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But, nly son, be warned: 

there is no end of opinions 

ready to be expressed. 

Studying them can go on forever, 

and become very exhausting. 

Ecclesiastes 12:12 



Apple with stem-end splits. 
(NZAPMB, 1989) 

Apple with internal 

When Newton saw an apple rail, he round ... 

A mode or proving that the earth tum'd round 

In a most natural swirl, called gravitation, 

And thus is the sole mortal who could grapple 

Since Adam, with a fall or with an apple. 

Don Juan 10, 11 

... like a villain with a smiling cheek, 

A goodly apple rotten at the heart: 

0, what a goodly outside falsehood hath I 

Slwkespeare 
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ABSTRACT 

One of the most w idespread physical defects l imit ing the production and del i very of sound, 

blem i sh-free frui ts is the cracking of the ski n  and splitt ing of the underlying flesh whi le the 

fru i t  i s  still  attached to the tree. This occurs extensively i n  both pome and stone frui ts.  Of 

particul ar concern i n  this study is the problem of stem-en d  spl itting which occurs in 'Gala', 

'Royal Gala', and 'Fuji' apples. The production of these cult ivars has expanded rapidly i n  

N e w  Zealand and overseas due t o  thei r  producti vity, good quality and h igh consumer 

acceptance. Thus, orchardists continue to produce these apples, accepting the risk that in some 

years splitt ing  may be a serious quality problem. 

The objecti ve of this thesi s  was to i nvestigate the causes and mechanism of occurrence of 

stem-end splitt ing in apples by (1) providing a detailed review of the l iterature on frui t  

crackin g  and spl i tt ing i n  apples, (2) studying the effects of orchard management practices on 

the i n cidence of stem-end splitting and making field observations to determi ne the physical 

characteristics of stem-end splitt ing of frui t, and (3) studyi ng the growth characteristics and 

physical properties of frui t. 

A review of the l i terature showed a dearth of information focused towards u nderstandi n g  the 

phenomenon of stem-end spl itting whereas a considerable amount of l i terature was found on 

the causes of other forms of fru i t  cracking i n  apples, namely skin-crack ing ,  star-cracking and 

general splitt ing  of the fruit .  Frequently in the literature, the information did not clearly 

di fferentiate the types of fru it cracking in apples and the word "cracking" was often used as 

a generic term to refer to several disorders, possibly includ ing stem-end spl itti ng .  

This study has confirmed prel iminary observations wh ich suggested possible association 

hetween stem-end splitt ing and the presence of an i nternal "ri ng-crack" in fru it. Ri ng-cracks 

extended Crom the hase of the stem outwards i nto the flesh or the apple i n  a p l ane at an angle 

of 90 degrees to the stem .  B y  sectioning fru it at different stages or maturity , it was found that 

every fru it with stem-end spli tt i ng had i n ternal r ing-cracking at the stem-end hut that some 

frui t  w ithout stem-end spl i tt ing had i nternal r ing-cracks. No pub l ished research was foun d  

wh ich noted the presence of this  i nternal r ing-cracki n g  and it was concluded that r ing-
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cracking was a necessary precursor to the development of stem-end spl i tting . 

Experimental studies on the effects of management practices showed that frequent i rrigation 

s ignificantl y  increased the incidence of stem-end spl i tt ing and ring-cracking by about 50% 

compared to a no i rrigation treatment. Neither crop l oad nor fol i ar n itrogen had a s ign ificant 

effec t  on stem-end spl i tt ing or ring-cracking, al though low crop l oad s l ight ly i ncreased both 

defects. Resul ts from mechanical tests on frui t  suggested that the increase in stem-end 

spl i tt ing due to frequent i rrigation may be attributable to its effects in reducing the stress 

requ i red to crush the flesh as weJl as increasing fru i t  s ize. These resul ts suggested that orchard 

management practi ces which increase frui t  s ize and reduce the mechanical strength of the 

flesh are l i kely to increase the susceptib il i ty to stem-end spl i t t ing. 

None of the management practices had a s ignificant effect on the mineral status of frui t .  

However, comparison of good and damaged frui t  showed significantly h igher concentrations 

of calc ium, phosphorous and potassium in frui t  wi th ring-cracking or stem-end spl i tting. These 

findings contrad icted previously publ ished results which implicated mineral defic iencies (such 

as calc ium) or excessive concentrations (such as ni trogen) as the cause of  fru i t  cracking and 

s imi l ar physiological d isorders in apples. The present resu l ts do not suggest any possible 

direct involvement of calcium and the other minerals w ith respect to resistance to stem-end 

spl itting and i t  i s  probable that the h igher concentrat ion of minerals in affected frui t  is a 

secondary response which may have occurred after cortical cel l s  began to break down rather 

than before the onset of ring-cracking. 

By monitoring the chronological development of stem-end spli tt ing us ing random samples of 

frui t  at 2-week intervals ,  both stem-end spl i t ting and ring-cracking were first observed on the 

same day, about 3 weeks before the first commercial harvest or 115 days after ful l  bloom 

(DAFB) .  The h igher incidence of internal ring-cracking compared to stem-end spl i tting on this 

day supported the concl usion that stem-end sp l i ts develop from ring-cracks. It  a lso suggested 

that the in i t iat ion of both defects occurred some days or hours earlier. 

Evidence from s tudies on the growth and development o f  'Gala'  apples showed that the onset 

of stem-end spl i tting coinc ided with crit ical growth periods during the season .  This suggested 
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that the development of stem-end spl itt ing may be related to the imbalance i n  growth of the 

whole frui t  or its constituent parts. No profound changes were observed i n  l i nea l  dimensions 

o f  frui t  s ize (length and d iameter) at the onset of stem-end spl i tt ing; however, th is  period was 

associ ated with disproportionate growth rates of  fru i t  l ength and diameter on t he one hand, 

and the attainment of the final shape of fru i t  on the other. Also during this period, there was 

a sudden i ncrease i n  longitudinal growth stra in .  It i s  suggested that ring-cracking m ight wel l  

arise due to greater tens i le stresses that arc exerted upon the fru i t  due to the growth i mbal ance 

at a time when each affected cel l is least able to accommodate i tsel f to wi thstand the 

add i tional stress. The presence of a r ing-crack, therefore, forms a free edge of the frui t  skin 

which is then predisposed to crack as predicted by fracture mechanics .  

Resul ts obtained from the end of  season harvest of ' Gala' apples showed that fru i t  exposed 

to sun light during growth (compared to shaded fruit) had a 45% h igher i nc i dence of ring

cracking a lthough there were no s ignificant differences in the amount  of stem-end spl itting. 

The insignificant e ffect on the amount of stem-end spl i tt ing was attributed to the loss of about 

35% of the init ia l  samples of the wel l  exposed shading treatment. 

From l aboratory immersion tests using water and four non-ioni c  surfactants, i t  was shown that 

submerging frui t  i n  surfactant solutions i ncreased both the rate and total amount of water 

uptake compared w i th the water treatment (control ) .  During the t ime-course of i m mers ion ,  the 

cumulative water uptake (percent  weight gain) of frui t  i ncreased signi ficantly whi le  the dai ly 

rate of  water uptake decl i ned, wi th the maximum intake occurr ing dur ing the fi rst 24 hours 

of immersion. S ign i ficant uptakes of water d id  not i nduce stem-end spl i tt ing although skin

cracking occurred. These results suggested that stem-end spl i t t ing and skin-cracking are 

distinct phenomena and that excessive water absorption a lone does not appear to be the whole 

explanation for the i nc i dence of stem-end splitt ing in apples .  It was concluded that whi le  skin

cracking may resul t  from excessive swel l ing and bursting or the sk in  fol lowing  sudden and 

rapid i ntake of water by the underly i ng flesh, a stem-end spl i t  i s  a growth crack which 

appears to be related more to changes associated w ith di sproportionate fru i t  growth rates. 

A tentative model of stem-end spl i t t ing in apples is presented based on the cumulat ive 

relationships between management practices and fru i t  propert ies .  The model identi fies factors 
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which increase or reduce the risk of stem-cnd splitting, and emphasises the significance of 

fru it growth rates and the influence of the micro-environment. Possible mechanisms of stem

end splitting and skin-cracking are also discussed based on theoretical considerations of cel l  

failure and the pathway of water uptake i n  both i n tact growi ng fruit or detached fruit .  
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CHAPTER ONE 

GENERAL INTRODUCTION 

1.1 Statement of the Problem 

Appearance and freedom from phys ica l  defects are itnportant quality attributes in the fmit 
industry which affect product attractiveness and therefore i ts acceptab il ity to the consumer. 

In addition, the need to store fm i t  longer during transportation overseas, especial ly under strict 

quarantine regulations, requires that fruit be delivered in sOLlnd and hlemish -free conditions . 

Thus, the production and availabil i ty of top qual ity fru i t is important to both growers and 

consumers. 

Numerous quality defects in fruit are induced during harvest and postharvest handl ing and 

these appear as bruises, cuts and abrasions. However, one of the most widespread physical 

defects limiting the production and delivery of sound, blemish-free fruit is the cracking of the 

skin and spli tting of the underlying t1esh while the fruit is still attached to the tree. This 

occurs extensively in both pome and stone fruits (Beattie ct al.. 1989), kernels (Lague and 

Jenkins, 1 99 1  a,b; Srinivas et aI., 1977 and 1978), and vegetables (Lutz et aI. ,  1949). The 

cracking of detached fruit during postharvest handlin g (Mohscnin, 1972; Khan and Vincent, 

1 990) and in cold storage (Mezzeti, 1959) have a lso been reported. 

The presence of a crack alters the structural integrity of the food material and lowers its 

mechanical strength (Lague and Jenkins, 1991 a). These cracks produce lines of weakness 

along which the  otherwise intact fooel material is more likely to undergo further damage when 

subjected to mechanical stresses.  The presence of these cracks accounts for excessive crush ing 

of soft, fleshy fruits in harvesting containers and loss of fruit juices (Reynard, 1960). 
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Cracks or spli ts provide open wounds whi ch  fac ili tate rapid loss of moisture and excessive 

shrivell i ng which lower the quality of fru i t  in storage (Meyer, 1944; Mezzeti, 1959; Goode 

et aI., 1975). Severe storage losses also arise through the action of decay-causing microbes 

(Iverson, 1938; Meyer, 1944) which infect the injured parts. Fruits with cracks are prone to 

chemical injury during washing to remove spray materials (Fisher, 1937a,b) .  Prior to harvest, 

insects and chemical sprays may also contaminate the cracked or split fruit (Shear, 1971). 

Because cracking or spl i tt ing is usually more severe as the fruit approaches its peak of 

ripeness, there is a tendency to pick early to avoid cracked fruit. This results in the delivery 

of fruit of non-uniform qual i ty and under-coloured fruit to the market and processing plants. 

The continued success of the New Zealand horticultural industry, and the contribution of p ip 

fruits i n  particular, has been partly attributed to the high quality of New Zealand apples and 

the in troduction of new varieties such as 'Gala', 'Royal Gala', ' Fuj i '  and Braeburn 

(McCliskie, 1991). The production of these varieties has continued to expand rapidly both in 

New Zealand and overseas (Walsh et aI., 1991) thanks to their precocity, productivity, price, 

and consumer acceptance. Unfortu nately, some of these varieties can be subject to disorders 

which affect  qua l ity . Of particular concern in this study is the problem of stem-end sp l itting 

which occu rs i n  'Gala', 'Royal Gala', and 'Fuji'. In a recent study of fruit characterist ics of 

five strains of ' Gala', Greene and Autio (1993) reported that all five strains developed stem

end splitt ing o n  the third harvest. Extensive stem-end splitting of fruit has also been observed 

i n  several mutation breeds of ' Royal Gala' apples (Opara et a!.. 1993a). This defect occurred 

whi le the fruit was still attached to the tree, and appeared to intensify when fruit harvest ing 

was delayed to enhance size and colour. Desp i te the importance of these new varieties, l i t t le 

e ffort has been made so far to address the problem of stem-end splitting which adverse ly 

affects their fru it qu ality. 

Stem-end sp l itting of fruit is a problem in the New Zealand :\pple industry because the 

affected fruit are classed as unsound. Most new and early maturity varieties are susceptible 

and tolerances for this defect are low. The economic cost oC this has been conservatively 

estimated at NZ$l.OO per 1 8 .5 kg carton for lines with stem-end splits (Stanley, pers. comm. ,  

1990). This  assessment does not include the costs of re-packing any rejected lines, nor does 
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i t  inc lude costs which arise from the loss of machine capacity, and the losses which occur due 

the inability of the packer to plan processing schedules while packing susceptible lines (Foster 

et a1., 1991). 

Notwithstanding variability within and between regions in New Zealand, it has been estimated 

that up to 50% of lines of 'Gala', 'Royal Gala', and ' Fuj i ' are cu rrently affected by stem-end 

splitting and these varieties contribute up to 35% of the total apple packout from the affected 

regions (Stanley, pers. comm ., 1990) . Recent field investigations in New ZeaJand (Hodson , 

pers. comm., 1991 b) and the United States (Walsh et a1., 1991) have Cound that up to 12% 

and 40%, respectively, of the 'Gala' apples in one orchard were arrected by stem-end 

splitting. The scale of this problem has substantial economic implications for the grower, 

packhouse operator, and the entire apple industry . 

A survey conducted in 1990 by the New Zealand Apple and Pear Marketing Board 

(NZAPMB) on the problem of stem-end splitting in the Hawke's Bay dis trict found that the 

packed tray carton export (TeE) affected by stem-end splitting at fruit packers ranged from 

27.72% for 'Royal Gala' to 62.37% and 78.08%, respectively, for 'Fuji' and 'Gala' (McLeod, 

pers. comm ., 1 992). The total export value of packed fruit affected and "at risk" from stem

end splitting was estimated to be over $10 million for the three varieties during the season. 

In general, fruit cracking and splitting affect the quality grade of apples for both export and 

local markets. In 1992 the NZAPMB allowed a maximum of 2<;{; of apples in a box to contain 

splits (Foster et aI., 1991) and the maximum allowable aggregate length of cracks on an apple 

for both export and local fancy was 1 centimetre (NZAPMB, 1989). The consequence of any 

box checked exceeding 2% of split fruit was that the packer must re-pack the entire batch at 

considerable costs to the packer and/or grower . Therefore, packhoLlse staff must be trained 

to sort out split fruit, even though this occurs in a re latively small percentage of an entire 

batch. 

In order to avoid re-packing, grad ing machines are slowed down when packing varieties 

susceptible to cracking or splitting. Even then, splits are very hard to detect because most 

apple varieties susceptible to spl itt ing are striped and the spl its tend to blend in with these 
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stripes .  This leads to reduced throughput, increased handling costs,  and greater difficulties in 

scheduling operations. A lthough i mage analysis techniques have been deve loped to detect 

stem-end splits (S tudman et aI . ,  1 99 1 ;  Foster et aI . ,  1 99 1 ) , machine inspection is current ly not 

deemed to be economic (Stanley, pers . comm. ,  1 990) . 

The problem of app le crack ing and sp l itting is by no means a new problem in New Zealand 

and other apple producing areas in the world. It has affected the New Zea land app le industry 

for nearly a century (Kirk, 1 907; Cunningham, 1 925) ,  and the causes are sti l l poorly 

understood. In a recent breed i ng programme on c lones derived from ' Royal Gala' apple , 
White et  a l .  ( 1 992) and Se lby and White ( 1 992) found that on five trees of one c lone , nearly  
every frui t  showed sp litting a t  harvest maturity . There i s  c le arly a need for research to  

understand the orig in and causes of  the problem so that s trategies  can b e  developed to  reduce 

or control the problem. 

Pre-harvest cracki ng and sp l itting al so affects a wide range of  d i fferent fruits and is also 

considered a serious economic prob lem such as in tomatoes (Reynard. 1 960), cherries 

(Trought and Lang, 1 99 1 ;  Trought et al . ,  J 992; Edwards et  al . .  1 992) ;  grapes (Considine, 

1 979;  Meynhardt, 1 964a), prunes (Mrozek and B urdhardt ,  1 (7 3 ) .  avocados (Haas , 1 936), dates 

(Haas and B liss,  1 935) ,  and ci trus (Randhawa et a I . ,  1 958;  Tay lor ct a l . .  1 957  ancl 1 958) .  

These are discussed i n  Chapter 2.  

1 .2 Objectives of S tudy 

Growers of apple varietie s su sceptible to stem-end spl i tt ing have attempted several 

management practices to  contro l  the inc idence of the defect .  A lthough these i nd i v idual e fforts 

may or may not  al leviate the prob lem for a particular grower, there is currently no guaranteed 

strategy to  control the disorder. There is sti l l  n o  satisfactory exp lanation for the occurrence 

of this particular phenomenon . 

To reduce losses, preventive measures are necessary , but these measures can only be 

prescribed confidently when the phenomenon of s tem-end spl i t ting i s  wel l  understood . 
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Knowledge of the conditions w hich induce fruit spl it t ing as wel l  as the fruit physical  factors 

that are involved or affected wou ld also assist plant breeders to identi fy varieties that are 

susceptible to splitting. At the moment, there is c learly a dearth of i n formation on stem-end 

splitting in apples or any other fmit. 

The main goal of thi s  study was to enhance our knowledge of the causes and mechanisms 

which lead to stem-end splitting in apples by investigat ing the effects of orchard management 

pract ice s  on the inc idence o f  fruit splitting, and study i ng the growth characteristics and 

physical properties of the fru i t  of susceptible cu l tivars. S pecifically, the objec t ives of this 

study were : 

(1) to provide a detai led review of the literature on fru it  cracking and spl itting in  

apples with a consideration of other fmits;  

(2) to study the e ffects of orchard management practices on the amount of 

stem-end splitting; 

(3) to determine the effects of these management practices and stem-end 

splitting on fruit physical  and mechanical properties ;  

(4) to determine the chronol ogical development o r  stem-end splitt ing during the 

growing season;  

(5) to study the growth o f  the apple fruit  and the changes in physica l  and 

mechanical properties in relat ion to the onset of stem-end splitting. 

A n  attempt w as made to develop a conceptual mode l o f  stem-end spl itting which 

accommodates the observed relationships between fruit  mechanical properties and i ncidence 

of splitting .  It is hoped that further this model provides some worthwh i le  insight i nto the 

mech anisms by which fruit develop stem-end splits and some potential strategies for 

control ling the disorder. 



CHAPTER TWO 

REVIEW OF FRUIT CRACKING AND SPLITTING IN APPLES, INCLUDING A 

CONSIDERATION OF CAUSES OBSERVED IN OTHER FRUITS. 

2.1 Introduction 

2.1 . 1  General 

6 

Sc ientific in terest in  the problem of apple fru i t  cracking and spl itt ing has grown remarkably 

since the beginning of this century .  Thi s  development h as not guaranteed an understanding 

of the exact nature of the problem and possible control measures. A review devoted to frui t  

cracking was reported over 20 years ago i n  Ind ia by Teaot i a  and S ingh ( 1 970) . This  review 

discussed mainly the causes of the problem. Walter ( 1 967) presentee! a review of the l i terature 

on russetin g  and cracking in apples . 

A number of authors have also provided valuable summaries of  previous research together 

wi th original work on apple frui t  cracking and spli tting (Cunningham, 1 925;  Verner, 1 93 5  and 

1 938 ;  S hutak and Schrader, 1 948; Byers et aI . ,  1 990). More general reviews on d isorders and 

diseases of fruits i nc lude cracking and splitting of apples (Posnette , 1 963 ; Sal ter and Goode, 

1 967),  and those on mineral-related d isorders (Shear, 1 97 1  and 1 975 ;  B angerth, 1 976 and 

1 979).  

Research reports on the problem of frui t  cracking in tomatoes (Fraz ier, 1 947; Reynard, 1 960), 

cherries (Bullock, 1 952;  Christensen, 1 976), prunes (Uriu et  a ! . ,  1 962; Mrozek and Burkhardt, 

1 973),  grapes (Meynhardt, 1 964b; Considine, 1 979; Considine and B rown, 1 98 1 )  and c itrus 

fruit  (Randhawa et aI . ,  1 958)  have included information on apple fru i t  cracking in their 

l iterature reviews. 
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In comparison, few workers have reported convincing evidence concerning factors involved 

in the initiation and development of cracking and spitting in apples, though many have 

addressed the cracking of tomatoes, cherries and grapes. As part of a research programme to 

fill this gap and to facilitate further investigation, the objectives of this review were to 

document the existing knowledge, indicate the present limitations of our understanding of this 

subject, and to suggest possible areas for further research. The literature on fruits other than 

apples is considered only in order to discuss mechanisms of failure. 

2.1.2 Terminology 

"Cracking" is a general term that has been applied to certain physical disorders of fruits 

which are expressed as fractures in the cuticle or skin. These fractures may be microscopic 

or easily seen, sometimes extending deep into the inner tissues of the fruit as well defined 

cavities. 

Cracking has been defined as the physical failure of the fruit skin (Milad and Shackel, 1992), 

and is generally believed to result from stresses acting on the skin. It could be normal (mainly 

due to normal processes of growth) or damaged-induced (Walter, 1967). Stiles et al. (1959) 

classified any 'Stayman' apple fruit having visible cracks in the skin 6 mm or longer as 

cracked. 

Splitting is an extreme form of cracking in which the cracks penetrate deep into the flesh of 

the fruit. They range in size from thin splits, a few millimetres long, to wide splits which 

have been observed to attain a length of about 60 millimetres in apples (Verner, 1935). Thus, 

a practical difference between splitting and other forms of fruit cracking is that a split causes 

gross exposure of the internal tissue to the atmosphere whereas in a crack the interior is not 

completely exposed (that is, it is contained in the cuticular layers). 

Cracking and splitting in apples have been described by many terms which usually reflect 

either the perceived cause or symptom of the problem. or both. During the early part of this 

century, apple cracking was synonymous with the terms blister, blister-disease and 

I 

-.-------------------------------
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Coniothecium-blister (Cunningham, 1 925 and Goodwin, 1 929) . These terms were derived 

from the symptoms of the fungus Coniothecium chomastosporum Cordia, which was widely 

reported in South Africa ( Evans, 1 907 and B ij l ,  1 9 1 4) ,  New Zealand and Austral i a  (Kirk, 

1 907; Cunni ngham, 1 925 ; Campbell ,  1 928;  Goodwin, 1 929) and Britain (Moore, 1 93 1 ) as the 

c au sative agent. 

In Canada, Hockey ( 1 94 1 )  used the term "false sting" to describe a virus disease of apples 

in which the affected frui t  exhibited a degree of deformity with wel l defined cracks, but he 

did not make any reference to frui t  cracking. Jenkins and S torey ( 1 955), Schmid ( 1 960 and 

1 96 1 ) , and Cropley ( 1963 and 1 968) used the term star-cracking to refer to a viral disease of 

apples. 

The term "boron deficiency pi tting" which is  wide ly used to describe vanous mineral 

d isorders of pears i nc luding cracking (Raese, 1 989) has been applied to the cracking of Rymer 

apples in India (Dube et aI . ,  1 969) . Other terminologies have been lIsed which derive from 

the position of the crack on the fruit surface. Skin- or lenticel-cracking has been used by 

many authors to describe fruit cracking in many cultivars (Fisher, 1 937a,b; Schrader and Haut,  

1 948 ;  Jackson et aI . ,  1 977). 

S tem-end splitting  refers to spl itting in apples which originates from the base of the stem and 

radiates towards the crown (shoulder) of the fruit .  A stem-end spl it i s  a breach of both the 

skin and the underlying tissue of the fruit. I t  occurs extensively in three new commercial 

cuItivars, namely 'Gala' , ' Royal Gala' , and ' Fuj i '  varieti es grown in  New Zealand. 

In other countries, crack defects which occur at the stem-end of fru i t  have been reported. 

Verner ( 1 935) observed that late in the growing season of Stayman Winesap apples, cracks 

originating near the frui t  stem and extending outward i n  straight merid ional l ines towards the 

cheek were common. Masden and B ai ley ( 1959) also reported the presence of severe cracking 

around the stem-end of Winesap apples grown in  the United States . From Britain,  severe 

stalk-end cracking of Cox's  Orange Pipp in apples has been reportee! by Montgomery ( 1 959) .  

Although the word cracking is evidently popul ar, it may not be appropriate for al l physical 
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fai lures which breach the skin of the fruit. At the moment, there i s  a great deal of  confusion 

and sometimes the term cracking i s  incorrectly appl ied to clearly d ifferent symptoms and this 

makes i t  difficult to compare results from differen t  research workers. For consistency, the 

terminology of the original researcher wil l  be used i n  the following sections of this review 

unless indicated otherwise where the orig inal terms are al tered in order to categorize the 

failure more clearly. 

2.1.3 History and Occurrence 

Cracking or splitting occurs i n  practical ly all importary.t apple-growing areas of the world .  It 

has been reported by researchers from South Africa (Evans, 1 907 ; B ij l ,  1 9 1 4) ,  New Zealand 

and Austral ia ( Kirk ,  1 907; Came, 1 925;  Cunningham, 1 925;  Campbell ,  1 928;  Goodwin,  1 929; 

Irving and Drost ,  1 987), Britain (Tetley, 1 930; Moore, 1 93 1 ;  Jenkins and Storey, 1 955 ;  Skene, 

1 965 and 1 980), the United States (Verner, 1 935 and 1 938 ;  Fisher, 1 937a,b; Schrader and 

Haut, 1 938 ;  S hutak and Schrader, 1 948;  Stiles et a1 . ,  1 959; B yers et a1 . ,  1 990; Unrath, 1 99 1), 

Russia (Fischer 1 955;  Schmid, 1 960 and 1 96 1 ) , and Canada ( Mezzetti , 1 959;  Proctor and 

Lougheed, 1 980). 

The cracking of apples has al so been recorded in Japan (Tomana, 1 96 1 ;  Watanabe, 1 987), 

Korea (Kim et aI . ,  1 99 1 ), India (Dube et a1 . ,  1 969; Teaotia and S i ngh, 1 970), Italy (Costa et 

a1. , 1 983 ;  V isai and Marro, 1 986;  Visa i  et a1 . ,  1 989), Denmark (Pi lgaard, 1 957), and Sweden 

(Nilsson and Fernqvist, 1 956; Nilsson ancl Bjurman, 1 958 ; Rootsi, 1 962; Goldschmidt, 1 962). 

Apparently, reports from New Zealand (Kirk, 1 907 and later, Cunni ngham, 1 925) and South 

Africa (Evans ,  1 907 and later, B ij l ,  1 9 1 4) are probably the first records devoted to apple 

cracking and the Coniothecium disease which was then believed to be the main cause of the 

problem. Cunningham ( 1925) confirmed the prevalence of the di sorder in  New Zealand with 

l imited d istribution elsewhere. In Australia, Carne (1925) concluded that the cracking and 

russet ing disorders of Dunn' s and other apples are connected with cl imatic and growth 

conditions .  
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Other early reports from New Zealand extended the focus to include the cultural causes of 

the problem and possible remedial measures (Campbel l ,  1 928;  Goodwin ,  1 929). In a study 

of the epidermal structure of the apple, Tetley ( 1930) observed extensi ve cracking on the 

sunny side of James Grieve and B eauty of B ath varieties in the summer of 1 928 in Britain .  

Also in  B ritain, Moore ( 1 93 1 )  carried out  detai led i nvestigations on the fungus Coniotheciwn 
chomastosporum Cordi a, i n  association wi th cracking and russeting of apple frui t  and 

b l istering of the twigs. He concluded that the existence of other s imi lar fungi complicated the 

i nvestigations. 

Recognition of cracking as a major commerc ial problem coincided with expanding apple 

production i n  the United S tates, and particularly in countries l ike New Zealand and Australia, 

which exported apples to Europe and e lsewhere with increasing qual i ty requirements. A 

disorder which developed prior to harvest (Verner, 1 935) and during storage (Mezzetti ,  1 959 ;  

Goode et  a I . ,  1 975)  was particul arly gal l ing to growers who rel ied heav i ly on markets around 

the world (Goodwin ,  1 929). 

Verner ( 1 935)  documented the first detailed field and l aboratory studies on the problem of 

frui t  cracking in  apples. His pioneering work and those of other researchers on cherries 

(Hartman and Bul l i s, 1 929 ; Verner and B lodgett, 1 93 1 ) ,  and tomatoes (Frazier, 1 934 ; B rown 

and Price, 1 934) laid the fou ndation for further i n-depth studies on cracking and spl i t t ing i n  

these and other fruits .  

Cracking  and splitting are erratic in  occurrence, causing heavy losses i n  some years, seasons 

and locations, and almost none in others (Cunningham, 1 925;  Campbel l ,  1 928; Goodwin, 

1 929 ; Tetley, 1 930; Moore, 1 93 1 ;  Verner, 1 935 and 1 938 ;  Hockey, 1 94 1 ;  Jenkins and Storey , 

1 955 ;  Montgomery, 1 967; Teaotia et aI . ,  1 970) . In New Zealand, t he stem-end spl itt ing o f  

' Gala' and 'Fuj i '  apples has been observed i n  Hawke ' s Bay and Canterbury , but has not been 

reported in Central Hawke 's  B ay, Nelson or B lenheim (Hodson, 1 99 1  a) . During the 1 920s, 

the cracking of Dunn' s Favourite and Cox ' s  Orange Pippin was reported throughout New 

Zealan d  irrespective of climatic conditions or qual i ty of soil (Campbell ,  1 928 ;  Goodwin,  

1 929). With few exceptions (Verner, 1 935),  most observers seem to agree that cracking and 

splitti ng  occur only later in the season in mature apples. 
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Susceptibility to cracking and splitting varies distinctively from frui t  to fru it, and is  partly 

culti var dependent .  Cunningham ( 1 925) noted that although the Coniothecium disease causing 

apple cracking was prevalent in New Zealand, it was common on certain  varieties. 

Within susceptible frui t  cult ivars , the amount of cracking and spl i t t ing varies considerably 

among indiv idual trees in the same orchard, branches of the same tree, and even spurs on the 

same branch (Verner, 1 935  and 1 938 ;  Posnette and Cropley, 1 963) .  During a three-year study 

of cracking in S tayman apples, Stiles et a1 . ( 1 959) found that during one year, cracking varied 

widely from tree to tree, ranging from 3 .6  to 24.9  per cent. 

In  Sweden, Nilsson and Fernqvist ( 1 956) observed that vigorous rootstocks, such as M.XVI 

and seedlings were more conducive to the development of frui t  cracking in  ' Ingrid Marie ' 

apples .  S tudying the splitt ing of ' Mutsu' apples i n  Japan, Watanabe et a1 . ( 1 987) found 

rootstock effects, w ith  trees grown on MM. 1 06, Maruba Kaido and M.7 having greater levels 

than M.26. 

2.2 Types of Fruit Cracking in Apples 

The cracking of apples can occur in a number of ways to produce different types of cracks. 

Skene ( 1 965) presented a summary of three mechanisms: first, there is the formation of 

cuticle cracks associated with the i n it iation of russet; secondly, there i s  the cracking of the 

outer l ayers of skin when these are sloughed off during the fi nal stages of russet development; 

and thirdly , there are cracks which penetrate deeply in to the flesh and are responsible for 

serious down-grading of frui t  quality. Thi s  th i rd mechanism would account for the spli tting 

defined in Section 2 . 1 .2 which occurs mainly  as stem-end spl i t t ing in apples. According to 

Walter ( 1 967), the v arious types of cracking which occur in apples appear to be partly varietal 

characteristics. In broad terms, these kinds of frui t  cracks can be classified i nto skin-cracks, 

s tar-cracks, and splits . 
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2.2.1 Skin-cracking (also referred to as l enticel- or cuticle cracking) . 

This  is characterised by the presence of numerous minute superfic ial cracks on the frui t  

surface, fol lowed by the gradual peeling-off of the skin in patches , g iving the affected apple 

a russeted appearance (Kirk, 1 907 ; Reed and Crabi l l ,  1 9 1 5 ; Goodwin ,  1 929 ; Moore, 1 93 1 ;  

Fisher, 1 9 37a,b; Schrader and Haut, 1 938 ;  Gourley and Howlett, 1 94 1 ;  Meyer, 1 944; Shutak 

and Schrader, 1 948 ;  Pilgaard, 1 957;  Fischer, 1 95 5 ;  Tomana, 1 96 1 ;  Montgomery, 1 967; 

Jackson et a1 . ,  1 977 ;  Taylor and Knight, 1 986) .  Some of these cracks heal over during the 

growth of the apple (Schrader and Haut, 1 948) by cork formation with a l ight deposit of 

suberin on the cel l wal ls .  Meyer ( 1 944) noted that the unhealed shallow cracks accounted for 

the excessive shrivell ing of apples during storage. 

Fisher ( 1 937a) described the skin-cracking of ' York' apples as varying from barely noticeable 

to as much as 1 .5 mm wide. According to Schrader and Haut ( 1 938), skin-cracks on 'York' 

apples may show as s light checking of the skin ,  resulting in a rough feel or so-cal led poor 

finish of the fruit , but in severe cases, many small open cracks usually 3 mm or l ess in length 

may occur. 

Several authors noted that skin-cracking was l imited almost entirely to the green (shaded) s ide 

of the frui t  ( Reed and Crabil l ,  1 9 1 5 ;  Fisher, 1 937a,b; Schrader and Haut, 1 938;  Shutak and 

Schrader, 1 948) .  These workers and Pilgaard ( 1 957) have also reported that skin-cracking i s  

prevalent i n  the calyx region of the fruit . Skin-cracks usually developed perpendicular to  the 

axis of the apple but, if i nsect or some similar injury was present, cracks generally  ran 

concentricall y  around the injured spot (Fisher, 1 9 37a,b; Schrader and Haut, 1 938 ;  Shutak and 

Schrader, 1 948) .  

The presence of extensive cuticular cracks has been associated with the development of 

extensive russeting although some russeted varieties have virtual ly  no cuticle cracks during 

their early stages of development (Skene,  1 965 ; Costa et aI . ,  1 983) .  
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2.2.2 Star-cracking 

Affected frui t  are marked with star-shaped cracks i n  the skin, sometimes on the s ide of the 

frui t, but more frequently near the calyx-end (Jenkins and Storey, 1 955;  Gi lmer and Einset, 

1 959;  Schmid, 1 960 and 1 96 1 ;  Cropley, 1 963 and 1 968) .  Fru i t  are usually under-s ized and 

become heavi ly russeted when about half grown (Posnette and Cropley, 1 963) .  

In  severely affected fruit ,  the star-cracks develop deep cracks which llsually heal , resulting 

in severely scarred frui t  (Jenkins and Storey, 1 955 ;  Cropley, 1 963 ; Posnette and Cropley, 

1 963) ,  and the affected fruit  also tend to have i rregular shape (Jenkins  and S torey, 1 955) .  

These researchers agreed that star-cracking i s  caused ,by virus diseases . 

2.2.3 Splitting (also referred to as flesh cracking) 

This occurs i n  the form of breaks in both the skin and flesh of  the affected frui t  (Verner, 

1 935) .  Individual spli ts vary from almos t  inv is ib le short s l i ts to spl its several m i l l imetres deep 

that extend around the frui t. Proctor and Lougheed ( 1 980) observed extensive early season 

frui t  cracking of Golden Russet which consisted of deep (up to 40.3 mm) and wide (up to 20 

mm) equatorial furrows contain ing easily detached cork t issue, and occurred mainly on the 

stem half of the fruit. 

On the basis of evidence provided by Verner ( 1 935),  spli ts on apples can be c lassified in to 

those originat ing in regions with structural deformities (such as russet and scar lesions), and 

those originating in or near the stem depression . Unl ike the other types of frui t  cracking 

which occur on parts of the fruit with certain inj uries and virus d iseases that al ter the frui t  

surface, stem-end splitting often occurs o n  apples that appear from the outs ide t o  be i n  

excellent condition except for the presence o f  the spli t  (Verner, 1 936;  Montgomery, 1 959 ;  

Opara e t  aI . ,  1 992) . Recent studies on  fruit  characteristics of  five strains of  'Gala' apples 

showed that al l  five strains  developed stem-end splitting on the thi rd harvest (Greene and 

Aution, 1 993) .  I n  another study, Opara et al . ( 1993a) have recorded extensive stem-end 
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splitting i n  several mutation breeds of ' Royal Gala' apples. It appears from the foregoing 

observations that strains of ' Gala' apple are particu larly susceptible to stem-end splitting. 

2.3 Causes of Fruit Cracking and Splitting 

2.3.1 General 

It is commonly believed or implied that, for a wide range of fruits sLlch as cherries and 

tomatoes (Verner and Blodgett, 1 93 1 ;  Frazier and Bowers, 1 947 ; Reynard, 1 960; Niiuchi et 

aI., 1 960; Westwood and Bjornstad 1 970; Christensen, 1 972d), cracking and splitting occur 

as a resul t  of a sudden i ncrease in the water content of the soi l ,  atmospheric humidity and 

temperature . However, it has been shown that in addition to excessive water absorption by 

the roots, cracking i n  many kinds of frui t  such as appl es, peaches, and cherries is also caused 

by the osmotic absorption of water through the skin of the frui t  (Bohlmann 1 962) . 

Discussing the causes of splitting in oranges, Co it ( 1 9 17 )  stated that "the most common 

theory in regard to the cause of splits is  that an i rregular water supply causing wide variations 

in the moisture content of the soil ,  produces a greater fluctuation in the growth of the i nterior 

than i n  the skin of the orange. "  He maintained, however, that such a cause should be regarded 

as only a contributing factor, because only a proportion of the frui t  on any g iven tree would 

spli t .  

Chandler ( 1 925) discussed the  water relations of deciduous fru its i n  general and stated that 

"certain injuries, such as cracking of fruit, may resu l t  from a heavy irrigation l ate in its 

development, if growth has been checked by lack of water earl ier. " Gardner et al . , ( 1 922) 

concluded that spl itting in apples and in some stone fruits was most l ikely to occur shortly  

before maturity when rain or  l ate i rrigation occurred fol lowing a long period of  drought. 

Hartman and Bul l is ( 1 929) reported that cracking of cherries occurred as a result of excessive 

water absorption by the fruit, e i ther directly through the skin in wet weather or by way of the 
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root system and vessels. However, Verner and Blodgett ( 193 1 )  were unable to observe any 

rel ationship between soil moisture and cracking in three varieties of sweet cherries. S imi l arly, 

S awada ( 1 93 1 ) concluded that extremes of  soi l moisture p layed no d i rect part on the splitting 

of sweet cherries. 

The rupture of fleshy parts in general was discussed by Sorauer (l 922), who considered the 

causal relations to be much alike for frui t  cracking in cherry, plum, and grape, bursting of 

carrots and beets, and splitt ing of stems in kohlrabi , rape, bean , and potato. The author was 

of the opinion that "al l  these phenomena have one characteristic in common - that they are 

in itiated only when, after a considerable period of normal deve lopment, or sti l l  more after a 

dry period, an unusual supply of  water is given sudd�nly ."  

Rixford ( 1 9 1 8) stated that figs have been observed to spl i t  under conditions of  high 

atmospheric humidity without rain or irrigation. Frazier ( 1 947) found that tomatoes cracked 

most severely after heavy i rrigation at the end of a prolonged dry period. Cracking was less 

severe in plots with frequent irrigation, which prevented excessive drying of the soi l ,  and i t  

was least severe i n  plots where the soil-moisture content remained low throughout the 

growing season. Shaded fru its cracked much less than those exposed to the sun. 

The causes of cracking in grapes has been studied extensively in  South Africa (Meynhardt, 

1 957 and 1 964a,b) and Australi a  (Considine and Kriedman, 1 972; Considine et aI . ,  1 974; 

Considine, 1 979 and 1 982; Considine and Brown, 1 98 1 ) . S tudies by Meynhardt ( 1 957 and 

1 964a) show that spray irrigation can increase the incidence of berry cracking in certain 

varieties of grapes when the atmospheric moisture content is  high.  The splitt ing of grapes and 

other frui t  by unseasonal rainfall has been attributed to the development ,  under conditions of 

high availabi li ty of water and low evaporative demand, of a h igh hydrostatic pressure in  the 

frui t  (turgor pressure) in excess of the tensi le strength of the cel l walls (Considine and 

Kriedman, 1 972 ; Considine et aI . ,  1 974) . 

According to Gourley and Howlett ( 1 94 1 )  the cracking of frui t  in apples and sweet cherries 

occurs due to excessive cell enlargement of the fruits fol lowing a marked increase in the soil 

moisture .  Mrozek and Burkhardt ( 1 973) ident i fied twenty-three factors bel i eved to be 
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associated with the cracking of apples, tomatoes, avocados, cherries and prunes. Frui t  cracking 

in water, high humidity,  rain during cracking and fruit maturity were factors applicable to al l  

types o f  fruit .  

As pointed out in sections 2 . 1 .2 and 2.2, fruit cracking in apples is varied in extent, and the 

various types of  cracking appear to be partly varietal characteristics. Therefore, the fol l ow ing 

review, with main emphasis on apples, is  based on the underlying causes rather than on 

symptoms. Nearly one hundred years of observation, speculation, and research have 

implicated no less than twenty factors correlated with apple  fru it cracking. With the exception 

of the "viral d isease" theory (Powers and Bol len, 1 947; Posnette, 1 963 ;  Montgomery, 1 959 ;  

Cropley, 1 968),  none of  these may be summari ly  discarded, and i t  is  l ikely that the cause i s  

due to the interaction of  several factors. 

The causes of frui t  cracking and splitting in apples establ ished by variolls  workers can be 

summarised under d iseases and skin abnormal ities, genetic factors, fruit internal ,  and external 

factors . 

2.3.2 Diseases and Skin Abnormalities 

Diseases 

Most early researchers on fruit cracking in apples conc luded that the disorder is caused by 

the fungus  Coniothecium chomatosporum Cordia (Evans,  1 907 ; Kirk, 1 907 ; B ij l ,  1 9 1 4; 

Cunningham, 1 925 ;  Moore, 1 93 1 ) . However, factors other than fungal infection were l ater 

implicated. In a survey of twenty-one apple growers in New Zealand, Campbe l l  ( 1 928) found 

that nineteen were of the opinion that the trouble was phys io logical, and two bel ieved that i t  

was due to disease. S imi larly, Goodwin ( 1 929) concluded that the Coniothecium disease was 

an after-effect, and that the problem could be regarded as due more to general deb i l i ty of the 

tree. According to B ij l  ( 1 9 1 4) ,  the fact that apples crack does not show that the fungus 

Coniothecium is present because cracking is also brought about by u neven growth of the fru i t, 

due to c l imatic conditions. 
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Fruit cracking i n  apples has also been ascribed to v irus diseases (Jenkins and S torey, 1 955;  

Fischer, 1 955 ;  Schmid, 1 960 and 1 96 1 ; Posnette, 1 963 ; Cropley, 1 968),  and the disorder has 

been claimed to be transmissible (Schmid, 1 960 and 1 96 1 ;  Cropl ey, 1 963) .  

Virus  d iseases which cause cracking of  apples have been reported from many countries 

(Cropley, 1 963 and 1 968) .  However, the rel at ionship between the viruses and the 

susceptibil i ty to fruit  c racking has remained obscure. In Switzerl and, v i ruses causing frui t  

cracking and russeting have been transmitted wi thin and between apple varieties (Schmid, 

1 960 and 1 96 1 ) ,  but according to Cropley ( 1 963), i t  is not yet possible to assess with 

certainty the relationship of these diseases to the d isorder. In Britai n ,  Granny Smith apples 

from New Zealand and Australia were not affected when inocul ated with four strains of star

crack virus and similarly, Boskoop and Glockenapfel scions grafted on star crack-diseased 

Cox were unaffected (Cropley, 1 963) .  

Powers and B ollen ( 1 947) found n o  correlation between cracking and the number and kinds 

of micro-organisms in cherries. No recent l i terature associates cracking and spl i tting in app les 

and other fruits with vira l  or fungal diseases. For example, Montgomery ( 1 959) ignored forms 

of frui t  crac king  in Cox ' s  Orange Pippin apples due to virus d iseases to i nvestigate the "more 

serious"  cracking due to unusual cl imatic condit ions. 

According to Fawcett and Lee ( 1 926), spl itt ing in ci trus frui t  i s  commonly  associated with 

d iseased tissues, such as lesions. These diseased t issues absorb water exceptionall y  when the 

water supply is plentifu l  and cause rupture through abnormal swe l l i ng. Gardner et a1 .  ( 1 927) 

and Goodwi n  ( 1 929) found frui t  cracking in apple  and pear frui t  to be associated with the 

severe attack of scab, b lotch and russeting. 

Skin Abnormalities 

Physical defects on frui t  consti tute points of weakness where rupture general l y  occurs first. 

These defects may arise from either physiological d isorders, d iseases, insects or mechanical 

injury (Fisher, 1 937a,b; Schrader and Haut, 1 938 ;  Shutak and Schrader, 1 948 ; Montgomery, 
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1 959;  Walter, 1 967 ; Teaotia and S ingh ,  1 970) . Frui t  cracking and splitting are both associated 

with a dis integration or breakdown of the cuticular l ayer, in one case locali sed, and in the 

other general (Walter, 1 967). In samples of Stayman Winesap apples, Gardner and Christ 

( 1 953)  noted an e ight-fol d  i ncrease i n  the number of i nc ip ient cracks and spl i ts which 

subsequently developed on severely russeted specimens compared with smooth-skinned 

specimens .  The authors also noted increased skin permeabi l i ty to water vapour i n  russeted 

areas . 

S imons and Aubertin ( 1 959) studied the effect of  wounding on the development of fruit 

tissues by i nducing damage by cutt ing, abrasi ng ,  or scraping fru i ts of Golden Del icious at 

various stages of growth. Cutting the skin two days after fru i t-set st imulated periderm 

formation, accompanied by sloughing-off of cel ls in the exposed tissues, and this persisted 

throughout the frui t  development. On the normal areas adjacent to the i njury, macroscopic 

effects were not pronounced, but cuticular cracks developed as a resul t  of i rregular growth. 

There was no malformation of the fruit, and consequently no secondary cracks when fru its 

were injured during l ater stages of development, but periderm act ivity was insufficient to form 

a protective covering over the wound. 

The effects of abnormalities of peripheral tissues in  relation to the crack ing of  apples was 

studied extensively by Verner ( 1 935) ,  and he concluded that cracking is l ess l i kely to occur 

on sound apples than on those with some abnormality. During one season Verner found  that 

88  per cent of the cracks formed on the fruits of one tree were direct ly associated with 

russeted skin, sunburn, or scab spots. The remaining 1 2  per cent were most often on the 

sound cheek of frui t  surfaces that was most exposed to sunlight. However, the author noted 

that the cracking was not dependent on the abnormalit ies themselves, but that they merely  

rendered affected portions of the frui t  more susceptible to cracking than normal portions when 

environmental influences tended to promote cracking in both . 

Sti les et a1 . ( 1 959) found that cracking of S tayman apples increased with an increase i n  russet 

or other i njury to the fruit . According to Montgomery ( 1 959), the mechanism wou l d  be that 

uptake of water through the skin may rupture the cel l s .  In addition, moisture fluctuations may 

cause the cracking of skin already finely russeted, or in combination with temperature changes 
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lead t o  uneven cell d iv ision o r  enlargement, with consequent stresses that might lead to 

cracking. 

Other authors have found a histological analogy between cracking and russeting of apples 

(Walter, 1 967; S kene, 1 982a,b; Proctor and Lougheed, 1 980), and according to Visai et 

al . ( l 989) ,  cracking  could be considered the l ast and the more serious s tage of skin russet. 

On the bas i s  of observations on "Stayman Red" apples, Costa et a! . ( 1 983) found i t  difficul t  

t o  relate frui t  cracking to  russeting. However, they pointed out that fru i t  cracking ori g inates 

from small  russeting plates and lor hypertrophic lenticels . They argued that these anatomical 

features led to a reduction of cell elasticity which, associated with high fmit growth rate, 

could be a basic  factor in determining the onset of cracking. 

2.3.3 Genetic Factors 

The genetic constitution  of fruits and fruit varieties affect the susceptibi l i ty of particul ar fmits 

or parts of fmi ts to cracking. Posnette and Cropley ( 1 963) attributed fru i t cracking in apples 

to a genetical d isorder. V isai et al. ( 1 989) quoted unpublished data which showed that cracked 

Neipl ing Stayman apple frui t  had less g ibbere l l ic-acid-l ike (GA- l i ke) substances than intact 

ones . The authors believed that such genetic factors were associated with the cracking of the 

' Stayman' group of apples .  

In Canada, Proctor and Lougheed ( 1 980) found extensive early season frui t  cracking of 

Golden Russet apple  but not on Pomograte Russet. The variety Cox ' s  Orange Pippin i s  more 

frequently affected by apple star-crack than other varieties i n  England (Jenkins and Storey, 

1 955) .  Researchers in the United S tates have found that the "York Imperial " apple variety i s  

associated with severe skin-cracking (Fisher, 1 937a,b; Schrader and tIaut, 1 938 ;  Shutak and 

Schrader, 1 948). 

Several genet ic ists have confi rmed that frui t  cracking i s  governed by genes . Reynard ( 1 95 1 )  

and Young ( 1 957 and 1 959) observed a two recessive gene pair mode of i nheritance for radial 
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crack-resistance in tomatoes. Radial cracking was found to be determined by two major gene 

pairs desi gnated as cr cr and rl rI and heritable. During subsequent studies, Young ( 1 959  and 

1 960) foun d  crack-resistant genes to be associated with p ink frui t  colour, high number of 

frui ts per plant, low average number of  10ClIles per fru i t ,  and small fru i t  diameter and 

determinate plant growth habit .  Resistance to frui t  cracking i n  tomatoes has also been 

associated wi th wide calyx base and lobes (Frazier, 1 95 1  and 1 958) .  

Prashar and Lambeth ( 1 960) studied the i nheritance of  radial crack i ng i n  tomatoes and found 

that resistance i s  not controlled by the same gene in  al l variet ies .  Reyn ard ( 1 960) found that 

radial and concentric cracks i n  tomatoes are governed by separate gene systems, and through 

cross-breedi ng, crack-resistant tomato varieties have been produced (Frazier, 1 959 ;  Reynard, 

1 960) . 

Zielinski ( 1 964) found genet ic variabil ity of considerable magnitude for resistance to frui t  

cracking among  sweet cherries and concluded that breeding programmes could  offer some 

potential for solving the problem. 

2.3.4 Fruit External Factors 

The i nc idence of frui t  cracking and spl i tting varies remarkably not only between different 

c l imatic regions,  but from year to year (section 2 . 1 .3) .  It is general l y  accepted that certain 

env ironmental conditions of weather at certain t imes of the year and orchard cul tural practices 

are important factors (Verner, 1 935 and 1 938 ;  Walter, 1 967 ; Teaot ia and S ingh, 1 970) . 

Environmental factors associated with fruit cracking i nc lude soi l mois ture, rai n fa l l ,  relat ive 

humidity, temperature and the amount of exposure to sunlight. The cu l tural factors that have 

been i mpl icated i nclude rootstock i nfluence, i rrigation , pruning and thi n n ing, mineral nutrition, 

and the effects of chemical sprays .  
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Weather Conditions and Fruit Water Relations 

Soil Moisture Content 

It has often been suggested that the major factor responsible for the splitting of various fruits 

i s  a sudden marked i ncrease in  soil moisture content l ate in the i r  deve lopment, if growth has 

been checked by lack of water earlier (Gardner et aI . ,  1 922; Chandler, 1 925;  Bohlmann, 1 962; 

Walter, 1 967) .  In Sweden, Nilsson and Bjurman ( 1 958) observed that the cracking of Ingrid 

M arie apples was promoted by rapidly changing weather cond it ions.  In  Japan, the fluctuation 

of soil moisture from low to high i nduced more cracks on tomato fru i t  (Ni i u c h i  et  aI . ,  1 960) . 

Proctor and Lougheed ( 1 980) suggested that cracki ng of Golden Russet apples in Canada was 

related to fluctuating water supply in the early part of the growi ng season. The cracking 

disorder of  s tone fruits (mainly cherries and apricots) and grapes has been attributed to excess 

uptake of water by frui t  shortly before harvest l eading to cell rupture (Beattie et aI . ,  1 989) .  

Verner ( 1 935)  observed no  i ncrease in  the incidence of splitting when he caused sudden and 

pronoun ced soil  moisture fluctuations by artificially droughting trees of Stayman Winesap 

fol lowed by flood i rrigation . He attempted to induce spli tting by forcing water into the cut 

ends of detached fruit-bearing branches when these were exposed to air. He was unable to 

induce splitting  even though the treatment continued up to three hours .  

In a study of fruit  splitting in ten cultivars of Mutsu apples, Watanabe e t  a1 . ( 1 987) reported 

that soil types, moisture content and bagging had no c le ar effects on the inc idence of the 

d isorder. Irving and Drost ( 1 987) found that water deficit i mposed during phase one of frui t  

growth increased the  proportion of  cracked Cox's  apples by  2-3 fold. The inc idence of b itter 

pit was marginally reduced, but mean fruit  s ize and t i tratable acidi ty were not altered . 

Trought and Lang ( 1 99 1 )  i nvestigated the role of water in cherry spl itt ing and observed that 

s ignificant fru i t  splitting occurred on blocks where fru it  were protected from rain with plastic 

covers. The authors suggested that water uptake by the plant,  through the root systems, may 

be of greater significance i n  caus ing fru i t  spl itt i ng than h ad been real ised in the past. 
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Rainfall and Irrigation 

Although the experiments of Verner ( 1 935) showed no relation between apple  cracking and 

soil moisture, he succeeded in i nducing severe splitting both when branches bearing attached 

fruit alone were submerged i n  water for several days. In further experiments i n  which rain 

was artificially diverted from l arge branches, some of the fruit on those branches cracked, 

indicating that the presence of a fi lm of water on fol i age or frui t  was not a necessary 

condition to promote cracking. 

From these, Verner concluded that wetting of frui t  and leaf surfaces for a long period might 

aggravate the tendency to crack, but i t  was not the primary factor concerned. Reed and Crabi l l  

( 1 9 1 5) fou nd that skin-cracking of apples occurred ' very rare ly in  dry seasons' but  usual ly 

after late rains fol lowing drought. 

Gardner and Christ ( 1 953) kept detached hal f-grown fruit of several apple varieties 

continually covered with a fi l m  of water for 4 or 1 1  days and found that no cracking was 

induced i n  either Rome Beauty or Del icious ,  but in Stayman Winesap some spl i tt ing occurred 

after 4 day ' s soaking. After ] 1 days, hal f  the fruit  of this variety showed spl i ts .  

Montgomery ( 1 959) associated the widespread cracking and russeting of Cox ' s  in  England 

in 1 958 with the exceptionally heavy rainfall during June and August. In addit ion to excess ive 

water absorption by the roots, B ohlmann ( 1 962) found that many kinds of fruit  such as 

peaches , apples , and cherries tend to crack more easi ly  when they come into contact with rain 

or mist or  when immersed in water. He concluded that fruit protected from rain w i l l  not 

crack. 

Goode et a1. ( 1 975) were able to i nduce skin-cracking of Cox ' s  apples by mainta in ing water 

stress. In experiments with 'S tayman' apples, Byers ct a! . ( 1990) found that over-tree or 

under-tree sprinkl ing for one 1 2-hr night period d id not cause frui t  cracking. After 6 n ights 

of sprinkling, over-tree and under-tree sprinkl ing caused 9% and 7.6%, respectively, of the 

frui t  to crack. Frui t  covered with bags or petroleum jel ly on over-tree spr inkled trees did not 

crack, while 7.6% of the wetted frui t  cracked. These resu l ts agree with the conclusion of 
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B ohlmann ( 1 962) on apples, peaches, and cherries but  d isagree wi th those of Verner ( 1 935)  

also on ' S tayman' apples, and Trought and Lang ( 1 99 1 )  on sweet cherries, where frui t  under 

a tarpaul in  cracked. 

Relative Humidity and Evaporation Rate 

Tukey ( 1959b) found that prolonged periods of high rel ative humidity, especial ly whil e  the 

apples are smal l ,  may inhibit the potent ial formation or modify the composition of the cuticle 

sufficient ly to cause it to l ose its protective capac ity . Increase in  water supply and decrease 

in water l oss from leaves due to saturated relative humidi ty promoted frui t  cracking and 

splitting i n  apples (Verner, 1 935  and 1 938)  and several other fru its (Teaotia and S ingh, 1 970) . 

Verner ( 1 935) obtained a fairly close relationship between fruit  cracking and relati ve humidity 

when a heavier rain accompanied by humidity well below 90% caused no cracking while 

relative humidity between 99- 1 00% caused severe cracking. 

Under n atural orchard conditions, Verner (j 935) found a defin i te associ at ion between low 

rates of evaporation and the i ncidence of fruit  spl i tting in apples. There was extensive spl i tting 

during several peri ods of prolonged s low evaporat ion rates, even when there had been no rain 

for up to 6 days. Outbreaks of splitt ing were generally preceded by marked depressed 

transp iration , maintained for six hours or morc. Verner conc luded that in Stayman apples, 

splitting is  promoted by i ncreased water supply to the fruit tissues as a result of reduced 

transpiration under conditions of h igh humidity . 

Low humidity during fruit development has been associated wi th the cracking of apples 

(Mrozek and Burkhardt, 1 973 ;  Walter, 1 967) .  Under condit ions of water stress, low relat ive 

humidity would accentuate the effects of drought, and thus tend to promote cracking 

associated with the outer tissues of the fruit .  The combination of  these factors accounted for 

the greater incidence of cracking of Ohenimuri apples in drier inland regions in South Africa 

compared wi th humid regions (LOllW, 1 948) .  

Evidence from the foregoing section reveals that despi te the popu lar bel ief  that susceptibility 
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to cracking i s  associ ated wi th fmit  water relations and other environmental factors, there i s  

a general l ack of i nformation on the effect of  water management practices i n  the orchard on  

apple frui t  spl i tt ing even though i rrigation remains a crucial component of most frui t  

production systems. 

