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ABSTRACT 

Financial returns to New Zealand orchardists could be increased if bruise 

damage to apples and its visual consequences were reduced. Comprehension of 

the variability of susceptibility to the bruising of apples associated with either 

pre harvest, harvest or postharvest influences is fundamental to reducing bruise 

damage. Standard impacts to apples have been generated in many ways and 

bruise severity has generally been represented as bruise volume per unit enerh,),. 

In this study bruise severity was represented by a) the diameter of a bruise 

generated by a sphere of mass and radius of curvature similar to that of apples 

and whosc impact energy (0.32 J) was similar to apple-apple collisions that 

occurred during grading or b) the damage that apples incurred by grading in a 

standard manner. Bruise colour was also measured and visual differences 

between dark and light brown 'Granny Smith' bruised tissue were associated with 

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

In 1 990 from a survey of 'Granny Smith' orchards it was determined that the 

range in bruise diameter of individual fruit was 1 7% (fruit mass range; 0. 1 57-

0 .20 7 kg) and in 1 99 1  was 63% (fruit mass range; 0.098-0 .271'1 kg). The betwecn

season difference in mean bruise diameter was 2.8% .  Over the two years it was 

found that bruise diameter of fruit from orchards producing either the most or 

Icast bruise susceptible fruit differed by an average of 6 .5 % .  In 1991 bruise 

diameter generated from a standard impact was related to grader damage (R2 = 

0.49) and the slope of this relationship indicated that small increases in bruise 

diameter equated to large increases in grader damage. In both years the most 

bruise susceptiblc fruit had higher levels of tissue phosphorus, calcium and 

nitrogen than least susceptible fruit. In onc year of the survey bruise 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' ( 1 1 So) exceeded that of 'Granny Smith' (4%) .  Bruise diameter of least 

bruise susceptible fruit was more consistently related to starch index, soluble 

solids, fruit mass and firmness than bruise diameter of the most susceptible fruit. 

Harvesting 'Granny Smith' and 'Royal Gala' early rather than later in the season 
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resu l ted in hruise diameter reductions of 5 %  and 2 1  % respectively. Within-tree 

position of apples did not consistently influence susceptibil ity to bruising in either 

variety. Foliar sprays of calcium (CaCI2) and phosphorus (H3P04) did not 

influence fruit mineral contents or susceptibility to bruising. Apples from non

irrigated 'Braehurn' trees had smal ler bruise diameters (6%), less calcium and 

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

'Golden Delicious' apples harvested later in t he day were less susceptible to 

hruise damage (7.3 % )  than those harvested early in the morning; e levated 

temperatures and reduced water status were identified a causative factors. As 

temperature increased from a to 20°C susceptibility to bruising showed a non

linear reduction. Bruise diameter and grader damage reduced 5 %  and 2 4 %  

respectively when 'Granny Smith' apples were bruised a t  20°C rather than when 

hruised at O°e. If ' Royal Gala' were cooled to 2 °C and then rewarmed to 200e 

they sustained 36% less grader damage than if graded immediately after harvest. 

Usefu l reductions in grader damage (25 %) were achieved by holding fresh ly 

harvested 'Royal Gala' at ambient temperatures for one day before grading. 

Storing the h ruise susceptible  cultivar 'Splendour' apples for 5 4  h at 20°C before 

hruising resulted in a 9% reduction in bruise diameter. A 24 h delay in pre

cooling of 'Royal Gala' was associated with a 0.5 % weight loss and a 3% 
reduction in hruise diameter; delays of more than 24 h before pre-cooling were 

associated with enhanced ripening and greater weight loss but no measurable  

change in  susceptihility to  bruising. 

I n the 1991 survey, there were large between-orchard differences in hue angle of 

hruised 'Granny Smith' apple tissue (16°) and light brown brui e tissue was 

associated with higher fruit nitrogen content (R2 = 0.55) .  Between-tree 

diffe rences in hue angle of bruised tissue from ' Royal Gala' apples were l arge 

( I  S°) hut with 'Granny Smith' were insignificant. Differences in bruised tissue 

colour due to enhanced maturity or within-tree position in both cu ltivars were 

not consistcnt. Cool storing 'Sp lendour' for 4 14 h before bruising appeared to 

increase hruise lightness. 
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C HAPTER ONE 

INTRODVCTION 

Large quant it ies of New Zealand (NZ) grown apples arc reject ed because 

bruis ing exceeds export qual ity standards t hereby caus ing significant reduct i ons i n  

potent ial  revenue. Two strat egies cou ld  h e  i m plement ed t o  reduce such damage 

and i mprove ret urns t o  growers. The first would he t o  improve t he engineered 

aspect s  of app le handl ing syst em s  so t hat fruit were subject ed to fewer and l ess 

severe impact s  during handl ing. A second st rat e!:,,,), wou ld  be to  ident ify and t hen 

man ipulat e  factors t hat influence suscept ibi l it y  of apples  to bru ise  damage, 

t hereby m in imising thc  consequences of damag ing i nf luences. Whi l st t he 
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potent ia l  henefits of t he first strategy arc immediat ely ohvious, t he l inks between 

prc- and post harvcst condit ions and suscept ib i l it y  to bruis ing, and t he extent t h at 

t hey could hc man ipulat ed under typical NZ growing condit ions and harvest i ng 

syst ems, have t o  be identified. I n  a U nited Kingdom (UK) study, Johnson and 

Dovcr ( 1990) ind icat ed t here were no f irm views on t h e  ct1'ect s  of pre harvest 

factors on bru ise suscept ib i l ity  although orchardist s  considered t hi s  t o  be a high 

priority  f or research. Pre l imi nary d iscussions indicated  t hat NZ orc har dist s  a lso 

supported research i n  thi s area, which hecame t he focus of t hi s  study. 

Bot h  fruit grading specia l i st staff and consumers u sc bruise vis ibil ity  t o  assess 

apple suit ah i l ity e it her for export or consumpt ion.  If visib le  evidence of appl e  

hruise damage could  b e  reduced by t he man ipulat ion of management fact ors, t hi s  

m ight be expected t o  reduce t he number of  fruit rejected  at t he paekhousc and 

hy consume rs. 

Previous studies on t hc s uscept ib i l ity  of apples t o  bru ise damage have used 

met hods that arc usual ly only l oosely rel at ed t o  t he type of damage t hat appl es 

incur during harvest i ng and gradi ng. These studies have usua l ly employed bru ise 

scvcrity ind ices t hat a re charact erised hy l arge variat ion  which  makes sma l l  

d iffe rences bctween t reat ment gro ups d ifficult t o  detect .  Furt hermore, t he 

re l at ionship betw een bruise severity indices and the  actual  damage t hat apples 



incur during harvesting and grading practices docs not appear to have been 

addressed hy other researchers. There would he considerable value in 

determining how closely variation in measures of bruise susceptibility might 

predict likely damage that apples would incur during grading. 
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There are many physical attributes of apple tissue that are prohably cultivar 

dcpendent hut arc also influenced by growing conditions or management inputs 

that could he associated with susceptibility to bruising. These include fruit mass, 

skin thickness, size and shape of cells in the epidermis, hypodermis and 

parenchyma as well as intercellular spaces, fruit firmness, starch contents, tissue 

density, stage of maturity and turgor pressure. As a fruit grows and matures on a 

tree and then later ripens and loses water after harvest in cools tore, the relative 

importance of the contribution of each attribute to energy absorption and 

damage changes. Comprehension of characteristics and dynamics of the 

resistance that apple tissue offers to impact damage would be important as it 

would give an understanding of the likely outcomes of apple treatments aimed at 

reducing susceptihility to hruising. 

Anecdotal evidence which has heen supported by preliminary research work 

suggests that some orchard lines of fruit are more sensitive to hruise damage 

than others. The reasons for such variation may be difficult to identify heeause of 

the diversity of growing conditions and the number of variable inputs associated 

with the production of apples from a particular orchard. It would be desirable to 

identify the extent of between-orchard variation for several seasons. Initial survey 

work could be used to provide indications as to where further research efforts to 

manipulate hruise susceptibility should be directed. 

There are many pre harvest factors that potentially could he manipulated to 

influence apple composition and structure and as a consequence perhaps 

influence susceptihility to hruising: rootstocks and planting density, fertilizer 

applications, ground cover management, pruning/canopy management, thinning, 

foliar sprays and irrigation intensity are the more ohvious factors. The strong 



influence of m ineral contcnts on appl e  characteristics ( Marce ll e, ] 995) c learly 

offers an attrac tive approach to i nvestigate hecause of the potential for growers 

to manipulate them hy sprays and fert i l izers. 
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Calc ium is known to influence memhrane permeahi l i ty and strength of ce l l  wall 

and intercel l ul ar honding (Ferguson, 1 984). Frui t  phosphorus concentration has 

heen negative ly associated wi th  ce l l  volume (Letham, 1 969), firmness and storage 

disorders (Wehster and Lidster, 1 986), and has also heen associated wi th  ce ll 

strength ( M artin et af. 1 965) .  Development of hruise colour is a resul t  of 

polyphel101 oxidase (PPO) activity on phenolics re leased from the ruptured ce l l  

wa l l s  i n  damaged tissue. The potential influence of  app le  m ineral contents on  the 

activity of the enzymatic hrowning suhstrates and, as a consequence, fina l  hruise 

colour is not known . I nvest igating potential associations hetween m ineral 

composition of apples and susceptihil i ty to hruis ing as wel l  as the influence of the 

appl ication of fol iar sprays coul d  provide evidence on  the role of the mineral 

content  of apples in determ ining the sensit ivity of apple  t issue to hruis ing and 

effects un bruise colour. Johnson and Dover ( 1990) expected to f ind a 

relationsh ip between fru i t  mineral content and suscept ihi l ity to bruising. 

However, in  a l ong term survey of U K  'Braml ey's Seedl ing' app le  growers, th i s  

group found no consistent relat ionship between the endogenous fru i t  m ineral 

content and bruise susceptibi l i ty. An a l ternative survey approach may be to 

compare groups of l east and most  hruise susceptih le  apples from a number of 

mchards. 

I rrigation intensity is  another m anagement  i nput that could he m anipulated: 

apples m aturing on trees under reduced or ni l  i rr igat ion programmes woul d  be 

expected to have lower water content than apples  deve loping under adequate 

water supplies. I t  seems l ikely that apples  harvested from trees suhjected to 

d iffering i rrigation programmes would have different responses to i mpact .  Whi l s t  

D urand ( 1 990) indicated t hat reduced irrigation of app le  trees produced fru i t  

that were less susceptible  to  bruising, no data were provided to  quantify such 

effects. 
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Potential with in-tree influences on frui t  attributes are considerable and arc 

primari ly a result of variab le l ight inte rception which has been studied by a 

number of researchcrs (Tust in et al. 1 988 ;  Campbel l  and Marini ,  1 992) . The type, 

s ize, l ocation and age of fruit ing wood have also been shown to i nfluence fru i t  

composition. Based on th i s  i t  wou ld  seem reasonable to  expect that within-tree 

location of apples would  i nfluence frui t  attributes in a manner that could  affect  

sensit ivity to  impact damage. 

The t ime of day that fruit are harvested may a l so influence their susceptib i l i ty to 

bruis ing. As temperatures r ise during the day, l eaves transpi re and water l osses 

may not he rcpl accd by root suppl i es quickly enough and water m ay be drawn 

from the fruit  to maintain l eaf stomatal function. Thus, through a combined 

effect of increased temperature and l ower water potential ,  frui t  harves ted l ater i n  

the day may he less susceptible to bruis ing t han those harvested ear ly i n  the 

m orning a t  low temperatures and h igher water potent ia l .  Shou l d  th is supposit ion 

be correct then choosing the t ime of day that harvesting operations are 

undertaken would be a relatively s imple strategy to reduce bruise damage. 

Once apples  are harvested, a series of i nteractions between turgor, temperature 

and rate of r ipening come into p lay to determine  susceptibi l i ty to bruis ing. 

Fresh ly harvested apples may l ose water quickly if p laced in l ow humidity storage 

cnvironments. Such an effect is l ike ly to reduce bruise susceptibi l i ty and this h as 

been suggested by 10hnson and D over ( 1 990) as a possib le  strategy to reduce 

bruise damage . The extent that water loss may be llsed to reduce susceptibl ity to 

bruis ing is governed by the New Zealand Appl e  and Pear Marketing Board's 

( ENZA, 1 9(4) packing and cools tore criteria which are presum ab ly designed to 

min imise the negativc effects that excess water l oss and r ipening h ave on 

postharvest qual i ty .  

The firmness of  coolstored appl e  tissue h as been shown to  be i nfluenced by 

temperature ( Bourne, 1 982) and firmness has been occasional ly associated with 

susceptib i l i ty to bruising. E luc idation of the temperature effect on susceptib i l i ty 



to the hruising of apples at harvest, or soon after, may provide information that 

could he used hy orchardists in  their  efforts to reduce hruise damage. 

Temperature of storage influences rate of ripening which is also important in  

determining susceptihility to  hruising. As the middle lamella and cell walls hegin 

to hreak down, cells are l ikely to he less ahle to transfer impact ener!:,,,), hefore 

rupturing. The point at which each of the three ahove mentioned influences can 

be maximised to reduce susceptihility to hruising without detrimentally 

influencing apple quality is of interest to those involved in  postharvest storage 

and grading of the fruit. 

Until the extent of he tween-orchard and within-orchard variah il ity has hecn 

determ ined the scope to manipulate management i nputs other than foliar sprays 

and irrigation programmes is l im ited. However, real possihilities exist to 

manipulate harvest and postharvest factors thought to he associated with the 

bruise susceptibility of apples. It would be of hencfit to the NZ apple industry if 

these key factors were identified and quantif ied. 

The ohjeetives of this thesis were to: 

• define a measure of hruise severity with low variance which was 

related to the damage that apples incur during postharvest handling 

• define the variability in  susceptihil i ty to hruising and hruise colour 

apparent on a hetween-year, between-season, he tween-orchard, hetween-

tree and within-tree hasis 

• investigate the possihilities to manipulate susceptihil ity to hruising by 

appl ication of foliar sprays, reduced irrigation and harvest time during the 

day 

• investigate postharvest opportunit ies to manipulate frui t  temperature, 
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t' torage time and ra te of ripening to reduce the suscep tih il i ty of fru i t to 

impac t dam age . 

To t'ys tema tical ly accompl i sh the ahove ohjec tives thi s  thes is was devel oped as 

fol lows. Chap ter Two reviews curren t l i tera ture per ta in ing to apple hruis ing and 

hru ise colour where a p lan t phys io logy ra ther than an engineeri ng approach i s  

adop ted. General m a terials and me thods are ou tl ined in  Chap ter Three. As 

several experimen ts differed s l igh tly, fur ther specifi c  de ta i l s  are provided in  each 

chap ter as required. The devel opmen t of new me thods i s  descrihed in Chap ter 

Four where various hruise severi ty i ndexes and the damage tha t  apples  incur 

during grading were crit ica l ly exami ned. D e termin ing an appropria te m e thod of 

measuring hruise colour ditlerences is also descrihed. Chap ter Five exp lores 
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pre harves t vari a tion in  suscep tih il i ty to hruis ing hy way of a two-year orchard 

survey, a wi th in-orchard s tudy of two app le  eul tivars i ncluding harves t da te, 

he twcen- trec and wi th in- tree considera tions as wel l  as de termin ing the effec t of 

i rr iga tion on suscep tih i l i ty to hrui sing. The rel a tionship hetween a hruise sever i ty 

index and the damage tha t  apples i ncur dur ing grading i s  a l so expl ored. The 

value of harves ting apples a t  d ifferen t times of the day, the effec t of tempera ture, 

s torage time and ripen ing are explored in  Chap ter Six. Chap ter Seven, the 

general d iscussion, evalua tes resu l ts p resen ted i n  the earl i er chap ters i n  the l igh t 

of  curre n t  knowledge and their  imp l ication for ho th bruise suscep tih li ty s tudies 

and indus try. It a l so ou tl ines fur ther  research possih il i ties i de n tified through 

conduc ting this program me.  
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CHAPTER lWO 

FACTORS I NFLUENCING SIZE AND COLOUR OF APPLE BRUISES 

2. 1 I ntroduction 

According to the European I nternat ional Organisation for S tandardization (ISO) 

qual i ty can be defined as "the degree in which the whole characterist ics of a 

product meets the requirements that spring from the goals  of usc" .  Qual i ty has 

become the s ingle most important factor l eading to business success i n  markets 

(Shewfe l t  and Prussi a, 1 993). Kader ( 1 9R3) defi ned quali ty of frui t  and vegetab les 

as " the combination of attributes or propert ies that give value i n  terms of human 

food". Because of strong i n ternational sa les competit ion for horticul tura l  

produce, factors that may improve qual i ty of produce de l ivered to markets are 

continual ly be ing researched. Attributes of any produce or product that arc used 

to characterise qual i ty shou ld  be eas i ly  detected or measured, so that they can be 

expressed quantitatively and evaluated object ively .  To ensure suitab le  quali ty for 

NZ export apples  is attained, the marketing arm of the New Zealand Appl e  and 

Pear Marketing Board (ENZA NZ I nternational) has described m in imum 

standards for qual i ty attributes considered essential for market success. 

Apple  mass, maturity, firmness, soluble so li ds, and sk in  co lour are a l l  attributes 

that contribute in various ways to qual i ty. At harvest, an app le cou ld  comply for 

these attributes but cou ld st i l l  be rejected i f  excessivel y  bru ised during 

postharvest  handl i ng procedures. If an app le  accumu lates more than 100 mm2 of 

vis ible skin bruis ing it should be rejected for export ( EN ZA, 1 994) ;  damage of 

th is type resul ted in  a financial l oss of approximate ly NZ$8 m i l l ion to NZ 

growers of 'Granny Sm ith' apples  in 1 99 ]  (Banks et al. 1 992). In that year 

'Granny Sm ith '  comprised a l arge proportion of the total frui t  exported and 

Kle in  ( 1 987) ranked this variety as one of the m oderately bruise susceptibl e  apple 

cul t ivars when compared to other NZ grown apples.  H ad l osses caused by 

bruis ing of other, m ore bruise susceptib le cult ivars that are exported been 

evaluated, then the financial l oss woul d  have been considerably greater. There 

are several other imp l ications of  excessive bru ising that impinge on  orchardists 



market ing options. The varie ty 'Splendour' was keenly sought  after by consumers 

hut has heen wi thdrawn from export by ENZA hecause of its suscept ib l ity to 

bru is ing. Bruised apples rejected for export are sold to processors for 

substantial ly l ower financial returns. Unfortunately such apples  contrihute to the  

concentration of  off-tlavours i n  juice and dried fru i t  products. I t  is  c lear that 

financial returns to NZ appl e  orchardists are s ignificant ly reduced by excessive 

bru is ing.  

Compression and impact damage to apples, sufficient to cause bruis ing occur 

during harvesting, grading, packing and transport operations. Shewfe l t  and 

Prussia ( 1 993) advocate a systems-approach to solving postharvest problems.  By 

applying th is  theory to the typical handl ing system, identi fication of potential 

areas for reduction of bruising may resul t. 
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Several studies have i dent ified  the causes and i ncidence of apple bruis ing during 

harvesting and gradi ng i n  NZ, the United States of America ( USA) and Australi a  

( Bo l len  and Dela-Rue, 1 990; Studman, 1 990; Banks, 1 99 1 ;  B rown et al. 1 993; 

Crisosto ct al. 1 993; Dodds et af. 1 994). Generally these studies have identified 

that grading spced and grader design contribute significan t ly to the bruise 

damage that occurs. A typical N Z  export app le  hand l ing system has 

approximately c leven dist inct operations (Fig. 2 . 1 ) . ENZA identified t hat apples  

of  count sizc 88 and 100 were bruised during trans i t, and H eap ( 1 994) ident ified 

that tray design was responsib le .  Apart from th i s  s ize range, NZ apples genera ll y  

arrive at overseas warehouses bruise free ( Robertson, pel's comm .  1 992) . Quali ty 

attributes including hruise damage are eval uated both on entry and exit from 

overseas warehouses (Step 8) and poor qual i ty frui t  are generally discounted for 

sale or rejected: few fru i t  are rejected ent ire ly  because of excessive bruis ing. I t  i s  

therefore possible t o  concl ude t h a t  a t  the grading operation (Step 3 )  excessively  

bruised frui t  are ident i fied and rejected. 

Research into the i nfluence of grading machinery on bru i sing ( Banks, 1 99 1 ;  

Bol len and Dela Rue, 1 990), cushioning materials (S tudman et al. 1 994), 
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packaging types CHeap, 1 994) and transport ( Maindonald and Finch, 1 986) has 

identified potent ia l  improvements to systems and equipment. 
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Whi lst  improving hand l ing techniques i s  important i n  reduci ng bruise damage to 

apples, Johnson and Dover ( 1 990) reported that bru ise susceptib i l i ty varies m ore 

with in a year than between years. This observation suggests that t here may be 

scope to manipulate factors t hat reduce bru ise susceptib i l ity thereby making the 

fruit l ess prone to damage . Despite adopting a systems-approach to ident i fy 

approaches to reducing bruise damage, Shewfe l t  and Pruss ia ( 1 993) did not 

consider manipulation of bruise susceptib i l ity as a possibl e  so lution. 

There arc pre harvest, h arvest and postharvest factors that could be manipulated 

by orchard ists or packbouse operators that m ay reduce bruise damage. This 

Chapter reviews previous research re lated to methods of assessing bruise 

susceptib i l i ty and also examines the opportuni ty to manipulate production, 

harvest or storage factors to reduce app le  susceptibi lity  to mechanical damage 

and its undesirab le  visual consequences. 

2.2 What is a bruise ? 

Mohsenin ( J  986) defined bruis ing as damage to p lant t issue by external forces 

causing al terations to the physical  and/or eventual chemical (colour, flavour, 

texture) attributes of the crop. Apples can be bruised wh il s t  s ti l l  on the tree and 

anywhere in  the harvest ing, grading, packaging and marketing chain. Packhouse 

grading special ists and consumers perceive severity of bruising by the degree of 

t issue deformation and visible browning which depends on bruise size, bruise 

colour and background skin colour. 

Un less bruises that occur during gradi ng arc recognised by sk in i ndentation, t hey 

are often not ident ified by grading special ists. Therefore, Shewfe lt's ( 1 986) 

description of bruising as " laten t  damage" ie .  damage i ncurred at one step in a 

postharvest system but not apparent  unt i l  a l ater step, i s  accurate. The practical 

imp l ications of this fact  are that every effort should be m ade to reduce the 
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incidcnce of hruisi ng at harvest, grading and during l ater handli ng operations. 

I t  i s  clear that the engineering approach to hruising has heen to design handl ing 

systems that arc less predisposed to damage fruit .  H owever, i f  the potentia l  

k inet ic energy of frui t  or energy from other mechanical sources that i s  generated 

during handl ing operations exceeds l evels that ean he absorbed by engineered 

devices (cushioning, packaging, shock absorbers), then enerf:,lJ' i s  transferred to 

fruit .  Whi ls t  the fru i t  can absorh some energy without damage, generall y, 

ahsorhcd enerf:,lJ' i s  diss ipated by tissue fai lure. App le  tissue fai lure depends on 

the type, sever i ty and duration of energy transfer (P i tt ,  1 992) :  

.. I mpacts - these usual ly occur during harvesting and gradi ng and arc 

caused hy frui t-frui t  col l is ions or by frui t  h i t t ing other hard objects . 

.. Vihration, friction and abrasion - sueh damage usually occurs during 

transportation . 

.. Compression usually a result of overloading of fie ld bins or poor 

packaging. 

For s imi lar amounts of enerf:,lJ' absorbed, i mpact-generated bruise volumes on 

apples were approx imately 40% smal ler than those result ing from compression 

( Hol t  and Schoor l ,  1 977) .  Suhstantiating this observation, Rodriguez et al. ( 1 990) 

determ ined that there were c lear d ifferenees in tissue response to impact and 

compression damage. However, impacts are the most prevalent cause of app le  

damage during handl ing operations i n  NZ (Banks, 1 99 1 )  and for th is  reason have 

heen researched in more detai l .  

G eneral ly, d i fferent  appl e  cul tivars each have their own characteristic cel l  

packing arrangement, stage of maturity and ripeni ng, and therefore display 

variahlc responses to impact damage. Knowledge of ce l l  dynam ics and physiology 

assists in appreciating the causes of var iat ion i n  tissue sensit ivity to hruis ing and 
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these are described i n  t h e  fol lowing sect ion . 

2.3 Bruise development 

The causes of t i ssue fai lure have been i ntens ively researched by engineers i n  

attempts t o  quantify, and fac i l i tate prediction of, bruise damage. It i s  c lear that 

app le  t issue shows viscoel ast ic properties (Sommers, 1 965) defined as "a 

combined sol id- l i ke and l i qu id  behaviour in  wh ich  the s tress-strain rel at ionship i s  

t ime dependent" by M ohsenin ( 1 970) .  The i nterce l lu lar honds and movement of 

ce l l  contents through the ce l l  wal l constitute the viscous componen t  ( Frey

Wyss l ing, 1 952;  Preston, 1 955 ;  P itt, 1 992). The c last ic component arises from the 

incompress ih il i ty of thc cel l  flu id  and the e l ast ic i ty of cel l  wall s .  The t ime

dependent properties of the structure resul t  from changes in the p l ast ic ity of the 

cel l  wal l and i ntercel l u lar peeti n  bonds,  the permeab i l i ty of the p lasmalemma and 

the degree of movement  of unbound  extra-cel l ular flu id  (P itt, 1 992) as ripen ing 

proceeds. Stress (Newtons per m2) has been described as t he components of 

i n ternal force that act through a given plane at the point at which the  stress i s  

appl ied. Stra i n  ( 11 1 111 per mm)  has been described as the u n i t  change due to force 

in the size or shape of a body referred to i t s  original s ize or shape. By the 

appl ication of various test techn iques it is possible to measure stress and strain to 

develop a range of defi n i t ion s  relat ing to the mechanical properties of frui t  and 

vegetable tissue; these l i e  outside the scope of th i s  work. Because of the complex 

interactions of cul t ivar effects, variab le frui t  mass, s ize, maturi ty, type and shape 

of impact ing surface, i mpact vel oc i ty ,  height of fall ,  temperature and water status 

of fruit  tissue, defini t ive models predicting bru is ing have not yet been deve loped. 

Pitt ( 1 992 ) suggested that wh il s t  further work on the techn ical unders tanding of 

tissue fai lure and i mpact dynam ics could be u ndertaken, i t  was i mportant that 

current knowledge was practical ly applied  to reduce bruise damage to 

horticultural produce. This ph i losophy is fundamental to t he physiologieal 

i nvestigat ions that are described in the fol l ow ing chapters. 
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2.3. 1 Mechanisms of t issue fai lure 

Hol t  and Schoorl ( 1 977) described app le  t i ssue and the dissipation of energy 

during impact as: "an orderly arrangement of l iquid fil led spherical cel l s  bounded 

by viscoel astic membranes w ith air fill ed  i nterstitial spaces. On in i tial 

compression, cel l s  arc deformed i nto e l l ipsoids under stress distribution s imi lar to 

an c lastic sphere. Further compression would resu l t  in cel l  wal l  fracture i .c .  ce l ls  

burst ing in  regions of h igh shearing stress. D istortion and bursting of cel l s  

explains t he  energy d iss ipative system" .  

This description, for completeness requi res the addition of several factors that 

are important infl uences in the transfer of energy to appl e  tissue. I t  m ust be 

addcd that: 

• Whi ls t  ce l l  walls do have c las tic properties their e lasticity modulus 

(which decreases during r ipening) i s  not high, particu larly when 

prestressed by h igh turgor pressure (N i l sson et  al. 1 (58). Thus, turgor 

pressure is important i n  determini ng the point at which the cel l  wal l 's 

c lastic capacity is exceeded. 

• Cel l  i nterstitial spaces vary in size between eult ivars and the stage of 

ripen ing and arc usual ly  fil l ed with air and solutes (Vincent, 1 989; P itt, 

1 (92). Therefore, the potentia l  of cel ls to deform or be disp laced when 

comprcssed varics considerably both between and with in cult ivars. 

• Thc strength of i n terce l lu lar bonding determines whether these bonds 

s l ip or are hmken during i mpact. The rel ative strength of i n terce l lu lar 

bonding and the cel l  wal l (not ce l l  wal l strength alone) are key factors i n  

determin ing the efficiency o f  the appl e's enef!:,"Y dissipative system and 

cvcntual type of structural failure. 

An  improved comprehension of the mechanisms of t issue fai lure can be derived 

by considering the four tissue characterist ics that Pitt  ( 1 992) observed to be 
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associated with tissue resil ience to hruise damage. 

2.3. 1 .  t I n itial turgor pressure 

As ce l l s  absorb water they stretch, becom e  turgid and compress against each  

other increasing the  strength of  in terce ll u l ar honding. Such action decreases t he  

capah i l i ty of  t he  cel l  to  be  displaced or to  u t i l i se t he  sma l l  c last ic potent ial o f  t he  

wal l s  when impacted. H igh ly turgid cel l s  arc pre-stressed and are m ore sensitive 

to external l oading than l ess turgid cel l s  (Pit t  and Chen, 1 983). 

D iurnal fluctuations in frui t  d iameter occur wh i le  frui t  are st ill on  the tree (pears, 

Klepper. 1 968; appl es, J ones and H iggs, 1 982 and H iggs and Jones, 1 985 ;  

immature apples,  Lang, 1 990; peaches, Berger and Sel les, 1 9(3) .  I f  evaporative 

demands exceed leaf and trunk  reserves then water is drawn from the fru i t  which 

resu lts in frui t  volume changes. Apple  diameter hegins to reduce m id-morni ng 

and reaches a min imum soon after peak l eaf transpiration (ahout m id-day). I n  

t he  early even ing, as evaporat ive demands decrease, apple d iameter returns to 

early morning levels .  The fluctuations of up to 2% of frui t  volume arc assumed 

to he d irectly related to cell turgor ( Lang, pel's comm .  1 993). Therefore, 

harvesting at m id-day or soon after when cel l  turgor is l owered may be a 

procedure that cou ld  he used to decrease t he susceptihil ity  of appl es to hruise 

damage. 

Various postharvest s torage condi tions could he used to influence water s tatus of 

apples. J ohnsol1 and Dover ( 1 990) suggested that reductions in frui t  turgor by 

manipulat ing s torage condi tions after harvest  cou ld  he used to reduce bruise 

suscept ibil i ty of frui t  prior to grading. Garcia et al. ( ]  995) rcduced the weight of 

fresh ly harvested 'Gulden Supreme' and ' Golden Del icious' apples by less t han 

aftcr 1 6  h storage in  low humid i ty (35-40%; at 20-2S0C) . After applying 

standard i mpacts, a smal l  hut significant reduction i n  bruise volume (ahout  5 %) 

was measured on these apples when compared to contro ls .  A s im ilar experiment  

using s tored frui t  gave inconsistent resul ts p resumah ly hecause any weight l oss 

cri tical to reducing apple bruise susceptihi l i ty had heen l ost  hefore starti ng the 
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experiment .  

2.3. 1 .2 Plasma membrane hydraulic permeabi l i ty 

Plasma membranes are permeab le  to water and are e i ther less permeab le  or 

effectively impermeable to various solutes .  Cel l  contents are i ncompressibl e  (P i tt ,  

1 992) and therefore the abi l i ty of the membranes to a l low l iquids to pass through 

them, thereby rel ieving strain when subjected to external l oading, may influence 

membrane breaki ng point .  Potent ial l y  damaging i mpacts usually take about 5 - 1 0  

m i l l i-scconds (Garcia et al. 1 9RR) and the abi l i ty of the membranes to convey 

water content outside the cel l i n  th i s  t ime m ay be l i mited ( N ilsson et al. ] 95R) . 

As fru it  go from c l imacteric to post-c l imacteric, membrane viscosi ty and 

permeabi l i ty increase ( Lurie and Ben-Arie ,  1 983) and modifications i n  cel l  shapc 

may oecur as  turgor decreases (Stow, 1 989). Therefore, after periods in  store, the 

increased permeab i l i ty of the p l asma membrane s houl d  contribute to reduce the 

tendency of ce l l s  to rupture at the moment of impact. 

2.3. 1.3 Viscoelasticity of the ceB waH 

Viscoel ast ic i ty encompasses most cel l  wall mechanical properties (Pi tt ,  1 992) and 

rel ates primar i ly to their p l ast ic and c lastic properties. Immature frui t  cel l  wall s  

arc morc e l astic than p las tic .  Such frui t  cel l s  are s ti l l  expand ing and t he growth 

stage , wh ich  is dr iven by turgor pressure, i s  fac i l i tated by re laxation of 

i nterce l lu lar bonds (Cosgrove, 1 993). As frui t  ripen, cel l  wal l s  become th inner, 

particularly i n  the vic in i ty of the m iddle- lamel l a  (Ben-Arie et ai. 1 979), and m ore 

p las tic ( Ru iz, 1 990) and are therefore more l i kely to rupture rather than stretch 

during impact .  General ly, i f  frui t  are exposed to h igher l eve ls  of radiant ener�ry 

d ur ing growth they tend to con tain more fibre (Pitt ,  1 992). This m ight be 

expected to i ncrease cel l  s tiffness and reduce the susceptih i l i ty of ce l l s  to impact  

damage . 

The viscoe last ic properties of cel l  wall s  are reduced as temperatures decrease 

( Bri tton ct al. 1 9R7). At colder temperatures cel l  wall s  become stifIer and m ore 

hritt le (Nelson and M oilsen in,  1 968) and are therefore more suscept ib le  to 
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bruis ing damage. It i s  hecoming increas ingly com mon to coo l s tore or CA-store 

applcs  in hu lk prior to grading, but the  i nfluence of frui t  temperature at the  t ime 

of  grad ing on suseept ih l i ty to hruising does not appear to have heen quan tified 

under NZ growing condit ions. Based on the above argument  i t  wou l d  seem l ike ly 

that hruise damage may he reduced if cool stored apples were rewarmed 

im mediately prior to grading. 

I ntercel l u l ar spaces can account for up to 30% of frui t  vol um e  and different 

apple cultivars m ay have s im i l ar cel l  sizes yet widely differen t  proportions of 

intercel lu l ar spaces (Baumann and H e nze, ! 983; Vincent, 1 989). D ifferent  ce l l  

pack ing arrangements of  cu l t ivars arc l i kely to be refl ected in  vari ab le  tissue 

responses to damaging i mpacts. 

The ce l l  wal l s  and i nterl ame l l a  l ayers constitute 1 - 3% of the fresh app le  weight 

and impart rigid ity to the whole structure. Cel l  wall rupture was considered to be 

the most important t issue fail ure mechanism in bruise deve lopment  by Pit t  and 

Davis ( 1 984). This statement  was based on the be lief that cel l  wall rupture was 

requ ired for enzym atic browning to occur. However, Rodriguez et al. ( 1 990) 

dctermined that ce l l  wal l  rupture was not essential for the in i tiation of enzymatic 

brown ing. This group suggested that d isorgan isati on of m embranes was s uffic ient 

to cause enzymes and substrates to leak thereby causing browning. 

2.3. 1 .4  Viscoelastici ty of the middle lamel la 

The m idd le lamel la  s tructure changes as frui t  soften (Ben-Arie e t  a1. 1 979; Stow, 

1 (89) chemical bonds with in the m idd le l ame l l a  have been l oosely l i kened to a 

'st icky gel '  (Jarvis, 1 984) .  The strength of these bonds assists i n  determining the 

energy absorbing characteristics of apple tissue. I m m ature frui t  have i n terce l l ul ar 

honds that arc strong and impact energy i s  dissipated through the whole frui t  

structure. Later a s  frui t  ripen, cel l s  e n large, their walls becom e  th inner and the  

volume of  in terst it ia l  spaces i ncreases l eading to l ess ce l l -cel l  contact (Johnson 

and Dover, 1 (90). Therefore, more i mpact energy is dissipated at the s i te of 

impact generating larger areas of damaged tissue. 



The viscoel ast ic properties of the middle lamel la  are reduced by l ower 

temperatures ( Britton et al. 1 987) and therefore potent ial movement of the 

m iddle lamel l a  during i mpact woul d  be reduced and more energy woul d  be 

ahsorhed hy the  ce l l  wall .  As a consequencc, at l ower temperatures, more cel l  

wal l s  wou ld  rupture rather t han cel l -ce l l  bonds. 
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Transfer of energy to apple tissue i s  affected by a ll four  of these frui t  t issue 

components a l l  of which are mutually dependent at the moment of impact. 

Whi l s t  the suseeptibl i ty of appl e  t i ssue to hruis ing is determined by the 

integration of the res istance of cel l s  to rupture and the resistance of ce l l s  to 

separate, thc location of eac h  cel l  wi th in the impact zone is also i mportant .  Ccl l s  

in  the centre o f  the impact zone are l ike ly t o  separate and rupture, wh il s t  those 

ccl l s  in  thc outer zone may show e i ther type of damage depending on turgor and 

maturi ty .  Lapsley et al. ( 1 992) observed that mechanical deformation of non

mealy  apples resul ted in cel l  wall rupture, wh i le  mealy appl e  showed 

dis in tcgration of t issuc through individual i ntact cel l s  or cel l  agglomerates. The 

relat ive importance of the mechanisms of t issue fai l ure are dependent on 

inherent structural characteristics, ripen ing effects, turgor and the temperature of 

the apple tissue. 

Othcr important influences on appl e  t i ssue response to impact i nc lude various 

growing condit ions. Pitt ( J  992) ident ified cel l s ize and number as i mportant 

vari ah les in th is  respect, both of wh ich  have heen shown to d isplay between

season variation (Smi th ,  1 950) .  G arci a  et al. ( 1988)  observed that frui t  with a 

dense, juicy pulp and low a ir-space volume wcre susceptibl e  to deep bruises, 

whi l s t  fruit  with a high volume of air-space between the ce ll s  develop bruises that 

were wider and c loser to the sk in . Var iat ion in skin thickness and strength  

( Mohscnin e t  al. 1 962: Clevenger and Hamann, 1 968), cel l  size and shapes i n  the  

epidermis, hypodermis ,  parenchyma and intercel lu lar spaces are also l ikely to be 

associated w i th  variation i n  tissue strength (Vincent, 1 989; Ruiz, 1 990; Patocka, 

1 (92). Fru i t  firmness (Johnson and Dover, 1 990), starch contents and dens i ty 

( Kle in ,  1 987) have also heen associated wi th t issue strength, but the associat ion 
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between suscept ibil i ty to bru i s ing and these attributes has been variable .  For 

instance Klein ( 1 987) found a correl at ion between frui t  density and frui t  firmness 

( r  = 0 .46) , hut neither of these attrihutes were s ignifi cantly correlated with hruise 

d iameter or volume.  

2.3.2 Physiological processes i nvolved in browning 

I mpacts suffic ient to rupture the cel l  wal l usually  damage cel l  membranes; both 

events have heen reported to he essential to provide a m ix of cel lu lar 

components that lead to the devel opment of the characteristic hrown colour of 

hruised apple  tissue (Dieh l  ct al. 1 979; P itt, 1 992). On the other h and Rodriguez 

et al. ( 1 990) suggested that ce l l  tonoplast  rupture, and not necessarily ce l l  

rupture, was the cause of  enzymat ic browning. 

Within several hours of heing damaged, appl e  t issue general ly devel ops a 

characteristic hrown colour. Membrane (mainly thylakoid) d isruption releases the 

copper-contain ing mono-oxygenase, polypheno l  oxidase (PPO; Ee L 1 4. ]  8. 1 )  

which hecomes active when subjected to a change i n  pH,  or when exposed to 

various cations (Valero and Garcia Carmona, ] 992). In  i t s  activated form, PPO 

has two dist inct  enzyme functions (Oszmianski and Lee,  1 990) which act  on 

various phenols  l ocatcd primarily i n  the vacuole :  

• the o-hydroxylation of monophenols to o-diphenols 

• the mono-oxygenat ion of o-diphcnols resul ting in the production of 0 -

qui nones which polymerise in a non-enzymatic reaction to brown melan in  

pigmen ts that stahil ise by l inkage to  proteins .  

I t  is c lear that phenol ics p lay a major rol e  i n  the hrowning reaction. Amiot et  al. 
( 1 992) reported that apple cortical tissue general ly contains three c lasses of 

phenol ics: 

• Hydroxy-cinnamic acid derivatives such as ch lorogen ic acid, eaffeoy!, 
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coumaroyl and feru loyl ,  a l l  of wh ich react with PPO.  ChI orogen ic acid i s  a 

natural suhstratc for P PO act ion and the products from this reaction co

oxidise other suhstances (Oszmianski and Lee, 1 990) .  Chlorogenic acid 

therefore p lays a p ro minent role i n  the hrowning reaction. Phenols can 

constitute l .2% of fresh  apple  weight (Trejo-Gonzalez and So to-Valdez, 

1 99 1  ). 

• Flavan-3-ols such as epicatech in  and procyanidin .  PPO activity on these 

compounds is  enhanced in the presence of ch lorogen ic acid (Oszmianski 

and Lee, 1 (90) and the products are more in tense ly coloured compounds 

than those of ch lorogen ic acid ( Rouet-Mayer et al. 1 9(0) . 

