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ABSTRACT

This study investigated the simulated impact and vibration tests on bruise damage and quality of
the British strawberries from winter and summer cultivations. The actual transport of food

products was also monitored for the vibration and temperature levels in the city and highways.

The winter cultivation produced a superior overall quality of ‘Elsanta’ and ‘Sonata’ strawberries
compared to the summer cultivation. ‘Sonata’ fruits were more sensitive to vibration damage in

the summer cultivation.

The packed strawberry punnet of 250 g was tested in impact and vibration tests. The maximum
drop height at 750 mm gave a significantly larger wet bruise level of around 40% than other drop
heights (p<0.05). The simulated vibration investigated the three frequencies and three exposure
times plus control. The vibrated fruits from the most severe of 5 Hz (1.1 g) for 150 sec had
significantly higher wet bruises (50-60%) than for other treatments (p<0.05). The bruise damages

increased for both simulated tests after storage at 10°C, 70+5% RH for 3 days.

The EC value gave a significantly stronger correlation with wet bruise and severity score as
compared to puncture, compression and respiration rate measurements (p<0.01). The EC method

is suggested for use as a rapid indicator and a predictor for the bruise assessment of strawberries.

The vibration and air temperature levels in the refrigerated truck and semi-trailer were monitored.
The overall peak frequency of power density was often found at 10-14 Hz. The vertical vibration
was the dominant direction during the road transport. The rear-top position gave a stronger root
mean square acceleration value. A gradual increase of vibration level occurred after the first drop
in city distribute as well as for a smaller load. The range of temperature during food transport was

around 2 to 8°C with a set point at 3°C.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Strawberries (Fragaria x ananassa Duchesne) are widely grown in the temperate zone the world
(Hancock, 1999). Recently, the estimated world production of strawberries was over 4.51 million
tonnes worldwide in 2012. The US is the leading producer country (30.26%), followed by
Mexico (7.98%), Turkey (7.82%), Spain (6.42%), and Egypt (5.36%), respectively. The UK was
the twelfth strawberry-producing country, accounting for 2.12% of the total world production,
according to the Food and Agricultural Organisation of the United States (FAO, 2014). Also,
strawberries are among the top five most important British fruits in the market, along with apples,
pears and raspberries based on large production and/or economic importance (Department for
Environment Food and Rural Affairs, 2013). In the supply chain of the British strawberries, the
strawberry losses are approximately evaluated 8-12%, particularly 2-4% at the retail market
(Terry et al., 2011). In addition to the postharvest losses, the quality of fruits is also potentially
influenced by the preharvest factors such as cultivar, mineral nutrition, irrigation and crop load

(Crisosto and Mitchell, 2002).

The major physical damage of fresh fruits is caused by impact, vibration (abrasion), compression
and punctures, resulting in structural, tissue and cell failure, leading to an increase susceptibility
to decay and rot (Li and Thomas, 2014). The impact damage is indicated as the most severe
damage of fruit handling (Van Zeebroeck et al., 2007a). The impact energy is typically calculated
from the drop height and fruit mass (Ruiz-Altisent and Moreda, 2011). Also, the bruise level of
strawberries is strongly related to impact energy (Holt and Schoorl, 1982) and differs depending
the impact surface (Kitazawa et al., 2014). The vibration level during the actual transport or
simulated test is presented in acceleration, frequency and power density (Berardinelli et al., 2005;

Lu et al., 2010a).



In the Japanese studies of vibration effects strawberry bruise, the vibration condition of the actual
transport was accelerations (0.02-0.18 g) and frequencies (3.35, 7 and 13.5 Hz) to cause vibration
damage (Kojima et al., 1999), whereas the simulated condition of strawberry had a higher
acceleration (1.2-1.6 g) and a lower frequency (5 Hz) than the actual transport. Therefore, there is
a wide range of vibration conditions that are a cause of vibration damage in strawberries. Most
studies in the field of vibration level during transport have focussed on the position in the vehicle
and the vibration levels varied in the different positions in the vehicle (Hinsch et al., 1993;
Soleimani and Ahmadi, 2014). Moreover, controlling cool temperature of fresh produce is
important for its delivery to consumers. The appropriate temperature is necessary to retain
produce in a good condition for food safety (Aung and Chang, 2014). In the case of mixed load,
the shipment temperature should be controlled between wholesalers and customers with various
transport options, multi-compartment trucks and mini-containers or insulating covers (LeBlanc
and Hui, 2005). The variation of air temperature depends on the position in the refrigerated truck
or semi-trailer (Hui et al., 2006; Pelletier et al., 2011) as well as the vibration level. The key to a
reduction of strawberry bruising is by analysis of the preharvest and postharvest factors

highlighted from the simulated tests and the actual transport.

1.2 STATEMENT OF PROBLEM

Food security and agricultural efficiency need the appropriate practice to minimize postharvest
losses. The effect of external factors is investigated during harvesting, packing, transport and is
suggested to improve handling methods for growers and other people concerning in the supply
chain. Furthermore, the internal and external damages by a non-destructive method could be
assessed and sorted into different damage levels (Li and Thomas, 2014). In the current study,
bruise damage is one of the serious causes of strawberry losses. There are three possible
strategies to reduce and evaluate bruising damage in the postharvest handling and transport of
strawberries. The first strategy would be to analyse and identify various preharvest and

postharvest factors which affect susceptibility of strawberries to bruise damage. The second



strategy would be to integrate the understanding aspects in terms of engineering, packaging and
postharvest technologies, thereby minimizing the consequences of bruise damage throughout
whole their supply chain and financial return to the growers or producers. This third strategy
would to be greatly assisted by a rapid bruise assessment of strawberries and also include the rot

and mould detections, preferably nondestructive.

Most studies in the simulated tests of strawberries or other fruits have been carried out an
individual fruit, not a whole punnet or package. The bruised strawberry fruits were occasionally
presented at a bruise level by volume or area bruising, and visual score, which showed an
inconsistent detection and a variation in the types of fruits, cultivars and maturity stages.
Moreover, the actual transport has only been carried out in a single product or a single drop
delivery with full load in the different positions of the vehicle. Nevertheless, there has been no
published research on the effect of mixed load and partial load on the vibration level. Until
recently, there has been no research published on the vibration level during transport on the UK

roads.

In Thailand, Chiang Mai province in the northern region is the main location for strawberry
production in Thailand due to an optimum average temperature (16-20°C) as it is at 800 metres
above mean sea level. The restricted area of production means the strawberry supply in Thailand
is limited to the domestic market. Most tropical fruits in Thailand are produced under high
temperature and humidity climates. Strawberry is the major example of temperate fruits in
Thailand, which links to studies of its postharvest and supply chain in the UK. There has been no
published research on impact and vibration studies of strawberries in Thailand. Moreover, the
subject of this dissertation will contribute to the further study in strawberries, berries and tropical

fruits.



1.3 AIMS AND OBJECTIVES

For both the summer and winter cultivations, this study was carried out to determine the quality
and bruise of ‘Elsanta and ‘Sonata’ strawberries after the simulated impact and vibration tests in
the postharvest laboratory, Writtle College. The actual transport had vibration levels monitored
and tracked shipment during transport on the London and Manchester routes, which departed

from Reynolds Catering Supplies Ltd, London.
The specific objectives of this dissertation were to:

a) evaluate the effect of drop heights on the quality and the impact bruise of ‘Elsanta’ and
‘Sonata’ strawberries after storage at low temperature and grown in both winter and
summer seasons

b) evaluate the effect of frequencies and exposure times on the quality and vibration bruise
of ‘Elsanta’ and ‘Sonata’ strawberries after storage at low temperature and grown in both
seasons

¢) develop a nondestructive method for the bruise assessment in strawberry damage as use
the rapid and accurate methods

d) investigate the vibration level and air temperature in the different positions in the
refrigerated trucks on the city streets in the London shipments, and the semi-trailers on

highways in the Manchester shipments.

1.4 HYPOTHESES

In particular, this dissertation will examine the eight research questions from the three main

experiments which are impact test, vibration test and the actual transport of food shipments:

a) It is expected that there will be a higher level of impact and vibration damages on

summer cultivation crops of ‘Elsanta’ and ‘Sonata’ cultivars.



b) It is expected that there will be no difference in impact and vibration damages between
‘Elsanta’ and ‘Sonata’ cultivars.

¢) In this impact test, an increase drop height will give an increase in impact bruise for
‘Elsanta”and ‘Sonata’ cultivars from the winter and summer cultivations after cool
storage.

d) In the vibration test, an increase in frequency will give more bruising after cool storage
for both cultivars.

e) It is also expected that greater vibration time after storage will give greater vibration
bruise for all frequencies.

f) It is expected that a non-destructive method of bruise assessment will be developed as the
rapid and accurate methods.

g) In the actual transport of food shipments, it is expected that the location of the
consignment in the refrigerated vehicle will make a difference to the vibration level
experienced.

h) It is expected that the temperature will remain uniform (+ 1°C) during shipment in

refrigerated vehicles in city and long distance deliveries.

1.5 DISSERTATION STRUCTURE

a) The general introduction is given and discuss in Chapter 1.

b) Chapter 2 reviews the factors affecting on impact and vibration levels to fruit bruising
and the strawberry quality changes after storage.

c) General materials and methods for plant materials and quality determinations of impact
and vibration tests are outlined in Chapter 3. Further specific details are provided in
Chapter 4 and 5.

d) The effect of drop heights on the quality and impact bruise of ‘Elsanta’ and ‘Sonata’

strawberries after storage at low temperature is examined in Chapter 4.



e) Determination of quality and vibration bruise from the different frequencies and exposure
times of vibration test and the consequence of low temperature storage is also described
in Chapter 5.

f) Chapter 6 investigates the vibration level and air temperature from the different positions
in the refrigerated trucks and semi-trailers during food transport on the London and
Manchester routes.

g) The final Chapter 7, the overall discussion evaluates results presented in the Chapter 4, 5
and 6 and implications for bruise assessment, preharvest and postharvest factors in
handling operation and transport of strawberries. It also outlines the opportunities for

further research studies.



CHAPTER 2

LITERATURE REVIEW

2.1 BRITISH STRAWBERRY PRODUCTION

2.1.1 Strawberry

Strawberry is an aggregate fruit with the enlarged receptacle (edible portion) as a psuedocarp,
while achenes are the real one seed-fruit by combining seed and ovary tissue on the epidermal
layer (Perkins-Veazie, 1995). Strawberry fruit is defined as a non-climacteric fruit (Will et al.,
2007). Depending on cultivars and environmental conditions, strawberry fruit cv.‘Elsanta’
develops to a full red colour stage within 24-28 days after anthesis in greenhouse production
(Terry et al., 2004). At the ripening stage, the maximum total soluble solids (TSS) level of
‘Chandler’ strawberry was around 28 days, whereas there was a little change in titratable acidity
(TA) level. Thus the highest sugar: acid ratio occurred between 28 and 35 days as represented in

the best quality attribute for consumption (Montero, 1996).

‘Elsanta’ and ‘Sonata’ cultivars can supply to the UK market for about 8 months of each year
(Fresh Produce Journal, 2012) (Figure 2.1). The major fruit characteristics of ‘Elsana’ cultivar
(June bearing cultivar) are medium size, firm fruit, orange-red colour (Terry, 2012) as well as the
excellent shelf-life that make it popular with supermarkets (RW Walpole, 2014). ‘Sonata’
cultivar is a product of a cross-pollination between the seed of ‘Elsanta’ cultivar as the female
and the pollen of ‘Polka’ cultivar as the male from the breeding program in Wageningen, the
Netherland (Meulenbroek, 2007). ‘Sonata’ fruit is the second most widely planted June bearing
cultivar, and produces a bright and glossy fruit with desirable flavour. However, this cultivar has
less firmness and is more susceptible to bruising and ripening in the hot weather as compared to

‘Elsanta’ cultivar (RW Walpole, 2014).



Figure 2.1: The fruit characteristics of ‘Elsanta’ and ‘Sonata’ cultivars. Source: Chaiwong
(2015).

2.1.2 Strawberry production in the UK

British strawberries accounted for approximately 24% of the total volume of home production
fruits in 2014. For the soft fruit industry, strawberries have been the greatest home production
(73%) when compared with blackcurrants (12%) and raspberries (9%). During the years 2013-
2014, the volume and value of home production increased by 10% and 12%, respectively, while
the demand for imported strawberries has had a gradual increase during the five years 2010-2014
(Table 2.1) (Department for Environment Food and Rural Affairs, 2014). In winter and spring
seasons (November to May), the imported strawberries come from Spain, Morocco, Egypt and

Israel (British Summer Fruits, 2012).

Over a 90-year period, the growth of the British strawberry industry has increased gradually and
this has accelerated. Since 1996, the growing system in polytunnels has been widely introduced
for strawberry cultivation due to the main three aspects of profitable crop protection. The three
aspects are the protection from rain and grown under high temperatures, controlling product
fluctuations in annual yields and the extension of harvesting season from 6 weeks to 6 months. In
strawberry production with polytunnels, large farm enterprises (approximate 80% of strawberry
crop area) gave a higher yield than small farm enterprises by 7.7 tonnes ha™ (Calleja et al., 2012).
The main areas of strawberry production are located in Kent and an in oval zone in the West

Midlands from the bottom of Herefordshire to the top of Staffordshire (Williams et al., 2008).



Table 2.1: The strawberry supply and value in the UK market from 2010 to 2014 (Department
for Environment Food and Rural Affairs, 2014).

Supply/Value 2010 2011 2012 2013 2014
(Thousand Tonnes)

- Home Production 95.7 101.9 94.8 94.4 104.4
- Imports 38.1 47.1 49.7 46.3 49.0
- Exports 04 0.3 0.3 0.7 1.0
Total Supply 1334 148.7 144.2 139.9 154.4

Value (£ Million)

- Home Production 238.9 245.2 223.4 217.8 244.1
- Imports 95 120 123 118 130
- Exports 14 1.0 0.8 2.0 2.2
Total Value 287.3 297.2 275.2 275.8 376.3

2.1.3 Strawberry market and consumer behaviour

For the retail market, it is estimated that around 80% of the UK fruit is sold through the leading
four marketing agents (English Food and Farming Partnerships, 2010). The smaller-scale
strawberry enterprises have been suffering from changes in the market, which is now dominated
by supermarkets. The smaller-scale enterprises are increasingly losing market share to
supermarkets (Calleja et al., 2012). During the main strawberry season (Mid-June to September),
over 60% of respondents buy between 80-100% British strawberries. These high percentages of
respondents indicated a greater demand to buy the British strawberries in season, an especially

powerful driver from supermarkets (Defra Food and Farming Group, 2011).



2.2 POSTHARVEST LOSSES OF FRESH PRODUCE

Postharvest losses commonly consist of qualitative and quantitative losses. Qualitative losses of
fresh produce are more difficult to measure than quantitative losses because of the variation of
quality standards and consumer preferences among countries and cultures. In developing
countries, the reduction of quantitative losses is much more important than qualitative losses,
whereas a greater percentage of postharvest losses are expressed mainly in terms of consumer
dissatisfaction with quality of fresh produce in developed countries (Kader, 2005). A higher or
more specific quality standard for supermarket requirement considers such as weight, size, shape
and overall appearance, which lead to a problem of fresh produce losses (Stuart, 2009). The
previous report is in agreement with that of Gustavsson et al. (2011), which showed over 40% of
the food losses in the postharvest and processing stages for developing countries, and in the retail
and customer stages for developed countries. Nevertheless, in the estimation of global food losses
and waste, South and Southeast Asia provided the lowest food losses per capita (120 kg/year),

while Europe and North-America had the highest volume (280 to 300 kg/year) (Figure 2.2).

There are two methods of postharvest loss estimation: either to evaluate loss components or to
elicit questionnaires from experienced people in postharvest system (Hodges et al. 2010). Total
losses of fresh fruits and vegetables worldwide were assumed at around 30% (Kader, 2005).
Recently, as shown in Table 2.2, the range of total waste from all regions was 43% to 72% of the
supply chain of fruits and vegetables, especially from the North African, and West and Central
Asian regions. The estimated waste in postharvest handling and storage was around 4% t010% of
the total supply chain, which was lower volume than distribution, supermarket and retail stages
(8% to 17% of total waste) (Gustavsson et al., 2011). Therefore, based on the available data on
postharvest losses, a reduction of fresh fruits and vegetable losses should be considered from

postharvest handling right through the customer.
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Figure 2.2: Per capita food losses and waste in different regions of consumption and pre-
consumptions stages. Source: Gustavsson et al. (2011).

The typical causes of fresh produce losses are physiological deterioration, defects from
mechanical injury, diseases and pests. As shown in Table 2.3, losses of fresh produce were
caused by not only quality defects, but also labelling defects on packaging. The majority of
quality and labelling defects were not giving the class or grade (37%) and rotting (23%). The
damage percentage of quality defects and discoloured bruise were only 7% and 5%, respectively

(Terry et al., 2011).

11



Table 2.2: An estimated global waste percentage of fresh fruits and vegetables in supply chain
from different regions (Gustavsson et al., 2011).

Regions Agricultural Postharvest Processing Distribution, Consumption Total

production hgn(tjllng aknd_ Supermarket

and storage packaging and Retail

- Europe 20% 5% 2% 10% 19% 56%
- North 20% 4% 2% 12% 28% 66%
America &
Oceania
- Industrialized 10% 8% 2% 8% 15% 43%
Asia
- Sub-Saharan 10% 9% 25% 17% 5% 66%
Africa
- North Africa, 17% 10% 20% 15% 12% 74%
West &
Central Asia
- South & 15% 9% 25% 10% 7% 66%
Southeast Asia
- Latin 20% 10% 20% 12% 10% 72%

America

Table 2.3: The percentage of quality and labelling defects (Terry et al., 2011).