Temperature Fluctuation and Exposure of Fruit to Sunlight 

Verner ( 1 935)  found that the occurrence and severity of cracking of S tayman Winesap apples 

were not related in any way to ai r-temperature fluctuations; however, the author also noted 

that cracks on otherwise sound fru its most often were on the check that was most exposed 

to sunl ight .  B ohlmann ( 1 962) noted that in many kinds of fru i t ,  notably apples, peaches and 

cherries, there is i ncreased tendency to crack as the temperature of the rises. 

Koske et a1 . ( 1 980) found that i ncreasing growing bed temperature of tomatoes up to 32 °C, 

had no effect on fruit  yield, cracking, skin strength, or plant growth. Peet and Wi l l its ( 1 99 1 )  

tested the effects of solar energy and temperature on tomato frui t  cracking. When n ight  t ime 

temperatures were maintained below 2 1  DC by air conditioners, the percentage of  frui t  

cracking decreased s ignificantly because the total number and weight of  frui t  i ncreased more 

than the number and weight of cracked fruit .  

The degree of sun exposure of fru i t  has been associated with the cracking of apples, tomatoes 

and cherries (Fisher, 1 937a,b; Verner, 1 938 ;  Mrozek and Burkhdart, 1 973) .  In ' Rome B eauty ' 

apples, Magness and Diehl ( 1 924) found that the exposed s ide of the fru i t  developed a thicker 

skin than the shaded side. Reed and Crabil l  ( 1 9 1 5) ,  and Fisher ( 1 937a,b) noted that the skin

cracking of ' Yark' apples is l imited almost enti rely to the green (shaded) side of the fruit .  

Reed and Crabi l l  suggested that perhaps " the skin on the shaded s ide of the frui t  may be 

actual ly stretched to bursting by the unusual rap id multipl icat ion and growth of pulp cells due 

to a sudden i ncrease in water supply . "  The prevalence of skin-cracking of ' York' apples on 

the shaded side of frui t  has been reported by other workers (Schrader and I-laut, J 938 ; S hutak 

and Schrader, 1 948) .  
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The above findings disagree with the results obtained by Tetley ( 1 930) who found that in 

' James Grieve' and ' Beauty of B ath' varieties, most of the cracks were formed on the sunny 

side of the apple. The author also noted that the season which had extensive frui t  cracking 

also had a long dry, cold period when the frui t  was sett ing, fol lowed by a warm rainy period 

when the appl e  was ready to swel l .  Tetley concluded that the cold period had produced a 

comparatively thick i nelastic cuticle especia l ly on the exposed s ide of the apple with the resul t  

that the epidermis was unable to  resist the  rapid swel l ing of  the cells w ithin and had 

consequently cracked. 

During three years of observation with Stayman Winesap apples, Verner ( 1 938 ) found that 

in sound, densely shaded fruit  growing in the innermost parts of  the tree there was v irtually 

no cracking. W hen apples in different parts of the tree were enclosed in brown paper bags for 

three to four weeks before harvest, the i ncidence of splitting was reduced from 4 1 .0% to 

5 .2%.  

Surveys i n  Sweden by  Roots i  ( 1 962) showed that direct exposure to sunl ight may i ncrease 

the incidence of apple frui t  cracking. Rootsi also found that the res istance to pressure of the 

skin of several varieties was lower on the shaded side of  the fru it ,  and he concluded that the 

lower incidence of cracking was related to the greater elasticity of the shaded tissues. 

The foregoing review shows apparent cul tivar differences on the effect of exposure of fru i t  

to  sunlight on the occurrence of cracking. However, even though crack ing occurs 

predominantly on the shaded side of ' York' cult ivars (Shutak and Schrader, 1 948) ,  and on the 

exposed side of many other cult ivars such as ' James Grieve ' and 'Beauty of Bath' (Tetley,  

1 930),  and the ' Stayman' cult ivars (Verner, 1 935  and 1 938) ,  the authors agree that the side 

where the cracking is more common had thicker inelastic cuticle. 

In  prunes, Mrozek and B urkhardt ( 1 973) found that the exposed s ide of the frui t  located on 

the south s ide of the tree experienced the h ighest temperatures .  Side cracking was most 

prevalent on the south side of the tree and on the side of the prune exposed to the sun. 
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Cultural Factors 

Several cultural factors such as choice of rootstock, supplemental water supply, mineral 

nutrition and chemical sprays, pruning, thinning, and other cul tural pract ices which influence 

the nature of frui t  growth exert much influence on frui t  cracking and spl i tt ing. Cultural 

measures which i ncrease frui t  size are apt to accentuate cracking in apples (Nilsson and 

Bjurman, 1 959). In  stone fruits, cracking disorder is  also negatively rel ated to fru i t  load 

(Beattie et aI . ,  1 989). 

Rootstock and Tree Vigour 

The associ ation between rootstock, tree vIgour and the incidence of fruit cracking have 

received continued attention from several researchers. Goodwin ( 1 929) attributed the cracking 

or bl ister disease of  apples to a general debil i ty of the tree, rather than from other causes. He 

found that practical ly al l  sound frui t  on affected trees were l ocated ncar the top where the 

growth was stronger. Goodwi n  concluded that the lower buds have become so weakened and 

immature t hrough the deb il i ty of the trees that it is  impossible for thcm to maintain sufficient 

vigour to produce sound fruit . 

Verner ( 1 935)  observed that among trees and branches otherwise comparable, spl itting was 

more pronounced and extensive when the fol i age was sparse than when i t  was dense. The 

greater incidence of  skin abnormalities on the sparsely  fol i ated branches was also believed 

to be a contributory factor. 

Fisher ( l 937a,b) found that the tendency of app les to crack i ncreased as the fru i t  approached 

maturity and with greater severity on trees low in vigour and bearing  a l ight crop. 

Investigations by Schrader and l-Iaut ( 1 938) ,  and Shutak and Schrader ( 1 948) on the cracking 

of  York Imperial apples confi rmed that low vigour and l ight crop were conducive to cracking. 

In addition, smal l ,  h ighly fin ished frui t  with deep grcen ground colour  was less susceptible 

to skin-cracking. 

Louw ( 1 948) provided further evidence from South Africa that vigorous growth was 
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conducive to reduced incidence of cracking in apples. When trees of the Ohenimuri variety 

in a neglected orchard which had not been pruned for a number of years were severely 

pruned, frui t  cracking was almost entirely e l iminated as a result  of  v igorous growth and 

luxuriant fol iage which developed. On well-tended trees in which growth was not a l i miting 

factor, severe pruning did not affect the incidence of the trouble. 

Reports from the East MaI l ing Research Station in England also showed that cracking and 

russeting of Cox ' s  apples were more frequent on poorly grown trees having inadequate leaf 

cover (Anon, 1 96 1  a) . In Canada, Proctor and Lougheed ( 1 980) found that rootstock and crop 

load influenced the cracking of Golden Russet apples. Fru i t  cracking was more severe i n  trees 

on the more dwarfing rootstocks, which were also younger and bore fewer frui t  per cm of 

trunk circumference. 

I n  contrast to the above resul ts, Ni lsson and Fernqvist ( 1 957) found that the incidence of 

cracking i n  ' Ingrid Marie'  apples was higher on trees on vigorous rootstock (such as M.xVI) 

or from vigorous seedlings. However, cracking was more marked in large and red-coloured 

fruits than in  small and green fruits, respectively. This agreed with the findings of S hutak and 

Schrader ( 1 948).  

Watanabe et al . ( 1 987) associated frui t  spl i tting in ten apple cult ivars with very early tlowering 

and suggested that conditions conducive to rapid  frui t  growth were related to spli tting. In 

addition to rootstock effects (wi th trees grown on MM. I 06, Mamba Kaido and M.7 having 

greater levels than M.26), large fruits were also more susceptible to spli tt ing. 

Mineral Nutrition and Chemical Sprays 

Fruit Mineral Nutrition 

Calcium, n i trogen, and boron appear to be the mineral nutrients which affect frui t  cracking 

(Tomana, 1 96 1 ;  Dube et a1. , 1 969; Shear, 1 97 1  and 1 975 ;  Bangerth, 1 976 and 1 979). 

Deficiencies in Ca and B may lead to the development of cracks, while h igh N would 
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aggravate the d isorder (Shear, 1 97 1 ) .  Fischer ( 1 955) found no evidence to attribute apple frui t  

cracking to nutrient deficiency o r  spray damage. 

Nutritional conditions of the tree and frui t  have been suggested to account for the differences 

in the cracking susceptibi l i ty of frui t  on different  trees ,  or even on the same tree (Schrader 

and Haut, 1 938) .  Shallow soil conditions and inadequate soil moi sture have been indicated 

as factors influencing tree nutri tion, leading to susceptibi l i ty to frui t  cracking. 

S ti les et a1 . ( 1 959) found no influence of  urea sprays on cracking of Stayman Winesap apple. 

Experiments on Cox ' s  Orange Pippin showed that cracking was worse on clean cult ivated 

plots, especially where n itrogen and potash were appl ied (Montgomery, 1 959) .  Cracking was 

very much less where the trees were i n  grass or were receiving potash only. Later results from 

long-term manurial trials on dessert apples obtained similar results (Greenham, 1 965) .  

Tomana ( 1 96 1 )  found that i n  Jonathan apples, when seed development ceased and the frui t  

began to enlarge, the n itrogen content of the flesh i ncreased rapidly, causing cracking of the 

skin around  the lenticels. A posit ive relationship between nitrogen manuring and the cracking 

of Holstein Cox apple fruit  was reported by Wei ssenborn and Gottwald ( 1 965).  Frui t  cracking 

i n  Rymer apples has been attributed to boron deficiency (Dube et aI . ,  1 969). 

Effects of Chemical Sprays 

Fru i t  cracking has been reported to be aggravated by spray materials (Schrader and Haut, 

1 938 ;  Asquith, 1 957 ;  Anon, 1 962a) . However, in other cases, both sprayed and unsprayed 

frui t  have been affected alike (Reed and Crabi l l ,  1 9 1 5 ; Moore, 1 93 1 ;  Fischer, 1 955 ;  B yers et  

a1. ,  1 990) . 

Applications of Bordeaux mixture caused cracking and general distortion of apple fruits 

(Moore, 1 93 1 ) .  S imi lar i njury was also observed on fru i t  from unsprayed "contro l "  trees or 

those sprayed with lead arsenate only, although the i njury was greatest where Bordeaux 

mixture was used. Schrader and Haut ( 1 938) obtained similar results on the cracking of "York 

Imperial" aggravated by late arsenate sprays .  
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Fungicide sprays have been observed to affect the cracking of apples (Asquith, 1 957) .  In trials 

to control mi tes in Stayman Winesap apple orchards, phosdrin caused severe cracking round 

the stem-end while captan caused the least cracking. In trial s to control fruit pests (Anon, 

1 962b), high volume sprays of 2,2,2-trichloro- l ,  I -bis( 4-chloropheny I )  ethanol at petal-fa l l  

caused the cracking and russeting of Cox ' s  Orange Pippin fruits .  

Surfactants, often appl ied with herbicides, fungicides or insectic ides as emuls ifying, 

dispensing and spreading agents may cause di stinctive stress symptoms which affect frui t  

quality .  They are known to i ncrease the penetration of water, spray chemicals, and nutrients 

through frui t  cuticles (Marios et a I . ,  1 987;  Westwood and Batjer., 1 960; Byers et a I . ,  1 990). 

Many authors have found that the use of surfactant enhances fru it cracking in  apples (Noga 

and Bukovac, 1 986;  Noga and Wolter, 1 990; Byers et a ! . ,  1 990) . 

Submerging ' Stayman ' apples in  several non-ionic and anionic surfactant-water solutions 

caused increased water uptake anc! frui t  cracking (Byers et aI . ,  1 990) . The authors found that 

submerging apples i n  pestic ide combinations or nutrient solutions general ly did not affect frui t  

spli tt ing while a nutrient-surfactant combination did increase fru it crack ing. I t  was concluded 

that the surfactant was the constituent primari ly responsible for the cracking. 

2.3.5 Fruit Internal Factors 

The anatomical and physiological conditions of roots, branches and fruit  have major effects 

on the spl i tt ing of apples (Tetley, 1 930; Verner, 1 935 and 1 938 ;  Roots i ,  1 962; Goldschmidt, 

1 962; Skene, 1 965) and other fruits, including cherries (Verner and Blodgett, 1 93 1 ;  

Christensen, 1 972d), grapes (Meynhardt, 1 964b; Considine, 1 979), and tomatoes (Cotner et  

aI . ,  1 969; Hankinson and Rao, 1 979). 

Verner ( 1 935)  and Teaoti a  and S ingh ( 1 970) have reported that some incipient cracks 

originated at hypertrophied l enticels which may be caused or promoted by greatly retarded 

transpiration from the plant, accompanied by a plentiful water supply to the regions of 

hypertrophy. Schilberszky ( 1 9 ]  8 )  concluded that hypertrophy of  Ienticels in  apple fruits i s  
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rel ated to an excesslve water supply in  the soi l .  According to the author as rev iewed by 

Verner ( 1 935)  and Teaotia and S ingh ( 1 970), the prol iferation that consti tutes lenticel 

hypertrophy may decrease the extensibi l i ty of the neighbouring peripheral cell l ayers and 

lower their mechanical resistance to being torn apart; and if that be true, lenticels might be 

expected to make the weakest point, at which rupture should begin,  whenever peripheral t issue 

strain became sufficiently excessive. 

Periods of drought resul t  in the development of strengthening tissues, which usually appear 

first in the xylem and phloem (Graebner, 1 920) . He suggested that as a general rule, 

strengthened cell s  have lost their abil i ty to divide and most of their capaci ty to enlarge. In this 

condition, i f  water supply i s  greatly increased after . a dry period, the meristematic group 

quickly resume growth but not the strengthened cells . Resul tant differences in growth rates 

between contiguous mechanical and meristematic t issues may thus lead to excessive tensions 

and fai lure of the mechanical t issue. 

In  some fruits, the structure of the cutin may have a definite correlation with cracking. Tetley 

( 1 930) found that apple  varieties having cutin deposited on the tangential wal l so that i t  only 

touches the apex of  mature epidermal cel l s  on the radial wall are less susceptible to cracking 

than varieties having their cutin deposit extended throughout the length of radial wall or even 

completely surrounding the cel l .  

Shu tak and Schrader ( 1 948) obtained a significant positive correlation between thickness of 

cutin and the percentage of cracked apple fruits on a given tree . The red s ide of the frui t ,  

which i s  less  subject to skin-cracking, possessed th in ,  regular cut in and showed l ittle 

distortion of the epidermal and sub-epidermal l ayers of  cel l s .  On the shaded side with the 

greater inc idence of cracking, the cuticle was thicker and more regular than on the exposed 

side. The thickened cuticle was usually sharply indented, and thick wedges of cutin were often 

found between the epidermal cel l s .  Such i rregularities in the structure of the cuticle and the 

underlying epidermis were considered to be the main factors involved in  the increased 

susceptibi l i ty to cracking of these tissues. The greater thickness of the cuticle on the shaded 

side of ' York' apples found by these authors d isagrees with the results of Magnes and Diehl 

( 1 924) who found that the exposed side or ' Rome Beauty' apples developed a thicker skin 
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than the shaded s ide . 

By enclosing young fru it in  polythene bags, Tukey ( 1 960) found that Rome Beauty, which 

has a moderately th ick cuticle, cracked less than Golden De l ic ious,  which has a thin cuticle. 

Nikitina ( 1 959) d id not find  any consistent correlation between sk in  thickness and keeping 

quality of apples. 

Physiological studies on  fmit  crack ing i n  Stayman Winesap apples (Verner, 1 935) showed that 

cracks generally  appeared first in  restricted ·areas which i ndicated that peripheral t i ssues 

became exceptionally weak i n  such regions .  On two separate branches of a sing le tree, Verner 

found 3 1  % and 70% [mi t  cracking in each branch and <;:oncluded that phys io logical conditions 

within the tree or fmi t  not d i rectl y rel ated to current weather condi tions were also influential. 

Histological studies by Verner ( 1938a) suggested that the susceptibi l i ty of Stayman apples to 

cracking was due chiefly to premature cessation or restriction of growth in  the hypodermal 

l ayer. Verner main tained that the phenomenon of cracking is due to the failure of the 

peripheral fmi t  tissues to keep pace in growth with that of the cortex , rather than their  

inabil i ty to repress and contain excess ively rapid  growth of th i s  region.  Accord ing to Skene 

( 1 965), the variations in fmi t  growth rate may account for the time at wh ich cracking occurs. 

Microscopic examinations of  cool stored apples showed that d issolut ion of the i n terce l lu lar 

pectic membranes al lowed excessive swel l ing and separation of the pulp cells and the 

resu lting pressure caused cracki ng of the fru i t skin (Mezzetti ,  1 95 9) .  A possible explanation 

for loss of cel l  cohesion derives from the increase in  air space which in turn i mplies a 

decrease in  average average area of contact between cel l s  (Hatfield and Knee, 1 988) .  

Anatomical studies by Costa et  a1 .  ( 1 983) showed that the fru its of "Stayman" cultivars 

(highly susceptible to cracking) ,  were characterised by a lack of transi t ion cell s between the 

hypodermi s  and frui t  parenchyma. The hypodermic cel l s  were small ,  thick-walled, tangent ia l ly 

oriented and depressed . The frui t  parenchyma had large i sodiametric cel l s  with thi n  wal l s .  

Cell div ision i n  the hypodermic t i ssue ceased earli er than i n  the frui t  parenchyma and  as  a 

consequence, the outer part of the fru i t  could not fol low the growth of  i t s  i nner part. During 
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the high growth periods , cracking of the hypodermic cel l s  could  occur. This agreed with the 

resul ts of Verner ( 1 938a) .  

Weiser ( 1 990) obtained similar results and hypothesized that the inab i l i ty o f  the hypodermis 

to keep pace with the expansion of the frui t  was due to a difference in  cel l  wall composition 

and the consequent e ffect on wall extensibili ty . 

Taylor and Knight ( 1 986) studied the cuticular morphology of apple fru its and found a greater 

occurrence of deep flanges protruding between epidermal ce l ls .  Th i s  sugges ted that there were 

areas of weakness where cracking could arise and which would also cause russet 

development.  

It has been suggested that the spl itting of ' Gala'  apple is i nduced by h igh i nternal  turgor of 

the frui t ,  and that the add it ional stress caused by the wrenching of the stalk may cause the 

cortex cel ls about the peduncle entry area to pul l  apart (Trought, rers. comm., 1 99 1 ) . 

In cherries , Kertesz and Nebel ( 1 935)  found that those varieties which crack most readily had 

smaller cel ls  and thus , presumably, more cell-wall material than those resistant to c racking. 

Greater retention of  l iquid by pulp of  the varieties that cracked badly was attributed to the 

imbibitional properties of the greater amount of col loidal substance in these fruit. 

Histological studies by Hank inson and Rao ( 1 979) found that tomato cultivars particu larly 

resistant to concentric cracking possessed flattened epidermal and hypodermal cells for their 

first few rows while for the cultivars res i stant to rad i al cracking, the cut in penetrated into the 

third l ayer of cells .  

2.4 Reduction and Control of Apple Fruit Cracking 

Many orchard management practices have been recommended to control or reduce fruit 

cracking, but their effectiveness varied with the degree of susceptibility, and this in turn 

varied greatly among fruits , cultivars, growing areas and conditions, and seasons (section 
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2 . 1 .3) .  To date, success achieved in  reducing fnl i t  spl itt ing during research has not been 

translated i nto the commercial  frui t  industry due partly to the di fficult ies of reproducing 

contro lled conditions in the fie ld .  In some i nstances, the cost of implementation would not 

be j ustified by the economic value of the crop (Bohlmann, 1962) . 

Despite i ncreasing contributions to our knowledge and awareness of the phenomenon of fru i t  

cracking i n  apples and other fruits,  there is sti l l  a lack of  agreement i n  the  l i terature on the 

exact orig in or cause of the problem, and to date, the search for rel iable methods to 

adequately control the problem remains e lusive. Just recently, Peet and Wi l l i ts  ( 1 99 1 )  referred 

to the problem of tomato fruit  cracking as a puzzle ! 

Fnli t  growers have adopted a number of strategies to m i n i mise losses such as harvesting frui t  

early, avoiding i rrigation when thought necessary, protect i ng fruit from rain by instal l ing 

temporary covers or shades, and applying spray materials to m in im i se water uptake by fruit .  

In severe cases, growers rework the susceptible varieties, plant new varieties that are resi stant 

to cracking, or choose orchards only where the probab i l i ty of rainfall  at the crit ical stage of 

the season is low (Schmid, J 960; Trought and Lang, 1 99 1 ) . 

The factors that have been reported i n  the l i terature to reduce or control frui t  cracking and 

splitting in apples can be summarised as either cul tural measures, or the appli cation of growth 

regul ators. 

2.4.1 Cultural Measures 

As discussed above, it is generally agreed that cultural measures resul ting i n  the promotion 

of tree v igour reduce frui t  cracking. Earliest control measures advocated spraying with certain 

chemicals, manuring,  and severe pruning (Kirk, 1 907 ; Evans, 1 907 ; Carne,  1 925 ; 

Cunningham, 1 925;  Campbell , 1 928 ;  Goodwin, 1 929).  
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Nutrient Sprays 

Spraying trees at various stages of frui t  development wi th bordeaux mixture, copper sulphate, 

or s laked l ime has been recommended (Kirk, 1 907; Evans, 1 907 ; B ij l ,  1 9 1 4 ;  Cunningham, 

1 925; Powers and Bollen, 1 947). The calcium in the mixture is bel ieved to prevent frui t  

cracking (Verner, 1 939;  Bohlmann, 1 962) ; however, Powers and Bol len ( 1 947) concluded that 

the benefit reported from the use of Bourdeaux spray appears to be due more to the copper 

than the calcium. Because these materials cause spray damage on certai n  varieties and leave 

a harmfu l  res idue on the frui t  (Moore, 1 93 1 ;  Bohlmann, 1 962), i t  i s  desirable that such 

spraying be carried out early in the season so that the concentration of  the residue may 

decrease as a result of weathering and an increase in frui t  s ize. 

On soil suffering from a boron deficiency, the percentage of cracking has been reduced by 

boron appl ications (Bohlmann, 1 962); however, in a trial with Rymer apples, Dube et a1. 

( 1 969) found that soil appl ication of boron was ineffective. Fol iar sprays of 0 .3% boric acid 

reduced frui t  cracking considerably. Foliar or i njection applications CaCl2 solution reduced 

frui t  cracking of ' Sekai ichi '  apples (Kim et a1 . ,  1 99 1 ) . 

Manuring, Pruning and Scoring 

Campbel l  ( 1 928)  and Goodwin ( 1 929) recommended that in order to produce frui t  free from 

cracking, the stamina of the tree should receive first consideration by pract is ing a system of 

heavy pruning, combined with manuring and cult ivation . Fol lowing the system of pruning 

advocated, Goodwin obtained an increase from 65 to 250 cases of export apples from the 

same trees in the subsequent year. 

According to Schmid ( 1 960),  growers may be able to overcome the russeting and cracking 

of apples by top-working affected trees. B yers et a!. ( 1 990) found that two scores around the 

trunk  of ' Stayman' apple trees with a carpet kn i fe reduced fru i t  crack ing by 22% and they 

noted that neither fru i t  s ize, frui t  colour, nor return bloom were affected by the treatment. 

A lthough no explanation was given for the effect iveness of the treatment, the authors c laimed 
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that a greater effect on frui t  cracking might have been real ized i f  scoring had been done every 

2 to 3 weeks .  

Moisture Management 

Maintaining an adequate moi sture suppl y has been found to reduce fru i t  cracking in app les 

(Rootsi ,  1 962 ; Goode et a I . ,  1 975) .  Mezzetti ( 1 959) suggested that cracking in stored apples 

could be prevented by reducing the i ntensi ty and d uration of the yel lowing process and by 

keeping the humid i ty in the coldstore relatively low. Protecting apples from rain by shad ing 

during critical growth periods produced fruit  wi th less russet and cracking (Jackson et ai . ,  

1 977) .  

The cracking of sweet cherries on the tree has been prevented by enc los i ng frui t  in  paraffined 

paper (Sawada, 1 93 1 )  or by excluding rain by means of waterproof tarpaul ins (Verner and 

B lodgett, 1 93 1 ) when severe cracking occurred on the exposed parts of the tree. However, 

Trought and Lang ( 1 99 1 )  observed a significant percentage splitting of cherry fruit on blocks 

that were protected from rain by plastic covers . They concluded that water uptake through the 

root system may be of greater s ign ificance in causing fru i t splitting because the small vapour 

pressure defici ts that occur under covers can reduce transp i rat ional  rate, causing frui t  growth 

to increase towards the sum of the transp i ration and growth rates. 

Other field practices recommended for reducing frui t  cracking i nclude shak i ng the water drops 

from the tree after rain using strong wind machines or space heaters (Lev in  et aI . ,  1 959; 

Bohlmann ,  1 962) .  No evidence was found from t hese or subseq uent reports which suggest that 

these practices reduce fruit cracking. 

2.4.2 Application of Plant Growth Regulators and Other Chemicals 

There has been increased attention on the use of growth hormones and other nutrient sprays ;  

however, these are often appl ied a t  maximum recommended concentrations to assure against 

high susceptibi l i ty and this  often i mpairs fru i t  qual i ty .  Poor skin fin ish, spray resi dues, and 
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in some instances, a reduction i n  crop yield , are some of  the difficul ties encountered whi le 

us ing these sprays (Moore, 1 93 1 ;  Ziel inski, 1 964; Costa et  aI . ,  1 983) .  

It  has been proposed that cracking i s  l ikely to occur when there are high tensions in  the  frui t  

skin and the outermost flesh (Verner, 1 938) ,  as, for example, when the frui t  i s  growing most 

rapidly in surface area (Skene, 1 965) . Taylor and Kni ght ( 1 986) found that the app l ication of 

growth hormones reduced frui t  crack ing by modifying cuticular and epidermal morphology 

such as to increase the plasticity of fru i t let skin. 

Growth hormones which have successfu l ly  reduced fruit  spl i tt ing in apples include alar 

(Sul l ivan and Widmayer, 1 970; Costa et a I . ,  1 983) .  Trials with promal in  fai led to reduce fruit  

cracking (Costa et al . ,  1 983 ;  Visai et  al . ,  1 989), whi le  paclobutrazol s ign i fican tl y  increased 

i t .  Visai et a!. attributed the i neffectiveness of promal i n  to wrong t iming or to early 

i nterruption of treatments . 

Taylor and Knight ( 1 986) reduced russcting and cracking i n  Cox, Discovery and Golden 

Delicious apples using the g ibbere l li n  mixture of A4 and A7• The authors believe t hat 

a lleviation of stress with in  the fruit let was the primary e ffect of G A417 treatment. 

Byers et a1. ( 1 990) foun d  t hat four  airblast spray app l ications of gibberelli c  aci d  (GA4+7) i n  

Ju ly , August and September, 1 988,  reduced cracking from 56% (0 2 1  %, and five appl ications 

during the same period reduced frui t  cracking from 93% to 75%. In  1 987, daminozide 

reduced cracking,  but in 1 988 ,  nei ther daminozide, n aphthaleneacetic aciel (N AA), nor Vapor 

G ard (anti-transpirant) reduced frui t  cracking.  However, in 1 9R R ,  a combinat ion treatments 

of GA4+7, daminozide, NAA, ancl Vapor Garc! reduced fru i t  cracking from 93% to 22%. 

Wax ing  attached fruits of York apples by i mmers ion in a solution of Bry tene 489-A reduced 

the development of cracks (Schrader and Haut, 1 938) ;  however, waxed fru i ts  did not develop 

good colour. Other sprays which have been recommended are a luminum solutions and the 

sod i um salt of alpha-naphthalene acctic acicl (Bohlmann, 1 962) .  
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White and Whatley ( 1 955) have suggested the use of a map measure (planimeter) to measure 

the l ength of cracks in apples and tomatoes. This method has the advantage of being objective 

but the d isadvantage of being slow, and l imits the number of frui t  that can be evaluated. 

Furthermore, it gives only a measure of the amount of cracking on fru i t  but does not provide 

a measure of the tendency of the frui t  to crack u nder certain conditions. 

Ordinarily, i nvestigators c lassify cracked frui t  arbi trari ly as sl ight ,  moderate, or severe. 

Several numerical rating systems have also been usee! to evaluate crack suscept ibil i ty of fmit 

( Iverson ,  1 938 ;  Reynard, 1 95 1 ;  Prashar and Lamberth, 1 960) . These systems are rapid and 

sui table for distinguish ing between relatively large differences i n  crack resistance (Armstrong 

and Thompson, 1 969) . 

Proctor and Lougheed ( 1 980) assessed the cracking of  Golden Russet apples by using a 

severity rat ing on a scale of 1 - no cracking, to 5 - severe cracking while Reynard ( 1 95 1 )  

used "crack resi stant scores" of 1 0  to 1 00. Fru i ts  with no visible cracks were given a score 

of 1 00. Reynard ( 1 95 1 )  suggested that a crack resi stant score ncar 75 was the dividing line 

between resistant  and susceptible tomatoes. In  a l ater study, Reynard ( 1 960) applied a 

weighted average using the number of plants fa l l ing within each c lass t imes the value of each 

class. 

2.6 Objective Measurement of Crack Susceptibility 

Unless preceded by some method of crack induction, the methods above remain dependent 

on the effects of the environment of s ingle plants or groups of plants on which the fruits may 

not crack, even though they are genetically susceptible. 

Most objective techniques used involve the i nduction of cracking u nder condi t ions  more 

precise than is possible in the field whi l e  the others arc based on the measurement of known 

physical properties of frui t  in relation to cracking.  Different techniques have been applied to 
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differen t  fruits, and for purposes of c l arity , the fol lowing review w i l l  be based on the 

individual frui t  types. 

If susceptibil i ty could be discerned at any stage during frui t  growth and development, then 

control measures could be tailored to need . I t  would aid i n  identify ing management  pract ices 

which affect frui t  splitt ing and to test new varieties for crack-susceptibi l i ty during breeding.  

2.6.1 Measurement of Crack Susceptibility in Apples 

Byers et a l .  ( 1 990) induced water uptake and cracking of ' S tayman' apples in the laboratory 

by submergi ng frui t  in nonionic and an ionic surfactant-water solut ions .  Within 24 hours, both 

water uptake and frui t  cracking i ncreased l i nearly with i ncreasing concentrations of X-77 

surfac tant solution, and the authors suggested that submerging apples in X-77 solution could 

be used to predict the potential for frui t  to crack under field conditions . 

2.6.2 Measurement of Crack Susceptibility in  Cherries 

Verner's " Cracking Index " 

Verner and B lodgett ( 1 93 1 )  developed a laboratory procedure for determining the 

susceptib i li ty of cherries to cracking based upon submersion of frui t  in  water for 1 0  hours. 

Fifty c herries, free of b lemishes, were randomly chosen and immersed in 3 htres of water 

u nder controlled conditions. At each  2-hour interval , a l l  cracked cherries were counted and 

d iscarded. A "cracking index" was computed by multiplying the number of cracked cherries 

at each reading by the average number of hours during which those cherries had cracked. The 

maximum possible i ndex would resul t  if al l the frui t  cracked during the first 2-hour period 

of submersion and this reading would be 50 x 9 or 450, where 9 is the weighting fac tor for 

frui t  that cracked during the first two hours. The authors recommend that all samples be 

col lec ted i n  the early hours of the morning. 
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Verner ( 1 957) standardi zed th i s  procedure and expressed the  cracking i ndex as  a percentage 

of  the maximum reading obtainable by the original method. In add i t ion ,  the author 

emphasized that i t  was important to use dis t i lled water at 20 DC because small amounts of 

certain cations may modi fy the incidence of cracking. 

Fol lowing the method of Verner and B lodgett ( 1 93 1 )  and the standardized procedure (Verner, 

1 957), several i nvestigators have evaluated the cracking index of a number of cherry varieties 

(Tucker, 1 934; Ziel inski,  1 964; Chri stensen , 1 970a and 1 972a,c) . 

Christensen ( 1 972c and 1 976) subsequently modified th i s  procedure, shortening the immersion 

t ime to 6 hours . He concluded that the cracking i ndex of a culti var shoul d  be the average of 

two annual i ndices, whi le a fina l  assessment should be based upon the average of three annual 

indices, measured as the frui t  become ripe. 

An instal lation for indoor determination of crack formation under art ific ia l  rain was reported 

briefly by Chris tensen ( 1 976) .  This had the advantage that it gave the possi bi l i ty of s imulating 

different conditions, such as showers of different length.  According to the author, th i s  method 

was suitable for experiments in preventing frui t  cracking. 

2.6.3 Measurement of Crack Susceptibility in Grapes 

The Critical Turgor Pressure Method 

Considine and Kriedman ( 1 972) devised a laboratory-based technique to measure the in ternal 

turgor pressure required for frui t  rupture as an object ive assessment of res istance to splitting . 

In this technique, fruit of uniform maturity and known osmotic potent i al were immersed i n  

a range o f  osmotica to create a known turgor pressure a t  equ i l ibrium . The cri tical turgor (Pso) , 
was determined as the pressure which resulted in  50% of the berries spli tt ing. 

This method was app lied by the authors and Chri stensen ( 1 979),  and results showed t hat the 

Pso was approximately 1 5  atmospheres i n  grape cu l t i vars prone to spl i tt ing and 40 

atmospheres in  those resistant to spl itt ing . 
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Mechanical Properties of Grape Berry Skin 

Lustig and Bernstein  ( 1 985) employed the i njection tester reported by Bern stein and Lustig 

( 1 985) to study the behaviour of grape berry skin u nder condit ions of spl i t t ing.  It was possible 

to raise the i nternal pressure of the berries unti l  spli tting occurred, and the authors suggested 

that the technique may be u sed to select cult ivars resistant to splitt ing. 

In this technique, water under pressure w as slowly i njected into the grape berry and the 

pressure and the increase in volume was measured. The water i njection was continued unti l  

the burst pressure of the berry was reached. The pressure-volume recording of the i njection 

tester, in conjunction w i th the measured values of the skin th ickness and frui t  radius, were 

used to calculate the stress and strain values of the berry skin .  

2.6.4 Measurement of Crack Susceptibility in Tomatoes 

The Use of Overhead Irrigation 

Youn g  ( 1 957) i nduced crackin g  experimenta l ly  i n  field staked tomatoes by fluctuating 

overhead irrigat ion . Reynard ( 1 960) recommended this as a test  method for selecting the very 

highest degree of resistance. In one test, Reynard induced severe cracki ng i n  tomatoes by 

applyi n g  app roximately eleven i nc hes of overhead i rrigat ion water within a 48-hour period 

to plants in the field wi th red-ripe frui t .  

Water Immersion Method 

Reynard ( 1 960) has rev iewed the work oC several researchers who have i nduced cracks i n  

green a n d  ripe tomato frui t  by spray in g the stern end wi th water and by  compl ete i mmersion 

(Thomas, 1 949; Johan nessen, 1 950; Ryder, 1 954) . Cracks were measured at i ntervals of 2, 8,  

24,  48 and 72 hours fol lowing treatment. Using a 28-hour water soak with red-ripe frui t, 

Johannessen ( 1 950) obtained results that were h i ghly correlated with fie ld  behav iour. 

According to Reynard ( 1 960), th is  water immersion method i s  effective i n  d ifferentiat ing  large 

differences i n  resistance, but not minor differences between strai ns or varieties . 
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The Illinois Vacuum-Immersion Method 

The vacuu m-immersion method was developed for testing the resistance to stress caused by 

water absorption (Hepler, 1 96 1 ;  Thompson, et aI . ,  1 962; Thompson, 1 965). Fmits were 

evacuated at specified levels of vacuum (usually 1 3 . 3  kPa, 23 .3  kPa, or 33 . 3  kPa) and 

i mmersed in water maintained at 70°F for 3 hours. The resulting cracks were classified as 

radial or concentric, and measured with a map measure. 

The vacuum immersion method has been successfully used to evaluate crack resistance in a 

number of varieties and breeding l ines (Thompson et a1 . ,  1 962; Thompson, 1 965), and to test 

the effectiveness of treatments designed to increase crack resistance (Dickinson and 

McCollum, 1 964) .  Very often, the square-root transformation, ( §+0.5) '12, has been appl ied on 

the data for length of cracks (§) to  obtain a more normal distribution (Dickinson and 

McCollum, 1 964; Annstrong and Thompson, 1 967 and 1 969). 

This method had the advantage in that it could differentiate crack resistance among l ines that 

appeared resi stant to cracking in the field, and i t  was possible to control  the conditions u nder 

which cracking occurred, thereby eliminating a l arge part of environmental effects (Armstrong 

and Thompson, 1 969) . The method was rapid as far as inducing cracking was concerned,  but 

measurement was extremely time-consuming. 

B ased on the obvious need to reduce the time required for the vacuum immersion test, 

Armstrong and Thompson ( 1 969) developed a rati ng system that could be used either with 

or without the vacuum-immersion treatment. It consisted of assigning visual scores ranging 

from 0 to 6, where 0 denoted no  cracking. 

Relationship With Fruit Mechanical Properties 

The mechan ical properties of tomato skins have been recommended and used as a measure 

of resistance to cracking (Rosenbaum and Sand, 1 920; Frazier, 1 934; Johannessen, 1 949; 

Thompson et al. , 1 962; Voisey and MacDonald, 1 964 and 1 966; Voisey et al . ,  1 964; Voisey 

and Lyall ,  1965a,b; Voisey et al . ,  1 970; B atal et a 1 . ,  1 970; Hankinson and Rao, 1 979). This 
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method was based on the correlation between crack resistance and measurable mechanical 

properties such as skin toughness (Johannessen, 1 950; Reynard, 1 960). 

Voisey and Lyall ( 1 965a,b) described three methods for measuring the skin strengths of 

tomatoes in relation to cracking, and concluded that the puncture test was a suitable objective 

method for determining the susceptibility of fruit to radial cracking. The puncture tester used 

a probe of known diameter to measure the force required to break the skin of fruit  and an 

electronic device was used to record the output. Susceptibil ity of fruit to radial cracking was 

related to the stress required to break the skin' inside the stem end creases. As susceptibility 

increased, puncture resistance decreased. Thirty fruit were found sufficient to classify a 

variety. 

Batal et al .  ( 1 970) found that skin ultimate force and breaking elongation showed inverse 

relationships to fruit cracking. The authors recommended that breaking elongation, which 

reflects both e lasticity and plasticity of the skin, should be of value in estimating crack 

resistance of tomato fruit. 

Hankinson and Rao ( 1 979) recommended the use of stress relaxation tests and histological 

analysis when screening new tomato cultivars for susceptibi l ity to cracking. Test results 

showed that resistant cultivars exhibited shorter relaxation times and higher instantaneous 

modul i  of elasticity. 

2.7 General Summary and Concluding Remarks 

2.7.1 General Summary 

The problem of pre-harvest cracking and splitting occurs widely in many cultivars of apples 

and other fruits.  Published recognition of the problem in a commercial sense dates back to 

the early part of this century, especially with increasing field losses in some varieties and the 

need to produce top qual i ty fruit for export (Kirk, 1 907; Cunningham, 1 925 ; Goodwin, 1 929) . 
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Frui t  cracking has been reported from all major frui t  growing areas in the world .  Various 

terms have been used to describe the disorder, and most terms reflect the perceived cause or 

symptom. The term "cracking" has been generally used to refer to many forms of breakage 

on the frui t  surface.  

In  apples, three types of cracking are clearly identi fi able : skin-cracking, star-cracking, and 

splitt ing. A practical difference is that a spl i t  causes gross exposure of  the i nterna l  t issue to 

the atmosphere whereas in other forms of cracking the defect is conta ined in the outer cell 

l ayers. Each type of crack i s  most prevalent in particular culti vars, with pecu l i ar mechanisms 

of occurrence (Skene, 1 965). Skin-cracks occur mainly on the green (shaded) s ide of the frui t  

and arc most common i n  ' York' and 'Cox' apple cult ivars (Fisher, 1 937a,b ;  Shutak and 

Schrader, 1 948;  Goode et a1., 1 975) .  S tar-cracks occur on frui t  infected with certain virus 

diseases (Montgomery, 1 959; Posnette, 1 963;  Cropley, 1 968), and the variety Cox ' s  Orange 

Pippin is more frequently affected than other varieties (Jenkins and Storey, 1 955) .  Frui t  

spl i tt ing occurs mainly on the red (exposed or  sunny) side of frui t  (Tetley, 1 930; Verner, 

1 935 ;  Rootsi ,  1 962), and is very common in 'S tayman' ,  'Gala' , and 'Fuj i '  varieties . 

Despite the above apparent cult ivar differences on the effect of  fru i t  exposure to sunl ight on  

cracking, researchers agree that both skin-cracking (Shutak and Schrader, 1 948) and splitt ing 

(Tetley, 1 930; Verner, 1 935)  occur on the s ide which has a th icker inelastic cu ticle (shaded 

or exposed) . . 

Fruit  cracking occurs sporadically across orchards, seasons, cul t ivars, trees of the same 

cultivar, branches of  the same tree, and spurs on the same branch .  In all types of fruit, the 

problem has been attributed to a mul titude of cultural, environmental , and frui t  i nternal 

factors. V iral and fungal diseases have also been associated w i th fru i t  cracking. There is  a 

genera l  belief that fruits crack when there i s  a sudden, marked increase i n  soi l  moisture 

content, and atmospheric water content or excess free water on the frui t  skin fol lowing a 

period of dry weather. However, experimental resul ts on apples by some researchers failed 

to confirm this belief (Verner, 1935 ;  Watanabe et aI . ,  1 987) .  

I t  is  evident from the l iterature that the causes of cracking cannot be cons idered satisfactorily 
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in terms of environmental condi tions alone or in terms of  frui t  internal conditions alone. Both 

external and internal influences need to be taken in to account .  It i s  proposed that factors 

associated with cracking be class ified into : (a) genetic or frui t  internal factors (which account 

for varietal differences), and (b) external or envi ronmental factors (which i nfluence the degree 

of splitt ing  within susceptible culti vars) .  

Efforts to control or reduce fruit  cracking in apples and other fru its include cultural measures, 

and the use of plant regulators and other c hemicals which mod i fy the frui t  growth process. 

Most l aboratory methods which have successful ly reduced frui t  cracking have not been 

translated into commerc ial  use due to problems of control l ing field conditions. Spray 

chemicals that reduce cracking also have adverse effects on frui t  qual i ty, and may reduce crop 

yield (Powers and Bol len, 1 947; Costa et aI . ,  1 983) .  Although differences in cult ivar 

susceptibil i ties are well known, the possibi lit ies of genetic control of frui t  spli tting in apples 

has not been exploited or documented in  the l iterature. 

To date, there is no guaranteed strategy recommended or widely accepted for commercial 

growers to control frui t  cracking and spl itting i n  apples and other fruits successful ly .  

However, crack-resistant tomatoes have been developed by cross-breed ing (Fraz ier, 1 947; 

Reynard 1 960), but most commercial cult ivars st i l l  crack. 

Several techniques have been developed to assess frui t  suscept ibi l i ty to splilting in apples 

(Byers et aI . ,  1 990), cherries (Verner, 1 957), grapes (Considine ancl Kriedman , 1 972), and 

tomatoes (Thompson et aI., 1 962) objectively. With the exception of using fru i t  mechanical 

properties as a measure of varietal susceptibi lity to cracking, these techniques have been 

developed and app l ied only to spec ific types of fru it . 

2.7.2 Concluding Remarks 

Progress in our understanding of cracking in fru its, and apples in part icular, has been hindered 

by many factors . In addition to the difficul ties of the apple  (or any other fru i t) as an 

experimental material , especial ly i n  fluctuating weather conditions, there has been a general 
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l ack of controlled research studies in  this area. 

A lLhough current efforts by growers to reduce frui t  cracking may be usefu l ,  the continued 

popul arity of susceptible cul tivars, especiall y  in the export market, assures a future concern 

with the problem. Apart from the earliest e fforts to control the appl e  cracking through a series 

of cul tural measures (Cunningham, 1 925 ; Campbell ,  1 928;  Goodwin, 1 929), there is  barely 

any publ ished i n formation or further research dealing with the problem of frui t  cracking i n  

New Zealand apples. O f  particu lar interest i n  this thesis i s  the phenomenon o f  stem-end 

splitting which affects some export apple cul t ivars such as 'Gala' , ' Royal Gala' and 'Fuj i' .  
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CHAPTER THREE 

GENERAL MATERIALS AND METHODS 

3. 1 Introduction 

In thi s  chapter, the materials and methods which apply to more than one chapter of the thesis 

are presented. The others which are specifically relevant to individual chapters are included 

in those chapters. 

3.2 Experimental Designs 

3.2. 1 Stem-end Splitting and Mechanical Properties of 'Gala' Apples As 

Affected By Orchard Management Practices 

Location 

This experiment was conducted during the 1 99 1  season on a private commercial orchard in  

Hastings, Hawke' s B ay,  New Zealand. The site was chosen on two basic criteria. These were 

an h istorical i ncidence of stem-end spl itt ing and a un iform soil profi le. The trees were mature 

centre leader Gala and had u ndergone recent extensive tree restructur i ng i n  the upper l i mbs 

to improve l ight levels within the tree canopy. 

Treatments and Layout 

There were three main factors : 

( 1 )  Irrigation ( frequent i rrigation vs no irrigation) 

(2) Cropload (hand thinning frui t  to singles vs no hand thinning) 

(3) Nitrogen (Weekly 1 % fol iar urea sprays vs no urea) 
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The experiment was la id  out as a spl i t  plot with irrigation on each mai n plot of 8 trees (4 

trees frequently i rrigated and 4 trees w ith no i rr igation) , and w i t h  crop l oad and urea 

treatments arranged in factorial combinations within the main plots. This was repl icated 4 

times, giving a total of 1 6  trees for one level of each main t reatment and 4 trees for each ful l  

factorial combination. There was one guard tree between each plot and wi th in  each subplot. 

The entire experiment was set up on two adjacent rows ,  each contain ing two main p lots. 

There were two guard trees at both ends of each row. Al l treatments were randomly ass i gned 

to the main plots and subplots. 

The objecti ve of the frequent i rrigation treatment was to maintain soi l  moisture levels c lose 

to field c apacity up to commercial  harvest. Soi l  moisture levels were monitored wi th a Time 

Domain Reflectometer (TDR) which gave a direct estimate of percent moisture to a depth of 

70 cm. Two s i tes were monitored within each subplot. 

Urea fert i lizer was applied as 1 % sprays at  weekly i ntervals from 21 1 2/90 to 28/ 1 /9 1 (9 

sprays) .  This was app lied with a motorised knapsack sprayer to run-otT Total urea appl ied 

to each tree was estimated to be 6.2Sg/tree/spray. A hand th inn ing treatment was app l ied on 

1 8/ 1 2/9 1 ,  when all clusters were thinned to s ingle frui t .  

3.2.2 Stem·end Splitting and Mechanical PI"opel"ties of 'Royal Gala' Apples As 

Affected By Water Stress 

Location 

Thi s  experiment was carried out at the research orchard of the Hawke ' s  Bay Hort icultural  

Research Centre (formerly MAFTechno]ogy) , Hast i ngs, New Zealand .  The soi l  at the 

experimental site had an average field capaci ty (Fe) of 36%. In i t i al soi l moisture readings 

were taken randomly at 13 locations in the field w ith the TOR. This gave an average soi l  

moisture content of 1 8 .6%. 
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Treatments and Layout 

Four i rrigation water treatments were applied in a randomized complete b lock design to 

i nduce four levels of water stress to the crop. These water treatments were : 

( 1 ) Tl - l ow water. 

Init ial ly ,  no i rrigation unti l  crop was badly stressed, then irrigated to Fe . 
Thereafter, only i rrigated to FC when crop was badly stressed . 

(2) T2 - low to high water. 

In i t ial ly ,  no i rrigation unti l  crop was badly stressed, then irrigated to Fe. 
Thereafter, irrigated at short i ntervals (weekly) to return soil moisture content 

to field to Fe. 

(3 )  T3 - medium water. 

Init ial ly ,  i rrigated to Fe. Thereafter, i rr igated to FC whenever the soi l  

moisture content decreased to approximately one-half the Fe. 

(4) T4 - high water. 

Soi l  moisture content maintai ned c lose to FC throughout the season up to 

commercial harvest .  

Each treatment was randomly assigned to a b lock of 5 trees with two guard trees on each side 

of the block. This was repl icated five t imes in a randomized block design, giving a total of 

25 trees per treatment .  

The TDR was used to monitor soil moisture content levels a t  weekly intervals and  after any 

s ign ificant rainfa l l  duri ng the week. The value of  the soil moisture content obtained after each 

block  was compared w ith  the value of soi l  FC and whenever necessary, supplemental 

i rrigation water was applied to maintain the soi l  moisture content at the required level .  In this 

experiment, the low water treatment CTl)  was considered to induce the h ighest level of water 

stress to the apple trees. 



3.3 Supply of Fruit 

3.3.1 'Gala' Apples 
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Frui t  samples were carefu l ly  hand-picked during the morning hours from experimental trees 

in the commercial  orchard in Hastings described i n  section 3.2.1 .  During each harvest, frui t  

were randomly picked from the base, middle, and top parts o f  the tree . After harvest, frui t  

samples were separated according to  the  treatments they had received and packed into 

standard apple cartons using appropriate tray sizes. Frui t  were transported to Massey 

Universi ty by car. At the frui t  research l aboratory, all samples were examined for the presence 

of stem-end splits and any other physical defects and �orted accordingly. Samples to be used 

for future experiments were immediately selected and put in the cold store at about 1°C u nt i l  

required.  Tests on fresh frui t  were conducted within 24 hours of harvest. 

Frui t  samples were collected at commercial maturity on J 4/2/9 J ,  2512/9 I ,  and 61319 1 based 

on background colour (Watkins et aI . ,  1 989; Brookfield et a I . ,  1 993) .  The first commercial 

harvest date for ' Gala' during the 1 99 1  season i n  the Hawke ' s  Bay region was on 1 41219 1 .  

3.3.2 'Royal Gala' Apples 

Fruit samples were careful ly hand-picked during the morning hours from the experimental 

trees in the research orchard of Hawke' s  B ay Research Centre described in sect ion 3.2.2. 

During each harvest,  fruit were picked randomly from the base, middle, and top parts of the 

tree. After harvest, fruit samples were separated according to the treatments they had received 

and packed into standard apple cartons using appropriate tray s izes. Frui t  were transported to 

Massey Universi ty by car. At the frui t  research l aboratory, all samples were examined for the 

presence of stem-end spli ts and any other physical defect and sorted accordingly . S amples to 

be used for future experiments were i mmediately selected and put in the cold store at abou t 
1 DC unt i l  required. Tests on fresh fru it were conducted with in 24 hours of the harvest t ime. 

Frui t  samples were collected five t imes on 3 1 1 1 19 1 ,  1 412/9 1 ,  25/2/9 1 ,  61319 1 and 1 3/3/9 1 .  The 

first commercial harvest date for 'Royal Gala' i n  the Hawke ' s  Bay region was on 251219 1 .  
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3.3.3 'Fuji '  Apples 

S amples of Fuji apples were hand-picked during the morning hours from a private commerc ial 

orchard located close to the Hawke' s B ay Research Centre. Trees had received standard 

management practices during the season. Frui t  samples were collected during commercial  

harvesting on 6/3/9 1 and 1 3/3/9 1 .  During each harvest, fru i t  were picked randomly from the 

base, middle, and top parts of the tree. After harvest, alJ samples were packed into standard 

apple cartons using appropriate tray sizes, and transported to Massey University by car. At 

the frui t  research laboratory, a l l  samples were examined for the presence of stem-end spli ts 

and any other physical defect and separated accordingly. Samples to be used for future tests 

were selected and stored immediately at about 1°C unti l  required, while tests on fresh frui t  

were conducted wi th in  24 hours of the harvest time. 

3.4 Measurement of Physico-chemical and Mechanical Properties of Fruit 

3.4.1 Fruit Size 

Fruit mass  and diameter were used to characterise frui t  size. The mass of frui t  was measured 

using a desk-top balance (Mettler E2000, max .  2000 ± 0. 1 g), whi le frui t  diameter was 

measured us ing a pair of Vernier call ipers (Mitutoyo Corp. Digimatic, max. 1 50 ± 0.0 1 mm). 

Frui t  diameter was measured twice at the middle point  of the equatorial region on the 

opposi te sides of each frui t .  In some experiments, the length or  the rru it along the stem-calyx 

axis was also measured along two opposite sides. 

3.4.2 Soluble Solids Concentration 

The soluble solids of expressed fru i t  ju ice ( %Brix) was measured u s i n g  a hand-held Atago 

refractometer (Model N l ,  B rix 0 - 32% at 20°C) . l3efore start i ng each test, the refractometer 

was zeroed using disti l led water. Two measurements were made on the opposite sides of the 

equatorial surface of each fru it .  After each measurement, the surfaces of the refractometer 



were cleaned using t issue paper. 

3.4.3 Fruit Firmness 
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Fruit  flesh firmness was measured using a hand-held Effegi penetrometer (Model FT 327) 

fitted w ith a 7 .97 mm d iameter probe. Measurements were taken on two opposite s ides on the 

equatorial surface of the frui t  after removing the skin using a potato peeler. Flesh firmness 

was recorded as the force (kg) required to penetrate the cortical t issue and converted to 

Newtons (N) by multiplying by the gravitat ional constant g (9.807 m s---2) .  

Skin firmness was determined b y  testing fru i t  with skin i ntact and after removing the skin on 

a new site. The same fruit  samples were used for both tests and the difference in penetrometer 

reading between the two tests was taken as a measure of the firmness of the skin. Two 

measurements were made for each type of test, g iv ing a total of four measurements on one 

fruit .  

3.4.4 Flesh Crushing Stress 

The Massey Twis t  Tester developed by Studman ( 199 1 a) was used to measure the crushing 

stress (CYer) of  frui t  flesh. Details of  the princ ip le and theoretical analys is  of  th is  alternative 

test for the mechanical properties of frui t  has been documented elsewhere (Yuwana, 1 99 1 ;  

Studman and Yuwana, 1 992). Essential ly, this device measures the moment required to crush 

fru i t  cel ls using a b lade and this moment is converted to a crushing stress figure for the tissue 

by calculat ion. 

Two prototype experimental twist testers (Marks 1 and IT) were used as s hown i n  Figure 3 . 1 .  

Mark I was used during the 1 99 1  frui t  season. The mechanical principle o f  the twist tester 

in presented in Figure 3 .2  and by in tegrating over the radius (a) of the blade, the moment of 

the whole blade (Mb) is  given by : 
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Figure 3 . 1 Prototype Twist  Testers Used In Experiments.  

Mark I ( top )  and 1 ark I I  ( bottom ) .  



(a) General Layout 
Arm 

Scale 

(h) Enlargement or blade 

a 
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Fi gure 3 .2 Principle of Twist Tester ( a) Gcneral layout. 
(b) Enlargement of bladc. [S tudman ane! Yuwana, 1 992] . 
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where 

acr := flesh crushing stress, Pa 

a := blade radius, m 

b := blade width, m 

The moment of the rotating arm (Ma) is given by : 

where : 

m := mass of arm, kg 

:= 
m xg (p 2 _q2) sine 

2 xL 

L := total length of the rotating arm, m 
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N.m (3.1) 

, N.m (3 .2) 

p,q := distance from the lower and top ends of the arm to the centre of the axle, respectively, 

m 

e := angle of rotation of the arm, degrees 

g := acceleration due to gravity, 9.807 ms-2 

S ince Mb := Ma, using equations (3 . 1 )  ancl (3 .2) the flesh crLlshing stress (aer) i s  given by : 

a :::: cr , Pa 
(3 .3) 
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During the 1 992 season, Mark II of the prototype experimen tal twist tester was used. From 

the same mechanical principles shown i n  Figu re 3 .2  (Studman and Yuwana, 1 992), and for 

an element of frui t  flesh with a radial w idth dx and lengt h b, the ilesh crush i ng stress i s  

obtained as  : 

= 

where : 

O'er = flesh crushing stress, Pa 

M x sin e 
a 2  x b 

, Pa (3.4) 

M = the max imu m  moment produced when the arm i s  hori zon tal ( i .e .  8 = 90°), 

N .m 

8 = angle of  rotation of  twist arm at fu l l  crushing,  111 

a = blade radius,  m 

b = blade width, m 

The value of M is obtained by cal ibration by measuring the force produced when the arm is  

resting i n  the horizontal position on a point support p laced in the centre of scale. The 

maximum moment is  then g iven by : 

M = m x d x g ,  (N.m) (3.5) 



where 

m = mass of the arm, kg 

d = distance from the centre of the p ivot  to the point of  support in the horizontal 

posi tion, m 

g = gravitational constant, 9 . 807 ms·2 • 

Experimental Procedure 
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Before each  experiment, pre liminary tests were conducted to determine su i table test 

parameters of the equipment .  For experiments using Mark I, a samp le of  five frui ts  was used 

to  determine t he suit able d imensions of  p and q on the rotat ing arm. The values of p, q and 

the dimensions of the b lade (a and b) were recorded. For experimen ts lIs ing Mark II of the 

tester, the equipment  was ca librated as described above and the maximum moment calculated 

using equation (3.5). 

Each frui t  was tested by pushing it onto the blade using a fi rm prcssure ,  s upport ing the tester 

with the other hand, and slowly rotating the fru i t  unt i l  the pointer just  began to return to i t s  

res t  pos it ion.  Eaeh test las ted for about 1 5  seconds, and the max imu m a ngle (8 )  was recorded. 

Two tests were conducted on the opposi te sides of the equatori al su rface of each fruit .  Flesh 

crushing s tress was calcu lated by subst itut i ng the max imum angle (8)  i n to equations (3 .2) and 

(3 .3 )  for Mark I Tester or equati on (3 .4) for the Mark IT  Tester. 