• Flavanols such as anthocyanins have also heen i mp l icated i n  bruise 

d iscolouration ( I ngle and Hyde, 1 (68) .  Anthocyanins have heen associated 

with thc i ntensificat ion of red apple sk in co lours and appear to decrease 

in  concentration from the skin to the third l ayer of cel l s  ( M azza and 

Min iati, 1 9(3) .  After cel l  d isruption anthocyan ins are suhject to enzymatic 

degradation hy an endogen ic anthocyanase from which evolves two 

products ( Markakis, 1 (82) :  

release of aglycone from anthocyani n  which  spontaneously 

converts to colourless derivatives 

- a product resul ti ng from the action of PPO on anthocyanins in  

the presence of o-diphenols. 

Though they arc poor suhstrates, anthocyanins  can also be directly acted upon hy 

PPO (Markakis, 1 (82) and may also form complexes with phenolics to produce 

the ye l low or brown pigments often seen in hruised appl e  t issue (Mazza and 

Min iati , 1 9(3). Aseorhie acid (AA), metal ions and pH of the frui t  tissue affeet 

the stah i l ity of the anthocyanins (Markakis, 1 982) and therefore their 

contrihution to colour intensity. Seniphos a m inera l  m ixture (calcium, phosphorus 

and nitrogen) has been shown to enhanee anthocyani n  content and de lay 

ripening when compared to e thephon treatment ( Larrigaudiere and P in to, 1 9(6) .  
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Zocca and Ryugo ( 1 975) indicated that hruise co lour was related to PPO activity .  

H owever, according to Vamos-Vigyazo ( 1 98 1 ), hoth l evel of enzymatic activity 

and suhstrate content  determ ine whether hrowning rates of a frui t  of a given 

cul t ivar correlate with PPO activity or po lyphenol content .  More recent ly ,  Amiot 

ct  al. ( 1 992) determined that the degree of hrowning was rel ated to the ratio of 

hydrocinnam ic acid  derivatives and t1avan-3-0Is as we l l  as PPO activity. The 

veloc i ty of the enzymatic reaction contributed to the extcnt of the fina l  

pigmcntation hut tissue pH  and AA concentration a lso p layed an influential rol e .  

Anliot et al. ( 1 992) concluded that PPO activity was not a s  important a s  the 

quantity of degraded phenol ics which are generated hy co-oxidat ion of phenolics 

hy degraded phenol ics as wel l  as hy enzyme activity in determin ing hru ise co lour. 

He a lso suggcsted that to reduce enzymatic hrowning, app le  cultivars with l ow 

ch lorogcnic and f1avan-3-ol s  conten ts shou l d  he se lected. 

2.3.3 Bruise colour development. 

Differen t  researchers have reported that app le  hruises do not reach their 

m,Lximum discolouration unt i l  3-4 h ( Hyde and I ngle, 1 968; Sami m  and Banks, 

1 993a), 1 2  h (Kle in, 1 987) or 1 2  weeks (Prussia et al. 1 986) after impact. I ngle 

and Hyde ( 1 968) ohserved that 50% of hrowning occurred with in 30 m inutes of 

bruis ing with no further change after ahout 3 h.  The rate of disco louration was 

roughly l inear for the first 60 minutes and t hen decreased s harply .  I n  a s tudy of 

hruise colour changes with t ime, Samim and Banks ( 1 993a) found that to assess 

bru ises at their most intense degree of discolouration, they shoul d  he a l lowed to 

develop for a period of 4- 1 4  h hefore sectioning and measuring. Depending on 

thc ohjcctive of measuring hruise co lour, it appears that measurements cou ld  he 

made at any t ime provided intervals hetween bruis ing and measuring arc 

accurate ly repl icated. 

There arc considerable  varietal , as wel l  as with in-fruit ,  differences i n  the 

concentration of compounds responsible for hruise colour  (Nadudvari -Markus 

and Vamos-Vigyazo, 1 984). 
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2.4 Bruise severity 

Bru i se diameter, area and volume are a l l  measures of hruise sever ity. Bruise 

d imensions arc hest measured ahout 4- 1 4  h after hru is ing, hy which t ime the 

hruised t issue has hrowned and is c learly dist ingu i sh ah le  from undamaged t issue 

( I ngle and Hyde, 1 968; Samim  and Banks, 1 993a). 

2.4. 1 Bruise size 

Variation in  hruise size for a given i mpact energy occurs he tween  cu lt ivar, 

orchard, season, s tage of maturity and storage condit ions (Johnson and D over, 

1 990) .  Bruise size can he represented hy l i near dimension ,  area or volume.  

2.4. 1 . 1  Linear d imensions 

Bruise diameter (d) and depth (h) are pr imary m easurements that arc made to 

evaluate hruise size. Bruise d iameter is eas i ly  measured wi th  m icro-call ipers and 

has heen used hy a numher of researchers ( Hyde and I ngle, 1 968; Sekse and 

Opedal, 1 993) to represent hru i se sever i ty. With red sk inned eul t ivars it may he 

difficu l t  to determ ine the hruise perimeter and there is merit  in b isecting the 

hruise on the in tact frui t  and measuring d iameter  on exposed halves (F igs. 2 .2 

and 2.3). 

2.4. 1 .2 Area 

Bruise surface area (A ) i s  the measure which i s  most c losely rel ated to that used 

hy industry and consumers to determine i f  an  apple  satisfies required standards. 

ENZA ( 1 994) st ipulates an export appl e  shou l d  not have more than 1 00 m m2 of 

accumulated hruise area wh i l st consumers may differ in what they consider is 

acceptahle ( Opara et al. 1 99 1 ) . 

Pang ('l al. ( 1 992) considered that, when two apples co l l ided, the resul tant b ru i se 

was e l l ipsoidal i n  shape and calculated hruise area us ing the fol lowing formula :  
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w h e re d 1  a n d  d2 w e re t h e  m aj o r  a n d  m i no r  d i a m e t e rs.  

Zhang ef al.  ( 1 992) used su rface a re a  of the i n ne r  hru ise h o u n d a ry ( )f the hru ise 

(S ) in  a n  a t t e m p t  to reduce the m u l t ip l i ca t ion  of e rrors assoc iatcd w i t h  t h e 

ca lc u l at i o n  o f  bruise vol u mc.  

. . . . . . . . . .  2 .2  

For defi n i t ion  of terms see Fig. 2 .2 .  

2--'. 1 .3 Volume 

M any researc h e rs deter m i ne bru ise vol u m e  ( V) to lj ua n t i f)1 bru ise sever i ty. Kl e i n  

( 1 9R7) excavated b r u i se d  t issue a n d  m easur e d  i ts m ass. I { oweve f, t h i s  m e thod 

cou ld  be very t ime  consum ing. 

Fig. 2 .2 

d 

/< >/  

h 

A c ross sec t i o n  of a n  idea l i sed b ru ise s h ow i ng t h e  sy mbols  used by 

M o h se n i n  ( \ 970) .  
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Calcu lat ion of bruise vo lume  req u i res a m easure of bru i se w id t h  and  d e p t h  a n d  a 

s imp le  proccdurc of m easur e m e n t  a n d  ca lcu l a t io n  o f  bru isc vol u m e  was 

devc loped by Mohsen i n  ( 1 970) .  A c u t  was made l ong i t u d i na l ly to t he ca lyx and  

s t e m  of the  app le  th ro ugh the eentrc of  a bru i se to  expuse equa l  h a lves ( Fig.  

2 .2),  and m easure ments taken of d and h. H e  assu med t he s hape ( )f a bru i se was 

spherical and ut i l ised thc fol lowing vol u m c  equa t ion :  

. . . . . . . . . .  2 .3 

Hol t  a n d  Schoorl ( 1 977) assumed that the shape of  the hru ise WdS sphe r ica l  

above and below the con tact plane ( Fig 2.3 ) .  In  add i t ion to d and II the  fo l l ow i ng 

m easurcmcnts wcre takcn :  

hc ight  o f  bruise above the cont ac t  p l a n e  (x ) 

total bruise depth (II + x) 

radi us of thc apple (R) 
on cac h  ha l f  of thc bruisc ( Fig. 2.3).  

The height x of thc bru i si ng abovc thc contact p lane cou l d  be ca lcu l a t e d  fro m :  

F ig. 2.3 

bru ise d ia me t er d 
(measured ) 

a p p l e  rad iu s 
R ( measured ) 

. . . . . . . . . . .  2.-4 

x (der ive d ) 
bru ise d e p t h  

h 
(measu r e d )  

Cross-s ce t ion  of  a n  i dea l ised bru i se s lmwi ng d i m e ns ions  u s e d  i n  

b ru i se vo l u m e  ca lcu l at ions  by H o l t  and  Sehoor l  ( I  ) .  



Hol t  and SchoOfl ( 1 977) then used the fol lowi ng formu lae to calculate hruise 

volumes hoth helow (Va) and ahove the contact p lane  (V,,) :  

.......... 2.5 

........... 2.6 

Total hruise volume was given by: 

.......... 2.7 
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D iener t't lIl. ( 1 979) considered that the hruise was a part ial sphere and used the 

fol lowing volume formula :  

......... , 2.8 

Chen and Sun ( 1 98 1 )  assumed that hruise shape was a semi-oh late spheroid and 

cut through the centre of the hruise region and measured m aximum hruise width 

and depth with a scale .  

• • • • • •  1(1 • • •  2.9 

There arc several prohlems with ut i l is ing volume as an indicator of bruise 

severi ty :  

• Bruise shape varies depending on  t i ssue type, impactor type, e nergy of 

impact and maturity of the app lc  and therefore care is needed i n  se lect ion 

of the appropriate vol ume  formula .  



• Bruise diameter, depth and height are squared and/or mu l tip l ied i n  

suhsequent volume calculations. Any experim en ta l  errors associated with 
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the i r  measurement are compounded in the calculations t hereby i ncreasing 

s tatistical errors and reducing the  accuracy of comparisons hetween 

treatment means. 

I t is  c lear that if a comparative statist ical evaluation of the errors associated wi th 

each  method of representing bruise sever i ty was completed, then i t  may be 

possihle  to identify a suitab le method of representation. 

2.4.2 Influence of colour on bruise visibi l i ty 

Visual  cues, particularly colour, aid in  the  ident ification of co lour- linked, 

perceived flavours (Christensen, 1 983) .  As consumers primari ly judge apples on  

their appearance (Opara e t  al. 1 99 1 ) , even a moderate amount of  bruising on  

appl es can reduce consumer acceptance. The degree of  brown discolouration and 

the extent to wh ich  the brown colour i s  masked by app le  skin colour are 

particularly important in  this respect. For i nstance, 'Red De licious' apples are 

more susceptible to bruising than ' De l icious' a l t hough industry perceives the  

l attcr to  be m ore eas i ly damaged (Zhang e t  al. 1 992). S imi lar ly, Johnson and 

Dover ( 1 990) found 'Braml ey's Seedl ing' l ess suscept ib le  to bruis ing than other 

cult ivars but, because of its l ighter skin colour, it was perceived to be very hruise 

susceptible. 

Manipulation of fac tors may reduce bruise s ize and m ake them l ess vis ih le .  There 

may bc opportunities to manipulate hru i se colour in an analogous way to reduce 

visib i l i ty further. 

2.5 Factors influencing bruise size 

I m pact energy and bruise susceptib i l i ty are the most  significant factors affecting 

hru ise s izc . This scction reviews current knowledge of the p hysical factors 

influenc ing impact energy and physio logical factors wh ich  i nfluence bruise 

susceptib i l i ty. 
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2.S. 1 Impact energy 

Many researchers have estab lished significant rel at ionships between bru ise 

severity and impact energy (Ho l t  and Schoorl, 1 977; D iener et at. 1 982; Klein,  

1 987; Brusewitz and Bartsch ,  1 989; Johnson and Dover, 1 990; Chen and Yazdan i ,  

1 99 1 ) . I mpact energy (E ; J), i s  calcul ated from the equat ion: 

where 

M == mass of impact ing objec t  ( kg) 

g == gravitational constant (9.8 1 m/s2) 

f/ == hc ight object i s  dropped from (m)  

f/} == rebound height (m) 

• . . . . . . . . •  2. "1 0  

Encrb")' absorbed by the appl e  usual ly  accounts for more than 90% of impact 

enerb")' and rebound height is  often ignored. I t  is c lear from Equation 2 .10 that a 

particular impact energy can be dcrived cither by c hanging the m ass of the 

impactor or al tering drop he ight. 

Deve lopment of a system of applying a standard impact to apples  requi res 

carefu l  se l ect ion of the shape and mass of the indentor, impact energy and 

mcthodology by which the impact i s  app l ied to apples .  A study by Banks et al. 
( 1 992) prov ides useful data if  bruise suscept ib i l i ty studies arc to be l in ked to 

commercia l  s ituations. They observed that at part icu lar points on grading 

equ ipmcnt, apples ( typica l  mass == 0. 1 6  kg) can rol l  down drops of 0.3 m and 

general ly land  on other app les. From th is s tudy i t  was apparent that an impact 

energy E of approximately 0.38 ] was common and that bruises often resu lted 

from apple-apple col l is ions suggest ing t hat spherical i mpact surfaces were 

common. The commercial re levance of some bruise susceptib i l i ty studies can be 

d ifficul t  to determine. For instance, Schoorl and Holt ( 1 977) used a relatively 

l arge impact energy of about 1 .25 J in their studies. At the other extreme 
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Rodriguez et al. ( 1 990) were abl e  to cause very small but measurab le  bruises 

using a 0.00 1 2  J impact energy. G iven that considerable  extrapolation wou ld  be 

necessary to l ink their findings with typical commercial s ituations, th i s  weakens 

confidence in the rel evance of these l atter studies to the damage that apples are 

l i ke ly to incur during postharvest handli ng.  If the sizes of bruises generated i n  

experimenta l  bruise susceptibi l i ty evaluations were representative of  t he  damage 

that apples i ncur during post harvest handling operations, t hen i nferenees 

regarding factors int1uencing commercial l evel s  of bruis ing cou ld  be m ade with 

greater confidence 

Banks (:'[ al. ( 1 992) quantified the proportions of damage that were attributab le  

to  hand harvesting, bin fil l i ng, transport and grad ing. As most bruise damage 

occurs during grad ing and th is  process i s  eas i ly  repeatab le  when compared to the 

other phases of hand l ing operations, th i s  may be an appropriate l ocation to 

dete rm ine a typical bruise s ize for bruise susceptib i l ity studies. U sing th is  

approach Pang ( 1 993) repeatedly graded a group of apples on a 'Treeways' 

grader in a standard manner. H e  concluded that any bruise over 150  m m2 i n  area 

was unl ikely to have occurred during grading. U nfortunately, Pang did not report 

the average apple mass used in h i s  experiments and it is t herefore not known if 

this bru ise area was typical of bruises i ncurred by eommercial s ized app les. The 

area of bruises that apples typical ly i ncur during grading operations would be 

useful in determining a bru ise size that coul d  be generated by standard i mpacts. 

2.5.2 Method of application 

An early review of various methodologies to generate standard impacts to apples  

for use in bruis ing studies was given by  Fluck and  Ahmed ( 1 973) .  H owever, 

Manor ( 1 97R)  noted that as there was no standard method of measuring bruise 

damage, researchers often designed their own techniques. 

Some researchers have dropped apples from a standard height onto a tlat surface 

(Diener et al. 1 982; Klein,  1 987) .  Some or a ll d imens ions of the resultant bruise 

were then used to assess bruise volume. H owever, there arc a number of 

problems associatcd with th is  method: 
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• From Equation 2. 1 0  i t  is  c lear that the impact energy of apples wou ld  

he  proportional to  their mass. This method, therefore, provides a standard 

impact energy for frui t  of uniform mass. Variation in  hruise size caused hy 

variah le impact energies (apples  of differing mass) can he compensated 

for in  part, hy expressing hruise volume as a percentage of total apple 

volume (Klein, 1 987) . 

• Apples turn whi ls t  fal l ing and impacts arc made at different sites on 

the apple .  Bruise d imensions may vary hecause of the different sizes of 

cortical ce ll s  an apple has around its perimeter ( Dedolph and Austin, 

] 962: Petre l l  et al. 1 979; Pang, 1 993) .  Furthermore, hecause of the variah le 

radius of curvature of frui t, the surface area that  is  damaged during 

impact w i l l  vary thereby deve loping hruises of variah le  diameter and 

depth. 

For these two reasons dropping apples of d ifferent mass onto tlat surfaces is 

un l ike ly to provide an ideal comparative test. 

Hyde and I ngle ( 1 968) and Topping and Luton ( 1 986) overcame these prohlems 

hy swinging a pendulum with a flat i mpacting head against an app le  which was 

he ld stationary at the hottom of the arc. A lternatively, Pang ( 1 993) deve loped a 

pendulum that swung one app le  against another stationary appl e  attached to a 

cord, s imi lar i n  l ength to the pendulum. Unfortunately th i s  type of apparatus i s  

not  easily used i n  the fie ld  and the procedure i s  t ime consuming. 

A solution has heen provided hy Maness et al. ( 1 992) who conc luded that to 

overcome the effects of variab le mass of individual peach frui t  when dropped 

onto a surface, i t  may he hetter to drop a mass onto a frui t  rather than drop a 

fru i t  onto a surface. 
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2.5.3 Modell ing impacts 

Util isation of impact thcory to calculate stresses and strains in fruit tissue during 

impact and to predict bruise damage has been hindered by the variability in, and 

dynamic nature of, responses of fruit tissue to impact. Hertz's ( 1 88 1 )  theory of 

contact stresses for elastic bodies under static l oad requires material to be 

homogenous, have smooth surfaces and the radius of curvature of the impacting 

bodies must greatly exceed the radius of the contact surface (Sitkei, 1 986). 

Despite fruit tissue being nonhomogenous, Hertzian theory can be util ised in a 

soft impact situation up to the point at which a significant bruise occurs 

(Horsfie ld et al. 1 972). When two convex bodies coll ide the normal stress 

occurring at the contact surface is termed the contact stress. Sitkei ( 1 986) 

outlined how contact stresses for fruit-fruit or frui t-flat plate impacts can be 

calculated. By uti l ising elastic impact theory, Pang ( 1 993) showed that, depending 

on the type of impact, bruise surface area is similar to the contact area for 

sphere-sphere contacts. A range of parameters such as deformation, contact t ime 

and the distribution and variation of pressure as a function of time can be 

calculated. Contact area models demonstrate that the diameter or radius of 

curvature of the fruit has a significant effect on the bruise surface area. 

An energy absorption model to describe bruising was advocated by Holt and 

Schoorl ( 1 977) and has been shown to be usefu l  at higher energy l evels .  This 

approach is dependent on bruise volume, the calculation of which poses several 

problems (Section 2.4. 1 .3). 

Empirical modcls have been uscd (Siyami et ai. 1 988) to describe impacts to fruit. 

The acceleration, velocity and displacement of the impactor change rapidly within 

the duration of impact. Impacts can be described by impact energy and force 

history whilst the fruit absorbs energy and undergoes deformation, of which some 

is permanent. Chen e t  al.  ( 1 985) described a system whereby some of these 

parameters can be accurately measured allowing calculation of others. In application 

of this approach, Garcia et al. ( 1 988) studied the relationship of these parameters 

to the ripeness of apples and pears. Impact duration and time to maximum force 
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were s trongly related to ripeness, m aximum impact force rebound vel oci ty and 

c last ic rebound energy were of intermediate value and of l east i mportance were 

maximum and permanent deformation, bruise size and impulse. Thus, fina l  bruise 

dimensions were l ess affected by degree of ripeness than by parameters 

describing the dynam ics of i mpact. 

Wh i l s t  these models assist in exp lai ning the nature of i mpacts, they have yet to 

be used as a basis for a general characterisation of the factors that influence 

bruisc severi ty or t issue responses to i mpact. Wh i l st turgor effeets were discussed 

hy Pitt ( 1 992), the effect on hruise susceptih i l i ty of small changes in eel l  number, 

ce l l  wal l th ic kness or strength,  cell packing arrangement, skin strength, t issue 

temperature and maturity has yet to he attempted.  The i nc lus ion of some these 

variables  into models i s  in part constrained by difficul ties in measurement.  No t

with-standing t hi s, frui t  t issue represents an i ntegration of many attributes and 

the separation of the main effects at any point in t ime during ripen ing represents 

a chal l enge to those researchers who wish to deve lop e i ther conceptual or 

quant itative models .  

2.5 .... Bruise susceptibi l i ty 

Bruise susceptih i l i ty has been defined as the  measured bruise volume 

correspond ing to the energy ahsorhed during e ither mechanicall y  app l ied 

compression or resul t ing from free fal l impacts (mm" J- 1 ; Ho l t  and Schoorl, 

1 977; Garcia el al. 1 9HH: Brusewitz and Bartsch, 1 989). Potent ia l ly t here are many 

factors that cou ld  e ither ind ivjdual l y  or i n  combination infl uence bruise 

susceptib i l i ty of apples .  

2.5.4. 1 Fruit variabil i ty 

Agro nom ic and c limatic factors i ntluence the postharvest qual i ty of fru i t  crops 

( M onsel isc and Goren, 1 987: Sharples and Johnson ,  1 987) and it is l ikely that 

subtl e  changes in  frui t  contents or texture would  infl uence susceptib i l ity to 

bruis ing. Between-frui t  variabi l i ty has been documented by most  researchers in  

bruising studies: general ly groups of ten to 20 frui t  have been used to assess 
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between- treatment effects. With in-fruit  variab i l i ty has also been s tudied by Petrel l  

et al. ( 1 979) who noted that tissue strength varies around a frui t  and that areas 

with greater ce l l  numbers and reduced air spaces had greater strength .  Brusewitz 

and Bartsch ( 1 989) appl ied four hruises around the equator of apples  and found 

that the blushed s ide sustained hruises that were 1 0.9% l ess in volume than those 

on the green side. They also found that there was less hetween-fru i t  variation i n  

bruise volume o n  the b lushed side. With in-fruit  variat ion i n  brui se suscept ib i l i ty 

has also been examined hy Banks et al. ( 1 989) who found  that the blushed side of 

' Royal  Gala' was 30% more hru ise susceptible than the opposite s ide. Tust in et 

al. ( 1 988) rel ated between-frui t  variah i l i ty in fresh frui t  weight and solub le  solids 

content to tree posit ion and the degree that frui t  are shaded. In consideration of 

the above i t  would seem prudent to attempt to reduee any potent ial exper imenta l  

error by generating bruises on  a standard pos i t ion on the  frui t  surface (e.g. the 

e4uator of the blushed sect ion of apples) and i dentifying within workable l imi ts, 

the  wi th in-tree location of frui t .  

2.5A.2 Cultivar 

I t  has been wel l  estab l ished that different cuIt ivars exh ib i t  variab le  t issue damage 

responscs to standard impact  energies ( Hyde and Ingle, 1 968; Topping and 

Luton, 1 986; Klein,  1 987). Cul t ivar variat ion i n  specific gravity and i n terce l lu lar 

air space in  the outer parenchyma (Vincent, 1 989) may aecount for the gross 

variation in bruise susceptibl ity between cult ivars. D ifferent cult ivars have 

characteristic skin strengths  (Mohsenin,  1 986) which m ay also be an important 

component in  expla in ing variable cult ivar bruise susceptibi l i ty. Pang et al. ( 1 992) 

suggested that bctween and wi th in-frui t  variat ion in physical yield s trength m ay 

account for the smal l  d ifferences i n  absol ute bruise suscept ih l ity found between  

cul t ivars. A conclusion such a s  th is could  on ly he suhstantiated by a study where 

between and with in-cul t ivar, and preferably wi th in frui t  var iab i l i ty,  i n  

susceptihi l  i ty  t o  hruising had heen documented. 

Considcrable anecdotal evidcnce also suggests that a number of preharvest  

factors may be associated wi th bruise suscept ib i l i ty. Packhouse operators observe 
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that different orchard lo ts of the same cul tivar vary i n  sensit ivity to impact 

damage and th i s  has heen suhstantiated hy Banks et al. ( 1 989) in pre l im inary 

studies into causes of hruising. A comprehensive study of between-orchard 

variation in susceptibi l i ty to bruising as related to frui t  contents and other frui t  

attrihutes could determine the potent ial t o  manipu late factors aimed a t  reduci ng 

hruising. 

2.5A.3 Maturi ty 

Numerous researchers ( Hyde and I ngle, 1 968; Kle in ,  1 987; Kampp and N i ssen, 

1 <)<)2; Puchalski and Gorzelany, 1 992) have ohserved that as apples mature, their 

suscept ih i l i ty to hruise damage i ncreases. In contrast, D iener et  al. ( 1 979) 

reported that more maturc frui t  were less easi ly  hru ised although in a l ater s tudy 

( 1 982) the converse was found hy the same research group. More recently, 

.T ohnson and Dover ( 1 990) suggested that whi l s t  hruisi ng i ncreases wi th  maturity, 

the s lope of this relationshi p  varied with season .  

Ruiz ( 1 9<)0) quantified the c hange in  susceptihi l ity assoc iated with ripen ing: 

c lastic rchound energy decreased from 40r;/d to l ess than 10% as frui t  r ipened and 

Ruiz concluded that frui t  c hanged from an c last ic to a p last ic state during 

ripening: as fruit  m atured t hey absorhed more enerblJ', c learly provid ing a 

m echanism hy which bruise suscept ihi l i ty could  devclop wi th  enhanced maturity. 

Far\1oomand e{ al. ( 1 977) ohserved a l inear trcnd i n  m ean frui t  ethy lene 

production from the base to the apcx of thc tree.  Thus, i f  apples from the same 

tree were harvested on the same date, they are l ikely to exhibi t  widely differing 

susceptihi l i t ies  to bruis ing. A portion of th is var iah i l i ty would resul t  from 

maturity differences hut it i s  also l i kely that frui t  from different with in-tree 

posi t ions would also have d iffercnt s tructural characterist ics that contrihute to 

t issuc s trength and therehy to bruise susccpt ih l i ty .  

H ol t  and Schoorl ( 1 984) reported that the l onger frui t  were stored the greater 

were the numher of cc l l  wal l s  that ruptured rather than c leaved and hruise 
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volume did not change which supports the concept of ripen ing causing reductions 

in cell wal l strength .  

2.5..1..1 Water status 

Fruit water status has heen recognised by researchers as a key factor that 

infl uences susceptib i l i ty to bruis ing. There are t hree ways by which  reductions i n  

fru it cel l  turgor could b e  ut il i sed t o  reduce susceptib i l i ty t o  bruising: 

• Whilst  frui t  are st il l  on the tree, their water status m ay be int1uenced 

hy irrigation, rainfa ll and l eaf transpiration rates. Apples maturing under 

water deficits have l ower water content and higher soluble solids than 

those grown under i rrigation (Drake et al. 1 98 1 )  and are less susceptib le 

to bruising (Durand, 1 990). During extended dry periods soluble solids 

accumulate within plant structures such as fru i ts .  When the water supply 

increases suddenly, by i rrigation or rainfa ll for example,  water m oves 

quickly into plant cel l s  i n  response to the osmotic gradient .  The rapid rise 

in  hydrostatic pressure can rupturc cell wall s  and possibly, cel l  membranes 

leading to spl i tt ing of frui ts and other structures (Shewfel t  and Prussia, 

1 993; Opara, 1 996). According to the observations of P itt  and Chen 

( 1 983) h ighly turgid frui t  may he very susceptible to impact damage. 

Orchardists often suggest bruise susceptib i l ity i ncreases after rainfa l l  prior 

to harvest. An i ncrease i n  water potent ial of the tree, and consequently 

the fruit, or water absorption directly through the cuticle, or a 

combination of both these m echanisms m ay expla in th is phenomenon. O n  

the other hand, Garcia el al. ( 1 995) reported that cessation o f  i rrigation 

two wee ks hefore harvest d id not influence suscept ibi l i ty to bruis ing of 

'Golden Del icious' or 'Golden Supreme' apples.  Longer periods of n i l  

irrigation prior to harvest m ay he  required t o  determine i f  frui t  water 

s tatus influences susceptih i l ity of apples  to bruising . 

• The water potentia l  of trees fluctuates diurnal ly and this i s  reflected i n  

frui t  water s tatus wh ich  can be m easured hy changes i n  frui t  diameter 
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the day, transpirational losses may not be replaced by root supp l ies 
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quickly enough to mai ntain l eaf turgor and water m ay be drawn from the 

frui t  to  maintain leaf stomatal function. I n  the even ing, when transpiration 

demands have reduced, root-supplied water moves to balance defic i ts and 

restore l eaf and frui t  water potent ial . Thus, apple turgor may reduce 

during periods of the day when transpirat ion demands arc h igh  and, under 

such condit ions, apples m ight be expected to be less susceptible to bruise 

damage. Other possible dayt ime effects noted hy Klepper ( 1968) were that 

pears from the west s ide of the tree had lower water potent ia l  than those 

frorn the cast side. Thus, the time of day and the withi n-tree pos i t ion from 

which frui t  are harvested m ay i nfluence their water s tatus and thereby 

determine their susceptibil i ty to bru is ing . 

• As has been suggested by Johnson and Dover ( 1 990), i t  m ay be 

possible to reduce turgor after harvesting as a strategy to reduce bruis ing. 

Bol i n  and Huxso l l  ( 1 987), us ing a scann ing e lectron m icroscope, found 

that an apple moisture l oss of 2% had a measurable effect on  the rat io of 

ce l l  perimeter to area whic h  was termed a cel l roundness index (CRl). 
p2 

eRl= -
4nA 

wherc: P was perimeter and A was area of a cel l .  

.......... 2 .1 1 

An increase in CRf ( ie .  i ncreased roundness) would  conceivahly  reduce the 

s trength of cel l -ce l l  honding and i ncrease the area i n to wh ich cel ls  could re

orientate during eomprcssion.  An i nduced 2% mois ture l oss after harvest, but 

prior to grading, may predispose fru i t  to shrivel later in storage l i fe .  I t  m ay he 

that even smal l  reduct ions in moisture content of fruit  reduce bruise 

susceptihi l i ty. Both O l sen and Bartram ( I 978) and Garc ia  e t  al.  ( 1 995) have 

found that weight losses of less than I % were suffic ient to cause a reduct ion i n  
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hruise volume.  Freshly harvested apples may l ose water quickly i f  they are p laced 

in l ow hum idity storage environments (Bartley and Knee, 1 982) .  Zhang et al. 
( 1 992) stored appl es at 50, 75 and 1 00% relative humidi ty and bruise 

susceptibil i ty i ncreased as relative humidi ty increased. In Europe, fru i t  are 

sometimes s tored in reduced humidity contro l l ed atmosphere (CA) stores to 

encourage weight loss  to 3%,  apparen tly  to reduce bruise susceptibil i ty (Waelt i ,  

1 99 !  ) .  

Unfortu nately, frui t  turgor potential i s  extreme ly difficu l t  to m easure 

( Zi m mermann, 1 (78), but a s imple method of cutt ing the frui t  i n  half through 

the pedice l -calyx axis and measuring the resul tant gap was developed by Skene 

( 1 980) and later u sed by H atfie ld  and Knee ( 1 988) .  After th is  study had been 

completed, Johl ing e t  al. ( 1 997) devel oped a non-destructive m ethod of 

m easuring the water potent ia l  of fru i t  and vegetables whereby a numher of sma l l  

patches contain ing sal t solutions are attached to the  appl e  skin.  The amount of  

water that a patch either donates or rece ives from the frui t  is  a l inear function of  

the  water potent ia l  of t he frui t .  

Lowering the water status of  recently harvested fruit coul d  be accomplished 

relative ly easi ly by packhouse m anagers to reduce bruise damage .  Pitt and Davis 

( 1 984) went further and suggested that it m ay be possib le to reduce turgor to 

fac i l i tate handl ing procedures and then store frui t  in  high humidi ty to m ainta in  

apparent freshness. 

2.5.4.5 Temperature 

Within the temperature range of 2 to 2 1  DC, firmness of apple tissue has been 

shown tu decrease as temperature increases (Bourne, 1 982) . I ndividual cel ls have 

heen shown to be l ess britt le at warmer temperature than cold temperatures and 

undergo a greater deformation with a correspondingly greater force without 

rupturing (Nel son and Mohesenin ,  1 (68) .  Studman and Boyd ( 1 994a) have also 

documented that at l ow temperatures apple bruising i ncreased, and suggested 

that ce l l  wal l s  arc l ess flexibl e  at cold than at warmer temperatures. Sekse and 
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Opeda\ ( 1 993), Zhang e t  al .  ( 1 992) and Prange e t  a/ .  ( 1 994) found that warmer 

fruit (> 1 5"C) were less susceptible to hruise damage than cold frui t  (O°C). I n  

contrast, however, Saltvei t  ( 1 984) reported that frui t  eoolstored for 26 weeks 

werc m ore susceptible to bruis ing at warmer rather than colder tenlperatures. 

Schoorl and Hol t  ( 1 977) used an i mpact  energy of 1 . 25 J and found no 

d ifferences in  bru ise susceptibil i ty to apples i n  the  temperature range 2 to 30"C. 

Klein ( 1 9R7) also found that when apples were dropped 0.4 m onto a h ard 

surface frui t, temperature h ad no effect on suscept ib i l i ty to bruis ing. 

I f  warm frui t  were l ess susceptihle to bruising than cold frui t  then th i s  

information could be used i n  two ways to reduce bruise susceptihl i ty of apples .  

Whi l st on the tree, fru i t  experience diurnal temperature fluctuations and could 

be harvested at or soon after m id-day when appl e  t issue temperature i s  

presumably at i ts h ig hest, and, after harvest, pre-cooled frui t  could be rewarmed 

prior to grading. 

Most of these s tudies on bruise susceptibil ity used fru i t  that had been coolstored 

for considerahle periods. N ew Zealand's appl e  export programme generall y  

requires frui t  to be  graded and packed soon after harvest al though i t  is  becoming 

increasingly common to bulk-store frui t  prior to grading. E lucidation of the 

temperature effect on bruise suscept ibil i ty of apples  at h arvest, or soon after, 

should provide inform ation which i s  l ess open to the undefined effects of l ong 

tcrm cools torage. This information cou ld  be also used by those i nvolved with thc 

fru it industry in i t s  efforts to reduce bruise damage. 

2.5--'.6 Mineral content 

Apple composition has hecn s hown to be influenced by m any preharvest factors. 

Prcharvest factors that exert an i nfluence on apple composit ion or size and that 

can bc contro l led directly at least to some extent by orchardists include: 

� rootstocks and planting density can i nfluencc frui t  m inera l  content 

( Pc ITing, 1 984: Fal lah i  e t  al. 1 985; Autio, 1 99 1 )  

.. fert i l izer appl icatinn (Ti l l er et al. 1 959;  Wil l s  and Scott, 1 976; M artin et 



al. 1 965; Letham, 1 969; Sharp les, 1 985) 

fol iar appl ications of m i nerals (Johnson and Yogaratnam, 1 978;  

Yogaratnam and Sharples, 1 982; Watkins e t  al. 1 989) 

- ground cover management ( Perring, 1 984) 

- i rrigation (Durand, 1 990; M i l ls e t  al. 1 996) 
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- prun ing ( Perring and Preston, 1 974; M ar in i  and Barden, 1 982; Morgan e t  

al.  1 984) 

- within-tree posit ion (Hein icke, 1 966; J ackson et al. 1 97 1 ;  Farhoomand et 

al. 1 977; Krishnaprakash et al. 1 983; Campbel l  and M arini ,  1 992) 

- type, size, location or age of fru i ti ng wood (Denne, 1 963; Tust in et al. 
1 988; Volz, 1 99 1 ) 

- frui t  th inning (Sharples, J 968; Quinlan ,  1 969) 

- variable l ight reception by apples in different sectors of the canopy 

(Jackson et al. 1 977; Barritt et al. 1 987; Ferree, 1 989). 

Whi ls t  not all of the above factors can be eas i ly manipulated by orchardists, one 

production factor which could be, is the fert i l iser and m ineral spray regime.  The 

calcium content of frui t  t issue is k nown to i nfluence cel l  wall strength and 

interce l lu lar bonding ( Poovaiah, 1 986; Stow, 1 989) . By i nfil trating m ineral s i n to 

apple t issue, Stow ( 1 989) was able  to s how that calcium was i n  part responsible 

for the cohesion of cel l  wal ls .  This confi rmed the study of Bol i n  and H uxol l  

( 1 987) who found that dipping frui t  i n  calcium solutions decreased the rate of 

reduction in the roundness index after frui t  had 4% water loss when compared to 

untreated fruit .  They a lso suggested changes i n  ce l l  m embrane permeah i l i ty due 

to l oss of calcium during ripen ing m ay change cel l  turgor and modify cel l  shape. 

Fu l ler ( 1 976) ohservcd that cools tored 'Cox's Orange P ippin'  apples treated wi th  

calcium were less l ikely to s how cel l  membrane and wal l breakdown than apples  

with lower calcium content. Calcium content of apples  can be i ncreased by the 

appl ication of fol iar sprays during the growing season (Bramlage e t  al. 1 985 ; 

Watkins ct al. 1 9H9: S iddiqui and Bangerth, ] 995) .  High soi l  p hosphate l evel s  

have also heen associated w i t h  smal ler apples  o f  earlier maturity ( Kotze et al. 
1 9�9). However, Sobolewska and P l ich ( 1 986) i nfused phosphorus i nto ripe 
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apples through severed appl e  bear ing branches. Later, these apples exhibited 

delayed production of e thyl ene, indicating that phosphorus m ay delay maturity .  

Whi ls t  these resul ts appear to be contradictory, the method, t im ing and rate of 

phosphorus appl ications may be i mportant considerations as m ay be the 

phosphorus status of the recipient t issue. Phosphorus content of t issue has been 

negatively associated with cel l  volume ( Letham, 1 969) .  Despite the fact that 

increasing frui t  s ize has been associated with greater bruise suseeptib l i ty (Johnson 

and Dover, 1 (90) i t  i s  probable that orchardists would not perceive reduction of 

frui t  s ize by manipulation of phosphorus fert i l izer as a su itable means of reducing 

bruise susceptib i l ity.  A consistent negative rel at ionship between storage 

breakdown and phosphorus l evel s  in 'Jonathan' apples was reported by Mart in et 

al. ( 1 965) .  Phosphate sprays have increased fru i t  firmness and decreased 

hrcakdown during storage of 'Cox's Orange P ippin'  (Johnson and Yogaratnam, 

1 97B) and 'McIntosh' apples (Webster and L idster, 1 9B6). G iven the above 

evidence i t  is probably safe to conclude that phosphorus content i s  l i kely to be 

involved in apple t issue strength .  Phosphorus content of apples can be easi ly 

influenced hy soi l  app l ied phosphate (Kotze e t  al. 1 989) and phosphorus fol i ar 

sprays (Johnson and Yogaratnam, 1 97B; Webster and Lidster, 1 986). 

Letham ( 1 96 1 )  appl ied n itrogen ferti l izer to NZ grown 'Stur mer' apples  and 

found that the number of cel l s  per frui t  decreased and their s ize i ncreased, an 

effect which presumably would have a detrimental  influence on tissue s trength .  

The s trong influence of m ineral contents on appl e  characteristics c learly offers an 

attract ive approach to i nvestigate possihle methods to manipulate the 

susceptibl i ty of apples to bruising. Simi l ar views have been expressed by Johnson 

and Dover ( 1 990) although, in  a l ong tcrm orchard survey of UK 'Bramley's 

Seedl ing' apples, they found no consistent relationsh ip between the endogenous 

mineral contents of frui t  and hru ise susceptibi l i ty .  Orchards arc l ikely to have 

d ifferent ratios of m inerals that m ay have varied effects on the bruise 

susceptib i l i ty of apples and these effects m ay be obscured by management and/or 

c l imatic diffe rences. Therefore, a with in-orchard study specifical ly designed to 



elucidate the effect of two fol iar appl ied m inerals (calcium and phosphorus) on 

susceptih i l i ty to  hru is ing m ay he an a lternative to  surveying a numher of 

orchards. 

2.5.4.7 Firmness 
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Contrary to the expectations that firmer fru i t  would he l ess susceptihle to 

bruis ing, fru i t  firmness does not give an accurate ind ication of inherent bruise 

suscept ib i l i ty ( Hyde and I ngle, 1 968; Robita i l l e  et al. 1 973; Toppi ng and Luton, 

1 986; Klein, 1 987; Pang, 1 993) although Johnson and Dover ( 1 990) found that a 

reasonably consistent relationship  after 42 weeks of CA-storage. Penetrometer 

testing of frui t  appl ies  considerahle  pressure to a smal l ,  usually peeled, area of 

apple tissue. N ot surpris ingly, th is  act ion does not dupl icate or characterise hruise 

susceptibi l i ty wh ich  i s  a whole apple response to an impact far shorter i n  

duration, and generally involving a l arger surface area, than a penetrometer test. 

