Copyright is owned by the Author of the thesis. Permission is given for
a copy to be downloaded by an individual for the purpose of research and
private study only. The thesis may not be reproduced elsewhere without
the permission of the Author.



FACTORS INFLUENCING THE SUSCEPTIBILITY

OF APPLES TO BRUISING

This thesis is presented in partial fulfilment of
the requirements of the degree of
Doctor ot Philosophy
in
Horticultural Scicnce
at
Masscy University, Palmerston North,

New Zcaland.

Craig Mcffan Mowatt

1997



ABSTRACT

Financial returns to New Zcaland orchardists could be increased if bruise
damage to apples and its visual conscquences were reduced. Comprehension of
the variability ot susceptibility to the bruising ot apples associated with cither
prcharvest, harvest or postharvest intfluences is tundamental to reducing bruisc
damage. Standard impacts to apples have been generated in many ways and
bruisc scverity has gencrally been represented as bruise volume per unit cnergy.
In this study bruisc severity was represented by a) the diameter of a bruise
generated by a sphere of mass and radius of curvaturc similar to that of apples
and whosc impact cnergy (0.32 J) was similar to applc-apple collisions that
occurred during grading or b) the damage that apples incurred by grading in a
standard manner. Bruise colour was also mecasured and visual differences
between dark and light brown ‘Granny Smith’ bruised tissue were associated with

a 5" difference in hue angle, as measured by @ Minolta chromameter.

In 1990 trom a survey of ‘Granny Smith” orchards it was determined that the
rangc in bruisc diamcter of individual fruit was 17% (fruit mass range; 0.157-
0.207 kg) and in 1991 was 63% (fruit mass range; 0.098-0.278 kg). The between-
scason difference in mean bruisc diamcter was 2.8%. @ver the two years it was
found that bruisc diamecter of fruit from orchards producing cither the most or
[cast bruisc susceptible fruit differed by an average ot 6.5%. In 1991 bruisc
diamcter generated from a standard impact was related to grader damage (R* =
0.49) and the slope of this relationship indicated that small incrcases in bruisc
diameter cquated to large increascs in grader damage. In both years the most
bruisc susceptible fruit had higher levels of tissue phosphorus, calcium and
nitrogen than Icast susceptible truit. In onc year ot the survey bruisc diameter
was positively related to apple calcium content and apple mass with grader

damage positively related to phosphorus content.

In a within-orchard study between-tree variation in bruise diameter of ‘Royal
Gala® (11%) cxceeded that of ‘Granny Smith’ (4%). Bruisc diameter ot Icast
bruisc susceptible truit was more consistently related to starch index, soluble
solids, fruit mass and firmness than bruisc diameter ot the most susceptible fruit.

Harvesting *Granny Smith” and ‘Royal Gala’ carly rather than later in the scason



resulted in bruise diameter reductions of 5% and 21% respectively. Within-trce
position of apples did not consistently influence susceptibility to bruising in cither
varicty. Foliar sprays of calcium (CaCl,) and phosphorus (H,PO,) did not
influence fruit mineral contents or susceptibility to bruising. Apples from non-
irrigated “Bracburn’ trces had smaller bruise diameters (6%), less calcium and

tended to have more dry matter than apples from normally irrigated trees.

‘Golden Declicious’ apples harvested later in the day were less susceptible to
bruisc damage (7.3%) than thosc harvested carly in the morning; clevated
temperaturcs and reduced water status were identified as causative factors. As
temperaturce increased from () to 20°C susceptibility to bruising showed a non-
lincar reduction. Bruisc diameter and grader damage reduced 5% and 24%
respectively when ‘Granny Smith’ apples were bruised at 20°C rather than when
bruised at 0°C. If ‘Royal Gala’ were cooled to 2°C and then rewarmed to 20°C
they sustained 36% less grader damage than it graded immediately after harvest.
Uscful reductions in grader damage (25%) werc achicved by holding freshly
harvested *Royal Gala’ at ambient temperatures for one day before grading.
Storing the bruise susceptible cultivar ‘Splendour’ apples for 54 h at 20°C betore
bruising resulted in a 9% reduction in bruise diameter. A 24 h dclay in pre-
cooling of *Royal Gala’ was associated with a 0.5% weight loss and a 3%
reduction in bruisc diameter; dclays of more than 24 h before pre-cooling were
associated with enhanced ripening and greater weight loss but no measurable

change in susceptibility to bruising.