Quality defects % Labelling defects %
Rotting 23 No class/grade stated 37
Damage 7 No identity of the packer/dispatcher 22
Bitter Pit 6 Product not stated 10
Discoloured Bruise 5 Country of origin not stated 8
Not clean 5 Insufficient labelling 6
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2.2.1 Postharvest losses of strawberries

The serious causes of strawberry loss were mould and rot, a poor cool chain system, mechanical
damage and differences in specification between different suppliers. The UK research by Waste
& Resources Action Programme (WRAP) reported the total of strawberry losses from field to
retail market as 7.5-11.5%. In this case study, strawberry losses occurred as follows: 2-3% at the
field, 1% at the grading stage, 0.5% at the storage, 2-3% at the packing stage and 2-4% at the
retail market (Terry et al., 2011). In a different study, the cool chain system for strawberries was
greatly affected by temperature, with lower losses of around 5% at low temperature as compared

to 65% with ambient conditions during truck transport (Ho, 2006).

Bruise damage and grey mould rot were the most common causes of serious strawberry losses
during transport. The study of Ceponis et al. (1987) investigated strawberry disorders in 1,777
strawberry shipments to New York market during 1972-1987. Mechanical injuries caused bruise
damage and leaky fruit in the affected shipments of around 70% and 50%, respectively, while
grey mould rot provided the highest frequency of strawberry losses at around 76%. Grey mould
rot was significantly correlated with bruise damage and/or leaky fruit in this study. The recent
research in the US of Macnish et al. (2012) studied the road transport of ‘Albion’ strawberries
from Watsonville (California) to Jacksonville (Florida) or Atlanta (Georgia). After strawberry
shipments with a duration of 2 to 5 days, the incidence of decay increased slowly to a low level
(1.2%). For shelf-life, following 2 days at 20°C, the average decay from 6 shipments increased
rapidly to a high level (40%); however, there was a wide range of decay incidence from 9% to
82% for these shipments. The highest percentage of frequency in decay severity showed

moderate discoloration and slight mycelium growth.
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2.3 QUALITY OF STRAWBERRIES

Postharvest quality has various definitions and depends on academic and commercial groups,
namely researchers, producers, consumers and consultants. In particular, researchers, producers
and handlers mostly require specific quality attributes of fresh produce such as sugar (sweetness),
colour or firmness. These quality attributes are described as customer requirements from the
group of consumers, marketers and economists (Shewfelt, 1999). The decision and satisfaction of
consumers to purchase fresh produce rely on the appearance, quality and food safety. The quality
components are generally described as the appearance (visual), texture (feel), flavour (taste and

smell), nutritional value and safety (Kader, 2002b).

The industry trade associations are increasingly concerned with the public’s growing
dissatisfaction over the flavour and texture of some fresh produce (Baldwin, 2014). At the
present, the texture is a major perception by a consumer and much more important than the
flavour (Shewfelt, 1999). In marketing and business of fresh produce, there are advantages of
common grading standards from growers through to receivers at the final market, and can solve
problems between consumers and sellers. The grading standards are also helpful for producers

and handlers for the better preparation and labeling of fresh products (Kader, 2002c).

This section reviews the quality attributes of strawberries and strawberry standards, particularly
the appearance, colour, size and defect. The other attributes also are described firmness, flavour
(sugar and acid) and nutritional value at the different maturity stages. In the case of physical and
chemical properties during storage, the quality changes of strawberries will be explained in the

last section (section 2.8: strawberry storage).

2.3.1 Quality attributes

The quality attributes of strawberries generally consist of the appearance or visuality (red colour
intensity, fruit size, free from defect and disease), texture, flavour (sugars, organic acids,
phenolics and aroma volatiles) and nutritional values (Kader, 1991). In the recent past, flavour

and appearance were the most critical of strawberry quality attributes (Cordenunsi et al., 2003),
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particularly high sugar and acid ratio, firmness and colour characteristics (Mitcham, 1996, Shin et
al., 2008). Much of the current research on strawberry quality pays attention to food nutrition and
safety (Giampieri et al., 2012). During simulated handling, the limited salability of strawberries
caused poor colour, softening, shriveling and bruising (Nunes et al., 2003). Additionally, the
appearance (mould and rot) can also encourage undesirable changes in firmness and bring to

decrease shelf-life of strawberries (Cordenunsi et al., 2003).

Survey studies in sensory evaluation of fresh strawberries were evaluated in Switzerland. For
example, overall acceptance in six strawberry cultivars by 120 panellists was mostly reflected by
sweetness and aroma attributes which were expressed as total sugar levels and volatile
compounds. No significant correlation was found in acidity, firmness, juiciness or odour
(Azodanlou et al., 2003). Likewise, a larger scale study in the freshness of strawberries was
investigated by Peneau et al. (2007). Three groups of panellists were divided into 167 consumers,
7 experts and 12 descriptive panellists. The definition of strawberry freshness for consumer
perception was described as appearance, odour, flavour, and texture (hand and mouth). The best
predictor of consumer perception in strawberries were appearance (bruise and shiny), sponginess,

fermentation flavour and juiciness, followed by firmness (hand), odour and firmness (mouth).

As shown in Table 2.4, the major characteristics of fresh strawberries are described as
appearance, texture and flavour. The important attributes of strawberries are freedom from such
as defects, juice leakage, spongy, bitterness and fermentation flavour (Mitcham 1996; Peneau et
al., 2007). In addition, visual rating scores and most severity used a simple 5-point scale, except
the severity rating by Macnish et al. (2012) (Tables 2.5 and 2.6). As shown in Tables 2.5 and 2.6,
either the acceptable visual score (score 3) suggested to have a maximum 5-20% of skin damage
or discoloration surface, or the moderate level of severity (score 3) is indicated by slight
mycelium growth (Macnish et al., 2012; Nunes et al., 2005b; Shin et al., 2008). Thus, the
acceptable visual score (score 3) varied in percentage of bruise and disease levels. Another visual

rating scale is colour based on lightness intensity on strawberry surface. The range of visual
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scores is graded from 1 to 5 levels, such as 1 (three-quarter to full red), 2 (fully light red), 3 (fully
dark red), 4 (very dark red (overripe)) and 5 (extremely overripe brownish-red/purple). Nunes
and Emond (2007) reported In the previous studies, therefore, the important criteria of severity

and visual rating in strawberries are skin damage, discoloration and mould.

Table 2.4: The important characteristics of a fresh strawberry (Mitcham 1996; Peneau et al.,
2007).

Characteristics Description

Appearance Degree of ripening: colour (not very red)
Absence defects: bruise, decay and shriveling
Absence juice leakage
Surface: glossary, absence of water loss
Brighter inside as outside
Sepals: not faded

Odour: absence fermentation odour

Texture Hand: firm, elastic

Mouth: firm, juicy, not spongy

Flavour Not very sweet (high sugar and acid to be a good flavour)
No bitterness

No fermentation flavour
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Table 2.5: The visual rating score of an individual strawberry fruit.

Score Shin et al. (2008) Nunes et al. (2003)

1 Unacceptable (>50% surface Very poor (extremely overripe, wilted and
showing skin damage or dry calyces) (leaky fruit and partially or
discoloration) entirely rotten fruit.)

2 Bad (20-50% surface affected) Poor (very soft, bruise, overripe and

decay) (wilted and dry calyces)

3 Acceptable (5-20% surface Fair (minor signs of softness and
affected) shriveling) (visible bruise with no visible

decay)

4 Good (up to 5% surface affected)  Good (firm with some small bruise)

5 Excellent Very good (firm and turgid) (no signs of

bruising, shriveling and decay)

Table 2.6: The severity score of an individual strawberry fruit.

Score Macnish et al. (2012)* Nunes et al. (2005b) Fischer et al. (1992)
0 No visible n/a n/a
1 Slight brown No visible changes in ~ Undamaged (no abrasions
discoloration tissue, convert to 0% or 2 bruises less than 2 mm
in diameter)
2 Moderate brown Slight brown Slightly damaged (no
discoloration discoloration of the abrasions or 4 bruises less
tissue, convertto 25% than 2 mm in diameter)

3 Slight mycelium growth  Slight to moderate Moderately damaged (less
mycelium growth, than 25% of surface
convert to 50% bruised)

4 Moderate mycelium Moderate to heavy Severely damaged (bruise

growth mycelium growth, penetrates the fruit surface)
convert to 75%
5 Extensive sporulation Characteristic Very severely damaged

sporulation, convert to
100%

(whole fruit bruised, mould
or pieces of fruit missing)

n/a is not available data. ® Severity rating score (0 to 6 levels).
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2.3.2 Temperature during cultivation affecting strawberry quality

Preharvest factors depend on specific cultivar and growth or development sensitivity. The
cultivar is an important factor affecting yield, taste, quality and shelf-life of postharvest in
horticultural products, including the incidence and sensitivity of decay. Also, environmental
conditions during growth and development of fruits influence on their qualities (Crisosto and
Mitchell, 2002). According to a complex interaction in preharvest factors, there has been little
research conducted on the effect of preharvest factors on postharvest quality of strawberries. For
example, in terms of either temperature level or seasonal cultivation on strawberry’s quality, a
higher temperature directly influences the reductions of flower, fruit yield, fruit size, fruiting
period (Ledesmat et al., 2008; Singh et al., 2007a). Also, a rise in temperature on the fruit surface
of strawberries resulted in an increase of the ripening process (Palencia et al., 2013) and in a
significant reduction of fruit firmness (Pyrotis et al., 2012). The strawberries from late cultivation
had a lower total soluble solids (TSS) content than those from early cultivation due to a shorter
period for sugar accumulation (Rahman et al., 2014). Thus, a reduction of firmness and sugar

content is probably influenced by an unsuitable temperature during their production.

2.3.3 Harvesting and grading

Hand-harvesting has many advantages for fresh products with a wide range of maturity and a
short shelf-life because of bruising and damage (Thompson, 2002c). For strawberry harvesting,
the recommended maturity stage for most fresh market is three-fourths red colour of fruit which
then has a longer shelf-life than a fully ripe fruit. The harvested marketable fruit should have only
a little stalk remaining which is called ‘snap-picked’ (Hancock, 1999). Another method of hand
harvesting of strawberry fruit is called ‘finger-picked by holding and picking a stalk of
strawberry at around 15mm above the fruit between thumbnail and index finger (Strawberry,

2016).

The standards for strawberries are developed by a wide range of institutions by the Organisation

for Economic Co-Operation and Development (OECD), the United States Department of
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Agriculture (USDA), and United Nation Economic Commission for Europe (UNECE), including
Rural Payments Agency (RPA). Most minimum requirements of strawberry standard define
appearances, for example free damages from pest or disease and bruising, fresh and green calyx,
ripening stage and fruit without washing (Figures 2.3 and 2.4) (OECD, 2005; USDA, 2006;

UNECE, 2010; RPA, 2011).

The ripening stage of strawberries is graded by red colour surface. The pink or red colour of fruit
surface must not be less than two-thirds of its surface for a ripe strawberry (Kader, 1999). For
instance, the minimum red colour of U.S. No. 1 and No. 2 grades requires three-fourths and one-

half of the strawberry surfaces, respectively (USDA, 2006).

The fruit size of strawberries is evaluated by the maximum diameter of the equatorial section.
The size classification of strawberries is commonly graded into two classes such as 25 mm
(superior quality) (Extra class by OECD, UNECE and RPA) or 19 mm (U.S. No.1), and 18 mm
(Class I and 11 by OECD, UNECE and RPA) or 16 mm (U.S. No.2) (OECD, 2005; USDA, 2006;
UNECE, 2010; RPA, 2011). Class Il strawberries (marketable quality) are not only indicated by
fruit size, but also classified by disease damage in the field. Class | fruits (good quality) are
directly picked into a punnet for retail as called ‘one punnet’ system, which can reduce

postharvest losses throughout the handling (Terry et al., 2011).

Figure 2.3: Damagsunburn, severe and slight dry bruises of strawberries. Source: OECD
(2005).
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Figure 2.4: Disease symptoms and ripening stages of strawberries. Source: OECD (2005).

2.3.4 Mechanical damages and bruise

Fresh fruits are very susceptible to mechanical damages such as impact damage, abrasion
(vibration), compression, and puncture damages during harvesting, packaging and transport.
Impact damage occurs when fruit drops onto a surface with adequate force, while the dynamic
impact of single fruit occurs in fruit-to-fruit impact and between packaging. Abrasion (vibration)
is a dynamic movement of one fruit against another one, causing the removal of surface tissue.
Compression damage causes an increase force onto the product with a smaller package during or
after packing. Puncture damage causes the cut stem of fruit penetrate the skin of neighbouring
fruit, which lead to a higher susceptibility to disease and weight loss with less shelf-life (Li and

Thomas, 2014).

A bruise is a type of subcutaneous tissue failure with no rupture or breaking the skin of fruits and
vegetables (Mohsenin, 1986). Bruise damage is commonly a mechanical damage of fresh
produce and occurs in all stages of postharvest handling, particularly packinghouse operations,
transport and storage (Opara and Pathre, 2014). The bruise damages from impact and vibration
forces to the quality of fresh produce are explained in section 2.4 (Impact damage to fresh

produce) and section 2.6 (Vibration damage to the quality of fresh produce).
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2.3.5 Electrical conductivity (EC)

The estimation of membrane permeability is commonly measured by a solute leakage from plant
tissue, which indicates genotypic variation and environmental stress. Electrical conductivity (EC)
measures directly net ion efflux and has less vulnerability (Whitlow et al., 1992). The EC
measurement is useful to estimate cell membrane integrity from mechanical damages, chilling
injury and fruit ripening (Saltveit, 2002; Ahmed et al., 2010; Deng et al., 2005; Jiang et al., 2001,

Milczarek et al., 2009; Zhou et al., 2007).

Measuring the changing electrical conductivity (EC) is a possible technique to determine fruit
bruise from impact and vibration stresses. So far the EC method has not been applied to
strawberry bruise from impact stress. The electrical conductivity (EC) method was used in the
bruise determination from impact test in bananas (Bugard et al., 2014) and tomatoes (Lee et al.,
2007). In the evaluation of strawberry damage, Jiang et al. (2001) examined strawberries cv.
‘Tayonoka’ at a vibrating frequency of 5 Hz. Two scenarios were examined under 1.4 g for 20 to
160 sec and 1.2 to 1.6 g for 40 sec. The conductivity was significantly correlated to the
percentage of pared fruits or the damage index of strawberries. The electrical conductivity value
decreased after storage at 25°C for 2 days. In contrast to earlier results, Zhou et al. (2007)
reported that the electrical conductivity of ‘Huanghua’ pear skin increased during storage at 23°C
for 36 days after the actual truck transport, particularly with reusable plastic containers (RPCs) in
the rear top level. However, there has been little analysis of electrical conductivity to strawberry

damage after both impact and vibration tests.

2.3.6 Postharvest diseases

The most serious loss of strawberries is caused by postharvest diseases, namely grey mould,
Rhizopus rot, and Mucor rot. Botrytis cinerea, a sexual state, causes grey mould or Botrytis rot
which is the most important postharvest disease of strawberries during the refrigerated storage
and transport conditions (Sommer et al., 2002). The infected fruits turn dull pink to brown and

are covered with dry and greyish spores (Figure 2.5) (NSW Agriculture, 2004; Don, 2015a).
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Rhizopus rot or leak rot, caused by Rhizopus stolonifer, may develop into the ripe fruit in the
field and losses are primarily found after harvest (Sommer et al., 2002; Don, 2015b). This fungus
cannot grow at lower temperature than 5°C (Mitcham, 2007). The other pathogens are Mucor
piriformis Fischer and Mucor hiemalis Wehmer which cause Mucor rot and resembles Rhizopus
rot. The most remarkable difference is the ability of these pathogens to grow below 0°C while the

growth of Rhizopus rot does not occur in this condition (Sommer et al., 2002).
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Figure 2.5: Botrytis rot (Botrytis cinerea). Source: Don (2015a).

2.3.7 Flavour (sugar and acid)

The chemical compositions of berry fruits vary depending on cultivar, growing area, maturity
stage, storage conditions (Talcott, 2007). Maturity stage is an important factor in strawberry
quality and plays a key role in its flavour. The good flavour of strawberries should contain high
sugar and acid contents (Mitcham, 1996). Likewise, Cordenunsi et al. (2002) mentioned that the
strawberry taste is a complex phenomenon which correlates to acids and volatiles; therefore it is
not possible to explain the sweetness from sugar content based only on chemical analysis. Sugar
is usually the main component of total soluble solids (TSS) and measured TSS concentration of
an extracted juice sample using a refractometer gives °Brix or % unit. Acidity (titratable acidity;
TA) is analysed from a sample of an extracted juice by titration with NaOH solution to a colour
change of the pH indicator (phenolphthalein) at a pH level of 8.1 (Will et al., 2007). Kader
(1999) recommended that the minimum total soluble solids (TSS) and maximum titratable acidity

(TA) contents for an acceptable strawberry flavour should be at 7% and 0.8%, respectively. For
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example, TSS, citric acid and TSS:TA ratio contents in ‘Elsanta’ cultivar were 5.7%, 0.94% and

3.8:1, respectively (Sturm et al., 2003).

