 with the minimum measurement
being 1 N. The penetrometer was sent to Willowbank Electronics Ltd for calibration
before the start of the experiment. Two measurement locations perpendicular to each
other were used for each fruit. Fruit firmness readings were calculated based on an
average of 30 fruit for the first 6 measurements and 90 fruit for the remaining 4
measurements. Rotten fruit were removed from the population when measuring the fruit
firmness.
4.2.3.5.
Statistical analysis
The experiments were conducted using a complete random design, with each
grower line representing a replicate. Fruit firmness statistical analysis was performed
using Minitab Version 15 (Minitab Inc, State College, PA, USA). Data were subjected to
a General Linear Model, at each time with storage treatment, fruit maturity and grower
as fixed factors. Comparison of means was undertaken using Tukey’s test at p  0.05. The
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Anderson-Darling test was used to perform a normality test on sample populations. Chisquare analysis was used to analyse the significance of the incidence count of chilling
injured fruit data.

4.3. Results
4.3.1. Cooling profiles achieved
Replicating coolchain scenarios in the laboratory and consistently for three
different fruit timings is a challenge. Prior to arrival at the laboratory, the fruit were
exposed to a differing fluctuating temperature environment during transportation and
overnight curing. In particular, fruit of later maturity (M3) were harvested at significantly
lower ambient temperature (6 to 10 °C) in comparison to the previous harvests (14 to
26 °C) during this phase (Figure 4.4).
The cooling process subsequent to this period was replicated with care to ensure
that fruit across different maturities were exposed to similar cooling profiles. This was
achieved by strict temperature control and monitoring. Figure 4.4 shows the different
cooling profiles applied to the 3 different fruit maturities. Consistent cooling profiles and
storage temperature across different fruit maturities allows relating the subsequent fruit
quality data to the cooling profiles and storage temperatures.
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Figure 4.4: Cooling profiles designed and created for 6 different coolchain scenarios.
M1, M2 and M3 denote the 3 respective fruit maturities (early, mid and late). The
black solid line refers to the designed temperature profiles found in Figure 4.1.
Temperature data prior to the vertical dashed line refers to temperature data
collected during transport and curing process while the temperature data after the
vertical dashed line refers to the cooling and storage temperature data. R12h,0 refers
to rapidly cooled to 0 °C within 12 h, R12h,2 refers to rapid cooling to 2 °C within 12
h, D3d,0 refers to direct cooling to 0 °C within 3 d, G2w,0 refers to gradual cooling to
0 °C within 2 w, C1w,0 refers to rapid cooling to 10 °C within 12 h followed by slow
cooling to 0 °C within 1 w, C1w,2 refers to rapid cooling to 10 °C within 12 h followed
by slow cooling to 2 °C within 1 w.
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4.3.2. At-harvest fruit attributes
Initial dry matter content (Dm0) differed between grower lines (p < 0.05; Table
4.1). G1 had the highest dry matter content while G3 was the lowest. Fruit of different
grower lines are exposed to different growing conditions and vine management
procedures (e.g. girdling, fruit crop load, light manipulation) and thus result in differences
in fruit dry matter content (Tombesi et al., 1993; Boyd & Barnett, 2011; Patterson &
Currie, 2011). Dry matter content also varied with fruit maturity, with the early harvest
having less dry matter (Table 4.1). This result conflicts with Costa et al. (1997) who found
no significant difference between dry matter content of fruit harvested on 3 different
occasions. Variation in dry matter content is commonly observed between orchards and
locations (Woodward & Clearwater, 2011).
Kiwifruit from three different growers were harvested every 2 weeks throughout
the season and thus achieved fruit of very different maturities. This maturity change is
clearly demonstrated in the initial soluble solids content (B0) data (Table 4.1). Over the 4
weeks from early to late maturity, SSC increased from 5.5 to 11.1 °Brix. The at-harvest
soluble solids content is used as a harvest index in the kiwifruit industry, where a
minimum of 6.2 % is required for commercial clearance (Mitchell, 1990; Costa et al.,
1997; Burdon et al., 2013). Fruit of early maturity for all grower lines had an average
SSC of less than 6.2 %, indicating that they were not yet commercially mature. Grower
line 3 (G3) consistently displayed the lowest initial soluble solids content (B0). Variation
in soluble solids content (B0) across fruit maturity was observed to be greater than across
grower line, suggesting that fruit maturity has greater influence on soluble solids content
compared to grower line effect.
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Table 4.1: Average at-harvest attributes of kiwifruit from 3 grower lines harvested
at 3 different maturity stages. Different letters in parentheses are statistically
different at p =0.05. NS denotes no significant difference.
Dry matter
(Dm), %

Factors

Fruit maturity

17.9

b

5.5

c

79.2

a

Mid

18.5

a

7.5

b

75.8

b

Late

18.4
a
0.002
0.5
60
19.2
a
18.2
b
17.3
c
< 0.001
0.5
60
18.4
b
18.2
b
17.1
c
19.6
a
18.3
b
17.6
bc
19.8
a
18.1
bc
17.3
bc
0.035
1.1
20

11.1
< 0.001
0.5
60
8.5
8.1
7.5
< 0.001
0.5
60
6.1
5.4
5.1
7.6
7.9
7.1
11.8
11.0
10.3
0.194
NS
20

a

56.0
c
< 0.001
2.8
90
66.9
b
72.9
a
71.3
a
< 0.001
2.8
90
76.2
b
82.8
a
78.7
a
75.1
b
75.3
b
77.1
ab
49.5
d
60.6
c
58.0
c
0.003
6.4
30

G1
G2
G3

p-value
LSD0.05
n
Early
Fruit
maturity
x
Grower
line

Mid

Late
p-value
LSD0.05
n

Fruit firmness
(F0), N

Early

p-value
LSD0.05
n
Grower line

Soluble solids
content (B0), °Brix

G1
G2
G3
G1
G2
G3
G1
G2
G3

a
a
b

A maturity effect on fruit firmness was also evident, with more mature fruit being
softer (p < 0.05, Table 4.1), agreeing with observations from previous studies (Macrae et
al., 1989; Costa et al., 1997). Grower line also influenced initial firmness with G1 being
generally less firm, although this was not the case for the mid maturity harvest (Table
4.1).
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4.3.3. Chilling injury development during storage
Storage treatment (Table 4.2), fruit maturity (Table 4.3) and grower line (Table
4.4) were each assessed to determine the relationship with incidence of chilling injury.
Chilling injury was first observed after 130 d of storage, with incidence increasing
considerably to 172 d of storage (Figure 4.5). On an average incidence of chilling injury
was 1.3 % at 130 days, 3.5 % at 151 days and 7.3 % at 172 days. Storage conditions had
a dramatic influence on incidence of chilling injury (Table 4.2). Fruit exposed to rapid
(R12h,0) or fast (D3d,0) cooling to 0 °C displayed higher incidence of chilling injured fruit
compared to fruit exposed to slow (G2w,0 and C1w,0) cooling to 0 °C (Figure 4.5). After
172 d of storage, incidence of chilling injury in R12h,0 and D3d,0 averaged 16.8 % and 17.2 %
respectively while G2w,0 and C1w,0 averaged just 2.6 % and 5.9 % respectively. This result
clearly demonstrates that cooling rate to storage temperature at 0 °C plays a significant
role in the subsequent incidence of chilling injured fruit.
Treatments stored at 2 °C had the lowest incidence of chilling injury, irrespective
of the cooling profile used to reach this temperature. Fruit exposed to similar cooling
profiles but stored at different temperature (R12h,0 vs R12h,2 and C1w,0 vs C1w,2) resulted in
substantial chilling injury differences, demonstrating that storing fruit at 2 °C rather than
0 °C alleviates chilling injury development (Figure 4.5). Incidence of chilling injury in
R12h,0 (16.8 %) reduced to just 0.9 % when stored at 2 °C (R12h,2). Similarly, incidence of
chilling injury in C1w,0 (5.9 %) was lowered to 0.5 % when fruit were stored at 2 °C (C1w,2).
The results provide further evidence that the rate of cooling fruit to storage
temperature and the subsequent storage temperature influence the development of chilling
injury. These results coincide with the findings of Lallu (1997) solidifying the evidence
that temperature conditions have an effect on chilling injury development in kiwifruit.
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Therefore, the time temperature information available is a useful set of data that may aid
in the estimation of the development of chilling injury in subsequent storage.
Table 4.2: Contingency table for the relationship of storage treatment on incidence
of chilling injured fruit after 172 d of storage. Data is pooled from 3 grower lines
across 3 maturities. Assessment of chilling injury was made after 172 d of storage.
Chi-square = 357.8, df = 5, p < 0.001. Values in parenthesis are contributions to chi
square. R12h,0 refers to rapidly cooled to 0 °C within 12 h, R12h,2 refers to rapid
cooling to 2 °C within 12 h, D3d,0 refers to direct cooling to 0 °C within 3 d, G2w,0
refers to gradual cooling to 0 °C within 2 w, C1w,0 refers to rapid cooling to 10 °C
within 12 h followed by slow cooling to 0 °C within 1 w, C1w,2 refers to rapid cooling
to 10 °C within 12 h followed by slow cooling to 2 °C within 1 w.

Storage treatments Sound fruit Chilling injured fruit Total

R12h,0
R12h,2
D3d,0
G2w,0
C1w,0
C1w,2
Total

674

136

(7.86)
803

(99.78)
7

(3.62)

(46.0)

671
(8.49)
789
(0.17)

139
(107.72)
21
(24.62)

762

48

(0.17)

(2.11)

806
(4.05)
4505

4
(51.44)
355

810
810
810
810
810
810
4860

Fruit of late maturity had higher incidence of chilling injured fruit compared to
fruit of early or mid-maturity after 172 d of storage (Figure 4.5; Table 4.3). At 172 d,
early and mid-maturity fruit exposed to rapid cooling to 0 °C (R12h,0) averaged 10.0 %
and 14.1 % respectively while late maturity fruit incidence was 26.3 %. This increase in
incidence of chilling injury for late maturity fruit was observed consistently in all storage
treatments at 172 d of storage (Figure 4.5). Overall, the difference in chilling injury
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incidence caused by maturity were significant with the high incidence for late maturity
fruit contributing most to the Chi-squared statistic (Table 4.3). Koutsoflini et al. (2013)
found that kiwifruit of early maturity increased the incidence of chilling injury
development which conflicts with the result obtained.
Table 4.3: Contingency table for the relationship of fruit maturity on incidence of
chilling injured fruit after 172 d of storage. Data is pooled from 3 grower lines across
each maturity. Assessment of chilling injury was made after 172 d of storage. Chisquare = 68.4, df = 2, p < 0.001. Values in parenthesis are contributions to chi square.

Fruit maturity Sound fruit Chilling injured fruit Total

Early
Mid
Late
Total

1547

73

(1.369)
1526

(17.367)
94

(0.394)

(5.004)

1432
(3.232)
4505

188
(41.015)
355

1620
1620
1620
4860

Fruit from G2 had the highest incidence of chilling injured fruit compared to fruit
from G1 and G3 after 172 d of storage (Table 4.4). Based on the at-harvest soluble solids
content, G3 was observed to be the least mature fruit (i.e. low SSC) followed by G2 and
G1 (Table 4.1). Based on previous analysis, late maturity fruit had a significantly higher
incidence of chilling injury while early maturity fruit had lower incidence of chilling
injury. Hence it would seem that Table 4.3 and Table 4.4 provide a pair of contradictory
results, in terms of maturity effect (at least defined by SSC) on chilling injury
susceptibility. Other measures of maturity, dry matter and initial firmness (Table 4.1)
offer no further explanation.
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Table 4.4: Contingency table for the relationship of grower line on incidence of
chilling injured fruit after 172 d of storage. Data is pooled from 3 fruit maturities.
Assessment of chilling injury was made after 172 d of storage. Chi-square = 20.5, df
= 2, p < 0.001. Values in parenthesis are contributions to chi square. G1, G2 and G3
refers to grower 1, 2 and 3 respectively.

Grower line Sound fruit Chilling injured fruit Total

G1
G2
G3
Total

1504

116

(0.004)
1467

(0.046)
153

(0.8)

(10.156)

1534
(0.696)
4505

86
(8.835)
355

1620
1620
1620
4860
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Figure 4.5: Incidence of chilling injured fruit as influence by storage time, storage
conditions and fruit maturity. Storage condition code refers to the conditions
described in Figure 4.4. R12h,0 refers to rapidly cooled to 0 °C within 12 h, R12h,2
refers to rapid cooling to 2 °C within 12 h, D3d,0 refers to direct cooling to 0 °C within
3 d, G2w,0 refers to gradual cooling to 0 °C within 2 w, C1w,0 refers to rapid cooling
to 10 °C within 12 h followed by slow cooling to 0 °C within 1 w, C1w,2 refers to rapid
cooling to 10 °C within 12 h followed by slow cooling to 2 °C within 1 w. The data
represents the proportion of chilling injured fruit found across 3 grower lines (n =
270).
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4.3.4. Fruit firmness during storage
In general, fruit maturity was found to have an effect on at-harvest fruit firmness
and soluble solids content, while at-harvest dry matter was more influenced by grower
line (Table 4.1; Appendix 1). Factors of grower line, maturity, storage treatment and
storage period were analysed statistically to determine the effect on fruit firmness during
storage (Table 4.5). Not surprisingly, storage period dominated the effect on firmness
given this represents the softening expected during storage. Given the dominance of
storage period on firmness, later analysis of treatments effect was conducted each storage
time (Section 4.2.3.5). Beyond storage period, all other factors also had a significant
effect on the fruit firmness in subsequent storage (p < 0.05). However, grower line
differences explained the least of the variability (lowest SS) in the firmness data.
Subsequently in order to simplify the data explanation and focus on the main effects, the
results were presented with grower line data pooled.
Table 4.5: ANOVA table displaying the sum of square (SS), mean square (MS), F
and P value of respective factors that were considered to have an effect on fruit
firmness during storage. P < 0.001 represents a significant effect on fruit firmness.
Factors

DF

Seq SS

Adj SS

Adj MS

F

P

Grower line
2
3137
2758
Fruit maturity
2
251248 252183
Storage treatment 5
116048 117881
Storage period
9 7532167 7532167
Error
201 1588823 1588823
Total
209 9491423

1379
126091
23576
836907
55.00

25
2293
429
15216

0.000
0.000
0.000
0.000

Supply chain temperature profiles had a significant effect on fruit firmness (p <
0.05, Figure 4.6). Fruit exposed to rapid or fast cooling to storage temperature (R12h,0 &
D3d,0) were firmer than fruit cooled slowly to storage temperature (G2w,0 & C1w,0) during
the first 100 d of storage. However, fruit exposed to these cooling treatments (R12h,0 &
D3d,0) were softer than slow cooled (G2w,0 & C1w,0) fruit after 150 d of storage (Figure 4.6).
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This more rapid softening of fast cooled fruit mimics the results observed in previous
season (Figure 3.8). Fruit exposed to similar cooling methods but stored at 2 °C were
softer than fruit stored at 0 °C before 150 d of storage (Figure 4.6). However, Figure 4.6
shows that towards the late storage period (after 150 d) fruit stored at 0 °C and rapidly
cooled (R12h,0 & C1w,0) had similar firmness as fruit stored at 2 °C (R12h,2 & C1w,2).
Storage temperature is expected to influence fruit softening, with fruit softening
being faster when stored at higher temperature (Hertog et al., 2004c; Schotsmans et al.,
2005). Results observed in the early storage period are in agreement with this expectation
as the 2 °C increase in storage temperature accelerating softening, causing fruit to reach
10 N threshold faster. However, during the gradual softening phase (i.e. >75 d of storage)
fruit being stored at 0 °C (and previously cooled rapidly, R12h,0 and D3d,0) are observed to
soften faster than fruit stored at 2 °C (Figure 4.6). The result contradicts the expected
influence of temperature on rate of softening as 0 °C stored fruit are softening at a faster
rate than 2 °C fruit. Our hypothesis remains that this more rapid softening observed at
0 °C is a result of a proportion of these fruit developing chilling injury (Figure 4.5).
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Figure 4.6: Softening of kiwifruit harvested at different maturity as influenced by
supply chain temperature conditions. Solid lines represent fruit stored at 0 °C
whereas long dashed lines represent fruit stored at 2 °C. Key refers to supply chain
temperature conditions as provided in Figure 4.4. R12h,0 refers to rapidly cooled to
0 °C within 12 h, R12h,2 refers to rapid cooling to 2 °C within 12 h, D3d,0 refers to
direct cooling to 0 °C within 3 d, G2w,0 refers to gradual cooling to 0 °C within 2 w,
C1w,0 refers to rapid cooling to 10 °C within 12 h followed by slow cooling to 0 °C
within 1 w, C1w,2 refers to rapid cooling to 10 °C within 12 h followed by slow cooling
to 2 °C within 1 w. Each data point represents the average firmness of fruit from 3
growers (n=90 for first 6 data points and n=270 for the remaining data points). Error
bars displayed represent the LSD0.05 at each time point. Graphs D to F represent the
same data as A to C but focus on the late storage period (> 75 d of storage).
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4.4. Discussion
4.4.1. Fruit maturity and grower line differences on kiwifruit quality
Kiwifruit were harvested from 3 different orchards at 3 different maturities (Table
4.1). Jabbar et al. (2014) demonstrated grower line differences on subsequent softening
of ‘Hayward’ kiwifruit. At-harvest attributes are used to describe fruit maturity. Fruit of
early maturity had higher firmness and lower soluble solids content in comparison to fruit
of late maturity (Table 4.1). Fruit of early harvest were firmer in the first 100 d of storage
(Figure 4.7) and subsequently become softer at the end of storage period (Figure 4.8),
suggesting that early maturity fruit have poorer storability than late maturity fruit. The
result observed a larger magnitude of firmness change in early maturity fruit than in late
maturity fruit during the early storage period (< 100 d of storage; Figure 4.7). Previously,
Costa et al. (1997) found that fruit harvested earlier were firmer at harvest and during
early storage (< 60 d of storage) but became softer towards end of storage period (> 100
d of storage) compared to fruit harvested later. Similarly, Mitchell et al. (1992) found that
fruit of late maturity were found to be the most firm after 6 months of storage.
Koutsoflini et al. (2013) proposed that early fruit maturity increases the incidence
of chilling injury development in ‘Hayward’ kiwifruit due to a lack of acclimatisation to
cool temperatures. Similarly, least advanced (i.e. early maturity fruit) ‘Hort16A’ kiwifruit
were found to be more susceptible to chilling injury development but no clear minimum
or maximum thresholds was identified across all orchards (Burdon et al., 2014b). In this
work, fruit of late maturity were found to have a higher proportion of chilling injured fruit
(Figure 4.5; Table 4.3) in comparison to early maturity fruit, conflicting with the findings
found by Koutsoflini et al. (2013) and Burdon et al. (2014). However, advancement of
fruit ripening after harvest was also proposed to increase the susceptibility of fruit to
chilling injury (Koutsoflini et al., 2013). In this work, late maturity kiwifruit were more
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advanced in ripening at harvest (i.e. lower firmness and higher soluble solids content)
than early and mid-maturity fruit (Table 4.1) and hence this advancement in maturity may
increase the susceptibility to chilling injury development. At-harvest soluble solids
content can be used to estimate fruit maturity and thus G3 was observed to be the least
mature followed by G2 and G1 (Table 4.1). However, the incidence of chilling injury was
not found to increase between grower lines in this order (i.e. from G3 to G1; Table 4.4)
demonstrating that using soluble solids content (°Brix) as a maturity indices alone is not
indicative of chilling sensitivity. Additionally, Burdon et al. (2014) proposed that using
at-harvest attributes such as flesh colour, soluble solids content, firmness and dry matter
content were not convincible to predict the susceptibility of chilling injury in ‘Hort16A’
kiwifruit.