Firm apples were l ess bruise susceptible than softer apples after 42 weeks i n  

coolstore (Johnson and Dover, 1 990) .  However, this was presumably a difference 

in firmness relat ing to leve ls  of r ipeni ng. Frui t  firmness has been i ncreased hy 

fol iar appl ications of calcium (Siddiqui and Bangerth, 1 995) and Alar (N

dimcthy lamino-succinamic acid; Robitail l e  et al. 1 973). Worth ington and 

Yeatman ( 1 967) and He in ic ke ( 1 966) found that frui t  firmness was co-rel ated to 

within-tree posit ion. Fru i t  lower in thc canopy and those from heavil y  shaded 

areas in thc canopy were less firm than those from cxposed posi tions. 

Whi lst  selective harvest ing from shaded and exposed tree sections docs not 

present a viable option to orchardists, othcr management options aimed at 

increas ing frui t  firmness may also i nduce alterations to tissue structure that m ay 

influence bruise susceptihi l i ty .  

2 .5 A.8 Time in storage 

Pcriods in coulstorage have bcen shown to dccrcase suseeptih i l i ty of apples to 

bruis ing ( Hyde and I ngle 1 968; Schoorl and Holt, 1 977; Bruscwi tz and Bartsch, 
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J 91-\9; Klein 1 91-\7; Prange, 1 994). Reduced coolstore humidities decreased bruise 

susceptib i l i ty even further (Zhang et al. 1 992) but a lso i ncreased skin shrivel of 

'McIntosh' (Prange, ] 994). I n  contrast, Mohsen in  e t  al. ( 1 962) reported that after 

about 1 4  days in store 'Gol den De l icious' and 'Delic ious' susceptibil i ty to bruis ing 

increased hut their m ethodology required apples to be cut i n  half before 

impacting and i t  is not known to what extent t hi s  may have affected the resul t .  

Samim  and Banks ( 1 993b) found that periods in store did not reduce 

susceptibi l i ty to bruising of 'Granny Smith'  appl es .  Lau ( 1 983) and P ri nja  ( 1989) 

found that the rapid  establ ishment (one day) of CA-storage was more effective 

than s low estab l ishment (3 weeks) i n  reduci ng the susceptibi l i ty to bru is ing of 

apples after periods in  store. 

Despite some inconsistencies in the evidence it would seem that t ime in storage 

could be uscd as a strategy to reduce suscept ib i l i ty of apples to i m pact damage 

provided that storage hum idity, temperature and storage interval aHowed only 

smal l  weight l osses and precluded rapid ripening. 

2.6 Factors infl uencing brui se colour 

Bruise colour i s  i nfluenced by severity of impact (Kle in, 1 987); t ime e lapsed after 

impact (Samim  and Banks, 1 993a), fru i t  temperature at the t ime of impact 

(Sekse and Opedal , 1 993) and substrate concentration and enzyme act ivity 

(Amiot e/ al. 1 992).  

2.6. 1 Time 

After heing hruised, brown discolouration of appl e  tissue is genera l ly observed 

after 4 h and certainly by 1 4  h, w ith bruise colour fading over l onger periods of 

t ime (Samim and Banks, 1 993a) . They exp lained th is phenomenon by suggesting 

that the disrupted bru ised tissue was in i tial ly  saturated with sap but subsequently 

dehydrated as i t  lost water to the surrounding tissues and in doing so became 

progress ively l ighter i n  colour. Provided that  bruise colour i s  m easured soon after 

bru ises have been generated, or at careful ly repl icated t ime intervals soon after 

bruising, the consequences of bruise fading should be m anaged i n  a consistent 
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way i n  the experimenta l  design. 

2.6.2 Temperature 

I n an early study hy I ngle and Hyde ( 1 968), temperature did not seem to 

influence the rate of production of hrown pigments up to 40 m inutes after 

hruis ing. H owever, Sekse and Opedal ( 1 993) observed that if apples  were 

warmed for several days after hru is ing, less visib le bruises devel oped than i n  frui t  

s tored a t  l ower temperatures. These observations perhaps could  he exp lai ned hy 

enhanced water loss at the warmer temperature which cou ld contrihutc to 

dehydration effect suggested hy Samim and Banks ( 1993a) as an exp lanation for 

'hruise recovery'. Prange ( 1 994) ohserved that warmer frui t  temperatures reduced 

the size of visihle hruising hut th is  may have resu lted from l ess tissue damage 

rather than reduced i ntensi ty of the hruise colour. Thomson et al. 1 996 found 

that the temperature at whieh 'Golden De lic ious' apples  were hruised at d id no t  

infl uence hruise colour but 'Granny Smith'  and  'Jonathon' apples developed 

darker hru ises when stored at l ow temperatures .  

From the ahove data i t  wou ld  seem that warmer temperatures somehow reduce 

the intensity of bruise colour. However, hecause warmer temperatures are 

associated with enhanced viscoelast icity and rate of biochemical reactions, as wel l  

as greater water loss a defin i tive expl anation of temperature effects on bruise 

colour may be difficul t  to determine .  

2.6.3 Substrate concentration and reactivity 

As outl ined in Section 2.3.2 phenol ics are substrates for PPO activity, and h ave 

been shown to vary hctween apple eul tivars (Walker, 1 962; Inglc and Hyde, 1 968; 

Klein, 1 987 ;  Amiot et al. 1 992), during the season (Mosel and H errmann, 1 974; 

Zocca and Ryugo, 1 975) and after periods in  storage (Walker, 1 962; Ingle and 

Hyde, 1 968) .  Oszmianski and Lee ( 1 990) found that a m ix ture of catechin and 

eh lorogenic acid produced PPO oxidation products that were l ess brown than 

e i ther catechin or ch lorogenic acid alone. Thus, i t  appears phenol ic content, or 

the ratios of these suhstances, are important i n  determin ing the susceptih i l ity of  a 



cult ivar to discolouration ( I ngle and Hyde, ] 968; M athies, 1 983) .  Nadudvari

Markus and Vamos-Vigyazo ( 1 984) suggested that two phenolic compounds 

( thought to he ( + )-ga l locatechin and (-)-epiga l locatech in)  were associated wi th  

the reddish hrown colouration of hruises and m ay vary according to orchard 

location.  Thus, if the variat ion hetween orchards cou ld  he attrihutahle  to 

idcntifiahle management inputs or environmenta l  cond i tions these data would 

ind icate potential to m anipulate bruise colour. 

42 

The l evel of phenols i n  plant t issue can be i nfluenced hy m ineral nutrit ion.  Boron 

has been implicated i n  th is  respect hy Lee and Aronoff ( 1 967) who suggested 

that its primary function was to form s table  6-P-gluconate-borate complexes and 

hence restrict and/or perhaps regulate (B irnbaum et al. 1 977) the i nflux of 

suhstrate into the pentose-pathway and synthesis of phenols .  Thi s  act ion woul d  

influence the rates o f  g lycolys is and synthesis o f  hemice l lulose and other rel ated 

ce l l  wal l  m aterials . 

Boron  could therefore be i mpl icated in bruising in two ways. Firstly, a horon 

deficiency m ight lead to an accumulat ion of phenol ics which m ay increase PPO 

activi ty and result i n  uns table  reactive i ntermediates (caffeic  qu inones) heing 

incorporatcd in cel l  membranes and ce l l  walls, resul t ing in  reduced  i ntegrity 

( Pi lbcam and Kirhy, 1 983).  Fol iar appl ications of boron have decreased the 

phenol ic content in  potato tubers (Mondy and Munshi,  1 9(3).  Sccondly, bruised 

tissue that contains h igher concentrations of phenolics cou ld  resul t  in a greatcr 

amount of brown diseo louration than tissue with l ower conccntrations of 

phenol ics. 

Deficicncies of copper havc heen s hown to reduce PPO contents and increase 

phenolic concentration ( Marschner, 1 986). Othcr m inerals that m ay be involved 

arc potassium, which in  potato tubcr has heen associated with h igher c i tric acid 

concentration and lower PPO activity resu lt i ng in less browning of pressed sap, 

less b lackspot disorder and l ess discolouration after cooking ( Marschner, 1 986) . 

H igher phenol ic conccntration i n  apple t issue also resul ts from reduccd n itrogen 



and potassium ferti l iser ( Lea and Beech, 1 978) .  Smith and Cli ne  ( 1 984) found 

that apples sprayed with CaCl? during the growing season produced very pale 

apple juice after processing. To achieve an appropriately coloured ju ice, apples 

that had not heen sprayed should he m ixed with CaCl2 sprayed fruit .  Thus, it is 

clear that there is potential for m ineral nutrit ion to p lay a significant role i n  

determining the colour o f  hruised app le  tissue. 
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Evidence rel ating storage t ime to phenol content in appl es is confl icting. Harel et 

al. ( 1 966) found in fresh ly h arvested app les, that o-phenols decreased from 0 .395 

to 0.255 mg/g FW after 30 days in  store. I n  eontrast, Kolesnik et al. ( 1 977) found 

that the total phenol content remained the same during s torage, but the 

concentration of catechins and l eucoanthocyanins decreased and those of 

ant hogans and f1avanols i nereased. 

Potential anthocyanin content of apples is genetical ly determined, hut i neident 

l ight energy, temperature, prun ing, water s tress and m ineral contents have been 

associated with variab le  leve l s  in apples ( Mazza and M in iati, 1 993) .  Low n itrogen 

and h igh potassium favour anthocyan in  production (Mazza and Miniati, 1 993) 

and calcium ions have been shown to i ncrease synthesis of anthocyanins in app le  

d iscs; i n  th is  t issue t he magni tude of the  effec t  depended on appl e  m aturity and 

the type of calc ium suppl ied (Vestrheim, 1 970). Therefore, if  the ratios of 

polyphcnols  arc important in determin ing hruise colour, changes in these ratios 

by manipulat ion of mineral contents, the fruit  position on the tree or periods in 

store might be expected to i nfluence bruise colour. 

AA reacts with o-quinoncs reduc ing the substrate for PPO and has heen used to 

reduce brown ing in eut applo s l ices (Baurenfe ind and P inkert, 1 970). AA can 

reduce melan in to l ighter colours and is frequently used in processi ng of app le  

tissue for th is  reason. I ntensity of hrowning i n  applo t issue was inversely related 

to AA content (Christensen, 1 985) .  The action of AA to reduce hrowning seems 

to he enhanced if i t  is released s lowly (Sapcrs e t  al. 1 99 1 ) . Poovaiah ( 1 986) 

a lmost doubled the AA content  of 'Golden Delicious' apples hy increasing their 
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calcium content to 4% and Mondy and Munshi ( 1 993) i ncreased the AA content 

of potatoes by fol iar applications of boron.  AA contents of appl e  have also been 

shown to decrease during storage but treatment with CaCl2 s lowed this reduct ion 

(Kovacs e l  al. 1 994) .  Hare l  e t  al. ( 1 966) also found that the rate of browni ng of 

apple s l ices decreased as the fru i t  ripens. 

Thus, it appears that cu l tivar, stage of m aturity, m ineral nutr it ion and t ime i n  

storage may infl uence factors that contribute t o  var iat ion i n  bruisc co lour  i n  a 

number of ways. Therefore, the possib i l i ty of reducing the bruise colour of apples 

by manipulation of some of these factors may be worthy of further i nvestigation. 

2.6.04 Bru i se colour measurement 

In early studies the measurement of cut apple t issue, appl e  bruise and t i ssue 

homogenate was carried out using reflectance techniques (Harel et al. 1 966; I ng le  

and Hyde, 1 96R). Typica l ly, reflectance from exposed t issue reduced (70% to 

43%)  as the browning reaction progressed. With the advent of tristimulus  

chromamete rs measurement of differences in  t issue co lour has been m ade 

considerably easier (Voss, 1 992). Smith and Cl i ne ( 1 984) and Mastrocola and 

Lerici ( 1 99 1 )  used such equipment  in the ir  studies and defined colour differences 

in terms of the l ightness, a*  and h* values. Reporting bruise colou r  in this way 

providcs l i tt l e  i nfornlat ion about chroma and hue angle which arc essential i n  

correctly defi n i ng colour ( McCiuire, 1 9(2) . U ti l is ing this approach Auhert et al. 
( 1 992) found that chroma was more discr im inant than l ightness in m easuring the 

colour d ifferences between bru iscd t i ssue of 1 1  cult ivars. Sami m  and Banks 

( 1 993a ) reduced the size of the chromameter aperture to R mm and measured 

bruise colour development through the skin of 'Granny Smith '  apples and found 

no differences in  l ightness, chroma and hue angle between bruised and u nbruised 

t issue. 

From the ahove it i s  apparent that further work would he required to measure 

the difference between l ight and dark coloured bruises. 
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2.7 Bru ising and other aspects of apple quali ty 

Bru ising of frui t  may affect the rate of ripening and other qual i ty att ributes. 

MacLeod ef al. ( 1 976) found hruised green tomatoes produced increased ethylene 

and CO2, had h igher AA content and reduced t itratahle acid i ty and ripened 

quicker than unhruiscd tomatoes. Rohita i l le  and J anick ( 1 973) found  that 

severely hruised apples produced l ess ethylene than undamaged apples: they 

proposed that hruis ing destroyed t issue at the frui t  surface that was responsihle 

for its production. However, Lougheed and Frank l in  ( 1 974) recorded i ncreased 

respiration and e thylene from appl e  t issue that had heen hruised. 

Bruising has heen associated with the incidence of hlue m ould  i nfection in appl es 

particularly after periods i n  cools tore (Burton, et af. 1 987) .  B lue mould accounts 

for 80 to 95 % of the postharvest decays in apples  on the U nited States m arkets 

(Cappel l in i  et al. 1 987) hut there appears to he no pub l ished information on the 

incidence of th is  disease in  N Z  export apples .  Th is  i s  prohahly hecause ENZA's 

qual i ty grading standards ensure that most hruised and damaged apples  arc 

detected during grading ( Rohertson, pers comm. 1 992); mould inc idence on N Z  

export apples o n  arrival at overseas destinations i s  l ow .  ENZA also requires a 

minimum calcium content for export apples which i s  known to improve resistance 

to mould infections (Conway et al. 1 99 1 ) . I t  therefore seems that the 

development of other postharvest s torage prohlems caused hy apple hruis ing are 

of l i tt le consequence to the NZ export app le  i ndustry .  

2.8 Bruise susceptibili ty and handling damage 

Although many methods have been developed to measure bruise susceptihil ity, 

none give results to which com mercial relevance can he ascribed (McLeod, pers 

com. 1 9(2). Pang ( 1 993) reported in a s tudy of hruise damage, caused during 

s imulated apple grading operati ons, that the number of hruises per app le  was a 

better predictor of bruise suscept ihl ity than bruise area. Whilst th is  study had an 

app l ied nature there i s  an essential question that appears to h ave heen 

overlooked by researchers: 'Can hruise suscept ib i l i ty, as determ ined hy a standard 

impact, he val idated in terms of damage that apples wou ld  be l i kely to incur 
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during commercial hand l i ng operations ? ' To answer this question i t  wou ld  be 

essential to estab l i sh  the bruise susceptib i l i ty of a group of apples and then relate 

these data to the damage that woul d  occur to apples during handl ing operations. 

The resul ts from such a study under NZ growing and h arvesting condit ions woul d  

then a l low packhouse managers t o  gain a better i nsight i nto the commercia l  value 

of the i r  efforts to reduce susceptibi l i ty. 

The extent of between-season and benveen-orchard vari ab i l i ty enabled 10h nson 

and Dover ( 1 990) to conclude that as bruise susceptib i l i ty varies more with in 

seasons than between-seasons t here may be scope for manipulation of factors 

thought to infl uence bruise susceptib i l i ty. Apart from a pre l iminary study by 

Ban ks et al. ( 1 989) there appear to be few data on s imilar sources of variat ion 

in  bruise susceptibi l ity of NZ grown appl es .  

Based on the above l i terature review, the fol l owing proposit ion was developed: 

that various preharvest, harvest and postharvest factors cou ld be manipulated 

with in the bounds of current NZ apple  growing and handl ing practices to reduce 

the susceptib i l ity of apples to bruising or reduce bruise colour. 

The s tudy described i n  th i s  thesis developed a s imple method of generating 

commercial ly representative bru i ses  for bruise susceptibi l ity studies as wel l  as 

identifying a method by which  l ight and dark coloured bruises ean be determined. 

The extent of variation of these two attributes that occurs between-orchard l ines 

of frui t  and their association with m ineral content  of frui t  and other attributes is  

a lso examined. A more intensive i nvestigation examines s imi lar relationships 

wi th in  an orchard with two cult ivars of appl es .  This is  fol lowed by an examinat ion 

of the effects of various harvest and postharvest treatments on bru i se 

susceptib i l i ty .  I n  several of these studies bruise col our was measured to 

determine if there was potential to i nfluence the yjsual  consequences of bruis ing. 
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C HAPTE R  THREE 

GENERAL MATERIALS AND M ETHODS 

A series of experim ents designed to e lucidate the i ntluence of pre harvest, harvest 

and postharves t  intluences on the susceptib i l i ty of apples to bruising and bruise 

colour was carried out over threc seasons ( 1990/92) .  This chapter descrihes 

matcrials and m ethods common to most of the work; specific detail s  of individual 

experiments arc included in  l atcr sections. Several of the m ateria ls and methods 

detai led in  this chapter were developed through i nvestigations designed 

specifical ly for that purpose; these i nvestigations are explained i n  Chapter Four. 

3. 1 Fru i t  

Com mercial ly grown 'Granny Smith', 'Royal Gala', 'Braeburn', 'Splendour' and 

'Golden De l ic ious '  apples were used in this series of experiments. Generally, fru i t  

were harvested from trees which  had scions grafted onto semi-dwarfing 

rootstocks ( M M  106) and suhsequently pruned to develop a central leader system 

ahout 5 III in hcight. Typical ly, p lan t  spacings were 2.5 m with in-rows and 5 m 

hctween-rows. Com mercial , semi- intensive management pract ices of fert i l izer  

appl ications, prun ing, th inning and spraying aimed a t  max imising production of  

export qua l i ty frui t  were u t i l ised. Un less otherwise stated, comm ercial ly mature 

apples  were harvested from :  

• The Massey Un iversi ty Frui t  Crops U ni t  (FCU), Palmerston North. 

Fruit were harvested from this  orchard in 1 99 1  and 1 992. Both of these 

seasons were regarded as average years for frui t  production. The soi l  was 

free draining, recent alluvium with interlayers of sand, s i l t  and gravel 

(Manawatu fine sandy loam) .  A m icro-jet irrigat ion system e mitted 27 L 

of water/tree/h and maintained soi l  mois ture tensiometer readings at 50 

kPa . 

• Eighteen commercial orchards i n  Hawkes Bay, the major appl e  

produci ng area in  New Zealand. 



Export  qual i ty apples were harvested from trees and placed d irectly onto 

standard export trays. The trays were then p laced in export cartons and 

transported to a l aboratory or  commercia l  packhouse for test ing .  Cons iderable 

effort was made to avoid  bruising during harvesting, packag ing and 
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transportation. Before al l ocati on to experiments, apples were weighed and c losely 

exam ined for defects; frui t  not of the req uired s tandard were rejected. Un less 

otherwise stated, twenty frui t  were used i n  each  of four b locks ( n  ::;::: 20 x 4).  

3.2 Application of a standard impact 

A standard impact test was used to fac i l i tate comparisons of bruise severity of 

apples between contro ls  and appl ied treatments as wel l  as from apples from 

various orchards. 

Apples were bruised in a standard manner by either one or a combinat ion of 

three methods. A blushed ( red skinned eultivars) , l ighter coloured (green skinned 

cul t ivars) smooth, b lemish free area of the apple  on the frui t  equator was u t i li sed 

for bru is ing. Assessment of i ndividual bruise d imensions  and total  bruise area are 

described in Section 3.3 .  

3.2. 1 Method 1 

Apples were hruised by droppi ng a steel bal l (diameter 25 mm ;  m ass 0 . 1 10 kg) 

0 . 1 30 or 0.200 m down a tube onto a firmly he ld  apple (Fig. 3 . 1 ) .  The tube was 

mounted on a portable dri l l  press which fac i l i tated loweri ng of the tube onto the 

app le which was firmly he ld i n  a cupped device. The ba l l  was l oaded into the top 

of the tube and re leased by pull ing Ollt  a rod i nserted through the tuhe at the 

requ ired he ight. Only onc bruise was made on any given apple.  



Fig. 3. 1 Apparatus used to apply a standard bruise to individual apples 

using a 25 mm diameter steel bal l .  

3.2.2 Method 2 
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Apples were bruised by dropping a solid plastic-coated ball (70 mm diameter; 

mass 0. 150 kg) 200 m m  onto a firmly held apple (Fig. 3.2). A pvc pipe (200 mm 

long, 80 mm diameter) with air release holes at  the bottom end and a thin elastic 

cord stretched across the diameter of the base of the tube was held vertically 

over the site on the apple to be bruised. Apples were firmly held in a cupped 

device. It was difficult to judge the correct height to hold the tube above the fruit 

because of the variable diameter of apples. This problem was overcome by 

resting the taut elastic cord on the apple skin and the ball was released from the 

top of the tube 200 m m  onto the apple. Only one bruise was made on any apple. 



Fig. 3.2 Apparatus used to apply a standard bruise to individual apples 

using a 70 m m  diameter plastic-coated ball .  

3.2.3 Method 3 
To simulate bruising that was l ikely to occur during commercial grading 

operations, fruit were graded in two ways: 

• Groups of fruit were clearly identified and added to other apples 

immediately prior to grading on an electronic commercial grader. These 

so 

experimental fruit were then separated and added to the flow of 

commercial fruit again so that the experimental fruit were graded four 

times. The addition of the experimental fruit to the commercial fruit 

increased the numbers of fruit being graded which may have increased the 

amount of damage that normally occurs. 



Fig. 3.3 

• Fruit were graded on a 'Treeways' grader located at FCU (Fig. 3.3). 

Fruit were placed on the sorting table in a standard manner (six fruit per 

roller), which was operated at a speed of 250 rods/minute with all fruit 

dropping onto one packing table. Because the packing table was empty at 

the beginning of each repetition, fruit entering the packing table either 

first or last would probably have been subjected to different amounts of 

bruising from those in between. The probability that each apple in a 

sample of fruit to be tested would have incurred approximately the same 

number and type of bruises was enhanced by passing the fruit through the 

system four times. At each repetition, the position of each fruit on the 

grading table was randomly allocated, thereby attempting to ensure each 

apple at each pass was subjected to the bruises that are generated at 

different levels of packing table fil l .  

Massey University, FCU 'Treeways' grader used to simulate bruise 

damage occurring during normal grading operations. 

5 1  
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3.2.4 Harvesting and transportation damage 

I n  1 990, variation i n  susceptibil i ty to bruis ing between-orchards was assessed 

ut i l i s ing random ly selected harvested frui t  that had been delivered to the 

packhouse. An assessment of the damage that these apples had i ncurred during 

harvest ing and transportation was carried out. Total bru ise damage was assessed 

wi th no dist inction being made between harvest ing and h andling damage. 

3.3 Measurement of bru ise dimensions 

Each hruise generated by either method 1 or 2 (Sections 3.2. 1 and 3 .2.2) was cut 

d irectly through its centre on an equatorial p lane and bruise dimensions:  

diameter (d), depth (fT) were measured using m icro-call i pers with the height 

ahove the contact p lane (x) being derived (sec Fig. 2.3) .  Bruise diameter was 

chosen to represent bruise severity because of i ts practical convenience and l ower 

variance than other methods of representing bruise susceptibil i ty ( Chapter 4) .  

Apples that  had been graded i n  the  standard m an ner (Method 3 ;  Section 3.2.3) 

were c lose ly i nspected and each bruise was careful ly outl ined using a waterproof 

marker. C irc les of different diameters (0.8 to 1 .5 cm) had previously been drawn 

on a transparent  A4 sheet and the appropriate c irc les were matched with the 

outl ined hruises on the apples ( Append ix 1 ). Bruise area was total l ed for each 

apple and bruise area/apple and bruise number/apple  were used in subsequent 

statist ical analysis . Bruise areas per fru i t  were calculated for both harvest ing and 

transportation damage ( 1 990) and grader damage ( 1 990 and 1 99 1 ) . The numbers 

of bruises/apple and bruise area/apple  were averaged for eac h  group of apples  

and then divided by four to give an indication of the amount of damage which 

would hc incurred if the fru i t  had been passed just  once over the grader. 

3A Measurement of bru ise colour 

A Minolta chromameter ( Model CR- lOO, Minol ta Camera Ltd., Osaka, J apan. )  

was used to assess brui se colour. However, the diam eter (8.54 mm)  of  the  

chromalTlCter aperture exceeded that of  the area of  bru ised tissue generated by 

s tandard impact methods 1 and 2 (colour was not  assessed on bruises generated 
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hy method 3) . Therefore, a hood or cover was designed and constructed that 

restricted incident l ight onto a smal ler area of hruised t i ssue. Thc ohservation of 

Voss ( 1 992) that a very smal l  aperture (3 mm) may not only isolate a colour 

variant hut produce a mis leading evaluation of a l arger mottled area was heeded. 

Thc chromameter aperture was redueed from 1 0.84 mm to 5 mm using a 

perforated d isc, which if p laced at the centre of the hruised t issue, avoided colour 

variations around the perimeter of the bruise . Before each  series of bruise colour 

measurements were taken, the ehromameter was cal ihrated to a white p late. 

Bruise colour measurements from several sections of experiments indicate that 

the chromameter should have been calibrated on a more regul ar basis. 

The colour components characterised by the chromameter and used in th is work 

were l ightness and chroma and hue angle. These components describe colour 

c lose ly to that  which is perceived by the  human eye and are generall y  unders tood 

by those involved in the m arketing chain ( McGuire, 1 992). 

Lightness 

Chroma 

Hue angle 

indieates the degree of l ightness; h igh values are recorded 

from l ighter t issue and l ower values from darker t i ssue 

indicates t he saturation of colour or  colour i ntensity 

ind icates colour; hue angle values decrease as sk in colour 

changes from red to green to yel low. Browner t issue has a 

lower hue angle than green tissue. 

After measuring dimensions of the b isected bruise, the colour components on 

each exposed half of the bruise were determined and averaged to give values for 

each apple .  

3.5 Fruit firmness and crush strength 

A hand held Effigi penetrometer with an 1 1  mm diameter probe was used to 

determine the force ( kgf) required to penetrate a pee led section of cortical t issue 
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of each fruit half. These measurements were averaged to give one firmness value 

for each  fruit .  Force (kgf) was converted to force (N) by mult ip ly ing by the 

acceleration due to gravity (9.807 m/s2) .  

A mcthnd developed by the Department of Agricultural Engineering, M assey 

Un iversi ty was used for measuring the crush s trength of apples (Studman and 

Yuwana, 1 992) . The device consisted of a small blade (6 m m  by 4 mm) attached 

5 111 m from the pointed end of a narrow shaft. The blade was pushed 10 mm i nto 

the apple which was manually rotated about the axi s  of the shaft unt i l  the tissue 

no longer offered any resistance. An offset arm measured the point at which the 

frui t  tissue became crushed (Fig. 3.4). A prototype was used for the ] 991 survey 

experiments and later e lectronic measurement of the crush point (kPa) and 

mcchan ical twist ing replaci ng manual operation  were made poss ible by addit ions 

to the device (Studman and Boyd, 1 994b) .  

3.6 Starch I ndex 

Starch index was assessed us ing the s tarch iodine test ( Reid et al. 1 982) .  Each 

applc was cut transversely at the equator and one half was p laced, cut surface 

down, for 3 m inutcs i n  a solut ion ( 1 00 m l )  of potass ium- iod ide ( 1  g) and iodine 

(0.25 g) in water. The resul ting pattern on  the cut surface, i ndicating relat ive 

amounts of starch and soluble sugar, was scored using a scale of 0-8, where 0 

indicates the least and � the most starch to sugar conversion. 

3.7 Solub le solids 

Adjacent to the posi t ion of the standard bruise, a section of apple ( 1 0  x 10 mm;  

sk in  attached) was excised and hand squeezed. The refractive i ndex o f  the 

resu l tant juice was measured us ing a hand-he ld Atago N-20 refractometer 

(Model N, McCormick  Frui t  Tech. )  which had been cal ihratcd to Br ix range 0 -

2W� at 20°C. 

3.8 Fruit  temperature 

Frui t  temperatures were taken using a digi tal temperature probe (Quartz D igi-



Thermo). Probes were i nserted 200 m m  i nto the apple flesh at the equator and 

temperatures were recorded after the reading had stab i l ised. 

3.9 Water status 
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A m ethod devel oped by Skene ( 1 980) and used by Hatfie ld  and Knee ( 1 988) was 

adopted to m easure the water status of apples. Apples were cut in half through 

the pedicel -calyx axis and the width of the gap which deve loped betwee n  the cut 

surfaces after 30 m inutes was measured. The size of the gap that devel oped 

depended on the water status of the app le  and was also an i ndication of growth  

stresses wh ich are rel ated t o  turgor. 

3. 1 0  Frui t  mineral contents  

A core horer was used to take a 10 mm l ong tissue p lug from a peeled ( 1  m m )  

undamaged section ahove the frui t  equator  on  each  o f  1 0  app les from each 

repl icate. Ten samples from each  replicate were bulked, homogen ised and 

analysed for m ineral  content. 

Tota l phosphorus and n itrogen were determi ned fol l owing Kje ldahl digest ion.  

The d igest ion solut ion was prepared by heat ing 250 g of potassium sulphate, 2 .5 

g of se len ium powder and 2.5 L of concentrated sulphuric ac id unt i l  the solut ion 

c leared. Samples of homogenised t issue (0 .5 g) were d igested wi th 4 cml of th is  

solut ion at 350"C for 4-5 h (or unt i l  solut ion was c lear), cooled and made up to 

50 cm� w i th  deionised water at 20°e. N i trogen was determi ned colorimetricall y  at 

630 nm fol l owing treatment of the d igest wi th a lkali ne  phenate and hypoch lorite. 

Phosphorus was determined by colorimetry at 420 nm fol l owing t reatment with 

vanado-molybdate. 

Calc ium, magnesium and potass ium were determined using 0.5 g of homogenised 

t issue wh ich were ret1uxed with concentrated nitr ic acid i n  digest ion tuhes 

occluded with sma l l  funne ls  at 1 50°C for 4-5 h or unt i l  the solut ion c leared, then 

boi led to  dryness at 250°e. The warm residue was redissolved in  50 cm3 of  fresh ly 

prepared stront ium and caesium (2.4% w/w for each e lement) i n  8 m M  H CI and 
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stored at 4()C i n  a dark refrigerator unt i l  analys is  of calcium and magnesium by 

atomic ahsorption spectrophotometry or analysis of potassium by atomie emission 

spectrophOh)metry. 

3. 1 1  Statistical evaluation 

Statist ical analyses was performed using SAS software (SAS I nstitute, Cary, NC, 

U SA). 

3. t l . l  Experimental design 

U nless otherwise stated twenty apples comprised one experimental unit  

( internal ly repl icated) and were all ocated to each  combinat ion of b lock  and 

experimental treatment. Genera l ly  a randomised complete b lock design was used 

with 4 b locks and. where appropriate b locks were a l located to account  for 

observable  variation of physical or env ironmental factors. 

3. J i .2 Preliminary data analysi s  

Mean values were calculated for each variab le from the  original data se t  w i t h  the 

SAS procedure Tabulate. Normal ity of distribution of raw data and presence of 

outl iers were checked i n  each data set using SAS Un ivariate procedure. Data 

from Method 3 were found to be highly s kewed, transformation to square root 

resulted i n  a close to normal distribution which all owed standard analysis to be 

completed satisfactori ly. These data were back-transformed for presentat ion .  

3. 1 1 .3 Data analysis 

Statistical models for each experiment are presented in the text. Analyses of 

variance wcrc calculated us ing the SAS G LM procedure. Regression analyses 

were calculated using SAS REG procedure. Standardised regress ion was used to 

determine re lative importance of variates. SAS CORR procedure was used to 

calculate corrc lations. Mult ivariate analyses (principal component or canonical 

corre lat ions) were attempted hut did not add substantively to the u nderstanding 

()f the data and results are therefore not presented. Means separations were 

determi ned hy t-tests and Duncan's mult iple range test. 
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3. II A  Data Presentation 

ANOVAS are presented of each  experiment detail ing statistical mode l s  with 

second order interactions.  M eans are presented either in graph ic (SED, standard 

e rror of the difference) or tabu lated form (mcans  separation).  
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CHAPTER FOUR 

DEVELOPMENT OF N EW MATERIALS AND M ETHOD S  

-4. 1 Development o f'  bru i se susceptibi l i ty tests 

-4. L 1 Introduction 

This chapter describes i nvestigations aimed at identifying new materials and 

methods to determ ine the com mercial significance of susceptib i l ity  to bruising as 

wel l  as measuring differences i n  bru ise colour. These i nvestigations were designed 

to: 

i) ident ify the l arger  bru ise s izes that contributed significantly to the bruise 

area incurred hy apples during typical  commercial hand l ing operations 

Ii) develop a techn ique of applying a standard i mpact that would generate 

hruises of a size s im i lar to the bruises iden tified in ( i )  ahove 

i i i )  identify a statistically sound method of representing bruise severity 

using the techn ique identified i n  ( i )  ahove 

iv) descrihe colour differences i n  colour components between l ight and 

dark coloured app le  t issue damaged using the techn ique  identi fied in ( i i) 

ahove. 

Each of these i nvestigations was constrained hy a requirement to employ 

uncompl icated, portahle  equipment that fac i l itated the generation of a standard 

impact (Methods 1 and 2), s imulated grading damage (Method 3) and the 

suhsequent ease of measuring bruise d imensions  and colour components. There 

would also he a considerahle saving of experimental t ime i f  the area of brui sed 

apple tissue generated by the standard i mpact was l arge enough to measure 

bruise colour. Attention to these characteristics of the new materials and 

methods was appropriate because the desired experimental design of several 

studies, which are described l ater in this work, required l arge numhers of apples  



a standard manner  and bru ise d i rnens ions and colour  componen ts to be 

m easured and recorded i n  a l i m i ted t ime  frame .  

4. 1 . 1 .2 Simulation of damage that apples i ncur d u ri ng commercial  grad i ng 
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To make i nvest igat ions in fol lowi ng chapters re l evan t  to s i tuat ions encountercd i n  

the normal  handl i ng of  apples  i t  was des irab le  t o  se lect  a m ethod o f  generat ing 

s tandard i m pacts that  causcd bru ises of s im i l ar d imens ions to those that  app lcs  

i ncurred dur ing normal  pos tharvest handl i ng opera t ions .  Banks e t  a/. ( 1 992)  

iden t ified  t ha t  abou t  4070 of app le damage occurred dur ing harves t i ng w i th  the 

rema in i ng 6070 occurr ing duri ng gradi ng and packag ing. Dur ing both of these 

operat ions, app l es can incur bruiscs up to 30 m m  in d iamcter ( Banks ,  pe l's 

com m .  1 (95) .  The i nc idence and sever i ty of damage i nfl icted on  app les  depends 

to a l arge degree on  the  h arves t i ng and gradi ng sys tem in usc. Because of the 

d i ffi cu lty  in repl icat i ng harvest ing operations, i t  was dec ided to  focus on the  

bruise damage tha t  occurs to  apples dur ing gradi ng .  Banks  ( 1 99 1 )  iden t if ied the  

key pos it i ons o n  a grader w he re bruis ing occurred ( Fig. 4 . 1 ) . 

Fig. 4 . 1 Key pos i t ions on a fru i t  grader  where apple bru i s i ng was 

cons is ten t ly found to occur ( Banks, 1 (9 1 ) . 
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Point  I was the fal l  of the fru i t  from the sorting tab le  to the s ingulator; point 2 

was the passage of fru i t  beneath the transfer wheel  from the s ingulator to the 

cup race: poin t  3 was the drop from the  cup race to the c hute; point  4 comprised 

the passage of the frui t  from the chute unt i l  i t  final ly came to rest on  the 

revolving final size bin or tray. 

Wh i ls t  th is study ident ified problem poin ts on commonly used commercial 

graders, i t  a lso led to the not ion that if groups of appl es were graded in a 

s tandard manner on  a commercial grader then bruise area/app le  coul d  be 

determined and comparisons made. If the  suseeptib i J i ty to bruis ing of that same 

group of apples was then determined by a standard i mpact test, a relat ionship 

between commercia l  handl i ng damage and bruise susceptibil i ty could be 

establ ished. 

Pang ( 1 993) used the first part of th i s  approach and repeatedly graded a group 

of frui t  on  a commercial grader ( Fig. 3.3) .  One of h i s  conclusions was that 

bruises greater than 1 50 m m2 (d = 1 3 .8 mm)  in size were not l ikely to  resul t  

from damage occurring during grading. However, t he s ize of the bruises he  

reported i n  h is study were l ess than  those recorded i n  s im ilar exper iments done 

as part of this current  work. This suggests that e i ther  the frui t  s ize he was 

work ing with may have been small ,  or, for some other reason, perhaps related to 

storage condit ions, did not bruise easi ly. I t  was not  possib le to confirm e ither 

cause from his  report. Therefore, hefore adopting th i s  techn ique, the effect of 

apple mass on hruise area/apple i ncurred during grading required verification .  

Such an experiment would describe  the range of hruise s izes  a group of apples  

would  incur and the ir  contribution to the total bruisc area t hat apples i ncur 

during commercial grad ing operat ions .  

-'. 1 . 1 .2 Methods of applying standard impacts to apples 

I n an early s tudy Manor ( 1 978) recognised there was no estab li shed procedure 

for applying s tandard impacts to appl es and i t  appeared that th i s  was s ti l l  the 

case; researchers study ing bruise susceptib i l i ty have developed many techn iques 

to apply standard impacts to apples .  The relat ionship that some of these 
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techniques have with the damage that apples incur during commercial handl ing 

operations is not known ( McLeod, pers comm.  1 992). Standard i mpacts to apples 

have heen generated hy: 

• Pendul um techn iques 

i )  hy swinging an impactor against an apple  ( Hyde and I ngle, 1 968) 

I i )  hy swinging an apple against a sol id wall ( Ho l t  and Schoorl, 

1 984) 

ii i) hy swinging one apple against another appl e  (Pang, 1 993) .  

The pendulum apparatus has  disadvantages i n  that i t  i s  t ime consuming to  

set-up and if two apples arc used then  the  time taken to m easure hruise 

dimensions is i ncreased and the d istrihution of hruise sizes hetween the 

pair of frui t  i s  uneven.  For these reasons the pendulum technique was not 

used. 

• Dropping a frui t  onto a tlat solid surface (Diener et al. 1 979, Klein, 

1 987).  Whi l st this i s  a quick and s imple method, two prohlems hecame 

apparent i n  pre l i m inary evaluations: 

i )  if individual apples of different mass are dropped from a s imi lar 

height, apples of greater mass woul d  develop greater impact 

energy, therehy reduci ng the val id i ty of comparisons of hruise 

severity indices he tween groups of frui t  

i i )  apples may turn whi lst  fall ing and impact on  different regions of 

the outer surface. Because of the variah le  radius of curvature and 

ce l l  size around a fru it's periphery ( Rulz, 1 990), hruise damage on 

these d ifferen t  regions of an apple may not he consistent, thereby 

precluding a basis for val id comparisons hetween hruise severity 

indices. For these reasons th is method was also rejected. 

• Dropping a weight on to a stationary apple (Garcia et al. 1 988; Sekse 

and Opcdal ,  1 993). This method of generat ing standard impacts has also 

heen used by M assey U n iversi ty ( Department of Plant Science) and the 
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U nivers ity of Cal ifornia  (Kader, pers comm .  1 992). A steel ball (0. 1 1 kg  

mass ; 25 mm diameter) was dropped from a se t  height (0.20 m)  down a 

vertical ly he ld tubc onto a firmly he ld apple .  This method overcomes the 

two problems previously deta i led, i s  rapi d  and the apparatus i s  portable ,  

however i t  has a number of characteristics that warrant d iscussion :  

i )  thc radius of curvature of the i mpacting bal l i s  smaJI and m ay 

create bru ises that arc deep for their w idth compared to bruises 

i nfl icted by objects with l arger radi i  of curvature. Studman (pers 

comm. 1 993) noticed that after i mpact wi th a smal l  steel ball ,  appl e  

t issue 7 mm below t he  s k i n  was violently d isrupted. The depth and 

colour i ntensity of such bru i ses  greatly cxcceds the t issue damage 

that general ly occurs during hand l i ng operations. Typical handl ing 

damage resul ts  from frui t-frui t  i mpacts. Fruit have l arger radi i  of 

curvature than the steel ball and the c lastic properties of the sk in  

and the cel l  packing arrangement,  especially in  the hypodermal 

l ayer wh ich arc important in the transfer of i mpact energy to apples  

(Kle in ,  1 987), may not be  adequately taken into account when a 

smal l ba l l  i s  used. The sk in area and the number of hypodermal 

cel l s  that d i rectly absorb enerf:,"Y i ncrease exponentiall y  as contact 

area increases at the moment of impact. The skin and several l ayers 

of cel l s  d irectly beneath are not normal ly  damaged during impact 

( Ruiz et al. 1 993) but must contribute to energy absorption. 