3.4.5 Flesh Tensile Properties 

Tensi le properties of fru i t  flesh were measured using a rap i d  tcns i l e  tes t i ng  system deve loped 

by S tudman ( l 99 I c) .  The properties determined were the maximum deformati on, maximum 

tensi le stress (rmax) , tensi le strain (ern"J, and Young ' s  Modu lus  (E) . Figure (3.3) shows the 

equipment used and i l lustrates the mechanical  princ ip le  i nvol ved. The equipment comprised 
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Figure 3 . 3  Top Ph()!ograph of the Experimental Tensile Tester L·sed ( toP ) :  and 
Princi ple of the Tens i le Tester (bottom) .  
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of a p latform for holding the speci men, a digital voltmeter on 20V DC, a control switch, and 

a chart recorder. 

From mechanical theory, strain i n  the outer fibre of the specimen ( I: )  as shown in the bottom 

of Figure 3 .3 is given by : 

= L 
R 

where : 

y = d istance to fibre from neutral axis, mm 

R = radius  of curvature of the neutral axi s ,  mm 

Simi larly, 

and 

where : 

\f' 
I 

crt 

F 

L 

ba 
D 

I 
= = 

R y 

= y x 'P  = 3 x F x L x y 
I b X D 3  a 

= moment of couple = FL / 4 

= 2nd moment of area = B D' / 1 2  

= tensi le stress,  N.m-2 

= tens i le force, N 

= length of rectangular frui t  specimen, m 
= width of spec imen, m 

= thickness of specimen, m .  

(3.6) 

(3.7) 

(3.8) 



R i s  calcul ated by trigonometry from : 

R 2 = (U2)2 + (R _X)2 

A fter expansion and rearranging, 

R = 

(2x) 

where x is the amount of deformation (mm) of the speci men. 

From equations (3.8) and (3.10), the max imum tensi le  strain  i s obtai ned as : 

= 2xy 

The maximum tensile force at failure, Fmax, is calculated [rom the equ ation : 

where : 

F max = W t X sin P 

Wt = total weigh t  of arm , N 

p = maximum angle at fai l ure, degrees. 

(N) 
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(3.9) 

(3.10) 

(3.11 )  

(3.12) 
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At maximum deformation, crt = rmax and F = F max. Substituting equation (3.1 2) into (3.8), the 

maximum flesh tensi le stress (r max) is obtained as: 

= 

Experimental Procedure 

3W t X L x y x sin � 
B x n 3  

(pa) (3.13) 

Before each experiment, the equipment was calibtated by testing five specimens in a 

preliminary trial and recording the voltage output and the equ ivalent distances along the 

vertical axis (force) and horizontal axis  (deformation) on the output of the chart recorder. 

During this trial test, suitable jaw size to accommodate the length of specimens was selected. 

Additional weights were added when testing 'hard' fruit. These sizes were recorded and used 

for the calculation of the tensile properties. 

For all experiments, a l O-mm rectangular cork borer was used to obtain test samples from 

fruit. Each fruit  was sampled on two opposite sides along the vertical axis .  During testing, 

the core sample was placed on the platform jaw and the cam was moved slowly and steadily 

in the anti-clockwise direction until the sample broke. 

After testing, the maximum deformation (x) and the angle at fai lure (�) were evaluated from 

the force-deformation curve produced by the chart recorder. These results were then used to 

calculate the flesh tensi le strain and stress from equations (3. 1 1 )  and (3.1 3) ,  respectively. 

Young' s  modulus of elasticity (E) was calculated as the ratio of stress to strain .  

3.4.6 Skin Bursting Stress 

A new technique was devised for testing the skin bursting stress of fruit . The equipment 

comprised an Effegi penetrometer fitted with a 7 .97 mm head and an electric dri l l  press fitted 
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with an 8 m m  drill bit. This technique involved removing the flesh from the test site using 

the drill and 'bursting' the skin with a penetrometer probe in a way that mimics the splitting 

of the skin due to excessive internal pressure. In addition to the obvious advantage of testing 

the skin in the intact condition, this technique also obviates the traditional problems of 

specimen preparation and handling which have continued to raise questions on existing test 

methods. This technique was found to be simple and quick, and it gave fairly consistent 

results during preliminary testing. By this technique, it was also possible to test fruit with 

different amounts of flesh attached to the skin. 

General Testing Procedure 

First, the fruit sample was sectioned into two equal halves along the vertical axis. Each half 

was placed on a flat surface and an 8mm diameter drill bit connected to an electric motor was 

used to make a hole through the fruit flesh by lowering the drill bit onto the cut surface. The 

vertical displacement of the drill was pre-set to leave a gap between the drill tip and the flat 

surface on which the fruit skin made contact. After making the hole, the sample was then 

placed on a non-hard surface with a hole bigger than that in the fruit and the probe of a 

penetrometer was passed through the hole in the fruit to burst the skin. The scale reading COp) 
of the penetrometer was recorded. Figure 3 .4 shows the photograph of apple sections tested 

for skin bursting stress. 

The skin bursting stress CSbs) is related to the probe diameter and skin thickness by: 

where : 

= 

0bf = COp X g) = bursting force, N 

IT = pI 

dp = diameter of penetrometer probe, m 

tsk = thickness of skin, m 

(Pa) C3.14) 
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Figure 3 .4 Photograph of Apple Tested for Sk in Bursting Stress. 
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3.4.7 Fruit-stem Adhesion Force 

A technique was developed to measure the force required to detach the stem from already 

harvested fruit .  The system was made up of penetrometer and a dev ice to gri p  the stem using 

a dri l l  chuck. Figure 3 .5 shows the arrangement of the system cal led a " stem-pul ler" . Frui t  

were tested as  fol lows : the stem was i nserted i n to a chuck and securely gripped by  l ocking 

the chuck; the penetrometer was zeroed, and the frui t  was held by both hands and pull ed 

vertically downwards unt i l  the stem was detached. The penetrometer readi ng (kg) at this point 

was recorded. 

It was important that the pul l i ng was done slowly and steadily unt i l detachment occurred i n  

order t o  minimise the effect o f  loading rate o n  the results. Also, care was taken t o  observe 

accurately the penetrometer reading  at the time of stem detachment as this varied when the 

chain osci l lated about i ts original position. 

The frui t-stem adhesion force (aar) was determined from the rel at ionship : 

= (N) (3.15) 

where : 

= mass of  frui t ,  kg 

= penetrometer reading, kg 

3.5 Analysis of Data 

Experimental data were analyzed for variance, means, and standard errors using the Statist ical 

Analysis Systems (SAS) programmes (SAS/STA T User' Guide, 1 988) .  Prior to any analysis 
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Figure 3 . 5  Expe ri mental Setup of t he Stem-pu l ler  
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of variance, data were tested for normal i ty and homogeneity of variance. Where necessary, 

appropriate transformations of the original data were performed before statistical analys is  and 

back  transformed for presentation (Little, 1 985) .  Means were compared us ing the Duncan' s  

Multiple Range Test (Duncan, 1 955) .  For tests involving only two treatments, the means were 

compared using a standard t-test (Cochran and Cox, 1 957) .  

Graphs were plotted using Cgle (Version 3 .2  ) graphics packages (Pugmire, 1 992). Where 

appli cable, regression and correlat ion analyses were carried out using the method of Steel and 

Torrie ( 1 980) and the SAS package (SAS/STAT User' Guide, 1 988) .  



CHAPTER FOUR 

EXPERIMENTAL STUDIES ON MANAGEMENT CAUSES OF STEM-END 

SPLITTING IN APPLES. 

4.1 Introduction 
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The l i terature on factors caus ing frui t  cracking and spl i tting, particularly in apples, has been 

reviewed earlier i n  chapter two of this thesis .  It was found that the amount of frui t  cracking 

varied remarkably with cultivar, growing season, and even across fruit growing regions. 

Evidence from the review also showed that for all fru i t types and forms o f  cracking, the most 

widely held hypothesis was that cracking occurs when there is a p lent ifu l  supply of water to 

the crop (Chandler, 1 925;  Meynhardt, 1 957;  USDA, 1 967 ; Claypool et aI . ,  1 972) .  Several 

early i nvesti gators have also attributed the disorder to general deb i l i ty of  the crop (Campbel l ,  

1 928 ;  Goodwin,  1 929;  Fi sher, 1 937a,b; Schrader and Haut, 1 938) .  

In l ine wi th  these hypotheses , these researchers and others have recommended certain  cu l tural 

measures to control or reduce the cracking disorder (chapter 2, section 2.4. 1 ) . Tn general ,  there 

is a l ac k  of agreement as to the real causes of fru i t  cracking in apples and ,  to date, there are 

no guaranteed management strategies to control the disorder in the commercial fru i t  industry .  

The l iterature review also showed that the l evel of  i rrigation , n i trogen fert i l izer, thinning (or 

crop load) and other orchard management factors affect some types of fru i t  cracking and other 

qual i ty attributes of several apple cul tivars (see Section 2 .3 .4) .  However, there are 

considerable differences and i nconsistencies i n  the l i terature on the effects of these 

management practices on cracking in app les and other frui ts .  Part of this  anomaly cou ld  be 

attributed to the fac t  that various forms of cracking in each type or frui t  respond d i fferently 

to the same field treatments, as vividly shown by Urill ct a! . ( 1 962) on side-cracking and end

cracking in  prunes. The study i n  this Chapter was therefore ini t iated to  investigate the 

relat ionships between stem-end spl i tt ing and i rrigation practice, crop load and n i trogen 

treatments. 



4.2 Experimental Designs, Materials and Methods 

4.2. 1 Experimental Designs 
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Detai ls of experimental sites, experimental des igns,  and l ayout of the treatments were 

discussed in  Chapter Three (section 3 .2) .  For the studies on stem-end spl i tt ing of 'Gala '  

apples, the experiment was set up as a spl it plot des ign (SPD) with four repl icate blocks.  The 

main treatments were i rrigation (frequent vs none) , crop load (hand t h inn ing to s ingles vs 

none), and nitrogen (weekly 1 % fol iar urea sprays vs none). 

Treatment combinations with hand th inning of frui t  (0 s ingles were considered as low crop 

load while those that received no hand th inning were considcred as h igh crop load. The 

irrigation levels were randomly assigned to the main plots whi le crop load and n i trogen were 

arranged i n  factorial combinations within each main p lot. For the studies on ' Royal Gala' , 

four irrigation treatments were applied in a randomized complete block des ign (RCBD) with 

five repl icates. The treatments were low water, low-to-high water, medium water, and high 

water. 

4.2.2 Materials and Methods 

Fruit  were hand-picked according to standard commercia l  practice. Sect ion 3 . 3  of the previous 

chapter described the general supply of fruit material . For the ' Gala' experimental blocks set 

up in a commercial orchard, frui t  were harvested three times, commencing on the day of first 

commercial harvest of 1 4/2/9 1 .  The other harvests were made on 25/2/9 I and 6/3/9 I , 

respectively. After harvest, fruit samples were transported to the Fruit Research Laboratory 

and within 1 2  hours of harvest, each fru i t  was examined for stem-end spl itt ing and any other 

physical defect. For al l  three harvests ,  a total of 1 1 ,5 1 I frui t  were examined for stem-end 

spli tt ing. A sub-sample of 65 frui t  per tree was assessed for internal ring-cracking by cutting 

the frui t  in to two or four equal parts along the stem-calyx axis .  

Only samples which did not show any s igns of i nternal r i ng-cracking i n  the first two halves 

were sectioned further i nto four  parts. Usual ly ,  the fi rst cut was suffic ient to reveal the 
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presence of a ring-crack or l ack of i t .  

For the ' Royal Gala' experimental blocks i n  the e xperimental  orchard, fru i t  samples were 

collected five times on 3 1 / 1 /9 1 ,  1 4/2/9 1 ,  25/2/9 1 ,  6/3/9 1 ,  and 1 3/3/9 1 .  The first commercial  

harvest date for ' Royal Gala'  in the Hawke ' s  Bay region was on 25/2/9 1 .  The procedure 

outl ined above for 'Gala'  was also used to assess fru i t  for stem-end sp l i t t i ng and i nternal ring-

crack ing using a total of 906 fru i t  picked on 25/2/9 1 and 6/3/9 1 .  

4.2.3 Determination of Leaf water potential 

Before to the first harvest of Royal Gala samples on 3 1 / 1 /9 1 ,  a portable Teltherm pressure 

bomb was used to estimate leaf water potent ial i n  the field (Turner, 1 98 1 ;  Irving and Drost, 

1 987;  Mi lad and Shackel ,  1 992). Measurements were made on three exposed l eaves per tree 

between 1 2 :00 and 1 4 :00 (New Zealand Summer Time). The aim of this measurement was 

to determi ne i f  the i rr igation treatments had any effect on the stress level of  the experimental 

trees. 

4.3 Analysis of Data 

For numerical analysis,  the original data of spl i t  and ring-cracked frui ts  given i n  percentages, 

were subjected to residual analysis (Fernandez, 1 992) and the data was transformed if the 

assumptions of analysis of variance CANOVA) were vio lated (B arlet t ,  1 947 ; L itt le ,  1 985) .  

Transformation using the arcsin of the square-root was app l ied to  the data on stem-end spli t  

fru i t of ' Gala' us ing the expression : 

y ( 4 . 1 ) 



69 
where the Ys were the transformed data and the Xs were the percentages of spl i t  fru i t .  I f  the 

data included values of 0% and 1 00%, these values were replaced by ( 1 /4n) and [ 1 00-( J 14n») ,  

respectively, where n i s  the total number of  fru i t  upon which the percentage data were based 

(S teel and Torrie, 1 980; Gomez and Gomez, 1 984; Evert et £1 1 . ,  1 988 ;  Fernandez, 1 992) .  

Also, for ' Gala' apples, the orig inal data of ring-cracked fru i t  given in percentages were 

adjusted using the arcsin transformation (Claypool et aI . ,  1 972; Cortes et aI . ,  1 983 ;  Wade, 

1 988)  by means of the expression : 

A 1 8 0  . ( B ) �II Ar C S l. D  -
1 0 0  

( 4 . 2 )  

where the As were the transformed data and the B s  were the percentage r ing-cracked frui t. 

ANOV A and correlation analysis were carried out on the transformed data us ing the 

S tatistical Analysis Systems (SAS), and means were tested for sign i fi cance using the least

significant-difference (LSD) test (Steel and Torrie, 1 960; Cody and Smith, 1 987;  SAS/STAT 

User' s Guide, 1 988) .  Data were analyzed as a spl it-plot design arranged i n  blocks. Irrigation 

was the main plot and variation between blocks within irrigat ion [block(i rrigat i on)] was the 

main plot error term. Factorial combinations of crop l oad and ni trogen were the sub-plot, and 

the sub-plot error term was block(irr igation*cropload*n itrogen). 

The amoun t  of stem-end splitt ing and internal ring-cracking were general l y  very smal l  in the 

' Royal Gala' experimental blocks and the data obtained were not suitable for ANOVA 

procedures. The amount of frui t  spl itting and internal r ing-cracking from t his experiment are 

presented as percentages of the total fru it picked. 



4.4 Results 

4.4.1 Effects of irrigation, crop load and nitrogen on 

stem-end splitting of 'Gala' apple 

Soil moisture content 
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Figure 4 . 1 shows the soi l  moisture levels  of the Gala tri al under the two i rrigation regi mes 

during the experimental period. There were no s ign i fi can t di fferences in  the soi l moi sture 

content of the irrigation treatments over the first three weeks but soi l mo isture l evel s  i n  the 

un i rr igated treatment dec l ined progressively throughout the peri od . The on ly s igni ficant 

rainfa l l event during the period was a 30 mm rainfa l l  on 28/2/9 1 and th is caused the so i l  

moisture level s  i n  the un i rrigatcd p lots to  rise sharp l y . However, th i s  did not cause the soil 

mo isture levels i n  this treatment to return to fie ld capac i ty .  

Treatment effects on stem-end splitting and ring-cracking 

The effects of the orchard management pract ices on stem-end sp l i tt ing,  i n terna l  ring-crack ing 
and frui t  weight are presented i n  Table 4. 1 .  Of the three c u l t ural factors ( i rr igat ion,  crop load 

and n i trogen), on ly  i rrigat ion affected stem-end spl i ttin g  and ri ng-cracking (frequent > none, 

P ::; 0.05). Frequent irrigation produced over twice as many spl i t  ancl ring-cracked frui t, 

respectively, compared to no i rrigation .  There were no sign i ficant i nteractions between the 

main effects on the i nc idence of sp l i tti ng and crack i ng . Mean frui t  weight at harvest 

( including spl i t  and unsp l i t  frui t) was sign ificant ly affected only by crop load (low > high; 
P ::; 0.05). 

Another clear fi nding obtained from the present study was the h igh degree of variab i l i ty in 

the amoun t  of stem-end spl itt ing ancl i nternal ri ng-cracking between the experimental blocks, 

trees , and even branches on the same tree. Three of  the 1 6  un i rrigated t rees had a high 

i nc idence of stem-end sp li t t ing and internal  r ing-cracking within t he treatment and the 

incidence of splitting was also extremely variable i n  the i rrigated t reatment. Tahle 4 .2 shows 

the range of frui t  spl i tt ing and ring-cracking, in percent, among the experimental trees . 
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Figure 4. 1 Soil moisture deficits in irrigated and unirrigated treatments 

(Hodson, 199 1 b) .  
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Table 4. 1 Effects of  orchard management pract ices on percentage of  frui t  w i th stem-end 

splitting and in ternal ri ng-c racking and weight of  ' Gala' apple .  D ata are 

presented as means of arcsin-transformed percentages; figures in brackets are 

back-transformed means.  

Spl i t  Frui tr R ing -cracked Fru i ty Weight (gm )Z 

Treatmen t (rad i ans) (radians)  (n=5,400) 

(n= 1 1 ,5 1 1 )  ( n=2,080) 

Irrigation 

Frequent 0.33 ( I  1 . 17) 9.50 ( 1 6.49) 1 55 . 1 9  

None 0.2 1 (4.95) 4 .92 (8 .57) 1 5 1 . 38  

* * NS 

Nitrogen 

Urea spray 0.27 (8 . 1 7) 6.73 ( 1 1 . 70) 1 52 .94 

None 0.27 (7.95 ) 7 .69 ( 1 3 . 36) 1 53 .63 

NS NS NS 

CroQ Load 

Low 0.29 (9.39) 7 .68 ( 1 3 . 34) 1 56.00 

High 0.24 (6.74) 6.74 ( 1 1 .7 1 )  1 50.56 

NS NS * 

Notes 

rpercent stem-end spli t  frui t  transformed using the arcsi n  of the square root. B ack-transformed 

means are shown in parentheses. 

YPercent ring-cracked fruit transformed llsing the arcsi n .  

zIncludes both split and unsplit fruit.  

NS - not sign i fi cant ; * means s ignificant at P � 0.05 . 



Tabl e  4.2 

Type of 

Frui t  

S tem-end 

S pl i t  

Ring-cracked 

Note 
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Variab i l i ty of percentage i ncidence of stem-end splitt ing and in ternal 

r ing-cracking expressed by the minimum and maximum values for s ingle tree 

repl icates (sample s ize = 1 20 for both stem-end spl itt ing and r ing-cracking) . 

Irri gat ion 

Level 

Frequent 

None 

Frequent 

None 

Minimum 

(%) 

2.58 

0.66 

8 .47 

1 . 54 

Maximum MeanY 

(%) (%) 

28 .02 

8 . 1 ± 1.2 

1 7 .27 

25.7 1 

1 2 .5 ± 1 . 1  

20.34 

YFigure represents the percentage mean ± the standard error of  the mean o f  total spl i t  and 

ring-cracked frui t ,  respectively. 

Effect of Fruit Maturity (Harvest Date) 

Two sub-samples of 832 Gala apples were randomly col lected on each of two respect ive 

harvest dates and used to evaluate the effect of advancing fru i t  maturity on the inc idence of 

stem-cnd spli tt ing. Total split fru i t  increased s ign ifi cantly (P S; 0.(0 1 )  from 5 .9% on the day 

of first commercial harvest ( 1 412/9 J )  to approximately 2?O/n three weeks later (6/3/9 1 ) . 
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Fruit Nutrient Levels in Relation to Stem-end Splitting 

Results of nutrient analysis using frui t  samples from the Gala experimental blocks (Hodson, 

1 99 1 a; pers. comm.) showed that the urea spray treatment d id not have any significant effect 

on the nitrogen concentration in fruit .  Analysis for the major nutrients (P, K, Ca, and Mg) 

also showed that no treatment had any effect on frui t  nutrient concentrations (clata not shown) .  

On the other hand, both stem-end spli t  frui t  and ring-cracked fru i t  had significantly higher 

concentrations of P, K, and Ca than good frui t  (Table 4.3) .  

Table 4 .3 

Nutrient 

N 

P 

K 

Ca 

Mg 

Notes 

Major nutrient concentration (mg/lOOg fresh weight) in good, ring-cracked and 

stem-end spl i t  frui t  of ' Gala' apple (n=20 for each type of frui t)# 

[Data Supplied by Hodson, 1 99 1b ;  pers. comm.) 

Good 

3 1 . 3 

7. 1 

1 00.5 

3 .4  

3 .2  

Ring- Stem-end 

Cracked Spl it 

28 .9 30.5 

8 .2  8 .0 

1 06 .8 1 05 . 1 

3 . 9  4.3 

3 . 5  3 .2 

S ignifi cance 

N.S.  

* *  

* 

* * 

N .S .  

#6 mm cores from equatorial sl ices were taken from each fru i t ,  bu l ked and analyzed for major 

nutrients . 

N.S.  = not sign i ficant; * ,  * *  = S ignificantly different at 5 %  and I %, respectively. 
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Relationships Between Stem-end Splitting, Internal Ring-cracking and Fruit Weight 

First, longitudinal sections through al l stem-end spl i t  fru i t  confirmed that every frui t  wi th 

stem-end  splitt ing  had internal ring-cracking although the reverse was not necessarily true : 

ring-cracked frui t  d id  not always display a stem-end split .  In this tria l ,  64.4% of r ing-cracked 

frui t  d isp layed stem-end spl its at the t ime of i nspection. 

Correlation analysis was used to examine the relationships between the amount of  stem-end 

spl i tt ing, ring-cracking and frui t  weight. The resu l ts obtained showed a h ighly sign i ficant 

posi t ive correlation between the amount of stcm-end splitt ing ( t rans formcd by the arcs in o f  

the square root) and internal ring-cracking (transformed by the arcs in)  (r2 = 0.77; P ::;  0.000 1 ) . 

Also, the mean frui t  weight of a l l  picked frui t  ( including spl i t  and unspl i t  fruit) was positively 

correlated with both stem-end splitting (r2 = 0.46; P ::; 0.0 1 )  and internal ring-cracking (r2 = 

0 .38 ;  P ::; 0.05). That is ,  the greater the weight, the more stem-end spl i tt ing and ring-cracking. 

However, the correlat ion coeffic ient with stem-end spl i tt ing was more s ign i fi cant than w ith 

i nternal ring-cracking (P ::; 0.0 1 compared to P ::; 0.05) .  

4.4.2 Effects of Irrigation Water Deficits on Stem-end Splitting of 'Royal Gala' Apple 

Tree Water Status 

Resul ts of the ANOV A for the mid-afternoon leaf water potentia l s  for the Royal Gala trial 

are shown i n  Table 4.4. There was no  signifi cant difference (P > 0.05) between the low-to

high water treatment and the control (low water) . However, for the trees that received medium 

and high water, respectively, leaf water potential was signi fi cantly less negative (P ::; 0.0 1 )  

than the contro l .  There was, also, a s ignificant  i nteraction (P ::; 0.0 I )  between the treatments 

and the blocks, i nd icating that tree water status may have been i nfluenced by the water defic i t  

treatments. In  general ,  the treatments that received l ess water, especial ly a t  the  early stage of 

frui t  growth (low water and low-to-high water) , had more negative leaf water potential .  Leaf 

water potentials were in the range - 1 .85 to -2 . I 3 MPa in the control ( low water treatment), 

and - 1 .63 to -2. 1 3  MPa i n  the other irrigat ion treatments ( low-to-high, medium , and high).  



Table 4.4 

Irrigation 

Treatment 

T 1  - Low 

T2 - Low to 

high 

T3 - Medium 

T4 - High 

Mean 

Notes 
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Effects of the four irrigation treatments on leaf water potentia l ,  stem-end 

splitting and i nternal ring-cracking of ' Royal Gala' apple' 

(n = 906 for stem-end splitting and ring-cracking, respective ly) .  

Leaf Water 

Potent ial@ 

(MPa) 

-2.0 1 a 

- 1. 98a 

- 1 .80b 

- 1 .65c 

- 1 . 85  

Percentage 

Split Fruit' 

1 .78 

2.22 

1 . 78  

5 .77 

2.90 

Percentage Ring

Cracked Fru itY 

6.00 

4 .00 

6.00 

9 .00 

6.25 

'Total incidence of stem-end splitting and internal ring-crack ing were general ly very low and 

the data collected were unsuitable for ANOV A. 

@Measured during the first frui t  sampl ing on 3 1 / 1/9 1 .  Tre atment means fol lowed by d ifferent 

letters are s ignifi cantly d ifferent at P � 0.0 I .  

x 'YBoth stem-end splitting and ring-cracking were on ly ohserved on fru i t  samples collected on 

25/2/9 1 and 6/3/9 1 .  
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Stem-end Splitting and Ring-cracking 

A sample of over 440 Royal Gala apples were hand-picked fOllr t imes at two-week intervals 

commencing on 3 1 / 1 /9 1  and examined for both stem-end splitt ing and i nternal ring-cracking. 

Following the frui t  sampl ing i nterval , the first observation of stem-end spl i tt ing and internal 

ring-cracking occurred on the day of first commercial harvest (25/2/9 \ ) , and on this date, 

there was no spl i t  frui t  from the low water treatment (contro l ) .  The effects of the i rrigation 

treatments on the amount of stem-end spl itting and ring-cracking are presented in Table 4.4 

based on frui t  harvests on 25/2/9 1 and 6/3/9 1 .  These resu lts show that the high water 

treatment produced over three times more spl i t  frui t  than hoth the control ( low water) and 

medium water, respect ively .  This difference between the i rrigat ion treatments was less clearly 

marked on  the amount  of ring-cracking .  

The total amount of ring-cracked fru i t  was over twice the amount of  stem-end spl i t  fruit 

during the season (6.25% compared to 2.90%), and the amount of stem-end spl itting i ncreased 

from 1 .36% on the day of first commercia l  harvest (25/2/9 \ )  to 4 .55% two weeks l ater 

(6/3/9 1 ) .  Within this period, the only remarkable changes on the effects of the treatments were 

the increase i n  the amount  of stem-end spl i tting due to low water (0.0 to 3 .5%) and high 

water ( 1 . 8 to 1 0.0%) .  

4.4.3 General Observations on Fruit and the Characteristics of Stem-end Splitting 

F igure 4.2 shows an app le w ith  medium-sized stem-end spl its (top), and an apple on the tree 

w ith  severe stem-end spl itting. B y  sectioning al l  stem-end spl i t  fru i t  along the stem-calyx axis ,  

i t  was verified that a ring-crack was always present and that every stem-end spl i t  was joined 

to the ring-crack.  Figure 4.3 shows sect ions t hrough apples with internal ring-cracks. There 

was no consistent point on the ring-crack at which the spl i t t ing developed; however, ring

cracks occurred at about 1 mm above the frui t-stem joint extending i nto the fru i t  flesh. 
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Figure 4.2  Photographs showing : [top] an apple wi th  medium stem-end "p l i rs 

( AP:Yl B.  \ 98 9 ) ,  and [bottom] and :1pple on the t ree i n  which a stem-end spl it  

has deve loped i nto a complete longitudina l  spl i t .  
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Figure 4.3 Photographs of sections through apples showing internal ring-cracks. 



80 

In affected fruit ,  the spl its originated at the frui t-stem joint and extended in straight l i nes 

towards the cheek. In  some severely affected fruit ,  up to three spl i ts had developed, with 

some spl its penetrating about 50 mm deep into the flesh. Most fru i t  had s ingle spli ts which 

occurred predominantly on the exposed, b lush s ide of the frui t .  In  contrast to the skin

cracking common in  other apple varieties, stem-end sp l itting occurred i n  frui t  that otherwise 

appeared from the outside to be in  excel lent condit ion. Furthermore, and qu i te i mportantly 

too, the type of cav i ty characterist ic of stem-end spl i tti ng was not found to originate at any 

other part of the affected frui t  except at the stem-end. 

Field and l aboratory observations on frui t  during the present study also showed that stem-end 

spl itting occurred i n  a l l  s izes of fruit ,  including mature (red-striped) and immature (green) 

fruit. In both frui t  types, stem-end spl i tt ing was a lso found to occur predominantly on the 

exposed (striped, red or sunny) s ide of the frui t .  

4.5 Discussion 

4.5.1 Stem-end spl itting of 'Gala ' apple 

This study has shown that the use of i rrigati on water in the orchard has a s ignificant effect 

on the amount of stem-end splitting and internal ring-cracking of fru i t .  Frequent i rrigation 

applied to ' Gala' apple trees 1 2  weeks before and through to commercia l  maturi ty 

significantly increased the proportion of fru i t  wi th the disorders compared to those from trees 

w ith  no i rrigation (high soi l  moisture defic i t) (Table 4 . 1 ) . 

This contrasts with the findings of Verner ( 1 935)  on 'Stayman Winesap ' and Watanabe et al .  
( 1 987) on ' Mutsu ' apples, who reported that soi l moisture content had no clear effects on the 

incidence of frui t  cracking in those varieties .  Verner ( 1 935)  i nduced so i l  moisture fluctuations 

by arti fic ially droughting trees fol l owed by flood i rrigat ion. However, it has also been shown 

(Bohlmann, 1 962) that in addition to excessive water absorption through the roots, many 

kinds of fruit  such as apples, peaches, and cherries tend to crack more eas i ly  when they come 

in contact with moisture. This is further supported by the report of Byers et al . ( 1 990) who 
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found that frui t  of ' Stayman' apples covered with bags or  petroleum je l ly  on over-tree 

sprinkled trees did not crack, while 7 .6% of the wetted fruit cracked. 

From their study on skin-cracking of Cox ' s  Orange Pippin apples, Goode et al . ( 1 975) 

reported that the d isorder was induced by water stress and that irrigation l ate i n  the season 

reduced the damage considerably.  The authors concluded that consi stent watering wi l l  reduce 

very considerably, and may prevent, the occurrence of frui t-cracking due to fluctuating 

weather conditions. This resul t  and their conclusions do not fi t the evidence obtained in the 

present study i n  which cons istent watering caused the highest proportion of stem-end split 

frui t  of both ' Gala' (frequent i rrigation) and ' Royal Gala '  (high water) . This could well mean 

that skin-cracking and stem-end splitting of apples are d ifferent, though related,  physical 

phenomena. 

The results obtained in  the present study are s imi lar with the findings of researchers on peach 

pit-spl i tt ing (Davis ,  1 94 1 ;  Claypool et a1 . ( 1 972) and tomato fruit cracking (Frazier, 1 934; 

Molenaar and Vincent, 1 95 1 ;  Peet and Wil l its, 1 99 1 ) , who found a positive correlation 

between the disorder and heavy i rrigation. 

Both stem-end spl itt ing and ring-cracking were not s ignificantly affected by crop load, 

although the amounts of both defects appeared marginally higher in fru it from the low crop 

load treatment .  This resul t ,  therefore, supports the findings of Ni l sson and Bjurman ( 1 959) 

and Claypool et  al . ( 1 972) that cultural measures which increase frui t  size such as thinning, 

are apt to accentuate cracking. The l iterature on skin-cracking of ' York Imperial ' apples 

(Fisher 1 937a,b; Schrader and Haut, 1 937; Shutak and Schrader, 1 948) has also shown that 

the tendency of frui t  to crack was more severe on trees bearing a l ight crop. Work on cherries 

(Bullock, 1 952;  Zielinski ,  1 964; Way, 1 967 ;) show that fruits on heavi ly cropping trees tend 

to crack less than frui t  of the same cultivar on a tree carrying a I ight crop. 

Contrary to the results obtained in this  thesis that n i trogen had no s ign i ficant e ffect on stem

end spli tt ing of ' Gala' apples, pos i tive relationships have been reported by previous 

researchers between n itrogen manuring and cracking of the frui t  of ' Holstein Cox' 

(Wesseiborn and Gottwald, 1 965) ,  and skin-cracking of ' Cox' s Orange Pippin '  (Montgomery , 
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1 959; Goode et aI . ,  1 975)  apples. Tomana ( 1 96 1 )  also found that in ' Jonathan ' apples, when 

seed development ceased and the fru i t  began to enlarge, the ni trogen content of the flesh 

increased rapidly,  causing cracking of the skin around the lenticels .  However, results obtained 

in  this thesis are s imi l ar to those of St iles et a!. ( 1 959) who found through tests over a 3-year 

period that n itrogen applied as urea, either alone or in combination with various spray 

materia ls ,  had no significant effect on frui t  cracking of ' Stayman' apple .  It appear therefore, 

that the phenomenon of stem-end spl itt ing in  ' Gala' apples is affected by ni trogen in the same 

way as cracking in ' S tayman' apples. However, the i nsignificant effect of n itrogen on the 

amount  of stem-end splitting may have been because there were no di fferences in mineral 

concentrations brought about by the treatments. This possib i l ity implies that nutrient 

treatments may only have an effect if they alter frui t  ,mineral composition. 

The onl y  treatment that had a significant effect on the mean frui t  weight of ' Gala' appl e  was 

crop load (P � 0.05), wi th a negative correlati on coefficient. Frequent i rrigation also enhanced 

frui t  weight at harvest. B arden ( 1 992) obtained simi l ar resu l ts between crop load and frui t  

weight of ' Smoothee Golden Delicious '  apples. The signi ficant posi t ive correlation 

coefficients obtained in the present study between frui t  s ize and stem-end spl itt ing and ring

cracking paral le l  the resul ts  of Watanabe et a1 . ( 1 987),  Ni l sson and Fernqvist ( 1 957) and 

S hu tak and Schrader ( 1 948) on apple cultivars ' Mu tsu ' ,  ' Ingrid Marie '  and ' York Imperi al ' ,  

respectively. These researchers found that l arge apple fru it wcre most susceptihle t o  cracking. 

However, the resu lts obtained in the present study do not support the conclus ion drawn by 

Shutak and Schrader ( 1 948) on skin-cracking of  ' York Imperia l '  apples: that ' small-sized fru i t  

rarely  cracked' .  In fact ,  fiel d  observations during the present study showed that stem-end 

splitting occurred in a l l  sizes of fruit ,  including mature (red-striped) and immature (green) 

fmit. In both frui t  types, stem-end splitting was also found to occur predominantly on the 

exposed (striped, red or sunny) side of the fruit .  

Evidence from the l i terature indicates that the t ime of  frui t  thinning influences frui t  s ize at 

harvest (Jones et aI . ,  1 992;  McArtney et aI . ,  1 993) and the effect of crop l oad on frui t  

cracking and sp litting in app les (Proctor and Lougheed , 1 980) . I t  is  thus possible that the date 

of app lication of the thinning treatment in the ' Gala' experiment may have influenced the 
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effect of the low crop load on stem-end splitt ing. Proctor and Lougheed ( 1 980) found that the 

cracking  of ' Golden Russet' apples was related to crop load and fluctuating water supply i n  

the early part o f  the growing season . Simi larly, Watanabe e t  a1. ( 1 987) found that the spli tt ing 

of ' Mutsu' appl e  was associated with conditions conducive to rapid early fru i t  growth. 

The increase in the inc idence stem-end spli tt ing from 5 .9% on the day of first commercial 

harvest ( 1 4/2/9 1 )  up to 27% three weeks l ater (6/3/9 1 )  suggests that the susceptibi l i ty of frui t  

increases wi th advancing maturity .  This result also reflects a decrease i n  capacity of frui t  to 

withstand physical and physiological stress due probably to the associated changes in firmness 

and textural strength (Westwood, 1 978) .  S imi lar high incidence of stem-end spl i tt ing in ' Gala' 

apples has also been reported from recent i nvestigatiQns in the United States by Walsh et a1 . 

( 1 99 1 ) . The authors found that ' stem-cavity ' cracking of 'Gala' apples i ncreased from zero 

to 1 2% within three days (28/8 to 3 1 18/90) i n  a research orchard in Maryland. During the 

same season, up to 40% of the 'Gala' frui t  in one orchard located in Virg in ia  cracked. 

4.5.2 Stem-end Splitting of 'Royal Gala' Apple 

In general , there w as a low occurrence of stem-end splitting and ring-crack ing, w ith a total 

i ncidence of 2.9 and 6 .3%, respectively. In fact, the total amount of stern-end splitting was 

affected by the dramatic i ncrease in  spl i t  frui t  due to the high water treatment from 1 . 8 to 

1 0.0% between 25/2/9 1 and 61319 1 .  Th is sudden increase i n  spl i t t ing could have been i nduced 

by the 30 mm rainfal l recorded at the experimental s i te on 2812/9 1 ,  and this was the only 

s ignificant environmental event recorded during the period of the experiment. 

Moisture deficit imposed during the early part of the growing season (low water and low-to

high water) caused more negative leaf water potent ial at commercial  frui t  maturity, but also 

produced less frui t  with stem-end splitting and internal ring-cracking, respectively. Assaf et 

al. ( 1 975) and Lotter et  al. ( 1 985) did not obtain any effect of soil water deficit on skin

cracking of cvs ' Delic ious ' ,  'Granny Smith ' or a 'Grand cv of Calvi l le de S t  Sauver' , 

respectively. In ' Stayman Winesap'  apples, Verner ( 1 935) observed no i ncrease in  the 

incidence of fruit  splitting when he caused sudden and pronounced soi l moisture fluctuations 
by art ificial ly droughting trees followed by i rrigation. Uri u  et a ! .  ( 1 962) found 
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that very l i ttle end-cracking of prunes occurred on trees adequately suppl ied with water 

throughout the growi ng season. However, results obtained by I rving and Drost ( 1 987) showed 

that water defic i t  treatment imposed early in fruitlet growth increased the proportion of  

cracked frui t  of ' Cox 's  Orange Pippin '  apples 2-3 fold .  Also on ' Cox ' s  Orange Pippin '  apples, 

Goode et a1 .  ( 1 975) found that water stress (no irrigation) i nduced more skin-cracking of  frui t  

than a treatment combining early and l ate i rrigation. 

These d i fferent  results and the very low i nc i dence of s tem-end spl i t t ing in the ' Royal Gal a '  

blocks indicate that both stem-end spl itting and skin-cracking arc different physical 

phenomena, and also that other factors , perhaps related to the cl imate, may have been 

involved. Changes in relative humidity have been shpwn to cause cracking and splitt ing in 

apples ( Verner, 1 935  and 1 938 ;  Mrozek and Burkhardt, 1 973; Louw, 1 948) and Navel oranges 

(Taylor et  a I . ,  1 957) . It is thus possible that the significant effect of water deficit on frui t  

cracking obtained by Goode et a 1 .  ( 1 975) and Irving and Drost ( 1 987) could be that ' Cox' s 

Orange Pippin '  may just be especial ly sensit ive to water stress. 

4.5.3 Relationship between nutrient concentration and stem-end splitting 

The l i terature on concentration gradients of elements with in apple fruit is wel l documented 

(Wilkinson and Perring, 1 964; Perring and Wi lkinson, 1 965; Perring and Cl ij sters, 1 974) . It 

has also been shown that certain corking d isorders of apples and pears are related to a mineral 

i mbalance with in the frui t  (Faust and Shear, 1 968;  Woodbridge, 1 968 and 1 97 1 ) . In rel ation 

to apple cracking, Schrader and I--Iaut ( 1 938) suggested that nutritional condit ions of the tree 

and frui t  accoun ted for d i fferences in cracking susceptibi l ity of fruits on different  trees, or 

even on the same tree. Fischer ( 1 955) found no evidence to attribute apple frui t  cracking to 

nutrient deficiency. S ince none of the cultural treatments in the present s tudy had any effect  

on the frui t  nutrient concentrations, and given that there were no significant d i fferences i n  the 

n i trogen concentration of good, spl i t  and cracked fruit ,  this trial provides no evidence for a 

role for n i trogen i n  stem-end splitting. 

I t  i s  generally recognised that the parts of  apple frui t  affected by bitter pit have a h igher 

concentrat ion of some elements, including Ca and Mg (Perring and Plocharski,  1 975 ;  
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Hopfinger and Poovaiah, 1 978;  Ford, 1 979) . Faust and Shear ( 1 968) and Faust et  a1 . ( 1 969) 

considered that the accumulation of minerals was a secondary response in the development 

of corking disorders. A lthough the results obtained in this study (Table 4.3)  show that stem

end spl itting and internal ring-cracking are associated with increased levels of Ca, K, and P, 

it seems un li kely that these nutrients are directly involved in stem-end spl i tting. Bearing in  

mind that Ca ,  for instance, strengthens cell-wall i ntegri ty and adhesion (Clarkson and Hanson, 

1 980) , it seems that the conclusion drawn by Faust et al .  would apply to the results obtained 

in this study. I t  is possible that these minerals accumulate after cort ical cells begin to 

disorganise, and not before the stem-end splitting appears. However, whether or not certain 

levels of Calcium or any other minerals cou ld  significantly affect the incidence of stem-end 

splitting cannot be concluded from the present study and further investigation is recommended 

in this area. 

4.6 Conclusions 

The broad aim of this chapter of the thesis was to elucidate the relationships between stem

end splitt ing and the most widely suspected orchard management pract ices. In experimental 

field  studies with 'Gal a' and ' Royal Gala' apples, it was found that frequent supply of water 

to the c rop throughout the season increased the amount of stem-end sp l itting. It was also 

found that this d isorder occurred in  al l  sizes of fruit ,  but the tendency to spl i t  increased with 

increasing frui t  s ize within a susceptible cultivar. In general, orchard management practices 

which enhanced fruit  size contributed to increased stem-end splitting. 

This research has confirmed the initial prel iminary observat ion that a stem-end split is 

associated with the presence of an internal ring-crack which extends from the base of the stem 

outwards into the flesh of the apple  at an angle of 90 degrees. The ring-crack was also present 

in many frui t  which did not have stem-end spl i ts .  References were found in the l i terature 

which reported the presence of severe "stem-end" or " stalk-end" cracking of apples (Verner, 

1 935 ;  Montgomery, 1 959; Masden and B ai ley, 1 959) ; however, none of these authors noted 

the presence of i nternal ring-cracks. I t  is  hypothesized that the presence of this ring-crack is 

the precursor to the development of stem-end splits. 
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The amount of both stem-end spli tting and internal ring-cracking varied considerably wi thin 

the experimental blocks, between trees that received the same treatment and even branches 

on the same tree. This suggests that within tree and fru i t  variations could have important 

implications on the mechanism of stem-end spl i t t ing in general ,  and in particular, on the 

susceptibi l i ty of i ndividual frui t  to spl itt ing. Thus, the effect of any management factor (such 

as frequent i rrigation) in increasing the incidence of stem-end spl i t t ing should be regarded at  

best as contributory, inasmuch as only a fraction of the fru it on any given tree wi l l  spl i t  under 

s imi lar condit ions. 

S tem-end splitting commenced before commercial harvest, and susceptibi l i ty to this qual i ty 

defect increased with advancing frui t  maturity. Within this critical period , the t iming of water 

application may be an important factor in the amount  and rate of spli tting that occurs. 

Evidence from this study is not sufficient to determine this critical t ime of onset of both stem

end splitting and ring-cracking. Shorter frui t  sampling i ntervals would be required to properly 

determine this time . 

It i s  considered that the accumulation of  sign i ficant concentrations of  Ca, P, and K i n  stem

end split fruit may be a secondary response which probably occurs after cortical cells begin 

to breakdown, and not before the i nterna l  ring-cracking occurs .  By this process, it seems 

unlikely that these minerals are directly involved in stem-end splitt ing. 

In  conclusion,  it appears un l ikely that stem-end splitting can be effect i vely controlled by the 

manipulation of i rrigation alone considering the l arge variation of stem-end spl i tting and ring

cracking within the experimental treatments and because of the possible effects of c l imatic 

and crop load factors on frui t  growth characteristics. Further studies would be needed to test 

this .  



CHAPTER FIVE 

MECHANICAL AND PHYSICO-CHEMICAL PROPERTIES OF APPLES 

IN RELATION TO ORCHARD MANAGEMENT PRACTICES AND 

STEM-END SPLITTING. 

5.1 Introduction 
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In fruits and vegetables,  the mechanical properties of the flesh are often the chief determinants 

of textural characteristics (Finney, 1 967). In addit ion to evaluat ing kinaesthetic and textural 

qual i ties (Vincent, 1 990; Vincent et a I . ,  1 99 1 ;  Sakurai and Nevins, 1 992), the mechanical 

properties of fruits are also of interest from the standpoint of reducing mechanical damage 

during harvesting, postharvest handling and processing operat ions (Mohsen in and Gohlich, 

1 962; Mohsenin, 1 977) and predicting "readiness for harvest" (Mohsenin  et aI . ,  1 965) .  Crack 

resistance is  a usefu l  property of vegetables such as cabhages and potatoes, and has been 

suggested as a criterion to evaluate cabbage varieties for texture and handl i ng systems for 

damage (Mohsenin, 1 970; Holt  and Schoor! , 1 983a,b,c) . 

In  chapter two of this thesis ,  the l i terature on the causes of  fru it cracking and spl i tting in  

apples was  reviewed. It was shown that external  factors to the fru it such as  weather condition 

and water relations, and cultural factors influence the amount of fruit affected. I t  was also 

found that resistance to frui t  cracking and splitt ing i n  other fruit , notably tomatoes (Frazier, 

1 934; Thompson et aI . ,  1 962; Voisey and MacDonald, 1 964 and J 966; Voisey et aI. , 1 964; 

Voisey and Lyall ,  1 965a,b; Voisey et aI . ,  1 970; Baud et aI . ,  1 970; Hankinson and Rao, 1 979), 

and grape berries (Lugstin and Berstein ,  J 985; Berstein and Lugst in ,  1 985)  was related to 

certain mechanical properties of the skin. In vegetables sllch as potatoes and cabbages, the 

extent of cracking is determined by the fracture toughness of the t issue (Holt and Schoor!, 

1 983 ;  Schood and Holt, 1 983a,b) . 
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The problem of  stem-end splitting in  apples i s  as a form of mechanical fai lure m the 

structural i ntegrity of the affected fruit .  In addition to the inherent genetic design of  the 

species, the mechanical attributes are also influenced by the growth environment and stage 

of maturity of the frui t .  The frui t  has to be able to withstand the mechanical effects of wind, 

water, temperature, humidity and gravi ty and grow in  such a way that i t  remains  intact and 

does no spli t  (Callow, 1 990; Vincent, 1 990). The evaluation and understanding of such 

mechanical properties would shed l ight on the developmental pressures that the fruits have 

been subjected to u nder the growth environment, and also, provide an understanding of the 

possible consequences of modify ing management practices to reduce and/or control stem-end 

splitting wi thout adversely compromising yield and other frui t  quality attributes. 

S ince cracking and splitting are normal stress phenomena (Schaar! and Holt, 1 983) ,  one of 

the i mportant properties of apple frui t  i n  relation to stem-end spl itting may be the strength of 

the underlyi ng flesh and the skin. It can be expected that an understanding of  these 

mechanical properties important to texture in apples wi l l  a l so be fundamental for the rational 

assessment of the way variety and environmental or management factors affect the 

susceptibil i ty of  frui t  to damage by stem-end spl itting .  Knowledge of frui t  mechanical 

properties coul d  also provide usefu l  i ndicators of the amounts and types of i nternal and 

external forces that fruits can withstand without damage during growth and development 

(preharvest), and also during postharvest handl ing. 

The objectives of  this chapter, therefore, were : 

(i) to determine the effects of the orchard management pract ices stud ied in the previous 

chapter on the mechanical  and physico-chemical propert ies of apples; and 

(ii) to further investigate the possible role of these properties on stem-end spl i t t ing by 

comparing the mechanical properties of good and stem-end spl i t  fru i t .  



5.2 Experimental Designs, Materials and Methods 

5.2. 1 Experimental Designs and Supply of Fruit Materials 
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' Gala' , ' Royal Gala ' , and ' Fuj i '  apples grown in the Hawke ' s  Bay region in New Zealand 

were col lected during commercial harvest from the experimental orchards described earl ier 

in  Section 3 .2 .  The ' Gala' spl itting experiment was set up in  a private commercial  orchard 

as a spl i t  plot design with four repl icate blocks. Irrigation ( frequent vs none) was the main 

plot treatment and factorial combinations of crop load (high vs low) and urea ferti l izer 
(ni trogen vs none) were the sub-plot treatments. 

The ' Royal Gala' splitting experiment was set up at the HortReseareh experimental orchard 

at Lawn Road, Hawke ' s  B ay.  The experimental design was a randomized complete block 

design (RCBD) with five repl icate b locks. The treatments were low water, low-to-high water, 

medium water, and high water. 

Three frui t  samples of ' Gala' and ' Royal Gala' were col lected during commerc ial harvesting 

( 14/2/9 1 ,  251219 1 and 613/9 1 )  and the data were combined to determine treatment effects. 

Samples of ' Fuj i '  apples were col lected twice (613/9 1 and 1 3/3/9 1 )  from a private commercial 

orchard in Hawke ' s  B ay as described in Section 3 .3 . 3 .  The trees had received standard 

management practices during the season . For all three varieties, tests on fresh frui t  were 

conducted within 24 hours of the harvest t ime while other samples were kept in the cold store 

at 1 °C unt i l  requ ired. 

5.2.2 Equipment and Methods 

The equipment and methods used to measure frui t  size (weight and diameter) , soluble solids 

concentration (SSC, °Brix) ,  frui t  firmness and skin firmness, flesh crushing stress, skin 

bursting stress, frui t-stem adhesion force and flesh tensi le properties have been ful ly described 

in Section 3 .4. 
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5.2.3 Sample Preparation 

Two sets of test were conducted. First, samples of good ' Gala '  and 'Royal Gala' apples free 

from any noticeable physical defects were used to determine the effects of the management 

practices on frui t  mechan ical properties. In the second set of experiments, fru i t  samples of 

' Gala' and ' Fuj i '  containing a stem-end spl i t  were used. S imi lar tests were not carried out on 

' Royal Gala '  appl e  because of insufficient numbers of spl i t  fru i t .  Both tests were carried out 

at the same time and the data were combined to determine the effects o f  stem-end spl itt ing 

on mechanical and physico-chemical properties. 

During each experiment, the same frui t  samples were used to measure fru i t-stem adhesion 

force, frui t  firmness, flesh crushing stress, skin firmness, and SSe. For tests on ' Gala' , a 

sample of 32 frui t  were randomly selected from each treatment level (i .e .  32 from frequent 

i rrigation and 32 from no irrigation), giving a total of  64 fru it for each harvest date 

experiment. Also for tests on ' Royal Gala' , a sample of 25 fru i t  was randomly  selected from 

each i rrigation treatment, giving a total of 1 00 frui t  for each harvest date. 

Skin bursting stresses of ' Gala'  and ' Royal Gala'  apples were determi ned after 88 clays of 

cold storage at l °e using random samples of 1 28 ' Gala' and 80 'Royal Gala ' . The skin 

burst ing stress of ' Fuj i '  apple  within 24 hours of harvest was determined using samples of 

20 good and 20 spl it  fruit .  

Frui t  samples were weighed individual ly before each experiment. Mean fru i t  diameters were 

obtained from the measurement of the minimum and maximum diameters of the cheek 

(equatorial) region.  Measurement of sse, fruit firmness, flesh crushing stress, and skin 

bursting stress were made mid-way a long the radial axis of frui t  cheek. Two measurements 

were made on the opposite s ides of each fruit .  Skin  firmness was calculated by subtracting 

flesh firmness from whole frui t  firmness. 

Flesh tens i le tests were carried out using 20 samples of good and 20 split ' Fuj i '  apples 

harvested on 1 3/3/9 1. Test specimens were col lected using a 1 0-mm rectangular cork borer 

and two specimens were tested from opposite locations along the stem-calyx axis  of frui t .  
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Data from tests to determine the e ffects of the orchard management practices on frui t  

mechan ical properties were subjected to analysis of variance (ANOY A) using the General  

Linear Models (GLM) of the S tatistical Analysis Systems (SAS) programmes (SAS/ST AT 

User' Guide, 1 988) .  Prior to the ANOY A,  univariate analysis was used to check the data for 

possible disagreements with the assumptions of ANOY A (Steel and Torrie, 1 960; Fernandez, 

1 992) .  

For the experiment on the effects of i rrigation, crop load and urea ferti l izer (nitrogen) on the 

stem-end splitt ing of ' Gala' apples, data were analyzed as spl i t-plot designs. Irrigation was 

the main p lot and variation between blocks within irrigation [block(irrigation)] was the main 

plot error term. Factorial combinations of crop l oad and nitrogen were the sub-plot and the 

sub-plo t  error term was block(irrigation*cropload*nitrogen) .  It is important to note that one 

feature of the spl i t-plot design is  that it resul ts in reduced accuracy on the main plot treatment 

and increased accuracy on the sub-plot treatments and interactions because of the different 

error terms employed to test main p lot, sub-plot and interaction effects (Mead and Curnow, 

1 983 ;  Gomez and Gomez, 1 984) . Main treatment means were compared using the Least 

Significant Difference (LSD) test (SAS, 1 988) .  

Data from the experiments on the effects of four irrigat ion treatments on the stem-end 

sp litting of ' Royal Gala' apples were analyzed according to a randomized complete b lock 

design (ReBD) (John ,  1 97 1 ;  Mead and Curnow, 1 983 ;  Gomez and Gomez, 1 984) . To 

determine treatment effects on the mechanical properties of ' Gala'  and 'Royal Gala' appl es, 

the data from all  three harvests were combined. Treatment means were compared using 

Duncan ' s  mult ip le range test (Duncan, ] 955;  SAS, 1 988) .  

For the analyses to evaluate the effects of stem-end spl i tting on frui t  properties of 'Gala' and 

' Fuj i '  appl es, the data on good and damaged fruit of each cultivar was subjected to standard 

t-test (Cochran and Cox, 1 957;  Cody and Smith, 1 987) .  The SAS statistical package was used 

for a l l  analyses. 
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5.4.1 Effects of Irrigation, Crop Load and Nitrogen on the Mechanical and Physico

chemical Properties of 'Gala' Apples 

The treatment effects on fru it properties are presented in Table 5.1 . None of the three 

management practices had a significant effect on the fru it-stem adhesion force and skin 

bursting stress. However, the appl ication of fol i ar nitrogen ferti l izer significantly (P � 0.05) 

reduced skin finnness while the effects of irrigation and crop l oad treatments were not 

sign ificant. 

Both i rrigation and crop load treatments significantly affected the flesh crushing stress of 

fruit. Frequent i rrigation lowered flesh crushing stress significantly whi l e  low crop load 

increased i t. Nitrogen fert i l izer had no significant effect (P > 0.05) .  

Whole frui t  firmness was significantly affected by crop load and ni trogen ferti l izer whi le the 

i rrigation treatment had no significant effect. Low crop load increased whole fru it firmness 

while n itrogen lowered it. S im i l arly, low crop load also i ncreased firmness whi le the i rrigation 

and n i trogen treatments had no significant effect (P > 0.05). 

B oth the i rrigation and crop load treatments had significant effects on the sugar content of 

fruit (P � 0.05). Low crop l oad significantly increased sse while frequent i rrigation lowered 

i t .  On the other hand, the fol iar ni trogen sprays had no significant effect on SSe.  

5.4.2 Effects of Stem-end Splitting on the Mechanical and Physico

chemical Properties of 'Gala ' Apples. 

The results are presented in Table 5.2. One consistent significant effect for each harvest date 

and when the data for all harvests were combined was the h igher force required to detach the 

stem i n  frui t  with stem-end spl itting. Both whole fru it firmness and flesh firmness were a lso 

lower in  stem-end spl i t  frui t  and this effect was s ignificant for harvests one and three, and 
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when al l  harvests were combined. 

Table 5 . 1 Effects of Orchard Management Practices on Fru i t  Mechanical and 

Physico-chemical Properties of ' Gala'  Apples (Sample s ize = 1 92) .  

Fru i t  

Property 

Adhesion 

Force (N) 

Skin B ursting 

Stress (kPa) 

Skin Firmness 

(N) 

Flesh 

Crush ing 

S tress (kPa) 

Whole Fru i t  

Firmness (N) 

Flesh 

Firmness (N) 

SSC (Brix) 

Note 

Irrigation 
• 

Frequent None 

42.29a 4 1 .83a 

962.82a 969.65a 

1 9 .79a 1 9 .29a 

779.63b 800.47a  

65 .06a 65.09a 

45 .27a 4 5 . 8 I a  

1 2.25b 1 2 .94a 

Management Practices 

Crop Load Fert i l izer 

H igh Low Nitrogen None 

42. 1 0a 42.03a 4 1 .58a 42.55a 

968.26a 964.2 1 a  963 .39a 969.07a 

1 9 .33a 1 9 .75a 1 8 . S7b 20. 1 1 a 

77S.32b SO I .78a 785.63a 794.48a 

64.3Sb 65 .77a 64.47b 65 .69a 

45 .05b 4 6 .02a 45.50a 45.57a 

1 2 .2Sb 1 2 .9 1 a 1 2.42a 1 2 .2Sa 

'Levels of treatment means fol lowed by differen t  letters are s ignificantl y d i fferent 

(P S; 0.05) 
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There was no significant difference in the skin firmness of good and stem-end spli t  frui t  for 

each harvest date and when the data were combined. S imi lar ly , t he SSC of good and affected 

fruit  was not statistical ly different. 

Table 5 .2  Comparison of  the Mechanical and Physico-chemical Properties of  Good and 

S tem-end Spli t  Fruit  of ' Gala' Apples at Three Harvest Dates#. 