77

Chapter 4: Factors influencing development of chilling injury in ‘Hayward’ kiwifruit during coolstorage

A

B

C

80

60

Fruit firmness, N

Early
Mid
Late

Early
Mid
Late

Early
Mid
Late

40

20

0

D

80

E

F

60

Early
Mid
Late

Early
Mid
Late

Early
Mid
Late

40

20

0
20

25

30

35

40

45

20

25

30

35

40

45

20

25

30

35

40

45

ISO week

Figure 4.7: Softening of kiwifruit harvested at different maturity during storage in
six different supply chain conditions. (A – F) represents treatments R12h,0, R12h,2,
D3d,0, G2w,0, C1w,0 or C1w,2 respectively as described in Figure 4.4. R12h,0 refers to
rapidly cooled to 0 °C within 12 h, R12h,2 refers to rapid cooling to 2 °C within 12 h,
D3d,0 refers to direct cooling to 0 °C within 3 d, G2w,0 refers to gradual cooling to 0 °C
within 2 w, C1w,0 refers to rapid cooling to 10 °C within 12 h followed by slow cooling
to 0 °C within 1 w, C1w,2 refers to rapid cooling to 10 °C within 12 h followed by slow
cooling to 2 °C within 1 w. Each data point represents the average firmness of fruit
from 3 growers (n=90 for first 6 data points and n=270 for the remaining data
points). Rotten fruit were removed prior to analysis. Data is an alternative
representation of the same data provided in Figure 4.6.
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Figure 4.8: Softening of kiwifruit harvested at different maturity during storage in
six different supply chain conditions, focusing on the storage period (> 36 ISO week).
(A – F) represents treatments R12h,0, R12h,2, D3d,0, G2w,0, C1w,0 or C1w,2 respectively as
described in Figure 4.4. R12h,0 refers to rapidly cooled to 0 °C within 12 h, R12h,2
refers to rapid cooling to 2 °C within 12 h, D3d,0 refers to direct cooling to 0 °C within
3 d, G2w,0 refers to gradual cooling to 0 °C within 2 w, C1w,0 refers to rapid cooling
to 10 °C within 12 h followed by slow cooling to 0 °C within 1 w, C1w,2 refers to rapid
cooling to 10 °C within 12 h followed by slow cooling to 2 °C within 1 w. Each data
point represents the average firmness of fruit from 3 growers (n=90 for first 6 data
points and n=270 for the remaining data points). Rotten fruit were removed prior
to analysis. Data is an alternative representation of the same data provided in Figure
4.6 and Figure 4.7.
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4.4.2. Influence of chilling injury on firmness measurement
Should the development of chilling injury significantly influence firmness then
this potentially could be observed through the development of a non-normal distribution
of firmness within a single population, as the chilling injury development is speculated to
result in simultaneously softening fruit more rapidly. In this experiment, the data collected
at 172 d from the R12h,0 treatment were used to plot a histogram and assess normality for
each maturity and grower line combination. Figure 4.9 shows a single distribution fit,
describing the distribution as normal (p > 0.05) in 8 of 9 occasions. Although 8 of the 9
populations were found to be normally distributed, the sub-population of chilling injured
fruit were all observed to occupy the lower range of firmness in every population (< 10
N; Figure 4.9). A normal distribution fit suggests that chilling injured fruit may be soft
but are not considerably distinguishable from a normal soft fruit by using penetrometer
firmness measurement. Subsequently visual assessment on the cross section area of the
fruit is required to identify chilling injury symptoms (Figure 4.2) and thus differentiate a
chilling injured fruit from a normal soft fruit. Given that chilling injured fruit were unable
to be differentiated from normal soft fruit by fruit firmness (Figure 4.9) repacking, sorting
or even documenting chilling injury incidence of fruit in commercial coolchain is difficult.
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Figure 4.9: Histograms of fruit firmness as influenced by grower line (G1, G2 and
G3) and maturity after 172 days of storage and exposure to the R12h,0 cooling profile.
R12h,0 refers to rapidly cooled to 0 °C within 12 h. Each histogram contains 90 fruit
from the respective grower line. Rotten fruit were removed from the population. An
Anderson-Darling p-value < 0.05 refers to a population that is not normally
distributed.
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The percentage of chilling injured fruit found in those that were fast (D3d,0) or
rapid (R12h,0) cooled to 0 °C were notably higher compared to fruit slowly cooled (G2w,0
& C1w,0) to 0 °C (Figure 4.5). At the same time when fruit were exposed to fast cooling
to 0 °C (R12h,0 & D3d,0), during the late storage period (> 100 d) more rapid softening was
observed (Figure 4.6). This suggests that chilling injury development in kiwifruit
influences the average fruit firmness with chilling injury resulting in lowering the average
fruit firmness. However, given that development of chilling injury does not cause fruit to
result in substantially different firmness (Figure 4.9), this suggests that chilling injured
fruit may potentially also influence average population firmness (i.e. the sound fruit
within the same pack), due to an increase in ethylene in the immediate environment.
Chilling injured fruit were found to produce ethylene (Hyodo & Fukasawa, 1985;
Antunes & Sfakiotakis, 2002a; Feng et al., 2003b), potentially increasing the
concentration of ethylene within the package. Jabbar and East (2016) demonstrated that
exposing kiwifruit to as low as 0.01 μL L-1 at harvest induced rapid softening in kiwifruit.
The higher concentration of ethylene accumulated within the package possibly results in
a more rapid softening of the entire population. This principle is similar to the presence
of rotten fruit affecting the neighbouring fruit within the same pack resulting in premature softening due to ethylene produced by the rotten fruit (Burdon & Lallu, 2011).
4.4.3. Coolchain temperature effect on kiwifruit quality
4.4.3.1.
The effect of cooling rate on kiwifruit quality
Precooling is applied to harvested fruit to remove field heat and delay the
deteriorative and senescence processes and hence sustain a high level of quality (Brosnan
& Sun, 2001). However, when kiwifruit was cooled to 0 °C within 3 days of harvest, the
fruit were found to be firmer during the first 100 d of storage but soften faster towards
the late storage period (Figure 4.6), with an increasing proportion of chilling injured fruit
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(Figure 4.5). Chapter 3 also demonstrated that cooling rate to storage temperature affects
the subsequent fruit firmness during the late storage period. Similarly, Lallu et al. (1997)
proposed not to precool kiwifruit due to promotion of chilling injury development.
Longer cooling times (> 7 days) to storage temperature of 0 °C (G2w,0 & C1w,0)
was found to significantly lower the risk of chilling injury development (Figure 4.5) and
maintain firmer fruit during the late storage period (Figure 4.6). These cooling methods
can be referred to as temperature conditioning, where it allows the fruit to build resistance
against chilling injury during cool storage. Yang et al. (2013) demonstrated that exposing
‘Hayward’ kiwifruit to 12 °C for 3 days prior to storing at 0 °C alleviated chilling injury
development by increasing the antioxidant enzymes activities and maintaining a high
level of endogenous hormones. There is a possibility that by exposing kiwifruit to
treatment G2w,0 or C1w,0 has increased the antioxidant activities and thus preventing
chilling injury development.
In the industry, fruit are cooled and kept in a coolroom for storage prior to
export. The industry follows a standard that fruit less than 10 N are not to be exported
from New Zealand as the remaining storage life is not sufficient to guarantee the fruit
reaching the marketplace. Therefore, the importance of this work was always to focus on
predicting fruit firmness during the late storage period (i.e. > 100 days of storage), where
the fruit firmness is possibly below the 10 N threshold. This study has shown that fast or
rapid cooling fruit to 0 °C (R12h,0 or D3d,0) causes kiwifruit to soften in an accelerated rate
during the late storage period and thus suggests that precooling kiwifruit leads to poor
long term storability. Fruit quality of rapidly cooled fruit is also compromised due to the
development of chilling injury. Different packhouses cool fruit to storage temperature
based on their cooling capacity and management practices. Since this work identified the
effect of cooling rate on chilling injury development, the cooling practices in packhouses
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can be used as a reference to estimate the risk of chilling injury development and thus
evaluate the potential for long term storability.
4.4.3.2.

The effect of storage temperature (0 or 2 °C) on kiwifruit
quality
This work, Lallu (1997), and Yang et al. (2012 & 2013) have demonstrated
that either temperature acclimatisation or removal of temperature stress alleviate chilling
injury development during storage. Fruit exposed to rapid cooling but stored at 2 °C
(R12h,2) lowers the incidence of chilling injury development (Figure 4.5) but with the
consequence of softer fruit (Figure 4.6). This suggests that removal of the temperature
stress (i.e. from 0 to 2 °C) alleviates chilling injury development. Positional and temporal
temperature variations occur in industrial coolrooms and thus fruit softening is expected
to be different across the coolroom. Based on the coolroom temperature distribution
information, fruit that reaches the 10 N threshold can be potentially identified. The result
shows that fast cooled fruit can be stored at 2 °C to alleviate chilling injury development
(Figure 4.6) and thus suggesting that storing fast cooled fruit at locations away from the
evaporate air flow (i.e. at slightly higher temperature), may assist chilling injury
alleviation.
This work demonstrates that storage temperature influences fruit storability,
where fruit exposed to rapid cooling to 0 °C (R12h,0) were firmer with high incidence of
chilling injury development and fruit were softer with lower incidence of chilling injury
development when stored at 2 °C (R12h,2). Therefore, there is a possibility that
manipulating storage temperature during storage may achieve firmer fruit and reduce
chilling injury development in subsequent storage. A later unpublished experiment
conducted by author was conducted in 2014 at Massey University in which kiwifruit were
placed at 0 or 2 °C and subsequently switched from 0 to 2 °C or 2 to 0 °C at 25 days
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intervals during storage of 200 days (Figure 4.10). Results identified that fruit exposed to
longer storage at 0 °C were firmer (Figure 4.11A & B), with a higher proportion of fruit
above 10 N (Figure 4.11C & D). Although fruit were firmer when stored at 0 °C, a higher
incidence of chilling injury was found after long term storage (> 125 day) (Figure 4.12).
Figure 4.12 suggest that interchanging fruit from 2 to 0 °C promotes chilling injury
development, whereas the opposite (0 °C to 2 °C) alleviates chilling injury development.
Overall, the result suggests that subtle temperature differences near the target storage
temperature of 0 °C during storage may have substantial influence on the firmness and
chilling injury outcomes after long term storage.
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Figure 4.10: Time temperature profile of control and various “switch” treatments.
0 refers to fruit stored at 0 °C. Temperature switch from 0 to 2 °C was applied at 25
d (025,2), 50 d (050,2), 75 d (075,2), 100 d (0100,2) and 125 d (0125,2) of storage. 2 refers to
fruit stored at 2 °C. Temperature switch from 2 to 0 °C was applied at 25 d (225,2),
50 d (250,2), 75 d (275,2), 100 d (2100,2) and 125 d (2125,2) of storage.
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points represent an average firmness of 3 grower lines (n = 99 for first 3 data points
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storage for various temperatures “switch” storage treatments (Figure 4.10). Fruit
were exposed to a temperature switch from 0 to 2 °C or 2 to 0 °C. 0 refers to fruit
stored at 0 °C. Temperature switch from 0 to 2 °C was applied at 25 d (025,2), 50 d
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(275,2), 100 d (2100,2) and 125 d (2125,2) of storage. Each bar represents an average
incidence of chilling injured fruit from 3 grower lines (n = 297).

4.5. Conclusion
Chilling injury development affected fruit quality during the late storage period (>
100 days), displaying symptoms such as grainy tissue and water soaked appearance along
the outer pericarp. Furthermore, development of chilling injury in kiwifruit is likely to
influence fruit firmness during storage, as an increase in the proportion of chilling injured
fruit coincided with accelerated softening, during the late storage period (> 100 d). The
storage conditions (cooling rate and storage temperature) influence the susceptibility of
kiwifruit to chilling injury development, where rapid or fast cooling to 0 °C promotes
chilling injury development whereas storing fruit at 2 instead of 0 °C alleviates chilling
injury development. Kiwifruit are cooled to storage temperature differently depending on
the management practices adopted at each packhouse. Since the results suggest that
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cooling time to storage temperature has an impact on fruit firmness and quality, the
cooling methods adopted by each packhouse should at focus for batches of fruit which
are destined for long term storage. Fruit maturity was found to have an effect on the
chilling injury development in kiwifruit, but still questionable whether fruit of late or
early maturity are more susceptible to chilling injury development. Therefore, it suggests
that more studies are needed to be done in order to understand the influence of fruit
maturity on incidence of chilling injury in kiwifruit.
In the following chapter, an empirical modelling approach is used to estimate the
proportion of chilling injured fruit by fitting. Accumulated heat units are used to quantify
the difference between various storage temperature treatments. Making a reasonable
estimation of the amount of chilling injured fruit in the population is critical as it
contributes to lowering the population average fruit firmness. Having a mathematical
prediction of the incidence of chilling injury will assist the development of a mathematical
model to predict the softening curve of kiwifruit. These models of kiwifruit softening and
chilling injury development are created in the next chapter.

88

Chapter 5: Mathematical modelling of ‘Hayward’ kiwifruit softening

5. Mathematical modelling of ‘Hayward’ kiwifruit softening
5.1. Introduction
Prediction of ‘Hayward’ kiwifruit quality in the coolchain is a challenge as there are
many factors that potentially influence the quality in subsequent storage. Differences in
grower lines, cooling profiles, storage temperatures, and ethylene exposure were
identified to contribute to the uncertainty in fruit softening prediction (East et al., 2016).
Fruit maturity influences fruit firmness during storage, where fruit harvested later in
season have better storability than fruit harvested early in the season (Harman, 1981;
Mitchell et al., 1992; Costa et al., 1997). Jabbar (2014) investigated the differences in
grower line on kiwifruit softening, where a wide time variation was discovered for 3% of
the fruit to fall below the export threshold of 10 N. Previously chapters 3 and 4
demonstrated the effect of cooling rate and storage temperature on fruit firmness in
subsequent storage, and by promoting or alleviating chilling injury development. The
impact of temperature on kiwifruit firmness has been well documented previously in
chapters 3 and 4 and other work (Mitchell, 1990; Schotsmans et al., 2005; Schotsmans et
al., 2008; Bollen et al., 2013; Jabbar, 2014). These factors that influence fruit softening
should be included in the development of a predictive model to ensure that the model
should respond accordingly.
There are several mathematical models that have previously been used to model
kiwifruit softening during storage. Benge et al. (2000) used empirical complementary
Michaelis – Menten type (CMM), Exponential (EXP), and Complementary Gompertz
(CG) models. However, these models failed to characterise fruit softening sufficiently. A
segmented Jointed Michaelis – Menten type (JMM) and Inverse Exponential Polynomial
(IEP) better characterised softening (Benge et al., 2000). Jabbar et al. (2014)
demonstrated the use of Complementary Gompertz (CG) and Time Shift Complementary
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Gompertz (TSCG) to predict kiwifruit softening at 20 °C in air. Grower line variability
in softening was described using at-harvest measurements (initial soluble solid content
and firmness) as predictors to determine batch dependent parameters. These empirical
modelling approaches fit a curve to a large set of data and contain several parameters
describing the curve that do not have any biological explanation. The rigidness of
empirical models makes them difficult to characterise softening behaviour of kiwifruit
when exposed to conditions apart from the experimental data used to create the model.
This becomes problematic if requiring application to variable time temperature data to
predict kiwifruit softening.
Another approach that is commonly used is mechanistic modelling, which uses
understanding of the mechanisms to develop representative equations. Hertog et al. (2004)
developed a complex model which related gas exchange and effect of modified
atmosphere to predict kiwifruit softening. However, the model was not built to predict
the development of chilling injury, which was found to affect fruit firmness in subsequent
storage. Alternatively, Schotsmans et al. (2005, 2008) developed a kinetic model to
describe the stiffness and textual changes in ‘Hort16A’ kiwifruit when stored at different
storage temperature, where Arrhenius law was included to model temperature
dependence. However, the developed models did not attempt to characterise accelerated
softening due to chilling injury development. These models used at-harvest firmness to
predict fruit softening in storage without considering the influence of fruit maturity and
grower line, which affect fruit softening (Jabbar, 2014).
There are other mechanistic model examples for fruit quality that have been
developed for peaches (Tijskens et al., 1998), apples (Johnston et al., 2001; Gwanpua et
al., 2012), tomatoes (Van Dijk et al., 2006a; Van Dijk et al., 2006b) and cucumber
(Schouten et al., 2002). The benefit of using the mechanistic model approach is being
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able to predict the softening behaviour under variable conditions across the range of
conditions used for development. However, the challenge of developing a good
mechanistic model is acquiring a detailed understanding of the mechanisms behind the
process being modelled (i.e. softening of kiwifruit in this case).
The aim of this chapter is to develop a mechanistic type model that characterises
softening behaviour observed in ‘Hayward’ kiwifruit and thus enable prediction of
softening in the coolchain. For ease of application, the prediction model was constrained
to consist of inputs that are easily collected in the commercial setting throughout the
supply chain. Factors considered in varying the firmness during storage are initial fruit
firmness and maturity, and storage temperature conditions; while ethylene effects were
ignored. Ethylene is known to affect kiwifruit softening and chilling injury development,
even at coolstorage temperatures (Jabbar & East, 2016). However, as measurement
methods limit detailed ethylene condition data collection in the current supply chain, it
would be inappropriate to develop a model that requires ethylene conditions as input data.
Should firmness prediction be achieved, industry will benefit in providing improved
information on kiwifruit softening and hence enable improved logistics with the aim of
reducing fruit losses.
Fruit softening is a complex biological process, involving several enzymes and
reactions. Therefore, several assumptions were made in order to develop a mathematical
model to describe fruit softening. The first assumption is the breakdown of starch results
in fruit softening, hence describing the rapid softening phase. The second assumption is
when there is no starch left, the breakdown of cell wall is the only mechanism that leads
to the gradual phase of softening. The third assumption is that the observed rapid
softening that occurs during the last stage of softening (> 120 d) is a result of chilling
injury development. Fruit softening curve can be predicted based on these established
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assumptions. However, these assumptions may over simplified the softening process,
resulting in an over or under softening predictions.

5.2. Model conceptual framework
Starch degradation, cell wall swelling, modification of cell wall structure, loss of
turgor pressure, and chilling injury development are all major events that occur during
kiwifruit ripening that affect fruit texture. Schroder and Atkinson (2006) described the
various key events that occurring during kiwifruit ripening in four distinct phases,
including an initial lag phase (phase 1), rapid softening (phase 2), a long gradual softening
(phase 3) and followed by over-ripe softening (phase 4). In this work, the initial lag phase
was not observed when fruit were stored at 0 or 2 °C (Figure 3.8, Figure 4.6). Similarly,
Benge et al. (2000) also observed no initial lag phase in softening when kiwifruit were
stored at 0 °C. This initial lag phase is however observed when kiwifruit are stored at
20 °C (Macrae et al., 1989; White et al., 2005; Jabbar et al., 2014). A contributing factor
to the differences observed at each temperature may be the difference in measurement
rate. Commonly, when fruit are monitored at 20 °C, fruit quality measurement is
conducted within days while the measurement intervals at 0 or 2 °C are commonly at least
2 weeks. This slower rate of measurement at 0 or 2 °C may result in missing measurement
of a short lag phase component of softening which may occur at this temperature. Given
that no lag phase was observed in the data (Figure 5.1), the model developed will not
attempt to describe an initial lag phase.
Numerous biochemical modifications occur during kiwifruit ripening (Burdon &
Lallu, 2011). Developing an exact mathematical model to describe the contribution of
each modification to softening would not only be challenging but also result in a highly
parameterised model, requiring a large set of input information to describe each of the
processes. Hertog et al. (2004) developed a kiwifruit softening model that considered
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storage conditions, including changes in oxygen and carbon dioxide concentration.
Although the model is able to describe the fruit softening curve to an extent, the influence
of fruit maturity, grower line, and chilling injury development on fruit softening is not
well defined. The industry handles fruit across different maturity and grower lines sourced
from wide ranging geographical locations and thus an ability to incorporate the effect of
fruit maturity and grower lines on the softening prediction will be advantageous. A
balance between being mechanistically representative yet simplistic enough to enable
industrial application is required. As a result the mechanistic model formulation will
focus on describing three major biochemical modifications occurring during 3 phases of
the softening curves (Table 5.1).
Table 5.1: Summary of different mechanisms hypothesized to occur during the
observed phases of kiwifruit softening.
Phase