In the 1991 survey, there were large between-orchard difterences in hue angle of
bruised “*Granny Smith” apple tissuc (16°) and light brown bruisc tissue was
associated with higher fruit nitrogen content (R? = (.55). Between-tree
ditferences in hue angle of bruised tissue from ‘Royal Gala’ apples were large
(157) but with *Granny Smith® were insignificant. Diffcrences in bruised tissue
colour due to enhanced maturity or within-tree position in both cultivars were
not consistent. Cool storing *Splendour’ for 414 h before bruising appeared to

incrcasc bruisc lightness.



il
ACKNOWLEDGEMENTS
I have been most fortunate to have had such excellent supervision throughout my
PhD studics. My Chict supervisor, ENZA Professor Nigel Banks, provided
acadcmic and personal support at all times. Nigel casily established a friendly yet
stimulating atmosphere for all those in the Postharvest Group and his tircless

work cthic has been an incentive to all of his students.

Protessor Errol Hewcett, my sccond supcervisor constructively reviewed my written
work and generated inspiration at all levels, His attention to detail as well as
being able to see the wider picture has been of considerable value. Dr lan
Gordon provided assistance regarding the numerous statistical queries resulting

from this study.

To all of the statf and students associated with the Postharvest Group, I add
without hesitation; my time at the Department ot Plant Science at Masscy

University has been cnjoyable and stimulating,.

The manager of the FCU, Shanc Max provided assistance and generated
cnthusiasm that was greatly appreciated. There have been too many apple and
kiwifruit orchardists and packhousc managers to thank individually. Thesc
dedicated pcople provided valuable assistance and gencrated discussions that
have been of immense value. A valuable contribution came from Tessa Mills

which formed the basis of the irrigation study.

An important thank you goes to ENZA and the New Zcaland Kiwifruit

Marketing Board whose funding madc these studics possible.

To my two children, Shanan and Jeane, thank you for showing paticnce and

undcrstanding.



TABLE OF CONTENTS

ABSTRACT ..ottt eb ettt ettt e e sa e sae e i
ACKNOWLEDGEMENTS ..ottt i
FIGURE CAPTIONS ...ttt e iX
LIST OF TABLES........cootii ettt e s s e Xi
LIST OF ABBREVIATIONS ..ottt enenes XV

CHAPTER ONE

INTRODUCTION . e e

CHAPTER TWO

FACTORS INFLUENCING SIZE AND COLOUR OF APPLE BRUISES

2.0 Introduction ...
22 Whatisabruisc 7 ...
2.3 Bruisc development ...
2.3.1 Mcchanisms of tissuc failure ........ ... ... ...
2311 Initial turgor pressurc ... o
2.3.1.2 Plasma mcmbranc hydraulic pcrmeability . . . . ..
2.3.1.3 Viscoclasticity of the cellwall . .............
2.3.1.4 Viscoclasticity of the middle lamella .. .......
2.3.2 Physiological processes involved in browning .........
2.3.3 Bruisc colour development. .. ... o oo oL
24 BruiSC SCVCIILY .ottt e
2ATBrUiSC SIZC . o oo
2.4.1.1 Lincar dimensions . . .. .o oo v
2AL2ATCA L
2403 Volume ...

2.4.2 Influcnce of colour on bruisc visibility

2.5 Factors influencing bruisc size ... ... ... ..
250 Impactenergy ..o

2.5.2 Method of application . ...........

2.5.3 Modelling impacts .. .............

2.5.4 Bruisc susceptibility . ... ... oL
2.5.4.1 Fruit variability . ..........

2542 Cultivar . ... oL

2543 Maturity ...

2.5.4.4 Water status ... ... ...

..............