Topping and Luton ( 1 986) proposed that the size of  the 22 mm flat 

head used on their pendulum impactor should be i ncreased if 

sensit ive frui t  were to be tested. Their comment supports the 

suggestion that differences in hruise d imensions may be easier to 

detect if impact energy was spread over a greater area of the app le  

surface. 

i i )  the difference between the maximum and m in imum bruise 

d imensions from a sample  of apples bruised us ing the steel ball 
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may he smal l .  Therefore, differences i n  hruise d imensions he tween 

experimental treatments m ay be diffi cu l t  to detect. 

An i mprovcment to this approach m ay he to drop a hall of s imilar d iameter and 

weight to an avcrage sized apple from a he ight that apples  were ohselved to fal l  

during com mercial hand l ing operations. A plastic-coated hall (0. 1 6  kg m ass; 70 

mm diameter) was chosen hecause its size and mass were s imi lar to apples i n  the 

1 1 3 count range which was a common NZ packing grade size. The hall was 

dropped from a standard height of 0 .20 m (a typical he ight  apples were obselved 

to drop during commercial hand l ing operations; Banks et al. 1 992). I t  was 

considcred appropriate to determine i f  any l oss or gain  in accuracy could  be 

ach ieved in characteris ing the hruisah i li ty of a group of apples by generating 

standard impacts with the l arge p last ic-coated ball rather than the smal ler steel 

hal l .  It would then he possihle to determine if the hruise d imensions were in any 

way s im i lar to those that were i ncurred during s imulated commercial grading 

operations. 

Tests for bruise susceptibi l i ty should he suffic iently sensitive to quantify 

differences hetween groups of fru i t  w hich are treated to intluence apple t issue 

response to standard impacts. For instance temperature or humid ity 

man ipulations for short  periods « 24 h )  are not l ikely to i nduce gross changes 

in ccl l  structurc hut rather i nfluence eel l  visco-el astic properties in a subt le 

manner. The trcatment effects on susceptihi l i ty to hruis ing are determinedy 

measuring the area or volum e  of appl e  t issue that i s  visihle after generation of a 

standard impact. Should any impact test not accurately characterise the hruise 

susceptihi l i ty of a group of app les then the possihil ity of identifying differences 

betwcen appl ied treatments (causing s l ight m od ifications to visco-elastic 

properties) may be difficul t .  

·U . 1 .3 Methods of' representing bru ise severity and the relationships between 

impact energy, bru ise diameter and bru i se volume 

Researchers have used numerous methods to represent hruise severity (Section 



2.4), some of which  have been used i n  calculations of bruise susceptib i l i ty. 

Examination of the homogeneity of variance (using Chi  squared; X2) of several 

methods of representing bruise susceptib i l i ty at various impact energies  may 

identify statistical c haracteristics at particular impact energies that may assist i n  

identifying the  m ost robust method of  representing bruise severity. 
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The final task was to val idate the rel ationship between the chosen method of 

representing hruise severity and impact energy. I t  has heen well estah lished that 

there is a l inear relationship between i mpact energy and hruise volume (SChOOf! 

and Hol t, 1 977). Using a smal l steel hall dropped from 0 .2  m, Banks ( 1 990) 

found the coefficient of variation (CY; the ratio of the standard deviation to the 

m ean,) for hru ise diameter (d) in  'Granny Smith '  apples to he 10%. Thi s  was 

much less than that for hru ise volume (CY = 36%) and is s im i lar to the volume 

CY of 28% docum ented by Brusewitz and Bartsch ( 1 989). I n  Banks's s tudy the 

relationship hetween d and i mpact energy (E) was curvil inear, that  he tween  d 
and E U  was nearly l inear and the CY was s trongly dependen t  upon the impact 

encrf,ry used in the test. Thus, as bruisc d imensions i ncrease with increasing 

impact energy, this tec h n ique m ay not give a reli able estimate of variahi l i ty fOf 

comparisons at each of the e ight i mpact energies. A m ore rigorous i nvestigation 

of the statistical variat ion associated with various impact energies ut i l i s ing the 

large hall may provide further i nformation that cou ld  assist i n  identifying the 

m ost appropriate impact  energy to ut i l ise for the method of generating standard 

impacts . 

..t, 1 .2 Materials and methods 

"'. 1 .2. 1 Simulation of apple damage that occurs during commercial gradi ng 

Two groups each of eighty 'Granny Smith'  apples, one comprising medium sized 

fruit  (average mass, O .  J R kg) the other of smal l  frui t  (average mass, 0 . 1 3  kg) were 

graded in a s tandard manner ( Method 3 :  Section 3.2.3) .  Twenty-four h after 

grading, the s izes and numhers of hruises i ncurred were manual ly assessed 

(Section 3.3) .  



were subjected to two standard impacts (Method 1 
Method Sections 1 and respectively) on similar even sections on 

apple at least 60 mm apart m idway between the stern and calyx. Apples 

were left for h to allow ful l  bruise colour development before bruise 

dimensions were measured. bruise diameter depth (h), and volume 

Eqn .  were calculated 

..... Al ...... '"' Methods representi ng bruise severity and the relationship between 
impact energy, bruise u.€" ... " bruise volume 

on that by 

was 

Massey University. 

Fig. 4.2 Impact generating device developed by Michigan State University. 
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This comprised a 1 .6 m h igh frame constructed us ing 0.02 m steel pipe welded to 

the corners of a 0.4 x 0.2 m heavy steel base. Piano wires were secured running 

para l l e l  from the base to the top, 0 . 1 4  m apart. Two 'frictionless'  p l astic ho lders 

were dri l led and threaded onto each wire before tensioning. These were then 

jo ined by a c i rcular aluminum ring fash ioned to ho ld  the 70 mm radius bal l  with 

s l ight ly less than half of the bal l  protruding through the bottom of the aluminium 

ring. The impacting bal l  cou ld  then be dropped easi ly from various set he ights 

guided by the wires onto an appl e  firmly held at the base. 'Splendour' apples that 

had been coolstored for 24 weeks were then bruised by dropping a p lastic-coated 

ba! !  (0. 1 60 kg mass; OJ17 m d iameter) from 0.05, 0 . 1 0, 0. ] 5 , 0 .2, 0 .25 ,  0.3, 0.35, 

and 0.4 III onto firmly held appl es. Ten apples were bruised at eaeh of the 8 

impact energies. Means, variance and CV were calculated at each  of the drop 

heights for : 

A) bruise d iameter (d) 
8) bruise depth (h ) 
C) bruise area (A ) 

.......... 4.1 

D) surface area S of the inner bruise boundary (Zhang et al. 1 992; Section 

2.4. 1 .2, Equation 2.2) 

E) bruise volume Vj (Chen and Sun,  1 98 1 ; Sect ion 2.4 . 1.3, Equation 2.9) .  

F) bruise volume V2 (Ho l t  and SChOOf l ,  1 977; Section 2.4. 1 .3 ,  E quation 

2.7) . 

Homogene i ty of variance was assessed us ing software ( Gordon, pers com m .  1 994) 

based on the method for X2 tests (Steel and Torrie ,  ] 98 1 )  for each m ethod of 

representing bruise severity for the e ight impact energies. This i nvestigation 

characterised the statis tical characteristics of methods of represent ing bruise 

severity at the various impact energies and provided i ndications of: 

i )  the most appropriate impact energies to ut i li se for the standard impact 

i i )  the most appropriate method of represent ing bruise severity. 
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Linear and non- l inear regressions were used to determine the l ines of best  fit for 

each  data set and coeffic ients of determination were compared. 

·t 1 .3 Results and discussion 

4. 1 .3. 1 Simulation of apple damage that occurs during commercial grading 

After s imu lation of grading ( Method 3 )  examination of damaged t issue on  each 

appl e  indicated that hruises with d iameters of 1 2  m m  or larger accounted for 

ahout 7870 and 2470 of the hruise area i ncurred hy the ind ividual apples  of 

medium mass (Tahl e  4. 1 )  and sma l ler mass (Tah le  4.2) respectively .  Bruises of 1 4  

m m  diameter accounted for approx imately 30% and 24% of the total bruise area 

on medium and sma l l  apples  respectively. 

Table  4. 1 Bruise d iameter  (111m), number of bruises, total bruise area/apple 

(mm2) and percen t  of total bru i se area/apple attributab le  to each  

bru ise d iameter size i ncurred by medium s ized 'Granny Smith' 

apples ( m ass :::;:: 0. 1 8  kg; n == 80) during s imulation of commercial 

grading. 

Bruise d iameter ( 111 111) 

Total number of 

bruises/RO apples  

Bru ise area/apple (mm2) 

Percent of total bruise 

area/apple  

6-8 1 0  

17 1 3  

1 2  

20 

1 4  1 6  

1 5  3 

1 8  20 22 

1 

8 1 2.76 28.3 28.9 7 .5 3 . 1 8  3.92 4 .75 

8 .2 1 3 . 1  29 29.6 7 .7 3 .2 4 4.8 

The observations of Pang ( 1 993) that bruises greater than 1 50 111m2 (d == 13.8 

m m) were not l ikely to be incurred during commercia l  grading operations was 

not substantiated hy th is  study. For apples of mediu111 mass, 49% of the total 

bruise area was attributable to bru ises 14 111111 or more in diameter. H owever, 

appl es of smal ler m ass d id  not i ncur any bru i ses  that were greater than 1 4  m m  in  

d iameter. These data suggest that Pang's observations were 111ade using either 



applcs of smal l  mass, l ower bruise susceptibi l i ty or that h e  se l ected a different 

grader speed. The lattcr expl anation m ay be appropriate because he recorded 

fewer l arge bruises but considerably  more small e r  bruises. 
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It is c lear that during 'commerc ial ' grading apples  on the FeU grader the 

major ity of bruises were 1 2  - 1 4  mm in d iameter. Thus, if a method of generat ing 

s tandard impacts deve loped bruises that were about 1 4  mm i n  diameter these 

would represcnt  bruiscs that were i ncurred by app l es during normal handl ing 

opcrations. 

Tab le  4.2 Bruise diameter (mm), number of bruises, total bruise area/apple 

(mm2) and percent of tota l  brui se  area/apple attributab le  to each 

bruise diameter  size i ncurred by smal l apples  (0. 1 3  kg mass; n =: 

80) during s imulat ion of commercia l  grading. 

Bruisc diamcter (mm)  

Total numbcr of  bruises/80 

apples 

Bruise area/appl e  (mm2) 

Percent of total bruise 

area/apple 

6-8 1 0  

13 4 

1 2  1 4  

6 3 

6 .25 3 .92 8 .48 5 .77  

25 1 6  35 24 

4. 1 .3.2 Method of applying standard impacts to apples 

1 6  1 8  20 22 

Bruise d iameter was more consistently characterised in this l i ne of 'Granny 

Smith '  apples by impacting with the l arger ball rather the smal l  bal l (Tab le  4 .3) . 

The standard errors of bruise d iameter  ind icated that approximate ly 50% more 

applcs would  bc required to characterise susceptib i l ity to bruis ing of this l i n e  of 

apples with the same accuracy by using the smal l  ball rather than the l arge ball .  

Thcrc was no s ignificant d ifference i n  the permanent i ndentation caused by 

c ither thc l arge or smal l  ball .  I mpacting with the sma l l  ball resulted in a 30% 

sma l ler range in  bruise depth than when the l arge p lastic-coated bal l was used. 
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The smal l  hal l inflicted hru ises that were 0.52 mm deeper and 1.47 mm smal l e r  i n  

d iameter than when the large ball was used i e .  the smal l er steel baH generated 

hruises that were re latively deep for their width. I n  contrast, hruises i ncurred by 

apples during commercial handl ing tend to he shal l ow for their width (Studman, 

pers . comm.  1 993). Simi l arly, Dedolph and Aust in ( 1 962) found that appl e  

hruises generated on grading equipment had depths that were about 30% of their 

d iameter. 

Tah le  4.3 Bruise d iameter, depth, and vol um e  of standard hruises on medium 

sized 'Granny Smith'  apples  generated hy i mpact ing with a smal l  

steel hal l (0.2 1  J; n = 20) and a l arge p lastic-coated hall (0.32 J;  n 

= 20) 

Variahle Small hal l  Large ball 

Bruise diameter (mm) 13.23 1 4.7 

Range 2.07 1 .84 

Standard error 1.4 1. 1 

Coefficient of variat ion 4.6 3.4 

Bruise depth (mm) 6.85 6.33 

Range 1 .27 1 .94 

Standard error 0.8 1 .2 

Coeffic ient of variation 5 .5 8 .6 

Bruise volume (111m3) 630 738 

Range 275 346 

Standard error 1 90 200 

Coeffic ient of vari at ion 1 2.4 13.5 

S im i lar rat ios for the hruises generated hy the smal l ball were 5 1  and those 

with the l arger hall were 40%. Thus, the l arge hal l generated hruises that were 

on average 1 4 .7 mm in d iameter; this was s l igh tly  larger hut within the size range 

of hruises that eontrihute s ign ificantly to the total hruise area that an appl e  



susta ins during grading. Furthermore, the diameter  to depth ratio of bruises 

generated by the l arger bal l was c loser to the ratio determi ned by Dedolph and 

Austin ( 1 962) than those bru ises generated by the smal l er bal l .  
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The standard errors associ ated with bruise volume generated by impact ing with 

both l arge and smal l bal l s  were considerably greater than those calculated for 

both bru ise d iameter and depth. Generation of the s tandard i mpact using the 

l arger bal l  more efficient ly characterised the susceptib i l i ty to bruis ing of th i s  l ine 

of apples if bru isc d iam eter was to be used to represent bruise severity. This  

bruise measurement had one of the l owest coefficients of variation and s tandard 

error of the s ix data sets (Table 4.3). The smal l er ball did however generate 

bruises that werc consistent i n  depth. 

When a srna l l  d iameter impactor col l ides at h igh impact ener!:,!), with a frui t, ce ll s  

i n  the impact zone are l i kely to b e  vio lent ly disrupted; the surrounding 

undamaged t issue and the e lasticity of the skin wou ld  probably l im i t  further entry 

of the impactor into the fru i t. Bruises generated i n  th is  m anner woul d  not c losely 

m im ic fruit-frui t  impacts that occur during grading. When a l arger d iameter 

impactor with an i ncreased radius of curvature was used bruise depth was 

sma l ler, perhaps because the number  of cel l s  i nvolved in energy dissipation 

increased. I n  this case, ce l l  wal l and cell -ce l l  damage was not as extens ive and 

therefore m ore c losely represented damage resulting from fruit-frui t  impacts that 

occur during handl ing . 

.. U .3.3 Methods of representing bru i se severity and the relationship between 

impact energy, bruise diameter and bruise volume 

Bru ise diameter provided a suitab le  means of representing hruise severity based 

on both its practical i ty and statistical evaluation. Bru ise d iameter was easy to 

measure and had the l owest coefficient of variance and l ow variance w hen 

compared to  other methods of  representing bruise severity. Al l s i x  m ethods of 

representing hruise severity had variances that were heterogenous for the range 

of impact energies (0.07 to 0.6 J) used. H owever, the variances of bru ise depth 
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and d iameter were homogenous for the i mpact range 0 .225 to 0 .45 J: at i mpact 

energies below and above this range, variances i ncreased by at least a factor of 

three. The variances of bruise area A )  ( Eqn 4 . 1 ), surface area of the inner bru ise 

boundary S ( Eqn.  2.2), bruise volume VI ( Eqn.  2.9) and bruise volume V2 (Eqn.  

2 .7) showed considerable i nconsistency and were much h igher than the variances 

of bruise depth and diameter over the range of i mpact energies. This was 

expected because derivation of other variab les  from data on bruise d iam eter and 

depth compounds any errors associated with the original m easurements .  

Coefficients of  variation were p lotted ( Figs. 4 .3  and 4.4) to i l lustrate the  

inadequate i nformation they provide for discr im ination between m ethods of 

representing bruise severity. 

These data revealed that within a group of app les  there was considerab le  

variation i n  the  sizes of  bruises that deve loped in  response to  either l ow or h igh 

impact energies. This variation i n  sensi tivity of apples m ay be of value where very 

small changes in  bruise severity require study; eg. the d ifference i n  bruise 

suseept ib i l i ty of apples on the same spur. The m agn i tude of the standard errors 

of bruise d iameter  indicate that the number of apples/group woul d  need to be 

increased from 20 to at l east 60 to achieve the same statistical precision provided 

by medium energy impacts if e i ther l ow or high i mpact energies were used 

(assuming that the variances shown here rel ate to other groups of apples). There 

must be a halance between the statist ical accuracy of resul ts and the number of 

apples with in a group that can be physical ly handled. Zhang et al. (J 992), us ing 

the inner bruise boundary as an i nd icator of hruise severity, concluded that there 

should he 2 hruises on each of 1 4  frui t  to accurately characterise the bruise 

susceptih i l i ty of a group of appl es. U nfortunately the justification  for th is  

conclusion was not documented. The coefficients of determ ination of eac h  

measure o f  bru ise severity were s im i lar with a range o f  1 .64% and therefore, d id 

not provide a hasis for d iscrim i nation (Tab le  4 .4) .  The find ings of Zhang ( 1 992) 

that inner bruise boundary area had 30% l ess var iat ion than bru ise volume were 

not confirmed by this study. 
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Tahle 4.4 Regression equations and coeffic ients of determination of six 

parameters used to represent hruise severity (E == ener.!:,,),; J). 

Parameter 

Depth 

Diameter 

Area 

I nner hruise 

houndary area 

Bruise volume VI 

Bru ise volume V 2 

Regression equation 

-02.86 + 1 2. 2£°.307 

- 1 2.50 + 36.59£°·174 

-536 + 950£0. l65 

-227.46 + 9 10£°·39 

- 17.99 + 2959£ 

-34.8 1 + 2775£ 

Coeffic ient of 

determination (%)  

98.76 

97.38 

99.02 

98.95 

98.47 

98.2 1 
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Bruise volume was l inearly related to impact energy (£(J) ; Fig .  4.5A; V :::: -0.253 

+ ] 2.64E; R2 
== 0.(8), whi ls t  the re lat ionship between d and E was curvi linear (d 

= 2.49E() ' 1 �7 :  R2 
= 0.(6). The transformation of i mpact energy to EO.3137 resul ted 

in a rclationsh ip with hruise diameter that was close to being l inear ( Fig. 4 .5B).  

Coefficients of variation were consistently l ower (5% )  for d than for V ( 10 -

1 1'\70) for impact energies between 0.2 and 0.5 J ( Fig. 4.5C). At the medium 

impact energies of 0.2 to 0.4 J the standard deviations of bruise d iameter and 

depth decreased by at least a th ird to he approximately 3% of the mean for eac h  

impact encr.!:,,),. Thus, for this particular group of apples, a n  impact energy o f  0.32 

J gave the lowest combination of standard deviations for both bruise d iameter 

and depth. 

Therefore,  when apples were bru ised by impacting with a sphere of s im i lar radius 

to themse lves, d provided a more repeatab le  means of quantifying fru i t  

susceptibi l i ty to bruising than d id  V. 
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Marshal l and Burgess ( 1 99 1 )  i mpaeted a suspended apple with an i nstrumented 

sphere and also found the h ighest coeffic ient of determination was hetween 

bru ise diameter  and E ahsorhed us ing a t h ird order polynomial  fit .  At given 

impact energies, V may give l arger proportional differences between treatments 

than d. However, the variation associated with m easuring hruise depth also would 

be included i n  the calcu lat ion of V. Therefore, any advantages in determin ing 

d ifferences in bruise suscept ih i l i ty hetween groups of frui t  may he negated by the  

mul t ipl ication of  errors associated wi th  measuring bru i se depth. As commercial 

relevance of bruise area is  greater than hruise volume,  and as d i s  the key 

variable involved in bru ise severity calcul ations, d is l ikely to be the most suitable 

means of representing bruise sever i ty .  The c lose relationship hetween  d and 

bruise severity suggests that i f  other frui t  characteristics were associated with 

susceptibi l i ty to bruis ing, then their correlation with d could  be usefu l ly 

exam ined. 

From these tests i t  was concluded: 

• d was the most su i table  means of determining differences i n  '-

susceptib i l i ty to hruisi ng hetween groups of app les 

• the variances of hruise diameter and depth were m in imal at i mpact 

energies between 0.22 to n.s J and i mpact ing frui t  with a l arge baH at 0.32 

} gave the lowest combination of standard errors for bruise diameter and 

depth. 

"'.2 Bruise colour measurement on whole apples and t he difference in colour 

components between light and dark bru i ses. 

"'.2. 1 Introduction 

Experimental work in fol lowing chapters of th is  s tudy focuses on preharvest, 
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harvest or postharvest treatments to apples to reduce both bruise severity and 

hruise colour. I t  was therefore essential to quantify measurab le  colour differences 

hetween l ight and dark coloured bruises that had been generated by M ethod 2 .  

Bruise colour, relative to  that  of  the surrounding skin, i s  i mportant i n  

determining perceptions of hruise severi ty, which i n  turn determines whether or 

not apples are suitah le for export and w i l l  be accepted by consumers. 

Bruise colour can be measured quantitatively by either spectrophotometry or by 

using a tris t imulus colorimeter. U sing a spectrophotometer, I ngle and Hyde 

( 1 968) found considerab le  differences hetween cul t ivars in development of bruise 

eolour intensity at a retlectance of 600 nm. Sample  preparation for 

spectrophotometry is t ime consuming but its use may give the most accurate 

ahsolute co lour co-ordinates. Portable tristimulus colourimeters are probably the 

most  suitab le  equipment for measuring colour differences i n  studies of  th i s  k ind 

(Voss, 1 992). They are quick, s imple  to use and i n tegrate ref1ection curves i n  3D 

co-ordinates which are associated w i th  response curves of the human eye to 

colour (Francis ,  1 980) . Bru ise colour could he measured in two ways: either 

through the skin or on exposed sections of damaged tissue. 

Samim and Banks ( 1 993a) were unsuccessful in characterising c hanges i n  hru ise 

colour of 'Granny Smith' apples by measuring colour of a hruised and an 

adjacent non-impacted area through the skin .  E l im ination of the posit ional 

variation involved in their approach may be ach ieved by m easuri ng the difference 

in colour eomponcnts of the same section of app le  sk in before and after bruis ing. 

Therefore, if i t  were possih le to determine the variation in skin colour 

measurements immediately hefore and at periods after a standard impact was 

applied to 'Granny Smith'  apples of differing in itial sk in colour, an indication of 

the suitah i l i ty of th is method for measuring bru i se colour d ifferences coul d  be 

obtained. 

To characterise the difference he tween l ight and dark coloured hru ises i t  was 

desirah le  to first expl ore the differences in colour between bruised and unbruised 



78 

appl e  t issue. These d ifferences would hopefu l ly give an indication of the degree 

of change in colour components caused by bruis ing and thereby identify t he 

colour attribute(s) of most importance i n  this change. To ach ieve th is  i t  was 

necessary to group bruises visually  according to the sever i ty of bruise colour and 

then measure the colour components of each group and determ ine the d ifference 

between the two groups. 

4.2.2 Materials  and methods 

4.2.2. 1 Bruise colour measuremen t  on whole appJes 

A Minol ta chromameter was used to measure colour components on an 

identified equatorial section on two 'Granny Smith' apples of differing skin 

colour :  green and pale yel l ow. A standard i mpact (Method 2)  was appl ied to t he 

same area of frui t  surface.  A colour photograph was taken and l ightness, chroma 

and hue angle werc measured on bruised t issue immediate l y  after th is  and at  30 

m inute intervals for 4 h and then every h for 3 subsequent h .  As reported by 

Sam im and Banks ( 1 993a) a mask was used to reduce the width of the aperture 

of the chromameter to avoid  samp l ing of non-bruised tissue at the periphery of 

the bru ise. Colour data presented arc therefore re lative rather than absolute. 

Means and s tandard errors of the three colour attributes were calcul ated and 

p lotted for eac h  observation t ime. 

-'.2.2.2 The difference in  colour components between l ight and dark coloured 

bruises 

A standard impact ( Method 2; Section 3 .2.2) was applied to 48 freshly harvested 

'Granny Sm ith'  apples .  Each bruise was b isected at right angles to the skin and 

the colour of bru ised and nearby unbruised t issue was measured by chronometer. 

'Granny Sm ith '  apples  were harvested from the Feu orchard early, mid and l ate 

season (2 reps/harvest, 56 frui t/rep) and a l l  data were grouped for statistical 

analysis. A standard impact ( Method 2; Section 3.2.2) was appl ied to all apples  

immediately after harvest and 24 h l ater the apples were bisected at right angle 
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to the �kin. A chromameter was u�ed to measure l ightness, chroma and hue 

angle on each  half of the sectioned bruise. The bruised tissue of each  frui t  was 

a lso visual ly assessed in an attempt to group the frui t  by bruise colour. H owever, 

there was considerable variation i n  the shades of brown present on the bruised 

tissue between apples within each  replicate. To overcome this, frui t  with distinctly 

l ight brown brui�ed tissue were separated from those frui t  with darker bruises. 

The bruise colour components of these two groups of frui t  were t hen  compared. 

".2.3 Results and discussion 

".2.3. 1 Bruise colour measurement on whole apples 

There was an immediate decrease in  values for all colour attributes after bruis ing 

(Figs. 4.6 and 4.7) .  These values subsequently recovered to higher than init ia l  

values and then underwent  a s low dec l ine to reach  steady l evels after about 240 

minutes. These change� might  be explained i n  the fol l owing way. Actual l ightness 

and hue angle of the brui�ed tissue dec l ined continuously after impact, an effect  

as�ociated with the browning of  the tissue, but  changes i n  surface contour of the  

bruised frui t  which i ni t ia l ly became concave (depressing l igh tness and hue angle)  

and then flattened ( increasing l ightness and hue angle) .  However, overal l these 

changes in  l ightness and hue angle were smal l  in  rel ation to the i nit ial d ifferences 

between the fruit .  Measurement of bruise colour through the skin is un l ikely to 

provide satisfactory characterisation of the changes in colour associated with 

hruis ing as sugges ted by Samim and Banks ( 1 993a). 

".2.3.2 The difference in  colour components between l ight and dark coloured 

bru ises 

There were significant differences between the thrce colour components of 

bruised and unhruised apple tissue (Tahle 4 .5) .  Bruised app le  t issue h ad a 

significantly higher l ightness component than unhru ised tissue and this change 
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Bruise colour development after a standard bruise was applied to a 

yellow skinned 'Granny Smith' apple. 
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Bruise colour development after a standard bruise was applied to a 

green skinned 'Granny Smith' apple. 



was associated with a large i ncrease i n  colour i ntensity (chroma). Bruised tissue 

also had a lowcr hue angle than unbruised tissue, i ndicating a deeper brown 

colour. These data identify the  change in colour  components before and 24 h 

aftcr bruising and providcd an indication of the values that cou ld  be expected. 

Tab le  4.5 Colour components of bruised and unbruised appl e  t issue of 

'Granny Smith '  apples (n = 48) m easured with a M inol ta 

chromamcter. 

M ino l ta chromameter colour  components 

Lightncss Chroma Hue angle 

Unbruiscd appl e  tissue 

Bruised appl e  t issue 

58 h 

75 a 

46 b 

9 a 

112 b 

80 a 
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Values wi th in columns fol l owed by different l etters are significant ly d ifferent  at 

0.0 1 

Table 4.6 Col our of bruised tissue of 'Granny Smith '  assessed visual l y  and as 

measured with a M inolta chromameter. 

Visual assessment 

of  bru ise colour 

Light colour 

Dark colour 

Minol ta chromameter co lour components 

Lightness Chroma Hue angle 

74.9 a 4.5 a 78.6 a 

74.2 b 4.6 a 73.5 a 

Values with in columns fol l owed by different l etters are s ignificantly d ifferent 

at 0 .05 . 
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When appl es were grouped according to visual differences in brown colour, 

apples which were dist inctly darker in colour had a 5° l ower hue angle and a 0 .7 

un i t  higher bruise l ightness than apples with l ight  brown bruises (Tab le  4 .6) .  

There was no difference in the chroma of the two groups of fruit .  Differences i n  

bruise l igh tness a l though statistica l ly significant, wcre smal l .  Hue angle was 

therefore probably the most accurate i ndicator of visual appearance of bruise 

colour. 

-'.3 Conclusions 

This section on the deve lopment  of new materials and methods h as identified 

that : 

• Dropping a hal l  (of s im i lar size and m ass to an apple )  0 .2 m onto an 

app le  generated bruises wi th diameters ( 1 4  m m )  that were reasonably 

s imi lar to those bruises incurred during normal grading operations 

• Bruise d iameter was a suitah le m eans by which to represent bruise 

severity 

• Differences between l ight  and dark coloured bruises are best ident ified 

hy d ifferences i n  hue angle .  



CHAPTER FIVE 

PREHARVEST SOURCES OF VARIATION I N  BRUISE SUSCEPTIBILITY 

AND BRUISE COLOUR 

5. 1 I ntroduction 
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Preharvcst growing condit ions h ave been l i n ked to postharvest behaviour of fruit .  

Monsel ise and G oren ( 1 987) reviewed data that deta il ed  var iab le postharvest 

performance of frui t  from areas wi th disti nct ly different c l imates and soi ls .  In a 

more local ised s tudy, Sharples and Johnson ( 1 987) documented variab le 

responses to CA treatments in  storage l ife of apples from d ifferent orchards i n  

Kent, a predominant apple growing area i n  the England. Johnson and Dover 

( 1 990) l inked preharvest condi tions to between-season and between-orchard 

variation in bruise suscept ib i l i ty and suggested that it may be possib le to consider 

manipulat ing preharvest condit ions to manage bruise damage. Many 

investigations have determined relationships between bruise sever i ty and impact 

energy and the effect of different graders on bruis ing of NZ grown fru i t  has a lso 

been examined (Bol l en and Dela Rue, 1 990; Banks, 1 99 1 ) . Whi l st several 

measures of bruise susceptib i l i ty have been documented, these i ndices h ave not 

been re lated to actual bruise damage that fru i t  incur during postharvest handl ing 

( Pang, 1 993). Quantificat ion of between-orchard, between-tree and withi n-tree 

variab i l ity of susceptih i l i ty to bruis ing and bruise co lour, and the l inks  hetween 

hruise severity tests and commerc ial damage, do not appear to h ave heen studied.  

Any factor that i nfluences cel l  number, s ize,  contents and strength woul d  he 

l i ke ly  to affect an apple's abi l ity to absorb i mpact energy wi thout damage. 

Between-season variation in app le  character ist ics arc attrihutah le  to the 

interaction of numerous factors, such as c l imatic condit ions, matur i ty of p lanti ngs 

and management changes hy orchardists. Susceptihi l i ty to bru i s ing is therefore 

the resu l t  of many comhinations of environmental i nfluences and management 

options. With in an orchard, a numher of so i l  types, or at l east variation i n  the 

predom inant so i l  type, may be present. Depending on the he ight, density and 



p lacement of she l ter trees, the degree of protection from prevai l i ng wind and 

consistency of incident l ight across a b lock  m ay vary. There are a n umber of 

management options avai lab le to orchardists that i nfluence frui t  s ize,  m ineral 

contents or storage l ife (Section 2.5 .3.6) .  With in-tree variab i l i ty in  fruit  

characteristics may resul t  from i ncident photon flux which varies both vertica l ly 

and horizontal ly with in the tree canopy (Tust in et al. 1 988)  and with other 

physiological factors such as the type of fru i t ing wood on which fru i t  m ature 

(Volz, 1 9( 1 )  are also important. Some of these factors h ave been s hown to 

influence suscept ib i l ity of apples to bruising or the intensity of enzymatic 

browning of damaged tissue. For i nstance Durand ( 1 990) has shown that 

regulated defic i t  i rrigation can reduce susceptib i l i ty of apples to bruis ing. Smith 

and Cl ine ( 1 9R4) found that apples sprayed with CaClz produced j uice that 

showed l ess brown d iscolouration than juice from u nsprayed appl es .  
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I t  is  therefore c lear that, depend ing on the season, orchard l ocation, \\' i th in

orchard tree location and within-tree fruit  posit ion, i ndividual fruit woul d  be 

expected to have variab le  characteristics such as mass, m aturity, t issue structure 

and composition and consequently have t issue that devel ops bruises of variabl e  

size and colour. Quantification of var iab i l i ty i n  susceptib i l i ty to bruis ing and 

bruise colour is  fundamenta l  to idcntify ing the potential to reduce bruise severity 

through manipulation of at l east somc of these factors. 

I n  this study, between-season and between-orchard variation i n  susceptibi l ity  to 

bruis ing and bruise colour was investigated in 1 99 1  and 1 992 by surveying 

orchards producing 'Granny Smi th '  apples. Attempts were made to exp lai n  such 

variation in terms of various frui t  attributes and also to rel ate susceptib lity to 

bruising derived from a standard impact test to bruise damage that fruit  incur 

during postharvest handl ing. Between-tree and withi n-tree variation i n  bruise 

susceptib i l ity and bruise colour was i nvestigated more i ntensively i n  1 992. The 

association of such factors with fru i t  attributes and the effect of fol iar 

appl ications of calcium and phosphorus sprays and variab le  irrigation regimes on 

susceptib i l i ty to bruis ing and bruisc colour were also examined. 



5.2 Between-orchard variation 

5.2. 1 Materials and methods 
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In 1 990, approx imately 250 'Granny Sm ith '  apples (average mass = 0 . 1 80 kg) 

were taken from each  of nine orchards and, i n  1 99 1 ,  1 76 frui t  count s ize 88 

(average mass = 0.204 kg) and 250 fruit of coun t  size 1 25 (average m ass = 0 . 1 44 

kg) of the same cul t ivar were takcn from eac h  of twelve H awkes Bay orchards. 

I n both years, frui t  were commercia l ly harvested. I n  1 990 frui t  were randomly 

sc l ccted from the water dump prior to gradi ng and the fol l owing year cartons of 

export packed fruit were randomly sel ected. I n  1 990 a l l  frui t  were scored for 

bru ises caused by fie ld  hand l i ng prior to gradi ng. 

I n both years, a standard i m pact (Method 1: Section 3.2. 1 )  was app l ied  to a l l  

apples  and, according t o  the d iameters o f  the generated bruisc, grouped into 

three catcgories :  most, i n termediate or l east  susceptibl e  to bruis ing with the 

intermed iate group being d i scarded.  I n  ] 990, there were 22 fruit for eac h  of the 

most and l east susceptible groups (44 frui t  se lected from 250) from eac h  of nine 

urchards. Thc fol lowi ng year there were 20 of the most and l east susceptibl e  frui t  

from each of two sizes ( large frui t :  40  se lected from 1 76; smal l fruit :  40  se lected 

from 250) from each of 1 2  orchards. 

I n  1 990, fru i t  were assessed for fie ld  and transportation damage, then carefu l ly 

packed onto export trays and then transported to a packing shed l ocated i n  

Hawkes Bay and graded ( Method 3 ;  Section 3.2.3) using a 'Treeways' e lectronic 

grader. Experimenta l  frui t  were marked according to susceptibil i ty ranking and 

orchard and then l oaded i nto a flow of other non-experimental frui t  on the be l t  

immediately hefore the s ingulator, providing a total frui t  l oading of 

approximate ly 8 frui t  per rod. Al l  frui t  were de l ivered down a s ing le chute to a 

rotary h in  wh ich was pre- loaded to give an i nit ia l  cover of ahout 60% of the hin 

hase. Fru i t  from the least and m ost susceptihl e  groups from eac h  grower were 

passed over the grader together to permi t  d i rect comparison of these groups by 

grower. Fru it  were then returned to M assey U n iversity where a second s tandard 

impact ( Method I ;  Section 3 .2. 1 )  was applied the next day. In the 1 99 1  study, the 



two groups of frui t  from eac h  grower were graded ( Method 3 ;  Secti on 3 .2. 1 )  on  

the FCU 'Trceways' grader. 
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I n  each year, frui t  firmness, solub le  sol ids and starch were assessed .  A 12  mm 

d iameter core borer was used t o  take a 10 m m  long tissue p lug from an  

undamaged section of the top half of  1 () apples  from each group. The  sk in  was 

removed, the 1 0  samples from each  group were bulked, homogenised and tested 

for m inerals. Bruise diameter was chosen to represent suscept ib i l i ty to bruis ing 

( Section 4. 1 .3.3) . 

I n  J 99 1 ,  a M inol ta chromameter was used to determine  colour components 

( l ightness, chroma and hue angle)  on two areas of sk in  adj acent to the area that 

had been subjected to a standard impact. After two measurements of skin colour, 

thc bruise was b isected at right angles and colour components were measured on  

each half. These data were then averaged t o  give colour components for both 

apple sk in and bruise colour.  

Regression analysis was used to determine functional relat ionsh ips between 

standard impact bruise area with grader damage, mineral contents and frui t  

attributes. Corre lat ion coefficients were used t o  determine  associ at ions between 

attributes. 

5.2.2 Results and discussion 
The average with in-year d ifference between the ind ividual m ini mum and 

m ax imum standard impact  bruise d iameters was 40% (Tabl e  5 . 1 ;  mean of 1 990, 

1 7(/cJ and J 99 1 ,  6Y?O) which compares with an 86% difference i n  m in imum and 

maximum hruise vol umes documented by Johnson and Dover ( 1 990) in the ir  s ix 

year survey. This two year s tudy identi fied a 2.8% difference in between-season 

mean bruise d iameter whi l s t  Johnson and Dover's s tudy identified a 23% 

difference in  he tween-season mean bruise susceptib i l ity for the s ix years of the ir  

s tudy. Us ing m aximum and min imum standard impact bruise d iameters, wi th in

season var iab i l ity  in  susceptib i l i ty to bruis ing was considerably greater than 
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between-season variab i l i ty (Table 5 . 1 ) .  

Table  5 . 1 Between and with in -season comparisons of standard impact bruise 

d imensions of 'Granny Smi th '  appl es. Standard errors are in 

parenthesis .  

Pooled data 

Mean bruise d iameter (mm)  

Range (mm)  

Difference in range (percent) 

Mean hruise depth (mm) 

Least  susceptible fruit  

Bruise d iameter (mm)  

Bruise depth (mm) 

M ost susceptible frui t  

Bruise d iameter (mm) 

Bruise depth (mm) 

1 990 ] 99 1  Between-

season 

d ifference 

1 2.87 (0. 1 5 )  1 3 .24 (0.06) 2 .8% 

1 1 .8 - 1 3 .79 10.92 - 1 7.90 

17% 

6.33 (0.06) 

63% 

6.32 (0.03) 

1 2.30 (0.11 )  1 2.88 (0.07) 

6 .26 (0.08) 6 .03 (O'()6) 

1 3.44 (0.08) 1 3.59 (0'()8) 

6 .40 (0. 1 0) 6 . 1 5  (0.04) 

4.4% 

1 %  

With in-season difference between hruise d iam eter of l east and most hruise 

susceptible fru it  (mm)  ] 1.7 %  5 .5% 

I n  1 990 the difference between m aximum and m in imum impact hruise d iam eters 

was 1 7% (average frui t  mass, 0 . 1 80 kg; range, 0 . 1 57-0.207 kg) and the fol l owing 

year on the difference was 63% (average fru i t  m ass, 0 . 1 78 kg; range, 0 .098-0.278 

kg) . When grouped according to susceptibi l ity, app les  c lassified as most 

susceptib le  to bruis ing had an 1 1.7% ( 1 990) and a 5 .5% ( 1 99 1 ) l arger bruise 

d iameter than l east hruise suscept ih le  fru i t  respectively (Tah le  5 . 1 ) . Like the 

'Bramley's Secd l ing' apples studied hy 10hnson and Dover ( 1 990) suscept ih i li ty to 

bru is ing of 'Granny Smith '  app les in the s tudy varied more with in a season than 



hetween seasons. H owever, these data indicate that NZ grown 'Granny Smith' 

app les may exhihit  less seasonal variation in susceptih i l i ty to hruis ing than U K  

grown 'Bramley's Seed l ing' apples. 
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Variation i n  susceptih i l i ty to hru is ing he tween years was presumably the resul t  of 

a numher of factors i nc luding differing seasona l  environmental condi t ions; 

however variah lc  maturity and firmness or some other more complex association 

of management inputs may have also contrihuted to the differences. 

Both this and Johnson and Dover's studies focused on cultivars that arc 

perceived to he very susceptihl e  to bruis ing, pr imarily hecause of the vis ib i l i ty of 

hruised t issue . However, th is  perception i s  not supported hy measures of hru ise 

susceptih l i ty per se., which indicate t hat 'Granny Smith '  (Kle in ,  1 987) and 

'Bramley's Seedl i ng' (Johnson and Dover, 1 990) are only moderately prone to 

bruising when compared with other eult ivars . I t  is  possib l e  that other m ore hru i se 

susceptible cultivars ( 'Golden De l icious') woul d  show a greater variation if  

suhjected to s im i lar studies. This suggests that  there i s  potential to identify and 

possibly manipu late factors that  may influence susceptih i l i ty to hrui s ing as we l l  as 

determin ing if  such variah i l i ty can he used to advantage hy orchardists to reduee 

fruit  damage losses. 

The difference in s tandard impact bruise d iameter hetween orchards producing 

the most and l east suseeptihle fru i t  was 6. 1 % and 7% in 1 990 and 1 99 1  

respectively (Tahle 5 .2) .  Pre l im inary i nves tigations of dependence of susceptihi li ty 

to hruising upon soi l  type and tree age fail ed to identify any relat ionships (data 

not shown) .  