In the sugar analysis, fructose is the predominant sugar of strawberries (1.23 to 6.27%), followed
by glucose (0.71 to 8.64%) and sucrose (0.01 to 2.27%), respectively (Talcott, 2007; Mahmood et
al., 2012; Ornelas-Paz et al., 2013). For instance, ‘Elsanta’ strawberries at full red stage
contained fructose (2.04%), glucose (1.69%), sucrose (0.44%) and xylose (0.1%) (Sturm et al.,
2003). On the change of maturity stage, the greatest fructose and glucose contents were found in
the full red colour stage, while the highest sucrose content was found in the turning stage
(Ornelas-Paz et al., 2013). In the case of days from fruit set, the reducing sugar content (glucose
and fructose) of ‘Chandler’ cultivar increased considerably until 35 days and related to the
maximum TSS level at around 28 days (Montero, 1996). On the other hand, there was not a
significant correlation between TSS and total sugar (fructose, glucose and sucrose) whereas the
individual sugar contents (fructose and sucrose) were significantly correlated with TSS (Kafkas
et al., 2007). In the enzyme conversion, Talcott (2007) reported that the change of sugar
compositions from sucrose to reducing sugar (fructose and glucose) showed an increase of
invertase activity from the early stage through the full red colour stage. However, there has been
little research about starch content during fruit development. For instance, a reduction of starch
content in ‘Elsanta’ strawberries was reported as reducing from around 5.5 % dry weight (DW) to

0.2% DW during ripeing (Moing et al., 2001).

TA content mainly contains organic acids and phenolic acids. Organic acids can maintain the
changes of ascorbic acid and fruit colour by supporting stabilize anthocyanins. The pH level is
often a poor indicator of fruit quality characteristics (Talcott, 2007). The major acid of
strawberries is citric acid with the content range of 0.09 to 2.60% (Talcott, 2007; Mahmood et
al., 2012). The optimum maturity of strawberries (the highest TSS:TA ratio) was recommended
to harvest between 28 and 35 days after fruit set. After fruit set for 21 days, the pH level of
strawberries decreased gradually around 40%, whereas the TA levels minimally changed over the

entire of mature period (Montero, 1996). However, the previous result of pH level differs from
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Ornelas-Paz et al. (2013) report, the pH level of strawberries increased gradually from the white

stage to the dark red stage.

2.3.8 Firmness

Most consumers desire a firmer strawberry which affects directly the susceptibility to physical
and mechanical injuries (Kader, 1999). Fruit texture and consumer perception are correlated to
changes in cell wall compositions and physical attributes. There are various methods to determine
accurately strawberry firmness. Most penetration or puncture tests have been used by Instron
instrument with probe size (3.2 to 7.49 mm), whereas the Texture Analyzer and the Lloyd
instruments are particularly used in the scientific research (Dgving et al., 2005). The probe size
directly affects firmness value. For the selection of probe or plunger size, Hietaranta and Linna
(1999) suggested that a smaller probe for strawberry penetration test would probably give more
reliable results instead of a bigger probe size with a diameter of 6.4 mm. Mitcham et al. (1996)
also recommended that probe size for the firmness test of strawberries was 3 mm. Therefore, the
probe size for puncture testing in strawberries is suggested as a diameter range of 4-8 mm (flat or
blunt end). A depth of penetration should not be more than 5 mm (Dgving et al., 2005). The
method of firmness test also related to the quality and sensory attributes. Kader (1991) found a
good relationship between penetration and shear force, and between sensory firmness and both
firmness methods. Testoni et al. (1989) reported that a compression test appeared to be more

reliable than a pressure test (puncture test) to evaluate the susceptibility of rotting.

The firmness of strawberries varies in maturity stage, fruit size and internal fruit temperature.
Azodanlou et al. (2004) investigated the degree of ripening on firmness with shear test
equipment. From the white stage through the dark red stage, there was a reduction of firmness
around 75%. The previous finding is in agreement with the result of Ornela-Paz et al. (2013) with
two ripening stages which showed the firmness of ‘Albion’ strawberries decreased considerably
around 90% with ripeness. Moreover, Dgving and Mage (2002) found that there was no a

significant correlation between firmness and total soluble solids (TSS) content, whereas TSS
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content was extremely variable between individual fruits. There was no correlation between
firmness and fruit weight by the Texture Aanlyser. Therefore, the variable firmness of
strawberries depends on strawberry cultivar, maturity, probe size, method of testing and fruit

size.

2.3.9 Nutritional values (ascorbic acid and anthocyanins)

Over the past 15 years, there has been a dramatic increase in bioactive compounds and
antioxidant capacity studies of strawberries. Ascorbic acid is the most essential compound and
accounts for over 30% of total antioxidant capacity followed by anthocyanins (25% to 40%)
(Giampieri et al., 2012). Strawberries contain the highest ascorbic acid content (58.8 mg/100g)
when compared with raspberries (26.2 mg/100g), blackberries (21 mg/100g) and blueberries (9.7
mg/100g) (U.S. Department of Agriculture, 2012). Ascorbic acid increased rapidly through the
ripening period (Montero et al., 1996) and the full red colour stage of strawberry also contained
the highest ascorbic acid level when compared to the other stages (Kafkas et al., 2007; Mahmood

et al., 2012; Ornelas-Paz et al., 2013).

The changes of anthocayanin concentration during strawberry ripening correlated to external
turning colour. Hue angle (h*) of strawberries particularly represented a good correlation with
anthocyanin content (r = 0.8306) (Fredericks et al., 2012). Montero et al. (1996) found that the
amounts of total anthocyanins increased continuously to a maximum level (80 mg/100g) at 35
days after fruit set. This finding is in agreement with Ornelas-Paz et al. (2013) who report that
total anthocaynin content in ‘Albion’ strawberries increased from 0.9 to 56.4 mg/100g during

ripening.
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2.4. IMPACT DAMAGE TO FRESH PRODUCE

There are two typical methods for impact testing: to drop the fruit from a specific height onto the
impact surface or to mount the fruit with a pendulum impactor. In the case of fruit dropping from
a specific height, the impact energy (E) of the impact test is calculated by the following equation,
E=mgh, where m denotes fruit or sample mass; g denotes acceleration of gravity (9.81 m/s?); &
denotes drop height (m) (Ruiz-Altisent and Moreda, 2011). A pendulum impactor requires
swinging a part of the fruit from the different drop heights onto a hard surface (Opara and
Pathare, 2014). However, this chapter focusses on the impact method by a drop test. Also, this
chapter describes the effect of impact energy and fruit shape on bruise damage by impact test.

The drop height and impact surface materials affect bruise damage and fruit quality.

2.4.1 Impact energy and energy absorbed to bruise damage

There are a great number of published studies describing the relationship between impact energy
and energy absorbed as well as damage level. A strong linear correlation between impact energy
and bruise volume was reported for many fruits such as strawberries (Holt and Schoorl, 1982),
apples (Schoorl and Holt, 1980; Brusewitz and Bartsch,1989; Unuigbe and Onuoha, 2013),
peaches (Maness et al., 1992), pears (Sinobas et al., 1991), bananas (Kajuna et al., 1997), olive
fruits (Jiménez- Jiménez et al., 2013), coconuts (Kitthawee et al., 2011) and pomegranates
(Shafie et al., 2015). An increase of bruise volume is associated with an increase of drop height
and fruit mass (Jiménez- Jiménez et al., 2013). For instance, Reza (2013) found that increasing
the height from which peaches were dropped from 500 to 1500 mm increased the average bruise

area by around 15%.

Moreover, the material surface affects the absorption of impact energy. For example, a double-
wall corrugated fibreboard box can absorb much more impact energy than a single-wall box in
research by Lu et al. (2010b); therefore, a double-wall box showed a lower fruit bruise damage of

than a single-wall one. This research is in agreement with the study by Reza (2013), which
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showed the impact of peach fruits onto a rubber surface gave a lower bruise area than impact

onto a steel surface because of the higher energy absorbing property of rubber.

Despite this, a neighbouring fruit could absorb impact energy and this could be related to energy
absorbed and bruise volume, particularly in apple fruits, when it is called apple-to-apple. Pang et
al. (1992) found that the total bruising volume for both apples was a linear correlation with the
energy absorbed. However, Studman et al. (1997) suggested that the bruise area was not an
appropriate index of total bruise volume in apple-to-apple impacts due to the high variation in

bruise depths.

2.4.2 Effect of fruit shape on impact bruise

A number of studies have examined the effect of fruit shape on bruise damage from impact tests.
Most reports of fruit shape referred to the radius of curvature, at which a small radius of
curvature gave more bruise damage, area or volume than a large radius of curvature in
pomegranates (Shafie et al., 2015), kiwifruits (Ahmadi, 2012), peaches (Ahmadi et al. , 2010),
apples (Van Zeebroeck et al., 2007a; Zarifneshat et al., 2010). An increase of bruise damage is
also associated with a higher energy absorbed at a small radius of curvature (Ahmadi, 2012). For
example, Zarifneshat et al. (2010) reported in ‘Golden Delicious’ apples that at the high impact
energy (0.19 J), the bruise volume of an apple with a smaller curvature radius (34 mm) was 27%
higher than that for an apple with a larger curvature radius (46 mm). In contrast, at the check area
of pomegranates, a high radius of curvature provided high susceptibility to any bruise due to
being extended over a large area. The check region and firmness had less correlation coefficient
value (r = 0.554) than calyx shoulder and firmness (r = -0.817) (Shafie et al., 2015). Moreover,
the larger fruit size or mass affected higher bruising in olives (Jiménez- Jiménez et al., 2013) and
apples (Golacki et al., 2009). Golacki et al’s. (2009) results agreed those for pear fruits, which

had more elongated shape and led more susceptibity to bruising (Blahovec and Peprstein, 2005).
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2.4.3 Drop height, impact surface and number of drops

The impact conditions of a drop test from the various heights and impact surfaces were
summarized as shown in Table 2.7. Several studies investigating a drop test have been carried out
on apple bruising. The apples were dropped from a height range of 50 to 1400 mm (Lu et al.,
2010a, b, 2012; Unuigbe and Onuocha, 2013). In an apple postharvest handling study, the
potential drop heights at orchard were 600 mm through to the retail display with a drop height of
50-300 mm (Lewis et al., 2008). Whilst the range of drop heights in a berry test from 50 to 1200
mm was also at a similar level in the apple test (Kitazawa et al., 2014; Yu et al., 2014). In the
case of strawberry impact, the individual fruit or packed strawberries were dropped from 50 to
380 mm (Ferriera et al., 2008; Kitazawa et al., 2014). The minimum height of peach, tangerine,
and tomato fruits was carried out at approximately 500 mm (Reza, 2013; Vergano et al., 1991,

Montero et al., 2009; Idah et al., 2007).

There are a large number of published studies comparing or describing the impact bruising from
different impact surfaces. The surface materials were paper (cardboard and corrugated
fibreboard), metal or steel, rubber, wood, foam, hard plastic and rigid ceramic (Lu et al., 2010a,
b, 2012; Idah et al., 2007; Reza, 2013; Montero et al., 2009, Unuigbe and Onuoha, 2013). The
steel or wood surface (hard material) caused the greatest bruising on the dropped fruits such as
apples (Lu et al., 2010a; Idah et al., 2007), peaches (Reza, 2013), tomatoes (Unuigbe and

Onuoha, 2013), kiwifruits (Mencarelli et al., 1996), and table olive fruits (Saracoglu et al., 2011).

The bruise area or volume of impact on cardboard or corrugated fibreboard was less than on
metal, wood, plastic and rubber (Lu et al., 2010a; Kitazawa et al., 2014; Idah et al., 2007). For
example, Kitazawa et al. (2014) studied the strawberry damage from drop heights of 50 to 300
mm and surface materials (a corrugated fibreboard sheet with ‘A’ flute or a silicon rubber sheet).
The degree of damage on corrugated fibreboard was less than on silicon rubber, at around 12-
18% of the height range of 200-300 mm. The thickness of corrugated fibreboard boxes was also
studied by Lu et al. (2010b). The double-wall corrugated fibreboard box reduced the impact

damage in packed apples as compared to the single-wall package. Another damage of papaya
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showed as skin injury from a drop height of 200 mm onto sandpaper, while the impact damage
from a height of 750 mm onto a smooth steel plate led to internal injury without skin injury.
Thus, the major cause of skin injury of papaya was from abrasion and puncture damage, not
impact damage (Eloisa et al., 1993). However, these previous studies were simulated and tested
with a variety of surface materials. During the actual postharvest handling, the different surface
materials also affected the damage of fresh produce. For instance, in potato research, Bishop et
al. (2012) investigate the frictional damage from three material types. Rubber was the most

appropriate material for handling potato tubers when compared with mild steel and plastic.

The number of drops onto an impact surface also influences fruit quality. For instance, an
increase number of drops (8 drops) increased the respiration rate of mature green tomatoes
around two fold when compared to control (no drop) (MacLeod et al., 1976). On the other hand,
Lu et al. (2012) examined a drop test of apple from heights of 50 to 300 mm onto a rubber
surface for 1, 4, 8 and 12 times. There was not a significant difference in bruising area or volume
for a different number of drops in the range of 50 to 100 mm and 200 to 300 mm. Regarding a
multiple impact test and impact energy, Golacki et al. (2009) found that the first drop gave the
largest impact energy, as well as the lowest rebound height, with the highest bruise energy, and
then gradually reduced on permanent tissue deformation. The fourth drop showed a stable
rebound height, which stabilized the bruise energy as called an asymptote level was an

irreversible change of cell damage.

2.4.4 Impact bruise to fruit quality

The bruise characteristics from impact, vibration and compression had different patterns, which
depended on fruits and fruit tissues (Chen et al., 1987; Vergano et al., 1991; Underhill et al.,
1998); therefore it was quite difficult to quantify the bruise level (Underhill et al., 1998). Another
type of damage in fruits is compression damage, which was reported in strawberry bruise by Holt
and Schoorl (1982). The results showed that a slow compression on strawberries gave more

bruising than impact damage due to a compression force leading to a change of the cell
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dimension by cell wall fracture. Also, the strawberries had puncture damage from a shorter
pedicle of neighbouring fruit in punnets (Terry, 2012) the same as the result of puncture injury in
tomatoes in transit from greenhouse to consumer (Desmet et al., 2003). Impact bruise has
affected fruit quality such as fruit firmness, EC value, colour and respiration rate (Sinobas et al.,
1991; Lee et al., 2007; Burton and Schulte-Pason, 1987; Sanford et al., 1991). The bruise
incidence had a strong relation to fruit firmness, for example, for apples and persimmons
(Sinobas et al., 1991; Lee et al., 2005). The bruise volume and firmness in apple impact had a
significant correlation with a low correlation coefficient value (r = -0.20 to -0.45) (Garcia et al.,
1995). A puncture force can be a good indicator for evaluation of peaches bruise by impact test

(Hung and Prussia,1989).

There has been a little EC measurement of impact bruise in fresh fruits. Bugard et al. (2014)
reported that the lowest impact energy (20 mJ) produced a visible bruise, which gave a
significant difference in EC value of banana peel during ripening (r = 0.78). In impact bruised
tomatoes, the enzyme activity of polygalacturonase (PGs) and EC value reduced during the first
two days of storage at 20°C after impact damage from a drop of 400 mm, and increased during

ripening after 6 days (Lee et al., 2007).

After an impact test, the colour changes gradually developed in browning or in some cases
increase in whiteness and may correlate to bruise damage (Samin and Banks, 1993; Lee et al.,
2005; Montero et al., 2009). A reduction in firmness was not associated with the decrease in
colour of persimmon bruising (Lee et al., 2005). However, Samim and Banks (1993) studied the
browning incidence in apple bruising after the drop test using a stainless steel ball onto the fruit
surface. The lightness (L*) and hue (h*) values of bruised cortical tissue decreased while the
chroma (C*) value increased gradually. The bruise recovery process was observed to fade and
produce moisture loss after bruise damage within an hour. The bruise recovery process is
supported by the research of Toivonen et al. (2007). The recovery process of the apple bruising
may be improved at low temperature (1°C) or inhibited at higher temperature (13°C). In the case

of a serious bruise, it is difficult to achieve any visible recovery in the bruising. For bruised
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blueberries, a drop test of lowbrush blueberries from a height of 1590 mm led to a major colour
change as measured by h* (hue angle) from blue to blue-red, but was not associated with L*
value. The colour changes of split blueberries in h* value may cause anthocyanin leakage from
cell breakdown (Sanford et al., 1991). Therefore, the parameter of colour attributes (L*, a*, b*,
h* and C*) depended on bruise level and commodity, which related to cell structure and chemical

positions of cells.

The CO, evaluation of blueberries, sweet cherries and cranberries was suggested as an indicator
of bruise damage by harvesting and handling operation. The respiration rates of blueberries,
sweet cherries and cranberries had similar patterns, which gradually declined after impact test
and was definitely affected by the number of drops (Burton and Schulte-Pason, 1987; Massey et
al., 1982). Conversely, the pattern of respiration rate in mature-green tomatoes showed a gradual
increase after drop test and reached to the maximum peak within 2 days at 20°C, whereas the
control fruits had that peak by day 7. Also, a 4-drop treatment that increased the respiration rate
of tomatoes was around 35%, when compared with the control fruits (MacLeod et al., 1976).
Lee et al. (2007) found that the respiration rates of impacted tomatoes at the breaker, pink and
light-red maturity were higher than undamaged tomatoes, particularly after an hour on day 0 at
20°C. In terms of changes in chemical composition of bruised fruits, there was a little difference
between intact fruit and bruised fruit. The impact test did not affect TSS content of lowbrush
blueberries, while TA content increased with the impact test from 530 mm to 1590 mm during
storage (Sanford et al., 1991). In contrast, there were not significant differences in TSS, TA and

TSS:TA from impact damage of tomatoes (Lee et al., 2007).
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Table 2.7: The summarized conditions of a drop test from different heights and impact surfaces.