Harvest S tem Skin  Flesh Whole Flesh Soluble 

Date and Adhesion Firmness Firmness Frui t  Crushing Sol ids 

Type of Force Firmness S tress 

Fru i t  (N) (N) (N) (N) (kPa) (OBrix) 

14/2/91 

Good 42.08b 2 1 . 1 3a 48.22a 69.35a 792. 1 3a l 1 .98a 

Spl i t  58 .78a 1 9 .33a 40.70b 60. 1 2b 642.60b 1 2 . 1 1 a 

25/2/91 

Good 4 1 . l 1 b  1 8 .92a 44.93a 63 .8Sa 74S .20a 1 2 .6 1 a  

Spl i t  57 .46a 20.0Sa 44.80a 64.8Sa 737.9 1 a  1 2 .40a 

6/3/91 

Good 43.00b 1 8 .S7a 43 .46a 62.03a 72S .43a 1 2.7Sa 

Spli t  S9.08a 1 9 . 1 2a 40.S6b 59 .68b 703 .70b 1 2 .S5a 

Mean@ 

Good 42.06b 1 9 .54a 4S .S4a 6S.08a 754.25a 1 2.44a 

Spl i t  58 .80a 1 9 .29a 4 1 .24b 60.53b 694.74b 1 2 .46a 

* * *  N S  * * * NS 

nFor each fruit property, means on each harvest date followed by dIfferent letters are 

significantly differen t  at P ::;; 0.05. 

@Signifi cantly different at P ::;; 0.00 1 (* * *) ,  P ::;; O.OS (* ) and not d ifferent (NS) .  
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5.4.3 Effects of Four Irrigation Treatments on Mechanical and Physico- c h e m  i c a I 
Properties of 'Royal Gala' Apples 

The resul ts are presented i n  Table 5.3. Tn general, frui t  s ize i ncreased gradual ly from the low 

water treatment to the high water treatment and both medium and high water treatments 

increased frui t  weight s ignificantly (P s:; 0.05) more than low or low-to-high water. There were 

no sign i ficant d i fferences between the mean frui t  weights of med ium and h igh water, and low 

and low-to-high water, respectively. 

None of the i rrigation treatments had a significant effect on frui t-stem adhesion force, skin 

firmness, skin burst ing stress and flesh crushing stress. However, flesh crushing 

stress decreased gradual ly from the low water treatment towards the h igh water treatment. 

Furthermore, there were no treatment effects on whole fru i t  fi rmness and flesh fi rmness but 

fru i t  soluble sol ids concentration (SSC) was signifi cantly arfected . Both the low water and 

low-to-high water treatments i ncreased sse significantly (P s:; 0.05) compared to mediu m  and 

high water and there were no s ignificant differences between the low and low-to-high water, 

and the medium and high water treatments, respectively. 

5.4.4 Effects of Stem-end Splitting on the Mechanical and Physico

chemical Properties of 'Fuji '  Apples 

Due to obvious s ize d ifferences observed in random samples of good anel spl i t 'Fuj i '  apples, 

both frui t  weight anel mean cheek diameter of the two samples were compared in  a t-test . 

Frui t  weight, mean d iameter and stem detachment force of  stem-end spl i t  frui t  were 

signifi cantly h igher (P ::; 0.05) than those of good frui t  during harvest two and when data for 

both h arvests were combined (Table 5.4) . However, none of  these three characteristics were 

significantly d ifferent during the first harvest. 

Whole frui t  firmness, flesh firmness and skin firmness of frui t  w ith stem-end splitting were 

not significantly d ifferent compared wi th fru i t  without the defect (P > 0.05), although both 
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properties were s lightly lower in  affected frui t  than in  good fru i t  Cfable 5.5). Both skin 

bursting stress, flesh crushing stress and soluble solids content were sign i ficantly less in stem

end frui t  than in good fruit . 

Table 5 .3  Effects of  Four Irrigation Treatments on the Mechanical and Physico

chemical Properties of ' Royal Gala' Apples (Sample S ize = 300). 

Fru i t  Property# Irrigation Treatment 

Low Low-to-high Medium High 

Weight (gm) 1 30.77b 1 33 .2% 1 3 9 .65a 1 4 1 . 80a 

Adhesion Force 

(N) 50.74a 50.03a 50.48a 50.33a 

S kin  B ursting 

S tress (kPa) 1 0 1 0.79a 1 0 1 6 .0 1 a  1 007.52a l O 1 4 .44a 

Skin Firmness 

(N) 23 .0Sa 22.26'1 22.47a 23 .05a 

Flesh Crushing 

Stress (kPa) 894.08a 893 .85a 886.76a 864.42a 

Whole Fruit 

Firmness (N) 75 .26a 74.24a 75 .26a 75 . 1 2a 

Flesh F irmness 

(N) 52. 1 8a 5 1 .97a 52.79a 52.06a 

SSC (Brix) 1 3 .96a 1 4 .00a 1 3 .56b l 3 .25c 

Note 

#Treatment means fol l owed by different letters are signi ficantly d i fferent (P � 0.05). 



Table 5 .4 

Property# 

Weight 

(gm) 

Diameter 

(mm) 

S tem 

Adhesion 

(N) 

Skin 

Firmness 

(N) 

S kin  

Bursting 

S tress 

(kPa) 

\lotes 
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Comparison of the S ize, S tem Adhesion Force and Skin Mechanical Properties 

of Good and Stem-end Split Frui t  of 'Fuj i '  Apples. 

Harvest One Harvest Two Mean 

(6/3/9 1 )  (24/4/9 1 ) 

Good Spl i t  Good Spl i t  Good Spl i t  

Frui t  Fru i t  Frui t  Frui t  Fru i t  Fru i t  

273 .35a 269.98a 253 .09b 272.58a 263 .22b 27 1 .28a 

86.00a 85 .83a 82.95b 86.60a 84.48b 86.2 1 a  

34.47a 33 .74a 36. 1 9b 45.4 1 a  3S .33b 39.57a 

2 1 .28a 2 1 .05a 1 9 .49a 1 9 .34a 20.39a 20. 1 9a 

84 1 . 34a 796.63b 760.41 a  696. 1 2b 800. 88a 746.37b 

#Means on each harvest date fol lowed by different letters are significantly different at 

P � 0.05 



Table 5 .5  

Propertl 

Whole 

Firmness 

(N) 

Flesh 

Firmness 

(N) 

Crushing 

Stress 

(kPa) 

Soluble 

So lids 

(Brix)  

\lotes 
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Comparison of the Flesh Firmness, Crush ing Stress and Soluble So lids 

Concentration of Good and Stem-end Spl it Frui t  of ' Fuj i ' Apples. 

Harvest One Harvest Two Total Harvests 

(6/3/9 1 )  (24/4/9 l )  

Good Spl it Good Spl i t  Good Spl i t  

Fruit  Fru i t  Fruit  Fru i t  Fruit  Fruit  

59 .4 1 a  58 .84£1 54.89a 54.39a 57. 1 5a 56.6 1 a  

3 8 . 1 2a 37 .79a 35 .40a 35 .05a 36.76a 36.42a 

948 .28a 854. 1 3b 956.95a 864.46h 952.6 1 a 859.30b 

1 4 .65a 1 4 .5 1 a  1 3 .95a 1 3 .24b 1 4. 30a 1 3 .88b 

#Means on each harvest date fol lowed by di fferent letters are s ign i ficantly different 

at P S; 0.05 

Both the maximum deformation, failure stress, and strain were significantly less in stem-end 

split fruit  than in good fruit (P S; 0.0 1 ) .  On the other hand, the modulus of elastic ity of spl i t  

frui t  was significantly higher (P :::; 0.00 1 )  as shown i n  Table 5.6.  
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Table 5 .6 Flesh Tensile Properties of Good and Stem-end Spli t  Fruit of 'Fuj i '  Apples 

Tensile Good 

Property Fruit 

Maximum 

Deformation 3 . 1 ± 0. 1& 

(mm) 

Failure S tress 1 .6 ± 0. 1 

(kPa) 

Failure Strain 0.08 ± 0.002 

Modulus of 

Elasticity (lcPa) 2 1 .7 ± 0.6 

Note 

&Mean ± standard error of the mean. 

5.5 Discussion 

Stem-end Split Fruit Level of 

Significance 

2 .3 ± 0. 1 0.00 1 

1 . 5 ± 0. 1 0.0 1 

0.06 ± 0.002 0.00 1 

26.7 ± 0.6 0.00 1 

5.5.1 Effects of Orchard Management Factors on the Mechanical Properties of 

'Gala' Apples 

None of the irrigation, crop load and nitrogen treatments in the 'Gala' experiment had 

significant effects on the amount of force required to detach the stem from the fruit (Table 

5.1) .  These results indicate that the stem detachment force was not affected by those factors 

which increase the amount of stem-end splitting namely; namely frequent irrigation and (to 

a lesser extent) low crop load (Section 4.4 of Chapter Four). Therefore, they may not be 

related to fruit susceptibility to stem-end splitting. The original hypothesis that prompted t?is 

mechanical test was that since stem-end splitting was always preceded by an internal ring-
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crack near the stem (Section 4.4.3 of Chapter Four) ,  the presence of such physical defect or 

any factors causing it would  weaken the fru i t-stem adhes ion. Therefore, the force requ i red to 

detach the stem may provide a measure of the mechanical stresses of the tissues i n  this 

regIon. 

The fact that spl i t  frui t  had a h igher stem detachment force does not support this hypothesis .  

This further suggests that any possible a lterat ions i n  the mechan ical strength of the fru i t-stem 

adhesion are a consequence of the presence of the ring-cracks and/or stem-end splits and not 

due to those treatments which may have caused them ab in itio. 

Skin bursting stress and skin firmness of ' Gala' apples were not signifi cantly affected by the 

i rrigation and crop load treatments. However, n itrogen reduced skin firmness s ignificantly 

(Table 5 . 1 ) . This resul t  has an important  impl ication on the mechanism of stem-end spli tt ing 

in apples because resul ts  obtained in Chapter Four showed that both frequent irrigation and 

low crop load promoted h igher incidence of stem-end spl i tting and i nterna l  ring-cracking 

(Section 4.4. 1 ) , while n i trogen had no effects. Contrary to the resu l ts on skin-cracking in 

apples (Shutak and Schrader, 1 948), sp l itting in grape berries (Lustig and Bernste in ,  1 985 ;  

Bernste in  and Lustig,  1 985) ,  and tomatoes (Frazier, 1 934; Reynard , 1 960; Voisey et a I . ,  1 964 

and 1 970; Voisey and Lyall ,  1 965a,b; Batal et a I . ,  1 970; Hankinson and Rao, 1 979) ,  the 

evidence from the present study suggests that stem-end spl i t t ing may not be rel ated to the 

strength of frui t  ski n .  This cou ld  wel l  be the case because un like the other types of frui t  

c racking in  apples and other frui t  which originate o n  the skin ,  the fact that stem-end splitt ing 

in apples i s  preceded by internal ring-cracking of  the underly ing flesh suggests that it occurs 

by an entire ly d ifferent  mechanism, perhaps, not directly related to such surface properties as 

skin strength. This argument i s  further supported by the inconsistent rel ationships i n  the 

l iterature between n i trogen and frui t  cracking in other apple  cu l tivars (Sti les et aI. ,  1 959;  

Montgomery, 1 959 ;  Tomana, 1 96 1 ; Weissenborn and Gottwald, 1 965;  Shear, 1 97 1 ) . 

Frequent i rrigation reduced flesh strength sign i ficant ly (Table 5.1) ,  and as shown earlier i n  

Chapter Four of this thesis ,  the only management practice which signi ficantly increased the 

amoun t  of  stem-end splitt ing and interna l  ring-cracking was frequent irrigation (Section 4.4. 1 ) . 

These resul ts i nd icate that any management factor which reduces the flesh crushing stress 
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s ignificantly i n  ' Gala' apples i s  apt to increase the amount of i nternal ring-cracking and stem

end splitt ing .  I n  addition, the results a lso i ndicate that the flesh crushing stress measured by 

the Massey Twist Test could  provide a usefu l  measure of the degree of mechanical stressing 

of  the frui t. With further refi nements, this coul d  provide a rationale research tool for assessing 

frui t  response to treatments aimed at reducing or contro ll i ng stem-end spl i tt ing, and for 

monitoring  susceptibi l ity to stem-end spl i tting during the season .  The criterion would be that 

fru i t  susceptibi l i ty to stem-end spli tting is inversel y  related to the flesh crushing stress during 

growth and development. 

The effects of crop load on flesh crushing stress was less clear than that of i rrigation. Low 

crop load i ncreased flesh crushing stress of frui t  (Tabl�  5 . 1 )  al though it also sl ight ly increased 

(P > 0.05) the incidence of both ring-cracking and stem-end spl i t t ing (Chapter Four) .  These 

i nconsistent resul ts of low crop l oad may be related, in part, to its effects on frui t  s ize . As 

shown in Section 4.4 of Chapter Four, only the low crop load treatment i ncreased fru i t  weight 

significantly (Table 4. 1 ) , and there were s ignificant posit ive correlations between norma l ized 

percentage stem-end spl itt ing and frui t  weight (Table 4.4). 

Thus, these d ifferent effects of  crop load on stern-end spl i tti ng, fru i t  s ize and flesh crushing 

s tress may be associated with the effects of s ize and number of  cel l s  which combine 

d ifferently to determine frui t  size and qual ity (Westwood, t 978).  Bai n  and Robertson ( 1 95 1 )  

reported from Australi a  that l arge apples had more and not larger cells than small frui t  from 

the same tree. Al so, l arge frui t  from l ight-cropping trees always had larger cel l s  than did 

small er frui t  from heavy-cropping trees and sometimes contained fewer cel l s  than smal l  fru i t  

from heavy-cropping trees. I n  England, Denne ( 1 960) found that heavy pre-bloom thinning 

of  apples resu lted in l arger fru i t, in part because the celts were larger but mostly because there 

were more cel l s  per frui t .  The results of  Westwood et a1 . ( J 967) i n  the Uni ted States genera l ly  

agree wi th  B ain and  Robertson that large frui t  usually have more cel ls  than smal l ones from 

the same tree and that early thinning usua l ly stimulates cel l division and sometimes cel l  

enlargement. Al though evidence from the l i terature does not expla in  the role of cell s ize and 

number on frui t  mechanical properties, i t  seems l ikely that the ins ign i ficant effect of low crop 

load on the incidence of stem-end splitt ing despite s ignificant increases in fru i t  s ize (Table 

4 . 1 )  may be rel ated to its effect in i ncreasing flesh crushing stress s ince l arge frui t  size was 
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also found to be significantly correlated with higher incidence of stem-end splitting (Table 

4.4)h 

The reduction of whole fruit firmness by nitrogen (Table 5 . 1 )  and the insignificant effect of 

nitrogen on the amount of stem-end splitting (Table 4. 1 )  supports the previous discussion on 

similar effects of nitrogen on skin bursting stress and skin firmness which suggested that skin 

strength may not be a critical factor in susceptibility to stem-end splitting. The significantly 

higher whole fruit firmness of split fruit  compared with good fruit (Table 5.2) despite the fact 

that this attribute was not significantly affectea by frequent irrigation (which increased stem

end splitting significantly, see Table 4. 1 )  therefore, suggests that this effect may have been 

a more direct consequence of the presence of splits qn fruit. Another important implication 

of these results is that they question the sensitivity of testing intact fruit with a penetrometer 

as a reliable method of measuring fruit response to internal and external loads in relation to 

stem-end splitting and similar defects which may be more related to internal or flesh 

properties of fruit  strength. 

Frequent irrigation treatment significantly reduced sugar content (Table 5 . 1 ) .  This result may 

have been caused by an osmotic dilution of the contents of fruit following long durations of 

water intake. Low crop load increased fruit soluble solids content and it is likely that this 

effect may be due partly to reduced competition for available nutrients, a condition which is 

known to stimulate cell division in the remaining fruit, resulting in increased growth activities 

which in turn enhances the accumulation of solutes in trees bearing a light crop (Westwood, 

1 978).  

5.5.2 Effects of Irrigation Treatments on the Mechanical Properties of 'Royal 

Gala' Apples 

Fruit size (weight) increased with increasing levels of water treatment (Table 5 .3) and the 

highest increase in fruit  size was due to the high water treatment. Although there was a 

generally low incidence of stem-end splitting and ring-cracking in the experimental blocks 

during the season (2.9% and 6.3%, respectively) as shown earlier in Chapter Four (Section 
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4.4), the high water treatment alone accounted for 50% and 36%, respect ively, of the total 

amount of spl i t  and ring-cracked fru i t .  These resul ts  agree w i th the conclus ion on ' Gala '  

apples i n  Chapter Four (Section 4.6) that management factors which enhanced frui t  size 

contributed to increased stem-end spl itt ing. 

No treatment had a significant effect on the force req u i red to detach the stem from frui t .  This 

result  suggests that s imilar to ' Gala' appl es ,  fru i t-stem adhesion force of ' Royal  Gala'  may 

not be a good indicator of the mechanical stressing of fru it in rel at ion to the occurrence of 

stem-end splitt ing. S imilarly , none of the four i rr igat ion t reatments had a sign ificant effect on 

skin bursting stress. Thi s  resu l t  agrees with those obtained w i th ' G ala '  apples in this thesis ,  

and i ndicates that the wateri ng reg imes app l ied in this  ,study have ins ign i fican t effects on skin 

bursting  stress. Furthermore, the fact that frequent watering (or h igh water) reduced flesh 

strength and increased stem-end spl i tt i ng in both 'Gala '  anc! ' Roya l Ga la ' c learly suggests that 

flesh  strength is critical to stem-end spl i tting and that the strength of fru it  skin may not be 

a good measure of its susceptibi l i ty to ste m-end spl i tting in the varieties studied.  

Likewise, skin firmness was not significantly affected by any o f  the water t reatments. 

The fact that the high water treatment wh ich produced the greater amount of  fru i t  sp l i tting 

had no s ignificant effec t  on skin firmness (Table 5 .3 )  supports the earl ier conclusion that this 

property i s  less l ikely to be crucial to susceptibi l i ty to stem-end spl itt ing. 

No treatment  had a significant effect on flesh crushing stress (Table 5 .3 ) .  This result reflects 

also the low i ncidence of stem-end splitting (2.9%) in the ' R oyal  Gala' tr ia l  contrary to the 

resu l ts obtained i n  ' Gala' , and suggests that the water treatments did not stress  the plants 

suffic iently to i nduce stem-end splitt ing. S i m i l ar explanations may also account for the 

i nsignifican t  treatment effects on whole frui t  firmness and flesh firmness. On th is basis ,  it is 

perhaps not surpris ing that even the high water treatment did not have any s ignificant effects 

on flesh crushing stress alt hough i t  accounted for nearly 50% of the total spl i t  fru i t  in the trial 

block. 

There was a significant effect o f  the water treatments on fru i t  soluble so l ids concentration 

(SSC) and the low and low-to-high water treatmen ts i ncreased sse (P :::; 0.05) compared to 
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medium and high water (Table 5 .3) .  In addition, there were no s ign ifi cant d i fferences between 

low and low-to-high water on one hand, and medium and h igh water on the other hand .  These 

results reflect  the water stress of the crop during the first harvest (3 1 /l /9 1 )  as measured by 

the leaf water potential (Lwp) presented in Table 4.5 of Chapter Four. Thi s  showed that there 

were no s ign i ficant  d i fferences between the Lwp of the low and low-to-hi gh water (-2.0 1 MPa 

and - 1 .98MPa, respectively), whi le both the high and medium treatment had s ignificantly 

lower negative Lwp (- 1 .65MPa and - 1 . 80MPa, respect ively) .  

All  these results ind icate less d i lut ion of soluble sugars i n  the fru i t  under condit ions of high 

water stress (high negative Lwp) .  This resul t  i s  similar to previous findings on the effects of 

water stress on frui t  qual i ty i n  ' Royal Gala' (Duran, 1 �90), and recen tly in  ' B raeburn ' apples 

(Mil l s  e t  a1 . ( 1 993),  which showed that water elefic i t  resul ted in an increase in soluble sol iels .  

5.5. I Comparison of the Mechanical, Physical, and Chemical Properties of 

'Gala' and 'Fuji '  Apples With and Without Stem-end Splits 

The difference in the mechanical propert ies of good and stem-end spl i t  fru i t  varied remarkably 

depending on the property considered . The significant l y  h igher weight and diameter of stem

end spl i t  fru i t (Table 5.4) are consi stent with the s i gnifican t pos i t ive correlat ion coeffic ients 

obtained i n  Chapter Four (Table 4.4) between fru i t  weight and stem-end spl i t t i ng and ring

c racking in ' Gala' apples. These resul ts i n d icate that stem-end spl i t ting is affected by frui t  

s ize i n  the  same way as cracking i n  other apple  cultivars (Shutak and Schrader, 1 948; Ni l sson 

and Fernqvis t, 1 957;  Watanabe et a1 . ,  1 987) .  That is ,  within a susceptible cult ivar, big frui t  

are more susceptible to  spl i t t ing than smal l frui t .  However, furt her stud ies would be  requ ired 

to ascertain w hether th i s  effect may be more d i rect ly re lated to h igher level of maturity i n  big 

fruit than size effect alone. 

Contrary to i nitial expectations, the force requ ired to detach the stem was higher in stem-end 

split frui t  (Table 5.2) . This result  suggests that the stem/apple joint  i s  undamaged so the frui t  

wil l not fal l  off the tree or l ose the stem duri ng picking more eas i ly  than unspl i t  frui t .  I n  fact, 

the reverse is l ikely to be the case. The s ignificant increase i n  fru i t-stem adhesion force may 
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be rel ated to activities associ ated with wound ( internal ring-crack) healing and aging in  the 

affected tissues. I t  was shown ear lier in  Chapter Four (Table 4 .3)  that stem-end splitting was 

associated with a s ignificant (nearly 2 1  % increase) accumulation of Ca in frui t  and this resul t  

i s  cons istent with the evidence that mechanical wounding and corking d isorders induce 

minerals to move into the affected parts (Faust and Shear, 1 968 ; Faust et  aI . ,  1 969). 

S ince Ca is  known to strengthen ceIl-wa\l integrity and adhesion (Clarkson and Hanson, 

1 980) ,  the significant i ncrease in  frui t-stem adhesion force in spl it fruit  could, therefore, be 

attributed to the significant accumulation of the mineral as a secondary response to the 

development of internal ring-cracking and stem-end splitt ing. In cherries, several researchers 

have reported the phenomenon known as "firming" \\:,hich occurred when frui t  were brui sed 

and aged (Wittenberger, 1 952;  Hi l l s  et £11., 1 953 ;  Currier, ] 957; LaBel le and Moyer, 1 960; 

B uch et  a1 . ,  1 96 1 ;  LaBel le et a1 . ,  1 964; Dekazos and Worley, 1 967 ; Lidster and Tung, 1 979). 

The firming effect fol lowing damage was ascribed to the strengthening of interce l lu lar 

"cement" and cel l  wall structures due to cal lose (plant cel l constituent) formation. It seems 

plausible that the i ncrease in fruit-stem adhesion force in spl i t  apples and the firming of sweet 

cherries due to mechanical damage occur by a s imi lar mechanism al though the physiological 

processes responsible for this effect are not known. 

The values obtained for mechanical properties of frui t  flesh were general l y  lower in stem-end 

spli t  frui t  than good fruit  although the significance levels varied from cult ivar to cultivar and 

the property considered. B oth flesh crushing stress and whole frui t  firmness were significantly 

less in  spl i t  frui t  of both varieties (Tables 5.2 and 5 . 3) .  

The general ly  l ower flesh strength of frui t  with stem-end spl itting raises a major question: d id  

the changes occur before or after spl i tting had occurred? If they occurred beforehand, then 

they are relevant factors to be considered in assessing frui t  suscept ibil ity to stem-end spl i tt ing. 

If they are an effect rather than a possible cause, then the change may not be relevant to the 

spl itting mechanism. In the absence of experimental evidence, i t  is reasonable to assume that 

any fruit properties affected by the management factors which increased the i ncidence of 

stem-end spl i tt ing, may be related to the susceptibi l ity to stem-end spl itting, providing their 

measured values have also changed in the same way in spl i t  fru it .  Therefore, both low flesh 
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crushing and flcsh firmncss may be considcred conducive to fruit  spl itting. 

There were inconsistent relationships between skin strength and stem-end splitting Tables 5 .2  

and 5 .4) and the only signi ficant effect on  SSC was a lower concentration i n  split ' Fuj i '  

apples (Table 5 .S ) .  As  suggested earl ier i n  this Section, these results do  not suggest a 

relationship bet ween s tem-end spl i t ting and soluble solids concentration or skin firmness. 

However, the significant reduction in  the sugar content of stem-end spli t  'Fuj i '  apples (Table 

5 .5)  may have resulted from more rapid and sudden absorption of water by the frui t  following 

the exposure of the flesh after spl i tting. 

B oth fai lure stress and failure strain of 'Fuj i '  apples were significantly less in stem-end spli t  

frui t  compared t o  good fruit whi le the effect o n  Young' s  Modulus o f  elasticity was reversed 

(Table 5 .6) .  S ince Young 's  modulus of elast icity is a measure of the abi lity of a material to 

resist  bending (Wilson and Archer, 1979; Chazdon,  1986), it appears that fai lure strain 

(stretchabi l i ty) which renects both elasticity and plasticity (Batal et al . ,  1 970) should be more 

relevant to stem-end splitting. The results from this study suggest that frui t  with stem-end 

spli tting (high modulus of elasticity) had become relatively stiff and had a high resistance to 

bending (Chazdon, 1 986),  but had lost i ts abil i ty to elongate because of the i ncreased 

st iffness. The results obtained in this thesis were similar to those reported by B atal et  al .  

( 1 970) who found no relationship between modulus of elasticity of  skin and frui t  cracking  in 

tomatoes, but reported that ulti mat
,
e force and breaking elongation showed inverse 

relationships to frui t  cracking among several cultivars . In fact, the authors showed that among 

some tomato varieties, the modulus of elastici ty increased as the percentage of radial and total 

cracked fru i t  incrcased. 

In SUmIl1<u'y, this study showed that s tem-end spli t  frui t  had less flesh crushing stress, 

firmness, and failure strain. S tem detachment force increased, and there were i nconsistent 

e ffects on skin strength anel soluble solids concentration across the three varieties studied. The 

decrease in flesh texture and increase in frui t  detachment force was similar to that occurring 

i n  ripening or maturi ng frui t  as shown elsewhere by Westwood ( 1 978) .  In this  respect ,  apples 

wi th stem-end splits may be regarded as more advanced physiologically than normal apples. 

Those mechanical properties (sllch as flesh crushing stress and firmness) which express these 
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changes consistently during maturation and i n  spl i t  fru i t ,  and which were affected i n  a s imi l ar 

way by those orchard factors which i ncreased stem-end spl i tt ing, arc most probably crit ical 

to the stem-end spli tting phenomenon. 

Conversely, those mechan ical  and physico-chem ical properties which a lso change with 

advancing frui t  maturity (such as skin bursting stress, firmness and SSC) but which exhibit  

inconsistent relationships with the management factors and in spl i t  frui t  are considered to be 

unl ikely to be critical to frui t  susceptibi l i ty to stem-end splitting. The fact that the frui t-stem 

adhesion force was not significantly affected by the management factors but was significantly 

increased i n  split frui t  suggests that this strengtheni ng effect  is a secondary " firming" response 

which probably occurs after the significant  accumu lation of calcium (Chapter Four, Section 

4.4) fol lowing the appearance of ring-cracks and/or stem-end spl i ts .  

5.6 Conclusions 

This study investigated the relationships between orchard management practices, the i ncidence 

of stem-end spl i tt ing, and fru it mechanical properties. In  th is  chapter, the effects of these 

management practices on frui t  mechanical properties were studied. I t  has been shown that the 

factors which increased the amount of stem-end spl itt ing (such as frequent i rrigation) also 

reduced the mechanical strength of frui t  flesh as measured by the flesh c rushi ng stress and 

flesh firmness . Thus, watering regimes may affect the incidence of spl itting by affect ing the 

mechanical strength of the frui t  t issue.  

Nitrogen had no effect on stem-end spl itt ing, but reduced the sk in strength of fruit 

significantly .  Thus, those treatments which mainly reduce skin strength may not affect the 

incidence of stem-end spl i tt ing, i ndicating that both flesh strength and skin strength are 

independent properties of the frui t  with respect to stem-end spl i tt ing i n  apples, and that skin 

strength i s  not critical to stem-end spl itt ing in apples. 

Fru i t  size had a marked effect on the stem-end spl i t t ing of  'Fuj i '  apples. Comparison of good 
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and stem-end spl i t  fruit  showed that Jarger frui t  arc more susceptible to spl i t t ing than smal ler 

fruit .  Earl ier i n  Chapter Four (Section 4.4), i t  was shown that high water treatments increased 

fruit  weight and also caused more stem-end spl i tt ing in both 'Gala' and 'Royal Gala '  apples. 

These resul ts and the s ign ificantly h igher frui t  weight of spl i t  ' Fuj i '  apples supported the view 

that with in a susceptible cul t ivar, larger frui t  were more prone to stem-end spl i tt ing than 

smal ler fru i i. 

Fruit with stem-end spl its had lower flesh crushing stress and soluble sol ids concentration due 

probably to the acceleration of physiological processes associated wi th maturity and a d i lution 

of solutes fol lowing the exposure of fruit  flesh. In th is  respect ,  apples w ith stem-end splits 

are cons idered to be more advanced physiological ly  than normal fru i t .  

The frui t-stem adhesion force did not provide a rel iable measure of the tendency of frui t  to 

split because the stem detachment force was not affected by the orchard management 

practices which i ncreased frui t  susceptibi l i ty to stem-end spl i tt ing. It has been argued that the 

increase i n  stem detachment force of fruit  with stem-end spl its was probably a consequence 

of the accumulation of calcium and other cell wall strengthening materials in damaged fru it .  

Finally, this study has provided an i ncreased understanding of the stem-end spl i tt ing 

phenomenon with respect to the role of frui t  mechanical properties. There i s  a lso a need to 

understand the period of onset and chronological development of stem-end spl i tting i n  rel ation 

to frui t  growth and development during the season. Further research should be extended 

towards an understanding of the growth patterns and the development of growth stresses in  

individual  fmit .  These possibi l ities were explored i n  the fol lowing chapters. 



CHAPTER SIX 

FRUIT GROWTH, GROWTH STRESS, AND THE CHRONOLOGICAL 

DEVELOPMENT OF STEM-END SPLITTING IN 'GALA'  APPLES. 

6.1 Introduction 
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There i s  considerable l i terature on the growth and development o f  apple fru i t . These i nclude 

studies o n  several aspects of the physiology o f  growth such as the rela t ion of  cell  d i v is ion,  

cel l  size, cell  n u mber, and cell  shape to developi ng fru i ts (Tetley, 1 93 1 ;  Tukey and Young,  

1 942; Smith 1 950; B ai n  and Robertson, 1 95 1 ;  Robertson and Turner, 1 95 1 ;  Martin and Lewis,  

1 952;  Pearson and Robertson , 1 953 and 1 954; McKee and Urbach ,  1 95 3 ;  Mart in  et  aI . ,  1 954; 

B l anpied and Wilde, 1 968 ; Westwood, 1 978).  

The development of apple frui t  i n  rel ation to c l imatic, non-c l i matic and tree factors affecting 

it have also been s tudied (Westwood, 1 962; Westwood and B laney, 1 963 ; Denne,  1 963) .  

Westwood ( 1 962) showed that very young frui t  of  ' Deli c i ous '  apple were d ist inctly elongated 

but became more flattened as they grew, the u lt imate shape being  determined about 100 days 

after full bloom . 

Over the years, the rate of frui t  en largement has been u sed as an index of tree response to 

various orchard managemen t  factors and the val ue of such fru i t  measurements as an aid in 

in terpreting environmental i n fl uences is  q u i t e  evident (Harley and M asllre, 1 938) .  For 

i n stance, according to Askew ( 1 935) ,  there is a distinct tendency for fruit  to i ncrease in 

weight and diameter after heavy rai n and for a s l i ght s lowing clown o f  growth during 

relatively dry peri ods. With reference to the phenomenon of stem-end spl i t t ing in apples, 

knowledge of the frui t  growth pattern could be part icu larly relevant t o  the u nderstanding of 

the mechanism by which certain environmental and management factors such water supply 

predispose and/or i ncrease the susceptibi l i ty of fru i t  to spl i t .  
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During frui t  growth and development, growth stresses are l ikely to be present at any t ime due 

to the processes of cel l  expansion and elongation. The presence of stress can be important i n  

relation  t o  the development o f  physical defects such as russeting and cracking. Verner ( 1 938)  

made reference to the l imi t  of  extensib i l i ty of  the  hypodermal layer of Stayman Winesap 

apples and suggested that a greater i mbalance in  the growth of the i nner and outer t issues may 

explain the suscept ib i l i ty of S tayman apples to cracking. S hutak and Schrader ( 1 948) referred 

to the smooth cut ic le of York Imperia l  apples being more res istant to the stress caused by the 

i nternal i ncrease in volume. 

Apparent ly ,  any cracking or spl it t ing of frui t  would  involve stress, as pointed out i n  the 

preceding chapter. According to Skene ( 1 980), spl i tting occurs when stress causes cel l s  or 

t i ssues to be strained (or stretched) beyond their yield point, and i t  was also noted that for 

stress to develop in  frui t, the t issues must be elastic and growth must he unevenly d istributed. 

Skene suggested that especial ly in cherries which remain wet from rain  or washing, the 

resul ting  expansion of the i nner t issues gives rise to spl i tt ing unless the skin can grow or 

stretch enough to accommodate the expansion or un less the skin can withstand suffic ient 

stress to res i s t  the uptake of  water. If  neither of these two cond i t ions holds then the skin spli ts 

when i ts y ie ld point  i s  reached. 

S ize and shape have been associ ated wi th susceptib i l i ty to varI OUS forms of  cracking and 

spl i t t ing in fru i ts .  For instance, in tomatoes, Thompson et  a l .  ( 1 962) concluded that the frui t  

shape o f  the variety Roma undoubtedly has a n  important i n fluence o n  the measured h igh 

res is tance to both radial and concentric cracking .  Frazier ( 1 95 1 )  found good res i stance to 

cracking in a tomato stock with wide calyx base and th ick lobes . I t  has also been suggested 

that cracking and spl i t t ing may arise from i nternal pressure created by the growth of deeper 

cel l  l ayers (Wertheim, 1 982) .  In nectarines, Fogle  and Faust ( 1 975)  suggested that rel at ive 

growth rates at certain stages of fru i t  development might explain d i fferences i n  the amount 

of frui t  surface cracking observed in  the field and of minute cracking seen uncler a scanning 

e lectron microscope. 

The foregoing  review demonstrates that an understanding of the degree or i nterrelatedness of 

fru i t  s ize ,  shape, growth rates ,  growth stress and the d istribution of  growth on a frui t  surface 
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may provide clues to identifying the critical growth periods of fruit i n  relation to the 

development of stem-end spl itt ing. Knowledge of fruit growth characteristics could also 

provide some explanation as to why only certain fruits on a tree may split or why there was 

a high variabil i ty of stem-end splitting inc idence even within trees that rece ived the same 

treatments in Chapter Four (Sect ion 4.4). 

Therefore, the present research was in i t iated to quantify t he growth characteristics of ' Gala' 

apples and to identify any differences in growth at the stem-end, cheek and calyx-end which 

might shed l ight as to why the spl i tt ing i s  confined to the stem-end of frui t . The spec ific 

objec tives of the s tu dies were: 

1 .  to evaluate the growth characteristics of 'Gala' apples i n  relation to the onset 

of i nternal ring-cracking and stem-end splitting ; 

2 .  to determine the distribution of growth on the frui t  surface along the stem

calyx axis; and 

3 .  t o  investigate the developmen t o f  growth stresses i n  fru i t during the growth 

season. 

6.2 Materials and Methods 

The experiment was set up in the same commercial orchard used in the preced ing chapter to 

study the effects of management practices on stem-end spl i tt i ng of 'Gala' apples . In the 

present study, the trees received normal management treatments during the season. Rainfal l ,  

i rrigation and spray dates were recorded. Fru i t  samples were collected from the same block 

of 32 trees to assess the onset and chronological development of stem-end spl i t ting.  Each tree 

was sampled at the lower, middle ancl top branches of the inner and outer canopy. 

For frui t  growth measurements, two trees in  adjacent rows which received frequent water 

treatment the previous season ( 1 990- 1 99 1 )  were selected because of their high i nc idence of 



1 1 2 

stem-end splitting. Frui t  used for measuring growth rates were selected from the middle and 

lower branches of the outer canopy in order to minimize obstructions during measurements. 

When choosing frui t  to be tagged for growth measurement, any king frui t  (ari sing from the 

terminal flower of  the infl orescence) or c learly smal l frui t  in  t he cluster were removed leavin g  

the large fruit lets .  This procedure was adopted s o  a s  t o  m i n im ize the c hances of fruit 
dropping .  However, this meant that the frui t  measured were not necessari ly representative of 

the whole crop, but mainly of the larger and commercial l y  more valuable crop . 

6.2. 1 Chronological Development of Stem-�nd Splitting 

On each  sampl ing date, over 700 appl es were randomly hand-picked w i th stalk i ntact and 

used to evaluate the presence of stem-end sp l i tt i ng and i nternal ring-cracking.  All  fru i t  were 

picked between 8 am to 1 2  noon, transported to the laboratory at M assey Un i vers i ty and 

examined within 24 hours. Fru i t  samples were picked at two-week intervals i n it ial ly,  

commencing on the 45th day after ful l  bloom (DAFB ) ,  and l ater at weekly intervals .  A 

random sample of 600 app les were used to determ i ne the i nc idence of  stem-end spl i t t i ng .  

Each frui t  was assessed by examining the stem-end under normal dayl i ght in  the l aboratory. 

On ly fru i t  w ith v i s ib le  sp l i ts  at the stem-end were counted and the inc idence of sp l i t t i ng  was 

determi ned as the percentage of the total fru i t  sample. 

The development of i nternal ring-cracking was assessed one day after harvest .  Addi tional fru i t  

were added to  the samples llsed for mechanical testing to obtain a sample of 600 fru i t on each 

date . Each frui t  was cut i nto two halves along the long i tud i n al ax i s  and examined for the 

presence of a ring-crack .  Each half was further cut on ly  if the fi rst cut did not reveal a rin g

crack.  Frui t  with ring-cracks were counted and expressed as the percen tage of the total fruit 
examined. 
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A random sample of 1 8  fruit was selected and tagged on November 1 5 , 1 99 1 (45 DAFB).  

Each fruit  was marked with Indian ink at two points, one along the cheek and the other on 

the s houlder. Frui t  length and diameter were measured using a Vernier cal l iper. Both the 

length and d iameter of each frui t  were measured twice, one at the point marked and aga in  on 

the opposi te side.  

Measurements were made at two-week intervals  in i t ia l ly  and l ater at weekly intervals after 

the onset  of stem-end spl i tt ing.  At the end of the experimental period, the data on frui t  which 

had fal len off the tree during the season were d is.carded and the measurements on the 

remaining 1 1  fruit were used to analyze the growth of the apples. 

6.2.3 Measurement of Stem-end Cavity Depth 

Stem-end cavity depth was measured from the union of flesh and the stem to the point at 

which a razor p l aced on the apple shoulder touched a V -shaped thin cardboard paper wh ich 

was inserted into the fruit cavity. This shape of the cardboard paper enabled measurements 

to be taken wi th minimum disturbance to the frui t-stem joint .  

6.2.4 Distribution of Fruit Growth 

The distribut ion of growth along the frui t  axis was measured by marking intact growing frui t  

a t  the stem-end, cheek and calyx-end using a 4-mm diameter cork borer. Di fferent samples 

were used to measure growth at each part of frui t .  In i tia l ly ,  samples of 1 8  fru i t  were selected 

and at the end of the experiment, only frui t  which did not fall o ff were u sed for analyzing 

growth. This resul ted in a total of 1 3 , 1 1 , and J 5 fru i t  marked at the stem-end,  cheek, and 

calyx-end, respectively .  
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Figure 6. 1 shows an example of how the marks were made on frui t  and the appearance of a 

mark on growing frui t  after 70 days.  Measurements were macle at the outer parts of the mark, 

ancl each mark was measurecl i n  the transverse and longitudinal d i rections. A Vernier cal l iper 

was used for measuring the size of the marks . 

6.2.5 Measurement of Fruit Growth Stress 

A sample of 20-23 fru i t  were hand-picked wi th stalk intact between 7 am and 8 am on each 

sampl i ng  date and tested immediately in the field .  Fr�l i t  maximum d iameter and length were 

measured wi th Vernier call ipers, and elastic stra in was assessed from the gape of deep cuts 

in the frui t. Transverse (equatorial)  and longitudinal (axi al )  cuts were made at right angles 

through to  the centre of the frui t  with a razor b lade and the gape of both cuts were measured 

at  the widest point as shown in Figure 6.2. 

The width of each gape was measured twice with Vernier cal l ipers under a magni fy i ng lens, 

immedi ately after the cutt ing and after th irty m inutes, s i nce the spl i t  i s  apt to widen as t i me 

e lapses (Sawada, 1 934). The mean of the two measurements was used to represent the amount 

of gape in the whole frui t .  Al though the Gape test measures s tra in ,  the amount of gape was 

considered as a rel i able i ndex of the tens i le stress in the corresponding axi s  of  frui t  by 

assuming that stress is proportional  to strain (Sawada, 1 934; Skene, 1 980 and 1 982a,b; 

Hatfield and Knee, 1 988) ,  

6.3 Data Analysis 

6.3.1 Fruit Shape and Growth Dynamics 

Whole frui t  shape was calculated as the length : cl iameter ratio  (LID) .  According to Westwood 

( 1 978) ,  this non-destruct ive expression of shape may be thought of as relative fru i t  length: 

the higher the val ue, the more elongated is the frui t .  The d i fference between frui t  d iameter 
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Fig u re 6. 1 Photographs �how ing : [ topl how Jllark� were made 10 measure t he d is tribution of 
growth on fru i t .  and [ hol lom1 the appearance of a mark a ftc-f  70 days. 
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Figure 6.2 Measuremelll of growth stress i n  fru i t : [Top] photograph to show 
how cuts were made in  frui t  and r bottom] t he measure ments t aken.  
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and length (D - L) was also introduced as an index of fru i t  shape i n  the present study s ince 

it also provided a measure of the deviation from the in i t ia l  shape at the start of the 

experiment. S tem-end cavity shape was derived from the cavity:diameter (C/D) and 
cavity: length (CIL) ratios of each frui t .  

The longitudinal length (L) and transverse diameter (D) measurements of i n tact growing frui t  

were used to represent the cumulative growth (CO) of frui t .  Both measurements were plotted 

against days after ful l  bloom (DAFB) to obtain frui t  growth curves. 

A description of total growth purely i n  terms of l ineal d imensions clearly leaves out a great 

deal of information (Fogg, 1 963), because it takes no account of changes in form wh ich 

i nvariably accompany growth . Thus, qui te di fferent i nterpretations can emerge i f  data are 

calcul ated on different  bases or if rates are made rel at ive to a previous  reference (Coombe, 

1 976). Therefore, the data obtained from the l ineal growth measurements in the present  study 

were subjected to further analysis using several growth rate functions.  

The general characterization of growth dynamics, based on retrospec t ive reconstitution of  

evolution (from full b loom to  harvest) of t h e  average length or d iameter of the frui t  i s  

obtained through the absolute growth rate (AOR) (Mage i n , 1 989) .  I t  i s  defi ned as  the i ncrease 

of plant materia l  per un i t  of time (Radford, 1 967). The instantaneous absolute growth rate at 

any t ime t can be written as dXldt where X i s  the total s ize (e .g . ,  length, d iameter, weight) . 

Absolute growth rate i s  therefore obtai ned as fol lows : 

AGR = 
dX 
dt 

= 

x - X n n - 1  

t - t n n - 1  

where Xn stands for the average size o f  the fru i t  (mOl) at a present t ime tn i n  days; 

(6.1) 
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Xn_ 1 stands for the average diameter at t ime t,,_ I ' 

The rel ative growth rate (RGR) has been noted to provide better i n formation on the 

physio logical performance of the organ (Volz, 1 99 1 ) , and at any i nstant in t ime (t) is defi ned 

as the i ncrease of plant material per un i t  of materia l  present per un it of  t ime (Radford, 1 967) . 

1.e. , RGR = 
1 dX 

X dt 
= 1 Xn - Xn- l  

Xn tn - tn- 1  
(6.2) 

The amount  of new materia l  produced by a plant depends both on relati ve growth rate and 

on the amoun t  of growing material , so that actual growth i s  greatest after relat ive growth rate 

has already begun to dec l ine (Fogg, 1 963) . The mean relative growth rate (MRGR) represents 

the effic iency of a p lan t  as a producer of new material and was calcu lated according  to the 

following equation (Hunt, 1 982; Radford , 1 967): 

MRGR = 
loge X - loge Xo 

t l  -to 
(6.3) 

where X i s  the fina l  s ize after growth for a period of  t ime, t l -to, at the beg i nn i ng of which the 

size was Xo. 
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Equations 6. 1 ,  6.2 and 6.3 were used to calculate AGR, RGR, and MRGR for both fruit 
diameter and length, respectively . 

6.3.2 Growth Stress 

Growth stress i n  fmit  as measured by the width of gape (mm) was expressed as percentage 

of frui t  s ize s ince it has been shown e lsewhere that the amount of gape is affected by fmi t  

size (Skene, 1 980). The terminologies used to describe the growth stress i n  the vert ical and 

horizontal axis of fmi t  are presented in Figure 6.2. 

A standard t-test was conducted to evaluate the effect of  t ime after cutting on the s ize of  gape 

measured on fruit .  S tat ist ical  analyses were carried out us ing the S tat i st ica l Analysis Systems 

(SAS) programmes (S AS , 1 988)  and graphs were plotted using Cg lc (Version 3 .2) graphics 

package (Pugmire ,  1 992). 

6.4 Resul ts 

6.4.1 Chronological Development of Stem-end Splitting ill 'Gala ' Apples. 

The percentage i ncidence of stem-end spl i tt ing and i nternal ring-cracking i n  the experimental 

orchard during the season is  presented in Figure 6 .3 .  Both defects were firs t observed on the 

same day on January 24, 1 992, that is 1 1 5 days after ful l  b loom and three weeks before the 

first commercial h arvest of ' Gala' in the Hawke' s  B ay region. 

After the onset, the percentage of ring-cracking increased rapidly wh i le stem-end sp l i tt ing 

i ncreased more slowly i n i t ial ly and later rapidly.  Throughout the fru i t  sampl i ng period and 

on each harvest date, the amoun t  of ring-cracked fruit was always h igher than the amount of 

frui t  with stem-end spl i tt ing . Both defects increased with advancing frui t  maturi ty .  
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Figure 6.3  Development stem-end spl itting and internal 
ring-cracking i n  the ' Gala' experimental orchard. S ample 
at each date = 600 fnlit.  Arrow indicates when both 
defects were fi rst observed. 
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Up to 59 days after ful l  b loom, there was no measurable growth stress i n  frui t  but this 

increased rapidly afterwards throughout the season (Figure 6.4) .  Longitudinal cuts gaped more 

than transverse cuts i ndicat ing that growth stress (elastic stra in)  was greatest in the transverse 

(equatorial) axi s  of frui t .  The unusual r i se at 87 DAFB may have been related to water or 

pesticide application as discussed l ater in the next sect ion . 

From Figure 6.4, the deve lopment of growth stress during the season can be classi fied into 

three distinct  s tages : 

( a) a period of no measurable growth stress from fru i t  set to about 60 DAFB ; 

(b) rapid i ncrease i n  growth stress in both transverse and longitudina l  d i rect ions 

up to about 1 22 DArB when longitudinal  s t ress became eq u a l  to transverse 

stress ; 

(c) general i ncrease i n  growth stress throughout the harvest period 1 11 both the 

transverse and longitudinal axes of fru i t . 

Resu l ts of the t-test on the effect of the t ime of measurement on the gape s ize showed a 

s ignificant increase (P S; 0 .00 1 )  in  gape between the time a fter cutt ing frui t  (zero m i n utes) and 

30 minutes l ater (Figure 6 .5 ) .  

6.4.3 Whole Fruit Growth Curves 

The cumu l at ive growth of frui t  during the season as me asured by the increase in length and 

diameter is presented in Figure 6 .6 ;  anel none of the measured fru i t  developed stem-end 

splitt ing. The first measurements were made on November 1 S, 1 99 1  ( i .e .  45 DAFB) when the 

average frui t  l ength and diameter both reached about 27ml11 .  Thereafter, both measurements 

increased rapidly through the week after the fi rst commercial harvest  date on 1 3/219 1 ( i .e .  
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1 42 DAFB ) .  From this date, frui t  s ize con t inued to  rise but at a s lower rate . Throughout the 

experimental period, fru i t  d iameter was greater than fru i t  length and (he d i fference between 

the two measurements increased from 2. 1 % at 45 DAFB (0 over 1 2 .2% at 1 55 DAFB ( i .e . ,  

2 1  days after the first commerc ial harvest) .  

The growth curve of ' Gala' fru i t  obtained i n  this study (Figure 6.6) fol lowed an exponent ial 

pattern over the period of  measurement. The absolute, rela t ive and mean relative growth rates 

of frui t  as defined by Equations 6. 1 to 6.3 are presen ted i n  Figures [6.7-6.91 .  In genera l ,  a l l  

three measures  of frui t  growth rate decreased duri ng the season. A str ik i ng change that 

occurred during this period was the difference i n  the growth rate of the fru i t  length and the 

fru i t  d i ameter just prior to the onset of stem-end spli tt ing : the growth rate of fru i t  d i ameter 

decl ined whi le the growth rate of the frui t  length increased. Apart from th is  poin t, the growth 

rate of both fmi t  l ength and d iameter changed i n  the same direct ions throughout the growth 

period. 

6.4.4 Fruit Shape 

Changes i n  [mi t  shape as measured by the d i fference between the l ength and diameter 

produced three dist inct periods as shown in F igure 6 . 1 0 . In i t ial ly ,  the d i fference increased 

rapidly up to the onset of stem-end spl i tting ( i .e .  1 1 5 DAFB), fol lowed by a more gradual  and 

slow i ncrease, and fina lly,  a sharp dec l i ne from one week after the first commerc i al harvest 

on 1 3/2/9 1 (i .e. 1 42 DAFB ) .  

Fmi t  shape expressed as the  length :diarneter ratio (UD) began wi th a high rat io (ca. 0.98) and 

decl ined duri ng the season as shown i n  Figure 6. 1 1 .  Three growth periods are clearly 

d istinguishable. First i s  a period of sharp dec l i ne in t he LID rat io ( from 0.98 to 0.87) ( i .e .  

1 1 .4% c hange in shape) prior to the onset of  fru i t  spl i tt ing,  fol lowed by a 4-week period ( 1 1 5  

to 1 42  DAFB) of nearly un i form frui t  shape (about 0.3% change) . Thereafter, there was also 

a slight sudden increase in the LID ratio (about 1.5%) which rema i ned essential ly unchanged 

throughout the l ast measurements .  
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Figure 6 .7 Absolute fruit growth rate (AGR) of ' Gala' 
apples . Vertical bars indicate standard errors of the means .  
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Changes in  shape of the stem-end cavity during the season expressed as the ratio  of cavity 

depth to frui t  length and diameter, respectively , produced a double s igmoid curve as shown 

in Figures 6. 1 2  and 6. 1 3 .  Phase one (up to 73 DAFB) ,  was marked by a sharp increase in 

both C : D  and C :L  ratios. During phase two, the CD rat io decl ined whereas the CL increased 

slowly . Phase three was marked by the resumption of a sharp increase in both ratios and the 

onset of stem-end spl i tt ing occurred at this point. Phase four coincided with the frui t  harvest 

period and was characterised by nearly un iform shape of the stem-end cavity. 

6.4.5 Growth of Stem-end Cal'ity 

The cumu lative increase i n  the depth of the stem-end cav i ty versus the days after ful l  bloom 

fol lowed a double sigmoid growth pattern as presented in Figure 6. 1 4 . It is c lear from this 

figure that measurements were started during the second hal f of  t he first s igmoid growth when 

the growth rate had started to decl ine (see also Figures 6. 1 5  and 6 . 1 6) .  

B y  considering both the cumulat ive and rate curves, the growth of  the stem-end cav i ty can 

be described in three stages. In i t i a l ly ,  t here was a rap i d  gro w t h phase, fo l lowed by a s low 
growth phase, and then a final rapid  growth phase whieh ended with fairly uniform 

cumulative growth of the cavity. The slow growth phase consists of  the final decelerati on of 

the first cycl e  of rapid and delayed growth (Figures 6. 1 5  and 6. 1 6) and the beg i nn ing of the 

second cycle. An inflexion marks the inception of th is  second growth cycle which a lso 

coincides w ith the onset of  stem-end spl i tt ing (Figure 6 . 1 4) .  

6.4.6 Distribution of Surface Fruit Growth 

The d istribution of  fru i t  growth externally at the stem-end, check, and calyx-end of  fru i t  i n  

the transverse and longitudinal directions were compared b y  plotting the cumu lat ive s ize of 

the marks against the days after fu l l  bloom as shown in  Figures r6 . 1 7-6 . 1 9] .  

A t  the stem-end, growth o f  the l ongitudinal diameter proceeded faster than the transverse 
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diameter (Figure 6. 1 7), while at the cheek, frui t  grew uniformly i n  both directions (Figure 

6. 1 8) .  At the caly x-en d , frui t  grew fai rl y  equal l y  in both  axes up to the fir�,t commerc ia l  

harvest ( 1 35 DAFB) after w h i c h  growth i n  the longitudi nal d i ameter conti nued at a clearly 

much faster rate (Figure 6 . 1 9) .  

When the growth i n  t h e  transverse and l ongitudinal  d irect ions were averaged to obta i n  the 
mean growth at the d ifferent locations, frui t  grew most rap i dl y  at the cheek, and most slowly 

at the stem-end (Fi gure 6.20). B y  considerin g  growth in the two d irections separately ,  i t  was 

fou n d  that i n  the transverse axis (Figure 6.2 1 ) , fru i t  grew most rap id ly at t he c heck and most 

s lowly at the stem-end .  Up to 73 DAFB and after J 42 DAFB , both the stem-end and the 

cheek grew equal l y  i n  the transverse d irection.  In the , longi tudinal  axis ,  all three locat ions on 

fruit grew equal ly  during the season (Figure 6 .22) .  

6.5 Discussion 

6.5.1 Chronological Development of Stem-end Splitting 

An est imate of the time when stem-end splitt ing occurs would be o f  value i n  an analysis of 

the factors caus ing or contributing to the phenomeno n .  Results obtained in  this s tudy showed 

that both stem-end spl i t t ing and i ntern al stem-end ring-cracking were observed on the same 

d ay ( J  1 5  D AFB ) fol lowing a 2-week fru i t  sampl ing i nterval .  A lthough both defects were first 

observed on the same day ,  the incidence of ring-cracking was much great,:;r than stem-end 

spl i t t ing throughout the subsequent frui t  samp l i ng period (Figure 6 .3 ) .  This h igher incidence 

of i nternal  ring-cracking compared to stem-end spl itting supports the earl ier conclus ion d rawn 

in Chapter Four that stem-end spl i t t ing is preceded by i n ternal r i ng-cracking.  The relat ionship 

wou l d  be such that only a percentage of ring-cracked frui t  o n  the tree at. any t ime would 

eventually spl i t  w he n  the condit ions which promote stem-end spl i t t ing occ u r . 

Further exami n ation of Figure 6.3 shows that both defects proceeded a t  d ifferent rates . Ring

crackin g  increased l inearly and rapidly from the onset to the first comme rcia l  h arvest ( 1 35 

DAFB) and poss ibly s l owed s l ightly during the next sampl ing a week L1ter. On the other 



1 3  
o - - - - - - Stem-end 

• - Cheek 

1 2  • - - Calyx-end 

1 1  

1 0  

9 

/ . .. . . .
. 

/'qs'" /' . 
/' . . . -

,.< . . . . . 
. 

/' m" /' .' ' 

/' . . . . . 

Q) 6 N 
. ..... 
C/l 

5 

4 

3 

2 

Onset of stem-end 

spl i t t i ng 

o�������������������-������ 
45 S9 73 87 1 0 1  1 1 5 ' 3S 1 55 

Days After Full B loom (DAFB) 

Figure 6.20 Distribution of fruit growth at thr,ee locations 
on ' Gala' apples . Vertical bars indicate standard errors of 
the means .  

1 4 1  



1 4  

1 3  
o . . . . . .  Stem-end 

• - Cheek 
1 2  • - - Calyx-end 

1 1  

1 0  

9 

� 

§ 8 
'--' 
� 

� 7 � 
4-< 
0 
0) 
N . ...... 

(jJ 

6 

5 

4 

3 

2 

t 
Onset of stem-end 

spl i t t ing 

o�������������������-����� 

45 59 73 87 1 0 1  I 1 5  1 35 1 55 

Days After Ful l  B loom (DAFB) 

Figure 6.2 1 Fruit growth in the transverse axis at three 
locations on ' Gala' apples . Vertical bars indicate standard 
errors of the means . 

1 42 



1 3  

1 2  

1 1  

1 0  

9 

<l) 6 N 
. ...... 

VJ 

5 

4 

3 

2 

o . . . . . .  Stem-end 
• - Cheek 
• - - Calyx-end 

Onset of s tem-end 

spl itti ng 

1 43 

o������������������������� 45 59 73 87 1 0 1  1 1 5 1 35 1 55 
Days After Full B loom (DAFB) 

Figure 6.22 Fruit growth along the l ongitudinal axi s  at 
three locations on ' Gala' apples . Vertical bars indicate 
standard errors of the means .  



1 44 

hand, the development of stem-end spl i tting progressed slowly in i tia l ly (up to 1 22 DAFB) and 

then i ncreased rapidly afterwards .  