..............

v

20)

29



2.5.4.5 Temperature . ...
2.5.4.60Mincral content ... ... oL oo

2547 FIrmness ...

2548 TIMC IN SLOTAEC  « v v v v v e e e e e

2.6 Factors influencing bruisc colour ... ... ... . o
260 TIME oo

202 Temperature .. ..ot

2.6.3 Substrate concentration and reactivity ... ...

2.0.4 Bruisc colour measurement . ...

2.7 Bruising and other aspects of apple quality ... ...

2.8 Bruisc susceptibility and handling damage . .................

CHAPTER THREE

GENERAL MATERIALS AND METHODS .. ... ... ... ... ........ :

3 Frult
3.2 Application of a standard impact . . . ... . L oL
320 Method 1 Lo
322Mecthod 2 .o
323 Mecthod 3 ...
3.2.4 Harvesting and transportation damage . .............
3.3 Mcasurcment of bruise dimensions . ........ .o
3.4 Mcasurcment of bruisc colour . .. ... .. L oo o
3.5 Fruit firmness and crush strength ... ..o oL
3.6 Starch Index ..o
3.7Soluble solids ...
38 Fruit temperature .. ... e
3.9 Water Status . . oo e
3.10 Fruit mincral contents . ... oo i
3.1 Statistical evaluation . ... ... . . .
3.11.1 Experimental design .. ... oo oo
3.11.2 Preliminary data analysis .. ........ ... ... .......
A3 Dataanalysis . ...

3.01.4 Data Presentation .. .o oo o e e e e e

CHAPTER FOUR
DEVELOPMENT OF NEW MATERIALS AND METHODS ............

4.1 Development of bruisc susceptibility tests ..o oo



Vi

411 Introduction .. ... 58
4.1.1.2 Simulation ot damagc that applcs incur during |
commercial grading .. ... .. L. 59
4.1.1.2 Mcthods of applying standard impacts to
apples . ..o 60
4.1.1.3 Mcthods of representing bruise severity and
the relationships between impact cnergy,
bruisc diamcter and bruisc volume . ......... 63
4.1.2 Materials and methods . .. ... ... o oo oL 64
4.1.2.1 Simulation of apple damage that occurs during
commercial grading .. ... ... o L 64
4.1.2.2 Mcthods of applying standard impacts to
apples . 65
4.1.2.3 Mcthods of representing bruisc severity and
the relationship between impact energy, bruise
diameter and bruisc volume ... .. oL 65
4.1.3 Results and discussion .. ... .. oo 67
4.1.3.1 Simulation of applc damagc that occurs during
commercial grading .. ... .. o 67
4.1.3.2 Mcthod of applying standard impacts to apples . 68
4.1.3.3 Mcthods of representing bruisc scverity and
the relationship between impact cnergy, bruisc
diameter and bruise volume .. ... L L. 70

4.2 Bruisc colour mcasurcment on whole apples and the ditfercnce

in colour componcnts between light and dark bruises. . ... ... 76

421 Introduction ... ... 76

4.2.2 Materials and methods .. .. ... oo oL 78

4.2.2.1 Bruisc colour measurcment on whole apples ... 78
4.2.2.2 The difference in colour components between

light and dark coloured bruises ............. 78

4.2.3 Results and discussion ... ... oo 79

4.2.3.1 Bruisc colour measurecment on whole apples ... 79

4.2.3.2 The difterence in colour components between
light and dark coloured bruises . ............ 79

4.3 ConcluSIONS .« v v vt e e 83



vii
CHAPTER FIVE
PREHARVEST SOURCES OF VARIATION IN BRUISE SUSCEPTIBILITY

AND BRUISE COLOUR . ... . e e e e 84
S.hIntroduction ... .. e 84
5.2 Between-orchard variation . ... .. 86

5.2.1 Materials and methods . ... .. ... .. o L 86

5.2.2 Results and discussion . ... ..o 87

5.3 Within-orchard variation . .. ........ ... ... ... .. .. . .. ... 105
5.3.1 Materials and methods .. .. ... L oo 105

5.3.2 Results and discussion ... 108

5.3.2.1 Between-tree variation ... ... 108
5.322Timecof harvest .. ... .. . 120

5.3.2.3 Within-tree location . ... ... .. .. ...... 129

5324 Mincral content .. ... 136

S.325 Irrigation ... 138

5.4 ConcluSions ..o 141

CHAPTER SIX
HARVEST AND POSTHARVEST SOURCES OF VARIATION IN

SUSCEPTIBILITY TO BRUISING . ... ... . . . i 143
0.1 Introduction .. ... 143
0.2 Materials and methods ... ... L Lo 148