Commodity  Dropping height (mm) Impact surface References
Apple 50-300 - Rubber Luetal. (2012)
50-500 - Double-wall corrugated Lu et al. (2010a)
fibreboard
- Rubber
- Wood*
200-500 (5 times) - Double-wall and single-  Lu et al. (2010b)

wall corrugated fibreboard

500-1400 - Foam Unuigbe and
- Cardboard Onuoha (2013)
- Metal
- Wood*
Peach 500-1500 - Steel* Reza (2013)
- Rubber
310-910 - Steel (310 is a critical Vergano et al.
drop height) (1991)
Strawberry 50-300 - Corrugated fibreboard Kitazawa et al.
- Silicon rubber* (2014)
130-380 - Solid aluminium Ferreira et al. (2008)
Blueberry 600-1200 - Hard plastic Yuetal. (2014)
Tomato 500-1400 - Foam Idah et al. (2007)
- Cardboard
- Plastic
- Metal*
- Wood
Kiwifruit 300 - Steel* Mencarelli et al.
- Wood (1996)
Tangerine 400-1000 (2 times) - Rigid ceramic Montero et al. (2009)

* The impact surface gave the greatest impact bruise of fruits.
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2.5 VIBRATION DURING THE ACTUAL TRANSPORT

2.5.1 Road transport

According to the UK guide list of trailers, there are in total 15 types of truck and trailer, classified
by maximum gross weight and the number of axles (Department for Transport, 2003). In the UK,
the maximum gross weight for an articulated vehicle is 44 tonnes (44,000 kg) gross (including
truck, fuel and loading), consisting of up to 6 sets of axles. The maximum size of individual
trailer is 16.5 metres long and 2.55 metres wide (HM Revenue and Customs, 2013). However,
trailers in the United States (US) can have an exterior length of 16.2 metres and a width of 2.6
metres. The maximum gross weight is 36,288 kg with a loading capacity of around 18,100 to

20,400 kg (Thompson, 2002b).

In recent years, there has been increasing research interest in vibration levels during road
transport. Many countries have been involved in these studies on vibration levels, such as
Thailand (Chonhenchob et al., 2010), Japan (Lu et al., 2008), China (Zhou et al., 2007), India
(Singh et al., 2007b), Sri Lanka (Ranathunga et al., 2010), Spain (Garcia-Romeu-Martinez et al.,
2008), Brazil (Rissi et al., 2008), and North America (Singh et al., 2006). The varying vibration
levels in truck transport depend on the position of the load in the vehicle or position of the pallet
in the stack, payload, truck size, vehicle suspension, truck speed and surface condition
(Berardinelli et al., 2005; Garcia-Romeu-Martinez et al., 2008; Jarimopas et al., 2005; Lu et al.,
2010a; Singh et al., 2006). In most cases, the truck vibration levels were analysed in terms of
power spectrum density (PSD), acceleration (g) and root mean square acceleration (gyys) values

(Lu et al., 2010a).

2.5.2 Acceleration (g), frequency and power spectrum density (PSD)

Vibration always occurs in the distribution chain because of transport and handling by the
movement of products. The exciting force of vibration consists of two types: random and

periodic vibrations. Vehicle vibration during transport is defined as random vibration. This
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differs from periodic vibration, which is a spring-mass system. For vehicle vibration during
travelling, the vehicles are exposured to vibration at multiple frequencies. The acceleration (g) of
vehicle vibration varies at each instant and is unrepeatable in the same pattern. As shown in
Figure 2.6, a random vibration signal during transport is recorded on a truck floor (Marcondes,

2009).

In the case of a transport vehicle under high vibration conditions, the package will not be in
contact with vehicle floor all the time, and then the package will move and hit the vehicle floor.
The package movement results in magnitude of impact rather than vibration magnitude under
large vibration conditions; therefore, the acceleration of impact is much higher than vibration. In
these conditions, it should be noted that the vertical vibration value of a vehicle floor is higher

than lacceleration gravity (g) (Marcondes, 2009).

Acceleration (g)
=

Figure 2.6: A typical random vibration represents acceleration (g) and time. Source: Marcondes
(2009).

For most packaging applications, the calculation of power density (PD) level is normally referred

and measured from the formula giving by Marcondes (2009).

LZZLI Grms, n2 09
BW N

PD(f)=
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PD at the frequency (f) is calculated as in the above formula and reported in unit (G%/Hz) for
random vibration analysis. N is the number of samples in the frequency and G,,,,, ,, is a root mean

square acceleration of nth sample at the frequency (f). BW is normally bandwidth to 1 Hz.

However, it should be noted that there is also a large volume of published packaging studies that
mention the power spectrum density (PSD) instead of power density (PD). Most published
journals reported PSD value by computation from various commercial software programs.
(Chonhenchob et al., 2009, 2012; Ishakawa et al., 2009, 2010; Ranathunga et al., 2010; Rissi et
al., 2008; Soleimani and Ahmadi, 2014, Singh et al., 2007; Timm et al., 1996). High or low PSD
level shows at which frequency; there is a strong or a weak point in each travelling vehicle
(Singh et al., 2006). The high PSD level at a specific frequency may show a vehicle problem;
therefore, PSD represents the quality of road and/or vehicle (Marcondes, 2009). A PSD plot
provides the monitoring of actual transport environment, which is an essential tool in assisting
the simulated vibration condition in a laboratory (Singh et al., 2006). For instance, the PSD
value of the truck transport in Thailand and India was recommended to be at a frequency of 3-30
Hz (Jarimopas et al., 2005; Singh et al., 2007b, Chonhenchob et al., 2010) (Table 2.8). Three
frequency ranges over a US interstate expressway were found to relate to the following sources:
suspension (3-4 Hz), tyres (15-20 Hz) and truck floor (40-55 Hz) (Singh et al., 2006) (Figure

2.7).
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Table 2.8: Recommended PSD value at 3-30 Hz of frequency for truck transport in Thailand and

India.
Frequency (Hz) PSD (G°/Hz)
Thailand Thailand India
Jarimopas et al. (2005) Chonhenchob et al. Singh et al.(2007b)
(2010)
3 0.400 0.007 0.01
10 0.010 n/a n/a
12 0.020 n/a n/a
20 0.020 n/a 0.0002
30 0.010 n/a n/a

n/a is not available data.

Suspension
3-4 Hz

.01 (floor) 40-55 Hz

.0001

Tires 15-20 Hz
000001 (——

1 2 3 10 20 30 100

Figure 2.7: An actual PSD for a truck transport with leaf spring suspension. Source: Singh et al.
(2006).

The greatest number of investigations into vibration levels was reported in Asian countries
(Chonhenchob et al., 2009, 2010, 2012; Ishakawa et al., 2009; Zhou et al., 2007). In Thailand,
the vibration levels of truck transport in various vehicle types were explored. Not only was the
vibration level in a truck observed, but also in a van and a pick-up. The highest PSD level during
delivery testing occurred in 2-3 Hz in both vehicles (Chonhenchob et al., 2012). The range of
lowest frequency was 1-5 Hz, which caused by the vertical vibration measurement on highways

(Chonhenchob et al., 2009).
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In a Japanese trial, the PSD peak for a truck transport was at 15 Hz, whereas the peak vibration of
truck transport in Taiwan was found in a PSD peak at 2-3 Hz (Ishakawa et al., 2009). For the
Chinese and US shipments, the peak of PSD spectra was in the 2.5-4 Hz range (Hinsch et al.,
1993; Zhou et al., 2007). The simulated testing and road transport were also studied in Italy by
Barchi et al. (2002) and Berardinelli et al. (2005). The maximum of PSD level on Italian roads
occurred in 10 to 16 Hz. Furthermore, Vursavus and Ozgiiven (2004) found that the highest
acceleration value was 0.25-0.50 g (5-10 Hz) and 0.50-0.70 g (10-15 Hz) during a truck transport

in Turkey.

From the studies mentioned above, the vibration level varied in the type of vehicle, road
condition in each country; overall, the frequency of the PSD peak could be classified into low
and medium frequency ranges. The low and medium frequencies are 1-5 Hz and 10-16 Hz,

respectively.

2.5.3 Direction of vibration (X, Y and Z coordinates)

A Cartesian coordinate is introduced at this stage as a frame of reference. The main axes are
composed of X-axis (lateral vibration), Y-axis (longitudinal vibration) and Z-axis (vertical
vibration) (Figure 2.8). Several transport studies investigating the vibration in all three directions
have been carried out in order to obtain the maximum vibration level. The vertical vibration (Z-
axis) represented the highest vibration level during monitoring levels in truck, van and rail
shipments (Chonhenchob et al., 2009, 2010, 2012; Lu et al., 2010a; Rissi et al., 2008). On the
other hand, the longitudinal vibration caused more strawberry damage than vertical vibration
under the simulated vibration test (Nakamura et al., 2007b). Until recently, there has been a little

research on how the vibrating direction affects fresh produce damage.
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Figure 2.8: Three directions of vibration (X, Y and Z coordinates). Source: Saowapa (2015).

2.5.4 Factors affecting vibration levels during road transport

Factors found to be influencing different vibration levels have been explored in packaging
studies. The vehicle characteristics were mainly observed in truck transport, for example:
1) position of the wvehicle and the package along the stack (Barchi et al., 2002;

Berardinelli et al., 2005; Hinsch et al., 1993; Ranathunga et al., 2010; Zhou et al., 2007)
2) payload and vehicle size (Garcia-Romeu-Martinez et al., 2008)

3) vehicle suspension (Garcia-Romeu-Martinez et al., 2008; Singh et al., 2006; Timm et

al., 1996)

4) speed and road surface condition also affected vibration levels in transit (Cakmak et

al., 2010; Lu et al., 2010a).

2.5.4.1 Position of the vehicle and the package along a stack

Various studies have referred to the location of the package within the vehicle or how the height
of its stack affects the vibration level. The positions were commonly compared at two or three
locations such as the front, middle, and rear. The top, centre and bottom packages along the stack
also affected the vibrating level, especially the top package. For instance, in the simulated
vibration of pear, the top box in a pallet increased three to four times more than that level at the

bottom box (Slaughter et al., 1993). Additionally, the next chapter (vibration damage to the
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quality of fresh produce) will particularly describe the changes of fresh produce quality after

vibration damage.

As can be seen from Table 2.9, levels of frequency and root mean square acceleration (gmms) in
different positions are summarized for various research studies. The rear position provided a
higher g,ms Value as compared to the middle or front position (Berardinelli et al., 2005; Hinsch et
al., 1993; Soleimani and Ahmadi, 2014). These results are in agreement with Zhou et al. (2007)

and Barchi et al. (2002), which showed the peak PSD spectra in the rear location.

The different locations of the package within the stack were determined as top, centre and bottom
levels (Table 3.2). The top package had the greatest vibration level (g.ms), followed by the centre
and bottom levels (Barchi et al., 2002; Berardinelli et al., 2005; Hinsch et al.; 1993, Ranathunga
et al., 2010; Soleimani and Ahmadi, 2014; Slaughter et al., 1993). In general, the top package in

the rear position had the greatest vibration level during truck transport.

2.5.4.2 Payload and vehicle size

There have been a limited published studies involving payload. Studies show that a loaded truck
had lower g.ms and peak PSD values than an unloaded truck (Garcia-Romeu-Martinez et al.,
2008; Ranathunga et al., 2010). For example, Garcia-Romeu-Martinez et al. (2008) investigated
vibration levels of unloaded and loaded semi-trailers, including two types of suspension (the leaf
spring and air ride suspensions). In the case of the air-ride suspension, the averages of g,s for the
loaded and unloaded semi-trailer were 0.089 g and 0.092 g, respectively. For the leaf spring
suspension, the average of g.ms for the loaded truck (0.194 g) was also lower than for the
unloaded truck (0.245 g). This research is in disagreement with that of Ranathunga et al. (2010),
which showed a ten-fold increase in PSD value for the rear position with a loaded truck,
compared to the front of the empty truck. In the case of fruit damage, Zeebroeck et al. (2008)
found that light and half-loaded trucks gave with up to 33 times more bruised apples when

compared with a fully loaded truck.
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Furthermore, the larger size of truck had higher vibration levels than the smaller trucks
(Jarimopas et al., 2005; Chonhenchob et al. 2012). For example, 6-ton trucks had higher
vibration levels than 2-ton trucks with the same suspension for tangerine shipments in Thailand

(Jarimopas et al., 2005).

Table 2.9: Frequency and g, levels in different locations in the vehicle and along the stack
during road transport.

Vibration Position in the vehicle Country References
parameter
Front Middle Rear
Frequency 10 15 14 Italy Berardinelli
(Hz) et al. (2005)
n/a 5 35 us Hinsch et al.
(1993)
Orms 4.22 5.59 9.03 Italy Berardinelli
9 et al. (2005)
n/a 0.62 1.23 us Hinsch et al.
(1993)
5.8-9.46 n/a 6.80-14.57 Iran Soleimani
and Ahmadi
(2014)
Position in the stack
Top Centre Bottom
Frequency 44-67 8-27 9-37 Italy Berardinelli
(H2) et al. (2005)
21-22 21-22 27 Italy Barchi et al.
(2002)
Orms 7.65-16.78 7.55-16.68 6.97-12.75 Italy Berardinelli
9) et al. (2005)
2.35 177 1.18 Us Hinsch et al.
(1993)
9.61 7.75 7.06 Iran Soleimani
and Ahmadi
(2014)

n/a is not available data.
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2.5.4.3 Vehicle suspension

There are commonly two main types of suspension: leaf spring and air ride suspensions (Figure
2.9). An air ride suspension gave a lower vibration level than a leaf spring type in studies
(Garcia-Romeu-Martinez et al., 2008; Hinsch et al., 1993; Singh et al., 2006; Timm et al., 1996;
Soleimani and Ahmadi, 2014; Zeebroeck et al., 2008). In a fully loaded shipment in the US, for
the higher PSD level, only the top 30% of recorded data was considered. The peak g,ms Value of
30% high air ride values (0.50 g) was lower than that of 30% high leaf spring values (0.89 g)

(Singh et al., 2006).

The range of frequencies was slightly different for both suspension systems. The predominant
frequencies of the air ride and leaf spring types during shipment in Spain were 1.5-2 Hz and 4-5
Hz, respectively (Garcia-Romeu-Martinez et al., 2008). A similar result was obtained by
Soleimani and Ahmadi (2014), who stated that the vibration of air ride suspension peaked at 3 Hz
and that of leaf spring type peaked at 4 Hz during apple transport in Iran. However, the range of
frequencies in both suspensions is different from the US shipment reported by Timm et al.
(1996). The peak PSD of the air ride type was around 6 Hz, while the peak PSD of leaf spring
suspension was approximately 4 Hz during truck transport. The peak PSD levels of the left and
right sides of the vehicle were not different with air ride suspension at a similar frequency (4 and
20 Hz). In the air ride suspension, Hinsch et al., (1993) stated that a frequency below 5 Hz related

to less vibration damage during truck transport.

LEAF SPRING SUSPENSION AIR RIDE SUSPENSION

Figure 2.9: Suspension type of trailer. Source: Singh et al. (2006).
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2.5.4.4 Speed and road surface condition

An increase of the acceleration level related to a higher speed and smoother road condition (Rissi
et al., 2008). An increase of speed affected gims level in both vertical and lateral directions (Lu et
al., 2010a). However, the result of Rissi et al. (2008) study in acceleration on a smooth road
differs from the result of Lu et al. (2010a) research. Lu et al. (2010a) reported that a lower speed
strongly correlated to g,ms and PSD values. At a lower speed on local roads, g.ms recorded data
included shock and vibration values. Truck transport on a local road with speed (45-59.9 km/hr)
had a higher g value than on highways; however, an increase of speed over 70 km/hr on
highways gave a higher g, value than a lower speed. These previous results are in agreement
with Cakmak et al.’s (2010) research as shown in Table 2.10. The gins Value of the unmetalled
road at 3 Hz also was greater than the highway road at 15-17 Hz during transport in Turkey.
Zeebroeck et al. (2008) suggested that the range of speed between 25 to 35 km/hr should be
considered due to these speeds were expected a cause of apple bruising in bulk bins at 200 mm

behind the rear axle.

The summarized data of truck transport on highway roads from four countries is in Table 2.10.
The speed and vibration levels of truck transport were compared with Turkey and some European
countries; the speed of the trucks on highway roads in Turkey, France and Italy was around 80
km/hr, except in Spain (over 100 km/hr). Whilst the speed of shipments on the unmetalled road
was lower than on the highway by around 3 times (Barchi et al., 2002, Cakmak et al., 2010). In
UK transport, goods vehicles are classified into two types such as < 7.5 tonnes and > 7.5 tonnes.
The speed limit of goods vehicles (< 7.5 and > 7.5 tonnes) is 48 km/hr in built-up areas. The
speed limits of trucks on highways (< 7.5 and > 7.5 tonnes) is 96 km/hr and 96-112 km/hr,
respectively (The UK government, 2014). The peak PSD on highway roads was found at a
frequency of 15-18 Hz in all four countries (Table 3.3). Lu et al. (2010a) also found that PSD

level on highway roads was significantly higher than on a local road in Japan.
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Table 2.10: The speed, frequency and g,y Of truck during shipments in Turkey, Spain, France
and Italy.