In J 990, the most hruise suseeptihl e  group of apples i ncurred more than three 

t imes the fic l d  damage than l east susceptihl e  frui t  (Tahle 5 .3) .  The reductions i n  

grader hru ise area/frui t  hetween the most and l east bruise susceptihl e  groups of 

fruit  were 42% ( 1 990) and 39% ( 1 99 1 )  respectively. I n  that year standard impact 

hruise d iamcter was related to fie ld  damage ( harvest ing and transportation; r = 
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0.57: P < 0.(25 ) and grader damage (r = 0.45; P < 0.(5) .  

Tah le  5 .2 Standard i mpact mean bruise d iameter of orchards i n  the 1 990 and 

1 99 1  survey. With in each year orchards are ranked from l argest to 

smal lest average hru ise diameter, different  orchards were used i n  

each year .  Standard errors are i n  parentheses. 

Orchard 1 990 1 99 1  

Bruise diameter (mm) Bruise d iameter (mm) 

1 3 . 1 8  (0.24) a ] 3 .66 ( 1  J )  a 

2 1 3 . 1 1  (0 .58) a 13 .63 (0.26) a 

.3 1 .3 '()6 (0.5 ] )  a 1 3 .46 (0. 1 4) a 

4 1 3.02 (0.76) a 1 3 .45 (0.25 ) a 

5 1 2.84 (0.75) ah 1 3.43 (0. 1 2) ab 

6 1 2.82 (0 .56) ab ] 3.36 (0.23) ab 

7 1 2. 74 (0.5 1 )  ah 1 3. 26 (0.22) ah 

8 1 2.67 (0.55) ab 1 3 .05 (0. 1 9) ahc 

9 1 2 .42 (0.62) h 1 2.95 (0. 1 4) bcd 

] 0  1 2.8 1 (0. 1 5) cd 

1 1  1 2.79 (0. 1 9) cd 

1 2  1 2.76 (0.24) d 

Values wi th in  columns fol l owed hy different letters are significant ly 

different at 0 .05 . 

Percent d ifference i n  bru ise diameters of fru i t  from orchards producing the 

most  and l east hruise susceptih le  fruit .  

6. 1 %  7% 



9 1  

Tah le  5 .3 Field and grader damage (mm2) of the most and least susceptihl e  

groups o f  'Granny Smith '  apples from each o f  t he  1 990 and 1 99 1  

orchard surveys. 

Apple group 

Most susceptihle  

Least susceptible 

Percent reduction 

1 990 

Fie ld  damage 

(mm2) 

38 

1 1. 2  

70% 

G rader damage 

(mm2) 

] 3 2  

77 

42% 

1 99 1  

Grader damage 

(mm2) 

320 

1 95 

39% 

I n  ] 990, fie ld damage was more strongly associated with susceptibly to bruis ing as 

determ ined by s tandard impact bruise diameter  than grader damage. This 

suggests that the type of bruises i ncurred by apples  whi l s t  being harvested m ay be 

better related to the standard impact test than grader i nflicted bruises. The s lope 

of the regression l ine for the re lationship between the standard impact bruise 

diameter and area of hruising (R2 
= 0 .2 1 )  i ncurred with a single pass of frui t  

across thc grader, indicated that  for every 1 mm i ncrease i n  standard impact 

bruise diameter grader damage area increased by 33 m m2 (Fig. 5 . 1 ) . I n  1 99 1 ,  

standard impact hruise diameter \-vas a lso related with grader bruise area/frui t  ( R2 

= 0 .49) and bruise number/frui t  ( R2 
= 0.28). A 1 m m  (8%) i ncrease i n  hruise 

diameter ( 1 2.6  to ] 3 . 6  mm)  equated to an 87% i ncrease in grader damage (from 

1 6  to 30 m m2; Fig. 5 .2 )  and a 42% increase in the number of grader bruises 

incurred (from 0.26 to 0.37 bruises/fruit ;  Fig. 5 .3) .  

In  hoth years, smal l  differences in  absolute magnitude of the hruise diameter 

resu l ting from the standard i mpact corresponded to quite substantial d ifferences 

in the tendency to hecome bruised during post harvest handling. These findings 

confirm that testing for susceptib i l ity to bruising with a standard i mpact tes t  

provides valuahle data that re lates bruise diameter at harvest to i ts tendency to  

incur bruises during grad ing. 
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I t  is recognised that a single standard impact test does not readi ly m im ic the 

range of bru ises t hat apples are l ikely to i ncur during postharvest handl ing. I n  

both years the relationship between standard impact bruise d iam eter and grader 

damagc was i nfluenced by a number of factors: 

• grader damage is l argely a resul t  of app le-appl e  col l i s ions, the impact 

characteristics of which differ considerably from those resul ting from the 

standard impact test. Two col l id ing apples (both considered to have c lastic 

properties) each have some abi li ty to absorb the resul tant impact energy 

and m ay also be abl e  to move at the moment of i mpact. Therefore, the 

d imensions of  bruises i ncurred during gradi ng are l i kely to be different to 

those produced by standard i mpacts with sim i l ar impact energies 

• the standard impact was appl ied to the equator of eac h  apple .  Grader 

(and hand l ing) bruises occur over the whole app le  surface where differ ing 

responses to impact m ay resu l t  from variation i n  cortex cel l  size (Petre l l  et 

al. 1 980; Pang, 1 993) .  In addition, the m agnitude of impact energies 

experienced by app les during grading would vary considerably .  

The d isparity i n  grader damage between years relates to the use of different 

graders and techniques to s imulate the grading operation, as wel l  as seasonal 

differences in  susceptib i l i ty of frui t  to bruising. In the 1 990 study, grader damage 

would have been higher than that normal ly  expected to be incurred during 

commercial operations because of the l arge numbers of frui t  dropping 

coincidental ly from the cups down to the chute; th is would h ave e levated the 

number of fruit-fruit  coll is ions above those which norma l ly would have been 

encountered. The fol l owing year a different grader was used and the frui t  were 

graded in smal l  groups and as a consequence the apple-appl e  dam age m ay have 

been less t han expected in a normal commercial operation. Counter to th is was 

the fact that the grader design used in 1 99 1  m ay have imparted m ore k inet ic 

energy to the frui t  than did the grader in  1 990. Different absolute l evel s  of 

bruising were expected because different graders are known to cause widely 
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d iffering amounts of damage to apples  (Ban ks 1 99 1 ) . 

I n  1 990, fru i t  were randomly se lected from the water dump and as a consequence 

frui t  mass was variab le :  there was c lear distinction between the bruise 

susceptibi l it ies of l arge and sma l l  fruit .  I n  that year, sma ll frui t  tended to have 

smal ler standard impact bruise diameters (r :::::: 0 .7 1 ; P < 0.(0 1 )  and to incur l ess 

damage during harvesting and grading operations (r :::::: 0.55 and 0.4 1 ; P < 0.025 

and ()'05 , respectively) than l arger frui t .  H owever ,  the magnitude of the 

difference in average mass of frui t  in  these two groups was only 1 0% and was not 

l arge enough to expla in the considerab le  difference in bruise area resul ting from 

postharvest handl ing for the two groups of frui t .  I n  an effort to further c l ar ify the 

eft'cct  of frui t  size on susceptibi l i ty to bru is ing the design of the 1 99 1  exper iment 

was changed to include groups of both l arge and sma l l  frui t  from each orchard. 

I n the second year, frui t  of greater mass sustained l arger standard i mpaet bruise 

diameters than did smal l er apples (Fig. 5 .4A). Sma l ler, less bruise susceptib l e  

frui t  had significantly l ower standard i mpact bruise diameters than the other 

three groups; th is  group of frui t  a l so had the shal l owest bruises (Fig. 5 .48). 

Therc is a we l l  known proportional i ty between bruise size and impact energy and 

therefore between bruise size and fru i t  mass for a given drop he ight (Schoorl and 

Ho l t, 1 980). The d ifference in frui t  m ass wou l d  have led to a greater impact 

energy for frui t  dropped from a given he ight within the postharvest handl ing 

system. G iven that  these frui t  were a l so more susceptible to bru i sing there was a 

prcdictably greater area and number of bru ises on l arge frui t  (Figs 5 .4; C and D) .  

Whi lst  thcre woul d  be l it t le commercia l  potential for l imit ing bruise sever ity 

through reducing the average size of harvested fru i t  th is  study ident ified  that 

extra care and more impact absorbing material i s  required when l arge app les are 

being handled .  

Both area and number of hruises resul ting from the grader damage test  were 

s ignificantly h ighcr on the m ost  suscept ib le  compared to the l east  susceptibl e  

fru it of both sizes ( Figs. S .4C and D) .  Sim i l arly, both the area and number of 
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Standard impact bruise diameter (mm) ,  bruise depth (mm), grader 

bruise area/fru it (mm2), number of hruise/fruit, starch index and 

fru it firmness (N)  of the most and least suseeptihle groups of large 

and smal l  fru i t  from the 1 99 1  survey. 



98 

grader damage bruises were greater on the large apples than on the small  apples 

(Fig. SAD). Both of these findings confirmed the expectation that large, bruise 

susceptible fruit would suffer much more bruising than small less bruise 

susceptible fruit. 

In 1 990, bruise diameter was approximately the same at the beginning and end of 

the experiment (2 days later), with diameters of initial and final standard impact 

hruise diameter being correlated (r = 0.85 ; P < 0.00 1 ). However, susceptibility to 

bruising (Method 2) measured after the fruit were returned to Massey University 

was less strongly associated with both types of handling damage. A possible 

rcason for this surprising result may have been identified by Samim and Banks 

( 1 993b). Bruised apple tissue releases sap which is absorbed by the surrounding 

fruit tissue which would reduce fruit turgor and would therefore probably depress 

bruise susceptibil ity if the fruit were bruised again. 

Fruit mineral contents differed consistently between the two bruise susceptible 

groups (Fig. 5.5). In both years the most susceptible fruit had more phosphorus, 

nitrogen, calcium and magnesium than the least susceptible fruit. If these 

differences were causative, they presumably affect susceptibility to bruising 

through effects on fruit texture or tendency of membranes to rupture upon 

impact. 

Large fruit had less nitrogen, phosphorus and potassium, similar amounts of 

calcium but more magnesium than smal l  fruit (Fig. 5 .5A to E) .  The most bruise 

susceptible smaller fruit had more nitrogen, phosphorus, potassium and calcium 

than the least susceptible fruit of similar size. Although similar trends were 

evident in the large fruit there were no significant differences in mineral contents 

between the most and least susceptible fruit apart from magnesium which was 

higher in the least susceptible fruit. 
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N itrogen, phosphorus, potass ium, calcium and magnesiulll content 

(mglg OM)  of the least and most suscept ib le groups of large and 

smal l  fru it from the 1 991 survey. 
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Standardised multiple regression analyses of means from most and least 

susceptible groups of each orchard lot of fruit (Table 5 .4) determined that in 

1 990 fruit calcium concentration and fruit mass were functionally related to 

standard impact bruise diameter (R2 = 0.68). By standardising data (each 

variable has zero mean and unit variance) fruit mass (standardised variate = 

0.74) was of more importance than fruit calcium contents (standardised variate = 

0.24) in this relationship. 

Table 5.4 Regression AN OV A of standard impact bruise diameter on fruit 

calcium content and fruit mass (raw data) - 1 990 survey data. 

Source df SS MS F Probability 

Model 2 4.859 2.429 15 .95 0.0002 

Error ] 5  2.28 0 . 152 

The regression equation of standard impact bruise diameter on fruit calcium 

concentration and fruit mass (absolute data) was given by: 

Standard impact bruise diameter = 6.37( ± 1 .26) + 34( ±0.69)fruit mass 
+ 4. 1 3(± 1 .45)fruit calcium 

Where: 

fruit calcium 

fruit mass 

calcium concentration of apple tissue (% dry matter) 

fruit fresh mass (kg) 

Handling damage at harvest was weakly related to fruit mass (P < 0.025) which 

indicates that factors other than the momentum that fruit generate during 

handling were associated with this type of damage. Regression analysis (Table 

5.5) determined that grader damage was more closely related to tissue 

phosphorus concentration (% dry matter) than to any other variable (including 

fruit mass). 
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Tahle 5 .5 Regression ANOYA of grader damage on fruit phosphorus 

concentration (raw data) - 1990 survey data. 

Source df SS MS F Probability 

Model 1 1 .76 1 .76 8.85 0.008 

Error 1 6  3 . 18  0.20 

The regression equation of grader damage on fruit phosphorus concentration (R2 

= 0.33) was given by: 

Grader damage = -0.85 ( ±0.066) + 1 .52 (±0.5 1 2)fruit phosphorus 

Where: 

fruit phosphorus = phosphorus concentration of apple tissue (% dry 

matter) 

In one of the two years, these preliminary findings provided correlative evidence 

on the association of fruit mass and mineral composition with susceptibil ity to 

hruising and handling damage; further work would be required to substantiate 

causal relationships. If further studi�s demonstrated that these attributes were 

causal then some compromises would be required on other aspects of fruit 

qual ity if this approach to reducing bruise susceptibility was to be adopted. 

Both phosphorus and calcium have been shown to have beneficial effects on 

apple quality and reducing levels of these minerals in fruit to reduce susceptibility 

to bruising may have undesirable consequences. Johnson and Yogaratnam ( 1 978) 

and Letham ( 1 969) found that increasing phosphorus enhanced postharvest 

storage life of apples. Similarly higher calcium content of apples has been 

associated with improved storage l ife of fruit (Poovaiah, 1 986) and increased 

resistance to postharvest disorders (Conway, et al. 1 994). Optimisation of fruit 

phosphorus and calcium levels to reduce susceptibil ity to bruising, whilst 

minimising other possible adverse effects on quality, would therefore be an 

important exercise in deve lopment of this strategy. Johnson and Dover ( 1 990) 

found no consistent relationship between fruit mineral contents and bruise 



susceptibility. However, their survey programme was primarily designed to 

investigate variation in bruise susceptibility between seasons and between 

orchards. This study measured differences in susceptibility to bruising and fruit 

attributes within a number of orchards in a particular season. This made it 

possible to examine more closely differences between the most and least 

susceptible fruit within-orchards. 
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In 1 99 1  multiple regression analysis did not relate any fruit attribute with either 

standard impact bruise diameter or handling damage. Fruit firmness was 

negatively related to grader damage (r = -0.47; P < 0.05), indicating the 

potential to reduce bruising damage by harvesting firmer, less mature fruit within 

the recognised commercial harvesting period. Fruit firmness was itself negatively 

linked to phosphorus levels and fruit mass (r = -0.67 and -0.66; P < 0.01 

respectively). 

In that year fruit firmness was less negatively correlated with standard impact 

bruise diameter (r = -0. 18 ;  P < 0.000 1 ). These data substantiate those of 

Johnson and Dover ( 1 990) and Garcia el al. ( 1 995) who found a significant 

negative relationship between bruise volume and firmness (r = - 0.47 for CA

stored fruit and r = - 0.24 for fresh fruit, average of three cultivars; 

respectively). These data contrast with that of Klein ( 1 987) who found no 

relationship between bruise susceptibility and firmness. 

There was no consistent relationship between maturity, as assessed by starch 

index and standard impact bruise diameter on an orchard basis. In fact two of 

the orchards with lines of apples had fruit with small standard impact bruise 

diameters. However, there was a trend suggesting that bruise susceptible fruit 

were more mature (higher starch index and lower firmness) than less susceptible 

fruit within an orchard. 

There was little difference in starch index between the two susceptibility groups 

hut using this index small fruit were more mature than large fruit (Fig. 5 .5E). 



Despite this the smaller fruit had lower susceptibil ity to bruising probably 

because they were firmer. The least susceptible fruit were significantly firmer 

than the most susceptible fruit with smaller fruit firmer than larger fruit (Fig. 

S.SF) .  
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Bruise colour was not associated with susceptibility to bruising. Bruise hue angle 

was functionally related to fruit nitrogen content (R2 
= 0.55) indicating that 

apples with higher nitrogen had bruises that were less brown than those that 

developed on apples of lower nitrogen content. Of the skin colour attributes only 

hue angle was associated with nitrogen (r = 0.28, P<O.OOOl )  indicating apples 

with higher nitrogen were more green. Thus, one may conclude that 'Granny 

Smith' apples with higher nitrogen contents may have had bruised tissue that was 

less brown than that which develops on apples of lower nitrogen content and that 

these bruises may also be less visible because of the enhanced greenness of the 

skin. 

Between orchard variation in bruise l ightness and chroma were low, but there 

were considerable differences in bruise hue angle. It  was noted previously 

(Section 4.2.3.2) that when bruised tissue from different apples was classed 

visual ly, either as l ight or dark brown and then measured, a 5° hue angle 

quantified those visual differences. 

Bruise colour data of each orchard were ranked according to increasing hue 

angle ( decreasing brownness). Between-orchard differences in bruise hue angle 

indicate potential to manipulate bruise colour (Table 5 .6). Whilst these 

differences in bruise hue angle may have been partially due to nitrogen content, 

other factors such as AA or calcium content may have contributed to the 

differences. 



Tahle 5.6 

Orchard 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

1 2 

1 04 

Bruise lightness, chroma and hue angle of bruised apple tissue from 

1 2  Hawkes Bay orchards ranked according to bruise hue angle -

] 99 1 data. 

Bruise lightness Bruise chroma Bruise hue angle 

75.20 a 9.50 abc 70.67 b 

75.24 a 9.39 abc 75.5 1 ab 

75.96 a 9.43 abc 76.31 ab 

75. 17  a 9.50 abc 78.37 ab 

76.46 a 9.96 ab 78.37 ab 

74.67 a 8.32 c 79.62 ab 

76.7 1 a 8.69 bc 8 1 .90 ab 

75.06 a 9.78 ab 83.47 ab 

75.37 a 9.84 ab 84.00 a 

75.79 a 1 0. 1 1  a 85.67 a 

77.54 a 9.06 bc 85.73 a 

76.46 a 1 0.06 a 86.56 a 

Values within columns followed by different letters are significantly different 

at 0.05 . 

Overal l, this study identified that there was considerable within-season variation 

in susceptibil ity to bruising of 'Granny Smith' apples and l inks between 

susceptibility to bruising and fruit size, maturity firmness and mineral contents 

were identified. The potential to manipulate the susceptibility of apples to reduce 

hruise damage incurred during postharvest handling was also established. Small 

rcductions in measured susceptibility to bruising of harvested fruit corresponded 

to large reductions in actual damage that apples incurred. Some reductions in 
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damage could be achieved by harvesting fruit slightly less mature (without 

compromising fruit quality) than current commercial practices and paying 

particular care to the gentle handling of the larger, more mature fruit in the 

population. Further gains m ight be made by manipulating fruit m ineral contents 

if these could be shown to have causal influences on susceptibil ity to bruising 

with-out detracting from other fruit quality attributes. Before this potential could 

be real ised the influence of local environment, orchard factors and management 

factors that may also be involved would have to be identified. 

This study also identified that degree of brownness of bruised apple tissue varies 

considerably between orchards. Whilst apple tissue with h igher nitrogen content 

was associated with reduced brown colour of bruised tissue, other, as yet 

unknown factors may also be associated. 

I t  is clear that even if manipulation of production factors could only achieve 

smal l reductions in susceptibility to bruising (as determined by the standard 

impact bruise diameter), then considerable reductions in the quantity of fruit that 

are rejected because of bruising could be achieved. By using 'Granny Smith' 

apples from an important NZ apple production area, a worthwhile commercial 

interpretation of the standard impact test has been accompl ished. 

5.3 Within-orchard variation 

5.3. 1 Materials and methods 

Fifty-six 'Granny Smith' trees (MM 1 06 rootstocks, 2.5 x 5 m spacings) and 85 

'Royal Gala' (56 treatment and 29 buffer) trees (MM 1 06 rootstocks, 2 x 5 m 

spacings) at Massey FeU orchard were used in this experiment. These trees had 

been planted in 1 985 in a north/south orientation in adjacent blocks on an 

alluvial soil type. Trees were semi-intensively managed with a central leader 

training system. 

In  'Granny Smith', the randomised complete block experimental design took into 
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account a number of factors. Two rows of trees were planted on a soil type that 

changed from shallow alluvial soil with rocks (Blocks 1 and 3) to a deeper 

al luvium with few rocks (Blocks 2 and 4). Block 3 was also sheltered by 1 2  m 

wil lows on the eastern side. 'Granny Smith' trees in blocks 1 and 3 were less 

vigorous than those in blocks 2 and 4. The ' Royal Gala' blocking took into 

account the shorter rows of trees. Blocks 1, 2 and 3 were on each of three rows 

whi lst block 4 comprised trees from the southern end of rows not included in 

blocks 1 and 2. The northern end of blocks 1 and 2 were sheltered by 12 m 

wil lows. In  this planting there was l ittle variation in soil type and tree vigour. The 

closer spacing of the 'Royal Gala' planting made it essential to have an untreated 

buffer or guard tree between each pair of treatment trees. 

For each cultivar there were 4 experimental blocks each comprising 7 pairs of 

trees (experimental units). Seven spray treatments were randomly allocated to 

these pairs of trees within each block: 

] U nsprayed (control) 

2 Phosphorus 0.2% as H3P04 

3 Phosphorus 0.2% as H3P04 

4 Phosphorus 0.2% as H3P04 

5 Calcium 0.6% as CaClz 

6 Calcium 0.6% as CaC12 

7 Calcium 0.6% as CaCl2 

- sprayed 4 times at about 1 week intervals 

after fruit set 

- sprayed 4 times at about 1 week intervals 

prior to harvest 

- sprayed a combination of treatments 2 and 3 

- sprayed 4 times at about 1 week intervals 

after fruit set 

- 4 times at about 1 week intervals prior to 

harvest 

- a combination of treatments 5 and 6 

Sprays were applied using a motorised Solo knapsack sprayer at rates which were 

similar to commercial spray applications (2,000 L/ha). All trees were subjected to 

normal commercial management practices and other orchard sprays which 

included a standard spray regime of CaCl2 « 360 g/100 L) and CaN03 (600 g/100 



L). 'Granny Smith' trees received six applications of CaCl2 whilst 'Royal Gala' 

trees received two applications of CaN03 and four CaCl2 sprays. 
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At the beginning, midway and end of the commercial harvesting period (Table 

5 .7) e ight fruit were harvested from the upper north and lower south position of 

each experimental unit. The total number of fruit harvested from each varietal 

trial was as follows: 

3 harvests x 2 within-tree positions x 7 spray treatments x 8 fruit x 4 blocks 

= 1344 fruit. 

At each harvest, the order in which blocks were harvested was randomly selected. 

Generally, there was a 24 h interval between the harvesting of each block with 

harvesting beginning about mid-morning. Immediately after harvest, fruit were 

weighed and assessed for susceptibility to bruising (Method 2), bruised tissue 

colour components, firmness and crush strength, starch index, soluble sol ids were 

mcasurcd (Section 3.4 to 3.7). Because of the lower tissue strength of 'Royal 

Gala', a smaller Effigi penetrometer was used (8 mm) and a larger blade was 

used on the crush strength measuring apparatus for the third harvest only. 

Twcnty fruit from each spray treatment of each block at each harvest were 

analysed for nitrogen, phosphorus, potassium, magnesium and calcium contents 

(Section 3. 10). 

Table 5.7 Early, mid and late season harvest dates for 'Granny Smith' and 

'Royal Gala'. 

'Granny Smith' 'Royal Gala' 

Early-season April 1 5  

April 26 

May 1 5  

February 25 

March 13  Mid-season 

Latc-season March 3 1  



Experimental design was randomised and blocked, with a split block (fruit 

position and spray treatment) with a split-plot in time (harvests). 

Irrigation trial 
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The effect of different irrigation regimes on susceptibility to bruising was 

investigated using an existing trial comprising two blocks each of twelve five-year

old 'Braeburn' trees at the FCU orchard. A I m  deep trench was dug down both 

sides of the rows of experimental trees approximately 1 m from the trunk (Mills 

et al. 1 996). Black polythene sheeting (2 m wide and 250 .um thick) was laid over 

the root zone of the trees and buried in the trench to a depth of 0.75 m .  Each 

hlock either received no irrigation at all or sufficient irrigation to maintain soil 

moisture similar to that in an adjacent untreated block. The induced water stress 

was not sufficient to reduce shoot growth. Twenty fruit from each treatment were 

harvestcd at commercial maturity and soluble sol ids, firmness, crush strength, dry 

matter content, mineral contents and susceptibility to bruising (Method 2; 

Section 3.2.2) were determined (Sections 3.3, 3.5 to 3.7 and 3. 10). Experimental 

design was randomised with internal replicates. 

I n each of the three experiments, analysis of variance was used to determine 

main effects and interactions. Differences between means were determined by 

Icast significant differences. Correlation coefficients were used to determine 

relationships between fruit attributes. Multiple linear regression was util ised to 

dctermine functional relationships between bruise dimensions and fruit attributes. 

Exploratory use of multi-variate techniques (principal components and canonical 

correlations) did not aid in understanding relationships in pooled data sets and 

are not reported. 

5.3.2 Results and discussion 

5.3.2. t Between-tree variation 

To avoid confounding by possible block*spray treatment interactions and to 

reduce the number of trees to be compared, between-tree variation was assessed 

only on data from each of the two control trees in each of the four blocks of the 
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'Granny Smith' and 'Royal Gala' trials. 

'Granny Smith ' 

Between-tree differences in standard impact bruise diameter were small and were 

outweighed by the very significant harvest date differences (Table 5 .8) .  

Tahle 5 .8 Analysis of variance for standard impact bruise diameter for 

'Granny Smith' control trees. 

Source DF SS MS F value Pr > F 

Tree 7 10 . 1 79 1 .45 1 .84 0.0828 

Harvest date 2 24.99 1 2.498 1 5.83 0.0001 

Fruit position 1 0.3 13  0.313  0.40 0.529 

Tree*harvest date 1 4  2 1 .342 1 .52 1 . 93 0.0267 

Tree*fruit position 7 2. 1 1  0.302 0.38 0.9 1 1 

CV = 5 . 1 9% 

The significance of the tree*harvest date interaction was attributable to the 

significance of the main harvest date effect; standard impact bruise diameter was 

not related to the within-tree position of fruit nor was there a significant 

trec*fruit position interaction. 

Means separation identified significant between-tree differences in susceptibility 

to bruising and al l other fruit attributes (Table 5 .9). The expectation that the 

least bruise susceptible fruit would be firm and relatively immature was 

suhstantiated by fruit on tree 56. These fruit were most resistant to bruising using 

standard impact bruise diameter and depth; they were very firm, of average crush 

strength and had a low starch index but had average soluble sol ids content. In  

contrast fruit from tree 2 had the largest standard impact bruise diameter, the 

hruise being of reasonable depth, were the least firm, of average crush strength 



Table 5 .9 

Tree 

number 

1 

2 

1 9  

20 

33 

34 

55 

56 

Between-tree variation in standard impact bruise diameter (mm), depth (mm), mass (kg), firmness (N), crush 

strength (kPa), starch index and soluble solids eBrix) for 'Granny Smith' apples. 

Block Bruise Bruise Mass Firmness Crush Starch Soluble 

number diameter depth (kg) (N) strength index solids 

(mm) (mm) (kPa) e Brix) 

1 1 7.23 ab 7. 1 0  ab 0. 1 57 ab 80.73 e 6 1 .75 ab 3.25 e 10. 1  eb 

1 1 7.37 a 7. 1 9  ab 0. 150 b 77.54 e 59.83 ab 3.58 be 9.6 c 

2 17 . 10  be 7.36 a 0. 1 62 ab 85.06 b 53.3 1 d 3.58 be 1 1 .2 a 

2 1 7.09 be 7.22 ab 0. 1 63 ab 86.49 ab 54.70 cd 3.67 abc 10.45 b 

3 1 6.8 1 be 7. 1 0  ab 0. 158  ab 89. 1 5  ab 62.94 a 3.87 ab 9.87 be 

3 17.25 ab 7. 1 8  ab 0. 173 a 86. 1 6  ab 6 1 .40 ab 4. 1 7  a 1 0.03 be 

4 1 7.26 ab 7.08 b 0. 1 5 1  b 89.01 ab 54.29 d 3.38 be 10.38 b 

4 16.65 e 6.96 e 0. 1 49 b 89.06 a 58. 1 8  be 3.25 e 10.39 b 

Numbers within columns followed by different letters are significantly different at 0.05. 
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and had the lowest soluble solids content. Bruise susceptible fruit would be 

expected to be less firm and relatively mature; however, these fruit with a soluble 

solids content of 9.6 and starch content of 3.58 were relatively immature. Thus, 

attributes of fruit from tree 56 confirm the expectation that firm, immature fruit 

should be relatively resistant to bruising. However to conform with expectations, 

the most bruise susceptible fruit from tree 2 should have been mature but this 

was not the case. The most significant by-tree multiple regression (R2 = 0.39) 

was on tree 56 which related standard impact bruise diameter to fruit firmness (p 

= 0.0 1 )  and starch (p = 0.04). Tree 2 produced fruit  that were the most 

susceptible to bruising, but standard impact bruise diameter was not associated 

with any of the measured fruit attributes (Table 5 . 10). I n  contrast, attributes of 

fruit from tree 56 which produced the least bruise susceptible fruit were 

Table 5 . 10 Correlation coefficients for within-tree and pooled data between 

standard impact bruise diameter and fruit attributes for 'Granny 

Smith' apples harvested from control trees. 

Tree & block Fruit mass Firmness Crush Starch Soluble 

number strength index solids 

1 ns ns _0.59°·002 ns ns 

2 ] ns ns ns ns ns 

19  2 ns ns ns 0.69°.0002 0.49°·01 

20 2 0.44°.03 ns ns ns ns 

33 3 ns ns _0.41 0.04 0.59°.002 0.45°.02 

34 3 ns _0.54°.006 ns ns ns 

55 4 ns ns _0.48°.02 0.46°.02 0.44°·03 

56 4 ns _0.58°·003 
_0.54°.005 0.64°.0008 ns 

Pooled data 0.2 1 °.002 _0.37°.0001 _0.330.0001 0.38°·0001 0 . 180.009 

Superscript values denote level of significance 



associated with standard impact bruise diameter. 

Pooling data produced significant but smal l  correlations of fruit attributes with 

standard impact bruise diameter. Attributes other than those measured such as 

mineral contents, cel l  size and/or volume, internal air-space may have been 

responsible for a proportion of the variation and may have explained more 

spccifical ly relationships with standard impact bruise diameter. 
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Multiple regression analysis of the pooled data set determined standard impact 

hruise diameter was functionally related (R2 
= 0.30) to fruit attributes. 

Standard impact bruise diameter = 1 9.43(±0.89) + 5.4(±2. 19)mass 
- 0.02(±0.008)crush strength - 0.02(± 0.007)jirmness + 0. 1 6(±0.035)starch index 

Standardised variates were as follows: mass, 0.14; crush strength, - 0. 1 6; firmness, 

-0.25; starch index, 0.30. The fact that the most significant (R2 
= 0.58) by-tree 

multiple regression of susceptiblity to bruising and fruit attributes was on tree 56, 

which produced the least bruise susceptible fruit, is of interest. Standardised 

variates were mass, -0.3 1 ;  crush strength, 0.04; firmness, - 0.55 and starch 0.48. 

Both rcgressions rated firmness and starch of most importance in predicting 

standard impact bruise diameter. Tree 56 was visually assessed to be very high 

yielding compared to tree 2 which produced the most bruise susceptible fruit. 

According to Westwood et al. ( 1 967) and Martin et al. ( 1 964); l ight blooming 

trees produce larger fruit with more cells and in some cases larger cells than 

heavy blooming trees. Thus an explanation for the difference in bruise 

dimensions of fruit from these two trees may have been because fruit on tree 56 

had more cells than fruit on tree 2. Because of their similar mass, bruise 

dimension comparisons of fruit from these two trees is of further interest. A 

positive association of fruit mass with susceptibility to bruising has been 

establ ished (Section 5 .2.2). However, in this c loser examination at orchard level, 

fruit from trees 2 and 56 represented extremes of bruise susceptibil ity but were 
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of similar mass. These observations, and data suggest that the significance of fruit 

mass on susceptibility to bruising may be overridden by between-tree differences 

in crop load. 

Of note were the fruit from tree 1 9  which had the highest soluble solids and the 

deepest bruises. A positive association between dense, juicy tissue with low air

space and bruise depth was established by Garcia et al. ( 1 988), who determined 

that fruit with juicy texture tend to have deeper cone shaped bruises. The greater 

depth of bruises on fruit from tree 1 9  tend to substantiate this observation. 

Bruise lightness and chroma showed only slight between-tree variation (Table 

5 . 1 ] ) . Whilst there was greater between-tree variation in bruise hue angle, the 

Table 5 . 1 1  Between-tree variation in colour components of bruised 'Granny 

Smith' apple tissue. 

Tree Block Bruise Bruise Bruise hue 

number number l ightness chroma angle 

1 73.87 a 4.39 bc 72.85 ab 

2 1 73.84 a 4.32 c 74. 1 2  ab 

] 9  2 74.35 a 4.89 a 72.30 b 

20 2 74.32 a 4.75 ab 74.05 ab 

33 3 74. 13  a 4.61 abc 7 1 .86 b 

34 3 74.21  a 4.61 abc 73.34 ab 

55 4 73.89 a 4.31 c 76.22 a 

56 4 73.87 a 4.62 abc 72.74 b 

Numbers within columns followed by different letters are significantly 

different at 0.05 . 
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only visual difference was that fruit from tree 33 developed bruise tissue that was 

browner in colour than bruised apple tissue from tree 55; this may be somehow 

l inked to the visually assessed levels of crop load (tree 33 < tree 55). 

Between-tree variation in susceptibility to bruising and the intensity of brown 

discolouration' of damaged apple tissue, although smal l, was statistically 

significant in this orchard planting of 'Granny Smith'. One tree produced fruit 

that were 4% more susceptible than those from several other trees; such 

variation was sl ightly less than that recorded between-orchards (Table 5 .2; 6%) 

but more than that recorded between-seasons (Table 5 .1 ;  2 .8%).  A 4% ( 13.5 to 

13 mm) reduction in susceptibil ity to bruising as measured by the standard 

impact bruise diameter would be expected to translate into approximately a 24% 

(29 to 22 mm2) reduction in grader damage when fruit are graded (Fig. 5 .2). 

The scope for reducing bruise colour by selection of fruit from individual trees 

was lim ited; clear visual differences could only be determined between bruised 

tissue on apples from tree 55 and 33. 

'Royal Gala ' 

Between-tree differences in standard impact bruise diameter were small 

compared to the very significant harvest date differences (Table 5 . 1 2) .  Standard 

impact bruise diameter was not related to the position on the tree from which 

fruit were harvested and the significance of the tree* harvest date interaction was 

largely attributable to the main harvest date effect. 

Despite this planting having a more uniform soil type and less variation in tree 

vigour than the 'Granny Smith' planting, a closer examination of between-tree 

data (Table 5 . 1 3) indicated that 'Royal Gala' displayed greater variation in 

susceptibility to bruising. 
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Table 5. 1 2  Analysis of variance for standard impact bruise diameter for 'Royal 

Gala' control trees. 

Source D F  SS MS F value Pr > F 

Tree 7 56.7 1  8. 10 5 .6 1  0.0001 

Harvest date 2 205.22 1 02.6 1 7 1 .09 0.0001 

Fruit position 1 3.94 3.94 2.73 0. 1 02 

Tree*harvest date 11 30.47 2.77 1 .92 0.04 

Tree*fruit position 7 2.3 1 0.33 0.23 0.977 

CV = 1 2.47% 

The most bruise susceptible fruit were harvested from tree 22 which developed 

hruises that were 1 1  % larger in diameter than bruises on fruit from tree 2 (Table 

5 . 1 3). The most bruise resistant fruit were harvested from tree 2; they had 

relatively shal low bruise depth but were less firm than fruit from other trees. The 

twist test indicated that apple tissue from this tree had reasonable resistance to 

crushing and the fruit were of average maturity as measured by starch index and 

soluble sol ids. The most bruise susceptible fruit were from tree 22 and had 

average bruise depth, were firm, of good crush strength, had average starch 

content but had low soluble solids. 

The expectation that the most bruise resistant fruit would be firm and relatively 

immature with the converse applying to the most bruise susceptible fruit does not 

scem to have been appl icable to fruit from this 'Royal Gala' planting. Multiple 

regressions, using individual tree data of standard impact bruise diameter on fruit 

attributes, did not identify significant relationships. The reasons may be complex 

and are addressed later in this section. 

With in-tree correlations of fruit attributes with standard impact bruise diameter 

did not identify consistent relationships (Table 5 . 1 4) .  Three of the eight trees 
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Table 5 . 1 3  Within-orchard variation i n  standard impact bruise diameter (mm)  and depth (mm), mass (kg), firmness (N), crush 

strength (kPa), starch index and soluble solids (OBrix) for ' Royal Gala' apples 

Tree Block Bruise Bruise Mass Firmness Crush Starch Soluble 

number number diameter depth (kg) (N) strength index sol ids 

(mm) (mm) (kPa) (OBrix) 

1 1 1 5 .53 cd 6.38 b 0. 1 27 a 90.7 b 45.5 a 4.00 ab 1 0. 1  a 

2 1 1 5 .24 d 6.32 b 0. 1 18 a 87.2 b 47.07 a 3.78 b 9.7 ab 

2 1  2 1 6. 1 3  bc 6.60 ab 0. 1 23 a 99.8 a 45.83 a 4.43 ab 10. 1 a 

22 2 1 7. 1 2  a 6.52 b 0. 1 3 1  a 99.7 a 45 .8 1 a 4.45 ab 9.2 ab 

29 3 1 6.08 bc 6.39 b 0. 1 24 a 97.7 a 38.89 b 5 .06 a 8.82 b 

30 3 15 .96 bcd 6.47 b 0. 1 26 a 97.3 a 40.54 b 4.5 ab 9. 1 8  ab 

49 4 1 6.72 ab 6.72 ab 0. 1 29 a 98.6 a 45.77 a 4.37 ab 9.49 ab 

50 4 1 6.55 ab 6.97 a 0. 1 26 a 98.0 a 46.37 a 4.64 ab 9. 1 5  ab 

Values in columns fol lowed by different letters are significantly different at 0.05 . 
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failed to show any relationship between standard impact bruise diameter and 

fruit attributes. It is worthwhile to note, that as with the 'Granny Smith', the 

'Royal Gala' tree that produced the least bruise susceptible fruit, the most 

positive relationship between attributes and standard impact bruise diameter was 

from the that produced the least bruise susceptible fruit. Pooling data provided 

correlations between standard impact bruise diameter and fruit mass, firmness 

crush strength and starch content (Table 5 . 14) .  

Tahle 5 . 1 4  Within-tree and pooled data correlation coefficient between 

standard impact brui�e diameter and attributes for fruit from 

' Royal Gala' control trees. 

Trec & block Fruit mass Firmness Crush Starch Soluble 

number strength index solids 

1 ns ns ns 0.640.009 ns 

2 1 ns ns ns ns ns 

2 1  2 ns _0.43°.09 ns 0.47°·08 _0.69°.05 

22 2 0.44°.Q3 _0.670.004 ns ns 0.61 °.06 

29 3 ns ns 0.63°.04 0.65°.08 ns 

30 3 ns ns 0.77°·0005 ns ns 

49 4 ns ns ns ns ns 

50 4 ns ns ns ns ns 

Pooled data 0.230.004 _0.20°·05 0. 170.03 0.49°·0001 ns 

Superscript values denote level of significance 

Multiple regression analysis of the 'Royal Gala' control trees pooled data set 

related crush strength to standard impact bruise diameter (R2 
= 0. 10) .  

Bruise l ightness and bruise chroma showed statistically significant variation 

hetween trees (Table 5 . 15)  but these components are not as important as bruise 
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hue angle in determining the perceived brownness of bruised tissue (Section 

4.2.3.2). The considerable between-tree differences in bruise hue angle was such 

that a visual distinction of degree of brownness could be made relatively easily 

hetween bruised tissue from most trees. Differences were generally between pairs 

of trees from different blocks despite the absence of the broad physical 

differences between blocks noted in the 'Granny Smith' planting. The only 

obvious visual physical difference between blocks was that trees 1 and 2 were 

shaded early in the morning by 6 m shelter willows at the northern end of the 

hlock. Should photosynthetic photon flux have been substantially reduced for 

these two trees, then this m ight be expected to have reduced mass and soluble 

sol ids (Tustin et al. 1 988), although there was no evidence for this. The putative 

reduced photosynthetic photon flux may explain why fruit from both trees in this 

hlock were also less firm than fruit harvested from those in other blocks. 

Table 5 . 1 5  Between-tree variation i n  colour components of bruised 'Royal 

Gala' apple tissue. 