0.2.1 Time of harvestduring day ....... ... . ... .. ... 148
0.22 Temperature ... 148
0.2.3 Storage timce after harvest ... .. ... o L 148
6.2.4 Temperature and weight loss . ... oo o oo 149
0.2.5 Storage time and temperature ... 149
6.2.6 Delay in pre-cooling .. ... ... oo i 150
6.3 Results and discussion .. ... oo 150
0.3.1 Time of harvest during day . ...... ... ... .. .. ... 150
0.32 TCMPCralure . ..ottt e e e 156
6.3.3 Storage time after harvest .. ... .. oL L 158
6.3.4 Temperaturc and weightloss .. ... ... . . .. 159
0.3.5 Storage time and temperature ... 163
0.3.60 Dclay in pre-cooling .. ..o 169

0.4 ConcluSIONS e 171



CHAPTER SEVEN

DISCUSSION .. 172
7.0 Introduction . ..o 172
7.2 Bruise susceptibility and its assessment . ..., ... ... 72
7.3 Apple bruising at cell level . ... ... ... ... ... .. .. .. 175
7.4 Prcharvest factors influencing susceptibility to bruising .. . ... ... 176

7.4.1 A conceptual model .. ...... ... .. . L i, 176
7.4.1.1 Climate and orchard location . ............. v
7412 Cultivar .. ... 177
74.1.3 Tree variability ... ... .. o L 179
7414 Irrigation ... 180
7.4.1.5 Fertiliser/foliar sprays . ................... 180
7416 Maturity .. ... . 183
7.4.1.7 Apple tissue attributes . ... ... 184
7.5 Harvest and postharvest factors intluencing susceptibility to
DruisSing . ... e 187
75.1 Aconceptual model ... ... .. .. o L 187
7.5.1.1 Fruit water status at harvest ............... 188
7.5.1.2 Temperature ... i 188
7.5.1.3 Ripening and water status .. ............... 190
7.6 Bruisc colour .. ... ... 191
7.7 Apple bruising at orchard and packhouse .................. 192
7.8 Further work ... ... 194
7.8.1 Representation of bruise severity .. ... ... .. . ... 194
7.8.2 Between and within-orchard variability . ........... .. 194
783 Maturity . ... e 195
784 TEmMPCrature . .. ..o v vttt ittt e e e e 195
7.85 Bruise colour .. ... .. L 195
7.8.6 Cumulative effects .. ...... ... .. .. .. 195
7.9 Conclusions . ...t 196
SLITERATURE CITED . .. ... ... .. . i 197

APPENDIX I .. . 221



ix

FIGURE CAPTIONS

Fig. 2.1 Handling stages applicable to NZ cxport apples (modificd

from Shewfclt ez al. 1987). .. ... 9
Fig. 2.2 A cross scction of an idcalised bruisc showing the symbols

used by Mohscnin (1970). .. ... ... . oo 22
Fig. 2.3 Cross-scction of an idealised bruisc showing dimensions uscd

in bruisc volume calculations by Holt and Schoorl (1977). .. .. 23
Fig. 3.1 Apparatus uscd to apply a standard bruisc to individual

apples using a 25 mm diameter steel ball. .. ... 0 L. 49
Fig. 3.2 Apparatus uscd to apply a standard bruisc to individual

apples using a 70 mm diameter plastic-coated ball. .. ... .. .. 50
Fig. 3.3 Masscy University, FCU “Treeways’ grader used to simulate

bruisc damage occurring during normal grading operations. . .. 5]
Fig. 4.1 Key positions on a fruit grader where apple bruising was

consistently found to occur (Banks, 1991). .. ............. 59
Fig. 4.2 Impact gencerating device developed by Michigan State

UNIVEISITY. « o 65
Fig. 4.3 Cocfficient of variation and variance at cight impact

cnergies from 0.07 to 0.6 J for (A) bruisc depth, (B) bruise

diamecter and (C) bruisc arca. . ... . L 72
Fig. 4.4 Coctficient of variation and variance at cight impact

cnergics from 0.07 to 0.6 J for (D) surfacc area of innecr

bruisc boundary, (E) Vyand (F) V,. . ... . ... .. . ... 73
Fig. 4.5 Plots of {A) Bruisc diamcter and volume versus E, (B)

bruise diamecter versus £ and (C) cocfficient of variation

of bruise diameter and volume for ‘Splendour’ impacted at

different energy levels. .. ..o 75
Fig. 4.6 Bruisc colour development after a standard bruisc was

applicd to a yellow skinned ‘Granny Smith’ apple. ......... 80
Fig. 4.7 ‘Bruisc colour development after a standard bruisc was

applicd to a green skinned ‘Granny Smith” apple. . ....... .. 81
Fig. 5.1 Relationship between standard impact bruise diameter and

bruisc arca/fruit for high and low susceptibility groups of

fruit from cach orchard incurred whilst grading in 1990 (R?