This pattern of development has implications on the economICS of  stem-end splitt ing in 

apples. First, i t  confi rms the popular bel ief and observation that the i ncidence of the disorder 

is apt to i ncrease i f  frui t  are a l lowed to hang l ate for colour and s ize (Walsh et aI. , 1 99 1 ) . 

Secondly, s ince i t  seems feasible that every frui t  wi th internal ring-cracking has acquired the 

potential to spli t ,  it appears that the inc idence of internal ring-crack ing would be a rat ional 

i ndex of the amoun t  of fmi t  " at risk" from stem-end splitt ing. 

Furthermore, since stem-end spl i tt ing is preceded by ring-cracking (Chapter Four) and both 

defects were observed on the same day in the present study fol lowing a 2-week sampling 

interval, it appears that the development of stem-end spl its from ring-cracks may h ave 

occurred within a few days or hours. Therefore, to determine the t iming of the onset of ring

cracking more prec isely, fmi t  would have to be sampled at shorter t ime i ntervals .  Simil arly, 

to be sure when stem-end splitt ing first starts to form from ring-cracks and to fol low its 

subsequent  development, indiv idual fmi t  need be labelled and examined equally at short 

i ntervals unt i l  harvest. 

Clearly, the three-week period between the onset of stem-end spli tt ing ( 1 1 5  DAFB) and the 

first commercial harvest ( 1 35 DAFB) i s  critical to obtaining a ful ler understandi ng of t he 

mechanism of both stem-end splitt ing i n  ' Gala' apples and the precursor ( internal ring

cracking) on the one hand, and the tai loring of management practices to reduce and/or control 

the disorders on the other. 

6.5.2 Development of Fruit Growth Stress ill Relation to the Onset of Stem-end 

Splitting 

Although reference is frequently made to growth stresses i n  t h e  l i terature (Shutak and 

Schrader, 1 948),  as far as fru i ts are concerned we can only measure stra in and take this as 

an i ndication of stress (Sawada, 1 934;  Skene, 1 980; Hatfield and Knee, 1 989) .  
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In this thesis, growth stresses i n  'Gala' apples were studied by cutt ing frui t  through to the 

core with a razor blade and then measuring the gape of the cut (as a measure of strain ) .  

The finding that frui t  were free from growth stress early i n  the season (up to  S9 DAFB) when 

the average fruit  diameter had reached about 40 mm and stress reached a maximum when the 

average frui t  d iameter reached about 66 mm ( 1 49 DAFB) indicates that Cru i ts atta in a certai n  

minimum size before there can b e  a measurable growth stress .  This may be explained 

fol lowing S kene' s  argument ( 1 980) , that for stress to occur during fru i t  growth, the tissues 

must be e lastic and growth must be unevenly d istributed. Skene further noted that the greater 

the growth, the greater the i mbalance and total potential stress .  

Thus, i t  appears that fruits may need to have attained a threshold s ize before there can be an 

appreci able  imbalance of growth with in the fruit .  Verner ( 1 938)  suggested that a greater 

imbalance in the growth of the inner  and oLIter tissues may explain the susceptibi lity of 

Stayman Winesap apples to cracking. Therefore, s i nce cell walls are not perfectly elastic and 

tend to relax or creep (Probine and Preston ,  1 962), s tress w i l l  be a t ransient phenomenon and 

depend on growth rates (or imbalance) rather than on cumulat ive growth.  

After i ts initiation, stress in frui t  increased throughout the growth period. This resul t  i ndicated 

that a lthough stem-end spl i t t ing is an i ndication of stress in apples, growth stresses can occur  

without splitt ing  at any t ime during their growth and development. Hence, the relationship 

between growth stress and stem-end splitt ing may be a complex one s ince the active growth 

processes a l low considerable strains to be accommodated as an essential feature of growth. 

Thus, whether or not a particular stress wi l l  exceed the y ield point of a fru it must depend not 

only on the rate of stra in ing, but al so on the rate at which act ive growth processes can repair, 

replace, or accommodate the strained material . It has also been suggested e lsewhere that the 

periodicity and i n tensity of these processes associated with frui t  growth also affect  both the 

s ize of fruit and the structure of the flesh (S m i th , J 950). 

Throughout the growth period, i t  was shown that transverse stress developed more than 

longitudinal stress (Figure 6.4). However, the t ime of onset of stem-end sp l i tting was 



- - - - - -- - - ----------

1 46 

characterised by a progressive bui ld-up of longitudi nal s t ress u n t i l  the s tress  i n  both axes 

became nearly equal at 122 DAFB . Obviolls ly,  there can be a d i rect causal connection 

between spl i tt ing and stress because stem-end spl i tt ing i s  a mechanical  process which i s  not 

possible in  the absence of stress. 

Another notable resul t  from the study of frui t  growth stress was the dramatic rise of both 

transverse and longitudinal stress in frui t  tested at 87 DAFB (Figure 6.4). The fact that the 

width of gape was expressed as percentage of fru i t  s i ze i n d icated that t h i s  resu l t  coul d  not be 

attribu ted to d i fferences in frui t  samples used on that day. However, an examination of the 

grower' s weather and spray diary (Appendix J) revealed that the predawn weather was " good" 

on that day and the only significan t event prior to anq on that day (December 27, 1 99 1 )  was 

that about three hours before frui t  were tested, the farmer had sprayed the trees with the 

pest ic ide orthocide at 1 50 mLi l OOL and Cal icium C h loride at 360 gm/ l OOL. The trees were 

also i rrigated at 2500 IIha. 

It appears, therefore, that the sudden high growth stress obtained on this date cou ld  be 

attributed to these treatments and i n particu l ar, the possibi l i ty of a sudden cell expansion 

caused by the uptake of water and solutes.  This view supports the hypothes i s  of  Hatfield and 

Knee ( 1 988)  who noted that " the size of gape which develops between the cut (fru it) surfaces 

depends on the water status of the tree and is a m easure of growth stress."  

6.5.3 Whole Fruit Growth Curve As Related to Stem-end Splitting 

B y  periodic measurements of the growth of fru i t  attached to t he tree, i t  was thought that 

valuable information might be obtained on the o nset of  s te m-end sp l i t t ing rel at i ve to rate of 

i ncrease in frui t  s ize .  It woul d  also show t he period with in  the normal growt h  curve at which 

stem-end spl i tting occurred, at least  for th i s  given set of standard management condi t ions. A 

crit ical examination of the cumulat ive growth curve of both Crui t  length and d i ameter (Figure 

6.6) shows that frui t  grew exponentia l ly over the period of measurement. These growth curves 

do not provide any dist inct  phase or period i n  relat ion to the onset o f  stem-end sp l i tting . 
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However, i t  is worth noting that stem-end splitting commenced during the period of final 

rapid growth when the average fru it size had reached about 50 and 57 mm in length and 

diameter, respectively . The first commercial  harvest ( 1 35 DAFB, J 3/3/9 1 )  was three weeks 

after the first observation of stem-end spl itting and ring-cracking. 

6.5.4 Fruit Shape in Relation to Stem-end Splitting 

The resul t  obtained in  the present study showed that the onset of  stem-end spl i tting coincided 

with the short period of most rapid deceleration in fru i t  shape when the average L: D ratio 

decl i ned negatively from 0.98 ± 0.0 I mm to 0.87 ± 0.0 1 mm ( Figure 6 . 1 1 ) . Arter this point, 

frui t  shape remained fairly un i form for fou r  weeks wh i le  the amount of ri ng-cracking and 

stem-end splitting i ncreased dramatical ly (Figure 6 .3) .  These resu l t s  have some exci t ing 

impl ications in  the current efforts to understand the origin, mechanism of occurrence and 

causes of stem-end splitting in apples. 

First, i t  appears that the in i t iat ion of stem-end spl itting was not re l ated to fru i t  length and 

d iameter separately  since growth as measured by i ncreases in  length ane! d iameter did not 

provide any dist inct periods i n  relation to the development of spl i t t i ng .  Secondly,  i t  also 

appears that there was a rel at ionship between the in i t iation of frui t  spl i tt ing on the one hand , 

with the combination o f  an increasing bui ld-up of long itud inal stress rel ative to transverse 

stress (Figure 6.4) and a stagnation of  fru i t  shape ( Figure 6. J J ) . A crucial quest ion that 

emerges from this relates to why the fm it suddenly stopped changing shape during this t ime 

and/or why there was a sudden bui ld-up of  longitudinal s tress . 

Theoretical studies by Considine ( 1 979) and Considine and Brown ( 1 98 1 )  have demonstrated 

the potent ia l  effects of fru i t  shape, fmit  structure and dermal system structure on the degree 

and orientation o f  stress i n  the dermal system of grape. The analysis  of eru i t  shape and 

structure showed that neither radius nor shape contributed s ign i ficantly to resistance to stress 

(Considine, 1 979), but they did provide an explanation of the fracture pattern (Considine and 

Brown, 1 98 1 ) . 
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The results i n  the present study suggest an equivocal relationship between the development 
of frui t  shape i n  ' Gala' apples and the initiation or onset of stem-end spl i t t ing.  There i s  a 

need to extend this study to other apple cult ivars i n  order to ascertain the relevance of this 

relationship to the susceptibi l i ty of frui t  to stem-end spl i tt ing.  

Results on the growth of the stem-end cavity showed that the pattern fol l owed a doubl e  

sigmoid curve and stem-end spl i tt ing coincided with the transi tion from a period o f  depressed 

growth to the last period of accelerated growth prior to commercia l  maturi ty (Figure 6 . 1 3) .  

This result i s  qu i te remarkable because i t  provides us with entire ly  new information on the 

different ial growth and development of the various parts of the apple. While the entire fruit  

growth curve was exponential , the stem-end cavity developed i n  a doubl e  s igmoid manner 

similar to most stone fruits (Coombe, 1 976; Westwood, 1 978) .  Again, this growth pattern 

provides us with a distinguish ing growth characteristic of ' Gala' apple and the possibi l i ty of 

this growth curve in other varieties needs to be investigated . 

6.5.5 Fruit Growth Rates 

I t  has often been suggested that relative growth rates at certain stages of frui t  development 

might explain differences in the amount of fruit  cracking observed in the fie ld and of minute 

cracking seen under a scanning electron m icroscope (Fogle and Faust, 1 975  and 1 976). 

However, in an analysis of the development of the components of fleshy fruits ,  Coombe 

( 1 976) has noted that quite d i fferent interpretations can emerge if data are calcul ated on 

differen t  bases , or i f  frui t  growth rate i s  calculated by different methods. Ni i  reported that the 

i nterpretat ion of frui t  growth in peach ( 1 979), c itrus ( 1 980a), persimmon ( 1 980b) and 

Japanese pear frui t  ( 1 980c) by growth rate and relative growth rate throughout the growing  

season greatly helps i n  understand ing the morphological and physiological changes during 

each  frui t  developmental stage. 

Results on the absolute, relative and mean relative frui t  growth rates of 'Gala' apples showed 

that the growth rates tended to fluctuate continuously throughout the season and the time of 

onset of stem-end sp l itt ing was not related to the t ime of maximum growth rates of both the 
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diameter or fruit length (Figures 6.7-6.9). In general, both the relative and mean relative 

growth rates declined parabolically during the season and the magnitude of the difference 

between the growth rates of fruit diameter and length decreased in a similar pattern. 

The most significant result on frui t  growth rates occurred prior to the onset of ring-cracking 

(and stem-end splitting) when there was a variation in the direction of the growth rate of fruit 

length relative to the diameter. The growth rate of fruit transverse diameter decreased while 

that of the longitudinal diameter increased and apart from this period, the growth rate in both 

frui t  axes fluctuated in the same directions throughout the season. This result suggests a 

cause-effect relationship between the initiation of internal ring-cracking and the growth rate 

of the fruit about its coordinate axes. In this respect, i t  is important to note that this 

relationship could not have been discernible or contemplated if fruit growth rate had been 

expressed in either length or diameter alone. 

6.5.6 Distribution of Growth in 'Gala ' Apples 

, 

Fruit grew differently at the stem-end, cheek and calyx-end (Figures 6. 1 7-6. 1 9) .  At the stem

end, fruit grew faster in the longitudinal axis and the difference between longitudinal and 

transverse growth increased with time up to the first commercial harvest and remained fairly 

constant afterwards.  On the other hand, the cheek grew equally (isotropical ly) in both 

directions while the longitudinal axis of the calyx-end grew slightly faster initially  and later 

began to grow faster than the transverse axis after the first commercial harvest. 

If growth stress is higher in the direction of highest growth as indicated by Figures 6.4 and 

6.6, it appears that the stem-end of fruit would experience higher tensile stress while the fruit 

cheek would maintain steady growth stress due to its isotropic growth pattern. This condition 

would probably render the stem-end of the fruit particu larly susceptible to internal ring

cracking which provides a weak point for further splitting of the fru it. 
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In  this chapter, the growth of 'Gala' apples i n  relation to the development of stem-end 

splitt ing has been considered. This approach to the u nderstanding of the mechanism of stem

end splitt ing was adopted because the results and field observat ions on the i ncidence of stem

end splitt ing in the previous chapter suggested that factors other than the orchard management 

practices could account for the high amount of vari ab i l ity in stem-end sp l itti ng within the 

same experimental blocks and even with in  t rees that  recei ved the same treatmen ts . 

By monitoring the chronological development of stem-end sp l i t t ing us ing periodic  random 

sampl ing of frui t ,  it has been shown that the deve lopmen t  of both stem-end spl i tting and 

internal ring-cracking progress at di fferen t rates which suggested that on ly  a percentage of 

frui t  with internal r ing-cracking wou l d  deve l op stem-end sp l i t t i ng  at any t i me.  Th is  result 

confi rms earl ier observations in the previous chapter t hat  fru i t  firs t deve lop in ternal stem-end 

ring-cracks from which stem-end spl i ts may arise .  

Fol lowing a 2-week sampl i ng interval, both stem-end spl i t t ing and interna l ri ng-cracking were 

first observed on the same day. The h igher incidence of i n ternal r ing-cracking compared to 

stem-end splitt ing on this day ( 1 1 5  DAFB) suggested that the in i t iation of both defects may 

have occurred some days or hours earl ier. Therefore, the i n i t i at ion 01' ring-cracki n g  may be 

determined more precise l y  by sampl ing fru i t  at shorter t i me i n tervals .  Simi larly, the onset of 

the development  of stem-end spl i ts from ring-cracks may be determined more p recise ly  by 

tagging large fru i t samples and exam in ing them at short er i n tervals Cor the presence of stem

end sp l i ts whi le still  attached to the t ree . 

I n  conclusion, periodic samp l i ng of fru i t  during grow th has heen used to determine the 

chrono logical development of s tem -end spl i tt ing dur i ng the season and to estimate the critical 

growth period when stem-end spl i t t ing  commences i n  'Ga la '  apples. It has heen found that 

the onset of frui t  splitting occurs at about 1 1 5 days after fu l l  b loom w hen t he fi nal shape of 

fruit was estab l ished, or about three weeks prior to  commercia l  fru i t  maturi ty . Studies on frui t  

growth rates suggested that the development of stem-end sp l i t t ing may be related to an 

imbalance in  growth of the whole  frui t  or  i t s  constituent parts. The exten t of th is  asymmetry 
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may account for the degree of susceptib i l i ty of i ndividual fru it .  

In  the next chapter, the changes in  frui t  mechan ical and physico-chemical properties during 

growth and development will be invest igated in  order to explore possible relat ionships 

between the textural characteristics of  the frui t  and the onset of stem-end spl i tt ing.  
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CHANGES IN MECHANICAL AND PHYSICO-CHEMICAL PROPERTIES 

OF 'GALA' APPLES DURING GROWTH AND MATURATION 
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The fundamental importance of fru i t  mechanical  propert ies as qual i ty attributes and i n  the 

maintenance of the structural i nt egri ty of the fru i t  bot h dur i ng grow t h anc! postharvest 

hand l i n g  was briefly reviewed in Chapter S ix  (Sect ion 6 .  I ) . The unders t and ing  of the ch anges 
i n  these properties in  relation to fru i t  growth and the onset o f  stcm-end splitt ing i s  therefore 

important in trying  to enhance our understand ing of thei r  role i n  stem-end spl i tt i n g  as well 

as gain a better knowledge of the mechanism of the spl i t t ing phenomenon.  

S i nce stem-en d  sp l i tt ing i s  exacerbated as the season progresses (Chapter S ix ,  Secti on 6.4. 1 ) , 

especial ly  when frui t  are allowed to hang l ate on t he t ree for colour  anc! s i ze (Walsh et . ,  

1 992) ,  knowledge of the changes in  growth pattern anc! mechan ical q u a l i ty attributes of fruit  

i n  relation to the onset of  stem-end spl it t i ng i s  part icu larl y  i mport an t from the standpoint of 

harvesting fru i t  at sui tab l e  maturity levels  so as to m i n i m i ze t he overa l l  amount of fru i t  

damage due t o  spl i tt ing during the season. The poss i b i l i ty of' early harvests t o  reduce frui t  

cracking in other frui ts such as tomatoes (Frazier, 1 947) and c hc rries (Trought and Lang, 

1 99 1 )  has been suggested. Furthermore, knowledge of the changes in  fru i t  p ropert ies during 

growth and development may indicate why frui t  arc incl i ned to spl i t  due to s tresses which 

accompany these changes . 

This chapter of the thes is  i nvestigates changes i n  fru i t  mechan ical and physico-chemical 

properties during growth and maturation and in relation to the onset  of stem -end spl i tt i n g .  
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From a sample of  600 frui t  used to assess the inc idence of stem-end spl i tt ing on each 

sampling date (Section 6.2), 25 frui t  w ithout any visible physical defects wcre randomly 

selected and u sed for measuring fru i t  mechanical propert ies . Frui t  were p icked at two-week 

i n tervals in it ia l ly and later at weekly intervals after the onset of stem-end sp l i t t i ng . 

Prior to testing, each fruit was weighed using a desk-top balance (Sect ion 3 .4 . 1 ) . Soluble 

solids concentration (SSe) was measured with a Atago Refrac tometer while the flesh crushing 

stress was measured using Mark II of  the prototype Massey Twist  Tester (Studman and 

Yuwana, 1 992) as described in Sections 3 .4.2 and 3 .4.4, respec t ive l y .  Both properties were 

measured once on each of two sides (bl ushed and pale) along the fru i t  equatoria l  diameter. 

During the first experiment on November 1 5 , 1 99 1  (45 DAFB) when frui t  were general ly 

"hard " ,  prel iminary tests were carried out on frui t  to select a su i table s i zc of  twist blade and 

an additional weight that was attached to the arm of the twist tester so as to ensure the fai lure 

of frui t  flesh. An additional weight of 200 gm was selected and used up to January 24, 1 992 

( 1 1 5 DAFB) and this was reduced to 1 50 grn during subsequent tests when the frui t  

"softened" considerably . During a l l  tests, the same twist  blade of 3 . 1 5  mm rad ius  and 4.40 

mm axial length was used. Frui t  were tested at a depth of 6.40 m m  from the surface to the 

middle of the blade length . 

7.3 Data Analysis 

Fresh crushing stress was calculated using Equation 3 .4. The absolute rate of change in frui t  

weight, soluble sol ids concentration and flesh crushing slress, respect ive ly, was calculated by 

d ividing the d ifference i n  measurement between two measur ing dates by the number of days 

in the interval .  Percentage change in fru i t  property during each sampl ing i nterval  was 

calculated as follows: 



( Fi nal mea s u r emen t - Pr evi ou s  measur emen t )  x 1 0 0  
Pr evious mea s u r emen t 
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( 7  . 1 )  

The cumulat ive increase in the weight of fru i t  samples during t he season i s  presented i n  

Figure 7 . 1 and the growth pattern suggests a double s igmoid c urve. Fru i t  weight increased 

s lowly in i tia l ly up to 73 days after fu l l  b loom (OAFB) and t hen increased rap id ly  during the 

fol lowing two weeks. Within this period, the absol ute fru i t  growth rate i ncreased from nearly 

zero to about 2.5 gm/day, after which it decreased to about 1 .0 gm/day at  1 J 5 OAFB (Figure 

7 .2) .  

The transition from this period of decl ine in growth rate to a period or  sharp rise i n  growth 

rate up to one week before the first commercia l  harvest ( J  35 OAFB) coincided with the onset 

of stem-end spl i tting. There was no s ign ificant di fference (P :;; 0.05) in the cumul at ive frui t  

we ight of fruit p icked on the first commercia l  harvest ( 1 3 5  DAFB ) and a week earl ier (Figure 

7 . 1 )  but the absol ute frui t  growth rate was nearly zero (Figure 7 .2) .  

7.4.2 Flesh Crushing Stress 

Flesh cru sh ing stress decreased with advanc i ng frui t  maturity (Figure 7 .3 ) ,  from 2594 ± 22 

kPa at 45 DAFB to 1 32 1  ± 1 7  kPa during the onset of stem-end spl i tt i ng  (115 DAFB),  and 

10 1 4  ± 1 8  kPa on the day of first commercia l harvest ( 1 35 DAFB) .  The changes in flesh 

crush ing stress during the season can be d ivided into two stages .  First, there was a period of 
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Figure 7 . 1 Cumulative weight of ' Gala'  apples during the 
season. Vertical bars indicate standard errors of the 
means .  
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Figure 7 . 2  Absolute growth rate (weight) of ' Gala '  apples 
during the season. Vertical bars indicate standard errors of 
the means. 
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Figure 7 .3  Flesh cnlshing stress (kPa) of ' Gala' apples 
durin g  growth and maturation . Vertical bars i ndicate 
standard errors of the means .  
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rapid and fai rly  uniform decl ine in  flesh strength which lasted to about two weeks before the 

onset of stem-end spl itting (45 to 1 0 1  DAFB ) .  During th is  period, there were min imal 

fluctuations in  the absolu te rate of decrease in flesh crushing stress (kPa/day) (Figure 7 .4) . 

However, the end of this period was marked by the maximum percentage change (about 1 7%) 

i n  flesh crushing stress between any two sampling interva ls (Figure 7.5) .  

The second stage was characterised by a fairly moderate decl ine in  flesh strength which l asted 

between 1 0 1  to 1 35 DAFB (Figure 7 .3 ) .  This period commenced w i th a s h arp decl i ne i n  the 

rate of decrease in flesh crushing stress from about 22.5 kPa/clay to 7 .5  kPa/day (Fig 7 .4) ,  and 

was also marked by the first decrease in the percentage change in flesh crush ing  stress (Figure 

7 .5) . These changes coincided with the onset of stem�end spl i tt ing  at 1 1 5 DAFB . 

7.4.3 Soluble Solids Concentration 

Soluble solids concentration (SSe) increased parabo l ical l y  wi th advancing frui t  maturity 

(Figure 7 .6)  from 8 .7 ± 0. 1 13 ri x  at 45 DAFB to 9.7 ± 0. 1 "B rix at the onset of stem-end 

splitt ing ( 1 1 5  DAFB) ,  and 1 2 .8 ± 0.2 °Brix on the day of first commercial  harvest ( 1 35 

DAFB) .  Init ial ly, sse remained fairly uni form up to about 87 DAFB and this was fol lowed 

by a period of rapid  accumulation during which the onset of stem- end spl i tt ing occurred. 

Analysi s  of the rate of accumulation of soluble solids (Figure 7.7) showed that fru i t  soluble 

sol ids increased gradually from nearly zero °Brix/day at 59 DAFB to about 0.05 °Brix/day 

at 1 22 DAFB, fol lowed by a suddenly rapid increase i n  the rate of accumulation of soluble 

solids. There was no c lear relationship between the onset of  stem-end split t ing and the 

absolute rate of change in frui t  soluble solids as shown in Figure 7 .7 .  



CJ) 
C . -

...c 
[f] 
:::l '-' 

U 
...c [f] 
<U 

G: 
c . -

30 

25 

1 5  

5 
Onset of 
stem-end 

splitting 

1 

j 

1 59 

O L-�-L�--L-�_L� __ ��������--����--� 

SO 60 70 80 90 J 00 J J 0 J 20 J 30 J 40 
Days After Fu l l  Bloom (DAFB) 

Figure 7 .4 Absolute rates of change i n  flesh crushing 
stress of ' Gala' apples during growth and lllaturation.  
Vertical bars indicate standard errors of the means .  

1 50 



1 8  

1 6  

i3 6 
OJ) 
§ 

...c: U 4 

2 

o 
Onset of 
s tem-end 

spl itting 

-2�����--����--�����--����--�� 

1 60 

50  60 70 80 90 J 00 1 1 0  J 20 1 30 1 40 1 50 

Days After Ful l  B l oom (DAFB) 

Figure 7 .5 Percentage absolute changes in  flesh crushing 
stress of ' Gala' apples during growth and maturation . 
Vertical bars indicate standard errors of the means.  



u 
::::: 

1 3 .5 

1 3 .0  

1 2 .5 

1 2.0 

8 1 1 .0 
r/) 

'"0 . ...... '0 1 0. 5  
C/J 
Q.) ....... 

.g 1 0.0 
'0 
C/J 

9.5 

9.0 

8 .5 -

8 . 0  
Onset of stem

end spl itting 

7.5������������������������ 

1 6 1  

40 50 60 70 80 90 1 00 1 1 0 1 20 1 30 1 40 1 50 
Days After Full B loom ( DAFB ) 

Figure 7.6 Soluble solids concentration (Brix) of ' Gala' 
apples during growth and maturation . Vertical bars 
indicate standard errors of the means .  



0.25 

� 
VJ 

is 0. 1 5  
o 

C/). 
(1) 

:0 
;:::l ..--< 
o 

C/). 0. 1 
c: . ..... 
VJ 
\1) 
b1) 
§ 

..0 
U 0.05 

0.0 

Onset of 

stem-end 
splitting 

-0.05 L-�----L-�---'l----,---L-�--L_,----L-�----L----,_..L-�--L---,-_1--�-.I 

1 62 

50 60 70 80 90 1 00 I 1 0  I 20 I 30 1 40 1 50 
Days After Full B loom (DAFB ) 

Figure 7.7 Absolute rates of change in soluble solids of 
' Gala' apples during growth and Inaturation . Vertical bars 
indi cate standard errors of the means .  



7.5 Discussion 

7.5.1 Changes in Fruit Weight 

1 63 

The cumulative growth pattern (frui t  weight) of detached 'Gala' apples obtained i n  this study 

suggests a double s igmoidal growth curve (Figure 7 . 1 )  and the trans i tion between the two S

shaped curves coincided wi th  the onset of stem-end spl i tt ing .  This  resul t  contrasts t he 

exponent ial cumulative growth of frui t  length and diameter obtained earl ier in  Chapter S i x  

(Figure 6.9) which also did not indicate any changes in  growth pattern a t  t he onset of  stem

end sp l i tt ing.  It appears, therefore, that the growth of fru i t  diameter and weight (both 

measures of fru i t  size) proceed in  di fferent patterns dllring frui t  development and maturation 

and the cumulative changes in frui t  weight may be more related to the development of stem

end spl itt ing than diameter. This finding that the growth of fru i t  d iameter and weight occurred 

at d i fferent rates might explain the conclusion of Coombe ( 1 976) that qu ite d ifferent  

i nterpretat ions can emerge i f  fru it growth data are calculated on di lTerent bases .  

Lott ( 1 933 )  obtained s imi lar d ifferences i n  the growth pattern of peach frui t  when diameter 

and weight measurements were compared. It therefore appears that the variation in growth 

pattern obtained from different measures of size is  a property of most fleshy fruits .  A l though 

this proposal needs to be further tested by comparing measurements in other fru its and their 

varieties, i t  does however, pose the phenomenological question of how to compare the growth 

pattern of fruit, especia l ly  w hen different measurements are lIsed to express growth. 

Westwood ( 1 978)  reported the seasonal growth of several types of frui t  and found that the 

fresh weight of apples i ncreased in a typical s igmoidal pattern but the author did not i nc lude 

the variety of apple used to obtain the growth curve. If  most apple varieties fol low this S

shaped growth pattern as suggested by several other authors for some varieties (Tetley, 1 930; 

Smith, 1 950; B ai n  and Robertson, 1 95 1 ;  Denne, 1 960; Pratt, 1 988 ;  Volz, 1 99 1 ), i t  appears 

that the slow growth period of ' Gala' apples prior (0 I 1 5  DAFB (pigure 7. 1 )  is a 

characterist ic attribute of the variety ancl may be rel ated to the susceptib i l i ty of frui t  

t o  stem-end splitt ing. I n  stone fruits (which exhibit  a double sigmoidal growth pattern), 

this period of slow growth  about mid-way during the season corresponds wi th the 
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period of  pi t  hardening (Miki, 1 932; Coombe, 1 976; Wes twood, 1 978), which precedes the 

onset of pit-splitting in peaches (Woodbridge, ] 978).  

Analysis of  frui t  growth rate (Figure 7.2) reveals the exi stence of  two di st inct periods of 

strong development (45 to 87 DAFB and 1 1 5 to 1 29 DAFB) mediated by a sudden slowing 

down,  rather than a single period of more or less steady growth as  suggested by Figure 7 . 1 .  

The time of spl i tting onset coincided with a very substant ial change in  frui t  growth rate 

(section 7 .4 . 1 ) . This finding is s imi lar to the change in fru it growth rate (longitudi nal  and 

transverse d iameters) obtained in Section 6.4.4 during the same per iod .  These results support 

the conclusion that the development of stem-end spl i tt ing may be related to growth 

asymmetry of the whole fru it or i ts consti tuent parts (Sect ion 6.0) .  

The growth curve i n  Figure 7 .2 suggests four stages i n  fru i t  clevelopment, each characterised 

by a wel l-defined growth rate: 

-S tage I relates to a rapid acceleration of growth which  can exceed 2.5 gm/day . The onset of 

this stage could not be accurately determined from the curve because measurements were 

started at 45 DAFB when frui t  had attained cons iderable growth i n  both weight and d i ameter. 

-Stage II corresponds to the period when the absolute growth rate (dai ly gain in  wei ght) was 

reduced sharply and abrupt ly ,  and t h i s  s tage l asted for 4 weeks.  Analys i s  of the growth rates 

( length and d iameter) of individual frui t  on the tree in the preceding Chapter (Figures 6 . 1 0  -

6. 1 2) showed that this stage was clearly present i n  the development of fru i t  diameter but 

during the l ast two weeks, the growth rate of  fru i t  length i ncreased. The end of stage II 

coinc ided wi th the onset of stem-end spl i tt ing. 

-Stage I I I  began w ith an appreciable resumpt ion of growth and ended with the maximum 

seasonal fru i t  growth rate (4.5 gm/day) which occurred a t  about one wee k pri or to the first  

commerc ia l  h arvest. 

-Stage IV marked the end of act ive fru i t  growth ancl l asted bet ween t he max i m u m  growth rate 
and nearly zero absolu te growth rate (Figure 7 .2) which coinc ided with the fi rst commercial  
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harvest duri ng the season ( i .e .  date of horticu l tural maturi ty) .  S i nce physiological maturity of 

frui t  depicts the completeness of major phys ical growth which is  characterised by the point 

where growth rate ceases (Lee and Young, ] 983) ,  the coincidence between the point of zero 

absolute frui t  growth rate and the day of  firs t commercial harvest ing ( 1 35 DAFB) of  ' Gala '  

suggests a good relationship between physiological and horticu l tural maturity o f  the fru i t .  

7.5.2 Changes in Flesh Crushing Stress and Soluhle Solids 

It i s  generall y  known that frui t  maturation comprises physica l ,  bioc hemica l ,  and phys io logical 

changes (Westwood, 1 978) .  Physical changes include a decrease i n  textural strength, while 

in ternal chemical and physiological changes include an increase i n  soluble sol ids (as shown 

earl ier in Chapter Five using samples of 'Gala' apples col lected at d i fferent dates from the 

start of commercia l  harvest ing) .  The present results us ing frui t  samples from the period of  

frui t  growth to  maturation provide further ins ights related to  the rate of  decrease i n  frui t  

textural strength and accumul ation of soluble solids i n  rel at ion to  the development of  stem

end spl itting during the season .  

Flesh Crushing Stress 

Although flesh crushing stress reduced s ignificantly during fru i t  development, resu lts shown 

in Section 7 .4.2 reveal that this proceeded at two d is t inct stages. During the first period, the 

reduction i n  flesh strength occurred at fairly un i form rate (Figure 7 .4) and the end of thi s  

period was m arked b y  the maximum percentage change in  flesh strength between any two 

sampl ing dates (Figure 7 .5) .  Also during this period, flesh crushing s tress had a strong linear 

rel ationship with the DAFB (R2=99.64%). Stage two commenced wi th a sudden drop in the 

rate of dec l ine of flesh strength from about 22.5  kPa/day to 7 . 5  kPa/day and this coincided 

with the onset of  stem-end splitt ing (Figure 7 .4). 
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The abrupt change i n  the rale of reduction of flesh strength during stage two occurred at the 

same time when the growth rate of frui t  length increased whi le the growth rate of fruit  

d iameter reduced. This imbalance in  the rate of enlargement of the whole fru it dur ing this 

period would suggest that additional i nternal stresses occurred within the fru i t  which may 

especial ly be i ndicated by a sudden change in frui t  shape (see Chapter Six)  and the minimal 

change of stress in fru i t  cells as measured by the crush ing stress. The reduction i n  the rate 

of dec l ine i n  flesh strength may also reflect the abi l i ty of the frui t  to accommodate the sudden 

generation of internal stresses from the asymmetric grow th of the nesh. 

Since the decl ine i n  frui t  texture with advancing maturity renects a decrease i n  the capac i ty 

of frui t  to accommodate itse lf  and wi thstand outside physical anc! physiological stresses 

(Ragland, 1 934; Westwood, 1 978),  the internal ri ng-cracking wh ich precedes stem-end 

spli tting might very wel l be caused by tensile growth stresses exerted upon frui t  flesh, at a 

time when i t  i s  l east able  to accommodate them. This suggestion i s  further supported by the 

fact that the direction of the internal ring-cracking (ax ial cracking) corresponds with the 

d irection of increasing growth rate ( i .e ,  fru i t  length) .  

Accumulation of Soluble Solids 

An examination of the i ncrease i n  soluble solids concentration during frui t  development 

(Figure 7.6) does not reveal any poss ible relationsh i p  between SSC anc! the onset of stem-end 

spl itting except that fru i t  sp l i tting started during the period of increas i ng fruit soluble solids. 

However, from the analysis of the absolute changes in SSC during the season (Figure 7.7) ,  

the onset of stem-end spl itting occurred one week prior to the resumption of rapid i ncreases 

in SSe.  A lthough further evidence would  be required to demonstrate the mechanism by which 

any changes in SSC might contribute to stem-end spl i tting , results from the present study do 

not i ndicate the substant ia l  i nvolvement of sse in s tem-end spli t t ing in 'Gala' apples. 
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Changes i n  the mechanical and physico-chemical properties of detached frui t  of  'Gala '  apples 

during growth and maturation were determined. Frui t  weight, flesh crushing stress and soluble 

solids concentration were measured, i n it ia l ly at two-week interval s  and later at one-week 

i ntervals ,  from 45 days after ful l  bloom up to the first commercia l  harvest .  The results 

obtained showed that both frui t  weight and soluble sol ids increased with advancing frui t  

maturity whereas flesh crushing stress decreased. 

There were no characteristic changes in soluble solids concentration in rel ation to the period 

of onset of  stem-end spl itting; however, this period coinc ided wi th t he transi t ion between two 

sigmoidal growth patterns of frui t  weight. Earlier in Chapter S ix ,  it was found that the onset 

of stem-end spli tt ing was not related to frui t  length and diameter separatel y  but w i th the 

length to diameter ratio. These results i ndicate that with respect to cumu lat ive fru i t  growth, 

the development of stem-end spli tt ing may be related to changes in fru i t  weight rather than 

length or diameter separately.  

Analysis of the changes in  frui t  textural strength with advancing frui t  maturity showed that 

a sharp dec l ine in the rate of reduction of flesh crushing stress (Figures 7 .4 and 7 .5)  

corresponded with the period of asymmetrical whole frui t  growth  which was characterised by 

a sudden change i n  frui t  shape as found in Chapter S ix .  It was suggested that the reduction 

in  the rate of decrease in flesh crushing stress may be related to the presence of  additional 

tensi le growth stress i nduced by tbe imbalance in  growth rate. I t  was thus hypothesized that 

the decreased abi l i ty of fast maturing and expanding frui t  ce l l s  to accommodate t he result ing 

stress may account  for tbe fai lure of  cortical tissues, g iv ing r isc to i nternal r ing-cracking 

which is a precursor to stem-end sp l it t ing. Further studies wou le! be req u ired to val idate th is 

hypothesis using properties of  both res is tant and susceptib le  apple  cul t ivars . 



CHAPTER EIGHT 

WATER ABSORPTION, STEM-END SPLITTING, AND OTHER QUALITY 

ATTRIBUTES OF 'GALA' APPLES AS AIj'FECTED BY SUBMERSION IN 

NON-IONIC SURFACTANT WATER SOLUTIONS. 

8.1  Introduction 
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In the horticultural i ndustry , spray chemicals are frequently formulated with a surfactant or 

spray adjuvant ancl other surface-active agents to improve uniform coating and ensure 

maximum contact  between the droplet ancl the frui t  or leaves (Monsanto, 1 988). These 

surfactants arc k nown to reduce the surface tension of water (RohIll and Haas, 1 982; Union 

Carbide, u ndated), thereby preventing the formation of d iscrete droplets on waxy surfaces 

(B yers et a l . ,  1 990) . 

U n fortunately ,  the app l i cat ion of herbic ides, fung icides , insecticides or mineral nutrients with 

a surfactant as emuls i fy i ng,  d ispensing and spreading agents may cause distinctive stress 

symptoms which affec t  fru i t  qua l i ty .  They are known to enhance the penetration of water, 

spray chemicals ,  and nutrients through the frui t  cut icle of apples (Westwood and Batjer, 1 960; 

B yers et al. , 1 990) , and several authors h ave reported that the use of certain surfactants 

i ncreased the crack ing of apples (Noga and B ukovac, 1 986; Noga and Wolter, 1 990; Byers 

e t  aJ ; J 990) . Furmidge ( 1 959a) found that ccrta i n  surface-act ive agents caused considerable 

damage to appl e  and plum leaves, and in a subsequent study on the phytotoxicity and wetting 

abi l i ty of 61 surfacc-act ive chemicals ,  he found that the non - ion ic materials caused l ittle 

damage while an ion ic  and cat ion ic materials caused variable damage depending on their 

chemical s tructure and on tbe nature of the leaf surface (Furmidge, 1 959b) .  

The l i terature on the effects of c hemical sprays on fru i t  cracking and splitting in apples was 

reviewed briefl y  earl ier  in Chapter Two of t his thesi s .  It was fou nd that in some cases, frui t 

cracking was i ncreased by some spray materials (Schrader and Haut, 1 938; Asquith,  1 957) 
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and in other cases, both sprayed and non-sprayed frui t  were a ffected al ike (Moore, 1 93 1 ;  

Fischer, 1 955 ;  B yers et a I . , 1 990). Correspondingly, efforts to reduce fru i t  cracking and 

splitt ing in apples us ing growth regulators and other chemicals have been successfu l  in some 

instances (Su l li van and Widmayer, 1 970; Costa et a l . ,  1 98 3 ;  Taylor  and Knight, 1 986;  B yers 

et a I . ,  1 990) and unsuccessful in others (Costa et a I . ,  1 98 3 ;  Visai  et aI . ,  1 989;  Byers et aL,  

1 990).  Reductions of frui t  cracking i n  other fruits such as sweet cherries (Bu l lock, 1 952; 

Davenport et  a1 . ,  1 972;  Harrington et a1. ,  1 978 ;  Cal l an ,  1 986) and tomatoes (Batal et  al . ,  

1 972) using various growth chemicals and  nutrient sprays have a lso been reported. 

Because cracking and spl itt ing usua l ly  occur in various fru i ts fol l owing ra infal l (Hockey, 

1 945 ; Harrington et a1 . ,  1 978),  there has been cont i nued interest i n  understandi ng the 

relationships between water absorption and fru i t  cracking on the one hand, and between fru i t  

cracking and  surface-active chemicals which al ter the permeat ion of  water i nto the frui t .  

Verner ( 1 935) reported that ' S tayman ' apples, attached to or det ached from the tree, cracked 

after submersion in water for one to three days, and recent ly,  Byers ct a l .  ( 1 990) observed that 

' Stayman' frui t  crack ing usua ll y  occurred on ly during re lative ly  long rainy periods after frui t  

have attained considerable s ize. The authors found that submerg ing ' Stayman ' app les in  

severa l  anionic and non-ionic surfactant-water solutions caused i ncreased water uptake and 

frui t  cracking,  and i t  was suggested that submerging apples in 1 .25 mL X-77/I i t re surfactant 

(a non-ionic) coul d  be used to predict  the potential  for ' Stayman' fru i t  to c rack under fie ld  

conditions. 

B yers et a!. ( 1 990) also fou nd that submerging apples in pestic ide combinations or nutrient 

so lut ions genera l ly  d id not affect frui t  cracking whi le a nutrient-sur factant combinat ion did 

i ncrease frui t  cracking; i t  was concluded that the surfactant was the consti tuent primari l y  

responsible for the cracking. Wade ( 1 988) found that prior treatment wi th respirat ion 

inhibitors reduced water u ptake and cracking of sweet cherry fru i t  in  water. In grapes, M arios 

et  al .  ( 1 987) h ave shown that certai n  surfactants increased water absorption and frui t  cracking 

i n  the l aboratory fol l owing the i mmersion of fru i t  in surfactant solutions. 

It i s a common belief among appl e  growers that excessive availab i l i ty of  water by rain or 

irrigation is the primary cause of stem-end spl i t t ing,  especia l ly when fru i t  are harvested l ate 
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for colour and size. Although the results in Chapter Four showed that frequent irrigation 

increased stem-end splitting significantly, the high variability of the incidence within the 

orchard and especially among trees that received the same frequent irrigation treatment 

suggested that excessive availability of water may not be the primary cause of stem-end 

splitting in apples. It was considered that the role of excessive water could be to enhance the 

susceptibility of fruit when the conditions which predispose fruit to stem-end splitting occur. 

There was, therefore. a need to investigate further the role of water intake on stem-end 

splitting and the possibility of inducing stem-end splitting in the laboratory by enhancing the 

movement of water into fruit. 

The work described in this Chapter examines the proposition that excessive water intake is 

the primary cause of stem-end splitting in apples. The effects of several non-ionic surfactants 

on water uptake and induction of stem-end splitting in 'Gala' apples in the laboratory were 

investigated using surfactants that are commonly employed in the New Zealand horticultural 

industry. The specific objectives were to: 

(1) evaluate the effects of various non-ionic surfactants on the rate of water 

absorption, induction of stem-end splitting, changes in flesh crushing 

stress and visual quality of fruit; 

(2) determine the effects of submerging fruit in the recommended 

concentrations of the surfactants used in horticultural sprays on fruit 

water intake, amount of stem-end splitting, changes in flesh crushing 

stress, and visual quality; and 

(3) investigate the effects of different surfactant-water concentrations on 

water uptake and stem-end splitting of fruit. 



8.2 MATERIALS AND METHODS 

8.2.1 Chemical Supplies 
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Table 8 . 1 shows a description o f  the trade and chemical names, ac t ive i ngred ients, and 

manufacturers of the surfactants u sed. All surfactants were purchased from Fruitfecl Supp l ies 

Li mited , Hastings. 

Table 8 . 1 Description of the Non-ionic S ur factants Used in  the Experi ments .  

Trade Name Class or 

Type 

Ci towett Spreader-

St icker 

Pulse Penetrant 

Regu laid Spreader-

Act ivator 

Triton X-4S Penetrant 

Chemical Name and Active Ingredient 

A l ky l ary lpolyglycol  e ther 1 1 00% 

M odified polydimctbylsi loxanc 1 S i l wet  M 

PolyoxyetbylenepolypropoxypropanoJ , 

Dihydroxypropane, Alky l  2-ethoxyethanol 

1 90.6%. 

Constituents i neffec t ive as spray adj uvant 

1 9.4% 

Octylpbenoxypo1yethoxyethanol ,  Alky l  

aryl pol yether alcohol 1 1 00% 

Manufacturer 

BASF Ltd 

Monsanto Inc. 

KALO Agric 

Chemica ls  

Inc. 

ICI Crop Care 

Trade names are provided solely for information. Men tion of a trade n ame docs not constitute 

a guarantee, w arranty or endorsement of the product. 
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8.2.2 Fruit Materials 

Samples of ' Gala' apples were col lected during the 1 99 1 /92 season at d ifferent stages of 

matur i ty and used for testing. Al l  fru i t  samples were hand-picked from a commercia l  orchard 

i n  the Hawke ' s  bay reg ion i n  New Zealand. Fru i t  were randomly picked from 32 mature trees 

which were llsed during the previous season ( 1 990-9 1 )  t o  study the effects of orchard 

management practices on stem-end spl i tting (Section 3 .2. 1 ) . Tn the presen t  study, the trees 

received standard management practices. On each sampl ing elate, on ly sound fru i t  w ith stems 

attached were selected. 

8.2.3 Methods 

Experiment One 

'Gala' apples of uniform maturi ty (sk in colour) and size were hand-picked on January 24, 

1 992 following the first observation of stem-end spli tt ing in the orchard during t he season . 

Fruit  were randomized i nto ten buckets each contai n ing 20 fru i t .  Frui t  were numbered on the 

skin with a marker and weighed indiv idual ly on a balance (±O.O I g) .  Two replicate samples 

per treatment were submerged in  the fol lowing treatments :  ( 1 )  tap water (control ) ,  (2) 1 .25 

mL Citowettll itre, (3) 1 .25 mL Pulse/l itre, (4) J .25 mL Regulaid/litre, and (5) 1 .25 mL 

X-4S/litre. The surfactant solu tions were aqueous .  

At  24-hourly i ntervals up to 4 days, frui t  were removed from the buckets, blotted dry with 

paper towels  and weighed individual ly .  Each fruit was examined for stem-end spl i t t ing and 

other types of cracking by inspecting under a bright l i ght. The percentage of frui t  on each  day 

with one or more fractures of any s ize or shape was determined . Water uptake at each 24-

hour interval and after the ent ire soaking period was calculated as the percentage gain in fru i t  

weight during the period o f  immersion. Flesh crushing stress was determined after 4 days of 

immersion, using the Massey Twist Tester as described Chapter Three (Section 3 .4.4). 

Visual qual i ty was assessed after 4 days of immers ion by ass igning a qual i ty score to each 

treatment sample, ranging from 0 for no not iceable damage to 5 for h ighly unacceptable. The 
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adverse visual changes were ti ssue browning and lenticle b lotches. 

To examine the effect of the stage of frui t  maturity, samp les  were harvested 2 weeks l ater 

(Feb. 7, 1 992) and tested as described above . Soaking frui t  i n  d i s t i l led water was a lso 

included as the s ixth treatment. Frui t  were examined for crack ing  at the end of the 4-day 

soaking period. Mean weight gain was determi ned for cracked and non-cracked fru i t  

separate ly .  

Experiment Two 

' Gala'  apples were harvested on 3 1  Jan . 1 992 and randomized i nto 6 buckets conta in i ng 25 

apples each .  The sample of twenty-five frui t  i n  each buc ket  were numbered on the skin with 

a marker, weighed i ndividual ly, and submerged i n  various aqueous surfactant so lut ions at the 

recommended horticultural concentrations. The treatments were as fol lows: ( 1 )  d i s t i l led water 

(contro l ) ,  (2) tap water, (3) 0.25 mL Citowetll i tre, (4) 2 .00 mL Pu l se/l i t re ,  (5)  2.50 mL 

Regulaid/l i tre, and (6) 2 .00 mL X-45Il i tre. 

At 24-hour i ntervals up to 4 days, each apple was blotted dry with paper towel s  and examined 

for c racks and reweighed. Both percentage weight  gain and fru i t  crack ing were determ i ned 

for each 24-hour in terval whi le visual  qual i ty and flesh crush ing st ress were determined at  the 

end of the 4-day soaking period. 

Experiment Three 

Frui t  samples harvested on 5 March, ] 992 were randomi zed i nto ] 02 buckets contain ing 25 

fruit. Each frui t  was numbered, weighed individually and submerged i n  d i s t i l led water, tap 

water, or various aqueous solutions of the five non-ionic surfactants;  namely Citowett, Pulse, 

Regulaid, and Triton X-45.  Five concentrations of each surfactan t were L1sed ranging from 

0.08 to 2 .00 mLilitre. Each fru i t  was examined for crack ing and weighed after one and four 

days of submersion. 
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8.3 Analysis of Data 

Cracks on frui t  resu l t ing from the i mmersion tests were c lass ified i nto : ( 1 )  ' stem-end spli ts '  

which originated from the fru i t-stalk  joint ,  extend ing into fru it flesh along the stalk-calyx axi s  

( as occurr ing in  the field) o r  (2) general ' skin-cracks' wh ich occurred at any part of the frui t  

and  were confi ned ma in ly  to  superficia l  fractures i n  the cut icle. 

S tatistical  analyses of data were carried out us ing the SAS/STA TS package (Cody and Smi th ,  

1 987; SAS ,  1 988) .  Analysis of proportions us ing  Chi-square tests was employed to  compare 

the means of percentage cracked frui t .  SAS General Linear Model (GLM) procedures were 

lIsed to analyze the effect of surfactant treatments on .water uptake (percentage weight gain) 

and Duncan ' s  multip le range tests were used to separate the means (P so:; 0.05) .  Prior to  

stat i st ical analysis ,  data on percentage frui t  cracking and weight ga in were transformed lls ing 

the arcsin and back-transformed for presentation (Steel and Ton'ie, 1 980; Mead and Curnow, 

1 983 ;  Little, 1 985) .  

Correlat ion analysis us ing the SAS package was used to determine the strength of 

relat ionships between percentage fru i t  cracking, percentage weight gain ,  and other measured 

frui t  properties. Graphs and nonl inear regress ion l ines were fi tted us ing the GLE (Version 3 . 2) 

general purpose graphics package (Pugmire, 1 992) . 

8.4 Results 

8.4. J Experiment J Effects of llon�iollic surfactall!'\' at 1.25 mLllitre 011 water 
absorption, stem-end splitting, changes in flesh crushing stress alld visual quality 

of 'Gala ' apples. 

None of the treatments i nduced stem-end spl i tt ing  or any form of fru i t  crack ing  after 24 hours 

of submersion (harvested 24 Jan. and tested 25-29 Jan. 1 99 1). After 4 days, C itowett and 

Pulse caused 5% and 3% fruit cracking, respectively, whi le all the frui t  in the other treatments 

remained uncracked (Table 8 .2) .  There were no s ignificant d i fferences (P so:; 0 .05) between the 
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amount of fru i t  cracking caused by Citowett or Pu l se and the con t ro l (water) .  None of  the 

fractures on cracked fru i t  was a ' stem-end spl i t '  and the c racks occurred randomly at the 

check, calyx-end, stem-end or as concentric cracks a t  the stem-end and calyx-end.  These were 

general ly c lass ified as 'sk in-cracks ' .  

Table 8 .2  

Surfactant 

Effects of Submerging 'Gala' Apples in  Tap W ater or Various Surfactants at 

1 .25 mL. l i tre- 1 on Frui t  Cracking, Water Absorption (Weight  Gai n) ,  Visual  

Qual i ty and Flesh Crushing Stress (kPa) of Fruit  [Expt  I a : Fru i t  Picked 24 

Jan. 1 992  and Tested 25-29 Jan.  1 992] . 

Fru i t  Mean Weight Flesh Crushing V isual 

Cracked (%) Gain (%y S tress (kPa)'1 Qua l i ty 

After 4 Days After 4 Days After 4 Days Score After 

(Y) (Non-cracked) (Non-cracked) 4 Days" 

Control  (tap water) 0 0.44 ± O .03c 1 055 .67 ± 8 .66 a 0 

Citowett 5 2 . 1 3  ± O.09b 989 .72 ± 8 .79 c :3 

Pulse 3 4 .53 ± 0 . 20a 952 .06 ± 7.59 d 4 

Regulaid 0 2.5 1 ± 0.37b 1 0 1 4.97 ± 9 .26 b 0 

Triton X-45 0 2.02 ± 0 .07b 968.59 ± 7 .97 cd 5 
YChi-square comparison of each surfactant treatmen t with the control showed no significant 

effec ts . 

XMean separation within columns by Duncan ' s  mult iple range tests , P s:; 0.05.  

qPlesh crushing stress of fresh fruit  determined us ing a random sample  o f  25 apples withi n  

24 hours of harvest = 1 32 1 .46 ± ] 0.24 kPa 

WBased on subject ive v isual assessment of skin appearance; 0 means no adverse effect  on fruit 

while 5 means unacceptable fruit. 

After the 4-day i mmersion period, each fru i t  was sectioned along the stem-ca lyx ax is and 

exam ined for internal cracks which have been shown earl ier to be present in every frui t  with 



1 76 

stem-end splitt ing (Chapter Four) . No fresh ring-cracks were observed. However, some fruit  

had stem-end i nternal ring-cracks which were characterised by extensive browning of the 

exposed surface and surrounding t issues and this suggested that t hese cracks had occurred 

prior to the immersion of frui t  i n  the solutions. A lthough there is a possibi l i ty that browning 

might be complete within a few hours if oxygen i s  not l imit ing (Banks, 1 99 3 ;  pel's . comm.), 

the fact that none of the frui t  that developed skin-cracking after the i mmersion test had an 

internal ring-crack and the flesh of frui t  without internal ring-cracks d ie! not show any sign 

of browning after the soaking treatments further supported the resu l t  that in ternal r ing

cracking was not i nduced by the surfactant treatments. 

The cumulative water absorption of frui t  (percentage weight gain) increased with the t ime of 

soaking i n  water and a l l  types of surfactant solution (Fig .  8 . 1 ) .  For both the water and the 

surfactant treatments, the percentage mean weight gain during each 24-hour i nterval decl ined 

from a maximum on day 1 towards a minimum on day 4 (Fig .  8 .2) .  The percentages of the 

total 4-day weight gain occurring in  the first 24 hours were 72% in C i towett, 80% in X-4S , 

82% i n  both Pulse and Regulaid, and 93% for frui t  submerged i n  tap water. 

At each 24-hour soaking interval (Fig. 8 .2) and after 4 days (Table 8 . 2) ,  all surfactant water 

solutions i nduced signi ficant water intake compared to the control (tap water) . Pulse induced 

the highest water i ntake, fol lowed by Regul aid ,  Citowett ,  and Triton X-4S.  There were no 

sign i ficant differences i n  the water intake of apples in Ci towett or Triton X-4S solutions 

within 24 hours and after the 4-day i mmersion period. 

Both the i n ternal and external quali ty of fruit were s ign i ficantly affected by the surfactant 

treatments .  For example flesh crush strength fel l  by 20% after 4 days in tap water and by 

28% in pulse. The flesh crushing stress of the control fruit  (tap water) was s ignificantly h igher 

than each surfactant water treatment. Pulse (which induced the h ighest percentage weight 

gain) caused  the most significant reduction in  flesh crushing stress (Table 8 .2) .  Citowett, Pulse 

and Triton X-4S reduced fmi t  visual qual i ty while Regulaid and the control (tap water) did 

not have any effects.  Triton X-4S had the worst effect on frui t  visual quality although it d id 

not i nduce fmi t  cracki ng ,  and also i t  d id not induce the h ighest water intake. By combin ing 

the data for a l l  surfactants for each qual i ty attribute (percent frui t  cracking, percent weight 
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gain, flesh crushing stress and qual i ty score), there was no s ign i ficant corre lat ion coefficients 

between frui t  cracking and any of the other attributes . However, flesh crushing stress was 

inversely correlated wi th percentage we ight gain (r  = -0.82, P ::; 0.05) and the qual i ty score 

(r = -0.89, P ::; 0.05) .  

When the  experiment was conducted us ing samples h arvested 2 weeks later (Table 8 .3) ,  both 

Citowett,  Pulse and Regulaid  induced s ign i ficant i ncreases in fru i t  cracking compared to the 

control (water) . None of the cracks on fru i t  was a ' stem-end spl i t '  and cracks occurred 

randomly at any location on frui t  and resu lted main ly in superfic ia l  fractures on the skin.  

These were classified as ' sk in-cracks' and not ' stem-end spl i t s ' . There was no fru i t  cracking 

in ei ther the distil led or tap water treatment, and the 8% fru i t  crack ing due to the Tri ton X-45 

treatment was not significantly different from the water treatments (contro l ) .  

Al l  surfactant treatments induced significant weight gain compared to the water treatments, 

and there were no significant differences i n  weight gai n between t ap water and d i s t i l led water. 

Regulaid  and Pulse solutions which caused the highest mean weight gain for both cracked, 

non-cracked, and all fruit, also caused the h ighes t percentage fru i t  cracking after the 4-day 

soaking period, although Pulse had more adverse effec t  on fru i t  visual qual i ty .  For each type 

of surfactant solution, cracked fruit gained more weight than non-cracked fru i t .  

Correlation analysis showed that percentage frui t  cracking was sign i fi cantl y  correl ated (P ::; 

0 .0 1 )  with percentage weight gain of non-cracked fru i t, cracked fru i t  and a l l  fru i t  combined 

(Table 8 .4) .  However, percentage frui t  cracking was more corre l ated with the weight gain of 

cracked frui t  (r = 0.99) than non-cracked (r = 0.89)  and a l l  fru i t  (r = 0.97). There were no 

significant correlations between fruit  visual qua l ity and percentage fru i t  cracking, or weight 

gain of fruit .  



Table 8.3 

Surfactant 

Control I 

Dist .  H2O 

None I 

Tap H2O 

Citowett 

Pulse 

Regulaid 

Triton 

X-45 
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Effects of Submerging ' Ga la' Apples i n  Tap Water, D i st i l led Water or Various 

Surfactants at  1 .25 mL. l itre- 1 on Fru i t  Cracking,  Water Absorption (Weight 

Gain) and V isual Qua l i ty of  Fruit [Expt I b : Picked Feb. 7 and Tested Feb . 8-

1 2, 1 992.  Fru i t Examined After 4 Days of S ubmers ion] .  