Country/Highways Speed (km/hr)  Frequency (Hz) Orms (9) References

Turkey

Highway 65-75 15-17 4.22-5.49 Cakmak et al.
(2010)

Unmetalled 25-30 3 16.97-24.92

Highways

Spain 89-134 16-18 7.36-9.71  Barchietal.
(2002)

France 60-90 15-18 3.92-6.57

Italy 70-80 16-17 5.79-7.59

2.6 VIBRATION DAMAGE TO THE QUALITY OF FRESH PRODUCE

The vibration damage of fresh produce has been studied either by simulation in the laboratory or
as an investigation in road transport. Several studies of vibration damage to fresh produce have
been carried out using simulated transport. Soleimani and Ahmadi (2014) stated that there are
four physical factors in fruit determination response to vibration levels, namely, intensity,
frequency, direction and the duration. In this section 2.6, the factors of the simulated transport
were mostly examined frequency (Hz), acceleration (g) and the duration (exposure time) (sec).
Some road transport studies also investigated the effect of the position on the truck and stacking

level on mechanical damage of fresh produce.

2.6.1 Simulated vibration to fresh produce damage

Simulation methods attempt to evaluate a packaging system that imitates the actual transport
environment. The major equipment for physical simulation consists of a controller and a shaker
(Sek, 1996). Additionally, the study of simulated truck transport in the laboratory was suggested
to analyse separately shock and vibration by removing the shock value (Lu et al., 2008). To
separate shock and vibration levels, Lu et al. (2010c) also suggested that the acceleration criteria

by removing shock level on the Japanese road were over 0.7 g. Mechanical damage to products
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depended on vibration and shocks in shipment environment and was also influenced by the
temperature and humidity (Sek, 1996). During transport, vibration damage occurs through the

constant vibrating motion of a vehicle over the road (Vigneault et al., 2009).

Previous studies of mechanical damage caused by simulated vibration included apples (Vursavus
and Ozgiiven, 2004), pears (Acican et al., 2007), peaches (Vergano et al, 1991), tomatoes
(Sharan et al., 2009; Bello et al., 2013), figs (Cakmak et al., 2010), kiwifruits (Tabatabaekoloor
et al., 2013), watermelons (Shahbazi et al., 2010), fresh-cut cantaloupes (Saha et al., 2009) and
strawberries (Fischer et al., 1992; Jiang et al., 2001; Nakamura et al., 2007b, 2008). The
vibration conditions varied in frequency, acceleration and period of time to damage of fresh
produce during truck transport are summarised in Table 2.11. The various frequencies or
acceleration resulted in fruit damage. For instance, at the same level of acceleration (1 g), the
frequency at 3.5 Hz or 18 Hz significantly caused more vibrated damage of pear than frequency
at 9 Hz or 25 Hz. A frequency of 3.5 Hz should be concerned due to a difficulty to attenuate a

low frequency (Slaughter et al., 1993).

An increase of frequency, acceleration and time tests cause serious damage to fresh produce.
Tabatabaekoloor et al. (2013) studied the effect of frequency level (7.5 and 13 Hz) and
acceleration (0.3 and 0.7g) to kiwifruit damage. The highest damage to the fruits was found in
vibration condition (13 Hz and 0.7 g) with a stack height of 340 mm. Also, a reduction of
acceleration decreased Bartlett pear bruising was reported by Slaughter et al. (1993). At 9 Hz and
25 Hz, reducing the acceleration from 1 g to 0.67 g resulted in less bruise damage of pear. In the
case of an increase of exposure time, Sharan et al. (2009) found that at a specific frequency (3

Hz), a threefold rise of vibrating time also increased to double the percentage of tomato damage.

Vibration damage may relate to the position on the floor, stacking or location inside the truck.
For instance, ‘Granny Smith’ and ‘Starkpur Golden Delicious’ apples packed in a lower layer of
wooden crates had a greater mechanical damage and vibration force than in an upper layer as
reported by Acican et al. (2007). Watermelon in the top position of the bin had a higher damage

level than in middle and bottom positions (Shahbazi et al., 2010). These results agree with the
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findings of a tomato study, in which the level of tomato bruise increased from bottom to top in
the traditional palm basket with cone shape (Bello et al., 2013). However, pear damage was not
consistent with the position on the floor or in the column of crates and was shown not to depend

on the different acceleration levels (Berardinelli et al., 2005).

The road characteristics may cause postharvest losses. In an investigation into the simulated
transport of fig fruits, Cakmak et al. (2010) examined the simulated vibration tests under
unmetalled road (3 Hz at 0.05 g) and highway road conditions (16 Hz at 0.25 g) for 1800 sec. A
highway road condition gave a greater loss of fresh figs than with an unmetalled road condition.
The fresh fig result differs from an apple study by Timm et al. (1999), in which highway
transport with average speed of 105 km/h for 55 km was compared to the simulated vibration by
ASTM standard D 4728-91 (method A). The result showed that the apple damage for both tests

was a similar result.

2.6.2 Simulated vibration to strawberry quality

Strawberries are very susceptible to compression damage, followed by impact and vibration
injuries (Figure 2.10) (Smith et al., 2004; Ferreira et al., 2008). In the case of strawberry damage,
the most common frequency range for simulated vibration was 5 to 10 Hz (Table 2.11) (Fischer
et al., 1992; Jiang et al., 2001; Nakamura et al., 2007b; Nakamura et al., 2008). The acceleration
transmissibility and damage level of fruits had a high correlation value (r* = 0.75) (Nakamura et
al., 2008). Vibration level also directly affected strawberry damage. Fischer et al. (1992) reported
that the frequency range of 5 to 10 Hz (0.6 g) for 600 sec caused the maximum damage to ‘Selva’
strawberries. Vibration level had no effect on colour and firmness and showed an unclear result

in respiratory pattern.

During a vibration test, an increase of respiration rate in strawberries at 5°C and 15°C was
approximately 40% and 17%, respectively. The vibration of strawberries affected firmness, but
had no effect on TSS and TA contents (Tatara et al., 1999). The previous results differ from Lui

and Kojima (1997), who studied the effect of vibration level (0.5 g) for 3600 sec on respiration
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rate and quality strawberries. An increased storage temperature (0 to 20°C for 3 days) directly
affected a rise of respiration rate and a reduction of TSS content. Whilst Nakamura et al. (2007a)
found that the vibration had no effect on the increase of bacteria after storage at 10°C for 4 days.
The findings of the previous studies suggest that vibration damage fruit should relate to the

firmness and respiration rate of strawberries.

Figure 2.10: Vibration damage of strawberries. Source: Don (2015b).

2.6.3 Vibration from road transport to fresh produce damage

Over the past ten years, there have been some studies monitoring the quality of fresh produce
during actual transport in Asia (Jarimopas et al., 2005; Zhou et al., 2007; Chonhenchob et al.,
2009; Ishikawa et al., 2009). Most of the studies in the transport field have mainly focussed on

the vibration levels, which were mentioned in section 2.5 (vibration during the actual transport).

The various frequency levels and damage in shipments depended on routes in each country. In
Thailand, the maximum vibration levels occurred from farm to packing house, while the
minimum levels occurred from distribution centres to retail stores. The lowest damage level of
fresh produce was observed between distribution centres to retailers (Chonhenchob et al., 2009).
In a Japanese shipment, Ishikawa et al. (2009) found that there was usually no cherry damage

during truck transport. The peak vibration frequency in truck transport was 15 Hz on the highway
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road from Yamgata to Narita airport. Another study in a strawberry shipment on a standard road
was investigated by Kojima et al. (1999). All frequencies (3.35, 7 and 13.5 Hz) with acceleration
(0.02-0.18 @) caused strawberry damage during transport, even when the peak of vertical

acceleration was at 3.35 Hz.

The frequency during the truck transport in Turkey matches that of the Japanese shipment. The
peak range of PSD on highway road was 15-17 Hz at the range of gims (0.18-0.25) during fig
transport from orchard to market. A visually attribute assessment of the highway shipment also
showed a greater increase of the fig damage than the unmetalled road condition due to the longer
transport time (Cakmak et al., 2010). A similar agreement was reported by Soleimani and
Ahmadi (2014). Even though highway conditions have a smoother surface than unmetalled road
conditions, the most severe damage of fruits was found in highway road because of transport
time. However, these results differ from Timm et al. (1996), who found that apple bruising was

not significantly influenced by trip distance and suspension type during shipment in the US.

The highest damage of fresh produce during road transport still occurred at the top level, which is
the same as in the simulated vibration test. In a strawberry shipment in Iran, a higher position of
the bin along stacking increased mechanical damage. The bottom row within the box had the
highest strawberry damage as compared to the middle and upper rows (Aliasgarian et al., 2013).
During transport in Thailand, the highest damage of tangerines was also at the top basket for
truck payload capacity (2-tonne and 6-tonne trucks) and shipment speed (20 to 80 km/hr)
(Jarimopas et al., 2005). Furthermore, ‘Huanghua’ pears in the top RPCs of stacking in the rear
position had the highest mechanical damage to pear surface, followed by in the front-top RPCs
and in the front and rear of bottom RPCs (Zhou et al., 2007). This pear damage is similar to that
of apple damage (Soleimani and Ahmadi, 2014); the apple vibration levels at the top RPCs of the

column were significantly higher than the fruits at the bottom RPCs of the column.
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Table 2.11: The condition used for the simulated vibration to damage of fresh produce during
road transport.

Commodity Frequency Acceleration (g) Time References
(H2) (sec)
Apples 8t09 0.63 1,200  Vursavus and Ozgiiven
(2004)
4.17 n/a 600 Acican et al. (2007)
Pear 5to0 200 0.4 300 Berardinelli et al. (2005)
Peach 6 0.94 300 Vergano et al. (1991)
Tomatoes 3 n/a 3,600  Sharan et al. (2009)
24 n/a n/a Bello et al. (2013)
Figs 16 0.25 1,800  Cakmak et al. (2010)
Kiwifruit 13 0.7 n/a Tabatabaekoloor et al.
(2013)
Watermelons 75 0.7 3,600  Shahbazi et al. (2010)
Strawberries 5-10 0.6 600 Fischer et al. (1992)
5 1.6 40 Jiang et al. (2001)
7 1 3,600 Nakamura et al. (2007b)
71035 0.6 n/a Nakamura et al. (2008)

n/a is not available.

2.7 TEMPERATURE MANAGEMENT DURING LAND REFRIGERATED

TRANSPORT OF FRESH PRODUCE

Perishable products are delivered from the location of food production to the consumer using
various modes of transportation (Thompson, 2002a). Temperature management by using
refrigeration technologies is an important factor to maintain the quality of fresh produce in the
supply chain (Vigneault, 2005). The appropriate control and management of temperature is
important for the fresh produce delivered to consumers and so that fresh produce is kept in a

good condition for food safety (Aung and Chang, 2014). The cold chain use requires a specific

48



temperature in each type of fresh produce as well as a loading vehicle for mixed loads (the

different fresh produces or food products in the same load) (LeBlanc and Hui, 2005).

On the North American highways, the refrigerated semi-trailers and trucks are normally used in
delivery of perishable products, even if the refrigerated road transportation is not commonly used
around the world (Vigneault, 2005). In developing countries, semi-trailers may be a smaller size
to operate on unimproved roads. Truck transportation is much less energy efficient as compared
to rail transportation (Morris, 2011). In terms of energy consumption in the UK, the road
transport sector has accounted for 74% of total transport energy consumption when compared
with an air transport sector (23%) (Department of Energy and Climate Change, 2015). A 2010
report showed that a vehicle size of over 3.5 tonnes is used for widely around 30% of the total
CO, emission from the British food transport (Department for Environment Food and Rural

Affairs, 2012).

2.7.1 Temperature of transport and transport of mixed load

Most factors affecting perishable products during transport are external factors such as
temperature, transport of mixed loads, physical injury, humidity, moisture loss, and gas
composition. Two major factors in this section are reviewed in temperature during road transport
and transport of mixed load. However, the information of physical injury is explained in the
impact and vibration injuries which are mentioned in the section 2.4 (impact damage to fresh
produce) and in the section 2.6 (vibration damage to the quality of fresh produce). Furthermore,
the effect of temperature on the quality of fresh produce also is reported in the next section 2.8

(strawberry storage).

2.7.1.1 Temperature of fresh produce during transport

The principal practice of postharvest handling of perishable products is to maintain cool chain
management as long as possible. The cool chain of perishable products should hold at their

lowest recommended temperature at each point handling (Vigneault et al., 2009). The

49



recommended storage and transport temperature of horticultural produce are mainly categorized
into four groups, namely 0 to 2°C, 4 to 7°C, 7 to 10°C and 13 to 18°C (Thompson, 2002a).
Surveys of strawberry temperature during truck transport were reported (Macnish et al., 2012;
Russell et al., 2009). Macnish et al. (2012) investigated the temperature during ‘Albion’
strawberry shipment from California to Jacksonville (Florida) or Atlanta (Georgia). The range of
temperature in a long period of shipment varied from 0 to 3.8°C from six shipments. In the case
of a short period for delivery with fluctuating temperature, Russell et al. (2009) monitored the
temperature of strawberries during transport from storage to retail stores over 2 years. During
transport to the wholesale storage, the temperature of strawberries dropped to 3-5°C, then
increased to 7-15°C during delivery to the retail stores. Veneault et al., (2009) reported that the

transit period from local distribution centres to markets are often less than 8 hours.

2.7.1.2 Transport of mixed load

The retail and food service of logistic delivery try to handle a wide range of perishable and non-
perishable products in the same semi-trailer on a daily basis or three to four times per week. The
recommended storage temperature of mixed load for delivery should be controlled between
wholesalers and customers with various transport options, multi-compartment trucks and mini-
containers or insulating covers (LeBlanc and Hui, 2005). The other considerations of horticultural
produce delivery are the recommended relative humidity, the sensitivity and production of gases
and volatiles, and the absorption and production of odour (Veneault et al., 2003). In temperature
delivery of other food products, the desired temperature in transit (except fresh meat and seafood

products), butter and cheeses are around 1 to 4°C and shell eggs are 4 to 7°C (Ashby, 2008).

2.7.2 Refrigeration and mechanical refrigeration

The function of refrigeration is the removal of excess heat and providing temperature control for
food products in vehicle (Ashby, 2008). Three main sources of heat temperature for transport are
firstly the initial remaining heat within trailer and field heat before loading, secondly the

penetrating external heat load during transport and thirdly the internal heat from produce
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respiration (Hui, 2001). Most mechanical refrigeration units on semi-trailer are typically
nosemounted, including engine, condenser, the evaporator and air fans inside the trailer (Ashby,
2008). Currently, many innovative refrigeration units equip microprocessor controllers to monitor
refrigeration operation and signal the driver in case of malfunctions (Thompson, 2002b).
Moreover, the real time asset management system shows only a track temperature but does not

determine a certain temperature of produce (Ben-Tzur and Ward, 2010).

2.7.3 Air circulation

Air circulation systems must be considered to remove rapid vital heat from the product which can
penetrate the walls, floors and ceiling inside the trailer to refrigeration unit (Ashby, 2008). The
flow rate of the first circulation in the front part of the semi-trailer was higher around ten times
than the second recirculation in the rear position (LeBlanc and Hui, 2005). Air circulation system
in refrigerated trailers can be divided into two major systems such as a top-air delivery and a

bottom-air delivery.

A top-air delivery or overhead system is widely used in refrigerated semi-trailers (Figure 2.11),
whereas a common bottom-air delivery system is used in marine and intermodal containers
(Figure 2.12). The pattern of air circulation in refrigerated semi-trailers are illustrated in Figure
2.11. The refrigeration unit of a top-air delivery starts to blow cold air with high velocity air from
the front to the rear of the trailer above the product load. Along air circulation above loading
pallet to the rear door, some cool air moves to the floor along the side wall of the trailer. The air
flows from the rear door underneath the pallet along the floor, then returning and flowing up to

the evaporator (Vigneault et al., 2009).
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Figure 2.11: Air flow pattern in a top-air delivery system. Source: Vigneault et al. (2009).
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Figure 2.12: Air flow pattern in a bottom-air delivery system (normally only in marine

container). Source: Vigneault et al. (2009).

A top-air delivery system often gives the uniformity of cool temperature in semi-trailers during
road transport. Most uniformity of air distribution studies was reported in the area from front to
rear location and along a stack (Hui et al., 2006; Havey et al., 1980; Rediers et al., 2009; Pelletier
et al., 2011). The temperature was stable after door closing within 60 minutes. The lower airflow
areas were found in the middle section across the width and along the length, and the middle and

bottom section across stacking height (Hui et al., 2006).

In the studies of strawberry shipment, the temperature of the centreline load had a lesser variation
and was cooler than the load against the side wall in a truck shipment of California strawberries
(Havey et al., 1980). Thompson et al. (2002b) also supported that the air and pulp temperatures

of strawberries for side wall loading were higher than the centre-loaded section around 1.1 to
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1.7°C. Recently, Pelletier et al. (2011) monitored temperature in different locations in a semi-
trailer during strawberry shipment from California to Florida as a setting point temperature at
1.1°C. There were 24 pallets for the full loading and 18 layers in each stack (pallet). As shown in
Table 2.12, overall, the pulp temperature of the bottom level was higher than the top and centre
positions which may be affected by the radiant heat from the road surface. The lowest
temperature of the whole load was located in the pallets at the front (T1) and rear (T23) positions

of the trailer where should be placed the fruits to maintain excellent strawberry quality.