= 020 ) 92
Fig. 5.2 Relationship between standard impact bruise diameter and



Fig.

Fig.

Fig. ¢

Fig.

Fig.

Fig. 7

Fig. 7

Fig.

5.3

54

6.1

6.2

7.3

bruisc arca/fruit for high and low susceptibility groups of
fruit from cach orchard incurred whilst grading in 1991 (R?

Relationship between standard impact bruisc diameter and
bruisc number/fruit for high and low susceptibility groups of
fruit from each orchard incurred whilst grading in 1991 (R?

Standard impact bruise diameter (mm), bruise depth (mm),

grader bruise arca/fruit (mm?), number of bruise/fruit, starch

index and fruit firmness (N) ot the most and lcast

susceptible groups of large and small fruit from the 1991

SUIVEY. . . .« o W - - - o s S EEE e o s E e aea e 97
Nitrogen, phosphorus, potassium, calcium and magnesium

content (mg/g DM) of the least and most susceptible groups

of large and small fruit from the 1991 survey. . ............ 99
Standard impact bruisc diameter (A), depth (B) and weight

loss (C) of ‘Splendour’ apples coolstored at 0, 10 or 20°C for

cither 12, 30, 54, 114 or 414 h before being bruised. .. ... ... 166
Bruisc lightness, chroma, and hue angle of ‘Splendour’

apples coolstored at (0, 10 or 20°C for cither 12, 30, 54, 114

or 414 h before being bruised. .. ... ... o oL 168
Factors influcncing susceptibility to bruising at cell level. . ... 175
Conceptual model of preharvest intluences on susceptibility

TO BruiSINg. ... e 176
Conceptual model ot harvest and postharvest tactors that

influcnce susceptibility to bruising. . .......... ... oL 187



LIST OF TABLES

Table 4.1

Tablc 4.2

Tablc 4.3

Tablc 4.4

Tablec 4.5

Tablc 4.6

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Bruisc diamcter (mm), number of bruises, total bruise
arca/apple (mm?) and percent of total bruise arca/apple
attributable to each bruise diameter size incurred by medium
sized ‘Granny Smith’ apples (mass = (.18 kg; n = 80)

during simulation of commercial grading. .. ..............
Bruisc diamecter (mm), number of bruiscs, total bruise
arca/apple (mm?) and percent of total bruise arca/apple
attributable to each bruisc diameter size incurrcd by small
apples (0.13 kg mass: n = 80) during simulation of
commpieial gradifgi & .iewn = wni » sren § & e @ dEeE & B
Bruise diamcter, depth, and volume of standard bruises on
medium sized ‘Granny Smith’ apples generated by impacting
with a small steel ball (0.21 J; n = 20) and a large plastic-
coated ball (0.32J;n =20) ..... ... .. ... ..
Regression equations and coetficients of determination of six
paramcters used to represent bruise severity (E = energy; J). .
Colour components of bruised and unbruised apple tissuc of
‘Granny Smith’ apples (n = 48) measured with a Minolta
chromamcter. . ........ ... . ..
Colour of bruised tissue of ‘Granny Smith’ assessed visually
and as mcasured with a Minolta chromameter. . ...........
Between and within-season comparisons of standard impact
bruise dimensions of ‘Granny Smith’ apples. Standard errors
arc in parenthesis. . ... ...
Standard impact mean bruise diameter of orchards in the

1990 and 1991 survey. Within cach ycar orchards are ranked
from largest to smallest average bruise diameter, different
orchards were used in cach year. Standard errors are in
Parentheses .. ... . o
Ficld and grader damage (mm?) of the most and lcast
susceptible groups of ‘Granny Smith’ apples from each of

the 1990 and 1991 orchard surveys. . ...................
Regression ANOVA of standard impact bruise diameter on
fruit calcium content and fruit mass (raw data) - 1990 survey
data. ...