Tree Block Bruise Bruise Bruise hue 

numher number l ightness chroma angle 

1 1 75 .56 a 6. 1 5  abe 84.89 a 

2 1 75 .65 a 6. 19  abe 84.84 a 

2 1  2 74.54 b 5 .49 dc 79.89 ab 

22 2 74.48 b 5 .26 d 77.65 b 

29 3 72.92 e 5 .28 d 80.98 ab 

30 3 73. 1 7  c 5 .58 bcd 75.73 b 

49 4 73.25 c 6.3 1 ab 69.04 e 

50 4 73.44 c 6.48 a 69.23 c 

Values within columns fol lowed by different letters are significantly different 

at 0.05 . 
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Overall ,  comparing data from both cultivars it can be seen that fruit from 

individual 'Royal Gala' trees showed more variation in bruise diameter ( 15 .24 to 

1 7. 1 2  mm) than 'Granny Smith' ( 1 6.65 to 1 7.39 mm) despite there apparently 

being less within-planting soil type diversity than in the 'Granny Smith' planting. 

The reasons for this probably relate to varietal differences in cell wall 

strength/thickness or cel l  volume. In  contrast, the other measured fruit attributes 

showed more variation in the 'Granny Smith' planting. ' Royal Gala' is sometimes 

perceived to be a crisper, more juicy apple than the more dense 'Granny Smith'. 

There was a significant relationship between crush strength and firmness with 

'Granny Smith' but not with 'Royal Gala' which further indicates that textural 

differences exist between the two apple cult ivars. 

This study identified a difference of 1 1 .4 and 12.6 N between the firmest and 

least firm fruit within the populations of 'Granny Smith and 'Royal Gala' apples, 

respectively. Worthington and Yeatman ( 1967) found a 35 N difference in 

firmness between fruit from the extreme two of four 'Red Delicious' trees and, 

on a similar basis, a 1 4.7 N difference between 'Golden Delicious'. Between-tree 

differences may be greater in other orchards where greater variation in soil type 

and growing conditions exist. Support for this suggestion comes from previous 

work (Section 5 .2.2) where the extreme difference in firmness from the data set 

pooled for 9 orchards in 1 990 was 13 N and the fol lowing year with 1 2  orchards 

was 29 N. 

This within-orchard, between-tree study has identified that despite variable block 

effects, individual 'Granny Smith' trees produced apples that showed less 

variation in susceptibil ity to bruising and bruise colour than did 'Royal Gala' 

trees. Susceptibi l ity to bruising was related to fruit mass and crush strength in 

'Granny Smith' and starch index in 'Royal Gala'. The magnitude of differences 

between trees suggests that, if factors that influence susceptibil ity to bruising and 

bruise colour could be identified, and then manipulated to advantage, 

considerable reductions in bruise damage and colour could be potentially 

achieved. 'Royal Gala' trees within-blocks produced fruit that had considerable 



variation in bruised tissue colour. 

5.3.2.2 Time of harvest 

'Granny Smith ' 
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Al l data were pooled and analysed for main effects and interactions (Table 5 . 1 6) .  

There was a significant time of harvest effect which also contributed to the 

significance of the fruit position*time of harvest effect. It was also clear from the 

significance of block effect that alJocating variations of soil type and tree vigour 

to individual blocks contributed to improved precision of data analysis. 

As harvests progressed through the season, susceptibility to bruising, as measured 

by standard impact bruise diameter, increased by nearly 5 %  (Table  5 . 1 7) .  Despite 

thc shorter interval between the early and mid season harvest, susceptibility to 

bruising increased more in this period than between the mid and late harvest. 

Table 5 . 1 6  Analysis of variance for standard impact bruise diameter for al l  

main effects and interactions used in the 'Granny Smith' trial . 

Source DF SS MS F Pr> F  

Block 3 29.35 9.78 1 2.58 0.0001 

Time of harvest 2 1 54.58 77.28 99.32 0.0001 

Fruit position 1 0.5 1 0.5 1 0.65 0.420 

Fruit position* time of harvest 2 3 1 .31  1 5 .65 20. 1 2  0.0001 

Spray treatment 6 2.47 0.41 0.53 0.787 

Error 1330 1037 0.77 

CY = 5 . 1 5% .  

This was i n  contrast with standard impact bruise depth which increased only 

between the mid and late harvest. A relationship between greater fruit mass and 

increased susceptibility to bruising was establ ished earl ier (Section 5 .2) However, 
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as fruit mass did not vary between harvests, i n  the current experiment the 

increase in susceptibility to bruising associated with time of harvest effect cannot 

he attributed to an effect of fruit size. 

Despite the association between firmness and susceptibil ity to bruising observed 

in the between-orchard survey (Section 5 .2), this orchard study indicated that 

although firmness did not change between the early and mid harvest, 

susceptibility to bruising increased most over this period. Starch index and 

soluble solids increased, and crush strength decreased, as harvests progressed 

through the season. 

Table 5 . 1 7  Time of harvest effects on 'Granny Smith' fruit attributes. 

Time of harvest 
Attribute 

early season mid season late season 

Bruise diameter (mm) 1 6.70 a 1 7.20 b 1 7.53 c 

Bruise depth (mm) 7. 1 0  a 7. 1 2  a 7.26 b 

Mass (kg) 0. 1 62 a 0. 1 63 a 0. 1 63 a 

Firmness (N) 86.5 a 85.5 a 83.2 b 

Starch index 1 .6 a 3.8 b 5 .6 c 

Soluhle sol ids CO Brix) 8.7 a 1 0.9 b 1 1 .3 c 

Crush strength (kPa) 58.7 a 59.8 a 55.8 b 

Bruise l ightness 74. 1 5  A 74.29 A 74. 1 4  A 

Bruise chroma 4.49 A 4.39 A 4.94 B 

Bruise hue angle 73.39 A 7 1 .83 B 76.77 C 

Values within rows fol lowed by different letters (a and A) are significantly 
different at 0.000 1 and 0.05 respectively. 

Lightness of hruised tissue of 'Granny Smith' apples did not change with 
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increasing maturity. However, bruise chroma and hue angle were highest at the 

last harvest (Table 5. 1 7) .  The magnitude of the differences in the bruise hue was 

sl ightly less than that required for a distinct visual difference (Section 4.2.3.2) but 

it does indicate that apple tissue bruised early in the season was slightly browner 

than tissue bruised later in the season. 

'Royal Gala ' 

All data were pooled and analysed for main effects and interactions (Table 5 . 1 8) .  

There was a significant t ime of harvest effect which contributed to the 

significance of the fruit position*time of harvest effect. There was considerable 

variation between blocks in standard impact bruise diameter even though soil 

type and tree vigour were reasonably constant. 

Table 5 . ]  8 Analysis of variance for standard impact bruise diameter for al l  

main effects and interactions used in the 'Royal Gala' trial. 

Source DF SS MS F Pr> F  

Block 3 34. 15  1 1 .37 8.64 0.0001 

Time of harvest 2 1 992 960 729.4 0.0001 

Fruit position 1 2.60 2.60 1 .98 0. 16  

Fruit position* time of harvest 2 1 0.65 5 .32 4.05 0.02 

Spray treatment 6 5 .04 0.84 0.64 0.679 

Error 1 140 1500.5 1 .3 1  

CY = 7. 1 1 % 

As harvests progressed through the season, susceptibi l ity to bruising increased by 

2 ]  % as measured by both standard impact bruise diameter and depth (Table 

5 . 1 9). Even though t ime intervals between the three harvests were similar, 

susceptibil ity to bruising increased more in the later period ( 10.5%) than early in 
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the season (2.5%).  This is in contrast with standard impact bruise depth which 

increased more ( 1 1 %) between the early and mid-harvest than the mid and late 

harvest (8.7%). In contrast, bruise diameter for 'Granny Smith' increased slightly 

more between the early and m id-season harvest (3%) than in the later period 

(2%). These data indicate that there would be advantages in harvesting ' Royal 

Gala' at early or mid-season. Both cultivars showed reasonable consistency of 

mass across harvests which supports the proposition that the observed increase in 

susceptibility to bruising with advanced harvest date cannot be attributed to a 

fruit size effect. 

Of the skin colour components, skin hue angle showed the greatest change. This 

occurred between the mid and late season harvests and indicated that later 

harvested apples had significantly redder skin than those harvested earlier. 

Mid-season harvested fruit developed bruises with the highest l ightness values 

(Tahle 5 . 1 9). Bruise chroma decreased as the season progressed, indicating that 

the intensity of discolouration declined throughout the harvest period. The 

hrownness of bruised tissue decreased at mid harvest and then increased at the 

last harvest indicating that mid-season harvested fruit developed bruise tissue that 

was less brown in colour than bruised tissue on fruit from the other two harvests. 

The greatest reduction in firmness was between the mid and late harvest, which 

coincided with the largest increase 
'
in standard impact bruise diameter. This was 

consistcnt with the association between firmness and susceptibility to bruising 

observed in the between-orchard survey. Starch index and soluble solids 

increased, and crush strength decreased as harvests progressed through the 

season consistent with increased maturity and enhanced susceptibility to bruising. 

Comparisons between the two cultivars indicate that there were considerable 

differences in susceptibility to bruising between 'Granny Smith' and 'Royal Gala' 

as measured by standard impact bruise diameter. 'Royal Gala' was considerably 

less susceptible to bruising than 'Granny Smith' at the early harvest, but both 
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cultivars were similarly susceptible by final harvest. Klein ( 1 987) pooled two years 

of 'Granny Smith and 'Royal Gala' data and showed that over a one month 

harvest period the ratio of bruise mass to apple mass increased by 1 1 .4%. 

Table 5 . 1 9  Time of harvest effects on ' Royal Gala' frui t  attributes. 

Time of harvest 
Attribute 

early season mid season late season 

Bruise diameter (mm) 1 4.66 a 1 6.03 b 17.74 c 

Bruise depth (mm) 5.92 a 6.60 b 7. 18  c 

Mass (kg) 0. 1 24 a 0. 1 26 b 0. 1 28 b 

Firmness (N) 109.8 a 1 06.6 a 99.70 b 

Starch index 1 .70 a 3. 1 8  b 5.4 c 

Soluble sol ids (OBrix) 9.42 a 9.71 b 

Crush strength (kPa) 43. 1 7  a 36.00 b 53.7* 

Bruise l ightness 73.35 A 75.20 B 73.52 A 

Bruise chroma 7.05 A 5.93 B 4.9 1 C 

Bruise hue angle 75.88 A 92.73 B 67.21 A 

Skin l ightness 70.20 A 7 1 .73 B 70.8 A 

Skin chroma 8.35 A 7.73 B 8.34 A 

Skin hue angle 30.47 B 34.61  A 1 5 .77 C 

Values within rows fol lowed by different letters (a and A) are significantly 
different at 0.00 1 and 0.05 respectively. Crush strength value denoted * 
should not be compared because of different experimental procedure 
(Section 5.3. 1 ) . 

Pooled data from this study revealed an increase in standard impact bruise 

diameter of 13% due to maturation over a similar period. Other researchers 

(Hyde and Ingle, 1 968; Klein, 1987; Johnson and Dover, 1 990; Kampp and 
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Nissen, 1 990) have also found an increase in susceptibil i ty to bruising with 

increased maturity. In direct contrast to these studies, Diener et al. ( 1 982), who 

accounted for increasing apple mass by using specific bruise volume (ratio of 

hruise volume to apple volume) found no increase in susceptibility to bruising by 

delaying harvests. Hyde and Ingle ( 1 968) found that over two years, each of six 

cuI tivars harvested over 1 0  days showed an average increase in bruise diameter of 

3.35%.  They also found that with three harvests the timing of the maximum 

increase in susceptibility to bruising was not consistent. In the first year of the 

study the greatest increase in susceptibil ity to bruising was between the first and 

second harvest, and in the next year it was between the second and third harvest. 

The reasons for this may be explained by differences in cell number and volume 

of maturing 'McIntosh' apples (Blanpied and Wilde, 1 968). These researchers 

found, that prior to commercial harvest, a ratio of cell dimensions 

(circumference2/area) described cell shape as hexagons and at late harvest this 

ratio indicated cel ls were shaped l ike pentagons. It may be that the variable rate 

of change of cell shape influences susceptibility to bruising and may explain the 

variable change in standard impact bruise diameter between ' Royal Gala' 

harvests. 

Differential susceptibility to bruising between the two cultivars should include 

recognition of the differences in apple mass and shape; 'Granny Smith' and 

'Royal Gala' weighed 0. 163 and 0. 1 26 kg respectively but 'Granny Smith' were 

longer than the shorter, squat 'Royal Gala'. For these reasons diameters of both 

cul tivars were sim ilar and therefore had similar contact area at the point of 

impact (Method 2; Section 3.2.2). Standard impact bruise diameter differed by 2 

mm at the early harvest and were reasonably similar for both cultivars by the late 

scason harvest despite 'Royal Gala' being 30% less mass. 

Firmness reduced 2 and 7 N between the mid and last harvest for 'Granny Smith' 

and 'Royal Gala' respectively, similar to the observations of Marmo et al. ( 1 985) 

who found that firmness reduced 7 N during the last seven days of harvest. 
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However, Hyde and Ingle ( 1 986) found no difference in pulp firmness when 

harvests were made only 5 days apart. With the fruit numbers employed in this 

study at least a 20-day interval would be required to produce a statistically 

significant between-harvest difference in firmness. In each cultivar the greatest 

reduction in firmness occurred between the second and third harvests, coinciding 

with the greatest increase in standard impact bruise diameter of 'Royal Gala' but 

not 'Granny Smith'. Firmness and crush strength data suggest substantial tissue 

strength differences between 'Granny Smith' and 'Royal Gala', but because a 

smaller Effigi penetrometer probe and larger crush strength blade were used for 

'Royal Gala', these values cannot be directly compared. There were no major 

differences in starch index between cultivars but the late harvest 'Granny Smith' 

had higher soluble sol ids content than ' Royal Gala' although starch index was 

sim ilar. 

Bruise lightness was similar for both cultivars, but 'Granny Smith' had 

considerably lower bruise chroma indicating a lower degree of colour saturation. 

Bruise hue angle was similar for both cultivars at early harvest but reduced for 

'Granny Smith' and increased for 'Royal Gala' at mid season harvest, indicating 

that bruised tissue from the latter was considerably less brown. The reasons for 

the rapid decline in bruise hue angle, and therefore increase in brown colour for 

'Royal Gala' at the late harvest are difficult to explain, but may be related to the 

deepening of the red skin colour. Red skinned cultivars have higher anthocyanin 

content than l ighter skinned cultivars and it is known that these compounds 

contribute to enzymatic browning (Mazza and Miniati, 1 993). At the last harvest, 

skin hue angle indicated a very deep red skin which corresponded to a substantial 

increase in brownness of bruised tissue. It is not known why bruise l ightness 

decreased at mid-harvest; the magnitude of this inconsistency indicates a 

calibration problem (Section 3.4). 

It  could be reasonably argued that because harvesting procedures utilised 

commercial practices of selecting fruit that were ready for harvest, later harvested 

fruit may have developed on late blooms, thereby reducing the potential maturity 
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difference between early and late harvested fruit. None-the-Iess, these data 

reflect the commercial implication of bruising following sequential harvests rather 

than the potential difference in susceptibil ity to bruising that could have resulted 

had it been possible to harvest fruit at predetermined maturity intervals. 

As harvests progressed for each cultivar, correlations (Table 5 .20) showed that 

fruit mass was not consistently associated with standard impact bruise diameter. 

However, apart from the missing data for the 'Royal Gala' early harvest firmness 

was consistently negatively associated with standard impact bruise diameter. 

Although crush strength measures a different aspect of cel l  strength, this was also 

correlated with standard impact bruise diameter. Neither starch index nor soluble 

solids content was consistently related to standard impact bruise diameter in 

either cul tivar as harvests progressed. 

Tahle 5.20 Correlations and significance of standard impact bruise diameter 

with other fruit attributes for 'Granny Smith' and 'Royal Gala.' 

Cultivar Fruit mass 

(kg) 

'G ranny Smith' 

early hmvest ns 

mid-halvest 0.32°'°"" 

late halvest 0.28°·00'" 

'Royal Gala' 

early halvest ns 

mid halvest 0.22°')°'" 

late halvest ns 

Firmness 

(N) 

_0.32°.0"" 

_0.34°0001 

_0.24°·000) 

md 

-0 . 1 4°.04 

_0 . 1 4°·007 

Crush strength 

(kPa) 

_0.26°.0001 

_0. 16°0007 

ns 

_0.33°'°'" 

-0. 15""" 

_0.200.0001 

Superscript denotes level of significance; md = missing data. 

Starch Soluble 

index solids 

0. 1 2°009 _0.33°·0001 

ns ns 

ns ns 

ns md 

ns ns 

ns -0. 1 3° .... 

Multiple regression analysis for each cultivar at each harvest produced equations 

that explained l ittle of the variation associated with standard impact bruise 
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diameter. The 'Granny Smith' early season harvest data produced the strongest 

rcgression equation (R2 = 0.24): 

Standard impact bruise diameter = 1 8. 78( ±0.36) + 5(  ±0.9)mass 
- O.008( ±0.003)crush strength - 0.0227( ±0.003)firmness+ 0.0 17( ±0.0 15)starch 

- 0.04( ±0.0 1 6)soluble solids 

Standardised variates for fruit attributes were: apple mass, 0. 1 8; crush strength, 

0. 1 2; firmness, -0. 18 ;  starch index, 0.14 and soluble solids -0.53 .  

Multiple regressions on ' Royal Gala' harvest data did not generate equations that 

accounted for more than 1 0% of variation in the data set. It was clear that other 

factors not measured or not yet measurable are required to explain the variation 

associated with susceptibility to bruising. Some of these factors may be simple, 

measurable attributes such as intercellular space, fruit density and mineral 

contents. Other more complex influences may relate to the energy absorbing 

capacity of the fruit which could be described by variable cell wall strength, area 

of cell-cell bonds and their strength, changes in turgor pressure or some factor 

that describes the energy absorbing characteristics of the whole apple. 

In summary, it can be seen that susceptibility to bruising of both cultivars, was 

directly related to time of harvest: later harvested fruit develop wider and deeper 

hruises than those harvested earlier in the season (Tables 5 . 1 7  and 5 . 1 9) .  When 

fruit of similar mass were used, firmness was negatively related to bruise size. 

Despite susceptibility to bruising increasing with enhanced maturity, starch index 

and soluble solids content explained very l ittle of the variation in the data set. If 

hruising is to be reduced it is clear that early harvesting of fruit, particularly for 

'Royal Gala', would be advantageous. Furthermore, any practical technique that 

orchardists could use to increase fruit firmness should be employed. 

Bruise hue angle, a key component in describing the brownness of bruised tissue, 

showed sufficient increase with later harvested 'Granny Smith' to suggest that 

these fruit may develop lighter coloured bruises. However, later harvesting would 
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subject more bruise susceptible frui t  to postharvest handling systems. Bruise hue 

angle for 'Royal Gala' showed that earlier harvested fruit developed bruise tissue 

that was considerably l ighter in colour than late harvested fruit .  Therefore, early 

harvesting of this cultivar m ight be expected to reduce bruising potential twofold 

and to reduce brownness of any bruises that were incurred. 

5.3.2.3 Within-tree location 

'Granny Smith ' 

Although the standard impact bru<ise diameter for apples harvested from the 

upper north and lower south tree position did not differ, the interaction between 

fruit position and time of harvest was statistically significant (Table 5 . 16) .  Apples 

harvested early from the lower south tree position were more susceptible to 

hruising as determined by standard impact bruise diameter and depth than those 

harvested from the upper north tree position (Table 5.2 1 ). By mid season frui t  

hruises on apples from the upper north position were of greater diameter and of 

less depth than bruises on apples harvested from the lower south tree position. 

By late season there were no significant differences in standard impact bruise 

diameter or depth on bruised apples harvested from the two tree positions. 

Apples harvested from the upper north tree position were of greater mass than 

those harvested from the lower south tree position; mass of apples harvested 

from the two tree positions did not increase uniformly as harvests progressed. 

There was no significant difference in firmness of fruit harvested from the two 

tree positions although there was a trend for lower south fruit to be firmer than 

upper north fruit (Table 5 .2 1 ) . There were no consistent within-tree differences 

hetween firmness and crush strength, probably because both measure different 

aspects of fruit texture. 

Apple maturity as measured by the starch index did not differ according to tree 

position but upper north apples had h igher soluble solids than lower south 

apples. 
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Bruised tissue of apples harvested from the upper north tree position had higher 

l ightness, chroma and hue angle than those from the lower south position of the 

tree. The magnitude of the bruise hue angle differences at the early harvest 

indicated that a visual distinction could be made between the colour of bruised 

apple tissue from the two tree positions (Section 4.2.3.2) with fruit from the 

uppcr north tree position developing l ighter brown bruises. 

'Royal Gala ' 

Standard impact bruise diameter for apples harvested from the upper north and 

lower south tree position did not differ (Table 5 . 1 8) but the interaction between 

fruit position and time of harvest was statistically significant. Apples harvested 

mid season from the upper north tree position were more susceptible to bruising 

(as determined by standard impact bruise diameter) than those from the lower 

south position (Table 5 .22). Early in the season, standard impact bruise depth 

was shallower on fruit harvested from the upper north position. However, by the 

end of the season there was no significant difference in standard impact bruise 

diameter and depth of apples harvested from the two tree positions. 

Apples harvested from the upper north tree position were heavier than those 

harvested from the lower south tree position. Apple weight increased in fruit 

harvested from the lower south tree position as harvests progressed, but this did 

not occur for apples harvested from the upper north tree position. 

There was a significant difference in firmness of fruit harvested from the two tree 

positions, with upper north fruit being the firmer. Crush strength redu'ced as 

season progressed to the extent that by late harvest apple tissue did not provide 

sufficient resistance for the small twist blade that was used. For this reason a 

larger twist b lade was used for the last harvest and therefore late season values 

are not directly comparable with the other harvest values. 

Apple maturity, as measured by the starch index, did not differ consistently 

according to tree position but there were significant differences in soluble solid 



Table 5 .22 Within-tree variation of 'Royal Gala' fruit attributes. 

Attribute Time of harvest 

early season mid season late season 

LS 
Bruise diameter (mm) 

UN 

LS 
Bruise depth (mm) 

UN 

LS 
Mass (kg) 

UN 

14.70 

14.62 

6.05 

5 .79 * * *  

0. 107 

0. 140* * *  

15 .96 

1 6.37* 

6.63 

6.70 

0. 1 1 1  

0. 1 4 1  * * *  

1 7.68 

1 7.73 

7 . 10  

7.20 

0. 1 1 9 

0. 136* * *  

132 

LS 
Firmness (N) 

UN 

LS 
Crush strength (kPa) 

UN 

42.9 

43.36 

103.59 

108.89* * *  

35.94 

36.82 

97. 1 2  

1 0 1 .44* * *  

54.48 

53.05 

LS 
Starch index 

UN 

LS 
Soluble solids (0 Brix) 

UN 

LS 
Bruise l ightness 

UN 

LS 
Bruise chroma 

UN 

LS 
Bruise hue angle 

UN 

LS 
Skin lightness 

UN 

LS 
Skin chroma 

UN 

LS 
Skin hue angle 

UN 

1 .93 

73.90 

72.80 * 

7.25 

6.84* * *  

73.04 

78.98* * *  

72. 1 2  

68.3* * *  

7.63 

9.06* * *  

39.85 

2 1. 1 * * *  

3.0 

3.5 * *  

8.91 

9.79* *  

73.90 

72.80* 

6.04 

5 .83* 

89.91  

95.89* * *  

72.69 

70.75 * *  

8.0 1 

7.44 * *  

40.09 

29. 1 * * *  

5 .5 

5 .3 

9.5 1 

9.90* *  

74.90 

75.5 1 * 

4.73 

5 .08* *  

65. 1 6  

69.5 1 * *  

7 1 .34 

70.41 * *  

8.59 

8 . 1 0  * *  

1 8.73 

1 2.80 * * *  

LS = apples from the lower south position of the tree. U N  = apples from 
the upper north position of the tree. Pairs of means within-columns fol lowed 
hy * * * , * * or * are significantly different at 0.0001 ,  0.001 or 0.01 .  Crush 
strength values should not be compared between harvests; see text. 
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content, with upper north apples recording the higher values. 

There were inconsistent trends in bruise l ightness, chroma and hue angle 

between the two tree positions. Bruise hue angle values indicated that bruised 

tissue of apples harvested from the upper north tree position were less brown 

than bruised tissue from the lower south position of the tree. The magnitude of 

these differences indicate that a visual distinction (Section 4.2.3.2) could be made 

hetween the colour of bruised apple tissue from the two tree sectors at all 

harvests. 

As expected, 'Royal Gala' apples harvested from the upper north tree position 

were much redder (lower skin hue angle) than those from the lower south. The 

higher levels of anthocyanins which are precursors for enzymatic browning, that 

would he present in the redder skin of these fruit may in part account for the 

substantial decrease in bruise hue angle in late harvested fruit. As noted earlier 

(Section 3.4) it seems l ikely that the large differences between mid season and 

the earl ier and later harvests may be related to calibration; trends with time 

therefore need to be examined with due caution. 

Differences in susceptibility to bruising of fruit and development of bruise colour 

from the two tree positions may be a result of the considerable differences in 

micro-climate. Differences in l ight reception and diurnal temperature fluctuations 

of fruit in the two tree positions are considerable; Campbell and Marini ( 1992) 

found that 40% of the within-tree variation of fruit characteristics could be 

accounted for by cumulative seasonal l ight measurements. I n  a pruning and fruit 

qual ity experiment in Hawkes Bay, Morgan et al. ( 1984) found that upper north 

fruit received a photosynthetic photon flux (PPF, % of open sky measurement; 

lt mol/s/m2) of 49.3 whilst lower south fruit received a PPF of only 6.3. This nearly 

eightfold increase in PPF reception by the upper north tree position produced 

fruit that had 14% more blush, were 24 g heavier and were 1 .5% higher in 

soluble sol ids than fruit from the lower tree position. A similar association 

he tween tree position and PPF was documented by Tustin et al. ( 1 988). On 

average, upper tier fruit received 32% PPF whilst basel tier fruit received a PPF 
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of 1 6.2 %. Had north and south orientation also been studied by Tustin's group, 

then sim ilar differences to that noted by Morgan would probably have resul ted. 

Variable incident l ight reception by apples from different tree positions may also 

influence their susceptibility to bruising. 

Klepper ( 1 96 8) found that leaf water potential on the eastern tree side was 

lowest in the morning with the west s ide being lower in afternoon, the difference 

being as much as 7 to 8 bars around a tree. If fruit showed similar variation, then 

consequential changes in fruit turgor may be reflected in susceptibility to 

hruising. 

Links between extent of shading, apple characteristics and storage quality have 

heen investigated (Jackson et al. 1 97 1 ;  Jackson et al. 1 977). Shading reduced 

incidence of bitter pit and increased incidence of core flush. Shade also reduced 

fruit size through reductions in cel l size and number of cells/fruit. Thes� frui t  

also had less dry matter and less starch per unit  fresh mass. The impl ications of 

these data for variation in susceptibil ity to bruising are particularly important. 

Early season harvests of 'Granny Smith' and ' Royal Gala' from the lower south 

tree position were more susceptible to bruising than those fruit harvested from 

the upper north tree position. 'Granny Smith' fruit from the two positions were 

of similar firmness and starch index whieh does not assist in explaining the 

differences in susceptibility. On the other hand shaded fruit would be expected to 

have lower dry matter which would reduce the fruit's abi l i ty to absorb energy 

without rupture. 

The reasons for the m id-season change in upper north fruit of both cultivars to 

become more susceptible to bruising (as reflected in both standard impact bruise 

diameter and depth) than the lower south fruit may relate to differential rates of 

maturation. The firmness of upper north 'Granny Smith' fruit decl ined more 

rapidly as harvests progressed than the firmness of lower south fruit. Thus, the 

advanced maturity of the upper north frui t  may have over-ridden any dry matter 

or cell size characteristics that caused the early harvested lower south frui t  to be 
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most susceptible to bruising. 

Differences in fruit mass between the two tree positions could have indirectly 

influenced susceptibil ity to bruising: Westwood et al. ( 1 967) found that as fruit 

mass increased from 0. 130 to 0.21 4  kg, intercellular airspace increased from 2 1  % 

to 24%.  The differences in fruit mass in this study were not as large as those 

used by Westwood's group; but increasing proportions of intercel lular spaces are 

associated with increasing mass would be expected to enhance susceptibility to 

bruising. 

General ly, shaded fruit are less firm than exposed fruit (Seeley et ai. 1 980; Ferree 

1 989) and this was the case with 'Royal Gala'. There were no significant 

positional differences with 'Granny Smith' firmness although there was a trend 

for lower south fruit to be firmer. The increase in firmness of exposed apples 

probably relates to the increases in dry matter and cel l number. I t  has been 

shown that in leaves grown under high light intensities, a greater proportion of 

calcium pectate forms than in those grown under low l ight intensities (Cassel ls  

and Barlass, 1 976). If this also incurred in fruit, cel l  wall strength would 

presumably increase and may explain the increased firmness of exposed fruit. 

Susceptibil ity to bruising of fruit from the two tree positions is an expression of 

many attributes and variables (Table 5.23). The integration of these influences at 

a particular maturity determines susceptibility to bruising. 

An indication of the effect of measured fruit attributes on susceptibility was given 

by mult iple regression. Between the positional effects of the two cultivars the 

strongest multiple regression (R2 
= 0.30) of the variation in the data set was with 

'Granny Smith' harvested from the lower south tree position. This regression 

related fruit mass, firmness and starch to standard impact bruise diameter. 

Regressions on 'Royal GaJa' did not consistently relate any fruit attributes to 

standard impact bruise diameter. 
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Tahle 5 .23 Fruit attributes and factors influencing susceptibil ity to bruising of 

fruit harvested from the upper north and lower south tree position. 

(- = reducing effect and + = increasing effect on susceptibil ity to 

bruising) 

Lower south fruit Upper north fruit 

Factor influencing Bruising Factor influencing Bruising 

susceptibil ity to bruising effect susceptibility to bruising effect 

Less mass Greater mass 

Less firm + Firmer 

Lower starch index Higher starch index 

Less soluble sol ids H igher soluble solids 

Less dry matter + More dry matter 

Less cel ls + More cel ls  

Smal ler cel ls  Larger cel l s  

It  seems l ikely that other attributes not measured in this work, such as 

intercel lular space, skin strength, cell wall strength and cel l -cel l  bond strength 

probably play important roles in determining susceptiblity to bruising . . 

5.3.2.4 Mineral content 

+ 

+ 

+ 

+ 

Analysis of variance did not identify any significant differences in susceptibility to 

hruising that related to the mineral spray treatments appl ied to either 'Granny 

Smith' (Table 5 . 1 6) or 'Royal Gala' (Table 5 . 1 8) .  Little can be inferred as to the 

effect fol iar sprays have on susceptibil ity to bruising in either of the cultivars 

hecause there were no significant differences between the calcium or phosphorus 

contents of apples in relation to the spray regimes used (Tables 5 .24 and 5.25) 

The nitrogen, potassium and magnesium tissue content were not influenced by 

the spray treatments. 



Table 5 .24 The calcium and phosphorus content of 'Granny Smith' apples 

subjected to fol iar sprays (Section 5 .3. 1 ) . 

'Granny Smith' 
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Timing of spray applications Calcium fol iar spray Phosphorus fol iar spray 

Calcium (p,g/g FW) Phosphorus (p,g/g FW) 

No spray (control) 67. 1 1  53.68 

Early season sprays 72.37 50.36 

Late season sprays 66.3 1 5 1 .62 

Early and late sprays 82.36 46.62 

SED 8.08 1 1 .5 

Table 5 .25 The calcium and phosphorus content of ' Royal Gala' apples 

subjected to fol iar sprays (Section 5 .3. 1 ) . 

'Royal Gala' 

Calcium fol iar spray Phosphorus fol iar spray 

Timing of spray application 
Calcium (p,g/g FW) Phosphorus (p,g/g FW) 

No sprays (control) 3 1 .48 89.5 1 

Early season sprays 37. 1 5  89. 1 5  

Late season sprays 37.42 93.05 

Early and late season sprays 37.92 95. 1 6  

SED 8.2 7.2 
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Statistical analysis determined that each of the minerals had particulary high 

coetficients of variation and therefore analysis of variance was unable to detect 

differences between treatment means. The reasons that calcium and phosphorus 

sprays did not enhance fruit mineral content are difficult to explain given that 

other researchers applying similar sprays have enhanced fruit content of these 

two minerals. More recent analyses of fruit from the trees used in this study have 

indicated that it has been similarly difficult to increase calcium levels by using 

CaCI2 foliar sprays, the reasons for which are unknown (Max, pers comm.  1 996). 

5.3.2.5 Irrigation 

'Braeburn' apples from non-irrigated trees had standard impact bruise diameters 

and depth that were 6% less than bruises on fruit from irrigated trees (Table 

5 .26). These observations confirm those of Durand ( 1990) who found that 

susceptibility to bruising of NZ grown 'Royal Gala' apples was reduced if trees 

were subjected to water stress. Because the mass of fruit from both treatments 

was similar it is possible to conclude that the difference in standard impact bruise 

diameters was attributable to the treatments and not due to the relationship of 

greater fruit mass with enhanced susceptibility to bruising (Sections 5 .2.2 and 

5 .3.2.3). The expectation that more mature fruit with higher soluble solids 

content would be more susceptible to bruising than less mature fruit was not 

substantiated here. Non-irrigated fruit had higher soluble solids than irrigated 

fruit but they also tended to have higher dry matter content, crush strength and 

less calcium which would be expected to offset increased levels of bruise 

susceptibility with high turgor. The higher soluble solids content of the non

irrigated fruit suggests that either these fruit were of advanced maturity or that 

the stress induced a reaction to maintain turgor or a combination of both these 

mechanisms had occurred. Apple fruit maturing under water deficits have been 

shown to have higher soluble solids and increased ethylene and be more mature 

(Ebcl et al. 1 993) and have higher dry matter (Drake et al. 1 98 1 ). H igher soluble 

solids would be expected to reduce tissue resilience but this effect may have been 

compensated for by other components of the higher dry matter content. Higher 

dry matter levels would presumably increase the amount of tissue that would be 
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present to absorb impact energy and may explain the enhanced crush strength of 

non-irrigated fruit. Lower tissue calcium levels were associated with improved 

resistance to impact damage presumably by reducing the strength of cel l-cell 

honds. The bruise resistant fruit in this study had 40% less calcium content than 

those fruit from irrigated trees (Table 5 .26). 

Table 5 .26 Effect of water stress on 'Braeburn' attributes. 

Attribute I rrigated 

Bruise diameter (mm) 16.54 a 

Bruise depth (mm) 7.60 a 

Mass (kg) 0.257 

Dry matter (mglg FW) 148 

Firmness (N) 50.22 

Soluhle solids (OBrix) 1 1 .8 b 

Crush strength (kPa) 1021 b 

Nitrogen (mglg FW) 2.2 

Phosphorus (mglg FW) 0.658 

Potassium (mglg FW) 9.63 

Calcium (mglg FW) 0.324 a 

Magnesium (mglg FW) 0.349 

Non-irrigated 

15 .54 b 

7.20 b 

0.248 

1 55 

50.55 

1 2.5 a 

1095 a 

1 .93 

0.6 1 9  

8.69 

0. 196 b 

0.289 

Values within rows fol lowed by different letters are significantly different at 

0.05 . 
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Of NZ apple cultivars grown for export 'Braeburn' is considered to be relatively 

bruise resistant and to achieve a reduction in susceptibility to bruising is 

particularly sign ificant. Reduced irrigation of other more susceptible cultivars 

would presumably be wel l  worth investigating. 

Crush strength was significantly higher for fruit from non-irrigated trees, 

indicating a higher level of resistance to shear than fruit from irrigated trees. 

Durand ( 1 990) found that fruit that had developed on trees subjected to water 

stress were firmer than fruit from irrigated trees. Garcia et at. ( 1995) found that 

nil irrigation of 'Golden Delicious' apples 2 weeks before harvest did not reduce 

bruise susceptibil ity. Shorter periods of reduced irrigation closer to harvest may 

not result in structural changes to apple tissue although under dry conditions it 

would be reasonable to expect turgor to reduce and therefore susceptibil ity to 

bruising also to decrease. 

There was a trend for non-irrigated fruit to have less nitrogen, phosphorus, 

potassium and magnesium. Similarly, Guelfat'Reich et al. ( 1 974) found a general 

decrease in fruit mineral contents when trees were subjected to water stress 

though this contrasts with the later work of I rving and Drost ( 1987) who 

recorded no difference in mineral contents. In  this study, fruit from the non

irrigated trees had less calcium and were less susceptible  to bruising than those 

from irrigated trees. 

Another explanation for the reduced susceptibi l ity of non-irrigated apples may be 

derived from the work of Davies and Lakso ( 1979). As water is lost from plants 

by transpiration and not replaced, many plants are unable to maintain turgor. 

This reduction in turgor results in stomatal closure and eventually growth ceases. 

Apple trees however, have a good abi l ity to withstand drought stress (Powel l ,  

1 976) through a combination of osmotic adjustment, dehydration and the 

intluence of stored water. Davies and Lakso ( 1 979) suggested that cell elasticity 

may act to reduce cell volume and thereby maintain cel l  turgor. Drought induced 

increases in elasticity have been observed in beans (Elston et al. 1 976) although 
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water stress decreased elasticity i n  sorghum (Jones and Turner, 1 978). I f  apple 

fruit cel ls react to stress in a similar manner to that proposed for apple leaves, 

water stress could induce them to increase their cel l  wall elasticity. Such apples 

would be ideally prepared to resist impact damage. Their cells may be of reduced 

size and have flexible intercel lular connections (to facilitate non-damaging 

movement), increasing the potential for movement without damage and therefore 

increasing their capacity for absorbing energy when impacted. 

Reduced irrigation of 'Braeburn' trees produced apples that were less susceptible 

to bruising and also had higher. soluble solids. Both of these attributes are 

desirable; it would seem that further investigation of reduced irrigation on other 

commonly grown cultivars may identify a simple management technique to 

enhance the quality of NZ grown apples. 

5.4 Conclusions 

The 'Granny Smith' surveys identified that within-season variability between 

orchards ( 1 990, 1 1 .7%; 1 99 1 ,  5 .5%) in susceptibility to bruising exceeded 

between-season variabiljty (2.8%) indicatjng that potential exists to manipulate 

factors that influence susceptibility to bruising. By relating standard impact bruise 

diameter to the damage that apples incurred during grading it was found smal l  

changes in  diameter related to  large changes in  grader damage. 

I n both years of the survey the most bruise susceptible fruit were of greater mass, 

had more nitrogen, phosphorus, calcium and phosphoru's than the least 

susceptible fruit. However, only in 1 990 did regression analyses relate fruit mass 

and calcium content to standard impact bruise diameter and fruit phosphorus to 

grader damage. There was considerable between-orchard variation in bruise 

colour indicating potential to reduce the colour of bruised tissue. In 1 99 1  bruises 

of lighter colour were positively associated with fruit nitrogen content. 

A closer within-orchard study identified less between-tree variation in 

susceptibility to bruising in 'Granny Smith' (4%) than in 'Royal Gala' ( 1 1 %).  
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There appears to be more opportunity to manipulate bruise colour of ' Royal 

Gala' than 'Granny Smith' apples. I t  was evident that harvesting early rather than 

later in the commercial harvest season reduced bruise damage in both cultivars 

('Granny Smith', 5%; 'Royal Gala', 2 1  %) .  The within-tree location of fruit from 

either cultivar did not consistently influence susceptibility to bruise damage. 

Regression analysis related (in order of importance) soluble sol ids, apple mass 

and fruit firmness, starch and crush strength to bruise severity in 'Granny Smith' 

(R2 
= 0.24). Similar associations between fruit attributes and bruise severity in 

'Royal Gala' were not evident. 

Apples from non-irrigated 'Braeburn' tress were 6% less susceptible to bruising 

than fruit from irrigated trees. The less susceptible fruit also had less calcium but 

tcnded to have more dry matter. 

If the causes for the between-orchard variation in susceptibility to bruising could 

hc identified more closely there may be considerable potential to manipulate 

susceptibil ity to bruising. Harvesting fruit early and reduced irrigation without 

reducing fruit mass are management strategies that orchardists could implement 

to reduce bruise damage. 



CHAPTER SIX 

HARVEST AN D POSTHARVEST SOURCES OF VARIATION IN 

SUSCEPTIBILITY TO BRUISING 

6. 1 Introduction 

Studies of the sources of variability of susceptiblity to bruising of apples were 

used to identify potential to reduce bruising by manipulation of preharvest 

factors (Chapter 5). In this chapter further opportunities to reduce bruise 

damage at harvest or early in the postharvest handling system are explored. 
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General ly, the NZ fresh fruit export schedule requires freshly harvested fruit to 

be graded and packed for immediate trans-shipment to overseas markets. 

Currently, there is an increasing trend for some fruit to be graded, CA-stored 

then subsequently packed for export. Any strategy to reduce bruise susceptibility 

must comply with the ENZA requirement that fruit must be coolstored within 72 

h of harvest or after relatively short pre-coolstorage periods. Efforts to reduce 

susceptiblity to bruising at either harvest or soon after are investigated in this 

chapter. 