Proposed mechanism

Section

A

Correlates to the breakdown of starch

5.2.1

B

Breakdown of cell wall structure

5.2.2

C

Chilling injury development

5.2.3
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Figure 5.1: Average kiwifruit firmness and soluble solids content during storage at
0 °C. A, B and C represent the three different phases of kiwifruit softening reflected
in Table 5.1. The data represents the average fruit firmness and soluble solids of
fruit stored at 0 °C after direct (black line) or gradual (red line) cooling to 0 °C as
collected in the 2012 season and previously presented in Figure 3.8 and Figure 3.9.
The long dash line refers to the soluble solids data while the solid line refers to the
fruit firmness data. Fruit firmness data consist of an average of 3 replicate growers
of 36 fruit each (n = 108), whereas soluble solids content data consist of an average
of 3 replicate growers of 36 fruit (n = 108) for the first 5 days and 10 fruit (n = 30)
for the remaining storage period.
The first phase (A) consists of the rapid initial softening, the second phase (B)
consists of the gradual softening and the last phase (C) refers to the accelerated softening
rate towards the end of the storage period as a result of chilling injury development
(Figure 5.1). In phase A, the rapid softening coincides with the breakdown of starch to
sugars observed as the increase in fruit soluble solids content (Figure 5.1; Section 5.2.1).
When there is little or no starch remaining, the mechanism causing the gradual softening
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is dominated by the breakdown of the cell wall structure (Section 5.2.2). Development of
chilling injury affects the fruit firmness during long storage, where a high proportion of
chilling injured fruit is observed. Therefore, softening accelerates towards the late storage
period (Section 5.2.3). The remaining parts of this section discuss the concepts that
underpin the development of the mathematical model that represents these 3 different
phases described in Figure 5.1 and Table 5.1.
5.2.1. Breakdown of starch content
Starch degradation has been observed to coincide with the rapid softening phase
in kiwifruit (Arpaia et al., 1987; Macrae et al., 1989). Bonghi et al. (1996) suggested that
starch degradation may play an important role in the early stages of kiwifruit softening.
However, the mechanism that relates degradation of starch to fruit softening in kiwifruit
is not known. Starch content decreases concomitant with an accumulation of soluble
solids when kiwifruit ripen (Macrae et al., 1989; Macrae et al., 1992). The breakdown of
starch in kiwifruit during ripening is caused by amylase activity. Bonghi et al. (1996)
demonstrated a high level of amylase activity at harvest which subsequently declined
when kiwifruit softened. The decrease in amylase activity corresponds with the decrease
in starch content from high level (5 to 7 %) at harvest to negligible level after ripening.
‘Hayward’ kiwifruit contains high starch content of 5 - 7 % fresh weight or 40 50 % dry weight at harvest (Bowen et al., 1988; Macrae et al., 1989; Matsui & Kitagawa,
1990; Walton & Dejong, 1990). During fruit development, the average starch granule size
increases from 3 - 4 μm to 10 – 12 ȝm and once the fruit matures is 6 – 8 ȝm (Sugimoto
et al., 1988). The starch is found in the outer pericarp, the locule wall area of the inner
pericarp and the core of kiwifruit (Hallett et al., 1992; Harker & Hallett, 1994; Hallett et
al., 1995). Structural changes occur to starch granules during postharvest ripening. Starch
granules found in the outer pericarp of a firm fruit (75 N) are no longer visible when the
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fruit soften to 5 N (Hallett et al., 1995). This demonstrates that starch dramatically reduces
in physical size during kiwifruit ripening.
While dramatic reduction in starch granule size occurs during initial softening, the
mechanism of how this starch breakdown translates to a lower penetrometer firmness
measurement has not been explained. In banana, breakdown of starch content was found
to contribute to textural softening, where a significant decrease in starch content was
detected during ripening (Kojima et al., 1994; Bhagyalakshmi et al., 2002). A decrease
in banana starch content from 22.4 % to 6.9 % of the pulp during ripening led to a decrease
in elastic modulus (Finney et al., 1967). Breakdown of starch increases osmotic pressure
in banana pulp (Von Lesecke, 1950). This increase in osmotic pressure is often associated
with a decrease in turgor pressure (Meyer et al., 1965) which may potentially contribute
to softening during banana ripening (Falk et al., 1958).
Breakdown of starch during ripening affects the turgor pressure which eventually
influences the textural properties. Macrae et al. (1989) found that during kiwifruit
ripening at 0 °C, starch content was found to decrease from 54.1 to 13.1 mg g-1 FW within
the first 4 weeks and subsequently to non-detectable levels after 12 weeks. There is a
possibility that the initial rapid softening is partly due to the decrease in the cell turgor.
However, Harker and Hallett (1994) demonstrated that no distinct pattern of change in
cell turgor was observed during kiwifruit ripening. It was proposed that during ripening,
the cell wall of kiwifruit becomes more plastic and elastic and hence leads to cell
expansion rather than an increase in turgor pressure.
Despite the currently undefined link between starch degradation and softening in
kiwifruit, the coincidental nature of these processes and the fact that both dry matter and
soluble solids content are standard industry fruit maturity measurements may provide
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opportunity to model the initial rapid softening phase including the influence of fruit
grower line and maturity. Dry matter and soluble solid content are used to estimate fruit
starch content, which potentially assesses the fruit maturity.
5.2.2. Breakdown of cell wall structure
Many events occur within the cell wall matrix during ripening, including
solubilisation and degradation of the pectic polymers, and destabilisation of the cellulosehemicellulose network (Percy et al., 1996; Redgwell et al., 1997; Brummell, 2006). These
events will lead to a reduction in cell to cell adhesion, weakening of cell wall strength,
and swelling of the cell wall, resulting in fruit softening. Cell wall modification occurs
during kiwifruit ripening. A loss in staining intensity of cell wall material suggests
modification of the cell wall structure and composition occurs during kiwifruit ripening
(Hallett et al., 1992). Solubilisation and degradation of pectic polymer was found during
kiwifruit ripening, with degradation of pectic polymers in kiwifruit occurring after
solubilisation (Redgwell et al., 1992). Harker et al. (1994) found that in the early stage of
softening, cell to cell adhesion was strong causing the cell to rupture upon applying tensile
stress to the fruit, exposing the cell interior. However, during the later stage of softening,
cell to cell adhesion weakens and hence neighbouring cells separated from each other
without rupturing, when the same amount of tensile stress was applied to the fruit.
There are several enzymes that are responsible for the modification of cell wall
structure. Polygalacturonase (PG) and ȕ-galactosidase (ȕ-GAL) are involved in the
degradation and solubilisation of pectin (Wegrzyn & Macrae, 1992; Bonghi et al., 1996).
Pectin methylesterase (PME) activity of kiwifruit was found to increase during ethylene
treatment followed by a rapid drop to low level as fruit softened, proposing that PME
activity might initiate the rapid softening during ripening in response to ethylene
treatment (Wegrzyn & Macrae, 1992). Although there was detection of PME activity,
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little is established on the role of PME on kiwifruit cell wall in vivo. Another enzyme that
contributes to cell wall modification is xyloglucanase, which reduces the molecular
weight of xyloglucan and thus weakens the cellulose–hemicellulose framework and
promotes cell wall swelling. Redgwell et al. (1997) suggested swelling of the cell wall is
a complex process which involves both mechanisms of pectin solubilisation and
weakening of cellulose-hemicellulose framework. Swelling of the cell wall occurs in ripe
kiwifruit, where cell wall thickness in the outer pericarp is 3 to 4 times greater than fruit
at harvest (Hallett et al., 1992).
Fruit softening is a complex process where many enzymatic processes are
occurring either simultaneously or consecutively. The role of each enzyme affecting the
cell wall structure during ripening has been well studied. However, it is difficult to
identify one key enzyme that initiates softening, since every enzyme plays a distinct role
in modifying the cell wall structure. Therefore, instead of identifying one key enzyme, all
the enzymes that are responsible for the breakdown of cell wall structure are modelled as
a simplified single enzyme system. This enables description and prediction of the
softening mechanism caused by enzymatic activity.
5.2.3. Development of chilling injury
Chilling injury is a physiological disorder that occurs when fruit or vegetables are
stored at low temperature, but above freezing temperature. The development of chilling
injury is found in ‘Hayward’ kiwifruit when stored at cool storage for several months
(Lallu, 1997; Bauchot et al., 1999). In this work, the symptoms of chilling injury on
kiwifruit were identified as a grainy appearance and water soaked area along the outer
pericarp (Figure 4.2). Bauchot et al. (1999) showed that the grainy appearance was
associated with the presence of gas bubbles in the outer pericarp, where an increase in
bulk porosity of the cell wall was observed in chilling injured fruit. The mechanism
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behind the development of water soaked area in the outer pericarp is still unclear. One
suggestion is that the water soaked area may be due to the loss of cell membrane integrity.
Yang et al. (2013) demonstrated that applying temperature conditioning to kiwifruit will
alleviate chilling injury development by reducing the reactive oxygen species (ROS) level
which potentially damages the cell membrane.
Chilling injury development in kiwifruit affects fruit quality and storability. This
work has suggested that chilling injury also influences fruit firmness and softening rate
at later period of storage (Figure 4.6). Cooling rate to storage temperature and subsequent
storage temperature were found to play an important role in the incidence of chilling
injury development. Lallu (1997) and this work (Figure 4.5) have shown that a higher
proportion of fruit develop chilling injury when exposed to a faster cooling rate to storage
temperature and stored at 0 °C for several months. Therefore in this model, chilling injury
development and its influence on softening will be modelled with emphasize on the effect
of cooling rate and storage temperature on subsequent development.

5.3. Model development
5.3.1. Model constraints
The purpose of the mathematical model is for potential widespread industrial
application. The use of grower line dependent parameters is required to describe the wellknown grower line difference observed by Jabbar et al. (2014). Each grower dependent
parameters will require a prior estimation from data collected in industry. Using data that
is already collected and relatively easy and cheap to measure is also beneficial for
industrial application. Commonly available data that is currently collected is at-harvest
soluble solid content and dry matter while some suppliers also collect firmness. The
mathematical model was developed to rely on the time temperature data collected in a
RFID temperature monitoring system (Bollen et al., 2013). As previously stated, all
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ethylene effects were ignored as technologies to conduct widespread measurements of
ethylene concentration in the working range (10 nL L-1 to 10 ȝL L-1) in the industrial
setting do not currently exist, even though low concentration of ethylene (10 nL L-1) was
found to influence fruit softening significantly (Jabbar & East, 2016). McAtee et al. (2015)
found that in the first phase of softening, kiwifruit do not produce ethylene but it is highly
sensitive to ethylene. Therefore, during the experimental work, ethylene concentrations
were monitored and controlled to be below the industry standard of less than 30 nL L-1 to
minimise any ethylene effect on the data collected.
5.3.2. Mathematical formulation
The model will be developed by establishing equations to describe the respective
softening phases described in section 5.2 (Figure 5.1). A general softening curve that does
not include chilling injury is explained based on the correlation of the breakdown of starch
content and breakdown of cell wall structure (Table 5.1). These processes are initially
modelled without accounting for the occurrence of chilling injured fruit (eq. 5.1). Hence,
initially fruit firmness (Fsoft, N) was modelled as an addition of three components:

1. Change in firmness due to correlation with starch degradation (FA)
2. Change in firmness due to breakdown of cell wall structure (FB)
3. An underlying basal firmness (FFix)
ܨ௦௧ ൌ ܨ  ܨ 

୧୶

[eq 5.1]

The underlying basal firmness (FFix) is set at 1 N, based on the lowest firmness
value the penetrometer can detect. Firmness of badly rotten kiwifruit achieved a value of
approximately 1 N using the penetrometer and thus it was assumed that given infinite
time all fruit will soften to a limit of 1 N. Hertog et al. (2004) estimated FFix for two
different harvest seasons. However, this requires a priori knowledge of final firmness,
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which is restrictive of predictive use of the model. Therefore, FFix was fixed as 1 N
irrespective of the harvest season in order to enable predictive use of the model.
An additional mechanism will later be added to account for chilling injury related
softening in the population (Section 5.3.6). This mechanism works by predicting the
incidence of chilling injury (CI) and the apportioning a low firmness value to that
proportion of the fruit in the population. The remainder of the population without chilling
injury (1-CI) are expected to have the firmness caused by normal softening (Fsoft). Overall,
fruit firmness (Fpred) is predicted based on the proposed mechanism in Table 5.1 (eq 5.2).
ܨௗ ൌ ܫܥሺܨூ ሻ  ሺͳ െ ܫܥሻܨ௦௧

[eq 5.2]

An outline of the data flow used is provided in Figure 5.2. Initial dry matter and
soluble solids content are used to predict initial starch content. Starch degradation
influence on firmness (FA) is related to initial starch content and temperature. Cell wall
breakdown influence on firmness (FB) is related to initial firmness, starch content and
temperature, while chilling injury estimation requires temperature data only. The
following sections explain how each of the model components are mathematically
described and estimated.
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Figure 5.2: The overall conceptual model development process. The units of
respective parameters can be found on the nomenclature.
5.3.3. Estimation of initial starch content (S0)
The initial amount of starch at harvest (S0, %) in a grower line of fruit can be
estimated based on the difference of the initial soluble solid content (B0, %) and final
soluble solid content (Bfinal, %), assuming that all starch present initially in fruit will
eventually convert to soluble solid content (eq. 5.3). The final soluble solid content (Bfinal)
can be estimated based on an established correlation from the initial dry matter content
(Dm0, %; eq. 5.4; Burdon et al., 2004). Initial starch content (S0) of individual fruit can
therefore be estimated using the initial dry matter (Dm0) and initial soluble solid content
of respective fruit.

ܵ ൌ ܤ െ ܤ
ܤ ൌ െ͵Ǥͷͷ  ͳǤͲͷܦ

[eq. 5.3]
[eq. 5.4]

5.3.4. Model of starch breakdown effect on firmness (FA)
Section 5.2.1 discussed the evidence of the correlation between the breakdown of
starch and the rapid softening phase. While there is no mechanistic explanation for the
breakdown of starch causing the initial rapid softening, many researchers have shown the
strong correlation of starch breakdown and rapid softening (Macrae et al., 1989; Bonghi
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et al., 1996). Hence in this work the rapid softening phase was modelled by relating the
process to the starch breakdown. This assumption is developed based on data such as
Figure 5.1, where rapid soluble solid content accumulation and rapid softening coincide
in the first 50 days of storage. Starch breaks down to simple sugars causing a dramatic
increase in measured soluble solids content (Burdon & Lallu, 2011; Burdon et al., 2013).
Therefore, it was assumed that the rate of accumulation of soluble solids (kb, d-1) is
inversely equal to the rate of breakdown of starch during ripening (ks, d-1).
݇௦ ൌ െ݇

[eq 5.5]

5.3.4.1.
Kinetics of accumulation of soluble solids content (kb)
The accumulation of soluble solids during storage was modelled as a first
order reaction from the time of harvest (eq. 5.6).

ୢሾሿ
ୢ୲

ൌ ݇ ሺܤ െ ܤሻ

[eq. 5.6]

Where B= B0 at t= 0
The conversion of starch to soluble solids during kiwifruit ripening is
dependent on temperature (Macrae et al., 1989). Therefore, to account for the temperature
dependence, the Arrhenius equation is introduced (eq. 5.7).

ಶೌǡ್

݇ ൌ ݇ǡ 



ቆ

భ
భ
ି
ቇ
ೝ ೌ್ೞ

[eq. 5.7]

The rate constant (kb,ref, d-1 at 293 K, Tref) and activation energy (Ea,b, J mol-1)
parameters were estimated using the experimental data of the accumulation of soluble
solids content (Figure 3.9), the initial soluble solids content (B0) data from 3 different
grower lines, different cooling treatments (direct or gradual cooled) to 0 or 2 °C and
storage at 20 °C in the 2012 harvest season. Optipa v6.0 (Hertog et al., 2007c) was used
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to estimate the model parameters (Ea,b, kb,ref; Table 5.2). Single step simulation followed
by optimisation was used to determine the value of the model parameters. Appendix 2
shows the various fitted curves generated by Optipa v6.0 to estimate the model parameters
using experimental data. Figure 5.3A demonstrates the model (kb & Ea,b) prediction of the
rate of soluble solids accumulation.
Table 5.2: The values of the model parameters with the standard deviation are
estimated based on the accumulation of soluble solids, initial soluble solids content,
dry mater and the estimated final soluble solids content. The reference temperature
was set at 20 °C.
Model parameter Estimated value Standard deviation
kb,ref (d-1)

0.14

2.92 x 10-3

Ea,b (J mol-1)

20,105

1,029

Assuming the inverse equality for the rate of starch breakdown to the rate of
accumulation of soluble solids content (eq. 5.5), the rate of starch breakdown was
modelled as a first order decay influence by temperature (eq. 5.8 and 5.9). Given the
inverse equality assumption, the rate constant and activation energy for soluble solids
content accumulation (Table 5.2) were also applied to the starch breakdown (ks,ref & Ea,s).

ୢሾௌሿ
ୢ୲

ൌ ݇௦ ሾܵሿ

[eq. 5.8]

Where S = S0 at t = 0
݇௦ ൌ ݇௦ǡ 

ಶೌǡೞ
భ
భ
ቆ
ି
ቇ
 ೝ ೌ್ೞ

[eq. 5.9]
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Figure 5.3: (A) Modelled accumulation of soluble solids content for 2012 season,
where fruit of different grower lines were either direct (DC, solid line) or gradual
(GC, broken line) cooled to 0 °C. Refer to Figure 3.6 for the time temperature
information on the cooling profiles of DC or GC to 0 °C. Each data point represents
the average of 108 individual fruit soluble solids content collected from 3 different
grower lines, containing 36 fruit from each grower line. Error bar represents the
standard deviation. (B) The subsequent modelled rate of starch degradation based
on direct (DC) or gradual (GC) cooling profiles.
The activation energy of a typical enzymatic reaction ranges between 0 to
33,600 J mol-1 (Ricardo & James, 2007). Previously, the rate constant for starch
breakdown in potato at 20 °C was found to be 0.02 d-1 with an activation energy of 34,200
J mol-1 (Nourian et al., 2003). Although the activation energy is lower compared to the
breakdown of starch in potatoes, the estimated model parameters (Table 5.2) are not
unreasonable to describe the temperature dependence of starch breakdown during
kiwifruit ripening. Figure 5.3B demonstrates the predicted starch degradation as
influenced by various independent cooling profiles, where rate of starch degradation is
affected by cooling rates.
5.3.4.2.
Relationship of starch content to firmness (a)
Given the ability to model accumulation of soluble solids content and provide
a prediction of starch content and the consistent and strong coincidence between fruit
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firmness and starch breakdown (Macrae et al., 1989), an empirical constant (a) was
developed to relate starch content to firmness (eq. 5.10).

 ܨൌ ܽሾሿ  

[eq 5.10]

This parameter (a) was estimated as the slope of a straight line fitted through
starch content and fruit firmness data collected in 2012 harvest season (Figure 5.4).
Therefore, the constant (a) was established at 7.49 N %-1. The intercept of the fitted line
(b = 17.36 N) represents the average firmness at harvest which is a contribution of both
the cell wall structure (FB) and underlying basal firmness (FFix). Given that FFix is fixed
at 1 N on average, an additional 16.36 N of softening is available to describe the effects
of cell wall structure breakdown (Phase B).
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Figure 5.4: Correlation between fruit firmness and starch content in the first 50 days
of cool storage. The gradient of the fitted line refers to the model parameter (a).
Each point (open circle) represents an individual fruit one of 3 grower lines.
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Given the assumption of the inverse equality for the rate of starch breakdown
to rate of accumulation of soluble solids (eq. 5.5) and a description of the relationship
between fruit firmness and starch content (a = 7.49 N %-1), the firmness change due to
starch degradation (FA) was modelled as a first order decay (eq. 5.11), where the initial
firmness as a result of the starch content (FA0) was directly related to the estimated initial
starch content (S0) through the previously estimated average relationship established (eq.
5.12).

ୢሾிಲ ሿ
ୢ୲

ൌ ݇௦ ܽሾܵሿ

[eq. 5.11]

Where FA0 = a[S0] at t = 0

ܨ ൌ ǤͶͻሾܵ ሿ

[eq. 5.12]

5.3.5. Model of the breakdown of cell wall structure on firmness (FB)
The breakdown of cell wall structure is a complex process where many different
enzymatic reactions take place. During ripening, the loss of cell to cell adhesion and
weakening of cell wall strength result in a drop in fruit firmness (Section 5.2.2). Rapid
softening coincides well with the breakdown of starch (Section 5.2.1). When starch
becomes diminished, the subsequent softening can be attributed to the breakdown of the
cell wall structure. Thus, conceptually the breakdown of cell wall structure was largely
related to the gradual softening period. The degree of cell wall breakdown during the
gradual softening phase is not quantified in this study. Therefore, the model parameters
that explain the change in fruit firmness affected by cell wall breakdown (FB) in the
gradual softening period are estimated by fitting a curve to the experiment data collected
in 2012 season (Figure 3.8).
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5.3.5.1.
Estimating the contribution of cell wall to initial firmness
(FB0)
Assuming that the relationship between starch content and subsequent
contribution to firmness (eq. 5.10) holds on every occasion (i.e. a is a constant), the
remaining firmness (b) which is attributable to cell wall properties can vary depending on
grower line differences at harvest. Assuming the average correlation (eq. 5.10)
established between fruit firmness and starch content holds and substituting the average
remaining firmness (b) for the model expression of firmness relating to cell wall
breakdown (FB) and the underlying basal firmness (FFix) will result in eq. 5.13. In effect
making this assumption results in applying the same gradient to grower lines of different
initial starch and firmness properties (Figure 5.5), resulting in different estimation of the
remaining firmness attributable to the cell wall properties at harvest (FB0). Assuming that
the relationship holds at harvest and rearranging to make FB the subject enables estimation
of initial fruit firmness contribution of cell wall structure breakdown (FB0) for each
grower line (eq. 5.14).
 ܨൌ ǤͶͻሾܵሿ  ܨ 

[eq. 5.13]

୧୶

ܨ ൌ ܨ െ ǤͶͻሾ ሿ െ

୧୶

[eq. 5.14]
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Figure 5.5: Estimation of average initial firmness contribution of cell wall
breakdown based on at-harvest attributes. Each data points represents the average
initial measurement of fruit firmness (n = 36), soluble solids content (n = 36), and
dry matter content (n= 15) from respective grower lines.
As a result, soluble solids content (B0), dry matter content (Dm,0) (through the
calculation of S0), at-harvest firmness (F0), and the assumption of the underlying basal
firmness (FFix) are all used to calculate FB,0 in equation 5.13. The inputs used to estimate
FB0 were at-harvest attributes which are grower line and maturity dependent and thus FB0
will be influenced by fruit grower line (Figure 5.5) and maturity. For the data sets used in
model creation, since grower 2 has a relatively high initial firmness, but slightly lower
initial starch content, a greater magnitude of firmness is associated to cell wall breakdown
(FB0 = 19.6 N, FA0 = 31.0 N). Alternatively, grower 3 has the highest starch content and
hence the degree of softening of this grower line is more associated with the rapid
softening phase (FB0 = 17.9 N, FA0 = 32.3 N).