xi

67

82

88

90



Table 5.5

Table 5.6

Table 5.7

Table 5.8

Table 5.9

Table 5.10

Table 5.11

Table 5.12

Table 5.13

Table 5.14

Table 5.15

Table 5.16

Table 5.17
Table 5.18

Table 5.19

xil
Regression ANOVA of grader damage on fruit phosphorus
concentration (raw data) - 1990 survey data . ............. 101
Bruise lightness, chroma and hue angle of bruised apple
tissue from 12 Hawkes Bay orchards ranked according to
bruisc hue angle - 1991 data. ... ...... ... ... ... ... ... 104
Early, mid and late scason harvest dates for ‘Granny Smith’
and ‘Royal Gala’. . ... ... ... . . 107
Analysis of variance for standard impact bruisc diameter for
‘Granny Smith’ control trees. . ........... ... .......... 109
Between-tree variation in standard impact bruise diametcer
(mm), depth (mm), mass (kg), tirmness (N), crush strength
(kPa), starch index and soluble solids (°Brix) for ‘Granny
Smith” apples. ... ... 110
Correlation coefticients for within-tree and pooled data
between standard impact bruise diameter and fruit attributes
for ‘Granny Smith’ apples harvested from control trees. ..... 111
Between-tree variation in colour components of bruised
‘Granny Smith” apple tissuc. . ......... ... ... . ... ... 113
Analysis of variance for standard impact bruise diameter for
‘Royal Gala’ control trees. .. ... o i 115
Within-orchard variation in standard impact bruisc diameter
(mm) and depth (mm), mass (kg), firmness (N), crush
strength (kPa), starch index and soluble solids (°Brix) for
‘Royal Gala’ apples . ..... ... .. 116
Within-trce and pooled data correlation coetficient between

standard impact bruisc diamcter and attributes for fruit from

Between-tree variation in colour components of bruiscd

‘Royal Gala’ apple tissue. . ....... ... . ... 118
Analysis of variance for standard impact bruise diameter for

all main ctfects and interactions uscd in the ‘Granny Smith’

tridl. .. 120

Analysis of variance for standard impact bruise diameter for

all main cffects and intcractions used in the ‘Royal Gala’

il e 122
Time of harvest cffects on ‘Royal Gala’ fruit attributes ... ... 124



Table 5.20

Tablc 5.21
Table 3.22
Table 5.23

Table 5.24

Table 5.25

Table 5.26
Table 6.1

Table 6.2

Table 6.3

Table 6.4

Table 6.5

Table 6.6

Table 6.7

Table 6.8

Xiii
Correlations and significance of standard impact bruise

diameter with other fruit attributes for ‘Granny Smith’ and

‘Royal Gala.” .. ... 127
Within-tree variation of ‘Granny Smith’ fruit attributes. . . . . .. 130
Within-trec variation of ‘Royal Gala’ fruit attributes. ... ... .. 132

Fruit attributes and factors influencing susceptibility to
bruising of truit harvested from the upper north and lower

south tree position. (- = reducing cftfect and + = increasing

cffect on susceptibility to bruising) . ................ .. .. 136
The calcium and phosphorus content of ‘Granny Smith’

apples subjected to foliar sprays (Section 5.3.1). ........... 137
The calcium and phosphorus content of ‘Royal Gala’ apples
subjected to foliar sprays (Section 5.3.1). ................ 137
Eftcct of water stress on ‘Bracburn’ attributes. .. .......... 139

Analysis of variance for standard impact bruise diameter of

‘Golden Declicious’ apples bruised at three harvest times and

after fruit had cquilibrated at five temperatures (0, 2, 6, 12

and 20°C). ... 151
Standard impact bruise dimensions applied to ‘Golden

Dclicious’ apples cither A) after three harvest times (n =

60)) or B) after equilibration to onc of 5 temperature for 2 h

(data pooled across temperature treatments; n = 300). ... ... 152
Standard impact bruisc diameter and depth of ‘Golden

Dclicious’ apples tfor data pooled according to temperature
IFCAMCNL. L ottt e e e e e e e e et 153
Standard impact bruisc diameter of ‘Golden Delicious’

apples harvested at three times during the day, equilibrated

at 5 temperatures for 2 h betore bruising. . . ...... ... .. ... 154
Standard impact bruise and grader bruisc dimensions of

‘Granny Smith’ apples bruised at cither 0, 10, 20 or 30°C. . ... 157
Analysis of variance for grader bruise arca of ‘Royal Gala’

apples stored at ambient temperatures for varying periods

prior to grading. ... ... ‘158
Bruisc area and number of bruises on ‘Royal Gala’ apples

graded after 1, 3 or 9 days storage at ambient temperatures. .. 159
Analysis of variance for standard impact bruisc diameter of

‘Royal Gala’ apples stored cither in plastic bags or not and



Table 6.9

Tablc 6.10

Table 6.11

Tablc 6.12

Table 7.1

Table 7.2

bruiscd during a scquence of warming (20°C) and cooling

(3°C). o e

The effect of a sequence of warming (20°C) and cooling

(3°C) trcatments on ‘Royal Gala’ fruit attributes. . ........