Whilst sti l l  on the tree, fruit go through a diurnal cycle in both water status and 

temperature (Jones et al. 1985) whieh may influence susceptibility to bruising in 

two ways. During warm days prior to harvest, transpirational water losses from 

apple tree leaves can exceed xylem inflows and it is has been proposed that the 

tree draws water from the fruit, thereby reducing leaf water deficits and the risk 

of stomatal closure. Higgs and Jones ( 1 985) documented that fruit diameter can 

reduce by 0.8 mm diameter from mid morning to late afternoon. Lang (pers 

comm. 1 993) found that fruit can lose as much as 1 % of their early-morning 

weight by mid-afternoon and suggested that this weight loss would be l ikely to 

cause reductions in turgor. Mills et al. ( 1 996) found that water deficits early in 

fruit growth caused reductions in osmotic potential and therefore turgor potential 

was maintained. Late season water deficits did not induce the same fruit osmotic 
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adjustments and therefore it is probable that at harvest, mid-afternoon reductions 

in weight reduce turgor and, as a consequence, also reduce tissue sensitivity to 

hruise damage. 

A second influence of diurnal effects on susceptibil ity to bruising may be 

associated with fruit temperature. Prior to harvest fruit can be subjected to 

considerable fluctuations in temperature with autumn night time temperatures 

close to freezing and highs of 24°C by early afternoon. Oleocellosis or rind oil 

damage (oil gland rupture) in citrus fruit has been shown to be a problem when 

fruit are harvested during cold wet conditions when oil glands are more easily 

ruptured as a result of finger and impact pressure (Salem and Eissawy, 1 978). 

Apples that have been stored for several days are less sensitive to bruise damage 

at warmer temperatures (Sekse and Opedal, 1 993) and it may be that the 

temperature at which fruit are harvested may influence their susceptibility to 

bruise damage. Orchardists have often noted that apples are most susceptible to 

hruising if harvested early in the morning which could be explained by low fruit 

temperature and/or higher water content of fruit at that time. It would seem 

feasihle that fruit harvested later in the day would be less prone to damage 

hecause of reduced turgor, elevated temperatures or a combination of both of 

these effects. 

Growth stresses in fruit may persist if the fruit are stored in high humidity after 

harvest; they may even continue to swel l  (Wilkinson, 1 965) which is probably a 

result of cells rounding-off as their wal ls  soften. In contrast, if fruit are stored at 

low humidity, rapid water loss causes relaxation of internal stresses, increased 

production of ethylene and enhanced ripening (Hatfield and Knee, 1 988); weight 

losses greater than about 6% can detrimentally influence the fruit's appearance. 

On the other-hand, some degree of water loss can have beneficial effects on fruit 

qual ity. I t  has been suggested by Hatfield and Knee ( 1 988) that water loss after 

harvest may increase the cohesion of cel l s  as ripening continues. They used this 

approach to explain the increased retention of firmness following weight loss 

observed in their experiments. Another advantage of weight loss may be derived 
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from increase in soluble pectin associated which presumably originates from cel l  

wal l degradation; these increases i n  soluble pectin may improve the shock 

absorbing capacity of apple tissue. H ighly turgid fruit have been reported to be 

more susceptible to impact damage than those at lower turgor (Johnson and 

Dover, 1 990; Garcia et al. 1 995). Bruise damage might therefore be reduced by 

allowing or even stimulating weight loss before handling, as suggested for 

'Bramley's Seedling' apples by Johnson and Dover ( 1990). However, Samim and 

Banks ( 1 993b) provided no evidence that 'Granny Smith' apples became less 

susceptible to bruising as they lost water with increasing time after harvest. 

Weight loss should be optimised so that bruise damage can be reduced but long 

term storage potential or other essential quality attributes are not compromised. 

Control of weight loss after harvest, but before grading and packing within 

ENZA's guidel ines could potentially become an important tool packhouse 

opcrators might use to reduce susceptibil ity to bruising. 

If the temperature at which fruit are harvested is important it is also l ikely that 

fruit temperature at which fruit are graded could influence tissue sensitivity to 

bruise damage. The primary (reversible) stage of chil l ing injury in horticul tural 

crops involve phase transitions in the double layers of the cell membranes and 

cell organel les, increased membrane permeabi lity and a decrease in protoplasmic 

strcaming (Lyons, 1 973). It is l ikely that these changes begin to occur at apple 

coolstorage temperatures (Watada, pers comm. 1 993) and may affect the 

potential of membranes to absorb impact energy without damage. At lower 

temperatures pectin fractions in the cel l  wal l may begin to gel (Werner and 

Frenkel, 1 978) perhaps reducing the capacity to flex under external loading and 

making fracture more l ikely. Jeffery and Banks ( 1 994) found that the firmness of 

mature kiwifruit fruit decreased fol lowing warming providing evidence for a 

direct, physical effect of temperature on fruit firmness raising the possibi lity that 

bruise susceptibil ity could also be affected by temperature. Many researchers 

have documented various effects of temperature on the bruise susceptibility of 

apples (Section 2.5.3.5); some inconsistencies in these findings can be explained 

by the techniques used or the extended periods for which some of the fruit were 
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in storage before use. 

Hyde and Ingle ( 1 968) found that storage time influenced bruise diameter and 

depth after apples had been stored about 1 1  weeks. Schoorl and Holt ( 1 977) 

found that with two cultivars, bruise volume increased with increasing storage 

time and another cultivar produced variable results. Lau ( 1 983) reported that if 

CA-storage conditions were imposed in four days, bruise susceptibility of 'Golden 

Del icious' apples decreased when compared to apples that took 2 1  days to 

establish CA-storage conditions. Olsen and Bartram ( 1 978) found that CA

storage for 6 months reduced grading damage but after periods longer than this 

the possibility of bruising increased. Zhang et al. ( 1 992) found that apples stored 

in lower humidity (50%) were less bruise susceptible than those stored at higher 

humidities ( 100%) but fruit from the low humidity were shrivel led. Johnson and 

Dover ( 1 990) found that it took 20 days at low humidity to produce a significant 

reduction in bruise volume which equated to a 2% weight loss. Garcia et al. 
( 1 995) found that bruise susceptibility reduced after time in storage and that 

storage humidity 1 6  h prior to testing can also influence bruise susceptibility. 

Samim and Banks ( 1 993b) found no evidence that bruise susceptibility of freshly 

harvested apples reduced after periods in store. Despite the somewhat variable  

effects of  water loss on bruise susceptibil ity in previous work, there seems l ikely 

to be an opportunity for weight losses to be manipulated to balance or override 

the effects of enhanced ripening on susceptibility to bruising. 

Mature 'Splendour' apples are sought after by consumers for their crispness and 

juiciness but are amongst the most bruise sensitive apples that have been grown 

in NZ. At harvest maturity they sti l l  have a considerable area of l ightish green 

background colour and the very dark colour of bruised tissue in this cultivar 

makes hruises particularly obvious. For these two reasons, 'Splendour' apples are 

no longer regarded as suitable for export. Any improvements to handling 

procedures to reduce damage to this cultivar could be of benefit to the NZ apple  

industry. These same features make 'Splendour' an ideal cultivar for susceptibility 
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to hruising studies. 

At pack houses apples are often precooled prior to grading and packing. ENZA 

stipulates that, depending on cultivar, apples must be coolstored within either 48 

or 72 h of harvest. Through effects on both weight loss and ripening the period 

that fruit are left before pre-cooling may have a significant effect on their 

suhsequent susceptibl ity to bruising at grading. Sensitivity of apple tissue to 

impact damage would be expected to reduce with weight loss but increase with 

enhanced ripeness. These effects do not appear to have been investigated. 

Bruise colour intensity has been reported to be less in fruit which are bruised at 

lower temperatures ( Ingle and Hyde, 1 968); in contrast, Prange ( 1994) found that 

at 20°C visible bruise damage was less than damage incurred at O°c. Samim and 

Banks ( 1 993a) reported that reduced water status of 'Granny Smith' apples and 

time in storage (up to 200 h) did not influence bruise colour. Some of the 

considerahle differences may relate cultivar variation in levels of precursors and 

enzyme activity associated with the development of bruise colour. Given the 

importance of bruise colour to both detection and perception of bruises it would 

secm that further investigations in this field would be worthwhile. 

Ovcral l , it appears that at or after harvest it may be possible to manipulate water 

loss, ripening and fruit temperature to reduce susceptibility of apples to bruising 

before grading and packing. Various combinations and durations of temperature 

and storage time could have differing effects on susceptibility to bruising. The 

work in this chapter describes a series of investigations to determine the potential 

to reduce susceptibil ity to bruising of several important NZ cultivars by the 

manipulation of time of harvest, time in storage time, temperature and weight 

loss soon after harvest. 
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6.2 Materials and methods 

6.2. 1 Time of harvest during day 

One hundred and twenty mature 'Golden Delicious' apples were harvested from 

a block of ten trees at FCU orchard at each of three harvest times: 0600, 1 100 

and 1 600 h. The average temperature of a sample of ten exposed fruit was 6, 1 9  

and 22°C at those times. Six groups of 20 fruit were randomly selected from each 

harvest and weighed. Twenty fruit had a standard impact ( Method 2; Section 

3.2.2) applied immediately after' harvest in the field. The other 5 groups of fruit  

werc equilibrated to either 0 ,  2 ,  6 ,  1 2  or 20°C for 2 h and the standard impact 

was applied to fruit at each temperature. Bruise dimensions were measured 

(Section 3.3). The experimental design was randomised with internal replicates 

without blocks and it had factorial combinations of harvest and temperature at 

thc time of bruising. 

6.2.2 Temperature 

Seven hundred and twenty mature 'Granny Smith' apples were harvested from 

the FCU and randomly allocated to four temperature treatments, each with three 

repl ications. Fruit were left for 24 h at 0, 10, 20 or 30°C, before a standard 

impact (Method 2; Section 3.2.2) was applied. Fruit from each temperature 

trcatmcnt were then subjected to grading in a standard manner (Method 3; 

Section 3.2.3) and bruising levels assessed (Section 3.3), bruise dimensions were 

measured (Section 3.3) recorded and fruit firmness (Section 3.5) was assessed 

after each treatment. The experimental design was randomised, but without 

hlocks. 

6.2.3 Storage time after harvest 

Eleven hundred 'Royal Gala' apples were harvested at the FCU orchard and 

wcre randomly allocated to 4 groups for each of four time treatments (0, 1 ,  3, 

and 9 days). Apples were stored loose in cartons in a laboratory at ambient 

temperature ( 14 to 1 8°C) prior to the susceptibility to bruising being assessed 

after each storage time (Method 3; Section 3.2.3) .  Bruise dimensions were 

measured (Section 3.3) and data were analysed according to the randomised, 



internally repl icated experimental design. Grader bruise area and number of 

grader bruises were back-transformed for presentation (Section 3. 1 1 .2). 

6.2.4 Temperature and weight loss 
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One hundred and twenty mature 'Royal Gala' apples were harvested from the 

FCU orchard, weighed and randomly allocated to 4 treatment groups, each of 

thirty fruit. A standard impact was applied (MethOd 1 ;  Section 3.2. 1 )  and grader 

damage (Method 3; Section 3 .2.3) was assessed (Section 3.3) for each of the 

temperature treatments. Bruising treatments were applied to fruit in treatment 1 

immediately after harvest (fruit temperature = 20°C). Fruit in treatments 2, 3 

and 4 were transferred to a coolstore at 3°C. After 24 h, fruit in treatment 2 

were subjected to the bruising treatments at 3°C. Fruit in treatments 3 and 4 

were rewarmed to 20°C for 24 h and fruit in treatment 3 were bruised. Fruit in 

treatment 4 were recooled to 3°C for 24 h and then bru ised. In each of the four 

treatments all fruit were placed on export trays; half of the fruit in each 

treatment ( 1 5  fruit) were enclosed in perforated plastic bags to allow gas 

exchange but maintain high humidity of the air surrounding the apples and 

thereby maintain fruit water status. After each treatment; all fruit were 

reweighed and a l imited number of apples were cut longitudinally to the core and 

the resultant gap measured 30 minutes later with micro-call ipers (Section 3.9). 

Bruise dimensions and areas (Section 3.3) and bruise colour (Section 3.4) were 

measured on the exposed bruised tissue of longitudinally bisected bruises 

(Section 3.4). The experiment had a randomised design with internal repl icates 

but without blocks. Grader bruise area and number of grader bruises were back

transformed for presentation (Section 3. 1 1 .2). 

6.2.5 Storage time and temperature 

Mature 'Splendour' apples were harvested from the FCU orchard, weighed and 

groups of 20 fruit were randomly selected and al located to five time treatments 

( 1 2, 20, 54, 1 1 4, or 4 1 4  h) at three storage temperatures (0, 1 0  and 20°C). At 

each time and storage temperature combination, 20 fruit had a standard impact 

(MethOd 1 ;  Section 3.2. 1 )  applied. The fruit were then reweighed and after 24 h 
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at ambient temperatures, bruise dimensions (Section 3.3) and bruise colour were 

assessed (Section 3.4). The experimental design was randomised, with internal 

repl icates but without blocks with factorial combinations of time and 

temperature. 

6.2.6 Delay in pre-cooling 

Three hundred and twenty mature 'Royal Gala' apples were harvested from trees 

at the FeU orchard and weighed. These fruit were sorted into similar pairs based 

on weight and colour and then the pairs of fruit were randomly allocated to 8 

groups of ten fruit each in each of four repl icates. Each group was placed on an 

export tray, 5 of which were enclosed in a perforated plastic bag to allow gas 

exchange with the outside air but still maintain high humidity of the air 

surrounding the apples. Pairs of trays (with and without bags) were then 

randomly allocated to 5 delay treatments (0, 24, 48 and 72 h at 20°C) before pre

cool ing to 3°C. 

At 96 h, (72 h plus 24 h cool ing to 3°C) all fruit were reweighed at 3°C. A 

standard impact (Method 1 ;  Section 3.2. 1 )  was appl ied and firmness, starch 

index, soluble solids, and gap assessed (Sections 3.5, 3.6, 3.7 and 3.9). After 

rewarming to ambient temperatures (24 h) bruise dimensions were measured 

(Section 3.3). The experimental design was a randomised, split-plot (humidity) 

with external repl icates. 

6.3 Results and discussion 

6.3. 1 Time of harvest during day 

There were significant time of harvest and temperature effects on standard 

impact bruise diameter (Table 6. 1 ). The time of harvest and temperature 

interaction was less significant indicating that the main effects were largely 

independent. 

A 6.5% ( 1 .30 mm) reduction in standard impact bruise diameter was achieved by 

dclaying harvest until 1 100 h and a 7.3% ( 1 .47 mm) reduction in bruise diameter 
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Table 6 . 1 Analysis of variance for standard impact bruise diameter of 

'Golden Delicious' apples bruised at three harvest times and after 

fruit had equilibrated at five temperatures (0, 2, 6, 1 2  and 20DC). 

Source DF SS MS F vaJue Pr> F  

Time of harvest 2 9.70 4.85 7.24 0.0009 

Tcmperature 4 25.36 6.33 9.45 0.0001 

Time of harvest* temperature 8 1 1 .33 1 .4 1  2. 1 1  0.034 

Error 284 1 90.32 0.67 

CY = 4.29% 

occurred when harvesting was delayed until 1 600 h when compared to size of 

hruises incurred after harvesting at 0600 h (Table 6.2). The pooled data 

contained bruise dimensions from five temperature treatments and were 

therefore only suitable for within row comparisons. 

Standard impact bruise diameter and depth were 4.5% and 5% less respectively 

on fruit equil ibrated at 20DC before impact than on fruit held at ODC (Table 6.3). 

These findings are in agreement, with those of Sekse and Opedal ( 1 993) who 

using fruit that had equilibrated in the 4 to 20DC temperature range for several 

days found that increasing temperatures reduced bruise susceptiblity. Other 

researchers (Schoarl and Holt, 1977; Saltviet, 1984; Zhang et al. 1 992) have 

investigated the effect of temperature on susceptibility to bruising but have 

generally used apples that have been stored far varying periods and because of 

maturation and water loss changes those results are not directly applicable to this 

study. 
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Tahle 6.2 Standard impact bruise dimensions appl ied to 'Golden Del icious' 

apples either A) after three harvest times (n = 60) or B) after 

equil ibration to one of 5 temperature for 2 h (data pooled across 

temperature treatments; n = 300). 

Time of harvest 

Attribute 0600 h 1 100 h 1 600 h 

Apple temperature (OC) 6 1 9  22 

A 

Bruise diameter (mm) SED =0.79 1 9.90 a 18 .60 b 18 .43 b 

Bruise depth (mm) SED =0.33 7.75 a 7.53 ab 6.65 b 

B 

Bruise diameter (mm) SED =0.67 1 9.30 a 1 9.09 a 1 8.86 b 

Bruise depth (mm) SED=0.38 6.85 b 7.03 a 6.95 ab 

Values within rows fol lowed by different letters are significantly different at 

0.05 . 

Viewed from the perspective of data as columns it was clear, that fruit harvested 

early in the morning were much more sensitive to temperature effects than those 

fruit harvested later in the day (Table 6.4). The range of standard impact bruise 

diameters between temperatures for 0600 h harvested fruit was 1 .6 mm whereas 

for those harvested at 1 600 h it was only 0.75 mm. Early harvested fruit would be 

expected to he more turgid than later harvested fruit but the absence of turgor 

data means that this proposition could not be formally tested in this experiment. 

If turgid fruit are more susceptible  to impact damage then they would also be 

l ikely to be more susceptible to temperature effects. Early harvested fruit were 

clearly more sensitive to temperature influences than later harvested fruit. 
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Table 6.3 Standard impact bruise diameter and depth of 'Golden Delicious' 

apples for data pooled according to temperature treatment. 

Attribute 

Bruise diameter (mm) 

SED = 0.5 1 

Bruise depth (mm) 

SED = 0.29 

Fruit temperature 

1 9.47 a 1 9.23 ab 1 9.01 b 1 9. 1 4  b 

7.05 ab 7. 1 0  a 6.98 ab 6.91 b 

1 8.59 c 

6.70 c 

Values within rows fol lowed by different letters are significantly different at 0.05 

Harvesting fruit later in the day resul ted in substantial reductions in susceptibility 

to bruising as measured by the standard impact bruise diameter. However, it was 

of interest to determine if this reduction was a response to higher tissue 

tcmperature or reduced turgidity or a combination of both of these effects. 

Closer examination of the time of harvest and temperature interaction indicated 

that time of day effects on standard impact bruise diameter were greatest at the 

lower temperatures; these were fruit in which turgor was l ikely to be maximised 

by the low temperature (Table 6.4) . However, given that the only statistical ly 

sign ificant difference in standard impact bruise diameter between harvest times 

occurred when the fruit from each harvest were equilibrated at 2°C, further work 

would be required to confirm this indication. As the pooled data (Table 6.2) did 

show a statistical difference it was concluded that the reduction in standard 

impact hruise diameters of fruit harvested later in the day were a resul t  of lower 

turgor as well as higher fruit temperature. 

A study into the steepness of decline in susceptibil ity to bruising as temperature 

increased was attempted to determine the temperature range at which fruit are 

most sensitive to bruise damage. 



Tahle 6.4 Standard impact bruise diameter of 'Golden Delicious' apples 

harvested at three times during the day, equilibrated at 5 

temperatures for 2 h before bruising. 

Time of harvest 

Bruise diameter (SED = 0.29) 

Temperature caC) 0600 h 1 100 h 1600 h 

0 19.72 a AB 19.50 a A 19 . 17  a A  
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2 1 9.89 a A 19. 16  ab A 18.63 b AB 

6 1 8.89 a C 19.06 a A 19.06 a A  

12 1 9.26 a BC 19 . 12  a A 19.02 a A  

20 1 8. 1 2  a C 18 .61 a B 18.42 a B  

Values within rows followed by a or b are significantly different at 0.05 . 

Values within columns fol lowed by A or B are significantly different at 0.05. 

Bourne ( 1982) used a firmness-temperature coefficient equation to calculate the 

percent reduction in firmness of fruit tissue as temperature increased by 1 DC over 

the range 1 to 20°C. For the six apple cultivars he studied there was a 0.36% 

reduction in fruit firmness for every 1 °C increase in temperature. The firmness of 

'Golden Del icious' was most sensitive (0.73% per degree) to temperature whilst 

'Rome' was the least sensitive (0.08% per degree). Replacing firmness with 

bruise severity indices in Bourne's equation not only facilitates an evaluation of 

the steepness of reduction in susceptibil ity to bruising as temperature increases in 

this study but also al lows a comparison with the study by Zhang et at. ( 1 992) 

study in which the same cultivar and a similar temperature range and cultivar 

were used. The analogous form of Bourne's equation would be: 
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Diameter at T2 -Diameter at Tl 
Bruising-temperature coefficient= * 100% PC 

Diameter at Tl *(T2 -T1) 
Where: T l = lowest temperature 

T2 = highest temperature 

Diameter = standard impact bruise diameter (mm). 

Over the 0 to 20°C temperature range a 0.2% and 0.49% reduction in standard 

impact bruise diameter was calculated for every 1 °C increase in temperature for 

this and Zhang's study, respectively. Apart from any other experimental factors 

heing different, Zhang's group CA-stored their fruit for seven months before the 

temperature treatments were appl ied. This would be expected to encourage 

variation in weight loss and ripening between the two experiments which 

prohahly explains the twofold difference in susceptibility to bruising between the 

two bruising-temperature coefficients. Zhang's study showed a greater reduction 

in bruise damage (0.7% per degree) occurring as temperature increased from 0 

to 1 4°C whilst the current study showed the greatest value (0.36% per degree) in 

the bruising-temperature coefficient between 12 and 20°e. These data are in 

conflict if a general trend is sought. However, they indicate that any increase in 

temperature up to 20°C would reduce bruise damage but increments from initial 

low temperatures may have a greater effect on CA-stored fruit and freshly 

harvested fruit should be handled at higher temperatures (20°C). I t  was clear that 

the relationship was unlike the l inear relationship between temperature and 

firmness documented by Bourne ( 1 982). 

There are ohvious practical implications for orchardists of the evidence gained 

from this study. In commercial practice, fruit harvested early, during cooler 

mornings are placed in fruit bins and generally remain in the orchard until being 

col lected later in the day. This time in the orchard would give fruit time to warm 

and as a result be less susceptible to bruising if handled later in the day. 

Therefore any real benefit in harvesting later in the day would be derived from 

the fruit being subjected to less handling damage rather than grading damage. 

Banks et al. ( 1 992) found that about 100 mm2 of bruise area can be incurred by 
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fruit during harvesting. In  that study, the harvests probably occurred at different 

times of the day and therefore the data would be representative of a wide range 

of harvest times and fruit temperatures. Any reduction in handling damage would 

depend on the susceptibil ity to bruising of the cultivar being harvested and the 

amhient temperature at harvest. It was clear that harvesting 'Golden Delicious' 

apples later in the day when ambient temperatures were closer to 20°C should 

result in considerable reductions in handling damage. 

The bruising-temperature coefficient over the 0 to 20°C temperature range for 

the 0600, 1 10 0  and 1 600 h harvest times was 0.44, 0.22 and 0.20% respectively. 

As temperature increased from 0 to 20°C, fruit harvested early in the day showed 

a grcater reduction in bruise damage than fruit harvested later in the day. 

6.3.2 Temperature 

Analysis of variance of pooled treatment means determined that there were 

minimal differences in standard impact bruise diameter incurred by 'Granny 

Smith' apples that had been stored at various temperatures prior to grading. 

When subjected to standard impacts at 20°C, 'Granny Smith' apples incurred 

hruise diameter and depths that were about 5% and 5.7% less than if they were 

bruised at O°C (Table 6.5). These data are consistent with those of Zhang et al. 
( 1 992) who found 'Golden Delicious' and 'Red Delicious' apples were more 

susceptible to bruising at O°C than either 1 4  or 2 1 °C. 

Saltveit ( 1 984) found that 'Starkrimson Delicious' and 'Golden Delicious' apples 

coolstored for 26 weeks were less susceptible to bruising when cold than when 

warm. However, the large impact energy used (0.5 1) was so severe that the test 

may have heen describing different fruit characteristics than those critical to 

normal bruise susceptibi l ity. Furthermore, 26 weeks in coolstore probably would  

have caused ripening to significantly affect tissue responses to impact. 

In this case, grader damage reduced by 24% and bruise number/fruit reduced by 
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2 1  % when 'Granny Smith' apples were graded at  20°C as  opposed to grading at 

O°C (Table 6.5 ). Pang ( 1 993) found with a similar experimental design that fruit 

graded at warmer temperatures incurred less bruising than when they were 

graded at cooler temperatures (O°C). 

Standard impact bruise diameter was not correlated with grader bruise area. This 

was in contrast to a previous study (Section 5 .2.2; 1 99 1  orchard survey) where 

standard impact bruise diameter was significantly related (R2 = 0.49) with grader 

bruise area. 'Granny Smith' were used in both studies but in the previous work 

s l ightly l arger fruit (average apple mass = 0. 1 78 kg) were used while in this study 

(average apple mass = 0. 160 kg). I n  both studies the same grader was used and 

similar number of fruit were graded simultaneously; it is therefore difficult to 

explain the l ack of a correlation. In this study, standard impact bruise diameter 

was only weakly correlated with grader bruise number/fruit (r = 0.23) and 

standard impact bruise depth was poorly correlated with grader bruise 

number/fruit (r = 0. 1 3). 

Table 6.S Standard impact bruise and grader bruise dimensions of 'Granny 

Smith' apples bruised at either 0, 10, 20 or 30°C. 

Temperature eC) 

Attribute 
0 1 0  20 30 

Bruise diameter (mm) 1 7.21 a 1 6.26ab 1 6.37 ab 16 . 14  b 

Bru ise depth (mm) 6.83 a 6.72 a 6.44 b 6.50 b 

Grader bruise area (mm2/apple) 87 a 96 a 66 b 76 ab 

Grader bruise number/apple 1 . 1 6  a 1 .08 ab 0.92 c 0.96 bc 

Average hruise size (mm2) 75 a 88 a 71  a 79 a 

Values within rows fol lowed by letters are significantly different at 0.05. 



The immediate commercial implication of these data is that if 'Granny Smith' 

apples are coolstored, rewarming to greater than lODe before grading should 

reduce the bruise damage incurred during grading. 

6.3.3 Storage time after harvest 

There were significant differences in grader damage incurred by ' Royal Gala' 

apples that had been stored for varying periods of up to nine days at ambient 

temperature prior to grading (Table 6.6). 
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Grading mature 'Royal Gala' apples after 1 ,  3 or 9 days storage at ambient 

temperatures reduced bruise area per apple by 25%, 29% and 6 1  % respectively 

compared to fruit graded immediately after harvest (Table 6.7). Bruise number 

per apple showed similar trends, reducing by 32%, 34% and 61 % after those 

times. 

Most of the reduction in susceptibi lity to bruising had been achieved by grading 

the apples one day after harvesting. By day 9, grader bruise area and the bruise 

number per fruit had decreased further but the apples had signs of shrivel, were 

soft and were unsuitable for commercial use. 

Table 6.6 

Source 

Analysis of variance for grader bruise area of ' Royal Gala' apples 

stored at ambient temperatures for varying periods prior to grading. 

DF SS  MS F value Pr> F 

Days hefore grading 3 5 10.95 1 70.32 2 1 .3 1  0.0001 

Error 1 103 1 4 1.33 0. 1 2  

CV = 57% 
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Table 6.7 Bruise area and number of bruises on 'Royal Gala' apples graded 

after 1 ,  3 or 9 days storage at ambient temperatures. 

Time (days) 

Attribute 
o 1 3 9 

Bruise area/fruit (mm2) 31 a 23 b 22 b 1 2  c 

Bruise number/fruit 0.64 a 0.43 b 0.42 b 0.24 c 

Values within rows followed by different letters are significantly different at 0.05. 

Susceptihility to bruising reduced as storage time increased prior to grading, an 

overall effect that would have resulted from the two separate mechanisms. In  the 

first, because apples were losing weight which would have reduced turgor, 

increased storage time would make fruit less susceptible to impact damage. I n  

the second enhanced ripening would have been expected to increase susceptibility 

to bruising. The relative rate of these two process, coupled with the steepness of 

their relationship with bruise susceptibility would determine whether increased 

storage time would increase bruise susceptibility or decrease it. The two effects 

would be expected to contribute to changes in susceptibility to bruising. 

The decrease in bruise susceptibil ity in this experiment indicates that weight loss 

was the predominant influence on bruise susceptibility in this study. Other 

experiments were designed to explore further the interaction between weight loss 

and ripening and its effects on susceptibility to bruising. 

6.3.4 Temperature and weight loss 

There were statistically significant effects on the standard impact bruise diameter 

of freshly harvested ' Royal Gala' apples that had been subjected to various 

cooling and warming treatments (Table 6.8). 

Despite the experiment running for 72 h, 24 h of which fruit were held at 20oe, 
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the placing of fruit in plastic bags did not have a statistically significant influence 

Tahle 6.8 Analysis of variance for standard impact bruise diameter of 'Royal 

Gala' apples stored either in plastic bags or not and bruised during 

a sequence of warming (20°C) and cooling (3°C). 

Source DF SS MS F value Pr> F  

Temperature treatment 3 1 9.93 6.44 3.89 0.0 12  

Plastic bag treatment 1 1 .0 1  0.59 0.59 0.44 

Temperature*plastic bag treatment 2 1 .95 0.97 0.57 0.57 

Error 72 122.91 1 .70 

CY = 9.54%. 

on weight loss of fruit (Table 6.9) perhaps because the Friday trays themselves 

represented a substantive sink for moisture over the duration of the experiment. 

The interaction between fruit temperature and bagging treatments on standard 

impact bruise diameter was not statistically significant. 

'Royal Gala' apple tissue was not as sensitive to bruise damage at various 

temperatures as were freshly harvested 'Golden Delicious' (Section 6.3. 1 )  and 

this may relate to differences in fruit  density. According to Klein ( 1 987) 

'Del icious' apples were of lower density than 'Gala' apples. It was noted in the 

time of harvest experiment (Section 6.3. 1 )  that 'Golden Delicious' apples 

harvested early in the morning displayed a greater tissue sensitivity to 

temperature changes than those harvested later in the day. By the time 72 h had 

elapsed the 'Royal Gala' in the current experiment may have been losing 

sensitivity to temperature changes. 

The duration of the experiment was 72 h with a further 24 h period at 20°C. At 
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the end of the experiment weight loss of the final recool treatment was 0. 1 7% of 

apple mass (mean fruit mass = 0. 156 kg). The daily weight loss (0.06%) for the 3 

days duration of the experiment was similar to that documented by Hatfield and 

Knee ( 1 988). Johnson and Dover ( 1 990) found that a weight loss of 1 % after 10  

days did not produce a significant change in bruise volume when compared to 

fruit stored in high humidity (weight loss of 0.03%). But in their h igh humidity 

treatment there was clearly a trend that supported the hypothesis that even a 

smal l amount of weight loss would reduce bruise susceptibility. This trend in 

susceptibili ty to bruising became statistically significant after 20 days and 

coincided with a 2% weight loss. The weight loss documented in this experiment 

was low and may explain the nil effect. 

The gap test generated two problems; firstly, this data group had a particularly 

high CY (27%) which was l inked to the difficulty in obtaining perfectly 

symmetrical fruit of uniform mass. Even slightly asymmetrical fruit generally had 

stresses that were released when fruit were sliced longitudinally to the core which 

exaggerated gap measurements (data not shown). Furthermore, despite 

considerahle attention when cutting, freshly harvested fruit split through the core 

causing larger gaps. The gap data showed a reverse trend to that expected, 

although ripening may explain the increase in gap as time progressed. A larger 

sample of symmetrical fruit of uniform mass than that used in this 

investigation would be required if conclusions were to be drawn from this type of 

test measurement. 

Bruising at either 3 of 20°C did not influence the final bruise lightness, chroma 

or hue angle. Sekse and Opedal ( 1 993) observed a reduction in discolouring in 

'Gravenstein' when bruised at higher temperatures. However, it was difficult to 

ascertain from that study whether there was a direct temperature effect on the 

hiochemistry of colour development or that l ighter bruise colour was caused by 

the reduction in bruise size making bruises less visible. 
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Table 6.9 The effect of a sequence of warming (20°C) and cooling (3°C) 

treatments on 'Royal Gala' fruit attributes. 

Temperature treatment 

Attribute Initial Cool Rewarm Recool 

20°C 3°C 20°C 3°C 

Bruise diameter (mm) + bags 13.46 b 1 4.56 a 1 2.81  c 13 .82 b 

- bags 13.79 a 1 2.85 a 13 .77 a 

Bruise depth (mm) + bags 5.93 a 6.08 a 5 .62 a 5.99 a 

- bags 5 .75 a 5 .82 a 6.23 b 

Weight loss (% apple mass) + bags nil 0.091 a 0 . 13 b 0. 1 62 c 

- bags 0.098 a 0 . 14  b 0. 1 75 c 

Gap (mm) + bags 0.8 1 a 0.98 a 1 .08 a 

- bags 0.99 a 

Grader bruise area (mm2) + bags 25 a 25 a 1 6  b 28 a 

- bags 24 a l l b 2 1  a 

Number of grader bruises/fruit + bags 0040 a 0040 a 0.25 b 0048 a 

- bags 0.36 a 0.22 b 0.32 a 

Bruise l ightness + bags 33.62 a 35.00 a 33.45 a 34.64 a 

- bags 32.68 a 33.60 a 3 1 .78 a 

Bruise chroma + bags 7.05 a 8 . 17  a 7.47 a 8.02 a 

- bags 6.85 a 7.06 a 6.40 a 

Bruise hue angle + bags 82.5 1 a 80.76 a 77.94 a 82. 1 3  a 

- bags 80. 1 1  a 8 1 .82 a 77.66 a 

Data in the initial 20°C temperature treatment column were not subjected to 

hagging treatments. There were no significant differences between the plastic 

hag treatments in any of the measured fruit attributes. Values within rows 

fol lowed by different letters are significantly different at 0.05 . 
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When fruit were bruised immediately after harvest at 20De, standard impact 

hruise diameter immediately was significantly l ess than when fruit were bruised 

after cool ing to 3De (Table 6.9). Bruising after the rewarming treatment 

produced the smal lest standard impact bruise diameter ( 12.81 mm).  Recooling to 

3De resulted in increases in bruise diameter by 8% to 13.8 mm from the l ow of 

the previous treatment. Standard impact bruise depth did not alter for the first 

two treatments but declined when fruit were rewarmed and then increased again 

after recooling. 

After grading on the FeU grader, both the area and number of bruises caused 

by grading reduced only when fruit had been rewarmed to 20De. 'Royal Gala' 

apples graded on the FeU grader sustained about 36% less damage if they were 

graded fol lowing rewarming than if they were graded immediately after harvest 

(Table 6.9). Rewarming the fruit reduced grader-induced damage, whilst re

cool ing reinstated their high level of susceptibility to bruising. This clearly shows 

that there was a direct effect of temperature on susceptibility to bruising rather 

than a change in susceptibility resulting from enhanced ripening or reduced 

turgor with time. 

6.3.5 Storage time and temperature 

Thcre were significant storage time and temperature effects on standard impact 

hruise diameter of 'Splendour' appl es and these two factors interacted (Table 

6. 10) .  

After 4 1 4  h ,  'Splendour' apples stored at ODe were slightly more susceptible to 

hruising as measured by the standard impact bruise diameter (4%) than at the 

start of the storage period (Fig. 6. 1A) .  Storing and bruising these apples at lODe 

produced no change in susceptibil ity to bruising whilst storing at 20De produced a 

5 .5% decrease in standard impact bruise diameter. Similar trends were evident 

for standard impact bruise depth (Fig. 6. 1 B) .  
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Tahle 6. 1 0  Analysis of variance for standard impact bruise diameter for 

'Splendour' apples held at three temperatures (0, 10  and 20°C) for 

varying periods ( 1 2, 20, 54, 1 14 or 414  h) .  

Source DF  SS 

Time 4 6.21 

Temperature 2 36.04 

Time*temperature 6 10. 1 1 

Error 243 156.90 

CV = 5.6%. 

MS 

1 .55 

18 .02 

1 .68 

0.66 

F value Pr > F 

2.41 0.05 

27.91  0.0001 

2.61 0.01 8  

Wilkinson ( 1 965) reported that i n  some instances if apples are coolstored at h igh 

humidities they can continue to expand without an increase in weight. Such an 

effect would increase the inherent stresses and strains within the fruit and also 

decrease wall-to-wall contact, decreasing the strength of bonds between cells. 

Such a tendency would be reduced in fruit stored at lower humidities as water 

would be lost much more rapidly. I n  addition to this, as apples continue to ripen, 

cell wal ls  would soften and round off. Either water loss or ripening or a 

combination of these effects is reflected in the susceptibility to bruising patterns 

of the three treatments. 

Fruit stored at O°C did not lose water rapidly in coolstore (0.52% of weight in 

4 14 h; Fig. 6. 1 C) compared to the weight loss of fruit  at 10°C and 20°C. These 

differences can be attributable to the differences in the low water vapour 

pressure deficit which prevailed during storage in these three treatments. Also, at 

QOC, ripening would have progressed at a slower rate than the other treatments. 

Thus, initially (by 1 14 h) cel ls  in these apples may have expanded thereby 

increasing susceptibility to bruising. Presumably these apples did not ripen rapidly 
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and continued weight loss could account for the decline in susceptibility in 

hruising recorded at 4 1 4  h. Hyde and I ngle ( 1 968) stored fruit for about 1 1  

weeks ( 1 850 h) before obtaining significant reductions in bruise diameter. Holt 

and Schoorl ( 1 984) also found no change in the bruise resistance coefficient of 

three cultivars during a storage period of 20 weeks. 

A study by Garcia et al. ( 1 995) perhaps highlights the value of careful bruise 

dimension measurement in such investigations. This group used a 0.03 J impact 

energy and measured bruise dimensions with a stereoscopic m icroscope and 

found that 'Golden Del icious' apples after 1 6  h at either high ( 100%) or low 

(40%) relative humidities had significantly different bruise volumes. Those fruit 

stored at low humidities had a 0.4% moisture loss and had 5 .7% lower bruise 

volumes. It was noted, however, that the firmness of these apples at harvest was 

low (24 N) which would be expected to be associated with higher bruise 

susceptibility. Zhang et al. ( 1992) found that 'Golden Delicious' and ' Red 

Del icious' were less susceptible to bruising if stored at 50% humidity for about 

42 days. But this group did not find a convincing relationship between storage 

time and bruise susceptibility probably because experimental fruit had been 

stored for 9 months prior to treatment. 

'Splendour' apples stored at 10°C experienced a slightly h igher weight loss than 

those stored at the lower temperature and these fruit would have continued to 

ripen. The balance between lower cell volume due to weight loss and some 

softening of cell walls due to ripening, was reflected in l ittle or no change in 

hruise diameter. 

The reduction in susceptibility to bruising of 'Splendour' apples stored at 20°C is 

prohably accounted for by a combination of larger weight loss (3.55%) and 

enhanced ripening. These apples were losing water quite quickly and initially 

susceptibil ity to bruising declined. However, as the apples ripened the strength of 

cell-cell bonds weakened and cell walls began to decrease in thickness. As a 

consequence, susceptibility to bruising increased but not to levels  recorded when 
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the apples were fresh. 

Bruise lightness and hue angle increased from bruising at 12 h to 4 14  h at each 

of the storage temperatures but there was no similar trend in bruise chroma (Fig. 

6.2). According to data on 'Granny Smith' tissue colour (Section 4.2.3.2) the 

magnitude of the differences in bruise l ightness and hue angle indicate that the 

changes in bruise colour would have been clearly visible. The increase in l ightness 

and hue angle may in part be explained by lower water content (Samim and 

Banks, 1 993a); apple tissue bruised after 414  h may have had damaged tissue that 

contained less water and as a consequence, be of l ighter colour. However, those 

apples stored at oDe and 20De recorded similar increases in hue angle although 

those stored at the higher temperature had lost 7 times more weight. 

Observations made in other experiments (data not shown) indicate that the 

hrowning reaction initially proceeds at a slower rate in cool tissue but within 24 h 

at ambient temperatures bruise colour reaches values similar to tissues bruised at 

warmer temperatures. Reductions in the brownness of damaged tissue after time 

in store must be explained by some time-dependent factor, presumably related to 

ripening. 
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6.3.6 Delay i n  pre-cooling 

There were statistically significant effects of pre-cooling periods on the standard 

impact bruise diameter of freshly harvested 'Royal Gala' apples (Table 6. 1 1 ) .  

Table 6. 1 1 Analysis of variance of standard impact bruise diameter of 'Royal 

Gala' apples subjected to various pre-cool ing periods (0, 24, 48 72 

h). 

Source DF SS MS F Pr> F  

Replications 3 3.96 1 .3 1  2.23 0.085 

Pre-cooling treatment 3 1 5 .05 5 . 1 2  8.65 0.0001 

Plastic bag treatments 1 0. 1 1  0. 1 1  0. 1 9  0.66 

Pre-cooling*plastic bag treatments 3 2 .71 0.90 1 .53 0.207 

Error 303 1 79.45 0.59 

CV = 5.5 8%. 