109

Chapter 5: Mathematical modelling of ‘Hayward’ kiwifruit softening

5.3.5.2.
Kinetics of the breakdown of cell wall structure (kw)
There are many enzymes involved in cell wall breakdown working
interdependently and thus it is a challenge to identify a key enzyme to explain the
breakdown of cell wall structure. For simplification, a general rate constant is used to
account for the complex enzymatic reactions (kw, d-1). The change in firmness explained
by the breakdown of cell wall structure (FB, N) is assumed to follow a first order decay
(eq. 5.15). FB0 is estimated using equation 5.14 based on at-harvest attributes.
ୢሾிಳ ሿ
ୢ୲

ൌ െ݇௪ ሾܨ ሿ

[eq. 5.15]

Where FB = FB0 at t = 0
The breakdown of cell wall structure is dependent on temperature (Tijskens et
al., 1998; Van Dijk et al., 2006b). Therefore, the Arrhenius equation is applied to account
for the temperature dependence (eq. 5.16). The model parameters, rate constant at
reference temperature (kw,ref, d-1 at 293 K, Tref) and activation energy (Ea,w, J mol-1) were
estimated based on the experimental data collected in 2012 harvest season (Figure 3.8).
Fruit firmness was predicted by the combination of starch degradation and breakdown of
cell wall structure, and a minimum measurable firmness of 1 N (eq. 5.1). By providing
time temperature information, experimental data of firmness with time (Figure 3.8 to
Figure 3.15) and the previously estimated model parameters (ks,ref; Ea,s and a), Optipa
v6.0 (Hertog et al., 2007c) was used to estimate the model parameters (kw,ref; Ea,w, Table
5.3). A single step simulation followed by optimisation was again used to determine the
value of the model parameters. Appendix 3 demonstrates the various fitted curves
generated by Optipa v6.0 to estimate the model parameters using firmness data collected.
݇௪ ൌ ݇௪ǡ 
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[eq. 5.16]
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Table 5.3: Values of the model parameters with the standard deviation estimated on
softening curves represented 3 grower lines, 16 temperature profiles and known
model parameters (ks,ref, Ea,s and a). The reference temperature was set at 293 K.
Model parameter Estimated value Standard deviation
kw,ref, d-1

6.70 x 10-2

1.18 x 10-3

Ea,w, J mol-1

106,850

885

Enzyme such as PME, PG and ȕ-GAL are often attributed to the breakdown
of cell wall structure. Van Dijk et al. (2006) and others have explained the change in
activity of PME, PG and ȕ-GAL using kinetic models by estimating the activation energy
for respective enzymes. The estimated activation energy describing the temperature
dependence of the breakdown of cell wall structure during ripening (Ea,w = 106,850 J mol1

) was within the range reported in these previous findings (Table 5.4) and thus is not

unreasonable. Schotsmans et al. (2008) estimated an average rate constant for ‘Hort16A’
kiwifruit of 0.20 d-1 at 293 K from 3 harvest dates which is greater in comparison to the
estimated kw,ref (0.07 d-1). The reference rate constant (kw,ref) is used to describe the
gradual softening whereas the rate constant estimated by Schotsmans et al. (2008)
describes the overall softening curve and hence obtaining a value lower than 0.2 d-1 is not
irrational. Applying the estimated model parameters (kw,ref and Ea,w), the rate of change in
firmness due to cell wall breakdown (FB) can be modelled accordingly to various exposed
temperature (Figure 5.6), where the rate increases with temperature.
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Table 5.4: Estimated values of activation energies for different reactions that break
down the cell wall structure described in the model.
Type of model

Fruit

PME activity
ȕ-GAL activity

Tomatoes
Tomatoes
Tomatoes
Peaches

PG activity
Breakdown of
pectin by pectin
degrading enzymes

Estimated activation
Reference
energy, Ea
78,700
Van Dijk et al. (2006)
129,000
Van Dijk et al. (2006)
99,800
Van Dijk et al. (2006)
113,450
Tijskens et al. (1998)

‘Braeburn'
apples

82,000

Gwanpua et al. (2011)

Cox' Orange
82,699*
Johnston et al. (2001)
Pippin' apples
Royal Gala'
Firmness
71,766*
Johnston et al. (2001)
apples
breakdown
Peaches
123,072
Tijskens et al. (1998)
Tomatoes
82,500
Van Dijk et al. (2006)
*
refers to the value was calculated based on the rate constants at different temperatures
and by applying the Arrhenius equation provided.
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Figure 5.6: The modelled change in firmness due to breakdown of cell wall structure
(%) at various temperatures.
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5.3.6. Model for the development of chilling in jury effect on firmness
The rate of cooling fruit to storage temperature and the subsequent storage
temperature have an effect on the incidence of chilling injury, where faster cooling rate
and low storage temperature both promote chilling injury development (Figure 4.5). The
complexity of chilling injury development during long term storage (> 100 days) as
influenced by the cooling profiles applied at the beginning of storage (< 21 days) makes
it difficult to mathematically describe. An empirical model was chosen to predict the
incidence of chilling injured fruit, using the data (Figure 4.5) and the associated time
temperature information (Figure 4.4). The objective for the 2012 harvest season was to
identify the possible temperature scenarios that affect fruit softening and thus the
proportion of chilling injured fruit across different temperature scenarios was
unfortunately not collected. This lack of data (i.e. incidence of chilling injured fruit) for
the 2012 harvest season resulted in this portion of the model being fitted to the 2013 data,
where incidence of chilling injury was collected.
Given that cooling rate, storage temperature and storage time all affect the
development of chilling injury, calculation of accumulated heat units (AHU, °C d) was
used to summarise the temperature profiles during the entirety of storage. Accumulated
heat units have been previously used to predict the harvest date for cucumber (Perry &
Wehner, 1996) and shelf-life of asparagus (King et al., 1988). AHU was determined by
estimating the area under the time temperature data (Figure 4.4), greater than the base
temperature, Tb (eq. 5.17). A key finding from the experimental work was that rapid
cooling in combination with 2 °C storage resulted in low incidence of chilling injury
development, yet at 0 °C storage chilling injury incidence was high. In order to
differentiate between these coolchain scenarios and assuming that temperatures are never
< 0 °C, a base temperature (Tb) of 0 °C was chosen. Fruit that were exposed to rapid
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cooling and storage at 0 °C will obtain relatively low AHU values whereas fruit exposed
to slow cooling or storage at 2 °C will obtain relatively high AHU values (Figure 5.7).
[eq. 5.17]
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Figure 5.7: (A) Fitted model with the incidence of chilling injured fruit collected in
the 2013 harvest season. Each data points represents average incidence of chilling
injured fruit from 3 grower lines across different fruit maturity found in Figure 4.5
(n = 270). (B) Average calculated accumulated heat units (AHU, °C d-1) for
respective coolchain scenarios (Figure 4.4) during storage for up to 172 days.
The calculation of AHU summary of various storage conditions is used as an input
to predict the incidence of chilling injured fruit (CI) with an empirical logistic model (eq.
5.18). A logistic model is useful for describing a system in which a change occurs between
2 limits (in this case between 0 and 100 % CI incidence). Logistic models have been used
previously to predict colour development during ripening of banana (Chen &
Ramaswamy, 2002), cherries (Muskovics et al., 2006) and apples (Tijskens et al., 2009).
The empirical parameters ȝ (d-1) and AHUĮ (°C d-1) can be estimated by fitting the
experimental data collected (Figure 4.5), given that the minimum and maximum
proportion of chilling injured fruit is naturally 0 and 100 % respectively.
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[eq. 5.18]

5.3.6.1.
Fitted model parameters (μ and AHUĮ)
The unknown model parameters (ȝ and AHUĮ) were estimated using solver
analysis (Microsoft Excel v14.0.6112.5, Microsoft Corporation, Redmond, WA, USA).
The parameter, ȝ was kept constant while AHUĮ was described as a linear function with
storage time (eq. 5.19). Experimental time temperature information (Figure 4.4) and the
incidence of chilling injured fruit (Figure 4.5) were used to estimate these parameters.
After fitting the model to the experimental data (Figure 5.7A), values of the unknown
parameters were found to be μ = 0.0108 d-1, c = 4.44 °C, and d = 817.29 °C d

 ןܷܪܣሺݐሻ ൌ  ሺሻ െ 

[eq. 5.19]

Figure 5.8 demonstrates the flexibility of the logistic model to describe the
proportion of chilling injured fruit in different coolchain scenario (i.e. difference in AHU)
during storage. When fruit were cooled rapidly to 0 °C (i.e. AHU values are low), the
amount of chilling injured fruit is estimated to be higher, with the proportion of chilling
injured fruit increasing with longer storage period.
Incidence of chilling injured fruit was found to be influenced by fruit
maturity (Figure 4.5). The limitation of adopting the current logistic model is that it is
unable to take fruit maturity into account, and hence could be improved by adding
parameters that describe fruit maturity to the logistic model. Although the current logistic
model (eq. 5.18) is unable to account for fruit maturity, it is still able to describe the
incidence of chilling injured fruit reasonably well (R2 = 0.735; Figure 5.8), which aids in
the final model development to predict fruit softening pattern.
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Figure 5.8: Logistic model used to describe the incidence of chilling injured fruit by
fitting the curve to the experimental data. AHU is calculated based on the time
temperature data collected during storage (Figure 4.4). Each data point (open circle)
represents the incidence of chilling injured fruit from different fruit maturity across
6 different cooling profiles (Figure 4.5).
5.3.7. Prediction of kiwifruit firmness (Fpred)
For modelling, chilling injury is assumed to affect fruit firmness in subsequent
storage. The prediction of the incidence of chilling injured fruit during storage is used to
assign a proportion of the fruit in the population to a firmness of 1 N (FCI), equation 5.20.
The remaining population firmness is predicted by the effects of starch degradation and
cell wall breakdown (Fsoft; eq. 5.1). Using this ratio allocation equation means that
initially when chilling injury development is not triggered, firmness prediction is solely
driven by the two aforementioned physiological processes (Fsoft; eq. 5.1).
ܨௗ ൌ ܫܥሺܨூ ሻ  ሺͳ െ ܫܥሻሺܨ  ܨ  ܨி௫ ሻ [eq. 5.20]
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5.4. Model summary
A fruit firmness prediction model was developed based on the 20 equations described
in the above sections (Figure 5.9). After parameter fitting, easy adaptation and usage can
be achieved. The model can be simplified substantially as summarised in (Figure 5.10).
This simplification has occurred by:
•

Substituting eq. 5.4 into eq. 5.3

•

Substituting eq. 5.5 into eq. 5.8 and replacing kb,ref = 0.14 d-1, Ea,b = 20105 J
mol-1, R = 8.314 J mol-1K-1 and Tref = 293 K into eq. 5.7

•

Substituting eq. 5.5 into eq. 5.11 and replacing a = 7.49 N %-1

•

Replacing a = 7.49 N %-1 and FFix = 1 N into eq. 5.14

•

Replacing kw,ref = 6.70 x 10-2 d-1, Ea,w = 106850 J mol-1, R = 8.314 J mol-1K-1
and Tref = 293 K into eq. 5.16

•

Substituting Tb = 0 °C in eq. 5.17

•

Substituting eq. 5.19 into eq. 5.18 and replacing c = 4.44 °C, d = 817.29 °C d
and μ = 1.08 x 10-2 d-1 into eq. 5.18

•

Replacing FCI = 1 N and FFix = 1 N into eq. 5.20
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Figure 5.9: Summary of the firmness prediction model developed to describe the softening curve of a particular fruit grower line.
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Figure 5.10: Simplified overall equations explaining the variables needed to predict fruit firmness in coolchain.
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5.5. Conclusion
The softening model is developed based on 3 processes (i.e. the correlation to starch
degradation (FA), cell wall breakdown influence on firmness (FB), chilling injury
development (FCI) and an underlying basal firmness of 1 N (FFix).The resulting model
consists of 11 equations, for of which are factor of time (eq. 5.11, 5.15, 5.18 and 5.20).
Inputs required for the model are initial dry matter content (Dm0), soluble solids content
(B0), fruit firmness (F0) and supply chain temperature conditions (T(t)). In order to
develop a predictive model to describe fruit softening, the mechanism behind fruit
softening may have been simplified into 3 main processes, neglecting other processes
such as ethylene effect on softening and transition of maturation to ripening. The model
weakness will be identified in the subsequent chapters.
The following chapter (Chapter 6) will demonstrate how this model performs against
the data used to create the model, while the subsequent chapter (Chapter 7) will provide
a true validation in which the predictions from this model are compared to data not used
in constructing the model.
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6. Developed model performance
6.1. Introduction
In the previous chapter, a predictive model was developed to describe kiwifruit
softening based on 3 fundamental processes; correlation of starch degradation to fruit
firmness (FA), breakdown of cell wall component influencing firmness (FB) and
development of chilling injury affecting subsequent firmness (FCI). In chapter 3 several
factors were observed to affect fruit firmness during coolstorage. Chapter 5 used this data
and the chilling injury data from chapter 4 to develop the mathematical model. The
subsequent developed model is expected to be flexible and able to predict the softening
as influenced by the following conditions:
1. Fruit grower line differences
2. Coolchain conditions including:
a. Direct or gradual cooling
b. Different storage temperature (i.e. 0 or 2 °C)
c. A break in temperature control (i.e. 1 d at 8 °C)
d. Exposure to high temperatures environment (i.e. 20, 25, 30 or 35 °C)
The aim of this chapter is to evaluate the performance of the developed model to
describe the softening curve based on different at-harvest attributes and time temperature
information. Results collected in 2012 harvest season (Chapter 3) were used to compare
with the predicted softening curves. The model is expected to make reasonable firmness
prediction based on the model inputs and coolchain scenarios.
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6.2. Materials and methods
This chapter investigates how well the created model described those results used to
develop the model, and the sensitivity of the model to data input (Dm0, B0, F0 and T(t)).
The at-harvest attributes from each respective grower lines were used as model inputs
(Table 6.1). Time temperature information of respective cooling and storage conditions
was used (Figure 3.6 and Figure 3.7). Firmness prediction simulation was performed
using Matlab R2011b (MathWorks Inc, Natick, Massachusetts, USA) (Appendix 4). The
model parameters (i.e. a, kref and Ea) were fixed as described in Figure 5.10.
Table 6.1: At-harvest attributes of kiwifruit from respective grower lines from
2012 season.

Grower

Firmness (F0), N

Soluble solids content
(B0), °Brix

Dry matter content
(Dm0), %

G1
G2
G3

44.2
51.6
51.2

11.3
11.6
10.8

18.2
18.4
17.9

The model predicts the average firmness of respective grower lines (i.e. G1, G2 and
G3) using the average at-harvest attributes (Table 6.1) and supplied coolchain
temperature conditions. The average predicted firmness is thereafter compared against
the average of the experimental data. The error of fits between the predicted (P) and
experimental data (O) were determined using Mean Absolute Error, MAE (eq. 6.1.).
ଵ

 ൌ ୬ σ୬୧ୀଵȁ୧ െ ୧ ȁ

[eq. 6.1]
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6.2.1. Grower difference
The difference between growers is expressed by the initial firmness, soluble solid
content and dry matter content (Table 6.1). Hence, using these parameters as model inputs
helps to differentiate the softening curve of grower lines. Generally, fruit with high initial
firmness will have low soluble solids content since the available starch has not broken
down. This section investigates how the developed model describes grower line
differences as a result of the different initial model inputs.
Since the model inputs for each grower line are different, different softening
curves are expected to result. Figure 6.1 shows the softening curves for each grower lines
for a range of coolchain scenarios. The initial firmness (F0) for G1 is lower than G2 and
G3, which were relatively similar between each other (Table 6.1). According to the
correlation established in Figure 5.4, a lower F0 will result in lesser magnitude change in
firmness associated with cell wall breakdown (FB) and more associated with rapid
softening phase (FA). Hence, the softening curve of G1 is expected to be faster (Figure
6.1).
The predicted softening curves based on different time temperature information
fitted reasonably well with the experimental data, displaying a difference between grower
lines. The MAE ranged falls 0.7 to 4.0 N. The difference between grower lines was
observed to be larger for model than for data (Figure 6.1E, F, G and H). When fruit were
exposed to direct cooling and subsequently stored at 0 °C (Figure 6.1A & E), chilling
injury is anticipated resulting in prediction of more rapid softening after 120 d of storage.
The chilling injury component integrated into the model has enable predicting the
subsequent accelerated softening in the late storage period (Figure 6.1E). The rate of
softening predicted well but the spread of grower lines is larger than observed in the
experimental data (Figure 6.1E).
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Figure 6.1: The model prediction (solid lines) against the experimental data using the average initial firmness, soluble solids content and
dry matter for 3 different grower lines of 36 fruit each. G1, G2 and G3 represent the different grower lines. Each experimental data points
refers to the average fruit firmness (n = 108). Figure A to D represent different cooling methods while Figure E to H represent the same
data as A to D but focus on firmness less than 20 N.
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The average firmness after 120 d of storage for gradual cooled fruit to 0 or 2 °C
was underestimated by the model (Figure 6.1G and H). The rate of softening in the late
storage period (> 120 d) becomes pseudo-parallel to each other, maintaining consistent
gradient but displaying the difference between grower lines (Figure 6.1F, G & H).
6.2.2. Cooling rate effect on fruit firmness
The rate of cooling kiwifruit to storage temperature was shown to influence fruit
firmness in subsequent storage (Chapter 3). Initially, the rate of cooling influences
softening in that fruit are firmer when cooled faster. Later in storage, faster cooling to
storage temperature at 0 °C resulted in faster softening during the gradual softening phase
(Figure 3.8). This was suspected to be caused by the development of chilling injury and
thus resulting in reduced fruit firmness. The developed model describes the trends in fruit
firmness as influenced by the cooling rate to storage temperature at 0 and 2 °C, where
fruit were firmer when cooled faster to storage temperature (Figure 6.2) but accelerate
softening in the late storage period at 0 °C (i.e. after 120 d of storage). The model
displayed consistent trends that were found in the experimental data and literature
findings. However, the predicted softening curves were not fitted closely with the
experimental data, with a MAE range between 0.8 to 2.1 N (Figure 6.2). The modelled
softening curve of gradual cooling was observed to be lower compared to the
experimental data. Furthermore, the modelled softening curve of direct cooling did not
intersect with the modelled softening curve of gradual cooling, whereas the experimental
data showed an intersection after 120 d of storage (Figure 6.2C).
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Figure 6.2: Experimental data points and modelled average fruit firmness (solid
lines) during storage at 0 (A & C) or 2 °C (B & D) as influenced by rate of cooling.
Cooling profiles are provided in Figure 3.6 Each data point represents the average
firmness of 3 replicate growers of 36 fruit each (n = 108), refer to Figure 3.8. Rotten
fruit were removed from population prior to analysis. Graphs C & D represent the
same data as A & B but focus on the late storage period (> 100 d of storage).
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6.2.3. Storage temperature effect on fruit firmness
Chapter 3 demonstrated the effect of storage temperature on fruit firmness during
coolstorage (Figure 3.12). Exposing fruit to 2 °C resulted in a faster softening. Fruit with
a similar cooling profile but stored at 2 °C softened faster than fruit stored at 0 °C in
subsequent storage, provided that there was no chilling injury developed during storage
(Figure 3.12B). Figure 6.3 shows that the developed model is able to characterise the
softening behaviour of fruit stored at 0 or 2 °C, where fruit were predicted to be softer in
subsequent storage when stored at 2 °C. The rapid softening phase is influenced by the
initial cooling rate and thus fruit that were exposed to similar cooling profiles are expected
to have similar softening rate in the rapid softening phase. The model exhibits its
capability to predict similar softening rate in the rapid softening phase due to the initial
cooling methods and subsequently a lower firmness when fruit were stored at 2 °C (Figure
6.3). This provides evidence that the developed model is able to describe the change in
fruit firmness in subsequent storage when fruit were stored at different storage
temperatures.
When fruit were cooled directly to 0 °C, accelerated softening was observed after
120 d of storage and thus the firmness of fruit stored at 0 were similar to fruit stored at
2 °C. Figure 6.3A and C show that the modelled average firmness of fruit stored at 0 and
2 °C (direct cooling) were similar at the end of storage period (after 180 d of storage) but
the intersection of 0 °C with 2 °C happens 50 days later than observed in the experimental
data.
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Figure 6.3: Experimental data points and modelled average firmness (solid lines) of
fruit that were cooled either directly or gradually to storage temperature as
influence by storage temperature. Cooling profiles are provided in Figure 3.6. Each
data point represents the average fruit firmness of 3 replicate growers of 36 fruit
each (n = 108) as previously presented in Figure 3.12. Rotten fruit were removed
from population prior to analysis. Graphs C & D represent the same data as A & B
but focus on the late storage period (> 100 d of storage).
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6.2.4. Break in temperature control effect on fruit firmness
Chapter 3 showed that a break in temperature control to 8 °C for a day did not
have a significant effect on the fruit firmness in subsequent storage (Figure 3.13). Due to
the temperature dependence of the model, a decrease in fruit firmness will be expected to
be predicted when exposed to a break in temperature control for a day. Figure 6.4
demonstrates that the model predicted a slight drop in fruit firmness after exposing fruit
to a break in temperature control of 8 °C for a day. This small drop resulting in a 0.5 to 2
N which corresponds to the experimental finding that a break in temperature control of
8 °C for a day does not influence the fruit firmness significantly in subsequent storage
(Figure 3.13). The least square difference between fruit population after 9 weeks and 15
weeks of storage was also between 0.5 N and 2 N (n = 108). Therefore, the model agrees
with the experimental data in that a break of temperature control to 8 °C for a day is
unlikely to result in a measurable decrease in firmness.
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Figure 6.4: Experimental data points and modelled average firmness (solid lines) of
fruit exposed to a break in temperature control at 8 °C for 1 d (red solid lines) after
9 or 15 weeks of storage Control (black solid line) refers to fruit that were not
exposed to a break in temperature control. Each data points refers to the average
fruit firmness of 3 replicate growers of 36 fruit each (n = 108). Data presented is the
same as that presented in Figure 3.13. Graphs C & D represent the same data as A
& B but focus on the late storage period (> 60 d of storage).
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6.2.5. Effect of exposure to high temperature on fruit firmness
The effect of high temperature condition on kiwifruit firmness during storage is
well discussed in chapter 3. Fruit softening rate increased when exposed to temperatures
ranging from 20 to 30 °C and decreased when exposed to 35 °C (Figure 3.14). Figure 6.5
shows that the rate of softening increases when exposed to high temperature conditions.
Due to the temperature dependency of the model, the softening rate was predicted to
increase with increasing temperature conditions, from 20 to 35 °C, where modelled
firmness fitted well with the experimental data of fruit exposed to 25 and 30 °C (Figure
6.5). However, the experimental data shows a decrease in softening rate at 35 °C.
Moreover, when fruit were exposed to 20 °C, a lag phase of approximately 3 days was
observed. This suggests that the model lacks the capability to predict the fruit firmness
accurately when fruit are exposed to 20 and 35 °C, where the MAE was 1.4 and 2.5 N
respectively (Figure 6.5). The model is developed based on temperature dependency
using Arrhenius equation but there may be other factors that result in the lag phase at
20 °C and the decline softening rate at 35 °C. One of the possible factors that explains
the lag phase at 20 °C after 10 weeks of storage is the influence of internal ethylene
concentration on the transition from lag to rapid softening phase (Jeffery & Banks, 1996).
A decrease in softening when continuously exposed to temperature above 30 °C
has been demonstrated previously in apple. Johnston et al. (2001) used a modified
Arrhenius equation which consists of the Arrhenius and Boltzman components to
determine the rate constant for firmness change in apples during storage at high
temperature conditions. The Arrhenius component helps to describe the increase in rate
constant when apples were exposed from 0 to 24 °C while the Boltzman component
describes the decrease in rate constant when exposed between 24 and 35 °C. This
approach is not adopted during the model development because it adds more unknown
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parameters in the model which are difficult to explain and complicates the overall model.
The likelihood for kiwifruit to be continuously exposed to above 30 °C for a long period
is likely when fruit were to export to countries with high temperature environment in
South East Asia and Indian subcontinent.
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Figure 6.5: Experimental data and modelled average firmness of fruit exposed to
high temperature conditions after 10 weeks of storage at 0 °C. Control refers to fruit
stored at 0 °C (black) throughout the storage period. Each data point refers to the
average fruit firmness of 3 replicate growers of 36 fruit each (n = 108). The data
presented are identical to the presented in Figure 3.14. Rotten fruit were removed
from population prior to analysis. Graph B represents the same data as A but focus
on the late storage period (> 60 d of storage). Fruit were exposed to 20 (pink), 25
(red), 30 (green) and 35 (blue) °C.
6.2.6. Prediction on the proportion of chilling injured fruit
Results from chapter 3 suggested an effect of chilling injury on the fruit firmness.
Higher incidence of chilling injury development correlated with softer fruit towards the
late storage period (Figure 4.5 & Figure 4.6). Equation 5.1 explained the physiological
softening of kiwifruit. However, this does not include more rapid softening caused by the
development of chilling injury. An empirical model was used to predict the proportion of
chilling injured fruit during storage (eq. 5.17). An assumption was then made that fruit
with chilling injury development at late storage period had a firmness value of 10 N (eq.
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5.19). Figure 6.6 illustrates the difference in the prediction of fruit firmness during the
late storage period between a model with (eq. 5.19) and without (eq. 5.1) this chilling
injury component. The addition of the chilling injury model (eq. 5.17) assisted description
of the lower fruit firmness during the late storage period.
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Figure 6.6: Experimental data points and modelled average firmness of fruit with
chilling injury development. Fruit were directly cooled to 0 °C. The black solid line
represents the model without including the chilling injury component (eq. 5.1) while
the red solid line represents the model with chilling injury component (eq. 5.19).
Each data point represents an average firmness of 3 replicate growers (n = 108). The
data presented are identical to the presented in Figure 3.8. Rotten fruit were
removed prior to analysis. Graph B represents the same data as A but focus on the
late storage period (> 100 d of storage).