Table 2.12: The change of pulp temperature in ‘San Juan’ strawberries at the bottom, centre and

top level of pallet in different locations inside transport trailer (Pelletier et al., 2011).

Pallet Temperature (°C)

Bottom Centre Top
T1 (Left-Front) 1.7 3.0 2.8
T11 (Left-Middle) 5.8 3.7 2.6
T23 (Left-Rear ) 2.1 2.6 2.6
T11 (Left-Middle) 5.8 3.7 2.6
T12 (Right-Middle) 4.2 2.4 3.9
T15 (Left-Middle) 5.1 5.5 4.3
T16 (Right-Middle) n/a 4.2 3.4

n/a is not available data.

2.7.4 Pallet type and size for fresh produce

Pallets play an important role in unitizing shipping containers, distribution and protection
products. There are various types of pallet material such as wood (a primary pallet), plastic paper
and metal. The globally standardized pallet sizes have not been established for global
distribution. As shown in Table 2.13, pallet sizes generally used across the globe, namely North
American pallets, Euro pallets, Asian pallets and 1SO pallets. The specification of ISO 6780:2003
is described as the principal dimensions and tolerances of all entry types and materials

(Chonhenchob et al., 2011).

53



Table 2.13: Pallet sizes generally used across the globe (Chonhenchob et al., 2011).

Pallet type Size (mm x mm) or (in x in)
North American pallets 48 in x40 in (1200 mm x 1000 mm)
Euro pallets EURO (800 mm x 1200 mm)

EURO 1 (1200 mm x 1000 mm)
EURO 3 (1000 mm x 1200 mm)
EURO 6 (800 mm x 600 mm)
Asian pallets 1100 mm x 1100 mm and 800 mm x 1200 mm

2.7.5 Packaging system for fresh produce

A food packaging system relates to four levels of packaging. The primary packaging is usually an
individual unit at retail stores (Lee et al., 2008) such as the plastic bag, punnet, clamshell, net
bag, plastic tray. In the UK, a primary packaging of strawberries is generally used as a
polyethylene terapthalate (PET) or rPET (recycled PET) with either a clip-on lid or a heat seal
film with a small piece of bubble sheet (Terry et al., 2011). The secondary package contains a
number of primary packages (Lee et al., 2008). For instance, a corrugated fibreboard and
reusable plastic container are usually used in the transportation and distribution of strawberries in
the UK (Terry et al., 2011). The tertiary and quaternary packages are typically a stretched-

wrapped pallet and a large metal container, respectively (Villahermosa et al., 2011).

2.7.5.1 Clamshell or punnet (vent size and position) and Modified Atmosphere Packaging

(MAP) of strawberries

Clamshell and punnet packages are commonly used for fresh strawberries. Boyette et al. (2013)
reported that clamshells have been popular because of inexpensive cost, versatility and good
protection. Thompson and Knutson (1997) suggested that the clamshell packages with 7% and
13% vent were the optimum vent area for the forced-air cooling of strawberries. The large top
and bottom vent area (without both side and end vent areas) cooled slower than other clamshells

with side and end vent. Anderson et al. (2004) stated that the percentage of vents on the trays did
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not certainly relate to the cooling rate. The clamshell package and tray should be designed
together to improve cooling efficiency. Moreover, the package configuration related to the pulp
temperature of strawberries. Mirzaee and Bishop (2010) reported that the punnet of strawberry by
stacking inside plastic crates gave a lower temperature change than side by side configuration.
The better air ventilation can reduce the strawberry damage caused by condensation to prevent
postharvest disease during supply chain. Furthermore, a commercial strawberry punnet from one
supplier in the UK was also placed on a red non-woven sheet at bottom of the strawberry pallet
instead of a general bubble sheet. The main properties of the red non-woven sheet may affect a
reduced fruit bruise, absorbed moisture inside MAP or fruit leakage from bruised fruit. However,
Mirzaee and Bishop (2010) found that the plastic sheet in a punnet on net shelf gave the lowest
disease of strawberries when compared with net and tissue pads. Therefore, the material sheet in

punnets may reduce bruising damage as a cushion property and disease level.

Modified atmosphere packaging (MAP) is mainly divided into passive MAP and active MAP.
Passive MA can be achieved by the natural interplay between the respiration of fresh produce and
transfer of gas through film permeability characteristics (Zagory and Kader, 1988). Active MAP
can be achieved by flushing out the air within the package with the desired gas mixture. The
other techniques are the uses of some gas absorbers (O,, CO,, or C,H,4) or vapour absorbers and
antimicrobial agents (Zagory and Kader, 1988; Gontard and Guilaume, 2010). The recommended
0O, and CO, of Controlled atmosphere (CA) and MAP conditions for strawberries are 5-10%0,
and 15-20%CO,. Their tolerance levels of low O, and high CO, concentration are 2%0, and
15%CO, (Kader et al., 1998). In the US, for long distance transport, strawberries are flushed by
elevated CO, (12 to 15%CQO,) to reduce the spread and development of decay by MAP condition,
especially Botrytis rot. The CO, treatment uses a completely enclosed pallet load of the cooled
strawberries in a sealed plastic bag (Mitcham and Mitchell, 2002). In the UK, the commercial
fresh strawberries are commonly packed in vented punnets or clamshells; therefore MAP is rarely

used in commercial packing and mainly done only in the research area (Terry et al., 2009).
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2.7.5.2 Corrugated fibreboard of fresh produce

The three most generally styles of corrugated boxes for fresh produce are slotted boxes,
telescoping boxes and rigid/bliss boxes. Corrugated common footprints (CCFs) were presented in
2000 and have been developed in the United States by the Fibreboard Box Association and the
European Federation of Corrugated Board Manufacturers (FEFCO) (Figure 2.13) (Singh et al.,
2009). The B flute for double wall configuration is usually used in horticultural crops (Thompson
and Mitchell, 2002; Boyette et al., 1996). The most corrugated fibreboard container should have
around 5-6% vent area without a reduction of a stacking strength. The vent opening on tray is
used widely for berries and should have up to 15% vent area with a few large holes instead of
many small holes for speeding the cooling rate (Thompson et al., 1998). In the vent position on
the tray, vents across the top of the tray provided rapidly the cooling of blueberries. Venting at
the bottom of corrugated fibreboard trays does not develop cooling rates of blueberries; these
vents may affect the improvement of air circulation and maintain temperature during storage
(Leyte and Forney, 1999). In case of payload and damage protection, CCFs had a greater payload
of berries about 11% and significant a lesser bruising with the same cooling rate than reusable
plastic crates (RPCs). The packed table grapes in CCFs allowed 6% larger payload with no

difference in weight loss and cooling rate (Corrugated Packaging Alliance, 2003).

Figure 2.13: A corrugated common footprint (CCF). Source: Singh and Singh (2007).
2.7.5.3 Plastic crates and reusable plastic crates (RPCs) of fresh produce

The key advantages of plastic crates are resistant to water and moisture and can be clean and

sanitized before packing fresh produce (Chonhenchob et al., 2011). In the United States and

56



European for the distribution of fresh produce, reusable/returnable plastic containers are
significantly increased use for bulk packaging because RPCs are durable and high-quality
containers and have good pooling systems for supply chain management (Vigneault et al., 2009;
Chonhenchob et al., 2011). A key role of RPCs is an environmentally friendly package due to
39% less total energy, 95% less total solid waste and 29% less total greenhouse emission

(Franklin Associates, 2004).

2.8 STRAWBERRY STORAGE

The marketing of perishable fresh products frequently needs some kind of storage system to
control temperature fluctuations from harvesting through sales. The important aims of storage are
firstly to slow the biological activity of these products, secondly to retard the growth and spread
of microorganisms, thirdly to decrease water loss, which causes wilting and shriveling, and
finally to decrease and avoid ethylene gas for product susceptibility (Thompson, 2002a). The
optimum temperature of strawberry storage is recommended at 0°C with 90 to 95% relative
humidity (RH) to provide a storage life up of to 7 days (Mitcham, 2014), but the transportation to
market is the longest period of total postharvest life in fresh strawberries (Mitcham and Michell,
2002). However, the temperature changes of strawberries during transportation are described in
the section 2.7 (Temperature management during land refrigerated transport of fresh produce). In
the current section, therefore, the consideration of temperature changes focuses firstly on the
effect of cooling on the strawberry quality after storage and secondly on the effect of temperature

on retail display and simulated storage on strawberry quality changes.

2.8.1 Cooling of strawberries

Temperature management of horticultural products commonly begins at harvest and field
handling, and then produce heat from the field and respiratory metabolism is removed rapidly by
cooling before shipment and storage (Thompson, 2014; Will et al., 2007). Forced-air cooling is

the only successful cooling method for strawberries in commercial handling. Since strawberries
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easily lose moisture and are not tolerant of high moisture due to disease and injury problems,
neither hydrocooling, package-icing nor vacuum cooling are practiced. Room cooling is not
suitable for strawberries because of the slower cooling rate (Thompson et al., 2002c). The time to
cool strawberries by room cooling to 0°C was 18 hours (Atta-Aly et al., 1999), while the time for
forced-air cooling was only 2 hours to 1°C from the initial flesh temperature at 24°C (California
Strawberry Commission, 2006). A short delay of about 0 to 8 hours from forced-air cooling
directly affects the quality characteristics of berries after storage. Delay for cooling of only 1
hour following storage is insufficient to control strawberry decay (Nunes et al., 2005b). Nunes et
al. (1995) showed that a 6-hour delay in cooling in ‘Sweet Charlie’ strawberries at 30°C caused
lower firmness, ascorbic acid, sugar content (fructose, glucose and sucrose) and darker red colour

as compared to no delay in cooling.

2.8.2 Air temperature at retail display

In recent years, researchers have shown an increased interest in monitoring temperature of fresh
produce supply chain. A temperature survey in a commercial strawberry handling in Canada was
conducted by Russell et al. (2009). The temperature storage at wholesale was 3-4°C, and then
increased to 15°C during delivery to the retail stores. The strawberry temperature at retail stores
was maintained at approximately 5-10°C. In another study in the US, the temperatures at retail
displays from three retail stores (12 refrigerated and 15 non-refrigerated displays) were
investigated. The average air temperature inside the three retail stores and pulp temperature were
about 7°C and 5.7°C, respectively. The maximum shelf-life of strawberries was only 2 days for
visual quality evaluation at 3.8 scores (3.0 = acceptable for sale) (Nunes et al., 2009). In the UK
study, Chaiwong and Bishop (2015) investigated the temperatures of air and strawberry pulp
from 11 supermarket stores, which was 17.2 and 6.3-13.0°C, respectively. In the previous survey
studies, therefore, the temperature in the supply chain of strawberries (3-17°C) is higher than the
recommended storage temperature (0°C) (Mitcham and Michell, 2002; Russell et al., 2009;

Nunes et al., 2009; Chaiwong and Bishop, 2015).
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2.8.3 The changes of colour, water loss, anthocyanins and phenolics

The strawberry surface colour turns to a darker or deep red and may relate to anthocyanin
concentration during low storage temperature (Sacks and Shaw, 1993; Hananz et al., 2008;
Holcroft and Kader, 1999). For example, the low temperature storage (0°C) affected a reduction
in L* (lightness) and C* (chroma) values of strawberry surfaces, but influenced an increase C*
value of its pulp. The different C* results between surface and pulp may vary for different
pigment concentrations (anthocyanins and phenolic compounds) (Sacks and Shaw, 1993).
However, the L* and h* values of ‘Osogrande’ strawberries increased after storage at 5°C and
15°C, while the reverse results in ‘Camino Real’ was observed in a reduction of L* and h* values
throughout at both temperatures (Pineli et al., 2012). Anthocyanin compounds (pelargonidin 3-
rutinoside and pelargonidin 3-glucoside) were also highly correlated to a* value of strawberry
surface and L* value of the pulp, respectively (Hananz et al., 2008). From the studies mentioned
above, the colour attributes and anthocaynin compounds of strawberries depend on strawberry
cultivar and fruit surface or pulp. Moreover, the strawberry storage at low temperature did not
suppress anthocyanin synthesis (Holcroft and Kader, 1999). The lowest anthocyanin content was
observed in the deep red colour after storage for 8 days, which correlated to the highest pH level

(Kalt et al., 1993).

A higher temperature and time for storage also induced the accumulation of anthocyanin
concentrations (Kalt et al., 1993, 1999; Cordenunsi et al., 2005) as well as total phenolic contents
(Pineli et al., 2012). During strawberry transportation from harvesting to retail display, total
anthocyanins from the fluctuating temperature, around 20°C for 9 hours, were higher than the
semi-constant condition at 3°C (Nunes et al., 2003). In contrast to the previous finding,
pelargonidin 3-glucoside content (88.1% of total anthocyanins) significantly declined after
storage at a higher temperature (20 and 30°C) for 5 days (Kalt et al., 1993). In the change of
polyphenol level at 5-15°C, an increase of total phenolic contents was observed at around 64-79%

during storage for 4-6 days (Pineli et al., 2012). While at a lower temperature storage at 0°C, total
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phenolic level of strawberries was kept at a constant level (Ayala-Zavala et al., 2004; Cordenunsi

et al., 2005).

The maximum weight loss was considered as 6% for a limited sale of strawberries (Robinson et
al., 1975). For truck transport in the US, the weight loss of packed strawberry clamshells was 0.5
to 4.4% during the transport from harvest to a distribution centre in Florida (Pelletier et al.,
2011). In another study in a refrigerated truck transport from Watsonville (California) to
Jacksonville (Florida) or Atlanta (Georgia), the weight loss of strawberries was at the low level of
0.8% during 2.5-5 days at 0-3.8°C (Macnish et al., 2012). In laboratory research, several studies
investigating different temperature have been carried out on weight loss during storage. For
instance, strawberry storage at 5°C (5%) had a lower percentage of weight loss than at 15°C (8%)
for 8 days (Pineli et al., 2012). Similarly, Kalt et al. (1993) found that the highest weight loss of
the full red stage at 5°C and 10°C (4.89%) was lower than that of 20°C or 30°C (13.88%) under
the light conditions. Water loss affected a reduction of anthocyanin and phenolic contents (Nunes
et al., 2005; Ayala-Zavala et al., 2004; Shin et al., 2007). The anthocyanin contents of
strawberries reduced during the first 5 days at 0 to 5°C (Ayala-Zavala et al., 2004). A greater
water loss in ‘Oso Grande’ strawberries (11%) related to the lower anthocyanin level and other

soluble phenolic content after storage at 1°C for 8 days (Nunes et al., 2005a).

High relative humidity conditions also reduced weight loss of strawberry storage. For example,
Shin et al. (2007) found that weight loss of strawberries at 85% to 95% RH (0.4 to 0.6%) had a
lower weight loss than 75% RH (0.8%) during storage at 0.5to 10°C for 4 days. Similarly, Shin et
al. (2008) found that 65% RH condition still had a higher weight loss than 95% RH, particularly
for the white tip maturity stage. Moreover, Shin et al. (2007) also stated that the lowest weight
loss also related to a maximum phenolic content, while the accumulation of anthocyanin in
strawberries was not affected by any RH conditions. In the case of packaging, which minimizes

air movement, packed strawberries in dome lids (four 0.5 cm diameter ventilation holes)
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provided a higher weight loss of around 3% when compared to polyethylene (PE) wrapping

(1.35%) during storage at 5°C for 15 days (Collins and Perkins-Veazie, 1993).

2.8.4 Changes of firmness

Storage at a higher temperature or a fluctuating temperature affects strawberry firmness (Collins
and Perkins-Veazie, 1993; Nunes et al., 2003; Shin et al., 2007, 2008). However, strawberry
firmness was not affected by RH conditions from 65 to 95% RH (Shin et al., 2007, 2008). During
handling and retail display, strawberries exposed to warm conditions at 25°C for 8 hours had
higher softening and less attractive appearance than a continuous temperature at 1°C. However,
the shelf-life of both conditions was not different (Collins and Perkins-Veazie, 1993). This study
is in agreement with the findings of Nunes et al. (2003) which showed strawberries from a
fluctuating temperature induced more fruit softening and unacceptable fruit for sale. Vicente et
al. (2002) found that the application of heat treatment at 45°C for 3 hours could maintain the
texture of fruit at 1°C for 7 days. There was no firmness difference between the heated fruit and
control after 14 days. In case of the low storage temperature, Nunes et al., (2006) reported that
storage of strawberries at 1°C for 8 days did not affect firmness changes, although the fruit
appeared to be more ripening. However, Shin et al. (2007) found that strawberry firmness

increased during storage at both 0.5 and 10°C for 2 days.

2.8.5 Changes of sugar and acid

There are three possible carbon resources for soluble sugar synthesis after harvesting: starch,
organic acids and cell wall degradation. It may be that cell wall degradation plays an important
factor in sugar accumulation due to a reduction of fruit firmness and the increase of TSS and
xylose contents (Cordenunsi et al., 2003). A number of studies have found that TSS content
decreased during cold storage (0 to 5°C), whereas an increase of temperature (10 to 20°C)
induced a reduction of TSS content (Ayala-Zavala et al., 2004; Cordenunsi et al., 2005; Pineli et

al., 2012; Shin et al., 2007). The sugar reduction in strawberries may be due to high respiration
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after storage at 15°C (Pineli et al., 2012). For instance, the respiration rate of strawberries
increases rapidly, around 5 fold, from 0°C (12-20 mg CO,/kg.hr) to 10°C (50-100 mg CO,/kg.hr)
(Mitcham, 2014). Pineli et al.’s (2012) result supports Cordenunsi et al. (2003) and found that the
sucrose contents of 5 strawberry cultivars declined rapidly within 2 days after storage at 6°C,
whereas glucose and fructose contents increased gradually during storage conditions. In contrast,
the reduction of sugar content differs from the study of Collins and Perkins-Veazie (1993) where
TSS level did not change significantly under any simulated retail display conditions. Jeong et al.
(2011) also found that TSS content of strawberries was little changed during both storage at 0°C

and simulated display at10°C.