Analysis of variance for standard impact bruisc diameter for
‘Splendour’ apples held at three temperatures (0, 10 and

20°C) for varying pecriods (12, 20, 54, 114 or 414 h). . ......

Analysis of variance of standard impact bruise diameter of

‘Royal Gala’ apples subjected to various pre-cooling periods

(0,24, 48 T2 ). o oo e e e

Bruise dimensions, weight loss, starch, soluble solids,
firmness and gap of ‘Royal Gala’ apples stored at 20°C for
(), 24, 48 or 72 h betore pre-cooling and bruising 96 h after

harvVeSt. . . e

Ranking of susceptibility to bruising of cultivars according to

standard impact bruisc diameter gencrated (method 2) on

apples towards the end of the commercial harvest period. . . .

Cumulative ettect of manipulating factors identified in this

study to influcnce susceptibility to bruising. . ... ... .. ...

Xiv

. 164

. 169

. 178



LIST OF ABBREVIATIONS AND SYMBOLS

A ettt sttt a st bruisc arca (mm?)
AVA bbbt b bt st e ascorbic acid
ettt dcgrees Centigrade
R et e ccll roundnessindex
Vet et ettt b et s cocfficicnt of variation
ettt ettt ettt ettt ettt et et et et et e s ens sasennen bruisc diameter (mn1)
ettt st e r et a et et neenene major bruisc diameter (mm)
sttt ettt ettt se et an b neene s minor bruisc diameter (mn1)
ISP deformation at skin puncturc (mm)
F ettt ettt ettt b et et et sas et et et et et et e eenes Encrgy (J)
E e EnzymcNomenclature
ENZA e, New Zcaland Apple and Pcar Marketing Board
X O OO USRS Fruit Crops Unit
TR U TP ce Figure

ettt etk h e eh 1t e et bR Rt e A A bR e ARt A £ A A AR R es R A e A e b e AR e b b et ke R bbb e s ettt ettt ebenenes gram
ettt ettt ettt b et bt a et ettt aese e s sene e gravitational constant (9.81 m/s?)
e e drop height (m)
H ettt rcbound height (m)
Dt sttt sttt s et et seanenea bruisc depth (mm)
Dbt eh e bbbttt b et b e hour
[SO.oiee Europcan International Organisation for Standardization
KPP et kilopascal
K ettt ettt kilogram
ettt h e s bbbt et bbb er e b e be b b aeere b nhe b litre
S r e s lower south tree position
M et et b ettt be e eaen mass (kg)
L1 P OO OO OO PP PPt mctre
TN Lt et bbbt eana e e s s ee millilitre
TNUIT Lttt ettt stk b bbbt et er et bbb bbbt b et s et ne s millimetre
N ettt bbbt h e s bbbt b et b e bbbttt es s bt s Newton



xvi

1301 TR OSSOSO OSSO PO SO RO PO PO SUORORORORUEPPOORRRON nanonictre
N e e e e e New Zcaland

ettt et et e b e et ettt et e e et ent et ereeaeeaeeaeeneenas perimeter (mm)
PPE e photosynthetic photon flux (@mol's' m?)
PP Ot et n polyphenol oxidase

R ettt bttt radius of apple (mm)
R e coctficient of determination
ettt ettt ettt e s h e b bbb et bt b et ea bttt bbbt bt ebe e et ne corrclation coctficicnt
s inncr bruisc boundary arca (mm?®)
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SED ettt standard crror of the difference
UK ettt United Kingdom
UN ettt upper north tree position
USA et United States of America
ettt bruisc volume (mm?)
et ettt nan bruisc volume (mm?); Chen and Sun (1981)
et bruisc volume (mm*); Holt and Schoorl (1977)
Xttt s height of bruise above contact plane (mm)
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