6.3. Model error and sensitivity
The previous sections have demonstrated the flexibility and limitations of the
developed model to kiwifruit firmness during softening. The next section will focus on
the sensitivity analysis of the model with respect to the model parameters and model
inputs.
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6.3.1. Model inputs
A sensitivity analysis was conducted to evaluate how responsive the modelled
fruit softening curves are to the model inputs (initial firmness, soluble solids or dry matter
content). When conducting the sensitivity analysis on the model inputs, the model
parameters (kref and Ea) and time temperature information (T(t)) remained constant.
Sensitivity analysis was conducted by using the extreme values of model inputs (Dm0, F0,
B0 or S0) from the individual from the 3 different grower lines.
Initially correlations between the input data were explored (Figure 6.7). No
correlation was found between initial dry matter content and initial firmness or initial
soluble solids (Figure 6.7B & C). However, a negative correlation between initial
firmness and soluble solids content was found, where a high initial firmness will
correspond with a low initial soluble content (Figure 6.7A).
In order to relatively test sensitivity of the model, the input values for the initial
firmness and soluble solids content should follow the correlation. The alternative is to
have these inputs tested independently. However, this can result in the model making
predictions for scenarios that cannot occur in reality (i.e. high soluble solids content, high
firmness) and hence over-demonstrate the sensitivity of the model.
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Figure 6.7: Scatter plots of initial fruit firmness (F0), soluble solids (B0) and dry
matter content (Dm0) for individual fruit of the 2012 season represented as 15 fruit
from each of 3 grower lines. (A) Correlation between initial fruit firmness and
soluble solids content (r = -0.621, p-value < 0.05), (B) and (C) show no correlation
between initial fruit firmness and dry matter content (r = 0.105, p-value > 0.05) and
initial soluble solids and dry matter content (r = 0.107, p-value > 0.05).
Figure 6.8 shows the influence of initial firmness and soluble solids content on
the resulting firmness prediction. Cases when the inputs do not follow the correlation
(Figure 6.7), the prediction curve will be illogical, as identified in Figure 6.8A & I. Figure
6.8 shows that the modelled softening curve was found to be similar across different
model inputs (F0 and B0). However, the change in F0 or B0 results in different location for
slow softening phase, where higher F0 or B0 leads to higher firmness during slow
softening. Figure 6.8 also demonstrates that higher B0 contribute lesser to the fast
softening phase to overall softening.
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Figure 6.8: Sensitivity analysis of model inputs on predicting the softening curve.
The black line represents the model with average model inputs while the red line
represents model with different extremes of the model inputs (initial firmness and
soluble solids content, SSC). For these curves, global model parameters and time
temperature data (R12h,0) were kept constant. “Unlikely” refers to the unlikelihood
for the softening curve (red solid line) to occur.
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Figure 6.7C shows no correlation was found between initial soluble solid content
(B0) and dry matter content (Dm0). However, these parameters are used to estimate the
fruit starch content, which was found to correlate with fruit firmness (Figure 5.4). Since
B0 and Dm0 will influence the estimation of initial starch content, it will also affect the
softening prediction. Figure 6.9 shows that Dm has a positive correlation with the fruit
starch content while the B0 has a negative correlation with the fruit starch content. These
figures indicate that the input values for B0 and Dm should follow the correlation in order
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Figure 6.9: Scatter plots of initial starch content (S0), soluble solids (B0) and dry
matter content (Dm0) for individual fruit of the 2012 season represented as 15 fruit
from each of 3 grower lines (A) Correlation between dry matter content, Dm0 (r =
0.575, p < 0.05) and (B) initial soluble solid content, B0 (r = -0.752, p < 0.05) on fruit
starch content, S0.
Dry matter content is used to estimate the final soluble solids content (eq. 5.4)
which subsequently determine the amount of starch present in the fruit (eq. 5.3). The first
phase of softening is correlated to the degradation of starch content (FA) and thus upon
depletion of starch, the second phase of softening is depending on the rate of the loss of
cell wall composition (FB). Based on equation 5.1, the firmness change is dependent on
the starch degradation, loss of cell wall composition and a minimum measured firmness
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(FFix). When global model parameters and FFix are kept constant, the amount of starch
estimated based on the initial model inputs (B0 and Dm0) will determine the amount of FB0
which influences the second phase of softening. Figure 6.10 shows that a high estimation
of S0 will predict a lower value of FB0 and thus affect the predicted softening curves.
Figure 6.10 shows the possible softening prediction based on different initial
model inputs to estimate the starch content (B0 and Dm0). When the estimated S0 is high
and FB0 is low (Figure 6.10A, B & C), the softening will be largely dictated by starch
degradation, with the firmness plateauing after 50 days of storage to a very low firmness.
On the other hand, when S0 is estimated to be lower than FB0, the model predicts a
softening curve that is highly influenced by the rate of the breakdown of cell wall
composition (Figure 6.10G, H & I) with little initial rapid softening. Dry matter content
is used to estimate the starch content which subsequently affects the magnitude of
firmness change due to FA or FB. Figure 6.10 demonstrates the influence of initial dry
matter content (Dm0) in predicting a sensible softening pattern. Figure 6.10 shows that
higher initial dry matter content (Dm0) had greater magnitude of firmness change in the
rapid softening while lower Dm0 had a greater magnitude of firmness change in the gradual
softening phase. Therefore, it is important to collect reliable at-harvest attributes (F0, B0
and Dm0) in order for the model to make logical softening prediction.
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Figure 6.10: Sensitivity analysis of model inputs on predicting the softening curve.
The black line represents the model with average model inputs while the red line
represents model with different extremes of initial firmness (F0), soluble solids
content (B0) and dry matter content (Dm). For these curves, model parameters and
time temperature data were kept constant (details as for Figure 6.8).
Famiani et al. (2012) and Figure 6.9A demonstrated a positive relationship
between dry matter content and amount of starch. This may indicate that fruit with high
starch content take longer to ripen and thus retain high flesh firmness during storage. The
softening prediction coincides with these findings as fruit with high estimated starch
content has better storability compared to fruit with low estimated starch (Figure 6.11).
The at-harvest firmness and soluble solid content vary over the harvest season, with a
distinctive trend of reduction in fruit firmness and increase in soluble solids content across
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the season (Mitchell et al., 1992; Jabbar, 2014). Including fruit firmness and soluble solids
content as model inputs will aid differentiation of fruit harvest timing.
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Figure 6.11: Sensitivity analysis of model inputs on predicting the softening curve.
The black line represents the model with average model inputs (F0 = 48.6 N and S0
= 3.9 %) while the red line represents model with different extremes of initial
firmness (F0) and starch content (S0) as displayed on respective graphs. The model
inputs of the red solid line in graph A were (F0 = 66.3 N and S0 = 5.0 %) while in
graph C the model inputs were (F0 = 37.1 N and S0 = 2.8 %). For these curves, model
parameters and time temperature data were kept constant.
6.3.2. Global model parameters
Currently, the model parameter (a) was set at 7.49 N %-1 (Figure 5.4), which was
estimated from the fruit firmness and starch correlation. This value (a) dictates the amount
of firmness loss as a result of starch degradation. A sensitivity analysis is performed to
examine the impact of the model parameter (a) on the overall softening curve, knowing
that the value was obtained based on the correlation between fruit firmness and starch
content. The initial model inputs (F0, B0 and Dm) and time temperature data were remained
constant while the model parameter (a) will be varied by more than 20 % of the original
value. With an increase of 20 % of the model parameter (a) a lower value of FB,0 is
predicted, resulting in a lower magnitude of firmness change during the second phase of
softening and thus softening mainly being caused by the rate of starch degradation (Figure
6.12A). On the other hand, decreasing 20 or 40 % of the model parameter (a) a higher
value of FB,0 is predicted, allowing a greater magnitude of firmness change during the
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second phase of softening (Figure 6.12B & C). Figure 6.12 demonstrates a 20% increase
in a will under predict the fruit firmness in the late storage period. In contrary, a decrease
of 20 or 40% resulted in an over estimation of fruit firmness in the late storage period.
The prediction of fruit firmness during the late storage period is critical as it allows the
industry to evaluate the fruit storability.
+ 20 %

50

a = 8.99
kw = 0.067

Fruit firmness, N

40

- 20 %

A

50
40

- 40 %

a = 5.99
kw = 0.067

B

50
40

30

30

30

20

20

20

10

10

10

0

0

0

0

50

100

150

200 0

50

100

150

200 0

a = 4.49
kw = 0.067

50

100

C

150

200

Storage period, d

Figure 6.12: Sensitivity analysis of model parameter (a) on predicting the softening
curve of the same grower line. The black line represents the model with values of an
ordinary softening curve (a=7.49, kw=0.067) while the red line refers to the model
with a changed by 20% or more. The model inputs and time temperature data were
kept constant.
For the first phase of softening which is correlated to starch degradation,
experimental data on the accumulation of soluble solids content was collected during
storage period and thus able to be used to describe the model parameters (ks and Ea,s).
However, the global model parameters (kw and Ea,w) describing the second phase of
softening were obtained by enabling optimisation software to estimate these values based
on the a large pool of experimental data collected. Consequently, sensitivity analysis of
model parameter, kw is conducted to investigate its impact on predicting the softening
curve. Figure 6.13 demonstrates the influence of kw on the gradual softening phase, where
an increase in the rate will under predict the fruit firmness (Figure 6.13A) while
decreasing the rate (20 or 40%) will over predict the fruit firmness (Figure 6.13B & C)
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during the late storage period. The prediction of fruit firmness in the late storage period
is critical as it influences the industry’s decision to retain fruit in coolstore or alternatively
export fruit.
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Figure 6.13: Sensitivity analysis of model parameter (kw) on predicting the softening
curve of the same grower line. The black line represents the model with values of an
ordinary softening curve (a=7.49, kw=0.067) while the red line refers to the model
with kw changed by 20% or more. The model inputs and time temperature data were
kept constant.

6.4. Overall discussion
The developed mathematical model characterised the softening based on two
exponential decay reactions that are occurring during ripening. These reactions are used
to explain the two distinct softening phases, rapid and gradual softening. During the rapid
softening, different events of enzymatic reactions are happening, including starch
breakdown, pectin solubilisation and depolymerisation (Schroder & Atkinson, 2006).
These reactions are assumed to correlate well with the rate of starch degradation (FA) and
thus it is explained by the starch component as illustrated in Figure 6.14. Schroder &
Atkinson (2006) also reported that loss of cell to cell adhesion and pectin
depolymerisation occurred during the second gradual softening. Gradual softening is
explained by the cell wall structure component, FB (Figure 6.14). Since fruit firmness is
predicted according to decreasing rate of FA and FB, the estimation of S0 and FB0 are
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critical. Model inputs such as initial firmness (F0), soluble solids content (B0), dry matter
content (Dm) are used to estimate the S0.
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Figure 6.14: The developed model on predicting the softening of ‘Hayward’
kiwifruit that were gradually cooled and stored at 0 °C. FA and FB are parameters
found in equation 5.1.
The model is unable to predict the softening curve of fruit exposed to similar time
temperature profile but stored in a controlled atmosphere (CA) environment. Studies have
demonstrated that storing kiwifruit at CA conditions helps to prolong the storage life and
retain flesh firmness (Harman & McDonald, 1989; Oz & Eris, 2010). Furthermore,
Harman & McDonald (1989) found that CA storage alters the degradation of pectin in
kiwifruit by decreasing the rate of pectin hydrolysis and hence retaining flesh firmness.
On the other hand, it was suggested that CA storage decreases the rate of starch
degradation and thus maintaining the firmness during storage (Arpaia et al., 1985). Based
on these understandings, CA storage affects either cell wall degradation or starch
degradation or both, altering the rate constant (kw and ks). Hertog et al. (2004b) previously
developed a model based on the approach of associating rate of gas exchange to the
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softening of ‘Hayward’ kiwifruit. However, this model is unable to predict fruit softening
with the possibility of chilling injury development.
Currently, the developed model is used to predict the average firmness across the
storage period under different storage and cooling conditions. This was made possible by
inputting the average value of F0, B0 and Dm0. The industry categorises kiwifruit based on
the grower line. Therefore, allowing the industry to predict the softening of individual
grower lines is more beneficial. The grower line that is predicted to reach 10 N earlier
will be exported before the firmness falls below this threshold. Figure 6.1 demonstrated
that fruit softening is dependent on grower line where different grower lines exhibit
different softening pattern. Jabbar (2014) also demonstrated variation in softening
behaviour between different growers. The variation in softening is attributed to the
differences in growing location or orchard management practices (Mitchell et al., 1992;
Arpaia et al., 1994).

6.5. Conclusion
The softening of kiwifruit in the coolchain is modelled using a mechanistic approach
describing the softening based on starch degradation, loss of cell wall structure and
chilling injury development. The initial inputs for the model are fruit firmness (F0),
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soluble solids content (B0) and dry matter content (Dm0) which can be easily collected
throughout the supply chain. The model demonstrated its robustness in predicting the
softening curve when fruit were exposed to fluctuating temperature environment
throughout the coolchain. This includes the different cooling methods, storage
temperatures, exposure to high temperature conditions and a break in temperature control
of 8 °C for a day. Model sensitivity was conducted on the model inputs and global
parameters, identifying the model shortcomings in predicting the softening curve. The
model demonstrates promising predictions on fruit softening of 3 different grower lines
when fruit were stored at different storage conditions, based on the at-harvest attributes
as model inputs. The mathematical model is developed based on the experimental result
found in chapter 3. A validation with an independent set of experimental result is required
and will be discussed in the next chapter.
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7. Validation of ‘Hayward’ kiwifruit softening model in coolstorage
7.1. Introduction
The ripening of kiwifruit follows a softening pattern described by three different
phases; an initial lag phase, a rapid softening phase and a final gradual softening phase
(White et al., 2005; Schroder & Atkinson, 2006; Jabbar et al., 2014). In season variability
resulting from pre and postharvest factors contributes to the variation in fruit storability
(Burdon et al., 2013; Jabbar et al., 2014; East et al., 2016). In order to develop an easily
applicable mathematical model to predict kiwifruit storability in the coolchain, an
assumption was made that softening was described by three processes; softening
correlated with starch degradation, breakdown of cell wall structure and development of
chilling injury. The rates of softening by the first two mechanisms were assumed to follow
first order kinetics (Chapter 5). The mathematical model was developed and fitted
adequately, describing the trends in the data (2012 harvest season; Chapter 3) observed
experimentally.
This study has identified that cooling rates and storage temperature affect both fruit
softening rate and chilling injury development (Chapter 3 and 4). The Arrhenius equation
was introduced to describe the temperature dependence on fruit softening rates.
Furthermore, accumulated heat units (AHU) were used to empirically model the
development of chilling injury influenced by the cooling rates and storage temperature
(Chapter 5). Kiwifruit are exposed to fluctuating temperatures throughout the coolchain
(Bollen et al., 2013). Time temperature information (T(t)) of the coolchain is necessary
to predict the fruit softening pattern and the incidence of chilling injured fruit. The
difference in softening rate between grower lines was explained by fruit at-harvest
attributes (F0, B0 and Dm0), whereas the fitted model parameters were assumed to be
independent to grower line differences (Figure 6.1). The first phase rate constant (ks,ref)
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and activation energy (Ea,s) were fitted based on the accumulation of soluble solids
content whereas the second phase rate constant (kw,ref) and activation energy (Ea,w) were
fitted to the softening data collected in 2012 harvest season.
Independent validation is required to further test whether the developed model is able
to predict kiwifruit firmness within the supply chain, given time temperature information
(T(t)) and initial fruit quality (firmness (F0), soluble solids content (B0) and dry matter
content (Dm0)) data. Fruit at-harvest attributes are collected destructively and thus average
inputs are used. As a result, the model predicts mean fruit firmness. In chapter 5, the
mathematical model was developed based on data from three kiwifruit grower lines from
the 2012 harvest season. The objective of this chapter was to validate the developed model
with an independent data set obtained from a different harvest season (2013, chapter 4)
in order to further explore the ability of the model to predict the softening of kiwifruit in
the coolchain. There is variability in fruit softening with harvest season. The model should
be able to account for this variability from the initial fruit quality (F0, B0 and Dm0). The
at-harvest attributes and time temperature information varied for the 2013 harvest season,
while the global model parameters remained unchanged (Table 7.1).

7.2. Material and methods
As described in above, the validation data was reported in section 4.3, 9 batches of
‘Hayward’ kiwifruit representing 3 grower lines harvested over 3 maturities were
collected in 2013 and cooled using several methods to reach a storage temperature of 0
or 2 °C (Figure 4.4). Fruit firmness and chilling injury incidence were measured regularly
through to 172 days of storage. At-harvest firmness, soluble solids content and dry matter
were measured from single trays of 30 fruit randomly selected from each grower and
maturity (Table 7.2).
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Table 7.1: The model inputs and parameters used to predict fruit firmness in
coolchain.
Inputs

Assumption
Initial fruit properties explain
difference in grower line and fruit
maturity

Fruit at-harvest attributes

Parameters
F0, B0, Dm0, S0

Model parameters were
estimated from 2012
harvest season data
(Chapter 5)

Parameters are independent to grower
line or seasonal variability

a, FFix,
ks,ref, Ea,s,
kw,ref, Ea,w,
AHUĮ, μ

Time temperature data

Time temperature data explains the
cooling rate and storage temperature
across coolchain

T(t)

Table 7.2: Average at-harvest attributes of kiwifruit from 3 growers harvested at 3
different maturity stages (Table 4.1). Each value represents the average firmness,
soluble solids content and dry matter content of fruit from a single tray for a
respective grower line and fruit maturity. p-value < 0.05 represents a significant
difference between factors. Different letters in parentheses are statistically different
at p =0.05.
At-harvest attributes
Dry
matter
(Dm0),
%

Factors

Earl
y

Fruit
maturit
y
x
Grower
line

Mid

Late

G
1
G
2
G
3
G
1
G
2
G
3
G
1
G
2
G
3

18.
4
18.
2
17.
1
19.
6
18.
3
17.
6
19.
8
18.
1
17.
3

pvalu
e

n

b
b
c
a
b
b
c
a
b
c
b
c

0.04

2
0

Soluble
solids
content
(B0), %
6.0
7
5.4
2
5.1
3
7.6
4
7.8
7
7.0
8
11.
8

pvalu
e

n

d
e
3
0

e
e
c
c

0.19

2
0

c
a

11

a
b

10.
3

b

2
0

Fruit
firmnes
s (F0), N
76.
2
82.
8
78.
7
75.
1
75.
3
77.
1
49.
5
60.
6
58

pvalu
e

n

0.00
3

3
0

b
a
a
b
b
a
b
d
c
c
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7.2.1. Predictive modelling
Fruit firmness readings collected across the storage period were used to validate
with the developed model (Section 4.3). Firmness prediction simulations were performed
using the model developed using Matlab R2011b (MathWorks Inc, Natick, Massachusetts,
USA). The simulation was setup using model inputs (F0, B0 and Dm0) that were obtained
from each at-harvest measurements (Table 7.2) and model parameters (kref and Ea) that
were discussed in chapter 5. The error in the fits between the predicted softening curve
and experimental data collected in 2013 was quantified using the Mean Absolute Error,
MAE (eq. 6.1).