Storage at cool temperature and high RH condition had no effect on changing citric acid or TA
content (Cordenunsi et al., 2003; Collins and Perkins-Veazie, 1993; Shin et al., 2007; Ali et al.,
2011). In contrast, the TA content of strawberries increased after transferring to 20°C for 4 days
(Vicenta et al., 2002). At the different maturity stages, the TA contents of one-half-coloured and
three-quarter-coloured fruits also increased during storage at 1°C for 8 days, except a reduction in

the full red stage (Nunes et al., 2006).

2.8.6 Changes of ascorbic acid

Vitamin C (ascorbic acid: AA) is more sensitive to a storage for a long period, high temperature,
low relative humidity (Mitcham, 2007). AA content also decreased by around 38% at 0°C (10
days) and 50% at 6°C (6 days) after storage (Cordenunsi et al., 2003; Koyuncu and Dilmaginal,
2010). In contrast, AA levels of ‘Kent’ strawberries had little change during storage temperature
from 0 to 30°C (Kalt et al., 1999). In a commercial supply with fluctuating temperatures, AA
concentration of fresh strawberries decreased by around 9% from harvest to wholesale, and 3%
from wholesale to retail, but was no a correlation with water loss (Russell et al., 2009). However,
the relationship between weight loss and AA changes was not clear during strawberry storage.
Nunes et al. (1998) found that a strong relationship between weight loss and total AA was highly

significant (r = 0.87 to 0.99), especially for storage at 20°C. In contrast, Shin et al. (2007)
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reported that AA content of strawberries was not affected when stored at 3°C (65 or 95% RH) or

10°C (65 or 95% RH) for 12 days.

2.8.7 Decay incidence during storage

To control decay, storage and temperature management at the lowest safe temperature is the
simplest method to prevent deterioration of the fruit. The growth of grey mould can be delayed at
0°C, whereas Rhizopus rot or leak disease can be totally suppressed by temperatures lower than
5°C (Mitcham, 2014). At a temperature of 0.5°C with any RH condition, there was no effect on
decay incidence of ‘Jewel’ strawberries, while with higher temperature and higher RH
conditions, an increase of decay was induced (Shin et al., 2007). At a higher temperature, the
decay incidence of ‘Osograde’strawberries at 15°C rapidly reached about 90% as compared to
32% at 5°C within the first 4 days (Pineli et al., 2012). In the simulated transport of strawberries
from harvesting to retail display, the fluctuating temperature activated a higher decay incidence
(bruised and inoculated (Botrytis cinerea) berries) than semi-constant temperature (Nunes et al.,
2003). Similarly, fluctuating temperature showed Botrytis infection (42.3%) at around twice as
high as constant temperature (24.3%) (Mirzaee et al., 2008). Additionally, with the actual
transport of strawberries for 4 days and then simulated retail display, the initial observation
showed grey mould after only a day at 21°C, particularly in the bruised area. After 2 days, the

bruised areas showed mycelium growth and soaked brownish depressions (Pelletier et al., 2011).
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CHAPTER 3

GENERAL MATERIALS AND METHODS

3.1 INTRODUCTION

This chapter describes the preparation of plant materials for the impact and vibration tests. The
fruit samples were tested by impact and vibration tests and then checked the fruit quality in the
initial day (day 0) and the end of the storage at 10+1°C and relative humidity (RH) at 70£5% RH.
The quality determination of strawberries also explains the physical and chemical properties,
including the quality category and severity score by visual assessment. However, the impact and
vibration treatments are described in a particular experiment in Chapter 4 and Chapter 5,

respectively.

3.2 PLANT MATERIALS

Strawberry plants cv. ‘Elsanta’ and ‘Sonata’ with A+ grade and crown diameter > 15 mm were
provided by RW Walpole Ltd, UK. The strawberry plants (10 plants in each bag) were grown in
a peat bag with a size of 1000 mm (Sinclair, UK) using soil less system on a wood bench called
‘table top growing’ (Figure 3.2A). A total of 400 plants of each cultivar also were grown in the
greenhouse at Writtle College, Chelmsford. There were three cultivations for using in impact and
vibration tests. The winter cultivations through to harvesting in 2014 and 2015 were conducted
two periods from 10™ February to 27™ May (the 1% winter cultivation) in 2014 (Figures 3.1A1-
A2) and from 10" February to 17" May (the 2™ winter cultivation) in 2015 (Figure 3.1B). The
summer cultivation was conducted from 26" June to 24™ August in 2014 (Figure 3.2). The
automatic fertigation system by a single drip line was used in the greenhouse (Figures 3.1 and
3.2). The schedule of strawberry planting during the winter and summer cultivations is presented
in Table 3.1. Two main types of water soluble fertilizer such as 18-10-18 + 2.5MgO + TE and

10-10-30 + 3.3 MgO + TE (Evereis, the Netherlands) were used. After strawberry planting, the
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fertigation by a drip irrigation started after approximately 6 weeks for the winter cultivation and a

week for the summer cultivation.

Table 3.1: The timetable of fertigation by a single drip line for the greenhouse production at
Writtle College during the winter cultivation in 2014 and 2015 and the summer cultivation in

2014.

Week

Activity

Winter cultivation (February-May) 2014 and 2015

2" week in February Hand watering after planting strawberries (Elsanta and Sonata cultivars)

2" week in March

3" week in March

1* week in April
2" week in April
3" week in April

1* week in May

Started watering of drip irrigation system at the rate of 133 ml/min for 4
min per a day

Removed fleece cover and fertigation (18-11-18 + 2.5 MgO) for 4 min
per a day

Fertigation (18-11-18 + 2.5 MgO) for 5 min per a day (twice a day)
Fertigation (10-10-30 + 3.3 MgO) for 5 min per a day (twice a day)
Fertigation (10-10-30 + 3.3 MgO) for 5 min per a day (3 times a day)
Started fruit harvesting with fertigation (10-10-30 + 3.3 MgO) for 5 min

per a day (3 times a day)

Summer cultivation (June-August) 2014

4™ week-June

1% week-July

3 week July
4" week July

1% week August

Hand watering after planting strawberries (Elsanta and Sonata cultivars)
Removed fleece cover and start watering of drip irrigation system at the
rate of 133 ml/min for 4 min per a day and sometimes twice a day
Fertigation (18-11-18 + 2.5 MgO) for 5 min per a day (3 times a day)
Fertigation (10-10-30 + 3.3 MgO) for 7 min per a day (4 times a day)
Started fruit harvesting with fertigation (10-10-30 + 3.3 MgO) for 7 min

per a day (4 times a day)
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The greenhouse growing was limited as it was without a controlling system for temperature and
humidity. The recording of the air temperature in the greenhouse was measured by temperature
loggers (Tinytak Talk2, Gemini Data Loggers Ltd., UK) with the sampling period set to 20 min
(Figure 6.11). The six temperature loggers were installed in different locations and were tightly
attached to bench legs under the bench to avoid sunlight. The recorded temperature inside the
greenhouse was reported in terms of mean, maximum and minimum temperatures for each month
until the end of the experiment (Table 3.2). Each individual strawberry fruit was gently harvested
using a finger picking technique, including the cap and short stem. The marketable grade fruits
were harvested in the early morning from 6.00 to 8.00 am. The fruit maturity of this study was
considered by a uniform size and fruit weight >10 g, full red colour with total soluble solids

content (TSS) around 8%.

Table 3.2: Temperatures (°C) inside greenhouse at Writtle College during the winter cultivation
in 2014 and 2015 and the summer cultivation in 2014.

Year Temperature (°C)

The 1* winter cultivation The summer cultivation
2014 February March  April May June July August
Mean 11.00 14.28 17.95 20.93 23.09 24.89 21.28
Max 38.61 45.02 48.14 53.02 46.01 50.92 44.15
Min 1.39 -1.09 1.61 1.86 11.78 10.31 7.96
2015 The 2™ winter cultivation
Mean 8.70 11.83 15.64 17.70
Max 27.60 40.45 42.94 39.05
Min -1.44 -1.45 1.52 -1.48
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Figure 3.1: Strawberries cv. ‘Elsanta’ and ‘Sonata’ cultivated during February to April (the 1%
winter cultivation) for 72 days (first harvesting) in 2014 (A1-A2) and (the 2™ winter cultivation)

(A1)

(A2)

A\

- (B)

(B) for 75 days (first harvesting) in 2015. Source: Chaiwong (2015).
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Figure 3.2: Strawberries cv. ‘Elsanta’ and ‘Sonata’ cultivated during June to July in 2014 (the
summer cultivation) for 36 days (first harvesting). Source: Chaiwong (2015).
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Strawberries were directly harvested from the greenhouse at the maturity index as described in
plant materials. Individual fruits were randomly selected and allocated for packing in 250 g
commercial polyethylene terephthalate (PET) vented punnets (105 x 170 x 60 mm) with a small

piece of bubble sheet (75 mm x 125 mm) (Figure 3.3).

Figure 3.3: 'Elsanta' and Sonata’ strawberries packed in PET punnet. Source: Chaiwong (2015).

Packed fruits were carried to the postharvest laboratory within 2 hours of harvest. Room cooling
started within 4 hours and the pulp temperature dropped to the range of 5.0-7.0°C (£1°C). The
cooled punnet was top sealed with commercial plastic film with 6 perforations of 8 mm diameter

(Adare Advantage Ltd) (Figure 3.4).
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Figure 3.4: 'Elsanta’ strawberries packed in PET punnet before impact and vibration tests.
Source: Chaiwong (2015).

3.3 IMPACT AND VIBRATION TESTS

The experiment was conducted to examine the effect of the impact and vibration tests on the
quality and bruise damage of ‘Elsanta’ and ‘Sonata’cutivars. The different impact and vibration
conditions were arranged treatments as described in Chapter 4 (section 4.2.1) and Chapter 5

(section 5.2.1), respectively.

3.4 STORAGE CONDITIONS

The treated punnets from the impact and vibration tests were stored at low temperature at 10+1°C
and relative humidity (RH) at 70+5% RH for 3 days (day 3). Commercially, a shelf-life of
strawberries is 3 days after lead time of an transport and distribution for 12-24 hr (Terry et al.,

2011)

3.5 QUALITY DETERMINATION

Strawberry quality was determined immediately after vibration and impact tests (day 0) and after

3 days from low temperature at 10+1°C and relative humidity (RH) at 70+5% RH (day 3).

70



3.5.1 Percentage of quality category and severity bruise determination

Percentage of quality category was calculated for the number of fruits in each damage area
(undamaged, dry, and wet bruises). The descriptors for individual severity of bruises were
adapted from Fischer et al. (1992). They ranged from undamaged level (score 5) to very severely
damage level and mould formation (score 1). Figure 3.5 further shows the severity of bruises of
strawberries described by percentage of bruise area, dry bruise and wet bruise. A limiting quality

factor was considered the severity score of 3 as the limit of acceptable quality.

3.5.2 Measurement of electrical conductivity and fruit weight

Electrical conductivity (EC) was evaluated and adapted using the method of Jiang et al. (2001).
The controlling number of sample fruits was based on approximate fruit weight. Five fruits
(winter cultivation) or eight fruits (summer cultivation) in each punnet from storage at Day 0 and
Day 3 were immersed in 500 ml of distilled water in a 600 ml beaker. The sample temperature in
the distilled water was controlled at 25°C for 10 min using a water bath (Phillip Harris, UK). The
immersed fruits were gently stirred for 5 sec before the determination of EC value. The EC test
was recorded with a handheld conductivity meter (CyberScan CON 110, Eutech Instruments,

USA) (Figure 3.6) and expressed as US.

To determine fruit weight, three fruit samples from each punnet were randomly and individually
weighed by a digital balance (Mettler PE 600, Precisa Balances Limited, UK).

3.5.3 Weight loss (%)

A strawberry punnet held in storage condition for 3 days was weighed daily with the percentage

weight loss calculated by using the formula:

Weight loss (%) = (Initial weight — Final weight) x 100

Final weight
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Bruise severity of strawberries (Score) (Adapted from Fischer ez al., 1992)

Undamaged or bruise less than 5%

Dry bruise and slightly damaged
(less than 15% of the berry bruised)

Wet bruise and moderately damaged
(less than 30% of the berry bruised)

Wet bruise and severely damaged
(abrasion with penetrated the surface
of the fruit)

Wet bruise, very severely damaged and
mould formation

I 2
Figure 3.5: The bruise severity of strawberries from 5 (undamaged level) to 1 (very severe
damage level). Source: Chaiwong (2015)
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3.5.4 Firmness (puncture and compression tests)

The middle position of strawberry fruit (3 fruits per punnet) was used to determine fruit firmness
from the maximum peak of force (kg) using a fruit texture analyser GS-20 (GUSS Manufacturing
(Pty) Ltd, South Africa) (Figure 3.7). The speed of measurement was at 10 mm/sec with an 8 mm
cylinder probe (a puncture test) and a 42 mm compression platen (a compression test) for 8.9 mm

(a measured distance).

3.5.5 Colour measurement

The colour measurement of fruit was determined only for summer production. For the fruit
surface colour of three fruits per punnet, three readings from different middle positions on each
fruit were measured using the Chroma Meter (Minolta CR200, Japan) as expressed in L*, a*, b*
CIE Chromaticity values. L* value presents dark to light on the scale of 0-100. Red to green
colour indicates (+a*) to (-a*) value while yellow to purple colour indicates (+b*) to (-b*). Hue
angle (h*) and chroma (C*) were calculated as described in the formula to represent the colour

intensity and actual colour or redness, respectively.
C*= +Va*? + b*?

h"= tan* (b */a *)
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Figure 3.6: Handheld conductivity meter (CyberScan CON 110) for electrical conductivity
measurement. Source: Chaiwong (2015).

(B)

Figure 3.7: Fruit texture analyser GS-20 with a diameter size of cylinder probe (8 mm) (A) and
compression platen (42 mm) (B). Source: Chaiwong (2015).
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3.5.6 Measurements of total soluble solids (TSS), titrable acidity (TA) and TSS: TA
ratio

Six strawberries in each punnet were randomly selected for the measurements of TSS, TA, and
TSS: TA ratio. The sample fruit was cut into four identical portions, two pieces in each fruit were
squeezed for the juice sample. The clear strawberry juice was measured the total soluble solids
(TSS) with a digital pocket refractometer (PAL-1, Atago, Japan). Titratable acidity (TA) was
measured by titration of strawberry juice with 0.1 M sodium hydroxide (NaOH) and expressed as
citric acid (%ow/w) (AOAC, 1990). Also, the TSS and TA contents were presented in a ratio of

TSS and TA levels.

% acid (w/v) = V; X Nx Eqx 100 x F

Vs x 1000
Where;
Vi = Volume of 0.1 NaOH used for titration (ml)
N = Extract concentration of 0.1 N NaOH (N)
Eq = Equivalent weight of acid (g), Eq for citric acid anhydrous = 64.04
100 = Conversion factor from 1 ml to 100 ml
Vs = Volume of sample taken to analyze (ml)
1000 = Conversion factor from mole to molar

3.5.7 Respiration rate measurement

‘Elsanta’ and ‘Sonata’ strawberries from the summer cultivation (2014) and the 2™ winter
cultivations (2015) were used for respiration rate measurement. Respiration rate measurements of
‘Elsanta’ and ‘Sonata’ were carried out by static system. The preparation of punnet samples

before the impact and vibration test was described in the section 3.2 (plant materials). In addition,
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treatments in the impact and vibration tests were also explained in Chapter 4 (section 4.2.2) and

chapter 5 (section 5.2.2), respectively.

Strawberries were approximately packed 250 g in PET punnet. After the vibration and impact
tests, the sample punnet was placed in a plastic food container (3,800 ml). A total of 3 replicates
(summer) and 5 replicates (winter) were used in each treatment. The sample punnet was stored at
low temperature (10+1°C) and relative humidity (RH) at 70+5% RH for 96 hours (day 4). CO,
production (%) was measured using a combo gas analyzer (David Bishop instruments, Ltd, UK).
As shown in Figure 3.8, CO, gas determination of strawberry punnet was taken by inserting
needles through a septum of 15 mm diameter into container by a needle 60 mm in length. The
CO, concentration (%) was read until a constant value, usually within 10-15 sec. The collection
time of gas accumulation was two hours and gas sampling was measured at 0, 4, 16, 24 (day 0),
48 (day 2), 72 (day 3) and 96 hours (day 4). The respiration rate was calculated and reported in
mgCO,/kg.hr using the formula stated in Salveit (2015).

Respiration rate (mg CO,/kg.hr) = CO, (%) x Volume (ml) x 1.89
Fruit weight (kg) x Length of time (hr)

Where;

CO, = Carbon dioxide concentration after closing container for 2 hours (%)

Volume = Volume of container (ml)

Fruit weight = Strawberry weight (kg)

Length of time = Closing container (hr)

1.89 = Conversion figure of CO, at 10°C

Furthermore, percentage of quality category and severity bruise were also counted after storage at

10°C for 4 days using the same bruise detection method as seen in Figure 3.5.
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Figure 3.8: Respiration rate measurement of strawberries by static system. Source: Chaiwong
(2015).