Fruit Mean Weight Gain (%) Visual 

Cracked Qual i ty 

(%f Non-cracked Cracked Fru i t  A l l Fru i ty 
Scorew 

Fru i t  

0 0.67 ± 0.07 0.67 ± 0.07 c 0 

on.s 0.6 1 ± 0.04 0.6 1 ± 0.04 c 0 

20· 2 .52 ± 0 . 1 6 3 .66 ± 0.44 2.75 ± 0. 1 8  b 4 

68··· 5 .88 ± 0.36 6. 1 2  ± 0.36 6 .04 ± 0.27 a 4 

92··· 4.50 ± 0.59 6 .60 ± 0.42 6.43 ± 0.4 1 a 2 

8n.s 2.45 ± 0.09 2.8 1 ± 0. 1 5  2.48 ± 0.85 b 5 

'Chi-square comparison of each surfactant treatment  with the control, P ::; 0.05 (*) or 

0.00 1 (***) ;  n.s = not s ign ificant .  

YMean separation within columns by Duncan ' s  mUl tip le  range tests , P ::; 0.05. 

WBased on subjective visual assessment  of skin appearance; 0 means no adverse effect on frui t  

whil e  5 means unacceptable fruit .  
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Table 8 .4 Pearson ' s  Correlation Coeffic ients Between Fru it Qual i ty At tributes and the 

Levels of S ign i fi cance, in brackets [Expt I b : Picked Feb. 7 and Tested Feb. 

8- 1 2, 1 992. Frui t  Examined A fter 4 Days of Submers ionl .  

AttributeP 

Fruit cracking 

Weight gain 

(noncracked) 

Weight gain 

(cracked) 

Weight gain 

- noncracked 

0.89 (0.0 1 )  

Weight gain Weight gain 

- cracked - Al l  fru i t  

0.99 (0.0 1 )  0.97 (0.00 I )  

0.89 (0. 1 1 ) 0.96 (0.00 1 )  

0.99 (0.0 1 )  

Quality 

Score 

0.25 (0.63) 

0.59 (0.22) 

-0.80 (0. I 9) 

PAll attnbutes in percent, except quality scores whIch were numbers ranging from 0 to 5 as 

described in  Table 8 .3  above. 

8.4.2 Experiment 2 - Effects of non-ionic surfactants at recommended manufacturers ' 

concentrations on water absorption, stem-end splitting, visual quality and changes 

in flesh crushing stress of 'Gala ' apples. 

For each treatment, the cumulative gain i n  fru i t  weight i ncreased with i ncreased period of 

submersion (Fig. 8 .3 ) .  As shown in Figure 8.4 ,  the daily rate of weight gain was maximum 

during the first 24 hours and reduced s ign ificant l y  (P ::::; 0.0 I )  to  a min imum on the last day 

of the 4-day soaking period. Un l ike the other treatments,  the dec l ine in  dai ly  percentage 

weight gain of frui t  submerged i n  Citowett solut ion proceeded rather un i formly during the 

first 2 days of submersion. 

After the 4-day submersion period , al l the treatments except Triton X-45, i nduced sk in

cracking of frui t  (Table 8 .5 ) ,  al though only the effect of Regu la icl was s ign ifi cantly different 

from the control (P :s: 0.05). All surfactant treatments i nduced s igni  ficant (P ::::; 0.05) water 
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Table 8 .5 

Surfactant 

Control / 

Dist. H2O 

None / 
Tap H2O 

Citowett 

Pulse 

Regu laid 

Tri ton 

X-45 
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Percentage Fruit Cracking, Water Absorption (Weight Gain) ,  Fl esh Crushing 

Stress and Visual Qual i ty of ' Gala' Apples After 4 Days Fol lowing 

Sumbersion in Water or Surfactant Solutions at Recommended Manufacturers ' s  

Horticultural Spraying Concentrations [Expt 2 :  Fru i t  Picked Jan .  3 1  and Tested 

Feb. 1 -5 ,  1 992r. 

Conc. 

(mLlL) 

0.25 

2 .00 

2 .50 

2.00 

Cracked 

Fruit  

(%y 

8 

4 

4 

28 

36' 

o 

Mean Weight 

Gain (%) 

(Y) 

0.57 ± 0 .03 c 

0.65 ± 0.04 c 

1 .85 ± 0.07 b 

4.52 ± 0.20 a 

4. 1 1  ± 1 . 1 4  a 

2.00 ± 0. 1 2  b 

Flesh Crushing 

Stress (kPa) 

1 2 1 4.48 ± 1 8 .77 a 

1 1 98 .09 ± 1 9 .64 ab 

1 1 48 .25 ± 1 8 .96 bc 

1 046.4 1 ± 19 .83 c\ 

1 10 3 .93 ± 20.43 c 

1 1 1 2 .3 1 ± 1 5 . 8 1 c 

Qual ity 

Score 

o 

o 

3 

5 

2 

4 

WMean weight gain , flesh c rushing stress and appearance score I ncluded both cracked and 

non-cracked fruit . 

XChi-square comparison of each treatment wi th the contro l ,  P :s; 0.05 (*).  Means not 

fol lowed by (*) are not s igni ficantly d i fferent  from the contro l .  

YMean separation wi th in  columns by Duncan ' s  mUl t ip le range tests, P :s; 0.05. 

ZBased on  subjective visual assessment of skin appearance; 0 means no adverse effect on frui t  

while 5 means unacceptable fruit .  

absorption expressed as percentage fru i t  weight gain.  Pu l se and Regu J a i d ,  which i nduced the 
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absorption expressed as percentage fmi t  weight gain .  Pulse and Regula id ,  which i nduced the 

h ighest amount of fmit cracking, a lso induced the highest weight gain, and there was no 

s ign ificant difference between the weight gain of fmi t  submerged in tap water and the contro l  

(distil led water) . 

Flesh crushing stress was reduced s ignificantly by al l surfactant treatments. Pulse solut ion 

which induced the h ighest mean weight gain al so caused tbe highest reduction in both flesh 

crushing stress and visual qual i ty .  Al though the Regulaid solution caused the h ighest 

percentage of fmi t  cracking and also induced h igh water intake, it had minimal adverse effect 

on fmi t  visua l  qual i ty .  Other surfactant treatments reduced fru i t  v isual qual ity but frui t  

submerged i n  water alone were not affected. 

On a 24-hourly basis, none of the frui t  in the surfactant solutions cracked after the first 24 

hours (Table 8 .6) despi te sign ificant i ncreases in weight (Fig. 8 .4) .  The only fru i t  crack ing 

(4%) during this period was due to the tap water treatment and th i s  was not s ign i  ficantly 

d ifferen t  from the zero cracking from the other treatments. Thc proportion of cracked frui t  

increased o n  days 2 and 4 ,  respectively. 

Corre lat ion analysis showed that there was a strong relationship bctween solution 

concentration and weight gain (r = 0.86,  P S 0.05), anc! flesh cmshing stress (r = -0.86,  P s 
0.05) (Table  8 .7) .  Percentage weight gain was s ignificant ly corre la ted with percentage fruit 

cracking (r = 0.85, P s 0.05) and flesh crushing stress (r = -0.93,  P s 0 .0 1 ) . 



Table 8 .6  

Surfactant 

Control 
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Daily Rate of Fruit  Cracking of ' Gala' Apples Submerged in Water or 

Surfactant Water Solutions at Manufacturers' Recommended Concentrations 

[Expt 2 : Frui t  Picked 3 1  Jan. and Tested 1 -5 Feb. ] 992] . 

Concentration Fru i t  Cracked (%)  on Each DayZ 

mL.L- 1 
Day I X  Day 2 Day 3 Day 4 

0 4 4 0 

-Disti l led Water 

None - Tap Water 4 0 0 0 

Citowett 0.25 0 0 0 4 

Pulse 2.00 0 [ 6  0 1 4  

Regulaid 2 .50 0 1 2  5 24 

Triton X-45 2.00 0 0 0 0 

zFor percentage cracked fruit on each day, 11 - one replIcate of 25 { [,li l t  0 11  day and for 

subsequent days n = the port ion of noncrackcd frui t  from the prev ious day. 

'Chi-square comparison of each treatment with the control for each clay i nterval showed no 

significant effects, P s:; 0.05.  



Table 8 .7 

AttributeP 
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Pearson' s  Correlation Coefficients Between Solution Concentration and Frui t  

Quality Attributes (Level s  of S ignifi cance i n  brackets) .  [Expt 2:  Fru i t  P icked 

Jan. 3 1  and Tested Feb. 1 -5, 1 9921 

Fru i t  cracked Weight ga in  Crush ing 

s tress 

Qua l i t y  

Score 

Concen trati on 0.66 (0. 1 5) 0.86 (0.03) 

0.85 (0.03) 

-0.86 (0.03) 0 .67 (0. 1 5) 

Fru i t  cracked 

Weight gain 

Crushing stress 

-0. 6 1  (0.20) 

-0.93 (0.0 1 )  

0 .24 (0.64) 

0 .7 l (0 . 1 1 )  

-0.90 (0.0 1 )  

PAuributes were expressed in the following UllItS :  concen tration in mL.L I ,  fruit cracking and 

we ight ga in i n  %, f1esh crushing stress in kPa, and qual i ty score in nu mbers ran gi ng from 0 

to 5 as expal inecl previoll s ly i n  Table  5 .  Al l  qual i ty attr ibu tes i nc l uded both cracked and non

cracked frui t .  

8.4.3 Experiments 3 Effects of submerging 'Gala ' apples ill water or different 

concentrations of various non-ionic surfactant solutions 011 water uptake and fruit 

cracking. 

After the first 24 hours of i mmers i o n ,  water uptake (percent  weight gain)  i ncreased w ith 

i ncreasing concentration of the surfactant water so lu t ion (Fi g .  8 . 5 )  b u t  there were no 

corresponding increases in  frui t  cracking (Table 8 . 8 ) .  I n  fac t, there was no fru i t  cracking in 

both disti l led and tap water, and in the 0.08 mL.L- 1 concent rat ion o r  a l l  fou r  surfactants .  As 

shown in Table 8.8, ch i-square comparison of each surfactant conce n t ra t ion with the control 

showed that the only signi ficant effect on percentage fru i t  crac k i n g  was due to Pulse at 0.65 

mL.L- ' (P :s; 0.05) .  
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Table 8 .8  

Surfactant 

Ci towettX 

Pulse 

Regula id 

Triton X-45 
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Effects of Solut ion Concentration on Percentage Fru i t  Cracking of ' Gala'  

Apples After 24 Hours of Submersion i n  Various Surfactant Water Solutions 

[Expt 3 : Frui t  Picked 5 Mar. and Tested 6- 1 0  Mar. 1 992] . 

Concent ration, mL. l itre' ! Dis t i l led Tap 

Water Water 
0.08 0.32 0 .65 l .25 2.00 

(Control) 

0 0 4 4 4 0 0 

0 1 3  1 7
" 

8 8 0 0 

0 8 0 0 0 0 0 

0 0 0 4 0 0 0 

XChi-square comparison of each surfactant concentration with the control showed that the only 

s ignificant effect on percentage frui t  c racking was due to Pu lse at 0 .65  mL.L' ! , P � 0.05. 

On the 4th day of immersion alone (Fig. 8 .6), percentage weight gain i ncreased in i ti a l ly w ith 

increasing solution concentration up to 0.65 mL.L' ! for Citowett and Regu laid,  or 0.32 mL.L- ' 

for Pulse and Triton X-45,  and dec l ined afterwards. S imi l arly, percentage frui t  c racking 

i ncreased with increasing solution concentration of CitoweU and Triton X-45 up to 0.32 

mL.L- ' and then decl ined. Percentage frui t  cracking in  Pulse increased wi th solut ion 

concentration up to 0.65 mL.L" and decl ined, whi le frui t  cracking genera l ly  increased with 

i ncreasing concentration of Regulaid (Fig. 8.7) .  

After 4 days of immersion, the mean percentage weight gain increased in i ti a l l y  with 

increasing solution concentration and then decl i ned (Fig. 8 .8) .  The rel at ionship between 

weight gain and solution concentration was less c lear wi th Tri ton X-45.  Simi larly, percentage 

fmi t  cracking increased i n i t ia l ly with i ncreasing solution concentration and then decl ined at 

high concentrations (Fig. 8 .9) .  Figure 8 .9  also shows that max i mum frui t  c racking occurred 

at d ifferen t  concentration for each type of surfactant. 
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When the data for a l l  surfactant concentrations were combined for \�ach type of surfac tan t, 

there were s ignificant increases (P � 0.00 1 )  in both weight gain (F ig . 8 . 1 0) and frui t  cracking 

(Fig.  8 . 1 1 ) due to the surfactant treatments compared to the water treatments . Within the first 

24 hours of immersion, Pulse i nduced the highest percentage we ight ga in and frui t  cracking 

and there were no significant d ifferences between Citowett and Triton X-4S on the one hand, 

and tap water and di stil led water on the other hand. On day 4 of i mme rs ion alone, there were 

no s ignificant di fferences in  the percentage weight gain of fru i t  soaked i n  the d i fferen t types 

of surfactant (Fig. 8 . 1 0) ,  however, Pul se induced s ign ifican tly h igher percentage frui t  crack ing 

(Fig .  8 . 1 1 ) .  

At the end o f  the 4-day immersion period, Pulse induced the h ighest weight gain and fru it 

c racking although these were not significantly di fferent from weight gain and frui t  cracking,  

due to Regulaid (P � 0.05) . S imilar ly ,  there were no s ign ificant d i fferences i n  percen tage 

wei gh t  gain and frui t  cracking between Citowett and Triton X-4S .  Although frui t  submerged 

in dist i l led water and tap water gained up to 1 .29 ± 0. 1 5  and 0.95 ± 0.04% in weight, 

respectively,  none of the frui t  cracked . The frui t  samples were left submerged and examined 

at dai ly in tervals unt i l  cracking of frui t  occurred. After additional 2 days of immersion, 20% 

of the frui t  submerged in dist i l led water cracked while none of those submerged in tap water 

cracked. Total weigh t  gain of fruit submerged in d isti l led water and tap water i ncreased to 

1 .57% and 1 . 1 2%,  respectively. Further 2 days of i m mersion resu l ted in addit ional 5% fru it 

cracking i n  dist i l led water and sti l l no cracking o f  fru i t  in tap water. 

8.5 Discussion 

There is w idespread bel ief among apple growers that s tem-end spl i tt ing of fru i t occurs 

primari ly due to excessive intake of water dur ing rainfa l l  or i rrigat ion.  I n  other fruits such as 

sweet c herries and grapes, it is generally accepted that fru i t  cracking is caused primaril y  by 

direct osmotic absorption of water through the frui t  skin (Verner and B lodgett, 1 93 1 ;  Kertesz 

and Nebel ,  1 935 ;  Verner, 1 939;  Gerhardt et aI . ,  1 945 ;  Westwood and Bjornstad, 1 970). On 

the bas is  of earlier experiments, Chri stensen ( 1 972a) concluded that water absorption resu lting 



c 
o 

C) 
+-' 2 . 0  
s:: 
01 
OJ 

3= 1 . 0 

0 . 5  

I A - O n  Day 1 

Contro l  Tap Wate r CitoweH Pu lse Re<] u l o id X - 45 

� 0 . 4  I B - O n  Day 4 
u L 
Q) ': 0 . 3  c o C) 
:£: 0 . 2  
en 
Q) 

3: 0. 1 

7 .0 

Control  T a p  Wa ter CitoweH Pu lse ReCJ u l o id X � 4 5  

� 6 .0 I C - Aft e r  4 Days I 
u v 5 .0  
Cl. 

. S  4 .0  
o 

C) 
:£: 3 .0  
01 3 2 . 0  

1 . 0 

Control  rap Wa ter  C itowett I'u ise l<ecj u i (J id X - 4 �) 

1 9 5 

F ig u re 8 . 1 0  Eff e c ts of type  of s u rfa c ta n t  so l ut i o n  o n  w a te r  
a bs o rpti o n  ( pe rce n t  we i g h t  g a i n )  o f  ' C o l el '  a p p l e s  o t  d i ff e re n t  
i n te rva l s  of i m me rsi o n  [A - o n  d oy 1 ;  E� - o n  d oy 4 ;  
C - Afte r 4 Days ] .  Th e c o n t t-o l t i e o t r"n e n  t 'N O S  d i �;t i l l e d  w a t e r .  



1 2  

C 1 0  
Q) 
lJ 

E o n  d ay 1 
L-
Q) 8 CL 
01 C 

.:y 6 
lJ 
0 
L-

V 4 
;'::: 

::l l-
LL 2 

0 Control  Tap Wate r CitoweH Pu lse Reg u l a id  X - 45 
30 

-t-' 25 I � 8 - o n  d ay 4 
Q) 20 
Q. 

Q1 

] 1 5 
() 2 

v 1 0  :'::' 
:=J L-

LL 5 

60 

Contro l  Tap Wat e r  Citowelt Pu lse r;':e g u l o id X - 4S 

-I-' 

� 50 I C - a fter 4 days I 
I-
Q) u 40 

Contro l  To p Wa te r C itow e t t  Pu lse Reg Li l a id X - 4 5 

Fi g u re 8 . 1 1  Effect s of ty p e  of  s u r fCl c t Cl n l  �3 0 1 u l i o n O il 
p e r  c e ll  t a g e f r u i t e ra c k i ll  9 0 f ' G  0 1  0 '  Cl P p i c  :� (] I� d i f I' C? r e n t 
i n te rva l s  of  i m m e rs i o n  [A - O il  d elY '1 ; [3 - O il  d ay 4 ;  

1 9 b 

C - aft e r  4 d ays] . T h e  c o n t ro l  t re a t rn e n t  w a s  d i �;t i l l e d  w a te r . 



1 97 

i n  cracking of cherries takes p lace only through the skin of the fruit. However, results from 

the present study on 'Gala '  apples have shown that despi te s igni ficant i ncreases i n  water 

absorption by frui t  submerged i n  surfactant-water sol ut ions which resu lted in skin-cracking 

of frui t ,  no stem-end spl i ts were i nduced. 

This result has s ignificant i mplications in  understanding the mechanism of water i n take and 

the role of water i n  promoting stem-end spl i tt ing in  apples. Whi le frui t  may absorb water 

through the skin following exposure to moisture, it appears from t he present resul ts  that th is  

does not  cause stem-end spl i t t ing. Rather, water intake through the fru i t  s tem may be the on ly 

pathway of i mportance i n  inducing stem-end splitting in  apples. In  th i s  case, stem-end 

splitting could be clearly d ist inguished from the ' sk in-cracking' of  apples (Verner, 1 93 5 ;  

Shutak and Schrader, 1 948 ;  B yers et aI . ,  1 990) and other fruits (Davenport e t  a l . ,  1 972) which 

resul t  mainly from excessive "swe l l ing and burst ing" of frui t  cut ic le .  

Trought and Lang ( 1 99 1 )  reported that significant splitt ing of sweet cherry varieties continued 

to occur  when frui t  were protected from rain with covers, and the authors concluded that the 

small vapour pressure defic i t  which occurred under the covers cou ld potential l y  reduce 

transpirat ion, causing frui t  growth to increase toward the sum of the transpiration and growth 

rates. Under these conditions which may lead to cherry spl i tt ing (Trought and Lang , 1 99 1 ;  

Edwards e t  aI . ,  1 992), stem-end spl i tt i ng may also be i nduced i f  fru i t  growth in apples exh ib i t  

s imi lar growth response. 

Furthermore, a transposit ion from the global description of the behav iour  of the ent ire frui t  

to the analys is  o f  the behaviour o f  the ind iv idual ce l l s  may also explain the fai lure to i nduce 

stem-end spl i t t ing despi te s igni fican t  water in take by fru i t  submerged in waLer or surfactant 

water solutions. It is  genera l ly  known that damage to plant and an imal  t i ssues and to fru its 

and vegetables i s  usual l y  in i t iated at the cel lu lar l evel (Cook e (  aI . ,  1 976; Puri and 

Anantheswaram, 1 993) ,  and that the physiological processes of the l i v i ng p l ant  cel l  are 

responsible for p roduci ng and maintaining turgor pressure. B ourne ( 1 983) reported that l iv ing 

p lan t  tissue has the abi l i ty to absorb water through the cel l  wal l s  which causes the vacuoles 

to enlarge and press against the part i al ly  elast ic  cel l wal l s  causing them to stretch. However, 

during immersion tests wi th detached 'S tayman ' ,  Byers et a i .  ( 1 990) found that apples 
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submerged in methylene blue dye (with or without surfactant) and pee led i ndicated that the 

primary uptake of water was through the lenticels and i njured parts of the fru i t cuticle. In 

addition, some sides of the frui t  showed no dye penetrat ing into apple flesh and other sides 

showed blue spots in proportion to the lenticel s ize and injury .  

From th i s  evidence i n  the l iterature, i t  appears that the primary path for water uptake in  intact 

growing fruit and detached frui t  are d ifferent  and thi s may i n fluence the d i rection of 

stretching and mode of fai lure of the affected t issues. Dur ing normal physiolog ical processes 

of growth, excessive water i ntake through the frui t  stem may enter the vacuoles and cause the 

cel lu lar volume to en large and fracture by burst ing.  On  the other hand, water i ntake through 

the lenticels and injured parts of detached frui t  may cause an i ncrease in extracel lul ar vol ume 

(cell wal l  p lus i nterce l lu lar space). This i n  turn causes a decrease i n  cel lu lar volume to 

maintain a constant total volume. As more water moves i nto t he fru i t ,  the lent icels  and 

extracel lular volume may become water-logged leading to a loss of in tegrity and rupture of 

the cuticle and the cell walls. From frui t  i mmersion tests us ing sweet cherries ,  G lenn and 

Poovaiah ( 1 989) found that water penetration caused separation of  the cuticle from the 

epidermal cel l  wal l  and the swel l ing in the epidermal cell wall region  resul ted i n  cut icular 

fracturing that preceded frui t  cracking .  

Under the foregoing two scenarios that water entering through d i fferent routes could cause 

differen t  stress symptoms, a stem-end split could be c lassifi ed as a growth crack which arises 

from the in teraction between frui t  growth factors and the phys io logical processes of  frui t  

development. I f  differences i n  growth rates affect both water hold ing capac i ty ancl mechanical 

properties of apple flesh as found by B auvi neau et a ! .  ( 1 993) for an imal flesh,  i t  t hen appears 

that d ifferences in relat i ve growth rates of fru i t  may exert more primary i nfluence on fru i t  
suscept ib i l i ty to  stem-end spl i t t ing than excessive water i n take on ly .  Further field and 

l aboratory experimental studies are required to val idate these hypotheses through a better 

understanding of the transport and volumetric repart i t ion ing  (cel lu lar and extracel lu lar) of 

water i nside fruit .  

The studies on rate of water i ntake showed that max i mum water i n take ocuurred w i th in  24 

hours for both frui t  submerged in water and in each type or surfactant solution (Figure 8 .2 
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and 8 .4).  Presu mably,  the main reason for the decl i ne i n  fru i t ' s  capac i ty for water uptake is 

that it is approaching ful l  turgor. This may al so be related to changes in the osmotic 

concentrat ion of the cell sap during the t ime-course of immersion. In i t ial l y , a h igh osmotic 

concentration of the cel l  sap cou ld  promote the rapid  movement of  water into the frui t .  The 

presence of additional water may fi l l  the i ntercel lu lar voids and also d i l ute the concentration 

of ce l l  sap, thereby reducing the osmoti c  potential of the ce l l  matr ix .  Under these conditions, 

both the movement of water i nto frui t  and the capac i ty of fru i t  to hold more water may 

decline considerably .  

A lthough frui t  attained up to 0 .95 and 1 .3% weight gain after 4 days of immers ion i n  tap 

water and dist i l led water, respectively, no frui t  cracke9 (Figures 8 . 1 0  and 8 . 1 1 ) . On the other 

hand, at about 3 .5% weight gain, 35% of frui t  submerged in C i towett solutions cracked .  

Maximum frui t  cracking (60%) occurred in  the Pulse solut ions. I t  is not c learly understood 

whether the fai lure to induce skin-cracking in water is due to insufficient water absorption or 

whether the cracking in surfactant-water solutions is due primari ly to the phytotoxic effects 

of the active ingredients. However, the significantly h igh corre lation between percent weight 

gain and percent fru i t  cracking in Tables 8 .4 (r = 0.97, P S; 0.00 I )  and 8 .7 (r = 0.85 ,  P S; 

0.05) suggest that low water i ntake by fru i t  submerged only in water may explain the fai lure 

of frui t  to crack after 4 days  of immers ion.  Thi s  explanat ion is further supported by the fact 

that after addi t ional 48 hours of i mmersion, 20% of the frui t  i n  d is t i l led water cracked when 

the percentage weight gain i ncreased to 1 .6%.  

It therefore appears from these results that there i s  a cri t ical  amollnt of water absorption 

which may induce sk in-cracking and this may be equivalent to about 1 . 6% weight gain in 

' Gala'  apples, a l though such a " threshold" w i l l  vary with in i t ia l  water s tatus of the fru i t .  In 

addit ion, these results also i ndicate that a lthough the phytotoxic e ffects of surfactant may 

induce d istinct ive stress symptoms wh ich resu l t  in sk in-cracking, the h igh inc idence of frui t  

cracking in  surfactant water solut ions may be  more attributable to  the enhancement of  the rate 

of water penetration into frui t .  

Furthermore, the d ifficu lty i n  i nducing stem-end sp l i tt ing fol lowing the immersion of  fru i t  i n  

water or surfactant water solutions a l so  suggests that moisture (e .g .  rain  water) trapped i n  the 
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stem cavity is un likely to be a cri tical factor i n  i nducing ring-cracking b u t  may enhance the 

deve lopment of stem-end sp li t t ing from ring-cracks by reduc i n g  the mechanical strength of 

the affected t issues s imilar to the effect of submerging frui t  i n  water  (Table 8 .2) .  

8.6 Summary and Conclusions 

The primary purpose of the work described in t h i s  chapter was to exam ine the hypothesis that 

excess ive water i ntake is  the primary cause of stem-end spl i tt ing in apples and to i nvestigate 

the poss ib i l i ty of inducing stem-end spl i tt ing in detached ' Gala '  apples through the 

enhancement of water uptake by submerging fru i t . in several non-ionic surfact ant-water 

solutions. During the t ime-course of the immersion period, the c u m u l at i ve water intake 

(percen t  weight gain )  of frui t  increased s ignificant ly  w h i l e  the da i ly  rate of  water uptake 

decl ined, with the maximum intake occurring during the fi rst 24 hours o f  immersion. The 

amount of water intake, however, varied considerabl y  between types of surfactant  and was 

significantly correlated w ith the percentage fru it that  developed sk i n-c racking .  No stem-end 

splits were i nduced and sect ions through soaked frui t  did not reveal the presence of new 

internal ri ng-cracks. 

These resu l ts suggested t hat a l though d irect absorption of  water t h rough fru i t  skin has been 

known to be an i mportant mode of water penetration that causes crac k i ng and spl i tt i n g  in 

fruits such as cherries, grapes, tomatoes and skin-cracking in apples (see Literature Review 

in  Chapter Two),  this i s  not the c ase w i th stem-end s p l i t t ing .  Rather, it appears that a stem

end spli t is a form of growth crack which may be assoc i ated wi th  the complex physio l ogical  

processes of  frui t  growth and devel opment.  The fai l ure to i nduce ste m-end spl i tt i n g  desp i te 

sign i ficant amounts of water uptake a lso  has considerabl e  impl icat i ons in u nderstand i n g  the 

mechanism by which frequent i rrigation promotes the i nc idence of ste m -end spl i t t ing . In  t h i s  

respect, i t  was suggested that w a ter i n take throug h  the stem via the root systern may be more 

relevant to stem-end sp l it t ing than through the  cut ic le .  Furthermore ,  it was concluded that 

excessive water absorption a lone did not appear t o  be the whole explanat ion for the i nc idence 

of stem-end spl i tt ing in apples.  
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Al though fru i t  ga ined we i gh t when submerged i n  w ater, sk i n-crack i ng did not occur after 4 

days o r  i m mcrs ion whel l  fru i t  had at t a i ned u p  t o  I . J (Yr) weight gai n .  This  resul t  suggested l l lat  

there is  a t h reshold all lOll 11 ( or wa ter i n t ake which may induce skin-crack ing and this 

amounted to about 1 . 6% weight ga i n  for ' Gala'  apples submerged in d isti lled water for 6 

days.  

[n conclus ion , i t  has been show n through l aboratory i mmersion tests that the commonly used 

non-ionic surfac tan ts affect the amount of water uptakc and qual i ty of fruit .  The resultant 

c hanges in rruit  quality (e.g . ,  increased water uptake, reduced flesh crushing s tress, skin

cracki ng , poor skin appearance) mimic some or the physiological processes of maturi ty which 

OCCUI' during fruit growth and development (Westwood, 1 978) .  S ince surfactants have been 

shown to affect a number of physiological processes of frui t  i n  the field (Noga and Bukovac, 

1 986),  it is  not conclu si ve from the present study whether or not the use of these surfactants 

in the orchard m ay enhance the incidence of stem-end spl i tt ing by altering the growth

mediat ing processes. H owever, it  is considered un l ikely that surface water alone, such as 

water trapped in the stem cavi ty , would i nduce internal  ring-cracking and lead to stem-end 

spl i tting . 

On the o ther hand, i t  is 1110re probable that other frui t  quality attributes may be affected 

following the ll SC of the surfactants in the field.  Detai led field studies would  be required to 

ascertain w hether the surfactant-induced enhancement  of water absorption by ' Gala' apples 

obtained in the present study us i ng detached fru i t translates in to a biological response in the 

orchard at the w hole-pl ant  level w hich may induce steIn-end spl i tting .  



CHAPTER NINE 

EFFECTS OF DEGREE OF FRUIT EXPOSURE TO SUNLIGHT 

DURING GROWTH ON STEM-END SPLITTING AND MECHANICAL 

PROPERTIES OF 'GALA' APPLES 

9.1 Introduction 
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One of the consequences of the i nheren t  arch itecture of tree p l an ts i s  that individual  fru i t  

recei ve d i fferent amounts o f  exposure t o  d i rect sunl ight due t o  the presence o f  l eaves, tree 

branches and other fru it .  Consequent ly ,  frui t  on the same tree may exhibit  d i fferent  physical 

characteristics due probabl y  to differences i n  nearness and avai l ab i l i ty of nutrients, and due 

to variations in  the degree of i nteraction between the fru i t  ancl the environmental/external 

factors which infl uence frui t  growth. 

It  i s  generally known that the qual i ty of  app les depends  on their varietal characterist ics and 

the external conditions (Jacyna and Soczek, 1 980), and the degree of exposure of apples to 

sunl ight  plays an important role,  with part icular reference to i ts effect on the i ntensi ty of red 

colour and t he s ize o f  the b lush (rIetchcr, 1 929;  Art hur, 1 9:16;  Reger, 1 944). f7ru i t  fi rmness 

has been shown to be i nversely  re la ted to t he i ntens i ty of exposure to sun l igh t  (He in icke,  

1 9(3) i n  comparison to colour, s ize or soluble so l ids  which exh ib i t  d i rect rel a t ionsh ips with 

exposure (Schrader and Marth,  1 93 1 ;  Smock, 1 953 ;  Hein icke, 1 9(3) .  The posi tive corre lation 

between the amoun t  of  total sunl ight and fru i t  weight i nd icates the i mport ance of the posit ion 

i n  the tree crown (Jackson,  1 967) .  Recognit ion of  t he importance o f' exposure of apple fru i t  

to l i ght  on qual i ty attribu tes has  led to  studies on e ffect i ve wave lengths (Pearce and  S treeter, 

1 93 1 ;  Streeter  and Pearce, 1 93 1 ;  S iege lman and Hendricks,  1 957) .  

In  Chapter Two of th is  thesis ,  the effects o f  exposure of fru i t  to sun l ight and temperature 

fluc tuation on frui t  cracking and spl i tt ing i n  apples and other frui t  was di scussed (Section 
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2 .3 .4) .  There were apparent  cul t ivar d ifferences, with cracking occurring predominant ly on 

the shaded s ide of ' York' apples (Shutak and Schrader, 1 948),  and on the exposed side of 

many other cu l t ivars such as ' James Grieve ' ,  'Beauty of Bath '  and the ' S tayman ' group 

(Tet ley,  1 930; Verner, 1 935 and 1 938) .  Despite the apparent eLl l t ivar d i fferences, the authors 

agreed that the s ide where the cracking is more common had a th icker i ne last ic cut ic le 

(Shutak and Schrader, 1 948;  Verner, 1 938 ) .  Roots i  ( 1 962) found that the resi stance to pressure 

on the sk in  and refractometer readings of several apple variet ies were h igher on the s ide of  

frui t  exposed to sunl i gh t  than on the shaded side, and i t  was concluded that the lower 

i nc idence of  cracking was related to the greater elast ic i ty  of the shaded t i ssues. 

Histological studies by Verner ( 1 938)  suggested that the suscept ib i l i ty of ' S t ayman Winesap' 

apples to cracking was due chiefly to premature cessation or rest ric t ion of growth in the 

hypodermal l ayer, and the author concluded that  th i s  retardat ion o f  growth appeared to be 

related to exposure of  the fru i t  to sun and general air movement which was v i rtual ly absent  

i n  t i ssues of heav i ly  shaded fru i t .  Fie ld observations by Verner ( 1 935) a lso showed that 

cracking of ' S tayman ' apples was more pronounced and extensive when the fol iage was 

sparse than when it was dense and th i s  d i fference was attributed to the greater inc idence o f  

sllnscald, russet ing,  and i ntense coloration in  the fru i t  of  trees and branches w i t h  poor fol i age. 

No i n formation was found in the l i te rature on the effects of  the degree of frui t  exposure to 

sunlight on the s ize and quali ty attributes of ' Gala '  apples.  S i nce field and l aboratory 

observations have shown that stem-end spl i tt ing is characterist ical ly di fferent from the other 

forms of fru i t  cracking in apples (Section 4.4 .3) ,  there is  a need to understand the association 

between the defect and the degree of  frui t  exposure .  This is part icularly important because 

the h igh  variabi l i ty in the inc idence of stem-end spl i tt ing obtained wi th in  the experimental 

blocks, trees and branches on the same tree suggested that w i th in  tree and frui t  variat ions 

could have i mportant implications on the suscept ib i l i ty of  ind ividual fru i t  (Section 4.4. 1 ) . The 

study reported i n  this Chapter was, therefore, conducted to examine the effects of two levels 

of  shad ing under normal orchard condi tions (natural ly  shaded vs wel l  exposed) on the 

incidence of stem-end spl i tt ing and the mechanical  and physico-chemical properties of fruit .  
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9.2.1 Fruit Materials 
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The experiment was conducted during the 1 992 apple  season at the private commercial  

orchard described in Section 3 .2 . 1 .  Five ' Gala' apple trees in the same block were selected 

because they had h igh incidence of stem-end spl i tt ing of fruit during the previous season .  On 

each tree, over 1 00 naturall y  shaded and 1 00 wel l  exposed fruit were randomly selected and 

tagged on 24 January. A l l  tagged fru i t  were hand-picked on 27 Fcbruary (two weeks after the 

first commercial  harvest on 1 3  February), separated accordi ng to the degree of exposure (wel l  

exposed or shaded) and exami ned for stem-end spl itting before storage at  1 0c. 

After picking, i t  was observed that about 35% of the wel l  exposed fruit  and 22% of the 

shaded frui t  had been lost .  This m id-season loss suggested that the samplcs were col lected 

after the ripest frui t  had been picked during commercial  harvesting on 1 3  February. Addi tional 

frui t  were then collected to repl ace the corresponding numbers of lost samples . Prior to test ing 

on 6 Apri l ,  frui t  were brought out of storage and al lowed to room temperature (about 20 °C). 

9.2.2 Incidence of Stem-end Splitting and Internal Ring-cracking 

Immediately after harvest, a total of  500 apples from each shading treatment was examined 

indiv idual ly for the presence of stem-end spl i ts and separated accordingly.  The inc idence of 

i nternal ring-cracking was determined after carrying out mechanical tests on frui t . A total of 

500 frui t  from each shad ing  treatment without stem-end spli t s  was used inc luding samples of  

fruit used for test ing mechanical properties. Each fru i t  was sectioned into two halves along 

the stem-calyx axi s  and examined for the presence of  r ing-cracking. The number of affected 

frui t  affected was recorded . 



9.2.3 Determination of Fruit Mechanical Properties 

205 

Fru i t  s ize (mass and d iameter) , soluble solids concentration (SSC), skin burst ing stress, and 

flesh c rush i ng stress were determi ned as described previously in Chapter Three. Each frui t  

property was measured on a sample of 2 5  apples for each treatment g iv ing a total of  50  

apples tested. B oth fru i t  d iameter, soluble sol ids ,  s k i n  hurst i ng stress a n d  flesh crushing stress 

were measured on the red and pale s ide of frui t  and averagecl for each frui t .  

Starch Index was determi ned on fresh fru i t  (after about 3 hours or  harvest) hy cutt i ng 

i ndividu al fru i t  i n  half equatorial l y  and placing the stem-end hal f i ll S tarch/fodine  solution for 

2 minutes. Upon removal , the value of  the Starch Index was determ i lled by comparison with 

appropriate starch i ndex patterns ancl the correspondi ng number was recorded, rang ing from 

o for i mmature (high starch )  to 6 for ripe fru i t  (no starch) (Duncan , 1 992) .  

9.2.4 Data Analysis 

S tatistical analyses of data were carried out us ing the SAS/ST A TS package (Cody and Smi th ,  

1 987;  SAS,  1 988).  Analyses of proport ions us ing X2  tests were employed to  compare the 

treatment means of percen tage fru i t  with stem-end spl i t t ing or in ternal ring-cracking .  The data 

on frui t  mechanical properties were subjected to a standard t-test. Graphs were plotted using 

OLE general purpose graphics package (Pugmire, 1 992) . 

9.3 Results 

9.3.1 Stem-end Splitting, Internal Ring-cracking and Fruit Size 

The effects of the shading treatments on frui t  s ize and the i nc idence of frui t  spli tt i ng are 

shown i n  Table 9 . 1 .  There was a s ign i ficantly h igher percentage occurrence of i n ternal ring

cracking in well exposed frui t  than in shaded frui t  ( 1 2.5% > 8 .6% at P S; 0.0 I ) , amounting 



206 

to more than a 45% i ncrease in internal ring-cracking.  However, the amount of s tem-end 

spl i tt ing from both treatments were not s ign i ficantly d i fferent (P > 0.05). Well exposed frui t  

had s ignificantly higher mean frui t  weight and d iameter (P s; 0.00 J ) , represent ing more than 

1 9 .2% and 5.8% i ncreases respectively in frui t  weight and cheek d iameter due to h igh 

exposure of frui t  to sun l ight .  

Table 9 . 1 

Treatment 

Natura l  

S hading 

Effects of  Shading Treatmen ts on Stern-end Spl i tt i ng, I nternal Ring-cracking, 

and Fru i t  S ize of  ' Gala'  Applesl 

S tem-end 

Sp l i t t ingP 

(%) 

4.0 

Internal 

Ring-crack ing 

(%) 

8 .6  

Frui t  Weighth 

(gm) 

J 26.08 ± 3 .3  I 

Frui t  D iameter 

(mm) 

65.7 1 ± 0.60 

Well Exposed 3 . 8  1 2. 5  J 50.24 ± 5 .64 69.49 ± 0.85 

S ignifi cance 

Level P>0.05 Ps;O.O  1 P�O.OO I P::;:O.OO l 

'For the incidence of stem-end splitting and internal ring-cracking, respectively,  samples of  

500 apples from each treatment were used, whi le fru i t  weight and  d iameter were determined 

using treatment samples of  25 apples. 

hYalues shown represent the mean ± the standard error of  the mean . 
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The effects of the shading treatments on fruit mechanical and physico-chemical  properties 

varied considerably  depending on the property examined (Table 9.2) .  There were no 

s ign i ficant treatment effects on skin bursting stress and S tarch Index (P  ::; 0.05). Flesh 

crushing stress was sign i ficantly h igher in  shaded fru i t  (P  ::; 0.00 I )  ancl th i s  d i fference 

amounted to a more than 9 .7% i ncrease in flesh crush ing stress compared to exposed fru i t . 

Conversely,  total soluble sol ids content was s ignificantly h igher in fru i t  that were wel l 

exposed than i n  the natural ly shaded treatment (P � 0.00 I ) , represent ing  a 6 .9% increase in 

the accumulation of soluble sol ids .  

Table 9.2 Effects of Shading Treatments on Mechanical  and Physico-chemical Properties 

of ' Gala' Applesz 

Treatment Skin B ursting Flesh Crushing Starch Soluble Sol i ds 

Stress!' S tress Index Concentrat ion 

(kPa) (kPa) CBrix) 

Natural 865 .49 ± 2 1.00 508.46 ± 8 .24 5. 1 ± 0. 1 1 2 . 38  ± 0. 1 3  

S hading 

Well Exposed 9 1 0.92 ± 24.46 463 .62 ± 1 0.0 1 5 .2  ± 0.2 1 3 .23 ± 0. 1 2  

S ignificance 

Level P>0.05 P::;O.OO I P>0.05 P�O.OO I 

tFruit properties were determined using samples of 25 apples per treat ment. 

PValues shown represent the mean ± the standard error of the mean. 
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In interpret ing the resul ts obtained in this study, it should be considered that the percentage 

of  ful l  sunl ight in tens ity actua l ly str ik ing the fru i t  at any one t ime was not measured but that 

the results obtained indicate the cumulative plant response in re l ation to the degrees of 

exposure to l ight during the entire growth period. Thus, the in iluences of  fru i t  exposure to 

sunl ight obtained in th is way may result  from the exposure of l ight to fol iage providi ng the 

frui t  with carbohydrates and also of temperature d ifferences resu l t i ng from the exposure of 

the fruit i tse lf (Heinicke, 1 966) .  

Wel l exposed fru i t  had s i gn i ficantly more i ncidence or i n ternal ri ng-cracking (45% i ncrease ) 
than shaded frui t  but  there were no s ignificant treatment effects on the amount of s tem-end 

sp l i t t ing. S i nce i nternal ring-cracki ng has been shown to be the precursor to the development 

of stem-end spl i tt ing in apples (Section 4.4.3) ,  i ndicat ing that every frui t  with internal ring

cracking has acquired some of the potent ia l required to spl i t ,  the present resu l ts  suggest that 

we l l exposed frui t  may be more susceptible to stem-end spl i tt ing than the shaded ones. 

The loss of some of the in i t ial ly tagged fru i t  during commerc ia l  harvest ing may account for 

the ins ign ificant effect on percentage s tem-end spl i tt i ng s ince fru it were harvested select ive ly 

for colour and size (Crauford, 1 992, pers. comm. ; B rookfield et al . ,  1 9(3) .  If  ripest frui t  are 

taken out of the in i t i al sample, then what remains is less mature and wou ld be expected to 

develop s tem-end splitt ing later s ince i t  has been shown in Section 4.4 . 1 that the i nc idence 

of stem-end spl i tt ing increased with advanced fru i t  maturity. 

The exposure of frui t  to sunli ght had profound effects on fru i t  size and soluble sol ids content  

(Tables 9 . 1 and 9 .2) .  The s ignifican t increases i n  fru i t  weight ,  d iameter and soluble sol ids 

may be related to greater photosynthetic activ i ty in the fru i t ing areas which leads to h igher 

accumulat ion of carbohydrates (Hein icke, 1 966;  Jackson , 1 967) and increase in growth rates 

(Pearce et. al . ,  1 993) ,  Thus, the smaller fru i t  from the wel l shaded treatment may also have 

resul ted from late blooms and slow growth rates. Furthermore, the increased incidence of 

i nternal ring-cracking in  wel l exposed fru i t  may, therefore, be related to the e ffect of exposure 

to sun l ight on fru i t  size and matur i ty since i t  has been shown ear l ier that  factors which 
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increase frui t  s ize are apt to accentuate stem-end spl i tt ing in apples (Sec t ion 4 .4. 1 ) . 

Flesh crushing stress was inversely related to exposure to sunl ight whi le skin bursting stress 

and S tarch Index were not significantly affected (Table 9.2) .  This resu l t is probab ly  an 

i ndirect consequence of the treatments on the overal l  stage of fru i t  maturi ty rather than actual 

effect  of exposure to sunlight since increas ing frui t  ripeness is assoc iated wi th  reduction i n  

flesh textural strength (Westwood, 1 978 ;  Studman and Yuwana, 1 992) .  

In  addi tion to the overall effects of the shading treatments, the s ign i ficant reduction in flesh 

crushing stress and i ncrease in the SSC of wel l  exposed fru i t  compared to the i ns ign ificant 

effects on both skin bursting stress and the Starch Ingex may also be related to the relative 

sensit iv i ties of the measuring devices and there consequent ab i l i ty to detect small changes in 

fruit  quality. On the other hand, i t  could  mean that the skin bursting stress in particular, may 

not be related to fruit  susceptib i li ty to stem-end splitting as suggested earl ier i n  Chapter Five. 

S ince a reduction in frui t  texture (e.g . ,  flesh c rushing stress) and i ncrease in soluble solids 

have been shown to be characteristic features of advancing fru i t  maturity (Sections 7 .4 .2 and 

7 .4 .3 ;  Westwood, 1 978),  i t  appears that well exposed fru i t may grow and mature faster t han 

shaded frui t  due to increased photosynthetic activ it ies ( Hein icke ,  J 966; Jackson,  t 967; Pearce 

et at , 1 993) .  The interaction between faster or abnormal fru i t  growth rates and changes in 

flesh s trength due to advancing fruit maturity may l ead to the deve lopment  of some physical 

defects such as stem-end spl itt ing, and this may in  part exp l ai n  the particularly high 

susceptibi l i ty of early maturing varieties such as 'Gala '  anel ' R oyal  Gala '  grown in certain 

regions .  

9.5 Conclusions 

The influence of two leve ls  of exposure to sun l i ght on the i nc idence of stem-end sp l i t t ing and 

changes in  frui t  mechanical properties of ' Gala '  app les was stud ied.  The amoun t of  stem-end 

splitt ing and i nternal r ing-crack ing were assessed external l y  and i nterna l l y  by examining 

samples of  fru i t  from late harvest. The exposure of fru i t  to sun l ight  s ignific ant l y i ncreased the 
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incidence of in ternal r ing-crack i ng by over 45% compared to shaded fru i t ,  a l though there was 

no s ignificant effect on percentage stem-end sp l i tt ing.  This latter resul t  was probably due to 

the removal mature frui t  by commerc ial harvest i ng operations.  f t  has therefore been suggested 

that the degree of exposure to sunl ight may be rel ated to the i nc idence of stem-end spl i tt ing 

since fru i t  with i nternal r ing-cracks has acquired at least some of the potent ial requi red to 

develop stem-end spl i tt ing . 

Frui t  s ize and sol uble sol ids concentration were directly re lated to exposu re to sunl ight whi le  

flesh crushing stress showed an inverse rel ationship .  Both sk in  burs t i ng stress and S tarch 

Index were not significant ly  affected by the shading t reatments. The resul ts on frui t  s ize were 

related to the effects of exposure to sunl ight  on fru i t growth rates and the accumulat ion of 

carbohydrates based on reports in the l iterature . The e ffects of the shading t reatments on 

texture, stem-end spl i t ting and other qual ity a ttributes of fru i t  were re lated, in part, to the 

overall treatment effects on l ate maturity, rather than the d irect effects of exposure alone. 

In conclusion, it has been shown that the quality of ' Ga la '  app les at harvest  i s  affected by the 

degree of cumulative exposure to sunl ight during growth and maturat ion.  The development 

of a h igh i nc idence of in ternal ring-cracking i n  wel l exposed frui t  comparee! (0 shaded frui t 

may be related to possibl e  interactions between faster or abnormal growth rates (Watanabe 

et a l . ,  1 987) and a concomitant reduction i n  flesh strength and i ntegri ty  due to rapid frui t  

maturity (Westwood, 1 978 ;  S tudman and Yuwana, 1 992). 



--------- --- - --- -� 

2 1 1 

CHAPTER TEN 

GENERAL DISCUSSION AND CONCLUSIONS 

The primary aim of this thesis was to i n vest igate the ori g i n  and causes o f  stem-end spl i t t ing  

in apples. Research carried out  inc luded fi e ld  studies  on the e ffects  o f  orchard management 

factors and frui t  shading on the incidence o f  s tem-end spl i t t i ng and the determ i n at ion of 

relationships between frui t  growth rates and the onset of stem-end spl i tt ing .  The effects o f  the  

management practices and shading on fru i t  mechanical  propert ies and the  ch anges i n  these 

properties during growth were also determ i ned.  At tempts were m ade to i n duce stem -end 

spl itting in detached app les by submerg i ng fru i t  i n  v ar i olls non- ionic  surfactant water 

solutions. Results obtained from t hcse stud ies have been d i scussed i n  the re levant sec t ions o f  

the previous Chapters. 

The object ive of the present Chapter is  to provide a genera l d i scLl ss i on of these resul ts  and 

to formulate a prel iminary model of the mechan ism o f  stem-end sp l i t ting i n  apples. 

Recommendat ions are al so made for future studies  a i med a t  redu c i n g  the occurrence of stem

end spl i tt ing i n  apples . 

10.1 General Discussion 

Fmit  qual i ty at harvest depends on internal and external ffll it fact ors. Depend in g  on the 

magnitude of these external i n11uences and the ir  i nteract ion w i t h  i n ternal growth factors , 

certain physical defects may ari se which impair  appearance and text ure. I n  apples,  one of the 

physical defects which may deve l op pr ior to harvest  is s p l i t t i ng at the stem -end .  Field and 

l aboratory observations in t h i s  study h ave shown that  this  qua l i ty defect occurs in 'Gal a ' ,  

' Royal Gala' and 'Fuj i ' .  
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An extens ive reVIew o f  the l i terature showed a dearth of i n format ion focused towards 

understanding the phenomenon of stem-end spl i tt ing i n  apples .  However, a considerable  

amount of l i terature was found on the causes of other forms o f  fru i t  crack ing i n  apples, 

namely skin-cracking, star-cracking and general spl i tt ing of  thc fru i t .  Whereas s k i n-cracking 

of apples occurs main ly on the shaded or green s ide of  fru it ( ri sher, 1 937a,b; Shutak and 

Schrader, 1 948 ;  Goode et aI . ,  1 975) ,  star-cracking occurs on fruit i n fected with certa i n  v i rus  

diseases (Posnette, 1 963 ;  Cropley, 1 968), wh i le general frui t  sp l i t t ing (Verner, 1 935 ;  Roots i ,  

1 96 1 )  and stem-end spl i t t ing occurrred main ly  on the exposed (blush) s ide of  frui t  (Section 

4.4.3) .  

This  study has confirmed prel iminary observations which suggested a possible associat ion 

between stem-end spl i t t ing and the presence of ring-cracking i n  fru i t  ( Hodson,  1 990) . By 

sectioning frui t  at different stages of maturity (Chapters 4 and 6), i t  has been found that every 

frui t  with stem-end splitting had in ternal r ing-crack ing at the st em-end and some fru i t  wi thout 

stem-end splitt ing also had i n terna l  r ing-cracks.  The s ize of  these r ing-cracks varied from 

about a quadrant to a ful l  ring-crack c i rcumscribing the pedicel . fu l l  3600 ring-cracks were 

seldom and occurred main ly  during l ate harvested fruit .  The i ncrease i n  the incidence of stem

end splitt ing and size of r ing-cracks with advancing fru i t  maturi ty may be rel ated to the 

reduction in flesh mechanical strength w i th increas i ng fru it ripeness (Sec t ion s 5.4.2 and 7.4 .2;  

S tudman and Yuwana, 1 992) .  The fact that every stem-end s p l i t  emanated from a ring-crack 

further confi rmed that the presence of these internal r ing-cracks pred ispose the fru i t  to stem

end spl itting . 

Al though the incidence of  stem-end spl i tt ing i ncreased w it h  advanc ing  fru i t  matur i t y  and 

bigger Cru i t  were more su scept i b le (sec Clwptcr  rour), t he de l"l.:ct was fou n d  i n  ho t h m a t ure 

(red-ri pe) and i mmature (green) fru i t , and i n  ; ! l 1  s i:;cs o f  fru i t .  W i t h i n  t rees t h a t  rece i ved t he 

same orchard management treatment s ,  the i n c idence o r  s te l11-end sp l i t t i n g  ranged fro m  about 

1 % to over 27%. These resu l t s  suggested that  fac t ors o t her t l l il n  the t rea t mcn ts ,  cspcc ia l ly 

within orchard and tree vari ations, may accou nt  for the d i flercnces in t he suscept ib i l i ty of 

i ndividua l  fru i t .  

Experimental studies on the effects of  orchard management prac t ices on  i nternal r ing-cracking 
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and stem-end splitting showed that frequent irrigation significantly increased the incidence of 

both .defects while both crop load and fol iar application of nitrogen had no significant effects 

(Table 4 . 1 ) . Results from mechanical tests on fruit  suggested that the increase in stem-end 

spl itting due to frequent irrigation may be attributable to its effects in reduc ing flesh crushing 

stress and i ncreasing fruit  size. Thus, orchard management factors which increase fruit  size 

and reduce the mechanical strength of the flesh are l ikely  to increase the susceptibili ty to 

stem-end splitting. This proposition may account for the insignificant effect of low crop load 

on percentage stem-end splitting since this treatment significantly increased both fruit  size 

(Table 4. 1 )  as wel l as flesh crushing stress (Table 5 .4). 

Mineral deficiencies (such as calcium) or excessive �oncentrations (such as nitrogen) have 

often been suspected or implicated as the cause of certain pre- and post-harvest physiological 

defects in fruits, including cracking in  apples (Chapter 2). S imilarly, many storage disorders 

that develop in apples have been associated with low calcium and phosphorus concentrations, 

and with high ni trogen (Waller, 1 980; Webster and Lidster, 1 986; Ingle and D' Souza, 1 989). 

The argument for calcium is  usually based on its essential role in normal plant growth and 

development especially in maintaining cell-wall integrity and adhesion (Clarkson and Hanson, 

1 980; Moorby and Besford, 1 983 ;  Kirby and Pilbeam, 1 984). This is contrary to the findings 

of this study that higher concentrations of calcium, phosphorus and potassium occurred in 

fruit with internal ring-cracking or stem-end splitting (Table 4.3) .  However, these results do 

not suggest any possible direct involvement of calcium and the other minerals with respect 

to resistance to stem-end splitting, but it is probable that the accumulation of significant 

concentration of minerals in fruit with stem-end splitting is a secondary response which 

probably occurs after cortical cells begin to breakdown, and not before the internal ring

cracking occurs . Nevertheless, a relationship between stem-end spl itting and mineral 

concentration cannot be ruled out, in view of the many factors which may affect fruit  mineral 

status such as cultivar, transpirat ion rutes and the effic iency of mi nera l pllrt i t ioning (Bangerth, 

1 976 and 1 979; Wiersum, 1 979). 

Studies on fruit growth rates showed that the onset of stem-end splitting coincided with a 

period of imbalance between the growth rates of fruit  length and diameter (Figures 6. 1 0-6. 1 2) ,  

and the attainment of final fruit shape (Figure 6. 1 4) . Also during this period, there was a 
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sudden increase in  longitudinal growth strain which equal led the latitudinal growth strain at 

about one week after the onset of stem-end spl itting (Figure 6.6). It appears that internal ring

cracking might very well arise due to greater tensile ( longitudinal) stresses that are exerted 

upon the fruit due to the sudden surge in longitudinal growth at a time when each affected 

cell is least able to accommodate the additional stress. With the presence of these fractured 

cells, stem-end spl itting may ensue due to further latitudinal expansion of the neighbouring 

cel ls (direction of highest growth; See section 6.5 .6) during normal processes of growth. 

Although i t  is  generally known that the quality of apples at harvest, including fruit cracking, 

is affected by the degree of fruit exposure to sunlight (Shutak and Schrader, ] 948 ; Heinicke, 

1 963 ; Jacyna and Soczek, 1 980), there were appar�nt cultivar differences (Tetley, 1 930; 

Verner, 1 935  and 1 938) and no information was found in the literature on the varieties that 

are susceptible to stem-end splitting. Results obtained in this study from end of season harvest 

of ' Gala' apples showed that fruit exposed to sunl ight during growth (compared to shaded 

fruit) had a 45% higher incidence of internal ring-cracking although there were no significant 

differences in the amount of stem-end splitting (Table 9. 1 ) . The insignificant effect on stem

end spl itting was attributed to the loss of about 35% of the initial samples from the well 

exposed shading treatment due to commercial harvesting since it has been confirmed earlier 

that internal ring-cracking is the precursor to stem-end spl itting (Section 4.4). 

Both large fruit size and advanced maturity were found to increase the incidence of stem-end 

splitting in apples (see Chapter Four, section 4.4 and Chapter Six,  section 6.4). Thus, the 

increased susceptibil ity of well exposed fruit to internal ring-cracking (and stem-end spl itting) 

may be related to the significant treatment effects in increasing fruit size and in promoting 

early maturity (Tables 9. 1 and 9.2). 

Results obtained from submerging ' Gala' apples in water and several non-ionic surfactant 

water solutions showed that all types of surfactant increased both the rate and the total 

amount of water uptake compared with the water (control) treatment (Figure 8 . 1 0) .  However, 

the significant uptake of water did not induce stem-end spl itting even though skin-cracking 

occurred (Figure 8 . 1 1 ) .  Previous researchers have also reported that surfactan ts enhanced the 

penetration of water through the fru it cuticle ancl increased the cracking of apples both in the 
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laboratory (Byers et  aI . ,  1 990) and in the field (Noga and B u kov(lc , 1 986;  Noga and Wo l ter, 
1 990) . The results obtai ned in  th is s tudy have i mpl ications i n  understand ing the mechan i sm 

of stem-end spl i tt ing in appl es . First, they suggest that skin-crack ing a n d  stem-end sp l i t t ing 

are d i st inct  phenomena: wh i le skin-cracking may resul t  from excess ive swel l i ng and bursting 

of the skin fol lowing sudden a n d  rapid  intake of water by t h e  u nderly ing flesh ,  s tem-end 

splitt ing appears to be related more to changes associated with d isproportionate growth rates. 