Pooling of the temperature treatment data across plastic bag treatments (Table 

6. 1 2) revealed that a delay befo�e pre-cooling of 24 h resulted in approximately a 

3.4% and 6.2% reduction in standard impact bruise diameter and depth, 

respectively. The reduction in bruise diameter and depth was 4 . 1  % and 8. 1 % 

respectively after a 48 h delay before pre-cooling. Pooled data showed that the 

reductions in both bruise dimensions in the 24 to 48 h period were not 

significant: apparently most of the potential benefit had been achieved by a 24 h 

de lay. Bruise dimensions did showed an upward trend for the 72 h delay, but this 

was not statistically significant. 

During the 24 h delay prior to pre-cooling, the largest weight loss and change in 

turgor (gap measurement) were recorded (Table 6. 1 2) .  These differences in 

weight loss were not associated with changes in bruise diameter at any of the 
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delays before pre-cooling. 

Table 6. 1 2  Bruise dimensions, weight loss, starch, soluble solids, firmness and 

gap of 'Royal Gala' apples stored at 20°C for 0, 24, 48 or 72 h 

before pre-cool ing and bruising 96 h after harvest. 

Delay before pre-cooling (h) 

Attribute 
0 24 48 72 

Bruise diameter (mm) 14.01 a 1 3 .54 b 13.43 b 13.62 a 

Bruise depth (mm) 6.64 a 6.23 bc 6. 10 c 6.35 a 

Firmness (N) 69. 1 9  a 68.83 a 69.74 a 69.38 a 

Soluble sol ids COBrix) 1 1 .06 a 1 1 .0 1 a 1 1 .23 a 1 1 .21  a 

Starch index 3 . 19  b 3.57 b 4.25 a 4.25 a 

Gap (mm) + bags 1 . 1 2  a 1 .0 1  a 1 .0 1  a 0.99 a 

- bags 1 . 10 a 0.95 b 0.92 b 0.88 b 

Weight loss (%) + bags 0. 1 0  a 0.29 b 0.3 1 b 0.26 b 

- bags 0.23 a 0.73 b 0.96 b 1 . 1 9  b 

Values within rows followed by different letters are significantly different at 0.05. 

Despite the plastic bag treatments producing statistically different weight losses 

and gap measurements at each of the delay periods there were no consistent 

differences due to weight loss in any of the measured fruit attributes. These 

results are not consistent with observations made by Garcia et al. ( 1 995) who 

documented a significant reduction in bruise susceptibility of 'Golden Delicious' 

apples after a 0.4% weight loss in 1 6  h after harvest. However, this group used a 



low impact energy and 'Golden Delicious' apples which were probably more 

bruise susceptible than the 'Royal Gala' apples used in this study. 

Soluble sol ids and starch began to increase after the 24 h delay, indicating 

continued ripening which might well have enhanced susceptibil ity to bruising. 

However any such effects were probably negated by the continued weight loss. 

6.4 Conclusions 

1 7 1  

Overal l, this series of investigations has substantiated the proposition that harvest 

and postharvest factors could be manipulated to reduce the bruise damage that 

apples incur during postharvest handling. Conclusive evidence was obtained that 

the temperature at which the relatively bruise susceptible 'Golden Delicious' was 

harvested could affect propensity to bruise damage. Harvesting fruit later in the 

day resulted in less bruise damage. This effect appeared to be due primarily to 

effects related to temperature rather turgor. Apples harvested early in the 

morning showed a greater sensitivity to temperature effects than fruit harvested 

later in the day indicating a role for turgor in these effects. 'Royal Gala' apples 

graded immediately after harvest incurred 25% more grader damage than if 

stored for one day at ambient temperatures before grading. Although some 

further reduction in bruise damage was achieved by storing apples for 3 or 9 

days, these further delays resulted in excessive weight loss. Similarly 'Splendour' 

apples bruised immediately after harvest were more susceptible to bruising (9.6% 

larger bruise diameters) than those bruised after being stored at 20°C for 30 h. 

'Granny Smith' apples stored at O°C for 24 h incurred bruises of greater diameter 

and depth and more grader bruises compared to fruit bruised at 20°C. Likewise 

'Royal Gala' apples sustained 36% more damage if graded at 3°C rather than 

20°C. Grading these apples after they were cooled a second time after rewarming 

resulted in similar amounts of d�mage to that incurred by apples after the initial 

cooling. This confirmed that the reduction in bruising was a result of increased 

temperature per se. , rather than enhanced ripening. 
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Excessive hruise area on apples ( >  1 00 mm2 ) incurred at either harvest or 

during postharvest handling can result  in the downgrading of fruit from export to 

juicing grade, causing considerable financial losses to New Zealand orchardists. 

D isplay of mildly bruised apples at retail outlets can erode the high quali ty 

profile that is required for marketing success. The physical causes of bruising that 

occurs during harvesting, grading, and postharvest handling have been 

investigated in previous publications and procedures that may reduce the 

incidence and severity of bruises have been identified. In an alternative approach 

to reducing bruise damage, this study has explored variability in susceptibility to 

hruising to identify the potential scope for manipulation of management factors 

within the bounds of current growing, harvesting and storing procedures to 

reduce bruise severity. 

7.2 Bruise susceptibility and its assessment 

Researchers have used many techniques (Section 2.5.2) to apply standard impacts 

to apples and generally despite several problems (Section 2.4 .1.3) have 

represented bruise susceptibil ity as volume of bruised tissue per unit of energy. 

In  a review of techniques, a study of graded apples identified common bruise 

sizes (Section 4. 1 .2). These data were considered in the l ight of data from 

Banks's ( 1 99 1 ) study that identified drop heights commonly found on graders. 

This led to standard impacts to apples being generated (with consideration of 

several parameters; Fig. 7.2.) by using an impactor of similar mass (0. 1 60 kg) and 

radius of curvature to apples (70 mm diameter) and an impact energy of 0.32 J. 

This technique of generating bruises that were related to grading damage 

contrast the work of Saltveit ( 1 984) and Holt and Schoor! ( 1 977) who employed 

impactors and impact energies that generated bruises that had little resemblance 

to the damage that apples incur during grading. 
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The mass and radius of curvature of the impacting ball were constant and its 

surface was smooth. Equatorial skin surfaces on apples were impacted, which 

resulted in accurate, repeatable results with diameter having a lower coefficient 

of variation than the more commonly used bruise volume (3.4% and 13.5% 

respectively; Table 4.3). The use of bruise diameter as a bruise severity index had 

distinct advantages over bruise volume (Section 4. 1 .2) but it did not take into 

account the three dimensional aspects of bruise shape. 

The assumption that all bruises in a particular study are a common shape (Holt 

and Schoor!, 1 977, sphericai; D iener et al. 1 979, partial sphere; Chen and Sun, 

1 98 1 ;  sem i-oblate spheroid) was not substantiated by observations made during 

this study. According to Protter and Morrey ( 1 966), if the 3 dimensional 

coordinates (x = A; Y = B and z = C) of a shape are equal then it is a sphere, if 

A = B and C > A then it is a prolate spheroid and if A = B but C < A then 

the shape is an oblate spheroid. In the 1 990 survey, bruise shape varied 

considerably; the most bruise susceptible fruit had diameter/depth ratios of 0.48 

whilst the least bruise susceptible had ratios of 0.5 1 (Table 5 . 1 ). Therefore, in 

this experiment three bruise volume formulae would have been required, one 

hased on a sphere (ratio = 0.5), one on a prolate spheroid (ratio > 0.5) and 

another on a oblate spheroid (ratio < 0.5). Furthermore, as observed by Garcia 

et al. ( 1 988), some bruises are cone shaped, or as observed in this study, others 

are shaped similar to the base of a cone. Therefore, because of potential 

variation in bruise shape, the use of a single volume formula in some experiments 

may confound calculations of between treatment group differences. Relying 

principally on bruise diameter avoided these types of errors and the risk of 

drawing the wrong conclusions about treatment effects due to variable bruise 

shapes. As data on bruise depth data were included in all instances, bruise shape 

comparisons were possible; a suitable compromise was achieved. 

At an impact energy of 0.32 J and with a sample of 20 fruit, slightly less than 1 

mm difference in bruise diameter was required to detect a difference between 

treatment means. As small changes in bruise diameter were required to show 
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treatment effects, accurate measurement of bruise dimensions were important. 

Support for accurate bruise dimension measurement comes from the work of 

Garcia et al. ( 1 995) who found bruise volume differences between two relative 

humidity treatments using 1 35 fruit per treatment with a low impact energy (0.04 

J) . Assuming a constant bruise depth between treatments and using the same 

bruise volume formula of Chen and Sun ( 198 1 )  it was calculated that an increase 

from 8 to 8.2 mm in bruise diameter was required to show differences between 

treatment means. That a stereoscopic m icroscope was used to determine such 

small changes in bruise dimensions could be considered to be an elaborate 

technique. However, a 0.2 mm difference in bruise diameter due to treatments 

equates to a 3% increase in bruise diameter and had these fruit been graded on 

the FCU 'Treeways' grader bruise damage there would have been at least a 1 2% 

increase in grader damage (Fig. 5 .2; 1 99 1  data). 

Other researchers appear to have either overlooked, or because of inherent 

difficulties do not appear to have attempted to establish, a link between a bruise 

severity index and the damage that apples incur during grading. This seemingly 

natural progression in application of bruise severity data would allow orchardists 

and packhouse managers to deduce a commercial value of attempts to 

manipulate susceptibility to bruising. It was anticipated this approach would be 

facilitated because bruises were generated by a standardised impact designed to 

he representative of grader bruises. That the relationship betwcen damage 

rcsulting from grading fruit (from a considerable number of impact energies) and 

hruise diameter generated in a standard manner (from one impact energy) was of 

medium strength (R2 
= 0.49) supported the approach. The slope of the 

re lationship between bruise diameter and grader damage would be influenced by 

a number of factors. Apple cultivar and its maturity, the type of grader, its 

maintenance with respect to padding to absorb impact energy, the grading speed 

used, loading density of fruit on the grader and the range in apple mass from 

each orchard lot of apples would be important variables. 
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7.3 Apple bruising at cel l  level 

At cel l  l evel ,  variab i l i ty in susceptib i l i ty to bru is ing is thc rcsul t  of numcrous 

factors that in teract in  a complcx way to absorb impact cncq,ry. Resul ts from this 

study and factors identified by other rescarchcrs that i nflucnce susceptihi l i ty to 

bruising are summarised in Fig. 7. 1 .  For the sake of clarity, maturity and 

temperature effects have been omitted and thc impl ications of turgor havc been 

s impl i fied. The complexity of  th i s  summary and the  potential for substant ia l  

i n teractions between individual factors i l l ustrates the d ifficu l ty in  quantifying the 

influence of any of these factors in  determ in ing susceptibi l i ty to bruising. 
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Fig. 7. 1 Factors i nfluencing susceptibi l i ty to bruis ing at ce l l  leve l .  



7.4 Preharvest factors influencing susceptibility to bruising 

7.4. 1 A conceptual model 

In efforts to reduce bruise damage, orchardists focus on Stages 1 to 4 of the 

handl ing sequence in the order as presented (Fig. 2. 1 ). Until this study, 

manipulation of preharvest factors was a largely unexplored option for 

orchardists to reduce damage. A considerable number of preharvest factors 

intluence the susceptibil ity of apples to bruising (Fig. 7.2) some of which could 

he manipulated relatively easily. and these opportunities are discussed in the 

following sections. 
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Conceptual model of preharvest influences on susceptibility to 

bruising. 
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7.4. 1 .4 Irrigation 

Reduced irrigation of 'Braeburn' apple trees produced fruit that were less 

susceptihle to bruising (6%), had lower calcium content and tended to have 

higher dry matter content than fruit from irrigated trees (Section 5 .4). The role 

of calcium in cell wall strength is discussed in the next section. Apples with 

increased apple dry matter content are l ikely to have more cells and/or thicker 

cell walls; either factor would be expected to enhance resistance of tissue to 

impact. Garcia et al. ( 1 995) found that reduced or nil irrigation two weeks prior 

to harvest did not significantly reduce bruise susceptibility. It would be 

reasonable therefore to assume that long term water stresses that influence 

structural attributes of the fruit, rather than water status per se. , would be 

required to influence fruit  attributes that are associated with reduced 

susceptibility of fruit to bruising. ENZA offers orchardists incentives for larger 

fruit for some cultivars. The financial inducement to produce large fruit may 

preclude the use of reduced irrigation to reduce susceptibility to bruising in  such 

cultivars. Whilst reduced irrigation did not influence 'Braeburn' mass in this 

study, its effect on other cultivars would need to be verified. Apart from reducing 

susceptibility to bruising, reduced irrigation has other positive benefits on fruit 

attributes and therefore warrants further exploration as a valuable management 

tool for orchardists to improve apple qual ity. 

7.4. 1 .5 Ferti l iser/foliar sprays 

Correlative evidence added support to the hypothesis that m ineral content of 

apples were associated with susceptibility to bruising (Section 5 .2.2). In  both 

years of the survey, the most bruise susceptible 'Granny Smith' apples had more 

phosphorus, nitrogen, calcium and magnesium. Regression analysis identified that 

in the 1 990 survey, 'Granny Smith' calcium content was not as important as apple 

mass in predicting standard impact bruise diameter. In 1 991 ,  where a greater 

range in fruit mass was utilised, no relationship between fruit mineral content 

and susceptibil ity of bruising was evident. Between-season variation in fruit 

mineral contents and bruise susceptibility were also evident in Johnson and 

Dover's ( 1 990) study. 
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The potential effect of calcium on susceptibility to bruising is of interest primarily 

because calcium has been shown to increase fruit firmness, through its effects on 

cell wall strength and cell-cell bonds (Fig. 7. 1 ). I ncreasing firmness has 

occasionally been negatively associated with bruising (Section 5 .2.2). Elevated 

calcium tissue levels could be expected to reduce tissue sensitivity to bruising, but 

this was not the case in the 1 990 survey. This apparent paradox is based on the 

unpredictable relationship between firmness and bruising; whilst calcium 

strengthens cel l walls  and cell -cell bonds it may reduce cell wall elasticity thereby 

making apple tissue brittle and more sensitive to impact damage. Firmness 

testing and bruising stress tissue in different ways; tissue with higher calcium 

content may be firmer but it need not necessarily be less bruise susceptible. Non

irrigated 'Braebum' showed reduced susceptibility to bruising which was also 

associated with lower calcium levels compared to fruit from irrigated trees. This 

finding contributes to the supposition regarding the effect of calcium contributing 

to cell wall rigidity, thereby decreasing the ability of cells to transfer impact 

energy without damage. 

I n  the 1 990 orchard survey (Section 5 .2.2) grader damage was moderately related 

to fruit phosphorus content. Whilst having many metabolic functions, phosphorus 

also plays a role in membrane structure where different ratios of phospholipids 

intluence physical properties of membranes. Low energy impacts sometimes do 

not cause cell wall rupture but impacted tissue still shows typical browning (Ruiz, 

1 990). The strength of membranes would therefore be critical in determining the 

extent of enzymatic browning. Low impact energies can be generated during 

grading and the total bruise area on an apple may comprise a large number of 

small bruises. Thus, if these bruises were closely studied and cell wal l  fracture 

was not evident, the resilience properties of cell membranes would play an 

important role in determining the extent of bruising and therefore bruise area. I t  

i s  therefore suggested that whilst higher levels  of phosphorus may decrease 

mcmbrane permeabil ity (Johnson and Yogaratnam, 1 978) there may be other 

intluences of increased phosphorus on membrane elasticity or resil ience that 

increase tissue sensitivity to impact damage. 
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Apart from fol iar sprays it would seem that ground cover management and 

nitrogen fertil iser application rate would offer opportunities to influence 

susceptibility to bruising. However, Johnson and Dover ( 1990) found these 

factors had no effect on bruising levels of 'Bramley's Seedling' apples after one 

year of a three year trial . However, prior to testing these fruit had been CA

stored and therefore ripening or water loss may have obscured treatment effects; 

bruise susceptibil ity of fruit from these treatments immediately after harvest 

would have been of greater interest. 

Foliar sprays may offer opportunity to manipulate susceptibility but in this study 

a pre harvest fol iar spray programme that applied either phosphoric acid or 

calcium chloride to 'Granny Smith' and ' Royal Gala' apples did not significantly 

influence the mineral contents of fruit or their susceptibility to bruising. This 

result may perhaps in part explain the difficulty that the FCU management has 

had in increasing the mineral content of apples by this approach, the reasons for 

which are unknown. 

Calcium has been associated with cell wall and membrane integrity and it may be 

that the effects of higher calcium levels in fruit may manifest themselves in 

different ways depending on the stage of ripening. In the 1 990 survey and 

irrigation study, when tested immediately after harvest, more bruise susceptible 

fruit had higher levels of calcium. Had these fruit been bruised after periods in 

store, some water loss together with h igher tissue calcium levels (reducing 

ripening rate) may have actually reduced susceptibility to bruising if these fruit 

heen compared with those of lower calcium content. 

Further studies will be required to identify a causal relationship between higher 

tissue levels of fruit calcium and phosphorus and susceptibil ity to bruising. The 

importance of calcium and phosphorus in enhancing other aspects of fruit quality 

has heen well documented and the manipulation of these elements to reduce 

susceptibility to bruising would require careful consideration. 
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7.4. 1 .6 Maturity 

The effect of enhanced ripening on increasing susceptibility to bruising in this 

particular orchard substantiates evidence obtained by a considerable number of 

other researchers. Harvesting 'Granny Smith' and 'Royal Gala' at the beginning 

rather than at the end of the commercial harvest season reduced susceptibility to 

bruising by 5% and 2 1  % respectively (Section 5 .3.2.2). 

Ripening causes a weakening of cell walls  which is also associated with 

conversion of starch to sugars, causing turgor pressure to increase; these effects 

combine to increase tissue sensitivity to impact damage (Fig. 7. 1 ). Garcia et al. 

( 1 995) related weight loss over 1 6  h to deformation at skin puncture (DSP; R2 = 

0.35) and probably rightfully associated DSP with turgor. However, in another 

study this group also concluded that turgor changes were not associated with 

increased sensitivity to bruise susceptibility because DSP did not change during 

the 2 week harvest period but bruise susceptibility increased. It could be argued 

that the balance between ripening, which would decrease cell strength and any 

turgor increase may maintain tissue pressure against the apple skin (the strength 

of which may also be reducing) and produce l ittle change in DSP. Until methods 

arc used that unambiguously measure turgor of whole fruit the division of turgor 

and ripening effects on susceptibil ity to bruising may not able to be conclusively 

answered. 

At orchard level ,  harvesting fruit early in the season but within ENZA maturity 

guidel ines would appear to be a simple option available to orchardists to reduce 

bruise damage. However, because there are financial incentives for producing 

large fruit from some cultivars and in certain instances fruit of increased blush, 

there will always be a requirement for some fruit to be harvested later in the 

scason. In these instances, fruit losses due to bruising need to be balanced 

against increased value of the export grade fruit. To be able to reduce 

susceptibility to bruising of fruit without negatively influencing fruit size would be 

particularly advantageous to growers. In these instances reduced irrigation and 

harvesting fruit later in the day may warrant further consideration. 
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7.4. 1 .7 Apple tissue attributes 

In this study the relationship between susceptibility to bruising and other fruit 

attributes produced variable results and these attributes seldom explained more 

than about 25% of the variation in the data set. A consequence of this was that 

multivariate analyses (principal components and canonical correlations) did not 

add to the understanding that could be derived by correlation or regression 

analysis. Correlation coefficients, although small were in most cases h ighly 

significant. 

Fruit mass 

Although in the within-orchard study fruit from several trees had similar mass 

hut different susceptibility to bruising there was generally posit ive influence of 

fruit mass on susceptibil ity to bruising (r = 0.21 and 0.23; Table 5 . 1O,'Granny 

Smith' and Table 5 . 14, 'Royal Gala'). Whilst the relationship with standard 

impacts was establ ished, the relationship between heavy fruit and the damage 

that occurs during handling and grading would be expected to be considerably 

stronger. Virtual Jy all regression equations indicated that fruit mass was positively 

associated with standard impact bruise diameter. 

Within a particular cultivar, larger fruit would be expected to have larger cells 

with fewer cell-cell bonds in a given volume of tissue that fruit with smalJer cells. 

Therefore, cell wall strength would play an important role in determining the 

strength of tissue from larger apples (Fig. 7. 1 ) .  Evidence of the effect of cell size 

on susceptibility to bruising comes from Patocka et al. ( 1 992) who in a between

cul tivar study showed that as cel ls  immediately under the skin surface increase in 

size so does susceptibility to bruising. The potential to manipulate cell size has 

been identified by Sharples ( 1 968) who found in a UK study of 'Cox's Orange 

Pippin' orchards that cell number of fruit from different orchards varied 

considerahly. Variation in seed count, spur size, fruitlleaf ratio, mineral nutrition 

and temperature could explain such differences (Blanpied and Wilde, 1968). 

Efforts to increase cell number with foliar applications of kinetin or nutritive 

supplements have not been successful (Martin et al. 1 964) although since that 



study, development of other fol iar sprays may warrant consideration. To 

contemplate producing fruit with smal ler cells (without reducing fruit mass) to 

reduce susceptibil ity to bruising would require further investigation. 

Crush strength 
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The twist test was used to determine if it could be used as an indicator of 

susceptibil ity to bruising (Section 3.5). The blade, used in the test, shears and 

crushes apple tissue and, because bruising is caused by the crushing and shearing 

of apple tissue, the apparatus appeared to have merit. However, the penetration 

of the twist blade into the apples creates a tissue shear that is perpendicular to 

the rows of cells that offer resistance during apple-apple impact. Tissue was then 

crushed and sheared until complete failure and peak resistance was measured. 

That the crush strength of cells 3 - 5 mm below the skin was not more strongly 

related to susceptibility to bruising was surprising. However, it perhaps highlights 

the importance of the elasticity and strength of apple skin and the thin layer of 

cells immediately below the surface in determining resistance to bruising. 

Firmness 

Other researchers have either not found (Klein, 1 987), or occasionally found 

(Johnson and Dover, 1 990) a relationship between fruit firmness and bruise 

susceptibility. In these studies fruit firmness was negatively associated with 

susceptibility to bruising (pooled data, control trees; 'Granny Smith', r = -0.37; 
Tahle 5 . 1 0  and 'Royal Gala', r = -0.20; Table 5 . 14) and reasonably consistently 

related throughout harvest (Table 5 .20) .  Standardised regression rated firmness 

and mass of 'Granny Smith' apples equally (standardised variates; firmness, -0. 1 8; 

mass, 0. 1 8) in contributing to standard impact bruise diameter. Clearly, firmer 

fruit are less prone to damage than softer fruit. 

Starch index and soluble solids 

Starch index was positively related to susceptibil ity to bruising (Table 5 . 1 0, 

'Granny Smith', r = 0.38 ; Table 5 . 14, 'Royal Gala' r = 0.49) but not consistently 

related as harvests progressed (Table 5 .20).  Whilst this relationship may be 
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correlated to enhanced ripening and weakening of cell structures it may also be 

that starch grains provide a within-cell energy absorbing device: disruption of the 

starch grains at impact may reduce external damage to cell walls. Soluble solids 

generally increase as starch converts to sugars, that soluble solids was less 

strongly correlated with susceptibi l ity to bruising ('Granny Smith', r = 0. 1 8 ;  

'Royal Gala' no association) than starch, supports this proposition. Further 

support for this proposition can be gained from the 'Royal Gala' pre-cooling 

experiment where after 72 h at 20°C both susceptibility to bruising and starch 

index increased but soluble sol ids did not change. This may mean that at low 

levels of maturity the strength of the tissue may rely on starch content as well as 

cel l  wal l and cell-cell bonds whilst at late maturity only the latter two factors are 

important in conferring resistance to bruising. 

In summary, regression of bruise diameter on other fruit attributes explained only 

a small proportion the variation in data sets and clearly other factors need to be 

added before a model with accurate predictive value could be developed. I n  

these studies starch index and soluble solids which represent a "maturity" aspect 

of the tissue were consistently rated. Firmness rather than crush strength was also 

entered and gave a "physical strength of tissue" perspective. Possible additions to 

the model should be " turgor" and perhaps tissue dry matter could provide a "cel l  

structure" perspective. "Mineral contents" would also require inclusion and finally 

a perspective of "skin strength" should be added. I t  is therefore proposed that the 

fol lowing equation should explain a large proportion of the variation associated 

with bruise damage. 

Bruise severity = " maturity" + "physical strength of tissue" + "turgor" + " cell 

structure" + "mineral contents" + "skin strength". 

More accurate predictive models would facilitate further research because the 

effects of manipulating management factors could be more accurately described. 

Fruit attributes that respond to treatment effects and also reduce susceptibil ity to 

bruising could then become the focus of further investigations. 
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7.5 Harvest and postharvest factors influencing susceptibi l i ty to bru i si ng 

7.5.1  A conceptual model 
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Fru i t  water status and temperature at grading, fruit  storage temperatures, storage 

t ime after harvest, and duration before pre-cool ing are factors that cou ld easi ly 

be manipulated to reduce bruise damage. These options arise from the dynamic 

in tegration of three factors: rate of fruit  water loss, frui t  temperature and rate of 

ripen ing, a l l  of which must be considered in any d iscuss ions on harvest and 

postharvest susceptib i l i ty to bruising and are presented in  a conceptual model 

(F ig. 7.3 ). 

� . .  ---------:;:::>- Tem peratu re 
Time of day Maturi ty Time 

t elative humidity 
Tree water status 

l 
Apple water statu 

at harvest Strength of cell-cell bonds / and cell wall strength 

Apple water status 
at grading Susceptibility to 

bruising 
, .,  

Fig. 7.3 Conceptual model of harvest and postharvest factors that influence 

susceptibi l i ty to bruising. 
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7.5. 1 . 1  Fruit water status at  harvest. 

I t is proposed that tree water status may influence apple water status at harvest 

and, as a consequence, influence susceptibility to bruising. If apples of the bruise 

susceptible cultivar 'Golden Del icious' were harvested early in the morning more 

bruise damage was incurred than if these fruit were harvested later in the 

afternoon (Section 2.5.3.4). Increased leaf transpiration rates caused by high 

afternoon temperatures were deduced to reduce fruit turgor thereby reducing 

tissue sensitivity to impact damage. In conflict with these resul ts, Garcia et al. 

( 1 995) who found that non-irrigation of 'Golden Delicious' apples for two weeks 

prior to harvest did not reduce susceptibility to bruising. It would be reasonable 

to expect that non-irrigation late in harvest would reduce fruit turgor. However, 

from this group's data it was not possible to determine climatic conditions prior 

to harvest or the soil water holding capacity. Either precipitation, h igh humidity 

or low temperatures may have reduced tree water demand, conversely soil water 

reserves may have been sufficient to maintain tree water status and therefore 

fruit turgor until harvest. 

Whilst water status of 'Golden Del icious' appl es at harvest was deduced to 

intluence susceptibility to bruising, other less bruise susceptible cultivars may 

show reduced responses. 

7.5. 1 .2 Temperature 

Using a range of techniques to bruise apples, a considerable number of 

researchers have documented variable effects of temperature on the susceptibility 

of apples to bruising (Section 2.5.3.5 ) which can be explained either by the 

techniques used to impact apples or the duration that fruit were in store. There 

are three effects which warmer temperatures (20° e) might have on the bruise 

susceptibil ity of fruit :  

i) increase the limited fluidity of pectin gels that constitute the cell wall 

ii) enhance rate of ripening 

iii) reduce fruit turgor by increasing evaporation rates. 
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When 'Granny Smith' apples were graded at 20°C, they were 5% less susceptible 

to hruising than those graded at O°C (Table 6.5). I t  could be argued this 

reduction was caused by enhanced ripening and/or reduction in turgor, whilst 

fruit were held at 20°C for 24 h .  However, when apples from the bruise 

susceptible cultivar 'Golden Delicious' were harvested and subjected to 2 h 

(negl igible ripening/turgor effect) temperature treatments, there was a significant 

intluence on bruise diameter (Table 6.4). Also, by harvesting later in the day at 

warmer temperatures, susceptibility to bruising reduced by 7.3% (Section 6.3. 1 )  

when compared to harvesting earlier i n  the day, although a proportion of this 

reduction was deduced to result from a reduction in turgor. Further evidence of 

a temperature effect was obtained by subjecting 'Royal Gala' to bruising after 

warming and cooling treatments (Table 6.9). Despite a reduction in susceptibility 

to bruising during the course of the experiment (wh ich would be attributable to 

enhanced ripening and/or reductions in turgor) susceptibility to bruising increased 

after fruit were again recooled to 3°e. 

A bruising-temperature coefficient (mm diameter / DC; modified from Bourne, 

1 982; Section 6.3. 1 )  showed that greater reductions in susceptibil ity of 'Golden 

Delicious' apples to bruising were evident between the 1 4-20°C than 0- 1 4  0e. 

However, 'Granny Smith' apples (Table 6.5) showed a greater change in 

susceptibil ity between O-lOoC than 10-20°e. As temperature effects on tissue 

sensitivity were not linear, the use of a coefficient approach to explain these 

cffects was of l imited value. Each cultivar at particular maturities and/or water 

status would be expected to have a slightly different bruising-temperature curve 

within the temperature range used in this study (0 to 20°C). 

Evidence that the stability of water soluble pectin gels can be influenced by 

temperature comes from Werner and Frenkel ( 1 978) and provides an explanation 

for temperature effects found in these studies. Fruit ripening is accompanjed by 

an increase in water soluble pectins and therefore fruit of different maturities 

may exhibit variable responses to temperature changes. An interesting situation 

arises if thc relationship between calcium levels, pectin gels and temperature is 
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considered. Calcium stabilises cell walls and therefore tissue with high levels of 

calcium may not experience the increase in fluidity at warmer temperatures when 

compared to fruit with lower calcium content. There is also the consideration 

that fruit with higher dry matter content may be less affected by temperature 

than fruit with lower dry matter content. 

I n practical terms harvesting the least bruise susceptible fruit (cultivar or maturity 

stage) early in the day and leaving larger, bruise susceptible fruit for harvest later 

in the day would be a management option that could be used by orchardists. I t  is 

recognised that in certain instances, inclement weather, l imited numbers of 

pickers and packhouse schedules may preclude such considerations. Another 

opportunity for the industry to use these data to advantage arises from the 

developing trend for apples to be CA-stored in bins prior to packing either for 

cxport or the local market. Although the temperature effect would have to be 

verified on fruit that had been CA-stored, it may be beneficial if these fruit were 

rewarmed towards ambient temperature prior to grading. This appl ication may be 

suitable for local market fruit which are not generally coolstored after packing, 

hut because export fruit are packed into export cartons and coolstored for export 

shipment there are other qual ity considerations. Presumably, because short 

rewarming periods may reduce long term storage life and quality, ENZA requires 

CA-stored fruit to be packed and returned to coolstore within 1 2  h. 

Opportunities for warming fruit within that time period may be l imited. 

7.5. 1 .3 Ripening and water status 

After harvcst, the relative humidity of the store and the time and temperature 

that fruit are stored at would influence fruit water status which in turn would 

influence the damage that fruit would incur when subsequently handled (Fig. 

7.2). Furthermore, if apples are coolstored in air then cell wall pectins decrease 

more than if apples are CA-stored (Siddiqui et al. 1 996) which would also be 

expected to influence susceptibility to bruising. 

Storing 'Royal Gala' at ambient temperatures for either 24 or 48 h prior to pre-
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cooling induced a weight loss of 0.3% which corresponded to  a 3.7% reduction i n  

susceptibil ity to bruising (Section 6.3.6). These data were substantiated by 

reductions in grader damage incurred by 'Royal Gala' apples after being stored 

at ambient temperatures for either 24 or 48 h before grading (Table 6.5). Whilst 

ripening may have progressed in 24 h, the key effect in reducing susceptiblity to 

hruising would have heen a reduction in water status of fruit. This inference may 

he uscd to explain reductions in susceptibility to bruising found after short 

periods at ambient temperatures. 

The interaction between ripening and water loss over longer periods is somewhat 

more complicated and the integration of these factors determines apple tissue 

sensitivity to impact damage. When stored at O°C, 'Splendour' apples continued 

to ripen, had small weight losses and susceptibility to bruising increased (Fig. 

6. 1 ) . As fruit ripen, esterification of cell wal l material reduces wall strength but 

releases water, respiration also releases water and fruit may also be stored in 

high humidity. These phenomena may enhance susceptibility to bruising and may 

explain why numerous workers have reported enhanced or no change in 

susceptibility to bruising after storage. On the other hand, in slowly ripening 

fruit, water losses by transpiration as well  as losses to the storage environment 

would be expected to reduce susceptibility to bruising. Lau ( 1983) found that 

rapid rather than slow establishment of CA-storage conditions reduced the 

susceptibility of 'Golden Del icious' apples to bruising which highl ights the 

importance of reduced ripening in storage to reduce susceptiblity to bruise 

damage. Therefore, important criteria in determining bruise susceptibil ity of 

apples after periods in store would be the type and humidity of storage 

conditions, rate of establishment of CA conditions as well as the period that fruit 

wcre in store. Physical attributes of fruit that would also influence water loss 

would be the permeabil ity of apple skin and the wax layer known to develop on 

some cultivars. 

7.6 Bruise colour 

In 1 99 1 ,  between-orchard differences in bruise hue angle were substantial and 
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the variation was largely attributable to orchard location and management inputs. 

The within-orchard study revealed that between-tree variation in bruise hue angle 

in 'Royal Gala' was also large. In the 1 99 1  survey, l ighter bruise colour was 

associated with higher fruit nitrogen content. Mosel and Herrmann ( 1 974) found 

that a nitrogen deficiency could cause an increase in phenolic content and Lea 

and Beech ( 1 978) found that additions of nitrogen and potassium ferti l izer to 

potted cider trees subsequently increased the phenolic content of cider by 1 7% 

when compared to cider made from apples from unfertil ised trees. Increasing 

nitrogen fertil iser applications to decrease bruise visibility appears an attractive 

option. In this study nitrogen was not associated with increased susceptibility to 

bruising, however, increased nitrogen content of apples may influence fruit 

quality (Marcelle, 1 995) .  Boron was not measured in this study but has been 

associated with the phenol ic content of potatoes (Mondy and Munshi, 1 993). 

Through an influence on phenolic content of apples, boron could potentially be 

linked to bruise colour. 

The 'Granny Smith' orchard survey (Table 5 .6) identified that there was 

considerable scope to reduce bruise colour. Apart from manipulation of fruit 

nitrogen (or perhaps boron) contents, other possibilities to manipulate bruise 

colour may lie in the investigation of tree cultural practices (Section 7.3. 1 .7). 

7.7 Apple bruising at orchard and packhouse 

By combining the effects on susceptibility to bruising found in this study it is 

possible to obtain an overview on the extent that orchardists may be able to 

reduce bruise damage. Some effects such as orchard variability cannot yet be 

utilised to reduce susceptibili ty to bruising but are included in the model on the 

assumption that a reasonable proportion of the variation was a resul t  of 

management practices. It is also recognised that some of the effects l isted (Table 

7.2) are from different cultivars and would not be strictly additive. For instance, 

reduced irrigation may reduce fruit water status; and storage for 24 h before 

grading or pre-cooling may not further reduce susceptibility to bruising for such 

fruit. As the 24 h delay before grading or pre-cooling duplicate the same effect 
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they are averaged for use in this model .  The longest coolstore period in this trial 

was 1 7  days where 'Splendour' showed a 4% increase in susceptibility to bruising. 

Other researchers (Hyde and Ingle, 1968; Klein, 1987) have shown that longer 

periods in store ( 1 1 and 6 weeks respectively) significantly reduce susceptibil i ty to 

bruising and these data are averaged for use in this model. 

Table 7.2 Cumulative effect of manipulating factors identified in this study to 

influence susceptibility to bruising. 

Factor manipulated to Percent increase in I nitial bruise 

influence susceptibility to bruise diameter diameter = 1 2.5 mm 

bruising 

Harvest from most susceptible 6.5% 13.3 1 

orchard 

Harvest at late maturity rather 13% 15 .04 

than early (average of 'Granny 

Smith' and ' Royal Gala' 

I rrigate all season rather 6% 15.94 

reduce irrigation to a level that 

does not decrease fruit size 

Harvest early morning rather 7.3% 17 . 1  

than later in  the afternoon. 

Precool immediately after 3% 1 7.5 1 

harvest rather wait 24 h 

Cools tore for 6- 1 1 weeks 5% 18.41 

Grade coolstored fruit at < 5% 19.3 1 

6°C rather than at > 1 2°C 



By assuming an initial bruise diameter of 1 2.5 mm, the result of adopting 

procedures that have been shown in this study to increase susceptibil ity are 

calculated as an increase in standard impact bruise diameter. 

Notwithstanding the approximate description involved in the model, the 

cumulative effect of the above procedures was predicted to increase bruise 

diameter by 54% (6.82 mm). Relating a 54% increase in bruise diameter to 

grader damage (Fig. 5 .2) is not possible because of the l imited range in bruise 

diameter. There is l ittle doubt, even adopting a conservative approach to the 

relationship between increases in bruise diameter and increases in grader 

damage, considerable reductions in bruising levels in the industry could be 

achieved. 

7.8 Further work 

7.8. 1 Representation of bruise severity 
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Prohlems associated with using bruise volume as a bruise severity index could 

perhaps be overcome by using image analysis to trace both the longitudinal and 

cquatorial bisected bruise perimeters with bruise volume being inferred rather 

than calculated. Increased accuracy of bruise damage measurement would be of 

considerable value in further research work. 

There would also be a need to test the relationship between susceptibil ity to 

hruising and handling damage in a wider range of conditions. Different apple 

growing areas are l ikely to produce fruit that differ in their susceptibility to 

hruising and various types of graders will generate varying amounts of apple 

damage. 

7.8.2 Between and within-orchard variability 

Elucidation of the management factors that may explain between and within

orchard variabil ity in both susceptibility to bruising and bruise colour would be of 

considerable benefit. Ideal ly the model :  
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Bruise severity = "maturity" + "physical strength of tissue" + "turgor" + 
"cell structure" + "mineral contents" + "skin strength". 

would be used to measure and determine the effect of several easily manipulated 

management inputs on susceptibility to bruising. "Turgor" could perhaps be 

measured by the recently published method of Jobling et al. ( 1 997). 

7.8.3 Maturity 

Orchardists and pickers have preconceived notions on the susceptibility to 

bruising of certain cultivars at different maturities. Each export cultivar should be 

impact tested at early, mid and late season so that more accurate bruise 

susceptibility data can be made available to orchardists. The implications of 

maturity and fruit mass on bruise susceptibility should be more comprehensively 

delineated for those cultivars where large or more h ighly blushed fruit attract 

incentive payments. Such studies would provide orchardists and ENZA with 

information that could be used to determine the financial aspects of handling 

these more valuable fruit. 

7.8.4 Temperature 

Further studies on the relationship between temperature and susceptibility to 

bruising (particularly after CA-storage) could identify relationships that may have 

immediate commercial implications. 

7.8.5 Bruise colour 

The association between fruit nitrogen levels and bruise colour requires further 

investigation with a range of cultivars. Methods of application of nitrogen 

(autumn foliar spray or spring fertil iser application), effect on susceptibility to 

hruising and storage life as well as the implications of reduced bruise colour may 

have to consumers would be important considerations. 

7.8.6 Cumulative effects 

I n the calculation of the cumulative effects of reducing susceptibility to bruising 



1 96 

identified in this study it was recognised that fruit from ditferent cultivars of 

variable maturity were used. I t  would be of considerable value if the cumulative 

cffects of implementing strategies to reduce susceptibility to bruising could be 

determined using an individual cultivar. 

7.9 Conclusions 

Overal l this NZ study has confirmed that there is scope to manipulate factors to 

reduce susceptibil ity to bruising. Preharvest factors that could be manipulated 

relatively easily are irrigation and maturity at harvest. Harvesting fruit later in the 

day when fruit are warmer could also be a management strategy to reduce bruise 

damage. Fruit mineral contents (calcium and phosphorus) were occasionally 

positively related to susceptibil ity to bruising but at this stage do not appear to 

offer opportunities to reduce bruise damage. Apples with h igher fruit nitrogen 

content developed bruise tissue that was l ighter in colour than bruise tissue from 

apples with lower nitrogen content. It appears that increasing nitrogen content of 

apples may be a simple method to reduce bruise colour in 'Granny Smith' apples. 

Postharvest efforts to manipulate susceptibil ity to bruising were successful and 

clearly offer potential to orchardists and packhouse managers to reduce bruise 

damage. Handling fruit at warm temperatures or after storage at ambient 

temperatures for one day reduced bruise damage. 

Small reductions in standard impact bruise diameter were related to large 

reductions in handling and grader damage which justifies efforts by orchardists 

and packhouse managers to implement, wherever possible, the strategies to 

reduce susceptibility to bruising that were identified in this study. 
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APPEN DIX I 

Circles of increasing diameter (normal ly  on a transparent sheet) used to estimate the 
size of individual bruises on apples (mm2). 
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