7.3. Results and discussion
7.3.1. Fruit maturity difference
The differences in at-harvest attribute across grower lines and maturity assists
validation. The resulting data set means that the developed model was tested across a
wide range of initial conditions throughout the storage period. Fruit of different maturity
can be differentiated by at-harvest soluble solids content. Early harvested fruit tend to
have lower soluble solids content compared to fruit that are harvested later. When
kiwifruit transits from maturing to ripening, a physiological shift from starch
accumulation to breakdown occurs and hence an accumulation of soluble solids content
occurs (Burdon & Lallu, 2011). The transition from accumulation to breakdown of starch
is also influenced by ambient temperature, usually at low temperature of below 7 or 10 °C
(Snelgar et al., 1993; Burdon et al., 2007). Starch content was found to decrease as fruit
mature. In chapter 5 a relationship was established between fruit firmness and starch
content during storage period using the data collected in 2012 (Figure 5.4 and Figure 7.1).
This was used to determine the model parameter a, which affect the estimation of FB0.
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Figure 7.1: Correlation between fruit firmness and starch content during storage
period. The red line refers to the fitted line of F = 7.49[S] + 17.36 using the 2012 data.
Black circles represent the data collected in 2012 whereas the green circles represent
the data collected in 2013.
The firmness and starch content correlation found in chapter 5 shows a positive
linear relationship between fruit firmness and starch content, where firmness increases
with starch content. Fruit firmness can be estimated by extrapolating the fitted line with
a given starch content, assuming the correlation is still valid with the different seasons
fruit. The fruit firmness and starch content of fruit obtained in 2013 were mostly higher
compared to fruit collected in 2012 (Figure 7.1). The data collected in 2013 were plotted
against the established correlation based on data obtained in 2012 to analyse if the
correlation is still valid when the starch content and firmness fall at the higher end of the
correlation. Figure 7.1 shows that the increasing linear relationship between fruit firmness
and starch content is not valid for firmness above 80 N and starch contents above 8 %.
This suggests that the fruit may have a maximum firmness and it does not increase with
increasing starch content (Figure 7.2). Fruit harvested in the early and mid-season had
high initial firmness and starch content. In this scenario, the correlation is found to be
untrue therefore limiting the model’s ability to predict the softening accurately.
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Figure 7.2: The linear correlation of fruit firmness and starch content is invalid
when starch content is above 8 %. Black circles represent the individual at-harvest
fruit data collected in 2012 and green circles represent individual at-harvest fruit
data collected in 2013. The slope of the fitted line below 8 % starch remains the same
at 7.49 N %-1.
At-harvest attributes of fruit from different maturity are applied to the developed
model to evaluate the model flexibility in predicting the softening pattern of fruit with
various maturities when exposed to different storage conditions (Table 7.3). Fruit
maturity was found to have a greater effect on the at-harvest attributes in comparison to
grower line (Appendix 5) and thus the at-harvest attributes used are an average of the 3
different grower lines (G1, 2 and 3) across early, mid and late maturity (Table 7.3). The
benefit of using the average at-harvest attributes of 3 different grower lines as the model
inputs instead of averaging the firmness prediction of respective 3 different grower lines
is that this allows the industry to predict the average fruit firmness of a single pallet with
similar fruit maturity without the uncertainty of grower line variability in the prediction.
The use of grower line specific at-harvest properties will be investigated in subsequent
analysis.
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Figure 7.3 shows that the model is able to predict three distinct softening patterns
based on fruit maturity across 3 different storage treatments (R12h,0, R12h,2 and G2w,0).
Soluble solids content at harvest is usually used as an indicator to predict the fruit
storability and maturity. Fruit with low soluble solids content tend to have poor storability
whereas fruit with high soluble solid content at harvest have good storability and provides
acceptable flavour when at eating ripe firmness (Snelgar et al., 1993; Burdon & Lallu,
2011). Soluble solids content was found to be related to fruit maturity, where soluble
solids content increased across the harvest season (Table 7.3). Similarly, fruit harvested
later in the season were found to be firmer at the end of the storage compared to fruit
harvested early in the season (Costa et al., 1997). The model predicts late maturity fruit
are firmer during storage compared to early maturity fruit, even though the at-harvest
firmness is lower than early maturity fruit. The magnitude of firmness change is
dependent on the extent of the correlation with starch degradation (FA) and cell wall
breakdown influence on firmness (FB). Therefore, a greater magnitude of firmness change
in fruit with high initial starch content, contributed to the rapid softening phase.
Alternatively, a greater magnitude of firmness change in fruit with low initial starch
content is attributed to the gradual softening phase. This explains the model prediction on
fruit of late maturity to have better storability compared to early maturity fruit (Figure
7.3), which coincides with the findings in literature and chapter 4 (Figure 4.8).
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Table 7.3: Average at-harvest attributes of kiwifruit from 3 different maturity stages.
Each value represents the average firmness (n = 90), soluble solids content (n = 90
for early maturity fruit and n = 60 for mid and late maturity fruit) and dry matter
content (n = 90 for early maturity fruit and n = 60 for mid and late maturity fruit)
of fruit from 3 replicated growers (G1, 2 and 3). Different letters in parentheses are
statistically different at p =0.05.
At-harvest attributes
Fruit
maturity

Dry
matter, %

pvalue

n

Soluble solids
content, °Brix

pvalue

n

Fruit
firmness,
N

Early

17.8 b

90

5.5 c

90

79.2 a

Mid
Late

18.5 a
18.4 a

< 0.05 60
60

7.5 b
11.0 a

< 0.05 60
60

75.8 b
56.0 c

pvalue

n

< 0.05 90

80

A

Fruit firmness, N

70

B

C

60
50
40
30
20
10
0
0

25

50

75

100 125 150 175 0

25

50
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100 125 150 175 0
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Storage period, d
Early maturity
Mid maturity
Late maturity

Figure 7.3: The predicted softening curve of fruit using different fruit maturity atharvest attributes. The simulation was set up using the time temperature
information of (A) rapid cooling to 0 °C (R12h,0), (B) rapid cooling to 2 °C (R12h,2) ,
and (C) gradual cooling to 0 °C (G2w,0).
The model discussed in chapter 5 was used to simulate the softening profiles by
applying the at-harvest attributes (Table 7.3) and time temperature information (Figure
4.4) of 3 different storage treatments; rapid cooling to 0 °C (R12h,0), rapid cooling to 2 °C
(R12h,2) or gradual cooling to 0 °C (G2w,0). The model follows the assumption established
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in chapter 5 on the linear relationship between fruit firmness and starch content (Figure
7.1). The predicted softening pattern of fruit from different maturities and different
cooling curves demonstrated some large differences for early and mid-maturity fruit
(Figure 7.4). In particular the rapid softening phase was predicted to be much more rapid
than the observed results, significantly under predicting the fruit firmness in the first 100
days of storage and subsequently under predicting the gradual softening phase.
The model was developed based on fruit harvested in 2012, where the at-harvest
attributes (Table 6.1) were similar to the at-harvest attributes of the late maturity fruit in
2013 (Table 7.2). No significant difference was found between the at-harvest soluble
solids content (B0) of the 2012 season and late harvested fruit from the 2013 season (p =
0.382). This may explain why the model can predict the softening curves of late maturity
fruit close to the experimental data collected in 2013, with MAE ranging between 1.4 to
3 N (Figure 7.4).
The rates of softening in the rapid softening phase were found to be more
distinctive between fruit exposed to various cooling methods for fruit harvested early in
the season and became less distinctive when harvested later in the season (Figure 4.6).
The difference in softening rate between fruit maturities suggests that fruit maturity
influences the rate of softening during the rapid softening phase. A transition from the
accumulation of starch to breakdown occurs when matured kiwifruit starts to ripen
(Beever & Hopkirk, 1990). Fruit harvested early in the season may not be fully matured
and thus affecting the rate of starch breakdown. Since the rate of softening during the
rapid softening phase is correlated to the rate of starch breakdown, the transition from
accumulation to breakdown of starch will influence the softening rate in the rapid
softening phase. Therefore, under prediction of firmness before 100 days of storage
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strongly suggests that the rate of softening during the rapid softening phase is influenced
by the fruit maturity.

Early maturity
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Experimental data
Model prediction
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Model prediction
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Figure 7.4: Model validation on the experimental data collected in 2013. The fruit
were harvested at different periods across the season, exposed to 3 different cooling
methods and subsequently stored at 0 or 2 °C. Each data point represents the
average fruit firmness (n=30 for first 6 data points and n=90 for the remaining data
points). The error bars represent the standard deviation. Rotten fruit were removed
from the population prior to analysis. MAE represents mean absolute error.
The model was developed using fruit of late maturity and thus predicting the
softening pattern of early and mid-maturity fruit was an extrapolation. When the model
was used to make predictions outside of the assumptions and correlations used to
formulate it, the probability to make an accurate prediction will be lowered. Variation in
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fruit maturity is one of the possible reasons of achieving poorer predictions of the
softening curve during the rapid softening phase in early harvest fruit.
Another possible reason for this lack of fit was that the linear correlation between
starch and fruit firmness was found to break down when starch content was above 8 %.
Therefore, the increasing linear relationship between starch and fruit firmness (Figure 7.1)
was modified to be non-existent when starch content is above 8 % (Figure 7.2). Adopting
this modification in the correlation will delay softening to occur until the starch content
is less than 8 % and thus will predict a lag phase (Figure 7.5). The following chapter
provides more discussion regarding the potential modification of this correlation.
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Figure 7.5: Difference between firmness prediction (Fpred) when adopting the
modified correlation between starch and fruit firmness. The dashed line refers to
the firmness prediction using the modified correlation. The solid line refers to the
firmness prediction using the increasing linear relationship between starch and fruit
firmness. The simulation was set up using the time temperature information of rapid
cooling to 0 °C (R12h,0).
7.3.2. Fruit grower difference
The industry harvests fruit from different growers for export to different countries.
Differences in at-harvest properties of fruit from different grower lines have been found
to have an effect on the prediction of softening pattern (Jabbar, 2014). Therefore, it would
be useful if the model could predict fruit softening based on grower difference by using
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the at-harvest attributes. The rapid softening phase was assumed to be correlated to starch
degradation with subsequent phases caused by breakdown of cell wall component and
chilling injury development during postharvest storage. However, other pre-harvest
conditions have been found to affect kiwifruit softening, such as calcium content
(Hopkirk et al., 1990a; Antunes et al., 2005; Gerasopoulos & Drogoudi, 2005), exposure
to cold weather (Snelgar et al., 2005), girdling (Seager et al., 1995; Boyd & Barnett,
2011), fruit crop load (Famiani et al., 2012) and exposure to sunlight (Tombesi et al.,
1993; Tavarini et al., 2009). Fruit harvested from different grower lines are exposed to
different pre-harvest conditions and thus affect the at harvest measurements such as
soluble solids content, initial fruit firmness and dry matter content. Consequently, atharvest attributes of each grower line (Table 7.2) were used as model inputs to predict the
softening pattern.
Chapter 6 demonstrated the model capability to predict the softening pattern of
fruit harvested from different growers (Figure 6.1). Three different sets of at-harvest
measurement were collected from 3 independent growers (G1, 2 and 3) of late maturity
(M3) fruit and were used as model inputs to predict the softening pattern (Table 7.2).
Based on the at-harvest attributes of the 3 different grower lines of late maturity fruit, the
model is expected to predict a faster softening rate for G1 due to a greater magnitude of
firmness change associated with the rapid softening phase (i.e. higher starch content) and
the softening pattern of G1 to be different compared to G2 and G3 as the initial firmness
of G1 was significantly different (p < 0.05) from fruit from growers G2 and G3, whereas
the initial firmness of G2 and G3 were not different. Figure 7.6 demonstrates the model
predictions of these different softening curves based on the at-harvest attributes of
respective grower lines when exposed to different storage treatments. Based on the atharvest attributes, the model was able to predict a difference in softening curve between
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G1, G2 and G3 whereas the softening curve of G2 and G3 were similar (Figure 7.6).
Furthermore, the model predicts a faster softening rate for G1, which is expected.
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Figure 7.6: The predicted softening curve of early maturity fruit from different
grower lines using at-harvest attributes found in Table 7.2. The simulation was set
up using the time temperature information of (A) rapid cooling to 0 °C (R12h,0), (B)
rapid cooling to 2 °C (R12h,2) , and (C) gradual cooling to 0 °C (G2w,0).
The predicted softening curves were compared with the experimental data to
validate the model prediction across various grower lines. The previous section
demonstrated the poor softening prediction of early and mid-maturity fruit. Therefore,
experimental data collected from fruit of late maturity across 3 different grower lines were
used to compare with the model predictions. Figure 7.7 demonstrates the comparison of
the model predictions using at-harvest attributes across different grower lines against the
experimental data, with MAE ranging between 2 to 8 N. The variance of the predicted
softening curve across respective grower lines of late maturity fruit (Figure 7.7) were
observed to be greater in comparison to the softening prediction based on the average atharvest attributes of the different grower lines from late maturity fruit (Figure 7.4). This
suggests that the average at-harvest attributes from a large set of data (i.e. all 3 grower
lines) improves the softening prediction, where the average at-harvest attributes based on
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individual grower lines incurred greater variance in softening prediction. The variance
was reduced when averaging the at-harvest attributes of all grower lines to predict the
average softening curve of late maturity fruit.
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Figure 7.7: Model validation on softening pattern of late maturity fruit from three
different grower lines collected in the 2013 season. Solid lines, dashed lines and
dotted lines represent the predicted softening curves of different grower lines of late
maturity fruit. The simulation was set up using the time temperature information of
(A) rapid cooling to 0 °C (R12h,0), (B) rapid cooling to 2 °C (R12h,2) , and (C) gradual
cooling to 0 °C (G2w,0). Each data point represents the average fruit firmness of
respective grower lines (n=30 for first 6 data points and n=90 for the remaining data
points). The error bars represent the standard deviation. Rotten fruit were removed
from the population prior to analysis. MAE represents mean absolute error.
Hypothetically, using the average at-harvest attributes of a specific grower line
(i.e. Grower 1) should give better predictions of the average softening pattern of that
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particular grower line compared to using the average at-harvest attributes from all 3
grower lines. However, this was found to be untrue when a comparison was made
between prediction of individual grower lines and average of the 3 grower lines (Figure
7.8), where the prediction based on the average at-harvest attributes across 3 grower lines
better described the softening of respective grower lines. The experimental results
reflected in Figure 7.8 show that during the late storage period (> 50 d), the difference in
firmness across the 3 grower lines is smaller compared to during the early storage period
(< 50 d) and thus suggesting less variation in the change of firmness during the gradual
softening phase between grower lines.
Changes in cell wall components are assumed to occur (Chapter 5) during the
gradual softening phase, which involves several enzymatic activities. Currently, it is
difficult to identify the specific enzymatic activity that is responsible for the softening
during the gradual softening phase. PG activity was found to be associated with the
softening in the later softening phase; its activity detectable when fruit reaches a firmness
of below 10 N (Bonghi et al., 1996; Schroder & Atkinson, 2006). Ethylene is found to
influence kiwifruit softening. Kiwifruit produces ethylene when the firmness reaches
below 15 N (Burdon & Lallu, 2011; Samarakoon, 2013) and accumulation of ethylene
within the package is likely to occur when fruit firmness reaches less than 20 N
(Chiaramonti & Barboni, 2010; Jabbar & East, 2016). These factors suggest that gradual
softening initiates when kiwifruit reaches a certain firmness (FB0). Table 7.4 shows that
this can be mathematically implemented by fixing FB0 across all grower lines with varying
FA0 (i.e varying a), instead of previously adopted approach (Chapter 5) by fixing a at 7.49
N %-1 with vary FB0. Applying this concept into the model will allow better prediction of
the gradual softening phase, with MAE ranging between 1.1 to 3.8 N (Figure 7.9).
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Table 7.4: The different approach to define model parameter a and FB0.
Model parameter

Model in Chapter 5

Revision

FB0

F0 - aS0 - Ffix

constant = 16.4 N

constant = 7.49 N %-1 F0 - (FB0 + Ffix ) / S0

a

70

B
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Figure 7.8: Comparison of softening prediction using at-harvest attributes of
respective grower lines or an average across 3 grower lines (G1, 2 and 3) with
experimental data of late maturity fruit. The simulation was set up using the time
temperature information of (A) rapid cooling to 0 °C (R12h,0), (B) rapid cooling to
2 °C (R12h,2) , and (C) gradual cooling to 0 °C (G2w,0). Each data point represents the
average fruit firmness of respective grower lines (n=30 for first 6 data points and
n=90 for the remaining data points). The error bars represent the standard
deviation. Rotten fruit were removed from the population prior to analysis.
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Figure 7.9: Model validation on softening pattern of late maturity fruit from three
different grower lines collected in the 2013 season (FB0 = 16.4 N and vary a). Solid
lines, dashed lines and dotted lines represent the predicted softening curves of
different grower lines of late maturity fruit. The simulation was set up using the time
temperature information of (A) rapid cooling to 0 °C (R12h,0), (B) rapid cooling to
2 °C (R12h,2) , and (C) gradual cooling to 0 °C (G2w,0). Each data point represents the
average fruit firmness of respective grower lines (n=30 for first 6 data points and
n=90 for the remaining data points). The error bars represent the standard
deviation. Rotten fruit were removed from the population prior to analysis. MAE
represents mean absolute error.
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7.3.3. Prediction of chilling injured fruit
As reported in chapter 4, fruit exposed to rapid cooling to 0 °C (R12h,0) promotes
chilling injury, resulting in a higher proportion of chilling injured fruit (Figure 4.5) and
thus contributes to the accelerated decrease in average fruit firmness in the gradual
softening phase (Figure 4.6). On the other hand, storing fruit at 2 °C (R12h,2) or gradual
cooling to 0 °C (G2w,0) alleviates chilling injury development. The logistic model (eq.
5.17) is able to predict the proportion of chilling injured fruit when fruit were rapid cooled
to 0 °C, leading to a higher proportion of chilling injured fruit (Table 7.5). The incidence
of chilling injury were predicted to be lower when fruit were exposed to slow cooling
(G2w,0) or storage at 2 °C (R12h,2).
Table 7.5: The comparison of the proportion of chilling injured fruit (%) between
model prediction (Pred) and experimental data (Exp) collected in 2013. The fruit
were rapid cooled to 0 °C (R12h,0) or 2 °C (R12h,2) or gradually cooled to 0 °C (G2w,0).
Chilling injured fruit were observed after 130, 151 and 172 d of storage.
Cooling profiles
Fruit
maturity

Storage
period

R12h,0

R12h,2

G2w,0

Pred

Exp

Pred

Exp

Pred

Exp

Early

130 d
151 d

3.2
8.5

4.4
4.8

0.2
0.7

0.4
1.1

0.8
2.2

0.4
1.5

Mid

172 d
130 d
151 d

17.7
2.8
7.5

10
3
7

1.5
0.1
0.4

0.4
0.7
1.1

4.8
0.7
1.9

0.7
0.7
1.5

Late

172 d
130 d
151 d

16
2.4
6.6

14.1
3
9.6

0.9
0.1
0.2

0
0.7
2.2

4.3
0.6
1.7

1.5
0
1.1

172 d

14.4

26.3

0.6

2.2

3.8

5.6

The results reported in chapter 4 suggested that the incidence of chilling injured
fruit was influenced by fruit maturity, where more chilling injured fruit were found in late
maturity fruit (Figure 4.5). The current empirical model does not account for the effect of
fruit maturity on predicting the proportion of chilling injured fruit. Figure 7.10 compares
the predicted and experimental incidence of chilling injury showing an over prediction in
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the proportion of chilling injured fruit for early maturity fruit and an under prediction for
late maturity fruit.
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Figure 7.10: Comparison of the predicted and experimental data for the proportion
of chilling injured fruit reflected in Table 7.5. Both axes are in log scale. Early, Mid
and Late refer to the fruit maturity.
Chapter 5 discussed the prediction of the accelerated softening in the gradual
softening phase by using an empirical approach to predict the proportion of chilling
injured fruit. The chilling injury component added to the model helps to predict the
proportion of chilling injured fruit which affects the subsequent firmness during storage.
By adopting this approach, fruit that are exposed to storage conditions which promote
chilling injury development will result in softer fruit during late storage period. Figure
7.11 shows that the model is able to predict an accelerated softening in gradual softening
phase (> 140 d) of rapidly cooled fruit (R12h,0) but not on gradually cooled fruit (G2w,0).
The experimental result (Figure 4.6C & F) demonstrated that the softening curve of
rapidly cooled fruit intercepts with gradually cooled fruit after 120 d of storage. Although
the developed model is able to predict the accelerated softening in the gradual softening
phase, it failed to intercept with the softening curve for gradually cooled (G2w,0) fruit that
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was observed in the experimental data after 120 d of storage (Figure 7.11). This suggests
that the predicted proportion of chilling injured fruit (Table 7.5) is not sufficient to predict
an accelerated softening rate to intercept with the softening curve of gradually cooled fruit
after 120 d of storage. The following chapter will discuss the possible reasons of the poor
prediction on the firmness during late storage period and suggestions to improve the
chilling injury component on softening prediction.
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Figure 7.11: Comparison on the predicted fruit softening curve of rapidly cooled
(R12h,0) against gradually cooled (G2w,0) fruit to 0 °C.