The above hypothesis leads to the second quest ion of the pr i mary path or mode of wate r 

uptake by growing frui t  (whether through the sk in  or fru i t  s tem) which i s  i n vo l ved i n  i nducing 

stem -end spl i tt ing . A lthough frui t  may absorb water through the sk in  fol lowing exposure to 

moisture, i t  appears from the resul ts of the immersi on tests in th i s s tudy that water uptake 

through the fruit stem may be of greater s ign i fi cance i n  induc i ng stem-end spl i t t ing i n  app les 

than through the skin .  Because of the possib i l i ty of complex i n teract ion s  between water

logging, water uptake and changes i n  fru it properties in the water-logged region,  i t  is not 

certain from this hypothesis whether or not rain water trapped in the stcm cav i ty may i nduce 

stem-end splittin g. Nevertheless , the results obtained from the total immersion tests suggest 

that stem-end splitting is not l i kely to be affected by rain drops i n  the cav i ty . 

Furthermore, although the present results sugges t  that surfactan t s  a l one may not i nduce s tem

end splitting in  apples , i t  i s  not conc lusive from this  study whether or not  the lise of these 
surfactants as spray adjuvants in the orchard may enhance the i nc idence of stem-end sp l i tt ing 

by al tering growth-mediating processes (Chapter 6),  SLlch as et hy lene product ion (Pa l las and 

Kays, 1 982) .  

1 0.2 Summary of Factors Associated with Stem-end Splitting in A pples 

The results reported i n  this thesi s  have shown that the occurrence of  stem-end sp l i tt ing in 

apples may be affected by several factors which may be attributable to orchard management 

practices, the envi ronmen t  (ex terna l ) and fru i t  grow th ( i n ternal )  characteri s t ics .  Tn order to 

faci l itate further studies in this area and the development of a mode l or stem-cnd spl i t t ing in 

apples ,  the results of the relat ionsh ips between management practice�;, environmental factors, 
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frui t  properties and the occurrence of  stem-end sp l itt ing are sum mari zed i n  Table  1 0 . 1 .  

Factors which are associated w ith i ncreased incidence of  stem-end spl i t t ing i nc lude frequent 

i rrigation, low c rop load, good exposure of fru i t to sun l ight  duri ng growth , large frui t  s ize and 

over-maturity.  It is i mportant to note from Table  10 . 1 that freCjuen t i rrigation and good 

exposure to sunl ight  which significantly enhanced frui t  s ize (Tables  4. 1 ,md 9. 1 )  and lowered 

flesh crushing stress (Tables 5 .4 and 9.2) al so i ncreased t he i nc idence of ste m-end sp l i tt ing . 

Evidence from studies on the growth of  'Gala '  apples (Chapter S ix )  i n  rel ation to the onset 

o f  stem-end sp l i tt ing has iden t i fied cri t i cal  growth peri ods duri ng the season w hen frui t  

spl i tt in g  began. This occurred about 3 weeks before the fi rst commerc ia l  harvest or 1 1 5 days 

after ful l  bloom (DAFB) .  A summary of the s i gni ficant  changes in fru i t  properti es elurin g  

growth and development which coincided wi th  the onset of  stem-end spl i t t ing i s  presen ted i n  

Table 1 0.2 .  No profound changes were observed i n l i neal d i mensions o f  fru i t  s ize ( length and 

diameter) and soluble sol i ds concentration at the onset of stem-end spl i t t ing .  However, th is  

cri t ical growth period w as associ ated with s ign i ficant c hanges in  fru i t  shape , g rowth rates, 

growth strain and flesh crushing st ress . It  i s  proposed that the magn i tude of  these changes 

may account,  i n  part, for differences i n  the susceptib i l i ty to s tem-end spl i tt i n g  of  i nd iv idual 

fru i t  on the same tree. 

Although the changes in fru i t growth observed dur i n g  t he cri t i ca l  growth pe riod of ' Gala' 

apples may account  for the degree of suscepti b i l i ty of i nd iv idua l fru i t  wi th i n  the suscept ib le  

cult ivar, further studies on res istant cu l t i vars wou l e! be reCju i red t o  understand the re l at ionsh i p  

between these changes and the res i st ance to  s tem -end spl i tt in g across cLl l t ivars.  This  i s  

part icularly i mportant  because there is con fl i c t i ng evidence in  the  l i te ra ture on the shape o f  

frui t  growth curves of  app les a s  d i scussed earl ier i n  Chapter 6 .  

In  summary, the overa l l  resu l ts and discussion presented i n  t h e  various Chapters o f  t h i s  thesis 

provide greater i ns ights in to the orig i n  and devel opment o f  stem-end sp l i t t ing in app les . 

However, these resul ts may not en t irely exp la in why certain cul t ivars arc suscept ib l e  as 
pointed out in the foregoing paragraph . The question of cll l r ivar resi stance to stem-end 

spl i tt ing is beyond the scope of this  s tudy and requ i res a maj or survey 0 1' several vari et ies .  
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It is hoped that the findings of the present s tudy wi l l  fac i l i tate such further investigations i n  

this area. 

Table 1 0 . 1  Summary of results of relat ionships obtained between h igh inc idence of stem

end spl i tt ing and factors that have been associated w i t h  cracki ng and spl i t t ing 

i n  frui t .# 

Management factor or 

Frui t  property 

1 .  Irrigation 

2. Frui t  thinning 

3 .  Nitrogen fert i lizer 

4. Exposure to sunlight 

5. Mineral defic iency 

6. Fruit Size 

7 .  Sol uble sol ids content 

8. Textural strength 

9. Sk in  burst ing strength 

10. Stem adhesion force 

1 1 . Immersion of detached 

frui t  i n  solution 

1 2 . Maturi ty stage 

Level of factor related to h igh Degree o f  

incidence of  stem-end spl i tt i ng"" assoc iat ion& 

frequenUheavy defin i te 

heavy/low crop load s l ight  

no effect none 

high exposure defin i te 

no effect none 

l arge size defi n i te 

h igh indefin ite 

low defin ite 

no effect none 

no effcct none 

no effect none 

over-maturi ty definite 

ffLiterature review of the assocIation between these J actors and fruit cracking a nd spJi ttlI1g 

in apples was d iscussed in detai l i n  Chapter Two. 

&Based on results obtained in th is  study. 
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Tahle 1 0.2 Summary of  s ign i ficant  c hanges in  fru i t  propert ies \vh ich coi ncided w ith the 
onset of stem-end in ' Gala'  appl e dur i n g  the season . 

Fru i t  Property 

1 .  Length (L) 

2. Diameter (D) 

3. Weight 

4 .  Shape (L:D ratio) 

5. Growth rate 
- length and d iameter 

- we ight 

6. Stem-end cavity 
-depth (C) 

-growth rate 

-shape (C : D  or C:L rat io) 

7 .  Growth strain 
(gape s ize) 

8. Flesh crushing stress 

9. So lub le solids concentration 

Change at onset of s tem-end sp l i t t ing 

steady i ncrease 

steady i ncrease 

sudden i ncrease wh ich  corresponded w i t h  
t he  resumpt ion o f  final  period of rapi d  
expansIon 

abrupt  stagnation ; tran s i t i on between a period 

of l inear decl ine i n  rati o  to a period o f  n o  
s ign i fi cant change ( i .e. attainment of  fi na l  
shape) 

length increased w h i le diameter decreased 

trans i t ion between decl i n i ng growth and 
resumption o f  rap id  increases i n  growth 

beginning of  a period of rapi d i ncrease 
which  co inc ided w i th second phase of a 
double-sigmoid growth curve 

sudden i nc rease preceded by a period of 
decl ine 

sudden change fol lowing a period o f  fai rly  
un i form shape 

lon g itudinal s tra in  approximately equal to 
lati tudi n al stra in but was less  prior to 
and after this period 

sudden reducti o n  in rate of dec l i ne (kPa/day) 

Increase 
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1 0.3 A Tentative Model of Stem-end Splitting in  Apples Based On the Identified 

Relationships Between Management Factors and Fruit Properties 

A tentative model that describes the relationships between t h e  orchard manageme n t  practices, 

frui t  external environment, frui t  physical properties and the d evelopment o f  stem-end splitt ing 

in  apples i s  presented in Figure 1 0. 1 .  The model describes the general  re la t ionships between 

factors which affect the i ncidence of stem-end spl i tt ing in a susceptible cul t ivar, emphasising 

the significance of frui t  growth rates and the i nfluence of  the m icro-e nv ironment .  These 

environmental factors inc lude temperature, relative hum id i t y ,  water v apour pressure deficit  

and i rradiation (Verner, 1 935) .  The model thus assumes that  the i nc ide nce of s tem-end 

spl itt ing depends on a number of factors which are s y nergist ic in the ir  effec t . Consequently, 

each factor i s  associated with a risk component and the more factors th at are present, the 

h igher the amount of stem-end splitting. Both pathways in Figu re 1 0 . 1  i nd icate that factors 

which promote early, rapid or excess ive growth of fru i t  may be rel ated to high incidence of 

interna l  ring-cracking and stem-end spl i tt ing.  

The right hand pathway describes the si tuation that  may lead t o  a h i gh i nc idence o f  stem-end 

spl i tting .  Under the conditions of h igh growth rates ,  i n creas i n g  concentration of soluble solids 

and decl in ing flesh crushing stress ( factors w h i c h  promote h igh i n c i dence o f  stem-end 

spl i t t i ng),  i t could be expected t h a t  care fu l  t i m i n g  of management  pract ices such as frequent 

i rrigation and low crop load (which enhance frui t  grow th ratcs), may affect the extent of fru i t  

spl i t t ing during the season . The purpose would be t o  appl y  these t reatlTlent s  a t  t i mes which 

m i n i mise the rate of  change of these physical propert ies . S i m i larl y ,  t im e l y  h arvest i n g  of  fru i t  

for s ize and colour may also reduce the possib i l i ty of  a high inc idence o f  stem-end spl i tt ing 

(as i n  Chapter 9) that may occur if  fru i t  are a l lowed to become over-Illature (Walsh et a I . ,  

1 992) .  

The left hand pathway app l ies to the condi tion u n der which t here i s  less  i n c idence of stem

end splitt ing and this may occur under condi t ions of adequate supply of  water, opt i mu m crop 

load and proper management of tree canopy to ensure opti Illum exposure of fru it to sunl ight. 

In  either pathway of Figure 1 0. 1 ,  t he c r i t i c a l  f�lc tors which appear t o  dc term ine the degree of 

stem-end spl i t ting are d isproport ionate growt h  ra t es , fru i t  s i ze ,  s t age of m at uri ty , and 
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mechanical strength of fruit  flesh. The m odel i n  Figure 1 0. 1  could be expanded to i nc lude a 

component or "barrel "  sub-model at the top to accoun t  for cul t i var d i fferences and in wh ich 

c ase a cul tivar is either susceptible or resistant to stem-end spl i tt ing .  

1 0.4 Possible Mechanisms of Stem-end Splitting in  Apples 

Based on Pathway of Water Uptake by Fruit 

The resu l ts  reported in Chapter Four o f  th i s  thesi s  h ave shown t hat freque ncy of irr igat i o n  is  

important in the devel opment o f  i n te rna l  ri ng-cracks �\Jl(l the i nc idence of stem-end spl i tt ing .  

However, the fai lure to i nduce stem-end sp l i tt i ng i n  detached fru i t  of  ' G a l a '  apples despi te 

s ignificant  water absorption (weight gai n)  when fru i t  were su bmerged i n  non- ion ic  surfactant 

w ater solut ions suggests that the pathway of water uptake by fru i t  may be cri t ical . 

Figure 1 0.2 describes the possible mechan i sm of stem-end spl i t t i n g  based on the prem ise that 

stem-end sp l i tt ing  is a growth crack that i n i t i ates i ns ide the cel l s  and leads to  bursting s i m i l ar 

to the c e l l-rupture theory (McAlpi ne ,  t 92 1 ;  Heald,  1 926; P i t t  and Chen, 1 98 3 ;  Hol t  and 

Schoor l ,  1 983b;  Vincent, 1 990) rather than cel l  c rushing (Herbert, 1 922; A l t isent ,  1 99 1 ) , o r  

d u e  to the d i ssolut ion o f  t h e  i ntercel lu l ar pect ic membranes w h i c h  m ay induce excessive 

swe l l ing and separation of the pulp cel l s  resu l ting in  sk i n-crac king (Mezzett i , 1 959).  I t  i s  

hypothesized t hat stem-end spl i t t ing devel ops from i n ternal  r ing-cracks which are induced 

primari l y  by the greater imbalance i n  fru i t  growth rates and that rrequent water uptake 

through the frui t  stem is more cr i t ica l  than through the sk in  i n  promoti n g  t he i nc i de nce o f  

stem-e nd sp l i t t i ng . 

The pathway presented i n  Figure 1 0 . 2  appl ies to the s i tu at i on whereby grow i n g  frui t  may 

devel op s tem-end splitting fol lowing water uptake pri mari ly through the fru i t  stem and via 

the vasc u l ar system. The mechan i s m  would be such that uncleI' condi t i ons of high cel l 

turgid i ty  and rapid  growth rates, the cells absorb water in vivo throu gh the vascu l ar syste m  

a n d  swe l l  further. The i ncrease i n  ce l l  s ize by expansion and ri se i n  sol u te conte n t  a s  fru i t  

matures raises the c e l l  turgor pressure and the w a l l s  o f  i n d i v idual  ce l ls may frac tllre (Knee, 
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1 975;  Pitt and Chen, 1 983 ;  Holt  and Schoorl , 1 983b; V incent ,  J 990). Individual cel l s  may 

burst  when the i nternal  stresses reach a cri t ical l evel more than the ce l l  wal l s  can withstand.  

The yie ld ing of the cel l  wal l s  under osmotic pressure generated by ce l l  solutes continues unt i l  

t hey fi nal l y  rup ture al low ing the protoplast  wi th in  to  swe l l  and burs t  at the same t ime (S imon , 

1 977a,b). The above mechanism of cel l w a l l  fracture fol lowed by ce l l  burs t i n g  i s  s imi l ar (at 

the cel l u l ar level) to that suggested for i mpact bru is ing  in apples (Hol t  and Schoorl , 1 983b;  

Pitt and Chen, 1 983 ;  Vincent, 1 990) and sp l i t t ing (longitudinal crack ing) i n  carrols (McGarry , 

1 993) .  

In addit ion to the cel l fracture theory described, mechanical  fai l ure i n  fru i ts  and vegetab les 

may also occur by debonding (ce l l  separation) (Lin  ,\nd Pitt,  1 986) or the c rushing of ce l ls 

(Herbert, 1 922). Fai l u re by cel l  crush ing i s  not con s idered as fract u re (A l t i sen t , 1 99 1 ), and 

recently, McGarry ( 1 993) showed from scan n i n g  e lectron micrograph s tudies that cell wall 

rupture, as opposed to i nter-cel lu lar separation along the middle l amel la, was t he mode of 

fai lure caus ing spl i t t ing i n  carrots. 1t is proposed that the i n i t i at ion  o f  in ternal  ring-cracking 

in apples may occur primari l y  through the mechanism of  ce l l fracture or i n  combination wi th 

ce l l debonding  (rupture by splitt ing of ce l l  w a l l s ;  see Hol t  and Schoor!, 1 983b ) . The weakest 

cel l wal l s  hurst first and the progress i ve burst ing of nearby cel l s  res u l ts in exposed t i ssue 

surfaces which become desiccated as i n  elry l es ions due to the brown ing reac tion and the 

evaporation of the vacuolar fl uid .  The cracking w i l l  be a catastrophic event resu l ti n g  in the 

release of stresses between di fferent zones of the area arou nd the stem.  

The presence of these ring-cracks provide poin ts o f  structural weakness and i t  i s  proposed that 

stem-end spl i t t ing m ay develop from these c racks due to grow th s tresses w h i c h  accompany 

further expansion of the fru i t at a t ime when there i s  a s i gn i ficant  reduct io n  i n  the structural 

i ntegrity of the ripening frui t  due to advan c ing maturity (Sec t ion 7.4) .  Once spl i t t ing begins,  

i ts propagation w i l l  be exp l os ive in nature and cont i nues as l o ng as t here i s  sufficient stored 

energy avai lable to feed the spl i t ' s  progress (Hol t  and Schoorl , 1 983a,b) . 

Tn contrast, the pathway shown  i n  Figure 1 0 . 3  describes t he mechani s m  which may resul t  i n  

skin-cracking apples.  In  this s i tuation, water enters through the fru i t  pri mari l y  through the 

lent icels ,  i njured parts and m inute cracks o n  the fru i t  ski n .  These arc the pri mary modes of 
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water uptake when detached frui t  are submerged in w ater solu t ions (as in Chapter Eight; 

B yers et  aI . ,  1 990) and may a lso occur i n  in tact gro w i ng fru i t  as surface water fo l lowing a 

period of rain or overhead i rrigation. Water uptake occurr ing mai n ly v i a  the len t icel s and 

inj ured parts of fru i t  (such as superfic ial cracks and sunburn) n oods the a i r  spaces.  Further 

in take of water caused by suhmergence in water or surfact ants  may lead t o  water- logged 

t issues. The resulting pressure from excessive swel l i ng and separat i on of the p u l p  c e l l s  may 

lead to loss of integri ty and cracking of fru i t sk in ,  s im i lar (0 th at observed in stored apples 

(Mezzetti ,  1 959) .  The pre-harves t rain- induced crack ing and spl i t t ing of tomatoes, cherries, 

grapes (Dickinson and McCol lum, 1 964; Bu l lock, 1 952; Meyn hardt, 1 9(4) and s k i n -cracking 

of appl es (Verner, 1 935 and 1 938 ;  Shutak ancl Schrader, 1 948) have been ge nera l ly attributed 

to  this mode of fai lure. 

There is a w ide l y accepted hypothes i s  that cel l s  of ripe fru i t  may burst u nder pressure 

generated when they are p laced uncleI' hypoton i c  m ed i a  ( low osmotic potent ia l )  such as water 

or d i lu te solutions, a condit ion termed p l asmopty s i s  (Crafts et a ! . ,  1 949 ; Kuster, 1 958 ;  S imon, 

1 977a,b). Under the conditions described in  Figure 1 0. 3  which may i n i t i at e  s k i n -cracki ng, 

there is the possi bi l ity that the presence of minute superfi c i a l  cracks and w ater- logg i ng of 

intercel lu lar spaces due to water uptake through the l e n t ieels  may expose the cells 10 s imi lar 

hy poton ic conditions which may lead to leakage of cel l contents,  loss or cel l  in tegrity and 

breakdown of the cel l  compartment. Pitt and Chen ( 1 983)  obtai ned rupture of p arenchyma 

cel l s  of ' Ida Red' apple by soaking t issues in tap water and recen t  s tud i es by H arker and 

Hallet ( 1 992) using disks of cortical t issue of ' B raeburn ' apples al so showed that the cel ls 

burst when placed in  simi lar solutions. It  was presumed that t he rupture of cel l s was induced 

by very high turgor pressures i nduced by the hypotonic so l u t i on s  (Vincent ,  1 990; Harker and 

Hallett, 1 992). 

However, i t  has also been observed that fru i t  cells do not  burst ill situ because they are under 

pressure from surrounding cells, and that they are not  genera l l y  exposed to hypoton ic 

condit ions  (Simon, 1 978) .  This may be rel ated i n  part to the fact that hydrostat ic pressures 

appl ied exogenously to p lan t t issue do not raise membrane permeabi l i ty  to such an extent that 

vacuol ar solutes leak Ollt of the cel l s  (Ku iper, 1 972) . 
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Nevertheless, it has been suggested that such events described above may underl ie the 

development of other physiological d isorders in apples characterised by , cel l coll apse' such 

as mssetting and i nternal breakdown, condit ions favoured by high humid ity ,  frequent rain or 

dew (Faust and S hear, 1 968 and 1 972;  S imon, 1 977a).  Prolonged exposure of ce l l s to water 

due to water-logged i ntercel lular spaces m ay weaken the ccl l  wall s  and cause rupture ,  and the 

release of ce l l  fluids in to the air spaces. It m ay also suggest t hat t he phc l logen which  g ives 

rise to the appearance of russet develops under such col l apsed epidermal  ce l l s  (Faust and 

Shear, 1 972). 

The models of fru i t crack ing developed in  this study have been formu lated based on 

transformation of the results to the cel l u lar l evel .  Usit;lg a rupturcd cel l  theory (cc l !  burst ing 

or in combination with cel l  separation) (McAlpine, 1 92 l ;  S imon,  1 977b and 1 97 8 ;  Hol t  and 

Schoorl,  1 983b;  Pitt and Chen, 1 98 3 ;  Lin  and Pitt, 1 986; V i ncent ,  1 990; McGary, 1 993) as 

opposed to the crushed cel l (Herbert , 1 922;  Ait i sent ,  1 99 1 )  and starved cel l  theories (Heald ,  

1 926) , i t  i s  proposed that under unfavourable i mbalance of  growt h  rates and  h igh  water uptake 

through the s tem, i n terna l  r ing-cracking may arise. The presence of a ri ng-crack therefore, 

forms a free edge of the sk in  which is then pred isposed to crack ,  as is pred icted by fracture 

mechanics (Atkins  and Mai ,  1 985 ;  Kanninen and Popelar, 1 985 ;  Broek, 1 (89). rt i s  proposed 

that stem-end spl i t s  develop from i nternal ring-cracks by a s im i lar  mechan ism.  

In contrast, water uptake through the sk in  ( lenticels and i njurcd parts)  of detached or i ntact 

growing fru i t  m ay lead to rapid swe l l ing of  the underl y i n g  nesh beyond the l imi t of 

extens ib il i ty o f  the protective outer skin (Verner, 1 938) .  Under th is  cond i t ion ,  skin-cracking  

may occur. Thus,  wh i le  s tem-end spl i tt i ng arises from r ing-cracks wh ich  may be  i n i ti ated by 

progress ive burst i ng of  ce l l s  or  i n  combinat ion w i th  i n ter-ce l l u l a r  separation,  sk in-cracking 

may arise due to genera l l oss of structural i ntegri ty  and separat i on o f  the pu lp  ce l l s  i n  water

soaked fruit  tissues . 
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The studies reported in  this thesi s  have prov ided a greater u nderstand i ng  of the orig in  and 

causes of stem-end spl i t t ing in apples. However, they have also raised some quest ions which 

deserve further i nvest igation. At the conclusion of some of the  preced ing chapters , spec i fic  

suggestions for further studies have been made so as to faci l i tate more i n-depth understanding 

of th is  subject .  B ased on the observations made in th is  study and in  l igh t  of the overa l l  resul ts  

obtained, the fol lowing areas of  further research are suggested . 

(i) Onset of internal ring-cracking 

There i s  a need for more accurate determination of  the onset of  ri ng-cracking and stem-end 

spl i tt ing. Results  obtained in  Chapter Four confirmed that stem-end spl i ts are formed from 

i nternal ri ng-cracks, and fol lowing a 2-week sampl ing interval (Chapter S ix) ,  both defects 

were first observed on the same day (which occu rred at ahout  I 1 5  DAFB in  the 1 992 

harvest). The higher incidence of  in ternal ri ng-cracking recorded on this day compared to 

stem-end splitting suggested that the i n i t iation o f  both defects may have occurred some days 

or hours earlier. The present resul ts on the chrono logical development of  stem-end spl i t t ing 

i nd icate the crit ical period when the development of  s tem-cnd spl i t t i ng began. This  occurred 

about 3 weeks before the first commercial harvest of 'Gala '  i n  the Hawkc ' s  B ay region.  

However, both the i ni t iation of  ring-cracking and the onset o f  s tem-end spli t t ing may be 

determined more preci se ly by sampl i ng frui t  at shorter t ime i n tervals. This add i t ional 

i n formation would assist  i n  spec i fying management strategies to reduce stem-end spl i t t ing.  

(ii) Growth studies and internal structures of fruit 

In order to val idate the relat ionships between the development of  stem-end sp l i tt i ng and the 

imbalance in frui t  growth rates, it is recommended that the prese n t  s tud ies  on ' Gala '  be 

extended to other susceptible cu l t i vars as wel l as to res i stan t  ones. The current  studies have 

been based on measurement of  fru it  size extern a l ly . I t  i s  also recommended that future studies 
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include the development of internal s tructures such as cell s i ze,  shape and orientat ion. Resu l ts 

from such a study would provide vital evidence to aiel in understand ing di fferences in  

resistance to s tem-end sp li t t ing between cu l ti vars. This is  part ieu larly relevant  to stem-end 

spl itt ing because a more complete understanding of the processes which determine size and 

shape in fruits requires e lucidation of the s i tes and orientat i o n  of cel ls (Green,  1 976). For 

instance, studies by Vincent ( 1 989 and 1 990) and Vincent et al . ( 1 99 1 )  have shown that i n  

parenchymatous tissues, the mode o f  fai lure i s  can be dependen t  o n  the anisot ropic 

<management of the cells, the presence of air spaces and the rat io of thickness of the ce l l  wall 

to the diameter of the cel l .  S imi larly, h i stol ogica l  stud ies in g rapes by Meynhardt ( 1 964a) 

i ndicated that i n  cul t ivars suscept ible to berry-spl i tt ing, the rat i o  between the l ongitudinal to  

radial  sub-epidermal cel l d imensions o f  the berry was comparat ive l y  sma l l  and such berries 

usually had an epidermal cell l ayer consis t ing or re lat ively few ce l l s .  

(iii) Analysis of how growth stresses develop at the stem-end 

Further work is needed to understand how stresses develop in the s te m-end of apples and this 

may wel l explain, in part, how any di fferences i n  shape and other physical  attributes of 

cu l tivars may be related to suscept ib i l i ty to i nternal r ing-crack ing (and stem-end spl i tt ing) .  Tn 

grapes, theoretical analysis of  surface growth forces  suggested that  fru i t  shape and structural 

attributes can cause stresses which affect the occurrence of ra in-i nduced spl i tt ing (Considine, 

1 979;  Considine and Brown, 1 98 1 ) . In a separate study (Opara et aI . ,  J 993d ) ,  pre l im inary 

investigations on the use of fin i te element analysis to model the stress pa t tern in  apples have 

begun and further work is  recommended in this area. 

(iv) Measurement of susceptibility to stem-end splittillg 

There i s  a need for an objective method to assess the suscept ib i l ity of fru i t  t o  stem-end 

spl itting .  Attempts in this study to induce stem-end spl i t t i ng in detached frui t  by enhancing 

the rate of water uptake produced only skin-cracks desp i te s igni fican t i ncreases in the rate and 

amount of water uptake (Chapter Ei ght) .  Perhaps, more atten t i on needs to be given to 

identify ing tests which measure some mechan i ca l  or h iophys ica l propert ies of fru i t .  
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It is premature at  this stage to attempt to recommend rel iab le  strategies to reduce the problem 

of stem-end splitt ing because t here is a need for better u nderstandi ng of the relat ionships 

between overal l fru i t  qual i ty,  growt h  characteris t i cs and orchard management  prac t ices which 

affect  the i nc idence o f  stem-end sp l i tt ing .  In  view of  the lllany orchard factors and c hanges 

in frui t  properties which are associated with h igh inc idence of  stem-end sp l i t t i ng  (Tabl es 1 0. 1 

and 1 0 .2),  i t  i s  recommended that experimental studies be conducted to determine how these 

factors may interact with  fru i t  growth rates to induce stem-end spl i tt i n g .  or part icu lar in terest 

in this proposal would include the effects of frequent water supply,  l ow crop load, and degree 

of frui t  exposure on growth rates, and the effects of irr i ga t ion t reatments app l ied dur i ng the 

critical growth period when ring-cracki ng and stem-end spl i t t i ng are i n i t i ated. It is expected 

that a major outcome from this study would  be the recommendat ion of practical measures to 

reduce the i ncidence of stem-end spl i tt ing i n  apples.  

(vi) Causes of cultivar resistance to stem-end splitting 

In  order to el iminate the problem of stem-end spl i t t ing i n  apples,  i t  i m portant  to understand 

why certain cul t ivars do not spl i t  wh i le others are particu larly sllceptible.  This would requi re 

a maj or study to compare several cu l ti vars i n  order to iden t i fy fru i t  propert ies wh ich  govern 

resistance to spl i tt i ng .  It is recommended that future work he carried out in th i s  area to 

determine the relevant frui t  characterist ics which could assist p l a n t  breeders to iden t i fy 

susceptible l ines. 

10.6 General Conclusions 

In conclus ion, the phenomenon of stern-end spl i t t ing i n  appl es has been studied extensively 

using both fie ld and l aboratory observat ions on the one hand, ancl t ile measurement of  frui t  

mechan ica l  a n d  phys ico-chem ica l propert ies on the other. I n  add i t ion ,  fru i t  growth dynamics 

have been analysed . The l iterature on fru i t  cracking and spl i tt i ng in  apples has been reviewed, 
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including a considerat ion of a range of frui ts .  I t  was found that ,  frequen t ly ,  t he in format ion 

i n  the l i terature d id not  c learly di fferent iate the different  types of  fru i t  crack ing in  app les and 

the word "cracking" was often used in generic terms to inc lude skin-crack ing , star-cracking, 

general spl i tt ing of the flesh, and possibly, stem-end spl i t t ing .  

Th i s  study has provided new evi dence that the i n i ti ation of stem-end sp l i t t ing in  apples i s  

preceded by t he development o f  i nternal r ing-cracks .  These are frequent ly  present  i n  fru i t  

without stem-end spl i ts .  These ring-cracks extend from the base or the stem outwards i n to the  

flesh of the  app le  i n  a p lane at  an ang le  of 90 degrees to t he s te m .  Bot h ring-cracking and 

stem-end spl i t t ing were observed in some commercial ly  grown apple c u l t ivars,  n amely 'Gal a ' ,  

' Royal Gala' , and ' Fuj i ' .  References have been made in  the l i tera t ure t o  the type of  fru i t  

cracking  i n  apples  which commonl y  occurred around the  stem (Chapter 2) .  However, no 

publ ished research has noted the presence of in ternal r ing-cracks .  Resu l t s  obtained in th is  

study suggested that i n terna l  ri ng-crack ing (and stem-end sp l i t t i ng) i s  a growth crack rather 

than swe l l i ng  and burst ing of the frui t  sk in  often associated with excessive water uptake 

through the skin in to the u nderly ing t i ssue.  

I t  is apparent  from the overal l  resu l ts of th is  study t hat several externa l and in ternal frui t  

factors affect  the incidence of stem-end spl itting.  The study has shown that stem-end sp l i tt ing 

appears to be rel ated to an imbalance i n  growth rates or  t he fru i t  part s and presumably to 

water uptake through the stem, as water in take through t h e  remainder of t he frui t  surface did 

not cause stem-end spl i t t ing.  The ent ire work conta i ned in  this thesis prov ides t he first 

detai led study and analysis of  the problem, and therefore h i g h l ights some of the crit ical  issues. 

It is hoped that the resul ts and discussion presented will  contr ibu t e to t he unders tanding of 

the phenomenon of  stem-end spl i t t ing i n  apples so tha t pl ant breeders and growers wi l l  be 

able to m in imize the i mpact of th is problem in the app le growing i nd ustry . 



23 1 

LIST OF REFERENCES 

Altisent, M.A .  1 99 1 .  Damage mechanisms in handl i ng of fru i ts .  In Progress in Agricultural 

Physics and Eng i neeri ng (Matthew, J.  (cd . ) ) .  pp :  23 1 -257.  

Anon.  196 1 a. R eport of  East Mul l ing Research Station [or 1 960, page 9. 

Anon. 1 96 1  b. H ort icul ture . Research Progress at the Ill inois Agricultural Experiment Station 

: Report for j 958- 1 960, pp. J 1 2- 1 20. 

Anon . 1 96 1 c . V i tic u l ture .  Ann .  Rpt .  Agric . Tech.  Services for the period 1 st j uly, 1 960, to 30th 

J une, 1 96 1 ,  Republ ic  of South Africa, pp .  22-24. 

Anon. 1 962a. Report of East Mail ing Research S tation for 1 96 1 ,  pp. 9- 1 0 .  

Anon. 1 962b. Hort iculture . Resu l ts o f  Research in  1 96 1 ,  being 74th Ann . Rept. , Kentucky 

Agric .  Expt. Sta . ,  pp. 52-6 1 .  

Armstron g , R.J .  and Thompson,  A.E .  1 967. A dial lel  analysis of tomato fruit  cracking. Proc. 

Amcr. Soc. Horl. Sci .  9 J :  505-5 J 3 .  

Armstrong , R . 1 . and Thompson , A .E.  1 969 . A rapid and accurate system for scoring tomato 

frui t  cracki ng . HortScience 4 :  288-290. 

Arthur, J .M .  1 936 .  Rad iation and anthocya n i n  pigments . In Biological effects of radiation, 

Dugger, B . M .  cd.  Vol . I I :  1 1 09- 1 1 1 8 . McGraw H i l l , New York. 

Askew, H.O.  1 93 5 .  Changes i n  the chemical composi tion of developing apples. 1 .  Pomol. 1 3 :  

232-246. 
Asqu i t h ,  D.  1 957 .  Some resu l ts on the con trol of the red-banded leaf roller and the two

spo t ted mi tc .  S tate Hort . Assoc . News, 36 :  39 , 4 1 -45 .  

Assaf, R . ,  Levi n ,  I .  and B ravdo, B .  1 975 . Effects of i rrigation reg imes o n  trunk and fruit 

growth rates, qua l i ty and y ie ld of app l e  t rees . J .  Hort . Sc i .  50: 48 1 -493 . 

Atk ins ,  A . G .  and M a i ,  Y.-W.  1 985 .  Elastic and plast i c  frac ture.  E l l i s  Horwood Ltd . ,  NY. 

B ain ,  J Jv1 . and Robertson,  R.N. 1 95 1 .  The physiology of growth i n  apple fru i t .  1 .  Cel l  size, 

ce l l  nu mber and fru i t  development .  Ausl .  J. Sci. Res. B4: 75-9 1 .  

Bangerth ,  F 1 976. A rol e  of auxin transport i nhibi tors on the Calc ium content of artificial ly 

i nduced parthcnoc arp ic fru i t s .  Pbysiol . Plant. 37 :  1 9 1 - J 94. 

B angerth, F. 1 979 .  Calciu m-re l ated physio logical  d isorders of plants .  Ann .  Rev . PhytopatboJ .  

1 7 : 97- J 22.  

Banks, N . H .  1 993 .  Personal  commun icat ion.  Department of Plant  Science, Massey Univers i ty,  



2 3 2  

Palmerston North, New Zeal and . 

B arden,  l A .  1 992. Crop load and l i mb gird l ing a ffect  apple frtu i s ize, co lor, and qua l i ty .  

HortScience 27:  1 37 .  

B artlett,  M . S .  1 947. The use o f  transformat ion .  B iometrics 3 :  39-5 2 .  

B ataJ,  K . M . ,  Weigle,  J . L .  and Lersten , N . R. 1 97 2 .  Exogenolls growth-regu l ator e ffec t  o n  

tomato fru i t  cracking a n d  pericarp morphology. 1 .  Amer. S oc .  Horl.  S c i . 9 7 :  529-53 I .  
B ata l , K . M . ,  Weigle,  J . L. and Foley, D.C ] 970. Rel a t i on of strain-st ress propert ies o f  tomato 

s k i n  to cracking of tomato fru i t .  HortScience 5: 2 23-224. 

B auvineau,  C, Laroche, M . ,  Hei l ,  F, Dumont, J . -P . ,  Card i na l ,  M . ,  Corne t ,  l, Vallet ,  J .-P. ,  

Fauconneau,  B.  and Faure ,  A .  1 993.  Tncidence de l a  v i tesse de cro i s soance sur les  

c aracterist iques de la  chair  de la  tru i tT fari o  (Sal mo Trutta) e levee e n  mer.  Effect of 

growth rate on flesh characterist ics  o f  brown trout (Salmo Trutta) reared in sea w ater. 

S ci ences des A l i ments , 1 3 : 20 1 -2 1 1 .  

B eadle,  C L. 1 99 3 .  Growth analys i s .  In I-Tal l ,  D .O. ,  Scurlock,  l M.O. ,  B o l h ar-Nordenkampf, 

H . R . ,  Leegood, R.C and Long, S .P .  (cds . ) .  Photosynthes is  and production i n  a 

c h anging environment:  a field and l aboratory manual . Chapman and H a l l ,  London . 

pp. 36-46. 

Beattie, B . B . ,  McGlasson, W . B .  and Wade N .L. 1 989.  Postharvest d i seases of hort icu l tur a l  

produce. V o l . I .  Temperate Fru i t .  NSW Agric .  and Fi sheries.  CSIRO, Austral i a. 

Bernste i n ,  Z. and Lust ig ,  1. 1 985.  Hydrostat ic  methods and measurement o f  fi rmness and 

turgor pressure of grape berries (vil is  v i n i fera L.) .  Scient ia I-Iort .  25 :  1 29- 1 36 .  

B ij I ,  van d e r  P . A .  1 9 1 4. " Apple cracking" and " apple branch bl i ster" . Caused by t h e  fungus 

Coniothec i u m  C homatosporum, Corda. Agric .  J .  Un ion o r  S.  A frica.  Vol.  8:  64-69. 

B l an p ied, G .D .  and W i l de ,  M .H .  1 968.  A study o f  the cel l s  in t he outer flesh o f  developing 

McIntosh apple frui ts .  B ot .  Gaz. 1 29:  1 73 - 1 8 3 .  

B oh l mann,  T.E.  1 962. W h y  does fru i t  c rack ? Fmg. S .  A fr ica.  V o l .  3 8 :  1 2- 1 3 . 

B o u rne,  M.C 1 983.  Phys ica l  properti es and s tructure of hort icultural crops. Tn Peleg, M .  and 

B . B . B agley , eds. Physical properties o f  foods .  A VI Pub ! .  Coy, Westport. pp. 207-228 .  

B roek, D .  1 989.  The prac tica l  use o f  fracture mechanics.  K luwer Acade m i c  Publ i shers, 522 

pp. 

B rookfield, P.L. ,  Hughes,  lG.  and Watkin s ,  C B .  1 99 3 .  Fru i t  mat u ri ty and quali ty of 

selectively picke d  ' Royal Gal a'  apples .  N.Z. J. Crop and Hort.  S c i . 2 1 :  1 83- 1 87 .  



233 

Brookfie ld ,  P . L . ,  Ferguson, LB . ,  Watk i n s ,  c . n .  and B owen, l H .  1 993 .  Rel a t ionshi ps between 

seed number, ca lc ium content  and d i sorders i n  ' B racbu rn '  apple fru i t .  Abst rac t o f  

paper presented a t  A G RI-TECH ' 9 3  h e l d  a t  t h e  Auckland Col lege o f  Ed ucation,  23 -26 

August. 

Brooks, C .  and Fisher, D.F. 1 926.  Some h ig h-temperatu rc e ffect s  in apples : Contrasts i n  t h e  

two sides o f  an apple . l Agric .  Res . ,  Vol . XXX I I :  1 - 1 6. 

Brooks, W.M. 1 96 1 .  Mod i fi ed pru n in g .  Amer. Veg. G r. 9 :  48.  

B rown, H . D .  and Price, C.V.  1 934.  Effect  o f  i rr igat ion,  degree o f  matur i ty ,  and shad i ng upon 

the yield and d egree of  c rac k i n g  o f  tomatoes. Pro . Amcr. Soc.  Hurt .  Sci .  32 : 5 24- 528 . 

Buch, M .L . ,  S at or i ,  K.G.  and H i l l s ,  C . H .  1 96 1 .  The e ffec t  of bru i s i n g  and aging o n  the tex ture 

and pectic const i tuents o f  canned rec! t ar t  cherries. Pood Techno ! .  1 5 : 526-53 I .  

Bul lock, R.M. 1 952.  A study of  some i norganic  compounds and growth p romot i n g  chemicals  

in  rel ation to fru i t  c racking of B in g  cherries at  matur i ty.  Proc . Amcr. Soc.  Hort. S c i .  

5 9 :  243-253.  

B u l lock, R .M . and Benson , N.R.  1 948.  B oron defi c i ency in  apricots. Proc .  Arner. S oc . I-lort . 

S c i .  5 1 :  1 99-204. 

Byers, R . E . ,  Carbaugh, D . H .  and Pres ley ,  C .N.  1 990. ' St ayman'  fru i t  cracking as affected by 

surfactants, plant growth regu l ators, and othcr  chemica ls .  J .  J\ mer. Soc .  Hort .  Sc i .  V o l .  

1 1 5 :  405-4 1 1 .  

Byers, M.A.  1 977.  A scarfski n- l i ke d isorder of  apples. HortSc ience 1 2 : 226-227. 

Callan,  N .W. 1 986.  Calcium h ydrox i de reduces spl i tt ing  o f  'Lambert ' sweet che rry. l A mer.  

Soc .  Hort. Sci . ,  Vol .  I l l : 1 73 - 1 75 .  

Cal l ow, 1 .A .  (cd.) .  1 990. Advances i n  botan ical  research ,  vol u mc 1 7 . Academ i c  Press,  

London.  

Campbe l l ,  1 .A .  1 92 8 .  Crack i n g of Dun n ' s  and Cox ' s  Orange apples .  I n vest i gations i n  Nelson 

District. N.Z. 1. Agric. pp. 85-86. 

Campbe l l ,  lA. 1 959. Tomato s tudy seeks best Vine ripened variety.  Miss.  Frn .  Research 22: 

1 , 8 .  

Carne, W.M. 1 92 5 .  Cracking and rusett ing o f  Dun n ' s  and other app les.  J .  Dept. W .  J\ust. 2 nd . 

ScI' .  2, 2 14 .  

Cat ion, D .  1 959 .  Some fungicide tri a l s  on tree fru i t  i n  1 95 8 .  Quart. B u l l .  M i c h .  J\gric.  Expt .  

S ta. 4 1 : 685-698. 



234 

Causton D.R. and Venus, 1 .c.  1 98 1 .  The b iometry o f  p l an t  growth .  Edward Arnold London. 

Chadha, K.L. and S ingh, K .K. 1 963.  Effect of NAA, 2 ,4-D and 2,4,5-T on fru i t  drop , s ize and 

qual i ty of Langra Mango. Ind. 1 .  Bort . 20: 30-33 .  

Chalmers , D.J. 1 989. A phys iol og ical exami n at ion  of regul ated defi c i t  i rri gat i on . New Zealand 

Agric .  Sc i .  23: 44-48 .  

Chandler, W .H .  1 925 .  Fru i t  growi ng .  Boston, New York . 770 pages. 

Chazdon, R.L. 1 986. The cost of leaf support i n  unders tory pa l m s :  economy versus safety. 

The American Natural i st , 1 27 :  9-30. 

Christensen, 1 .  V .  1 970a. Nll merisk u ndersogel se af  morfo l og i ske kcnde tegn has sadk i rsebaer. 

Bestemmelsesnogle t i l  34 sorter. (Nu meric a l  stud ies  or morphological d i s t inc t ion m arks 

in sweet c herry culti vars. Iden t i ficat ion key for 34 c u l t i vars . )  Tidsskr .  P lanteavl  74: 

44-74. 

Christensen , J .Y .  1 970b. Sortsforsog mee! sod k irsebaer. (Cu l t ivar tria l  w i th s,veet cherries .) 

Tidsskr. Planteavl 74: 30 1 -3 1 2 . 

Christensen, J .V .  1 972a. Revner i k i rsebaer 1. Ryt me og hast i ghecl a f  frugternes 

vandoptagel se i relat ion t i l revnet i l boje l ighed . (Crac k i ng in c herries.  1. F l uctuat ion and 

rate of water absorption in rel at ion to cracki n g  suscept ibi l i ty . )  Ti dsskr. P lanteavl 76: 

1 -5 .  

Christensen, l V .  1 972b. Revner i kirscbaer I I .  K l imaets i ncl flydcl se fa revneti lbojel ighed .  

(Cracking in  c herries II . The i n flucnce o f  c l i matic con d i tions on cracking 

susceptib i l i ty) .  Tidsskr. Planteavl 76: 1 9 1 - 1 95 .  

Christensen, J .Y.  1 972c. Cracking in  cherries I I I .  Determi nat ion of  c rack i ng suscept ib i l i ty . 

Acta Agric .  Scand. 22: 1 28 - I 36. 

Christensen, J .V. 1 972d. Cracki n g  in  cherries IV.  Phys io l og ica l studies of the mech ani sm of 

crac king. Acta Agric. Scancl. 22: 1 53- 1 62 .  

Christensen,  J .V.  1 973 .  Cracking i n  cherries v r .  Crac k i n g  su scep t i b i l i ty 111 re l at ion to the 

rhythm of the fruit. Acta Agric .  Scancl . 23: 52-54. 

Christensen, J.Y. 1 975 .  Cracking in cherries VIT. Cracking suscept ibi l i ty in relation to frui t  

size and firmness .  Acta Agric .  Scand . 25 :  1 1 - 1 3 . 

Christensen,  J .Y .  1 976. Revneclannelse i k i rsebaer. (Crack format ion i n  cherri es) . Tidsskr. 

Planteavl 80: 289-324. 

Clarkson,  D .T .  and Hanson , J .B . 1 980. The mi ncral n u tri t i on of  h igher plants .  A n n .  Rev. ]A 



235 

Physiol .  3 1 :  239-298 .  

Claypool , L.L . ,  Uriu ,  K. and  Lasker, p.r. 1 972. Spl i t-p i t  of  ' Di xon'  c l i ng peaches i n  rel at ion  

to cultural factors . J .  Amer. Soc . Har t .  Sc i .  97 : 1 8 1 - 1 8 5 .  

Cl ine, R .A .  and Tehran i ,  G. 1 97 3 .  Effects of  boron and ca l c i u m  sprays and mulch on 

c rack ing of Ital i an prune . Can . 1. P l an t Sci . 5 3 :  827-83 1 .  

Cochran,  W.G. and Cox, G.M.  1 957.  Experimental  designs.  Second ed i t ion.  John W i ley & 

Sons,  Inc . ,  N Y. 6 1 1 pages .  

Cody, P.c. and S mith,  J . K. 1 987.  Appl ied s tat ist ics and the SAS programm ing l anguage. 

Second edi t ion . Nort h-Hol land, NY. 280 pages. 

Coi t ,  J . E. 1 9 1 7 . Citrus fru i ts ,  an accoun t  of the c i trus fru i t  indu s t ry , w i t h  special  reference b 
Cali forni a  requirements and pract ices and s i m.i l ar con d i t ions .  New York. 520 pages. 

Considine, J . A .  and Kriedman , P.E. 1 972 .  Fruit spl i t t i ng in grapes : determ i nat ion of the 

crit ical t urgor pressure. Aus .  J. Agr. Res. 23 : 1 7 - 24 . 

Cons id ine ,  J . A . ,  Wil li ams, J .F. and B rown, K.c. 1 974. A model of s tud ies on  stress i n  dermal 

t i ssues of  mature fru i t  of V i l is vi n i fera : cri teria for prod uc i ng fru i t  res is tant  to 

c racking .  In B ieleski ,  R .L. et  a l . (ec!s) .  1 974. Mechanisms of  regu l at ion of  p lant  growth .  

B ul le t in  1 2. The Roya l  Society o f  New Zealand,  We l l i ngton .  pp. 6 1 1 -6 1 7 . 

Considine, l .A.  1 979.  B iophysics and Histochemistry of fru i t growth and development.  PhD 

thes is ,  Univers i ty of Melbourne, A ustral i a .  20 1 pages .  

Considine, J .A.  and K .  B rown . 1 98 1 .  Physical  aspects of fru i t  growt h : Theoret ica l  analysis 

of d istribution of  surface growth forces in  fru i t  in rela t ion to crack i ng and spl i t t ing .  

Plant  Physiol . 68:  3 7 1 -376.  

Considine, 1.A.  1 982.  Physical  aspects of fru i t  growth : Cut icu l ar fracture and fracture 

patterns i n  rel at ion to frui t  structure in Vi t is v i n i fcra. 1 .  I-fort. Sc i .  57: 79-9 1 . 

Cook, 1 .R . ,  DeBaerdemaeker, J .G . ,  Rand, R.B.  and Mang, II .A .  1 976. A fi n ite element 

analys is  of guard cel l  deformation . Trans.  ASAE 1 9 : 1 1 07- 1 1 2 J . 

Coombe, B .G . 1 976. The development of fleshy fru i ts .  Ann.  Rev . Plant  Physiol . 27 :  207-228 . 

Cortes , c. , Ayuso, M.C. ,  Palomares, G. ,  Cuartero, J . ,  and Nllez, F. 1 98 3 .  Relat ionship 

between radial and concentric  cracking of tomato frui t. Scient ia  Horl .  2 1 :  323-32 8 .  

Costa, G . ,  Giul ivo, C .  and Ramin a, A .  1 983 .  Infl uence of growt h  regu lators on apple frui t  

cracking (cv "S tayman Red") .  Acta Hort icu l tarae 1 37 :  3 66-369.  

Cotner, S .D. ,  B urns, E.E and Leeper, P.W. 1 969.  Peri c arp anatomy of crack-res i stant and 



236 

susceptible tomato fru i ts . J .  Amer. Soc.  Hort . Sci . 94: 1 36- 1 37 .  

Cotler, OJ. and  Seay, R.T. 1 96 1 .  The effect of c i rc u l at i ng a i r  on t he e ll v i ronment and tomato 

growth in a p l as t ic  greenholl se . Proc. Amer. Soc.  I-Iort.  S c i .  77: 643-646. 

Crafts, A .S . ,  Currier, H .B .  and Stocki ng,  C .R.  1 949. Water in t he phys io logy of plants. 

Chronica  Botanica, Waltham , Mass. 

Crauford, A. 1 992. Personal commu n icat ion .  Crauford orchard, Havelock North, New 

Zealand. 

Cropley, R. 1 963 .  Apple star crack.  In Posnelte, A.F. (eel) .  V i rus  d iseases o f  apples and pears . 

Tech .  Comm. 30. Commonwealth B ureau x of I-Tort. and P lant at i on C rops .  

Cropley,  R .  1 968.  Varietal reactions to v i ruses c au s i n g  s tar  crack and russet r i ngs on apple  

fruits. Jour. Hort. Sc i .  43 :  1 57- 1 65 .  

Cunningham, O . H .  1 925 .  Fungous d iseases of fru i t  t rees ( B l i s te r-Di sease, Coniothecum 

Chomatosporum Corda). Auckland, New Zealand.  pp. 1 37- 1 43 .  

Currier, H .B . 1 957 .  Cal l ose substance in  paI n t  ce l ls .  Amer. J .  Bot . 44: 478-488.  

Davenport, D .C . ,  Uriu ,  K. and Hagan, R .M. 1 972. A n t i transp i rant fi l m : Curtai l i ng in take of  

externa l  water b y  cherry frui t  to reduce crack i n g . HortSc icnce 7 :  507-508. 

Davis ,  L.D. 1 933 .  S ize and growth rel at i on s  of  fru i t  s p l i t t i n g  o f  peach p i ts .  Proc. Amer. Soc. 

Hort. Sci. 30: 1 95 -202. 

Davis, L .D. 1 94 1 .  Spl i t-pit of peaches: Estimation of t i me when s p l i tt in g  occu rs. Proc. Am. 

Soc. Hort. Sci. 39: 1 83- 1 89 .  

DeE l J ,  J .  R .  and Prange, R .K .  1 993 .  Postharvest phys io log ical d i sorders , d iseases and nim 

concentrations of organica l l y  and conventiona l ly g rown Mc I n tosh and Cort l and <JTb; 

Can. J .  Plant Sci .  73 : 223-230. 

Dekazos, B .D. and Worley, 1 .  F .  1 967 . Induc t ion of cal l ose format ion by bru i s i n g  and aging 

of  red tart cherries . J .  Food Sci .  32:  287-289. 

Denne, M.P. 1 960. The growth of apple  fru i tlets, and t he effect o f  early t h inning on frui t  

development. Annal s of Botany.  Vol . 24:  397-406. 

Denne, M.P.  1 963.  A comparison between frui ts of  Cox ' s  orange p i p p i n  from Kent, England, 

and Auckland,  New Zealand. N.Z. J.  B ot. 1 :  295-300. 

Dickinson , D .B . ,  Jr. 1 963 .  Cel lu l ase and polygal atu ro nase i n  tomato fru i t s  and the effect of 

calc ium on fruit cracking. Diss .  Abstr. 23 : 4052, bei n g  Order No.  63-3230 of 76 pp.  

Dickinson , D.B . and McCol lum,  J .P .  1 964 . The e ffect  o f  ca lc ium o n  cracki n g  on tomato 



237 

fru i ts .  Proc . Amer. Soc. Hort .  Sci .  84:  485-490. 

Dodge, J.C and Snyder, J .C 1 958 .  Hort icul ture . Tree Fru i ts .  Wash .  S ta . Res. Progr . ,  No.9, 

6-7. 

Dube, S .D . ,  Tewari , J.D. and Ram, C B .  J 969. Boron de fic iency in Rymer app le . Progress ive 

Hort. VoLl : 33-36 .  

Dube, S .D .  and Ram, CB . 1 970. Con tro l of  fru i t-crack ing i n  pear. Current Sci .  39: 446-447. 

Duncan, D.B. 1 955 .  Mult iple range and m u l t i p l e  F-tests. B iometrics I J :  [ -42. 

Duncan, P. 1 992. Personal Communicat ion. Fresh fru i ts  l aboratory, NZAPMB , Hast ings. 

Duran, G. 1 990. Effects of  RDI on app l e  t ree (cv Roya l Gala) growth, y i c l d  and fru i t  q u al i ty 

i n  a humid environment.  PhD thesis ,  Massey U n i vcrsity, Pa lmerston North ,  New 

Zealand. 

Eccher, T .  1 986 .  Russet ing and shape of Golden Del ic ious apples as rel ated to endogenous 

GA content of fru i t lets .  Acta Horticul tarae 1 79 :  767-769. 

Edwards,  R. ,  Trought, M. and Lang, A.  1 992. Cherry drupes and water loss .  Is there no end 

to Penm an-Monteith? Extended Abstracts, NZ S oc .  P lant  Physi o l .  I nc .  Annual meet ing 

in  conjunct ion with the NZ Inst .  Agr. Sci .  Inc . ,  Li nco ln  U n i vers i ty ,  Canterbury, 24-28 

August . pp. 60-62. 

EI-kattan, A .A.  and Stark, Fe. 1 964. Tissue act ivity and structural d i fferences i n  the storage 

roots of Maryland Golden and Jersey Orange sweet potatoes as related to crac king.  

Proc. A mer. Soc. Hort. Sci .  53 :  378-3 8 8 .  
Evans, I .B .P.  1 907. Notes on plant diseases. 1 .  An app l e  d i sease (Con iothecum 

chom atosporum, Corda). Transvaal Agric .  J .  Vol . V.  no. 1 9 : 680-68 I .  
Evert, D.R. ,  Gaines, T.P. and Mul l in ix ,  G .P. J r. 1 98 8 .  Effects or s p l i t- p i t  on e lemental 

concentrations of peach frui t  dur ing pit harden ing.  Scicnt ia Hort icu l turae 34: 55-65. 

Farmer, A . ,  Hawkins,  J .E. and Roberts ,  G .B. 1 958 .  2,4 ,5-T hastens maturi ty of Oul l ins  and 

Moorpark apricots. Orchard N.Z. 3 1 :  275-9. 

Faust ,  M.  and Shear, C .B . 1 968 .  Corking d isorders of apples 

biochemical  review. Botanical Review 34: 44 1 -469. 

a phys iological and 

Faust ,  M . ,  Shear, CB.  and W i l l i ams , M.W. 1 969 . D i sorders of carbohydrate metabo l i sm of 

apples .  Botanical  Revi ew 35 :  1 68- 1 94 .  

Faust, M.  and S hear, C B .  1 972 .  Russet ing 0 [' apples, an  in terpret at i ve review. HortScience 

7: 233-235 .  



238 

Fawcett ,  H.S .  and Lee, H.A. 1 926. Citrus d iseases and the ir  control .  New York. 582 pages .  

Fernandez, G.C.J .  1 992. Residual analysis a n s  clata transformat ions :  I mportant tool s  i n  

s tat i st i cal analys is .  HortSc i ence 27: 297-300. 

Finney,  E.E.  1 967. Dynamic elast ic propert ies of  some fru i ts dur ing grow th and 

deve lopment . 1. Agr ic .  Engng Res .  1 2 : 249-256. 

Finney, E.E. Jr. ,  and Massie ,  D.R. 1 975 .  Instrumentat ion for test i ng  t he response of fru i ts  to 

mechanica l  impact. Trans .  ASAE 1 8 : t 1 84- 1 1 87 .  

Fischer, H .  1 955.  Unusual russeting and  crack ing  i n  Boskoop, G locken apfel  and other apple  

varieties,  a virus  di sease ? Schweiz. Z.  Ohs t-u . Weinb . ,  64:  1 25- 1 3 1 .  Engl ish Ahstr. in 

Hort. Abstr. , Vol .  25 , Item no. 2609 . 

Fisher, D.F. t 937a. York sk i n c rack, hydroch loric ac i �l i nj ury and heat crack ing .  A mer. Frui t  

Grower, 57 :  1 1 , 1 6. 

Fisher, D .F. 1 937b. Present equipment and methods for c fTect i ve and safe washi n g  of  eastern 

apples . Proc. Md.  Sta. Hort. Soc .  3 1 :  8- 1 4 . 

Fletcher, L.A.  1 929. A pre l iminary stucly of the factors affec t i ng red color or  apples. Proc. 

Amer. Soc .  Hort. Sc i .  26: 1 1  J .  