3.6 DATA ANALYSIS

The experimental design in the impact and vibration tests was undertaken using a completely
randomized design (CRD). Treatment conditions in impact and vibration tests were described in
Chapter 4 (section 4.2.2) and Chapter 5 (section 5.2.2), respectively. For statistical analysis,
analyses of variance and correlation coefficient (r) were performed using SPSS version 16.0.
Duncan’s multiple range test (DMRT) were calculated at 5% level of significance. The
correlation coefficient (r) between the selected objective measurements (EC, firmness, respiration
rate) and the subjective measurements (bruise damage and severity score) was calculated by
Pearson’s correlation at a significant level of 1%. Graphic presentation was made using Microsoft

Excel 2010 (Microsoft Inc.).
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CHAPTER 4
IMPACT TEST ON THE QUALITY AND DAMAGE TO
‘ELSANTA’ AND ‘SONATA’ STRAWBERRIES IN THE WINTER

AND SUMMER CULTIVATIONS

4.1 INTRODUCTION

The impact test of fruits from a specific height is associated with impact energy, which depends
on fruit weight and drop height (Ruiz-Altisent and Moreda, 2011). Factors found to have
influenced fruit bruise have been explored in several studies such as the drop heights, contact
surface materials, and a number of drops (Kitthawee et al., 2011; Maness et al., 1992; Sinobas et
al., 1991; Shafie et al., 2015; Unuigbe and Onuoha, 2013; MacLeod et al., 1976; Lu et al., 2012).
The range of drop height for the berry fruit test was 50 to 1200 mm, whereas a drop test for an
individual or packed strawberry has been conducted with a height of 50 to 380 mm (Ferriera et
al., 2008; Kitazawa et al., 2014). However, there is currently no study in the impact test of

strawberry punnet or clamshell on bruise damage and quality of strawberries.

Moreover, a metal material surface of the drop test gave the greatest bruise in various fresh fruits,
namely apples, peaches, strawberries and tomato (Unuigbe and Onuoha; Reza, 2013; Ferreira et
al., 2008; Idah et al., 2007). The number of drops also influenced fruit quality, for example, a
number of eight drops enhanced by approximately 50% the respiration rate of mature green
tomatoes as compared to control (no drop) (MacLeod et al., 1976). The fruit firmness and colour
correlated to bruise volume or area in apples and persimmons (Samim and Banks, 1993; Sinobas
et al.; 1991; Lee et al., 2005). As far as a bruise indicator from impact force is concerned, the
respiration rate measurement by CO, production (Burton and Schulte-Pason, 1987; Massey et al.,
1982). The puncture test showed a good indicator for impact bruise of peaches (Hung and
Prussia, 1989), apples (Sinobas et al., 1991) and persimmons (Lee et al., 2005). Furthermore, the

electrical conductivity (EC) technique was suggested to use a bruise assessment in bananas and
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tomatoes (Bugard et al., 2014; Lee et al., 2007). So far, however, there has been little discussion
about electrical conductivity (EC) technique to determine strawberry bruise from impact test.
Previous study of the EC method has dealt with vibration test. Jiang et al. (2001) reported that
the EC value was significantly related to the percentage of damage index in strawberries. No
previous study has investigated the EC method to evaluate strawberry bruise from impact test and
to compare the EC technique with firmness and respiration rate measurements as using a bruise

indicator of strawberries.

In this study, a drop height was a key factor affecting on the quality and bruise of ‘Elsanta’ and
‘Soanata’ strawberries, including other concerning factors such as a period of storage, a seasonal

cultivation (winter and summer).
Therefore, the hypotheses of this impact test are:

a) there will be a higher level of damage on summer grown crops of ‘Elsanta’ and ‘Sonata’
cultivars than winter grown.

b) There will be no difference in impact bruise between ‘Elsanta’ and ‘Sonata’ cultivars.

c) An increase in drop height will give an increase in impact bruise for both cultivars and
both cultivation seasons after cool storage.

d) In terms of a bruise indicator and a predictor, the EC technique will give a greater
correlation than firmness tests and respiration rate measurement to bruised strawberries

after an impact test and cool storage.

In the previously published research, there has been no impact study of a whole strawberry
punnet by a drop test with different height levels. There is a lack of research focused on the drop
test of strawberry punnets in different heights and the correlation between the objective methods
of bruise determinations (EC method, firmness tests and respiration rate measurement) and
subjective methods using bruise incidence and visual score. Thus, the research described in this
chapter focused on the effect of the drop height of impact test on the quality and bruise of packed

‘Elsanta’ and ‘Sonata’ strawberries in the punnet during the winter and summer cultivations. The
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relationship between the selected objective methods (physical properties) and bruise incidence by

subjective method to develop a bruise indicator of strawberries.

4.2 MATERIALS AND METHODS

4.2.1 Fruit materials

‘Elsanta’ and ‘Sonata’ fruits were hand-picked and harvested when they fully had a red colour
from the greenhouse at Writtle College during the winter and summer cultivations in 2014
(Figures 3.1 and 3.2). Additionally, two cultivars were planted during the winter season in 2015
for the respiration rate trial. The fruit sample preparation has been described in Chapter 3
(general materials and methods) (section 3.2). Briefly, the fruits were packed in PET punnets
with a packing size of 250 g and cooled by room cooling method for 4 hours. Cooled punnets
were top sealed and these were carried out within a maximum of an hour after removal from the

room cooling.

4.2.2 Effect of the height levels of impact test on the quality of packed strawberries

in punnet

The cooled punnet of strawberries was randomly allocated to treatments prior to the impact test.
The effect of the impact test on the quality and damage on the strawberry punnet was determined
at the different height levels: 0, 250, 500, 750 and 1000 mm onto mild steel (thickness of 31.0
mm) for five consecutive drops (Figure 4.1), to simulate five events of punnet drop during
strawberry handling (Figure 7.2). The impact energy (J) was calculated using the formula:
E=mgh. Where m denotes the packed strawberry mass (approximate 250 g per punnet); g denotes
acceleration of gravity (9.81 m/s): h denotes drop height (m) (Ruiz-Altisent and Moreda, 2011).
Therefore, the equivalent impact energy levels (J) for four height were 0.613 J (250 mm), 1.226 J
(500 mm), 1.839 J (750 mm) and 2.453 J (1000 mm). The experimental plan of this study was

undertaken using the completely randomized design (CRD) with five (the winter cultivation) or
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four (the summer cultivation) punnets (replicates). The impact test was conducted for each

strawberry cultivar in the winter cultivation and was repeated in the summer cultivation in 2014.

A height of 250

Figure 4.1: Impact test of strawberry punnet onto the mild steel. Source: Chaiwong (2015).

4.3 QUALITY DETERMINATION OF THE PACKED STRAWBERRIES FROM

THE FIVE HEIGHT LEVELS

After the impact test, the quality and damage of the strawberry punnet was determined
immediately (day 0), and after storage at 10+1°C, with relative humidity (RH) at 70+5% (day 3).
Briefly, the physicochemical properties were measured as explained in the Chapter 3 (section
3.5), including visual assessment for bruise damage and severity score. Additionally, the
respiration rate of strawberries also was measured as explained in Chapter 3 (section 3.5.6) and
CO, production (%) was measured using a combo gas analyzer (David Bishop Instruments, Ltd,

UK) after the impact test and the storage at 10°C for 4 days.
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4.4 DATA ANALYSIS

Mean comparisons in each strawberry cultivar and cultivation were performed using Duncan’s
multiple range test (DMRT) at p<0.05, whereas the correlation coefficient (r) between the four
objective methods (EC method, firmness tests, and respiration rate measurement) and bruise

damage was performed using Pearson’s correlation at p<0.01.

4.5 RESULTS

4.5.1 Temperature in the greenhouse during reproductive growth of ‘Elsanta’ and

‘Sonata’ strawberries in the winter and summer cultivations during 2014-2015

During the winter and summer periods in 2014 and 2015, the temperatures in the greenhouse for
‘Elsanta’ and ‘Sonata’ cultivations were recorded until the last day of the trial and are shown in
Table 3.2. In the first winter production in 2014, the range of average temperature within the four
months (February to May) was 11.00 to 20.93°C. In the second winter cultivation in 2015, the
range of average temperature in the same period was 8.70 to 17.70°C, which was lower by around
3°C than in 2014. The summer production during three months (June to August) had a higher
average temperature (21.28 to 24.89°C) than the winter production. At around 12.00 hr for each
month, the highest greenhouse temperature of the first and second cultivations in the winter
season occurred in May (53.02°C) and in April (42.94°C), respectively. The maximum
temperature in the summer production was approximately 50°C in July. The minimum
temperature during the winter period in 2014 and 2015 showed approximately 1.5°C and -1.5°C,

which were lower than the summer cultivation by around 10°C.
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4.5.2 The effect of impact test on the quality, bruise and respiration rate of ‘Elsanta’

strawberries

4.5.2.1 Percentage of quality category and electrical conductivity of ‘Elsanta’ strawberries

The preharvest conditions from the winter and summer seasons in 2014 were considered and
these directly affected the percentage of bruises and electrical conductivity values in ‘Elsanta’
strawberries (Figures 4.2 and 4.3). The initial fruit quality before impact test gave undamaged
fruits in punnet in the winter (100%) and in summer (90%) cultivations. Immediately after the
impact test (day 0), there was a reduction of undamaged fruits from the drop height of 250 mm to
60% (winter) and 36% (summer). A rise in the height level affected notably the percentage of wet
bruise, particularly at 1000 mm (2.453 J) in the winter (60%) and summer (80%) (p<0.05)
(Figures 4.2A and 4.3A). There were no undamaged fruits in the summer cultivation from the

drop heights of 750 mm (1.839 J) and 1000 mm (2.453 J) (Figure 4.3A).

The electrical conductivity (EC) also related to an increase of drop height. The EC value of
undamaged fruits in winter production (6.8 uS) was less than in the summer period (20 pS). The
punnet dropped from 1000 mm increased significantly the highest EC values with 36.5 uS
(winter) and 80 uS (summer) (p<0.05) (Figures 4.2A and 4.3A). After storage at 10°C for 3 days,
mould and rot incidences were not found in either strawberry harvestings. Control (no drop) was
still observed to have a dry bruise incidence of around 40% (winter) and 80% (summer) after

storage (Figures 4.2B and 4.3B).

When compared to the different drop height, the percentage of dry bruise from a height of 250
mm increased to around 55% when compared to the initial day (Figures 4.2B). There was not a
significant dry bruise between control and the drop height of 250 and 500 mm (p>0.05) (Figures
4.3B). A drop height of 1000 mm gave the greatest percentage of wet bruise (80%) (p<0.05)
(Figure 4.2B and 4.3B). The low temperature storage affected a reduction of EC value when

compared to the first day, especially for a height of 1000 mm (2.453 J) (Figures 4.1B and 4.2B).
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Figure 4.2: Effect of impact test on quality category and electrical conductivity of ‘Elsanta’
strawberries from the winter cultivation at day 0 (A) and day 3 (B). Different letters in the
different heights for DMRT test indicate significant differences at p<0.05. Values are the mean
1S.E. from 5 replicates.
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Figure 4.3: Effect of impact test on quality category and electrical conductivity of ‘Elsanta’
strawberries from the summer cultivation at day 0 (A) and day 3 (B). Different letters in the
different heights for DMRT test indicate significant differences at p<0.05. Values are the mean
+S.E. from 4 replicates.
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4.5.2.2 Fruit weight, firmness (puncture and compression) and severity score of Elsanta’

strawberries

The uniformity of fruit size in ‘Elsanta’ strawberries was evaluated by fruit weight as opposed to
dimensions. The average fruit size from the winter cultivation was bigger than from the summer
production by approximate 7 g in each fruit. The maximum diameter of the equatorial section
with the approximate fruit weight of 20 g and 12 g was 35 mm and 31 mm, respectively (data not
shown). In this study, there was no significant difference in fruit weight among the five

treatments (Table 4.1).

As shown in Table 4.1, the fruit firmness was evaluated by both puncture and compression tests.
As expected, an increase in drop height significantly reduced strawberry firmness in both
cultivations (p<0.05). In the winter production, control treatment (no drop) had the highest
puncture and compression values of strawberries, as compared to the punnet dropped from 250 to
1000 mm, after the impact test at day 0 and by the end of storage (p<0.05). The lowest firmness
value was found for a height of 2000 mm (p<0.05).These results of fruit firmness during winter
cultivation also agreed with those results from the summer production. Additionally, the findings
from the puncture test could detect a greater difference in firmness value than the compression
test. The punnet dropped from 1000 mm gave the minimum severity score from both seasons
with a score below 3 (p<0.05). Overall, a height level at 500 mm provided a severity score over 3

level.

4.5.2.3 TSS (%), TA (%) and TSS:TA ratio of ‘Elsanta’ strawberries

The results of TSS, TA and TSS:TA contents are shown in Figures 4.4 and 4.5. In the winter
cultivation, TSS and TA contents of ‘Elsanta’ strawberries were over 8% and 0.9%, respectively,
while the summer cultivation produced strawberries with the lower TSS (approximate 7.5% TSS)
and higher TA (approximate 1% TA) contents when compared with the winter cultivation.
However, the impact test had no the effect on TSS, TA and TSS:TA levels among the five

treatments in both seasons and both storage conditions.
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Table 4.1: Effect of impact test on fruit weight, firmness and severity score of ‘Elsanta’
strawberries from the winter and summer cultivations at day 0 and day 3.

Height (mm) Weight (9) Puncture (kg) Compression (kg)  Severity score
Day 0-Winter Elsanta-Winter

Control 21.43+0.20  0.504°+0.012  1.488%+0.091 4.9+0.04
250 (0.613 J) 21.72+0.48  0.380°+0.038  1.506*+0.073 4.5°+0.08
500 (1.226 J) 22.45%0.42  0.337+0.036  1.394%0.048 4.1°+0.03
750 (1.839J) 21.0240.34  0.259*+0.013  1.141°+0.083 3.5+0.08
1000 (2.453 J) 21.37+1.04  0.212°+0.019  1.003"+0.076 2.6°+0.05
Day 3-Winter

Control 19.5140.45  0.627°#0.018  1.952°+0.050 4.5+0.08
250 (0.613 J) 18.9620.27  0.599°+0.047  1.796°+0.089 3.7°+0.13
500 (1.226 J) 20.18+0.29  0.402°+0.024  1.860%+0.089 2.8°+0.22
750 (1.839J) 19.80+0.23  0.307°+0.012  1.490°+0.082 2.2+0.07
1000 (2.453 J) 20.3240.60  0.254°#0.022  1.273°+0.069 1.4°+0.07
Day 0-Summer Elsanta-Summer

Control 1450+1.14  0.362°+0.020  1.2660.067 4.8+0.05
250 (0.613J) 14.94+0.09  0.323*+0.015  1.176*+0.100 4.4°+0.06
500 (1.226 J) 15.67+0.71  0.324+0.020  1.197*°+0.070 3.8°+0.11
750 (1.839J) 15.10+1.16  0.298%+0.015  1.072*+0.034 3.1%+0.16
1000 (2.453 J) 14.52+0.84  0.262°+0.020  1.103"+0.067 1.8°40.11
Day 3-Summer

Control 12.75+0.88  0.436°+0.012  1.441+0.055 4.2°+0.09
250 (0.613 J) 12.67+0.67  0.392°+0.018  1.412+0.041 3.6°+0.06
500 (1.226 J) 12.25+0.51  0.395+0.029  1.381+0.050 3.2"+0.05
750 (1.839J) 12.05+0.62  0.358"™+0.025  1.390+0.034 3.1"+0.06
1000 (2.453 J) 12.21+1.04  0.315°0.007  1.297+0.070 2.7°+0.35

Means with different letters in the same column at each day are significantly different at p<0.05.

Values are the mean £S.E. from 5 replicates (winter) and 4 replicates (summer).
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Figure 4.4: Effect of impact test on TSS (%), TA (%) and TSS:TA ratio contents of ‘Elsanta’
strawberries from the winter cultivation at day 0 (A) and day 3 (B). Different letters in the
different heights for DMRT test indicate significant differences at p<0.05. Values are the mean
1S.E. from 5 replicates.
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4.5.2.4 Fruit surface colour (L*, a*, b*, h*, and C* values) of ‘Elsanta’ strawberries

The colour determination of fruit surface was carried out only for the summer cultivation. Figure
4.6 shows that there was a gradual decline in the values of all colour attributes from a higher drop
height. The drop height had no the effect on h* value at day 0 and day 3 (p>0.05). The punnets
dropped from the heights of 750 mm and 1000 mm had the lowest colour values (L*, a*, b* and
C*) (p<0.05). The a* (redness) and L* (lightness) values of strawberries increased slightly after

storage at 10°C for 3 days.

4.5.2.5 Weight loss (%) of ‘Elsanta’ strawberries

Weight loss (%) of ‘Elsanta’ strawberries was evaluated for 3 days during storage at 10°C. As
shown in Table 4.2, overall there was no the effect of height level on the weight loss of ‘Elsanta’
strawberries from the winter and summer cultivations (p<0.05). At the end of storage at 10°C and
70%RH for 3 days, weight loss (%) of the winter strawberries (approximate 3.5%) was higher

than for the summer strawberries (approximate 1.5%).
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Table 4.2: Effect of impact test on weight loss (%) of ‘Elsanta’ strawberries from the winter and
summer cultivations during storage at 10°C for 3 days.

Weig