7.4. Overall discussion
Fruit harvested in different seasons and from various grower lines have different atharvest attributes. The at-harvest attributes consist of initial fruit firmness (F0), dry matter
content (Dm) and soluble solid content (S0). Previous sections have discussed the
development of model to predict the fruit softening curve based on at-harvest attributes
and time temperature information. Although the predicted softening curves did not fit
closely with the experimental results especially in the rapid softening phase, the predicted
softening trends suggest that at-harvest attributes can be used as model inputs to
differentiate fruit maturity and grower lines. The benefits of using at-harvest attributes
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are that the values are easy to collect when fruit are harvested and they do not require
additional parameters to the final model to account for the fruit maturity and growers
variability on the softening prediction. Jabbar et al. (2014) demonstrated the use of batchdependent softening description parameters (B, ț and Ĳ) that were associated with the atharvest attributes to account for the batch variability in the softening of ‘Hayward’
kiwifruit.
The model validation has demonstrated the advantages of incorporating two different
kinetic reactions and an empirical model to explain the softening pattern of kiwifruit
during coolchain instead of using a single kinetic reaction as suggested by Schotsmans et
al. (2008). A single kinetic reaction was used to explain the temperature dependence of
textural changes in ‘Hort16A’ kiwifruit (Schotsmans et al., 2008) reasonably well,
displaying a biphasic pattern. The softening pattern of ‘Hayward’ kiwifruit is explained
by four different softening phases which cannot be described by applying a single kinetic
reaction. Adopting the method established by Schotsmans et al. (2008) may able to
explain the temperature dependence of softening in the rapid softening phase but not
during the gradual softening phase, due to the presence of chilling injured fruit which
affects the subsequent fruit firmness. Another approach adopted earlier is using the rate
of gas exchange to predict fruit softening (Hertog et al., 2004c). Similarly, this approach
does not include the effect of chilling injury development on fruit firmness. Furthermore,
both models by Schotsmans et al. (2008) and Hertog et al. (2004) did not account for
maturity and grower variability on the softening prediction. The model developed in this
study uses information that are easily collected throughout the coolchain (i.e. time
temperature information and at-harvest attributes) to estimate the fruit softening, allowing
easy application to the industry.
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7.5. Conclusion
Model validation has revealed the model capability in predicting the softening curve
of fruit from different maturity and grower by including model input using the at-harvest
attributes that are easily to collect throughout the supply chain and thus making it
applicable to the industry. The model was developed based on fruit of late maturity. When
applying parameters of early and mid-maturity fruit, the model is extrapolated well
beyond the established correlations made earlier. The extrapolation is not valid and thus
results in poor predictions of the softening curve of early and mid-maturity fruit,
especially in the rapid softening phase. The under prediction of the fruit firmness in the
rapid softening phase was possibly due to the influence by fruit maturity.
This chapter also address the prediction on the gradual softening phase and incidence
of chilling injury. The prediction of gradual softening across different grower lines was
improved by fixing the model parameter FB0 as a constant (16.4 N) and varying a. This
modification suggests that gradual softening phase is initiated when fruit reach a certain
firmness (FB0). The empirical model (eq. 5.17) is capable to predict the incidence of
chilling injury based on the given storage conditions. However, the estimated proportion
of chilling injured fruit is unable to predict an accelerated softening that was observed in
the experimental data. In the next chapter, the possible reasons to explain the poor
prediction on the softening pattern will be discussed.
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8. Overall discussion and recommendations
8.1. Introduction
One of the major concerns in the kiwifruit industry is postharvest fruit loss. Variation
between grower lines and maturities make prediction of fruit quality throughout the
coolchain a challenge (Jabbar, 2014). The cost to the industry is approximately $120
million per year when considering the costs to monitor, and re-pack to remove over soft
fruit or rotten fruit to meet export standards (Tanner et al., 2012). This work uses a
mechanistic modelling approach to describe fruit softening and applies an additional
empirical approach to estimate the incidence of chilling injured fruit. The outcome of this
research is a mathematical model that predicts ‘Hayward’ kiwifruit firmness in the
coolchain and hence has the potential to assist industry to reduce fruit wastage and
associated costs.
Initially, supply chain features that had the potential to influence fruit quality were
identified from industrially collected time temperature information (Figure 3.1). A
simulation of these supply chains was conducted in the laboratory to identify the factors
that affect fruit quality in coolchain (Chapter 3). Fruit firmness was postulated to be
additionally affected by chilling injury development, as accelerated softening was
observed in the late storage period that coincided with the increase in proportion of
chilling injured fruit (Chapter 4). Three different softening phases were defined to
describe the kiwifruit softening pattern. These softening patterns were then
mathematically described using a mechanistic approach through the attribution of each
softening phase to: correlation to starch degradation, breakdown of cell wall structure,
and chilling injury development respectively (Chapter 5).
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The developed model performance was evaluated after fitting the predicted curve with
the 2012 experimental data (Chapter 6). The predictive capability of the developed
mathematical model was validated with various independent data sets of kiwifruit
softening in different coolchain scenarios simulated in the laboratory (Chapter 7). Atharvest attributes were used as model inputs to account for the differences in fruit grower
line and maturity. Chapter 7 discussed the model capability in predicting the softening
curve and in particular discussed the under prediction of fruit firmness during the rapid
softening phase. This chapter aims to summarise the outcome of the model development
and validation process and at the same time discussing the limitations of this research,
application to the industry, and possible research opportunities.

8.2. Establishment of model
Identifying the factors that affect fruit quality in the coolchain is important as the
developed model should be responsive to these factors in order to predict the softening
pattern. The cooling methods and storage temperatures were monitored closely to ensure
that the fruit were cooled and stored to simulate various coolchain scenarios. The presence
of rotten fruit within the fruit population affects the average fruit firmness data and thus
requires selecting the correct data. Finding rotten fruit within a fruit population is
inevitable. Generally, pathogens that are responsible for decay can tolerate and grow at
low temperatures and hence rots can occur during or after storage (Pennycook, 1985;
Brook, 1992; Manning et al., 2003). Rotten fruit was removed from the population before
firmness measurement. Hence the softening curve obtained in this work is assumed to be
not influenced by the effect of rots. However, rotten fruit produce high amounts of
ethylene which potentially affects the neighbouring fruit in the same package (Burdon &
Lallu, 2011). Since kiwifruit are highly sensitive to ethylene, premature softening may
occur. During early storage, the impact of rotten fruit on fruit firmness will be significant

169

Chapter 8: Overall discussion and recommendations

as the fruit is still firm. However, the impact was observed to be less significant in late
storage when the fruit becomes soft (closer to 10 N). Jabbar & East (2016) found that
exposing kiwifruit to ethylene concentrations of between 0.01 to 1 μL L-1 after 10 weeks
of optimal storage resulted in an accelerated softening during storage. Therefore, despite
the fact that rotten fruit have been removed before measurement, there is potential for this
rotten fruit to affect the entire tray average. As a solution, Jabbar (2014) proposed to reject
any trays of fruit which contained rotten fruit by implementing an experimental practice
where replacement trays are available. This method was attempted in this research but
failed to work due to the unpredictable occurrence of rotten fruit as these fruit can also be
found in the replacement trays. In both 2012 and 2013 season, rotten fruit was observed
to make up approximately 1.8 % of the total population. Rotten fruit were also found in
all storage treatments.

8.3. Model softening prediction
Model validation identified the lack of fit in both the rapid and gradual softening
phase. The lack of fit in the rapid softening phase of early and mid-maturity fruit may be
explained by the inadequacy to predict the initial lag phase. The poor prediction of the
gradual softening phase may be interpreted by the magnitude of firmness associated with
starch content (FA) and cell wall integrity (FB). Chapter 7 also identified the models
limitation to predict the incidence of chilling injury in fruit of early and late maturity.
This section will discuss further on the possible reason to explain the lack of fit and
potential model adjustments that may provide a solution.
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8.3.1. Prediction of lag phase
Chapter 7 demonstrated the model limitation of over predicting the softening rate
in the rapid softening phase and thus this phase needs further refinement in order to
improve predictive accuracy. The firmness and starch content correlation found in Figure
5.4 demonstrates a positive linear relationship between fruit firmness and starch content.
However, the fruit firmness and calculated starch content of fruit obtained in 2013 season
were higher than those of the 2012 season (Figure 8.1A). The data collected in 2013 were
added to the established correlation from the 2012 season to ascertain if the correlation
remained. Figure 8.1A demonstrates that the linear relationship between firmness and
starch content becomes invalid above 8 % starch content as the firmness maximum limits
at approximately 80 N. Fruit harvested in the early and mid-season had high initial
firmness and starch content resulting invalidating the use of the established correlation
and thus limiting the model’s ability to predict the softening accurately in the rapid
softening phase, for these fruit maturities.
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Figure 8.1: (A) Correlation of fruit firmness and starch content with a plateau when
starch content is above 8 %. (B)Fruit softening curve of fruit harvested at different
period in the season and rapidly cooled to 0 °C (R12h,0). The model initial conditions
are 5.5 °Brix (B0), 17.9 % (Dm0) for early maturity fruit, 7.5 °Brix (B0), 18.5 % (Dm0)
for mid maturity fruit, and 11.1 °Brix (B0), 18.4 % (Dm0) for late maturity fruit.
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Instead of assuming a linear correlation between fruit firmness and starch content,
it is possible to define the relationship as two stage, being proportionally linear to 8 %
starch and with all fruit being 80 N above 8 % starch (Figure 8.1A). This assumption
allows the degradation of starch content to influence the softening when starch content is
below 8 %. In the model, the rate of starch breakdown would remain as a first order
degradation (eq. 5.8). By adopting this approach, the rapid softening phase of fruit with
high starch content (i.e. >8 %) only commences once starch content falls below 8 % and
thus allows the presence of lag phase in the model (early maturity, Figure 8.1B), when
starch is degrading but not influencing firmness.
The model was first created without a lag phase as the experimental work did not
demonstrate the presence of an initial lag phase in the softening curve (Figure 3.8 and
Figure 4.6). However, Jabbar et al. (2014), Schroder and Atkinson (2006) and White et
al. (2005) have all demonstrated an initial lag phase when kiwifruit were stored at 20 °C.
Potentially, the initial lag phase is not found on the softening curve when fruit are stored
at 0 or 2 °C because of the time intervals used between each measurement (usually 2
weeks at least). By adopting the two stages correlation shown in Figure 8.1A, the model
was able to predict an initial lag phase in early mature fruit, with an average initial starch
content of 9.6 % (Figure 8.1B). White et al. (2005) suggested that the presence of an
initial lag phase is influenced by fruit maturity as it is correlated with the time taken to
become fully ripe.
Figure 7.4 demonstrated the under prediction on the rate of rapid softening for
early and mid-maturity fruit. The rate of softening during the rapid softening phase is
correlated to the rate of starch breakdown and thus the transition from accumulation to
breakdown of starch on vine could potentially influence pre-harvest softening. Beever
and Hopkirk (1990) interpreted that the transition from accumulation of starch to
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breakdown occurs when matured kiwifruit start to ripen. Fruit harvested early in the
season may not be fully mature and thus the rate of starch breakdown is reduced. The
under prediction of firmness before 100 days of storage strongly suggests that the rapid
softening phase is influenced by fruit maturity (Figure 7.4).
While the mechanisms which trigger the initiation of ripening in kiwifruit are still
to be elucidated, a better understanding on the transition from fruit maturation to ripening
will provide insight on the prediction of the lag phase in the softening curve. The
transition from fruit maturation to ripening is a complex metabolic process that is
regulated by both developmental and hormonal factors. McAtee et al. (2015) suggested
that the “competence to ripen” in kiwifruit is independent to ethylene but exposing
kiwifruit to ethylene will trigger fruit to ripen. An up-regulation of several genes
(regulators of ripening) was observed when kiwifruit were stored under ethylene
condition, suggests that exogenous ethylene plays a part in ripening (Zhang et al., 2016).
Besides exogenous ethylene, Snelgar et al. (1993) and Burdon et al. (2007) suggested that
the “readiness to ripen” in kiwifruit is dependent on the exposure to cold environmental
temperatures. A proteomic study demonstrated a change in protein abundance level,
indicating that both exogenous ethylene and chilling treatment elicit kiwifruit ripening
(Minas et al., 2016). The following sections will propose some ideas to predict and model
a lag phase in the softening curve of early maturity fruit.
The current developed model assumes that the rate of starch breakdown follows a
first order rate that is dependent on the amount of starch content when under fixed storage
temperature conditions and is set to be temperature dependent due to the fluctuating
coolchain conditions. The pattern of soluble solids accumulation was described as a
simple sigmoidal curve, displaying a gradual increase and subsequent a period of fast
increase and eventually a slow period (Burdon et al., 2013; Burdon, 2015). Burdon et al.
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(2003) collected data on the accumulation of soluble solids content during the early stage
of ripening (i.e. between 5 to 11 °Brix; Figure 8.2) while the collected experimental data
(2012 harvest season) falls toward the late storage period (i.e. >11 °Brix). The rate of
soluble solids accumulation in ‘Hayward’ kiwifruit demonstrated a gradual increase when
the soluble solids content was between 5 to 7 %, followed by a rapid increase when it
reaches above 7 %, and finally reached a plateau at around 15 °Brix (Figure 8.2). This
suggests that the rate of starch breakdown and subsequent accumulation of soluble solids
follows a simple sigmoidal curve which coincides with Burdon (2015).
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Figure 8.2: The accumulation of soluble solids content (black solid line) from
Burdon et al. (2013) (black circle) and data obtained in this study (blue circles) from
Figure 3.9 and hence the subsequent proposed rate of starch degradation (red solid
line)
The predictive model was developed based on the results obtained in 2012 season,
where the initial soluble solids content (B0) was above 11 % for all three grower lines.
Burdon et al. (2013) fitted the accumulation of soluble solid using two different
approaches, a logistic fit and fitting using two linear components, exhibiting a 3 times
difference between the upper and lower linear fit on the accumulation of SSC with
different break-points across grower lines. This study did not research the accumulation
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of SSC of fruit with low initial soluble solids content (< 5 °Brix) and hence unfortunately
to estimating the rate of starch degradation of fruit with initial low B0 is difficult.
Exploring the effect of fruit maturity on the starch degradation based on the accumulation
of soluble solids content may help to explain the initial lag phase and thus improve the
softening prediction in early storage period (before 100 d), since the prediction of the
early softening phase will affect the prediction in the subsequent slow softening phase.
The under prediction of firmness during the rapid softening phase may be
remedied by utilising a logistic function to describe the rate of accumulation of soluble
solids content as provided by Burdon et al. (2013) and experimental data collected in
2012 (Figure 8.2). Since the current study did not have sufficient results to justify the
logistic function in the rate of accumulation of soluble solids content and the break-point,
a simplified approach was adopted by adjusting the rate of starch degradation to be three
times lower (0.047 d-1) of the proposed rate when the starch content falls above 8 % and
returns to the original value (0.14 d-1) when starch content reaches below 8 %. The breakpoint is set at 8 % due to the correlation established between fruit firmness and starch
content (Figure 8.1A). There may be a possibility that the break-point varies across
different grower lines as observed by Burdon et al. (2013). The model estimates the starch
content from the initial SSC (B0) and dry matter content (Dm0), and based on the rate of
starch degradation to predict the change in fruit firmness in the rapid softening phase.
The proposed approach allows the prediction of the initial lag phase based on fruit
maturity, where fruit of early maturity will predict a longer lag phase (Figure 8.1B). With
the presence of a lag phase, more firm fruit are predicted and thus an improvement
towards the prediction of the rapid softening phase is observed. Although the rapid
softening phase was not predicted accurately, the subsequent fruit firmness in gradual
softening phase was better estimated (Figure 8.3). The disadvantage of this simple
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approach is that it is somewhat speculated based on reported data. The next section will
discuss a potential mechanistic approach to better explain the softening in the rapid
softening phase.
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Figure 8.3: The model prediction on the softening curve by modifying the rate of
starch degradation (ks) to be 3 times lower when starch content is above 8 %. The
model initial conditions are 79.2 N (F0), 5.5 °Brix (B0), 17.9 % (Dm0) for early
maturity fruit. The open circles represents the average fruit firmness of early
maturity fruit from 3 different grower lines that were rapidly (R12h,2) cooled to 2 °C
(n=90 for first 6 data points and n=270 for the remaining data points). The error
bars represent the standard deviation. Black line represents the prediction without
lag phase whereas the red line represents the modified prediction with lag phase.

8.3.1.1.
Proposed mechanisms
Starch degradation and accumulation of soluble solids content are complex
enzymatic reactions that take place during kiwifruit ripening (Weibel & Gomez, 1962;
Macrae et al., 1992; Hallett et al., 1995). Although the process of starch degradation is
not well defined in kiwifruit, a hypothesis is made to explain starch degradation
mechanistically. Starch degradation follows a typical enzymatic reaction (eq. 8.1) which
involves enzymes (E) binding to the substrate starch (S) to form a complex (ES) which
subsequently breaks down starch to soluble solids (P).
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Burdon (2015) and Figure 8.2 demonstrate that the change of soluble solids
content follows a simple sigmodal curve; slow at the beginning and increasing
exponentially with storage until reaching an asymptote. This suggests enzyme inhibition
occurs during the process of starch degradation. During banana ripening, enzyme
activities were found to be affected by the effect of indole-3-actic acid (IAA) and thus
result in a delay of the starch degradation process.(Purgatto et al., 2001). IAA content
was observed in kiwifruit to decline rapidly during ripening (Chen et al., 1997; Chen et
al., 1999). The presence of IAA during ripening may potentially initially delay starch
degradation in kiwifruit before reaching negligible content, similar to findings by
Purgatto et al. (2001) and thus conceivably affect fruit softening.
Starch degradation can also be influenced by the availability of bound enzyme
and free enzyme. A similar classic example would be the degradation of cell wall structure
during ripening of tomato fruit, which leads to release of wall-bound enzymes and thus
promote further pectin hydrolysis (Rushing & Huber, 1984, 1990). Kinetic equations can
be used to describe the assumption of a proportion of bound enzymes and free enzymes
which affects the rate of starch degradation in the early storage period. Total enzymes (ET)
consist of the amount of free enzyme (E) and bound enzymes (Eb). Adopting this method
may enable explanation of the initial lag phase based on the amount of free enzyme
available initially, speculating that the enzyme responsible to breakdown starch are
mostly bound in early maturity fruit. Therefore the initial low amount of free enzymes
will predict a long initial lag phase. Alternatively, when large amounts of free enzymes
are presented initially (i.e. for late maturity fruit) the predicted initial lag phase will be
short or negligible. This approach will evolve 2 different rates of reaction and thus
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explaining the 2 different rates observed in accumulation of soluble solid content or starch
degradation (Figure 8.2). The drawback of this method is introducing more unknown
variables (e.g. enzyme concentrations and rate constants) that are difficult for the industry
to quantify or associate with at-harvest parameters and may compromise on overall
softening prediction.
8.3.2. Prediction of gradual softening phase (FB0)
Chapter 7 demonstrates a poor prediction of the gradual softening phase (Figure
7.7) due to the magnitude of firmness change by the estimated model parameters, FB0 and
a (Section 7.3.2). The prediction was improved (Figure 7.9) by fixing FB0 as a constant
(16.4 N) and allow a to vary according to initial starch content (S0) and firmness (F0).
This modification suggests that there might be a fixed amount of firmness change in the
gradual softening phase and thus suggests that FB0 should be set as a constant. Figure 8.4
demonstrates a more promising softening prediction when FB0 is fixed across 2 harvest
seasons (2012 and 2013). Adopting this modification results in a better prediction (MAE
reduced from 8.0 N to 3.8 N) of the gradual softening phase which allows good estimation
of fruit firmness during the later storage period, before reaching the industrial threshold
standard of 10 N.
The model was developed without including an effect of ethylene on fruit
softening while understanding the fact that kiwifruit is highly sensitive to ethylene.
Undamaged kiwifruit was found to produce ethylene when firmness is 10 N or less
(Burdon & Lallu, 2011; Samarakoon, 2013) while Chiaramonti and Barboni (2010)
demonstrated that ethylene is produced between 100 and 140 d of storage. The fruit
firmness was observed to be less than 20 N across different fruit maturity between 100 to
140 d of storage (Figure 4.6). Therefore, accumulation of ethylene within the pack is
likely to occur when fruit firmness reaches less than 20 N. There is a possibility that
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ethylene influences fruit firmness in the gradual softening phase (< 20 N) and thus it may
be required to relate ethylene with firmness change during the slow softening phase.
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Figure 8.4: Model prediction of firmness of fruit in 2012 (A) and 2013 (C) harvest
season. Fruit were fast cooled to 0 °C and subsequent stored at 0 °C. (A and B) Each
data point represents the average firmness of fruit from 3 individual grower lines;
G1, G2 and G3 (n = 36). (C and D) each data points represents the average firmness
of late maturity fruit from 3 grower lines (n = 90 for first 6 data points and n=270
for the remaining data points). The model initial inputs are 44.2, 51.6 and 51.2 N
(F0), 11.3, 11.6 and 10.8 °Brix (B0), 18.2, 18.4 and 17.9 % (Dm0) for respective grower
lines in graphs A and B, whereas the initial inputs are 79.2 N (F0), 5.5 °Brix (B0),
17.9 % (Dm0) for graphs C and D. Graphs B and D represent the same data as A to
C but focus on the late storage period (> 60 d of storage). The error bars represent
the standard deviation.
The lack of ethylene sensing technology to measure concentrations in the
coolchain easily and cheaply results in a paucity of information. Additionally, the
complexity of ethylene transmission across packaging materials which are enclosed, but
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not perfectly sealed, makes it difficult to predict ethylene concentration within the
package interacting with the fruit (East et al., 2015). Figure 8.5 illustrates the possible
approach to estimating ethylene conditions is to relate fruit firmness to ethylene
production, ethylene production to ethylene concentration and subsequently estimate
accelerated softening as a result of ethylene. Samarakoon (2013) established the rate of
ethylene production in kiwifruit as a function of firmness and temperature. This
established relationship aids in estimating the amount of ethylene produced based on fruit
firmness. Jabbar and East (2016) quantified the effect of exogenous ethylene on fruit
softening in subsequent storage, demonstrating a significant loss in firmness when
exposed to ethylene concentration of 0.01 μL L-1 at harvest but observed no substantial
differences in softening when applied after 10 weeks of storage. Overall, the findings
from Samarakoon (2013) and Jabbar and East (2016) show the possibility to integrate the
effect of ethylene onto the softening prediction, should ethylene production and internal
box ethylene concentration be related (Figure 8.5). Another factor to consider is
quantifying the ethylene produced by fruit that are damaged physically or physiologically
or by rots. Fruit with chilling injury were found to produce ethylene (Hyodo & Fukasawa,
1985; Antunes & Sfakiotakis, 2002a; Feng et al., 2003b). Quantifying the amount of
damaged fruit due to physical impact or rots is practically impossible without direct
measurement, given the low incidence of these random events. Applying the empirical
prediction on chilling injured fruit may possibly enable an estimate of the amount of
ethylene produced by chilling injured fruit. The next section will discuss on the prediction
of chilling injured fruit.
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Figure 8.5: The possible approach to relate ethylene to fruit firmness
8.3.3. Prediction of incidence of chilling injury (CI)
The incidence of chilling injury development was predicted based on the time
temperature information (via estimating AHU). Previously, chilling injury development
in kiwifruit was found to be influenced by cold temperature acclimatisation and
advancement in ripening (Koutsoflini et al., 2013). Exposure to slow cooling to storage
temperature allows the fruit to acclimatise to cold temperature, whereas exposing fruit to
high storage temperature allows fruit to advance in ripening. Therefore, time temperature
information can be used to calculate AHU and thus quantify fruit exposure to cold
temperature acclimatisation. Koutsoflini et al. (2013) demonstrated that fruit of early
maturity had highest incidence of chilling injury development and decreased from early
to late maturity. However, in this work an increase in incidence of chilling injury
development in late maturity fruit was observed. Therefore, there is a lack of consistent
evidence for fruit maturities influence on the incidence of chilling injury development in
kiwifruit. More studies need to be conducted to relate fruit maturity and chilling injury
development. Consequently, model parameters that account for fruit maturity influence
on chilling injury were not included in the model development (eq. 5.17). A complicating
factors to this problem is that the indices for maturity are also used as indicators of fruit
ripening status and thus could be associated with explaining the advancement in ripening
(during slow cooling) which affects chilling injury development.
Fruit with high incidence of chilling injury corresponded with lower average
firmness. However, these populations with high incidence of chilling injured fruit were
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observed to be normally distributed (Figure 4.9), without 2 distinct populations (i.e.
chilling injury and non-chilling injury). Additionally, the firmness of chilling injured fruit
was all below 10 N. While the average chilling injured fruit is softer compared to the
average normal soft fruit, the ability to differentiate individual fruit by firmness is not
possible (Figure 4.9). In modelling the reduced firmness caused by chilling injury
development, the proportion of chilling injured fruit within the fruit population was
assigned a firmness of 1 N (FCI) while the remaining population firmness is predicted by
normal softening (eq. 5.19). Adopting this approach allows predicting a lower average
firmness when the population consists of a high incidence of chilling injured fruit.
However, the predicted incidence of chilling injury was unable to estimate the accelerated
softening in the gradual softening phase well (Figure 7.11).
Another possible approach to describe the accelerated softening due to chilling
injury is to use cell membrane permeability as a mechanism to predict fruit firmness as a
function of time. The loss of cell membrane integrity may be used to explain the
mechanism behind chilling jury development as Yang et al. (2012 and 2013) found an
increase in cell membrane permeability coincided with a decrease in fruit firmness and
increase in incidence of chilling injured fruit in storage. The setback of using this
approach is the difficulties to quantify cell membrane permeability accurately and there
are other factors that may explain the loss of cell membrane integrity.
The development of chilling injury has adverse impact on the fruit quality,
resulting in poor consumer experiences. Therefore, anticipating fruit quality based on the
coolchain conditions will be advantageous to the industry. The proportion of chilling
injured fruit can be estimated using an empirical approach (eq. 5.17). However, this
approach may not be able to estimate the proportion of chilling injured fruit accurately,
possibly due to the influence of fruit maturity. Instead, the empirical approach can be
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proposed as a risk assessment for chilling injury development in a particular pallet of
kiwifruit based on the time temperature information. This risk assessment will be useful
for the industry to identify the pallets of fruit that have a higher probability of developing
chilling injury and hence require possible management procedures such as repacking and
sorting. By making good judgements on the fruit quality, the industry can reduce cost
associated with fruit wastage and labour.

8.4. At-harvest attributes as model inputs
At-harvest fruit firmness was found to decrease as the harvest season progressed
(Mitchell et al., 1992; Costa et al., 1997). Solely relying on at-harvest fruit firmness as
model input to predict the fruit quality during storage is not justifiable. Variation between
fruit to fruit is large and thus introduces further uncertainty to estimate fruit maturity
(Smith et al., 1994; Pyke et al., 1996; Feng et al., 2003a; Woodward & Clearwater, 2011).
Including other parameters such as soluble solids content and dry matter allows better
description of the fruit maturity and quality. Using these at-harvest attributes to estimate
the fruit maturity is a fairly common approach. The Strif Index coefficient consisting of
fruit firmness, soluble solid content, and starch content is used to estimate apple
physiological maturity at harvest in some parts of the world (DeLong et al., 1999).
Fruit maturity was proposed to influence the softening pattern in particular due to the
presence of an initial lag phase and rate of gradual softening phase (i.e. the absence of
initial lag phase and slower softening in gradual softening phase of late mature fruit).
Therefore, it is important to estimate fruit maturity to make a reasonable prediction on
the fruit quality during storage. At-harvest attributes such as soluble solids content and
dry matter were suggested to be the best indicators of fruit maturity. This work suggests
that the amount of starch reserves in kiwifruit determines the length of the initial lag phase
and define the magnitude of rapid softening phase. The starch content can be estimated
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from the initial soluble solids and dry matter content. Using dry matter content to predict
fruit quality (in terms of taste) has been well established as the starch available is
correlated to the final soluble solids content after ripening (Beever & Hopkirk, 1990;
Jordan et al., 2000; Burdon et al., 2004; Harker et al., 2009; Crisosto et al., 2011). Feng
et al. (2003) proposed the use of percentage of dry matter that has been solubilised
(SSFDM) at harvest as a better indicator to estimate kiwifruit physiological maturity.
SSFDM was defined as a percentage of the calculated soluble solids content of a whole
fruit (SSF, %; (Jordan et al., 2000)) over dry matter content. This approach relates the
amount of solubilised dry matter to quantify fruit maturity, where low amount of SSFDM
refers to fruit of early maturity. The developed model correlates the initial lag phase and
rapid softening phase with starch degradation and thus requires good estimation of the
starch content at-harvest. MacRae et al. (1989 and 1992) used chemical methods to
quantify the starch content in kiwifruit. In this work, the starch content is determined
based on the difference between the measured initial (B0) and the final soluble solids
content (Bfinal), which is estimated using the correlation established by Burdon et al.
(2004). It is possible to better estimate starch content by using the soluble solids of the
whole fruit (SSF) instead of the measured soluble solids content (B0) as SSF represents
the soluble solids content to a whole fruit basis which allows better comparison with other
fruit constituent measurements (Jordan et al., 2000). A better estimation of the final
soluble solids content (Bfinal) will also benefit in determining the amount of starch at
harvest.

8.5. Application to industry
Storage conditions (i.e. cooling rate and storage temperature) influence fruit firmness
change during storage. The first 2 weeks which include cooling fruit to storage
temperature were found to influence chilling injury development which affects the fruit
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quality and storability during the late storage period. This finding highlights the
importance of managing fruit cooling to storage temperature (Bollen et al., 2013).
Currently, cooling capacity and practices vary across packhouses. The industry has
collected a plethora of data on temperatures throughout the coolchain. This set of
information is very valuable and potentially can be applied to the developed model to
assess its capability to predict fruit softening over a large range of real temperature
scenarios. The model prediction shortcomings especially in the rapid softening phase
which subsequently affects the firmness prediction in the gradual softening phase have
been well documented (Chapter 7). Applying the time temperature information and atharvest attributes data from the industry to the developed model will able to identify more
components that cause the rigidness on softening prediction.

8.6. Possible future opportunities
This work developed a model (with shortcomings) to predict kiwifruit softening in
coolchain conditions. There are more opportunities to explore which may improve the
model capability to predict kiwifruit softening. Currently, the model is developed
focusing on the influence of cooling rates and storage temperature on fruit firmness and
incidence of chilling injury. However, there are many more areas to explore which can
influence kiwifruit quality in storage.
8.6.1. Curing of kiwifruit
Result collected in 2012 harvest season indicated that cooling rate had a
significant effect on the incidence of rotten fruit (Section 3.3.3). However, results
obtained from the 2013 harvest season did not replicate the outcome. The inconsistency
in the findings may suggest that there are several factors that influence the development
of rots in kiwifruit. Burdon et al. (2011) proposed that water loss or condensation at the
picking scar, or creating opportunity for pathogens to invade the fruit tissues are possible
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factors that will influence the likelihood for rot development. An ability to reduce rot
development in kiwifruit will benefit the industry.
The process of curing is exposing kiwifruit to ambient temperature and humidity
for a period of time after harvest. Curing is applied at the start of the supply chain, before
grading and packing. Curing kiwifruit lowers the incidence of rot development in
kiwifruit (Beever, 1992; Bautista-Banos et al., 1995; Lallu et al., 1997; Manning et al.,
2010). The effectiveness of the curing process is likely to be dependent on temperature
and humidity. Much research has been conducted to study the effect of temperature and
humidity during curing on incidence of infection by Botrytis cinerea (Pennycook &
Manning, 1992; Bautista-Baños et al., 1997). Pennycook and Manning (1992)
documented the existence of curing phenomenon in kiwifruit by demonstrating that the
ability of Botrytis infections on picking wounds was influenced by the temperature,
humidity and duration of postharvest conditions. In this study, the effect of curing on
‘Hayward’ kiwifruit firmness in subsequent storage was not explored. Since curing is
implemented immediately prior to cooling and coolstorage, there is a possibility that
manipulation of temperature and humidity at the start of the supply chain will influence
chilling injury development and thus affect fruit firmness in subsequent storage.
Therefore, the mechanisms behind curing which improves kiwifruit quality (firmness and
chilling injury development) during storage may potentially be included in the developed
model.
8.6.2. Pre-harvest effect on fruit storability
Pre-harvest treatment such as vine management (Boyd & Barnett, 2011; Patterson
& Currie, 2011) or manipulation of light exposure (Tombesi et al., 1993) influences the
dry matter content of kiwifruit. The model uses dry matter content as a model input and
has the potential to account for these possible effects of vine management. However, pre186
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harvest treatments involving nutrient fortification on kiwifruit such as calcium also affect
fruit firmness (Feng et al., 2003a; Xu et al., 2015). Calcium ions form strong ionic bonded
calcium bridges between pectin molecules (Brummell, 2006; Goulao & Oliveira, 2008),
potentially altering the rate of cell wall degradation. The model does not include any
effect of calcium on fruit softening and thus it would be useful to estimate the fruit
nutrient content to quantify the preceding pre-harvest history. Besides calcium, minerals
such as nitrogen, phosphorous, potassium and magnesium concentrations have previously
been found to affect fruit firmness (Prasad & Spiers, 1992; Smith et al., 1994; Feng et al.,
2003a). The gradual softening phase is explained by the loss of cell wall integrity and
thus the presence of nutrients that affects the breakdown of cell wall structure will
potentially alter the rate of softening.
Currently, at-harvest attributes are collected using destructive techniques such as
refractometer and penetrometer. Recently, many studies have investigated the use of nondestructive techniques to estimate fruit quality and storability. Non-destructive techniques
include Near Infrared Spectroscopy (NIR) (McGlone & Kawano, 1998; McGlone et al.,
2002; Costa et al., 2003; Clark et al., 2004; Liu et al., 2011), X-ray (Feng et al., 2010;
Trejo Araya et al., 2013; Cantre et al., 2014) and optical coherence tomography (Li et al.,
2015). NIR was found to be capable to estimate kiwifruit at-harvest attributes such as
soluble solids, dry matter content and fruit firmness (Feng, 2003). This has demonstrated
the potential to apply NIR to determine the model inputs and thus allowing the developed
model to predict fruit firmness during storage.
8.6.3. Predict fruit firmness with biological variation
Introducing biological variation into the model will improve prediction of fruit
firmness within a batch. Biological variation can be expressed by either fruit maturity
indices or biological age. The biological age concept has previously been used to quantify
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the variation in colour change in tomato (Hertog et al., 2004b; Hertog et al., 2007a) and
growth of Belgian endive (Hertog et al., 2007b). The propagation of biological variation
within a batch can be predicted by using a probabilistic kinetic approach. Hertog et al.
(2007a and 2007b) demonstrated using such approach to define the distribution of colour
change in tomato and growth in stem length of Belgian endive as a function of time and
temperature during postharvest storage. The batch variability and keeping quality of
cucumber is modelled based on stochastic and kinetic approach; the stochastic part
describe the biological variability whereas kinetics part depends on the processes that
estimates keeping quality (Schouten et al., 2004). In this work, at-harvest attributes
including initial soluble solids and dry matter content are used to describe fruit maturity
and thus biological variation. A single batch consists of variation of fruit with different
maturity indices. Variation of dry matter content was observed between orchards
(Woodward & Clearwater, 2011). The current model is developed to estimate the average
fruit firmness in subsequent storage, without the capability to predict the batch relative
frequency distribution of firmness over time. The probabilistic kinetic approach can be
implemented to fruit firmness as a function of maturity (soluble solids and dry matter
content), which is liable to biological variation. Assuming that the kinetic model
parameters are independent to biological variation, adopting the probabilistic kinetic
approach to the developed model may describe the distribution of kiwifruit firmness in a
batch as a function of time and temperature during storage, based on the initial firmness
distribution measured at harvest. An ability to predict the distribution of firmness within
a batch during postharvest storage will allows the industry to better optimise their logistics,
as it is more likely to identify poor storing batches of fruit as commercial batch failure is
usually representative of only a small (i.e. 2 – 4%) proportion of failure within a batch.
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8.6.4. High temperature exposure
Temperature has a major effect on fruit quality during postharvest storage. When
exposing kiwifruit to temperatures above 30 °C, the softening rate was found to decrease
(Figure 3.14 and Figure 6.5). Therefore, applying the Arrhenius equation to account for
the temperature dependence of softening may not be applicable above 30 °C.
Alternatively, a modified Arrhenius equation could be implemented to ensure that the
softening rate decreases at temperature above 30 °C. A simple modified Arrhenius
equation consisting of Arrhenius and Boltzman components was applied to estimate
firmness loss in apple at different non-optimal temperatures, where the softening rate was
found to increase from 0 to 22 °C and decreased subsequently to 35 °C (Johnston et al.,
2001). Simple exponential, Boltzman and the Inverse exponential polynomial were used
to predict kiwifruit softening along the supply chain in India, with ambient temperature
of 35 ± 2 °C (Bellavi Jayashiva, 2012). When kiwifruit is exported to countries such as
the Indian subcontinent or South East Asia, adopting this approach will be useful to make
a reasonable prediction on the fruit firmness when exposed to high temperature conditions.
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8.7. Conclusion
Postharvest fruit loss has been a major concern to the kiwifruit industry and thus
reducing fruit loss will be beneficial to the industry. This thesis attempted to describe
kiwifruit softening pattern using a mechanistic modelling approach based on at-harvest
attributes and time temperature information collected from the coolchain, ignoring other
pre-harvest factors and ethylene. Cooling rate and storage temperature were found to
affect fruit firmness in subsequent storage by promoting chilling injury development.
Kiwifruit softening was modelled based on 3 different mechanisms; correlation to starch
degradation, breakdown of cell wall structure, and development of chilling injury. The
kinetic models were fitted to the experimental data demonstrated the potential to describe
kiwifruit softening based on at-harvest attributes and time temperature information.
Furthermore, estimation of the proportion of chilling injured fruit using an empirical
approach based on time temperature information was established. The developed
predictive model exhibits a reasonable fit on late maturity fruit firmness data but poorly
predicted early and mid-maturity fruit, especially during the rapid softening phase. This
suggests that fruit maturity has an important effect on the softening pattern. In conclusion,
this thesis has evaluated the potential for using a mathematical approach to describe
kiwifruit softening and predict fruit quality in subsequent storage. In order to improve the
model prediction of fruit firmness, more studies are needed which include the influence
of fruit maturity, ethylene production and concentration in the atmosphere, high
temperature exposure, and pre-harvest treatment on kiwifruit softening.
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At-harvest
attributes

Factors

DF

Seq SS

Adj SS

Adj MS

F

P

Fruit
2
19.14
19.14
9.57
6.41 0.002
maturity
Grower
2
116.81
124.00
62.00
41.54 0.000
lines
Fruit
Dry matter
maturity
(Dm0), %
4
15.81
15.81
3.95
2.65 0.035
x
Grower
lines
Error
201 300.00
300.00
1.49
Total
209 451.76
Fruit
2
1094.53 1094.53
547.26 378.86 0.000
maturity
Grower
2
35.10
34.71
17.35
12.01 0.000
lines
Fruit
Soluble solids
maturity
content
x
4
8.85
8.85
2.21
1.53 0.194
(B0), °Brix
Grower
lines
Error
201 290.34
290.34
1.44
Total
209 1428.82
Fruit
2 28250.90 28250.90 14125.50 219.84 0.000
maturity
Grower
2
1716.00 1716.00
858.00
13.35 0.000
lines
Fruit
Fruit firmness
maturity
(F0), N
4
1040.50 1040.50
260.10
4.05 0.003
x
Grower
lines
Error
201 16770.20 16770.20
64.30
Total
209 4777.60
Appendix 1: ANOVA table of fruit maturity, grower lines and interaction effect on
at-harvest attributes (dry matter content, soluble solids content and fruit firmness).
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Appendix 2: Experimental data (red dots) and modelled (red solid line) soluble solids content of fruit (°Brix). Fruit were exposed to various
temperature conditions. The blue solid lines represent the time temperature information of respective storage conditions.
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Appendix 3: Experimental data (red dots) and modelled (red solid line) fruit firmness of kiwifruit (kgf). Fruit were exposed to various
temperature conditions. The blue solid lines represent the time temperature information of respective storage conditions.
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Appendix 4: Model formulation used to generate kiwifruit softening curves in Chapter
6. The codes were run using Matlab R2011b to simulate the softening curves based on
the respective model inputs.
function odes=KiwiFun(t,D)
global kpo Ep kso Es Tref TempData
S=D(1);
bP=D(2);
i=find(TempData(:,1)>t,1);
T=TempData(i-1,2)+(TempData(i,2)-TempData(i-1,2))*(t-TempData(i-1,1))/(TempData(i,1)TempData(i-1,1));
ks=kso*exp(Es/8.314*(1/(Tref+273.15)-1/(T+273.15)));
kp=kpo*exp(Ep/8.314*(1/(Tref+273.15)-1/(T+273.15)));
odes=zeros(2,1);
odes(1)=-ks*S;
odes(2)=-kp*Fb;
global kpo Ep kso Es Tref TempData
kwo=0.07;
Ea,w=106850;
kso=0.14;
Ea,s=20105;
Tref=20;
TempData=xlsread('EgTempData0deg3d.xlsx','sheet1','A2:B1000');
a=0.76;
Ffix=0.1;
for n=1;
Fo=4.51;
Bo=11.3;
Dmo=18.2;
Be=-3.755+(1.057*Dmo);
So=(Be-Bo);
Fbo= Fi-a*So-c;
[t,D]=ode45('KiwiFun',[0:0.5:189],[So,Fbo]);
S(:,n)=D(:,1);
Fb(:,n)=D(:,2);
F=a*S(:,n)+Fb(:,n)+Ffix;
End
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DF
2
2
4
201
209
2
2
4
201
209
2
2
4

Factors

Fruit maturity
Grower lines

Fruit maturity
x
Grower lines

Error
Total
Fruit maturity
Grower lines

Fruit maturity
x
Grower lines

Error
Total
Fruit maturity
Grower lines

Fruit maturity
x
Grower lines
1040.50

290.34
1428.82
28250.90
1716.00

8.85

300.00
451.76
1094.53
35.10

15.81

19.14
116.81

Seq SS

260.10

14125.50
858.00

28250.90
1716.00
1040.50

1.44

290.34

2.21

547.26
17.35

1094.53
34.71
8.85

1.49

3.95

9.57
62.00

Adj MS

300.00

15.81

19.14
124.00

Adj SS

4.05

219.84
13.35

1.53

378.86
12.01

2.65

6.41
41.54

F

228

0.003

0.000
0.000

0.194

0.000
0.000

0.035

0.002
0.000

P

Error
201
16770.20
16770.20
64.30
Total
209
4777.60
Appendix 5: ANOVA table of fruit maturity, grower lines and interaction effect on at-harvest attributes (dry matter content, soluble
solids content and fruit firmness).

Fruit firmness (F0), N

Soluble solids content
(B0), °Brix

Dry matter (Dm0), %

At-harvest attributes
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