Fogg, G.E.  1 963 . The growth of plants .  Pengu in  B ooks. 288 pages. 

Fogle, H.W. and Faust ,  M. 1 975.  Ultrastructure of  nec tar ine fru i t  surfaces. 1. Amer. Soc . Hort. 

Sc i .  1 00 :  74-77 .  

Fogle, H.W. and  Faust ,  M. 1 976. Fru i t  growth and  c rack ing i n  nectari nes. J .  A mer. Soc. Hort. 

Sci . 1 0  1 :  434-435 .  

Ford, E .M. 1 979. The d is tribution of calc ium m mature apple fru i ts having bi tter p i t  

d isorder. 1 .  Hort. Sci .  54: 9 1 -92. 

Foster, B .R . ,  Hodgson, R.M., Browne. R.F. and S tu d man,  C,J .  1 99 1 .  Stem end spl i t  detection 

in apples .  Presented at the 6th NZ Image Process ing Workshop, August  1 99 1 .  7 pages .  

Foster, W.R.  1 937 .  Cracking of  cherries.  Sc ien t i fi c  Agric . ,  VoI .XVI I :  50. 
Frazier, W.A. 1 934. A study of some factors assoc ia ted w i t h  t he occurrence of  c racks  in the 

tomato fmi t .  Proc. A mer. Soc. Hort. Sci .  32:  5 1 9-52 3 .  

Frazier, W.A.  1 935 .  Further studies on the occurrence o f  cracks i n  tomato fru i t s .  Proc . Amer.  

Soc. Hort. Sc i .  33 :  536-54 1 .  

Frazier, W.A .  1 936.  Type and sever i ty of frui t  crack ing  i n  tomato variet ies. Proc . Amer. Soc. 

Hort. Sc i . 34: 536. 



239 

Frazier, W.A.  1 938 .  Varietal, c l imat ic ,  and age i n fluences on dai ly  cracking indices of tomato 

fru i ts .  Proc.  Amer. Soc. Hort. Sc i .  36: 746. 

Frazier, W.A.  1 947. A fina l  report on stud ies of tomato fru i t  cracking in Mary l and .  Proc . 

Amer. Soc .  Hort. Sc i .  49: 24 1 -255. 

Frazier, W.A. 1 95 1 .  A stock with wide calyx base and resistant to cracking.  TGC Report 

No. 1 ,  page 5 .  

Frazier, W .A .  1 958 .  Resistance to  cracking .  TGC Report No.8,  page ) 5 .  

Frazier, W.A.  1 959 .  Resis tance to  cracking.  TGC Report No.9 ,  pp . 32-33 .  

Frazier, W.A. and B owers, J .L. 1 947. A final report o n  studi es o f  tomato Cru i t  crack ing i n  

Mary Land. Proc. A m .  Soc. Hort. Sc i . 49: 24 1 -255.  

Furmidge, e.G.L.  1 959a. Physico-chemical studies on agricu l tural sprays .  II .  -The 

phytotoxic i ty of surface-act ive agents on leaves of app le and p lum t rees. J. Sc i .  Food 

Agric .  1 0 : 274-282. 

Furmiclge, e.G.L. 1 959b. Physico-chemical studies on agr icu l tura l sprays .  I I .  -Var i at ion of  

phy totoxic i ty w i th the chemical structure of surface-act ive agents .  1 .  Sc i .  Food Agric .  

10 :  4 1 9-425 . 

Gardner, V.R . ,  B radford, F.e. and Hooker, H .D .  1 922. The fundamen ta l s  of fru i t  production. 

New York. 686 pages .  

Gardner, V.R. and E.G . Christ. 1 953 .  S tudies on crncking in  the S t ayman apple .  I-Tort. News 

34: 270 1 ,  27 1 0- 1 2. 

Gerhardt, F . ,  English, H .  and Smith ,  E. 1 945 . Cracking and decay of B i ng cherries as dtd 
to the presence of moisture on the surface of  the fru i t . Proc. A mer. Soc. Hort. Sc i . ,  46: 

1 9 1 - 1 98 .  

Gerritsen, C.J .  1 959.  Cracking of cherries. Hort. Abstr. Vo1 .29,  Item No.2267. 

Gi lbert, 1 .C. 1 959. Susceptib i l ity to concentric cracking associated with the Mi l ocus on 

chromosome 6.  TGC Report No.9 , pp. 34-36. 

Gilmer, R.M. and Einset, 1. 1 959.  Some bud mutations of apple w i t h  v i rus- l i ke symptoms. 

Plant Dis .  Reptr. 43 :  264-269 . 

Gjaerum,  H .B . 1 95 8 .  Frui t  cracking i n  sweet cherries .  Yrkesfrllktdyrk , No . 3 ,  page 2 .  Cited in 

Hort. Abstr. Vol .  29, Item No. 

Glenn, G.M. and Poovaiah, B .W. 1 989. Cuti c u l ar propert ies and pos tharvest calcium 

appl ications i n fluence cracking of sweet cherries. 1 .  A mer.  Soc . H ort. Sci .  1 J 4: 78 1 -



240 

788 .  

G lenn, G .M. ,  Rom, CR. ,  Rasmussen, H .P .  and Poovai ah ,  B .W. 1 990. Influence of 

cut icular structure on the appearance of art i fi c i a l ly waxed ' Del icious'  apple fru i t .  

Scient ia Horticu l turae 42: 289-297. 

Goldschmidt, E. 1 962. The anatomical-morphologica l  causes o f  cracking in apples. 

(Swedish . )  S ver. po mol .  Foren Arsskr, 63 :67-72. Eng l i sh  abstr. in Hort.Abstr. Vol .  33 ,  

Item no .  4523.  

Gomez, K.A.  and Gomez, A.A. 1 984. Stat i s t ica l  procedures fro agricu l tural  research .  2nd eel. 

Wiley, NY. 

Goode, J .E. and Ingram, 1. 1 97 1 .  The effect of  i rrigation on the growth , croppIng and 

nutri t ion of Cox ' s  Orange Pippin apple trees . . 1 .  Hort. Sc i .  46: 1 95-208. 

Goode, J.E., Fu ller ,  M.M and Hyrycz. K.1. 1 975.  Sk in-crack ing of Cox ' s  Orange Pippin 

app l es in rel ation to water stress .  J .  Hort. Sc i . 50: 265-269. 

Goodwin, B .G .  1 929. B l i ster disease or cracking of apples. S uccessfu l  remedi al measures i n  

Nelson D istrict. N.Z. Jour. Agric .  pp: 305-307. 

Gourley,  J .B .  and Howlett, F .S . 1 94 1 . Modern Fru i t  Product ion.  The MacMi l lan Coy, N.Y. , 

pp. 443-444. 

Graebner, P. 1 920. Lehrbuch der n ichtparasi taren pfl anzenkrankheiten .  Berl i n . 333  pages .  

C ited i n  : Verner, L. 1 935 .  A physiological study of cracking i n  Staym an Winesap 

apples .  J. Agric .  Res. 5 1 :  1 9 1 -222. 

Green, P.B . 1 976.  Growth and cel l  pattern formation on an aXI S :  cr i t ique of concepts, 

terminology and mode of study. Bot. Gaz. 1 37 :  1 87-202 . 

Greenham, D .W.P. 1 965 .  A l og-term manuria l  trial on desert apple trees. J .  Hort. Sc i .  40: 

2 1 3-235 .  

Greene, D.W. and Autio,  W.R.  1 993 .  Evaluation of  red co lor ing strai ns of  Gala apple. Fru i t  

Notes, Winter, pp. 1 5- 1 9 . 

Gustafon,  F.G.  1 926. Growth studies on  frui t s .  Pl ant Phys io l .  J :  265-272. 

Haas, A.R.C 1 936.  Growth and water re lations of  t he Avocado fru i t . Plant Physio l .  1 1 : 3 8 3 -

399. 

Haas, A .R.C and B l iss, D.E.  1 935 .  G rowth and compos i t ion o f  eleglc t  floor dates in relat ion 

to water i njury.  H i lgarC! ia  9 :  295-344. 

Hal ler, M.B.  J 942 .  Days from bloom as an i ndex o f  mat ur i ty  for app les .  Proc . Amer. Soc .  



24 1 

Hort. Sc i .  40: 1 42- 1 45 .  

Haman, D .Z. and Burgess, G .J .  1 986. Theoretical development  for measuri ng the  e last ic 

propert ies of  spherical cut icu lar memhranes. Trans .  ASAE 29:  1 470- 1 476. 

Hamson, A.R. 1 952 .  Measuring firmness of tomatoes in a breeding program. Proc. Amer. Soc. 

Hort .  Sc i .  60: 425-433.  

Hankinson, B.  and Rao, V.N.M. 1 979. Histological and phys ica l  behaviour of tomato skins 

suscept ib le to c racking. 1. Arner. Soc. I-Iort. Sci .  1 04 :  577-5 8 1 .  

Harker, F.R. and Hallett, I .e. 1 992. Physio logical changes associated with clevelopement of 

meal i ness in apple fru i t  during storage. HortScience 27:  1 29 1 - 1 294. 

Harley, c .P. and Masure, M.P. 1 938 .  Relat ion of atmospheric cond i t ions to en largement rate 

and periodic i ty of Winesap apples. ] .  Agric. "Res. 57 :  1 09- 1 24.  

Harrington, W.O. ,  H i l ls ,  e.H. ,  Jones, S .B . ,  S tafford, A.E. and Tennes, B . R .  1 978 .  Ethyl Oleate 

sprays to reduce c racking of sweet cherries. HortSc ience 1 3 : 279-280. 

Hartman, H. and Bu l l i s ,  D.E. 1 929. Invest igat ions re lat i ng to the handl ing of sweet cherries 

with special  reference to chemical and physiological act i v it ies during r ipening.  Oreg. 

Agr. Expt. S ta .  B ul l .  247 , 88  pages .  

Hartman, H.  1 924. S tudies rel at ing to the harvesting and storage of apples and pears. Oregon 

Agr. Expt. Sta. Bu l l .  206, 32 pages. 

Hatfie ld ,  S .G .S . ,  and Knee, M. 1 988 .  Effects of water l oss on apple in storage . Tnt. Jour. Food 

Sc i .  and Tech .  23 :  575-583 .  

Hayman, G.  1 987 .  The hair- l ike c racking of l ast season. Grower, 1 07 :  3 ,  5 .  

Hays l ip ,  N.C.  and Forsee, W.T. J r .  1 953 .  A pre l iminary report on the use of  nutrit ional sprays 

contain ing N, P and K i n  tomato product ion. Proc. Fla. S ta .  Hort. Soc. for 1 953 ,  

pp.92-97. 

Heald,  ED. 1 926. Manual of  p lant diseases . McGraw-H i l l  Book Coy . 89 1 pages .  

Hepler, R.W. 1 96 1 .  The measurement and inheritance of  res istance to fru i t  crack ing i n  the 

tomato. Diss. Abstr. 2 1  : 3580- 1 ,  being L .C . Card No. M ie .  6 I - 1 622 o f  88 pp. 

He inicke, A . l .  1 92 1 .  The seed content and the pos i t ion of t he fru i t  as factors influenc ing 

st ippen in  apples. Proc . ArneI'. Soc . Hort. Sc i . 1 7 : 225-232 .  

Hein icke, D.R. 1 963. Note o n  the est imation of leaf area and leaf distribution i n  frui t  trees. 

Can. 1. P lant Sci. 43: 597-598 .  

He in icke ,  D.R.  1 966. Characterist ics of Mcln tl)sh and Reel De l ic ioll s apples as i n fl uenced by 



242 

exposure to sun l ight during t he grow i ng  season.  Proc. i\mer. Soc.  Hort. S c i .  89: 1 0-

1 3 .  

Herbert, D .A .  1 922. B i t ter p i t  i n  apples . The crushed ce l l  theory . Phylopath .  1 2 : 489-49 1 .  

Hills ,  C .H . ,  Whittenberger, R.T. , Robertson , W.F. anc! Case, W. H .  1 953 .  S tud ies on the 

processing  of red cherries .  IT.  Some effects of bru is i ng on the yie ld  and q ual i ty of  

canned Montmorency cherries . Food Techno! . 7 :  32-35 .  

Hockey, J .F. 1 94 1 .  False st ing - A virus disease of  apples.  Scien t i fi c  Agric . 5:  242-243 . 

Hockey, K. 1 945 .  Cracking of  cherries before harvest ing. NZ 1. Agric.  7 J :  639. 

Hodson, A .  1 990. Personal  Communication.Hawke' s  Bay Agricu l tural Research Centre, New 

Zealand. 

Hodson, A. 1 99 1 a. Personal  Communication . Hawke' s ,Bay Agricul t ura l Research Centre ,  New 

Zealand. 

Hodson ,  A. 1 99 1  b .  S tem end spl i tting in Gal a  and Fuj i app les . Resul ts  of  a two year study 

i nvestigat ing the cause of stem end spl i t t ing.  Unpub l ished . Hawke ' s  Bay Agricu l tural 

Research Centre . 

Holt ,  lE. and Schoorl , D. 1 983a.  Cracking and energy d i ss i pat ion i n  cabbages . 1 .  Text. Std. 

1 4 : 99- 1 1 1 . 

Holt, lE. and Schoorl , D. 1 983b. Fracture i n  potatoes and apples. 1 .  Mat .  Sc i .  1 8 : 20 1 7-2028.  

Holt ,  lE. and Schoorl , D.  1 983c. Cracking in potatoes. J .  Text .  Std. 1 4 : 6 1 -70. 

Holt, 1.E. and Schoorl , D.  1 984. Mechanical  properties and tex ture in stored apples .  1. Text. 

Std. 1 5 :  377-94. 

Hopfinger, 1 .A .  and Poovaiah, B .W. 1 978 .  Calc ium and Magnes ium grad ients in apples with 

bi tter pit .  Communications i n  So i l  Sc ience and Plant  Analys is  9 :  10. 

I-lough , G . ,  Chir ife ,  1 .  and Marin i ,  C .  1 993 .  i\ s i mple model for osmotic dehydration of 

apples .  Lebensm. -Wiss. U . -Technol . 26: 1 5 1 - 1 56.  

Hudson, L. 1 955 .  Inheri tance of res istance c rack ing .  TGC Report No .5 , page 1 6 . 

Hu lme, A.c.  (ed.) 1 97 1 .  The B i ochemistry of fru i ts and the i r  produc ts .  Vol .  2 .  Academic 

Press, London. 7 8 8  p age s .  

Hunt ,  R .  1 982 .  Plant growth curves .  The functional approach to  p lant  growth analys i s . Edward 

Arnold London . 248 pages. 

Huxley, 1 . S .  1 972.  Problems of re la t i ve growth . Dover Publ icat ions ,  I nc . ,  NY. 

fngle , M. and D' Souza, M. 1 989 .  Phys i o logy and cont ro l  or superfic ial sca l e! : a rev iew . 



243 

HortScience 24: 28-3 1 .  

I rving, D.E. , and Drost, l H. 1 987. Effects of water defi c i t  o n  vegetat ive growth,  fru i t  growth 

and frui t  qual i ty in Cox ' s  Orange Pipp in  apples.  J .  Hort.  Sci .  62: 427-432. 

Iverson, V.E. J 938.  Fru i t  cracking of tomatoes as i n fl uenced by app l y i ng potass iu m 

permanganate to soi l s  i n  which the t ransplan ts are grown ,  Mont a n a  S tate CoI l .  Agr. 

Expt. Sta. B u l l .  362. 1 5  pages. 

Jackson, J .E . ,  Palmer, J.W., Perring, M.A. and Sharples, R.O. 1 977.  Effects of shade on the 

growth and cropping of  app le trees .  lIT Effects on fru i t  growt h ,  chemical  composi tion 

and quali ty at  harvest and after s torage. J .  Hort. S c i .  52 : 267-28 2 .  

Japan Gibbere l l i n  Research Association, Japan . I I I  pages .  Ci ted i n  Hort . Abstr. Vol . 33 ,  

Item No.  204 1 .  

Jenkins,  l .E.  and Storey, I .F. 1 955 .  star cracki ng o f  apples in East Ang l ia . Plant Pathology 

4: 50-53 .  

Johannessen, G.A.  1 949. Sk in  punctu re stud ies on red-ripe tomatoes. Proc . Amer. Soc .  Hort. 

Sci .  54: 272-276. 

Johan nessen, G .A .  1950. Tomato frui t  crack in g studies. PhD Thesis  ( u n pu b l ished).  Oxne l l 

University. Ci ted i n  Reynard , G .B .  1 960. Proc. Plant  S c i e nce Semin ar, Camden,  New 

Jersey. pp. 93- 1 1 2. 

John, P.W.M. 1 97 J .  S tat ist ica l design and ana l ys is o f  experi men ts. The M ac m i l l a n  Coy. ,  NY. 

356 pages. 

Jones, K.M. ,  Bound, S .A . ,  Koen , T.B. and Oakford, M J .  1 992.  Effec t  of t i ming of hand 

thinning on the c roppi n g  poten t i a l of Red Fuj i apple t rees.  Aust .  J .  Expt.  Agr ic.  32: 

4 1 7-420. 

Kamimura, S . ,  Yosh ikawa, H .  and I to , I .  1 972.  St l1dies o f  fru i t  crack i ng in  tomatoes. 

(Japanese, with Engl ish summary) .  B u l l .  HorL Res .  S ta . ,  Series C (Morioko), No.7 : 

73- 1 38 .  

Kanninen , M.P. a n d  Popel ar, C H .  1 985.  Advanced fract ure mechan ics . Ox ford University 

Press, N.Y. ,  563 pages. 

Kemp , W.S .  1 959. Yel low l ea f  spot,  fru i t  p imp l i n g  anc! cracking of nectar ine ancl peach .  

Orchard N.Z. 32 :  2 1 5- 1 7 .  

Ke rtesz, Z.T .  and Nebel ,  B .R. 1 935 .  Observa t i o n s  o n  the cnlck ing o f  cherries.  Plan t  Physiol .  

1 0 : 763-77 1 .  



244 

Kessler, J .R .  and Armitage, A.M. 1 992. Effects of shad i ng on growth ratc, flower i n i tiat ion 

and flower development of Begoni a  x sempert1orens-cul torulll . 1 .  I-lort. Sc i . 67 : 849-

854 . 

Khan, A .A .  and V incent, J.F.V. 1 990. Anisotropy of apple parenchyma. 1 .  Sc i  Food Agric .  

52 :  455-466. 

Kim, W. ,  Kim, J . ,  Kim, M. ,  Sh in , K .  and Kim, S. 1 99 1 .  Studies on thc causal factors and 

control of calyx and necros i s  in ' Sekai ick i ' apples (Malus dOl11cstica Borkausen). 

Research Rept. RDA(H) 33 :  1 6-26. 

Kirby, E.A.  and Pi lbeam, DJ. 1 984. Calc ium as a plant nutrient .  Plant Cel l  and Environ . 7 :  

397-405 . 

Kirk, T.W. 1 907 . Diseases of  fru i t  crops : Coniothec ium Chomatosporum .  New Zealand Dept. 

Agric .  1 5th  Rept. p. 1 64. 

Knee, M. 1 975 .  Changes in  structural  polysaccharides of apples ripening during storage. In  

Facteurs et regul at ion de l a  maturation des  fru i ts .  Col lques fnternat ionaux ell! Centre 

National de l a  Recherche Sciuenti fique, Paris .  pp. 34 1 -345 . 

Knoche,  M.  and B ukovac , M.J .  1 992. S urfactants i n fl uence fol i ar absorpt ion of g ibbere l l ic  

ac id  by sour cherry leaves. 1 .  Amer. Soc. Hart. Sci . 1 1 7 :  80-84. 

Knuth, D.  and S tosser, R .  1 987. Comparison of the sun-exposed and shaded s ide of  apple  

fru i t . r. Cuticle, epidermal cel l  s ize and surface waxes .  Hort. Abstr. vol . 57 No. 8 Item 

6223 . 

Koske, T J . ,  Pal las, J .E. Jr. , Jones, J .B . .II'. 1 980. In fluence o /' ground bed heating and cu l tivar 

on tomato fru i t  cracking.  HortSc ience I S : 760-762.  

Kui per, PJ.c. 1 972. Water transport across membranes .  Ann. Rev. Plant Phys io l .  2 3 :  1 57- 1 72. 

Kuster, E. J 958.  PJasmoptyse. Protoplasmatologia, I f  C 7b. Vienna,  Springer-Verlag. 

LaBel le,  R.L.  and Moyer, .I .e.  1 960. Factors affec t ing t he d ra ined we ight  and firmness o f  red 

tart cherries .  Pood Techno ! .  1 4 : 3 47-352 .  

LaBel le ,  R.L. ,  Woodams, E.E. and Bourne, M .e. 1 964. Rccorvcry o r  Montmorency cherries 

from repeated hru is ing .  1. Amer. Soc.  r lor!. Sc i .  t\4: 1 03- 1 09 .  

Lague, e. and  Jenk ins, B .M .  1 99 1  a .  Mode l ing pre -harvest stress-crack i ng of rice kernels .  Part 

I: Development of a fin i te c lemen t model .  Trans.  ASAE 34: 1 797- 1 8 1 1 . 

Lague, C .  and Jenkins,  B . M. J 99 1 b. Model i ng pre-harvest stress-crack ing of  rice kerne l s .  Part 

I I :  Implementation and u se of the model . Trans . ASAE 34: 1 8 1 2- 1 82 3 .  



245 

Lee, S . K .  and Young, R .E. 1 983 .  Growth measurement as an indication of avocado maturity. 

J. Amer. Soc. Hart. Sci . 1 08 : 395-397.  

Levin, J.H., Hal l ,  C.W. and Deshmukh, A.P.  1 959 .  Physical treatment and cracking of  sweet 

c herries. Mich .  St. Dniv.  Agr. Expt. Sta. Qrtly. Bul l .  Yol .  42: l J3- 14 1 . 

Lewis ,  T .L. and Mart in ,  D.  1 969. Changes in  rate o f  leakage of potass ium from excised d isks 

of apple frui ts  held  at 20 C after harvest. Austr. 1. B io I .  Sc i  22: 1 577- 1 580. 

Lidster, P.O. and Tung, M.A. 1 979.  Ident i ficat ion of  deformation parameters and frui t  

response to mechanical damage in  sweet cherry . 1.  A rneI'. Soc .  l iort . Sc i .  1 04 :  808-

8 1 1 .  

Li l leland, O .  1 932 .  Growth s tudy o f  the peach fru i t .  Proc. Amer. Soc .  Hart. Sc i .  29:  8 -22. 

Lin, T.T. and Pitt R.E. 1 986. Rheology of  apple and potato t i ssue as affected by ce l l  turgor 

pressure .  J .  Texture Stds 1 7 : 29 1 -3 1 3 . 

L itt le, T .M.  and Hil ls ,  FJ. 1 97 8 .  Agricultural experimentat ions - design and analysi s .  Wi ley, 

NY. 345 pages. 

Little, T .M.  1 985 .  Analysis of percentage and rat ing scale data. f lortScience 20: 642-644. 

Lord, W.J .  and F.W. Southwick. 1 964. The suscept ibi l i ty of two Del ic iou s  strains to some 

pre- and post-harvest physiological disorders. Proc. Amer. Soc. Hort. Sci. 84: 65-7 1 .  

Lott, R .Y.  1 93 3 .  Further studies of peach fru i t  growth. Proc . Amer. Soc. I-lort. Sc i . 30: 20 1 -

2 1 8 .  

Lotter, J .  d e  V . ,  Beukes, J .  and Weber, H .W. 1 985 .  Growth and qua l i ty of apples a s  affected 

by d ifferent i rrigation treatments. 1 .  Hort. Sci .  60: 1 8 1 - 1 92 .  

Louw, A.J.  1 948 .  Investigations o n  the cracking o f  Ohenimur i  apples .  Fmg S .  Afr. 23:  596-

602. 

Lownds, N. and Bukovac , M. 1 98 8 .  Studies on octy lp lJcnoxy surfactants :  Y. toxic i ty to  

cowpea leaves and effects of spray appl icat ion parameters. 1 .  Amer. Soc .  Hort. Sc i .  

1 1 3 :  205-2 1 0 . 

Luckwi l l ,  L.c. 1 948.  The hormone con tent o f  (he  seed i n  re la t ion t o  e ndosperm deve lopment 

and fru i t  drop in the apple. J. I Iort. Sc i .  24: ]2-44. 

Luckw i l l , L.c .  1 95 3 a .  Studies of fru i t  development in rela t ion to plant hormones . r.  Hormone 

production by the deve loping apple seed in re lat ion to fru it d rop . .J . ITor! . Sc i .  2 8 :  1 4-

24. 

Luckwi l l ,  L.c. 1 953b.  S tudies of  fru i t  deve lopment in re l a t ion t o  p l a n t  hormones. rLThe effec t  



246 

of naphthalene acet ic ac i d  on frui t set  and fru i t  development in apples .  J .  Hort . Sci .  

28 :  26-40. 

Lustig, 1 .  and Bernste i n ,  Z. 1 985.  Determination of the mechanical properties of the grape 

berry skin  by hydrostat i c  measurements . Scientia Horl. 25 : 279-285 .  

Lutz,  J.M . ,  Deonier, M .T. and Walters, B .  1 949 . Cracking and keeping quali ty o f  Porto Rico 

S weet potatoes as i n rIuenced by rate of  ferti l izer, n i trogen ratio , l i me, and borax. Proc. 

A mer. S oc .  Hort . Sci . 54:  407-4 1 2 . 

M cAlpine,  D .  1 92 1 . B it ter pit  i n  apples and pears : the l atest resul ts i n  preventive measures. 

Phytopath.  1 I :  366-370. 

McArtney, S . ,  Palmer, J . W. and G i bbs, H . M .  1 993 . Crop l oading studies with ' Roya l  Gala' 

apples .  Abstract of paper presented at  AGRI-TECH ' 93 held at the Auckl and  Coll ege 

of Education,  August 23-36. 

McCliskie, M J .  1 99 1 .  Report of the Board . 43rd Annual report of the New Zea land apple  and 

Pear M arket i ng Board, NZAPMB, Well ington. pp. 6-9 

McCutchan,  H. and S lJaekel ,  K.A. 1 992.  Stem water potential as a sensitive i ndicator of 

water stress i n  prune trees (Prunus domestica L.  cv.  French). Private communication. 

Mckee, B . S .  and Urbach , G . E .  1 95 3 .  The physiology of growth in appl e  frui ts  v .  soluble 

n itrogen const i tuents .  Aust .  1.  Bio l .  Sci.  6:  367-377 . 

McLeod, S .  1 992 .  Personal COlll municat ion.  New Zealand Apple and Pear Marketing Board, 

Has t i n gs .  
McGary , A .  1 99 3 .  I n fluence of water status on carrot ( Daucus carota L . )  fracture properties .  

J .  Hart .  Sci .  68 :  43 1 -437.  
M agei n ,  H. 1 989 . G w\vth and abcission dynam ics of ' Cox' s  Orange Pippin '  and ' Golden 

Delic ious ' applc frui ts.  J. Hort. Sci .  64: 265-273.  

Magness, J .R .  1 928 . Observations on color development in  apples . Proc. Amcr. Soc.  Hart. Sci .  

25: 289-292.  

M agness, J . R.  and H.C. Die! .  1 924. Physical studies on apples in  storage. J .  Agric .  Res .  27:  

1 -38 .  

M ai,  Y .-W. and Atkins ,  A . G .  1 980. Crack stabi l i ty i n  fracture toughness test ing . 1 .  Strain 
Anal . 1 5 :63 -74. 

M arcotte, M .  and Le M aguer, M .  1 99 1 .  Reparti tion o f  water i n  plant t issues subjec ted to 

osmo t ic processes.  J .  Food Process Engng 1 3 : 297-320. 



- - - - - - - ------ - - - - - - ------- ------�------------

247 

Marios, J.1 . ,  Bledsoe, A.M. ,  Bostock, R . M .  anc! Gub ler, W.O.  1 987 .  Effects  of s pray adj uvants  

on development of Botrytis c inerea on Vi t is  v i n i fcra berries.  Phytopathology 77 : 1 1 48 -

1 1 52 .  

Mart in ,  D .  and Lewis, T.L. 1 952.  Phys iology of growth i n  apple  fru i t s .  I I I .  Ce l l 

characteristics and resp iratory act i v i ty o f  l ight  crop and heavy crop t rees . Aust .  1 .  Sc i . 

Res. 5 :  3 1 5 -327. 

Martin ,  D .  and Lewi s ,  T.L. and Cerny , J .  1 954. The physi ology or growth o f  apple frui ts .  

VIII .  B etween tree variat ion i n  ce l l physiol ogy in  re lat ion to el i sorcler inc i dence. Aust .  

J. Sci .  Res.  7 :  2 1 1 -220. 

Masden, H .F. and Bai ley ,  l B .  1 959 .  Parathion Resistan t  M i tes.  Cal i f. Agric . 1 3 : 1 2 . 

Mead, R. and Curnow, R.N.  1 983.  S tatis t ica l  methods i n  agricul ture and experimental biology. 

Chapman and Hal l .  London . 335 pages. 

Meyer . A 1 944. A study of the skin structure of Golden Del icious apples.  Proc . Amer. S oc .  

Hort. Sci .  45: 1 05- 1 1 0. 

Meynhardt, J.T. 1 957.  Does spray i rr igat ion cause berry cracking i n  g rapes ? Fmg S .  A fr. 32 :  

6-9. 

Meynharc!t, IT. 1 964a. A h istological  study of berry-s p l i t t i ng in  some grape c u l t iv ars. S .  Afr. 

l Agric. Sc i .  7 :  707-7 1 6. 

Meynhardt, J.T. 1 964b. Some studies on berry-spl i t t i ng o f  Queen of the V i n ey ard grapes. S .  

Afr. l .  Agric . Sc i .  7 :  1 79- 1 86. 

Mezzett i ,  A. 1 959 .  Considerazioni  sui meccafl lsmo ch gencra le  spaccature del l e  mele 

senescenti .  (Observations on the causal mechanism of crack i ng in over-ripe apples.) 

Frutticoltura, 2 1 : 63 1 -3 .  English Abstr. i n  Hort.  Abstr. Vol . 30, Item no. 1 770. 

Miki, T. 1 932.  S tudies on the development of  peach fru i ts with spec i a l reference to the causes 

of their split-pit .  Bul l .  Chiba Col I .  Hort. I :  1 1 4- 1 1 8 .  

Milad ,  R.E.  anc! Shackel , K.A [ 992.  Water rel at ions o f  fru i t  end c rac k i ng i n  French prune 

(Prunus domestica L.cv. French).  1 .  A mer. Soc. Hart. S c i .  1 1 7 :  824-828. 

Miles, l .A, Friedley, R.B. and Lorenzo, C.  1 969. S trength c haracterist ics o f  tomatoes 

subjected to quas i-static load ing.  Trans.  ASAE 1 2 : 627-630. 

Mills,  T., Behboudian , M.H.  and Clothier, B .  1 993 . Irri gat i on managemen t  and fru i t  qual ity 

in ' B raeburn ' apples. Abstract of p aper presentee! a t  AGRI -TECH '93 ,  Auckland 

College of Education, 23-26 August . 



248 

Mohsen in ,  N .N .  1 970. Physical properties of plant and an imal materials .  Gordon and B reach, 

Inc . ,  NY. 

Mohsen in ,  N .N.  1 972 .  Mechanical properties of fru i ts and veget ables : review of  a decade of 

research appl i cations and needs .  Trans. ASAE 1 5 : 1 064- 1 070. 

Mohseni n ,  N.N. 1 977.  Characterization and fai lure of sol id foods with part icu l ar reference D 

fruits and vegetables. J .  Text. Std. 8 :  1 69- 1 93 .  

Mohsenin ,  N .N.  and  GohI ich ,  H.  1 962. Techniques for determi nation of  mechanical 

properties of fruits and vegetahles as rel ated to design and development of  harvest ing 

and processing  machinery .  1 .  Agr. Engng. Res. 7 :  300-3 1 5 . 

Mohsenin ,  N .N . ,  Cooper, H.E . ,  Hammerle, J .R . ,  Fletcher, S .W. and Tukey, L .D.  1 965 .  

"Readiness for harvest "  of apples as affected py physical and mechanical properties 

of the frui t .  Bu l l .  72 1 .  Agric .  Expt. S ta . ,  The Univers i ty o f  Pennsylvania .  

Molenaar, A .  and Vincent, c.L. 1 95 1 .  Studies in sprin kler i rr igat ion with Stokesdale 

tomatoes. Proc. Amer Soc. I-Iort. Sc i .  57: 259-265. 

Monsanto. 1 988 .  Pulse penetrant .  A techn ical newsletter. 3 pages. Monsanto Austral i a  Ltd, 

Melbourne. 

Montgomery, H .B .S .  1 959 .  Russeting and cracking of Cox ' s  Orange Pippin apples .  Report of  

East Mal l .  Res. Sta. for 1 958,  p p .  1 63- 1 64. 

Moorby, J .  and Besford ,  R.T. 1 983 .  Mineral nutri t ion anc! growth. In A .  Lauchi  and R.L. 

B ie1eski ,  Inorganic plant nutri tion . Springer-Verlag, Berl i n .  pp.  48 1 -527 

Moore, M .H. 1 93 1 .  Investigations on Coniothecum.  A progress report. In Annual  Report for 

1 928,  1 929, and 1 930 II supplement. East Mal l .  Res. S ta. pp. 1 50- 1 56 .  

Mrozek, R .F. and Burkhardt, T.H. 1 973 .  Factors caus ing prune s ide cracking . Trans .  ASAE 

: 686-692. 

Nauriyal ,  J.P. 1 955 .  A study of pre-mature frui t  drop in  c i t rus .  Incl . .T. Hort. 1 2 :  39-52.  

Nii ,  N .  1 979. Frui t  development in relation to vascular anatomy of the fru i t  stalk in peach . 

S td .  Inst .  Hort. Kyoto Univ . ,  9: 1 3- 1 8 . 

Ni i ,  N .  1 980a. The growth of c i trus fruits ,  satsuma mandarins anc! Hassaku , i n  rel at ion to the 

development of t issue systems in the leaf and fru i t  stalk .  J. Jap. Soc. Hort. Sc i .  49: 23-

53 .  

N i i ,  N .  1 980b . Seasonal changes in  fru i t  growth i n  Japanese persi mon,  Diospyros kaki cv  

Fuyu in  relation to  vascular t i ssue devel opme n t  in  t h e  fru i t  s t a l k .  J .  Jap. Soc .  Hort. Sc i .  



249 

49. 

N i i ,  N. 1 980c. Seasonal changes in  growth and enlargement of t he Japanese pear fru it ,  Pyrus 

serotina cv Sh inshe ik i ,  in relat ion to vascu lar bundle developmet in the pedicel and 

flesh. J. Hort. Sc i .  55 :  385-396. 

Ni iuch i ,  K . ,  Honda, F. and Ota, S .  1 960. S tudies on cracking in  tomato fru i t .  1 .  Mechanisms 

of fru it cracking. J .  Hort. Assoc . ,  Japan, 29 :  287-293. (Hort. Abstr. Vo1 .3 1 ,  Item 

No.6464) . 

N i ki t ina ,  K.V.  1 959.  The keeping qual i ty of  apples (Russian). Sadi i Ogorod , No.9, pp.56-9. 

Hort. Abstr. Vol . 30, I tem No. 1 769. 

N i l sson, F.  and Fernqvist , I .  1 956. Sprickb i ldning hos Ingrid Maric. (Fru i t  cracking in Ingrid 

M arie . )  S ver. pomol . Foren . Arsskr. Engl ish Abstr. in  Hort. Abstr. Vol .  27, Item no. 

225 1 .  

Ni lsson, F. and Bjurman, B .  1 958 .  Sprickor pa Ingrid Marie. (Fru i t  cracking in  Ingri d Marie . )  

Sver. pomol .  Foren. Arsskr. Engl i sh Abstr. i n  Hort. Abstr. Vol . 29 ,  Item no .  2266. 

Noga, G.1. and Bukovac, M.1. 1 986. Impact of surfactants an fru i t  qual i t y  of 'Schatten 

Morel le '  sour cherries and ' Golden Del ic ious '  apples. Acta Eort. 1 79 :  77 1 -777. 

Noga, G. and Wol ter, M. 1 990. Surfactants as a cause of russet ing i n  apples . Gartenbau 

w issenscaft S5( 1 ) : 20-26. Abstr. i n  Hort . Abstr. Vol. 60 no. Item 9586.  

NZAPMB . 1 989 .  Pest, d i sease and cosmetic defect ident ificat ion . New Zealand Apple and 

Pear Marketing Board, Wel l ington . 

Opara, L .U. ,  Studman, C.1 .  and Banks, N .H. 1 992. Measurement of fru i t  growth, growth 

stress, and chronological development of stem-end spl i t t i ng in 'Gala '  apples. Paper 

presented at the Join t  Annual Conference, New Zealand Inst i tute of Agri cul tural 

Science and New Zealand Soc iety for Horticultural Science (NZIAS/NZSI-IS) ,  Lincoln 

Un iversity, Aug. 25-28. 

Opara, L.u. ,  S tudman , c.J.  and White, A .G.  1 993a. A study of the mechanical propert ies of 

mutation breeds of Royal Gala. Unpubl i shed. Department of Agricu ltur a l  Engineering, 

Massey Un ivers i ty ,  New Zealand. 

Opara, L.U. , S tudman, c.J.  and Banks,  N.H. 1 993b.  Water uptake, fru i t  cracking and other 

qual i ty attributes of Gala apples submerged in surfact a l l t  water solut ions. Poster 

presentat ion at AGRI-TECH '93 .  Annual Convent ion of the NZIAS/NZSHS held at 

t he Auck land Col lege of Educa t ion ,  New Zea land.  August  23-26. 



- - - -----� -- - - - - -

250 

Opara, L .  U . ,  S tudman, C.1. and Banks, N.H. 1 993c. Mechan ical and Physico-chemical 

properties of Gala apples as affected by orchard management prac t ices. Oral paper 

presented at the 1 993 Australasian postharvest conference at the Un iversi ty of 

Queens land,  Gatton Col lege, Austra l ia. September 1 9-24. 

Opara, L .U. ,  Studman, C.1. and Smith, T. 1 993c1 .  F in i te clement  ana lys is  of pre-harvest stem

end spl i tti ng in apples :  Prel iminary studies. Departmen t of Agricu l tural Engineering, 

Massey Univers i ty ,  New Zealand.  

Pal l as J .E. lr .  and Kays, S .J .  1 982 .  Inh ibi t ion of photosynthes i s  by ethylene - a stomatal 

effect. Plant Physio l .  70: 598-60 I .  
Pearce, G.W. and Streetenn L.R. 1 93 1 .  A report on the effect  of l igh t  on p igment formation 

in apples .  B ioI .  Chern. 92: 743-749. 

Pearce, B .D . ,  Grange, R.T .  and Hardwick, K. 1 993 .  The growth of  young tomato fru i t. T .  

Effects of temperature and i rradiance on fru it grown in contro l led environments. J .  

Hort. Sci .  68:  1 - 1 1 . 

Pearson, 1 .A.  and Robertson ,  R.N. 1 954. The physiology of growth  i n  apple fru its. v i .  the 

control of respiration rate and synthesis . Aust. J. B ioJ . Sci. 7 :  1 - 1 7 . 

Peet, M.M. and Wil l i ts ,  D.H.  1 99 1 .  Tomato frui t  cracking : Cultura l , env ironmental ,  

developmental and genetic pieces of the puzzle. HortScience 26:  1 63 .  

Perring, M.A.  and Wi lkinson, B .G .  1 965 .  The mineral composition of apples. IV.  The radial 

distribution of chemical constituents i n  apples, and i t s  s ign ificance i n  sampl ing for 

analys is .  1. Sci . Food and Agric .  1 6 : 535-54 1 .  

Perring,  M.A.  and Clj isters, H .  ] 974. The chemical compos it ion and storage characteristics 

of apples grown in black c loth bags. Qual i tas Pl an tarum 23: 379-393 .  

Perring, M.A .  and Plocharski, W. 1 97 5 .  Differences i n  the mineral composition of  sound and 

disordered apple fruits and of sound and pitted tissue. J .  Sci .  Food and Agric. 26: 

1 8 1 9- 1 823 .  

Pilgaard, A .  1 957 .  Revner omkring bJomsterpartiet hos Ingrid Marie .  (Skin cracking in the 

calyx region of Ingrid Marie apples.) Erhvervsfrugtavl. , 23 :  1 1 0- 1 2 . Eng l i sh Abstr. i n  

Hort. Abstr. Vo!'  2 7 ,  I tem no .  2250. 

Pitt, R .E. and Chen, H .L. 1 983 .  Time-dependent  aspects of the strength of  rheology of 

vegetative tissue. Trans. ASAE 26: 1 275-84. 

Posnette, A .F. (Ed.)  1 963 .  Virus d iseases of  apples and pears . Tech .  Comm.  30. 



25 1 

Commonwealth Bureaux of Horticul ture and Plantation Crops .  

Posnette, A .F. and R. Cropley . 1 963 . Genetical disorders of  appl e  with virus- l ike effects . In 

Posnette, A .F. (ed) . Virus di seases of apples and pears. Tech. Comm. 30. 

Commonwealth Bureaux of Hort .  and Plantation Crops .  Page 85 .  

Powers, W.L .  and Bo l len, W.B .  1 947. Control of  cracking o f  frui t  by rai n .  Scienc 1 05 :  334-

335 .  

Prasad, A. and Jauhari , O .S .  1 963.  Effect of 2,4,5-trichlorophenoxyacetic and alpha 

naphthalene acetic acids on "drop stop" and s ize o f  l i tchi fru i ts .  Madras Agric. 1 .  50 

: 28-9.  

Prashar, D.P.  1 960. Inheri tance of frui t  cracking in  tomatoes .  Diss .  Abstr. 2 1  : 4. 

Prashar, D .P. and Lambeth, V.N. 1 960. Inheritance of ,radial fru i t  cracking in tomatoes . Proc . 

Amer. Soc. Hort. Sc i .  76: 530-537. 

Pratt, C 1 988 .  Apple flower and frui t :  morphology and anatomy. Hort. Rev. 1 0 : 273-308. 

Probine, M.C and Preston, R.D. 1 962. Cell growth and the structure and mechanical 

properties of  the wal l  in internodal cel ls  of Nitella opaca . IT .  mechanical properties of 

the walls .  1. Expt. B ioI .  1 3 :  1 1 1 - 1 27 .  

Proctor, J.T.A. and Lougheed, E.C 1 980. Cracking of Golden Russet apples .  Can .  Plant Dis .  

Surv .  60:  4, 55-58 . 

Pugmire, C 1 992. GLE. A general purpose graphics package, Vers ion 3 .2 .  DSIR Physical 

Sciences, Information Technology Group, Lower Hutt. New Zealand. 

Puri , V .M.  and Anan theswaran, R.C 1 993 .  The fin i te-element method in  food processing: a 

review. 1 .  Food Engng 1 9: 247-274. 

Rabe, E . ,  van Rensburg, P., van der Walt, H. and Bower, J .  1 990. Factors i nfluencing 

preharvest frui t  splitt ing in  Ellendale �. reticulata) . HortScience 25 :  1 35 .  

Radford, P .l .  1 967 . Growth analysi s  formulae - their u s c  and abuse. Crop Sc i .  7 :  1 7 1 - 1 75 .  

Raese, 1.T. 1 989 .  Physio logical d isorders and maladies of pear fru it .  In  Jan ick, J .  (ed) . ,  lbt 
Reviews 1 1 : 359-407. 

Ragland, CH. 1 934. The development of  the peach fru it , wi th spec ia l  reference to spl i t-pit 

and gumming. Proc. Amer. Soc. I-lort. Sci .  3 1 :  1 -2 J .  Supplementary Volume. 

Randhawa, G .S . ,  S ingh, J.P. and Malik, R .S .  1 958 .  Fru i t  crac k i ng i n  some t ree fru its with 

special reference to lemon (Citrus Limon). Ind. J .  Hort. 1 5 : 6-9 . 

Randhawa, G .S . ,  and S i ngh, J .P .  1 963.  Nature of fru i t  drop in Mandarins (Citrus Reticulata 



----- -- - - - - -- -- -- - - - -- -

252 

Blanco). Ind.  1.  Hort. 20: 1 9 1 - 1 99.  

Reed, H.S . and Crabi l l ,  C.H. 1 9 1 5 . Notes on plant d iseases in Virg in i a  observed i n  1 9 1 3  and 

1 9 1 4. Ann.  Rpt. Va. Agr. Exp. S ta. Tech Bu ! .  2: 37-38 .  

Reeve, R .M.  1 95 3 .  Histological i nvestigations of texture i n  app les.  I f .  structure and 

intercel lu lar spaces .  Food Res. 1 8 : 604-6 1 7 . 

Reger, M.W. 1 944. Thiocyanate induced chlorosis predisposes development of  anthocyanin 
by exposing apple skin t issue to more blue v iole t  l i gh t .  Proc. Am. Soc.  Hort. Sci .  45 :  

1 1 1 - 1 1 2 . 

Reynard, G .B . 1 95 1 .  I nherited res istance to radi al cracks i n  tomato fru i ts . Proc . Amer. Soc. 

Hart. Sci.  58: 23 1 -244. 

Reynard, G .B .  1 960. B reeding tomatoes for resistance; to fru i t  cracking. Proc. Plant Science 

Seminar, Campbel l  Soup Coy . ,  USA. pp. 93- 1 1 2 . 

Rixford, G.P .  1 9 1 8 . Smyrna  fig culture. U .S .  Dept. Agri .  B u l l .  732, 43 pages. 

Robertson, R.N. and Turner, IF. 1 95 1 .  The physiology of growth of apple  fruits .  I I .  

Respiratory and other metabol ic  activities as [unctions of  cell number and cell  s ize in 

frui t  development. Aust .  1. Sci . Res .  4:  92- 1 07 .  

Rohm and  Haas Company. 1 984. CS-3 1 .  7 pages. Pennsylvania 1 9 1 05 .  

Roots i ,  N.  1 960. Ripening and skin cracking in  plums.  (German summary . )  Sver. pomo l .  

Foren .  Arsskr. 60: 1 1 7-27. Engl ish Abstr. i n  Hort. Abstr. , Vo1 . 30, Item No.335 1 .  

Rootsi ,  N .  1 962. The physiological causes og cracking i n  apples. (Swedish, w ith German 

summary) .  Sver. pomol .  Foren. Arsskr. 63:73-8 1 .  Eng l ish abstr .  in Hart. Abstr. Va! .  

33 ,  I tem no. 4522. 

Rosenbaum, J .  and Sanda, c.E. 1 920. Corre lat ion between s ize of the fru i t  and the resis tance 

to puncture and i rs rel ation to i n fect ion with Macrospor ium Tomato Cooke. Amer. J .  

B ot .  7 :  78-82. 

Ryder, Wm.S . ,  Jr. 1 954.  Studies on the res istance to radia l  cracking o r  tomato frui ts .  PhD. 

Thesis (unpubl ished). Cornel l  Un ivers i ty, USA. C i ted i n  Reynard ,  G.B. 1 960. Plant 
Science Seminar, Campbel l  Soup Coy. ,  Camden, N.J . ,  pp. 93 - 1 1 2 . 

Sacher, lA.  1 97 3 .  Senescence and posth arvest physiology . Ann .  Rev. P l ant Phys ioI .  24: 1 97-

224. 

S akurai , N.  and Nevins ,  D.J. 1 992.  Evaluation of stress-re l axat ion lT1 fruit  tissue. 

HortTechnology 2 :  398-402. 



------- - - - - � ----- - -- --- -

253 

Sal ter, P . J .  and Goode, lE. 1 967 . Fru i t  and other tree and bush crops - d i sorders and 

d i seases. In Crop responses to water at d i fferent stages of growth. Research Review. 

Commonwealth Bureaux  of Hart. and Plantat ion Crops . pp. 1 50- 1 5 1 .  

SAS Institute, Inc. 1 988 .  SAS/STATS user's gu ide, release 6 .03 . SAS Institute, Inc. Cary, NC. 

Sawada, E. 1 93 1 .  Mizakura miware no kenkyu.  (Studies on the cracking of cherries.) Agr . and 

Hort. 6: 865-892. (In Japanese, wi th Engl i sh summary . )  

Sawada, E.  1 932.  Butsurigaku-teki n i  kansatsu shita Mizakura-miware no Kiko .  (On the 

mechan i sm of the cracking of cherries studied from physical point of view.) Proc. Jap. 

Assoc. Adv. Sci .  Vol . 7 :4 1 2-422. (In Japanese) .  

Sawada, E. 1 934. A physical consideration o f  the mechanism of the cracking of  sweet 

cherries .  Trans .  Sapporo Nat. Hist .  Soc . ,  Vol .  XIII ,  Pt. 3 :  365-376. 

Schi lberszky, K. 1 9 1 8 . Hipertrofos paraszomolesok a!magyumo!osokon . (Hypertrophe 

lentizellen auf apfelfruchten).  Bot .  Kozlemenyek 1 7  :93 .  (Reviewed by Matouschek 

in Ztschr. Pflanzenkrank.  29 :249. 1 9 1 9) .  Ci ted in : Verner, L. 1 935.  A physiological 

study of cracking in  S tayman Winesap apples. J. Agric .  Res. 5: 1 9 1 -222. 

Schmid, G. 1 960. Russetting and cracking caused by a virus. Schweiz. Z. Obst -u. Weinb., 

69:54-60. English Abstr. In Hart. Abstr. Vol .  30, I tem no. 1 9 1 6. 

Schmid, G .  1 96 1 .  Further observations on virus russet i ng and cracking of apples. Schweiz. 

Z. Obst-u . Weinb . ,  70:32-35 .  Engl ish Abstr. in Hart. Abstr. Vol . 3 1 ,  I tem no. 2 1 87 .  

S choorl, D .  and Holt, J.E. 1 983 .  Cracking i n  potatoes . 1 .  Tex t .  S td .  1 4 : 6 1 -70. 

Schrader, A .L. and Marth,  c.P.  1 93 1 .  Light intens i ty as a factor in the development of apple 

color and size. Proc. Amer. Soc. Hort. Sc i .  28: 552-555. 

Schrader, A .L. and Haut,  I .c.  1 938 .  Ski n-cracking o f  York app les as re lated to spray i njury .  

Proc.  Amer. Soc .  Hart. Sci . Vol .  35 :  1 80- 1 83 .  

Schroeder, C .A .  and Wieland, P.A. 1 956. Diurnal fluctuation i n  s i zc i n  various parts o f  the 

Avocado tree and fruit .  Proc . Amer. Soc. I-Tort. Sc i .  68: 25 3-25 8 .  

Selhy, H. and White, A. 1 992. The segregat ion for frui t  shape, texture and colou r  i n  a cross 

between the pear cultivars Max ' s  Red Bartlett and Nij i sscik i .  Ahstract of paper 

presented at the 1 992 Convention of the NZIAS/NZSH S ,  Lincoln Un ivers i ty ,  25-28 

August. 

Shaw, J .K .  1 9 1 4 . A study o f  variation i n  apples.  Massachusetts Agric.  Expt. Sta. , Bu l l .  No. 

1 49.  pp. 2 1 -36.  



254 

Shear, C .B .  1 97 1 .  Symptoms of Calcium deficiency on leaves and fru i t  of ' York Imperia l '  

apple .  J. Amer. Soc .  Hort. Sc i .  96: 4 1 5-4 1 7 .  

Shear, C .B . 1 975 .  Calcium-related disorders o f  frui t  and vegetables .  HortScience 1 0: 3 6 1 -365. 

Shutak, V. and A.L. Schrader. 1 948 . Factors associated with skin-cracking o f  York Imperial 

apples .  Proc. Amer. Soc.  Hort. Sc i .  5 J :  245-257 .  

S iegelman, H.W. and Hendricks, S .B .  1 957.  Photocontrol of  anthocyanin  syn thesis i n  apple 

skin.  Plant Physiol .  33 :  1 85 - 1 90. 

S imon, E.W. 1 974. Phosphol ipids and plant membrane permeab i l i ty .  New Phyto log i s t 73 :  

377-420. 

S imon ,  E.W. 1 977a. Membranes in ripening and senescence. Ann. Appl . B io I .  8 5 :  4 1 7-465. 

S imon, E .W. 1 977b. Leakage from fmit cel ls  in water . J .  Expt. Bot. 28 :  1 1 47- 1 1 52 .  

S imon, E .W.  1 978 .  The symptoms of  Calcium deficiency i n  plants .  New Phytologi st 80:  1 - 1 5 .  

S imons ,  R . K. and Aubert in ,  M.P.  1 959 .  Development o f  epidermal , hypodermal and cortical 

tissues in the Golden Del ic ious apple as influenced by induced mechan ical i njury.  

Proc. Am. Soc. Hort. Sc i .  74: 1 -9 .  

S ingh, K .  1 964. Physiological studies related to  tomato fru i t  cracking. Diss .  Abstr. 25 :  J 475 ,  

being Order No. 64-8887 o f  78 pp. 

Skene, D .S .  1 963 . The fine structure of apple, pear, and p lu m fruit  surfaces , their changes 

during ripeneing, and their response to poli sh ing. Ann . Dot. 27 : 5 8 1 -592. 

Skene, D .S .  1 965 . Cracking and russeting in  apple fru i ts .  Ann. Rep! . East Mal l .  Res. S ta . for 
1 964. pp: 99- 1 0 1 .  

Skene, D .S .  1 966. The d istribution o f  growth and cel l d iv is ion i n  the Cru i t  o f  Cox ' s  Orange 

Pippin.  Ann. Bot. 30: 493-5 1 2 . 

Skene, D .S .  1 980. Growth stress during frui t  development i n  Cox 's  Orange Pi pp i n app les .  J .  

Hort .  Sc i .  55 :  27-32. 

Skene, D .S .  1 98 1 a. Growth of indiv idual apple  Cru i t s .  Ann. Rep!. East  Mal l . Res . Sta. for 

1 980. pp. 29. 

S kene, D.S.  J 98 1 b .  S talk-end cracking in  Cox. Ann. Rep! .  East  Mal l .  Res . S ta. for ] 980. pp. 

28 .  

Skene, D .S .  1 98 1 C. Wound healing i n  apple fru i t s : the anatomical response of Cox ' s  Orange 

Pippin at different stages of deve lopmen t . 1.  Hort. Sc i .  56 :  1 45- 1 53 .  

Skene, D .S .  1 982a. The development of russet, rough russet and cracks on the frui t  o f  the 



-------- - - - ------ -- -- -

255 

apple Cox ' s  Orange Pippin during the course of the season. 1 .  Bort. Sc i .  57 :  1 65- 1 74. 

Skene, D .S .  1 9 82b. Cause and control of russeti ng and cracking. Grower, 97: 23-24. 

Smith, W.H. 1 940. The histological structu re of  the flesh o f  the apple in rel ation to growth 

and senescence. 1 .  Pomol.  Hort. Sci .  8: 1 53- 1 72. 

S mith, W.H. 1 950. Cell -multiplication and cel l-enlargement i n  the development of the flesh 

of the appl e  frui t .  Ann . Bot. 53 :  23-38. 

Smock, R.M. 1 953 .  Some effects o f  c l imate duri ng the growing season on keeping qual ity of 

apples .  Proc. Am. Soc. Hort. Sci .  62: 272-278 .  

Sorauer, P. 1 922 .  Manual of plan t  d iseases. Trans ! .  by  F .  Dorrance. 3rcl Eel , v. I .  W i lkes-B arre, 

Pa. Cited in Verner, L. 1 938 .  1. Agric . Res. 57 :  8 1 3-824. 

Srinivas, T., B hashyam, M.K. ,  Mahadevappa, M. a,nd Desikachar, H .S .R .  1 977. Varietal 

d i fferences in  crack formation due to weathering and wett ing stress in rice. Indian J. 

Agric. Sc i .  47: 27-3 I. 
Srinivas , T . ,  Bhashyam, M.K. ,  Gowda, M.K.M. and Desikachar, H .S .R .  1 978 .  Factors 

affecting crack formation in rice varieties during wetting and rie ls  stress .  Indian J .  

Agric. Sci .  48 : 424-432. 

S tanley, C.M. 1 990. Personal communication. New Zealand Apple and Pear Market ing Board, 

Wel l ington .  

Steel ,  R .G.D.  and Torrie, 1 .l-I .  1 980. Principles and procedures of statist ics, a b iometrical 

approach .  McGraw-Hi l l  Book Coy. ,  NY. 633 pages. 

S tevenson, E.C. ,  Tomes, M.L .  and Johnson, K.W. 1 960. New tomato varieties .  Report , Purdue 

Univers i ty 3: 1 1 . 

S tewart, W.S .  and Klotz, L .J .  1 947 . Some effects or 2A-Dichlorophenoxyacetic acid on fruit

drop and morpho logy of oranges . Bot. Gaz. 1 09:  1 50- 1 ()2. 

St i les ,  W.C. ,  Chi lders, N .r . ,  Prus ik , M J .  and T.N. Kom. 1 959 .  Effects  o f urea sprays anc! 

pesticides on russeting and crack ing of S tayman apple .  Proc. Amer. Soc. Hort. Sci . 74: 

25-29.  

S treeter, L .R.  and Pearce, G.W . 1 93 1 .  Light and pigment development in  apples. Proc. Amer. 

Soc. Hort. Sci. 28 :  49-52. 

S tudman, C .J .  1 99 1  a.  Improvements re la t ing to material tes t ing .  N. Zealand Pat . Appl i cat ion 

No. 238677 . 

Studman, C.J .  1 99 I b. A Rapid tens i le  tester. Personal communicat ion. Department of 



256 

Agricul tural Engineering, Massey University, New Zea l and . 

Studman, C.J . ,  Hodgson ,  R.M. ,  Browne , R.F ancl Foster, B . R. 1 99 1 .  Detect ion o f  stem end 
spl its i n  apples. Project Report: July J 99 1 .  New Zealand Apple & Pear Marketing 

Board. 

Studman, C.J .  and Yuwana. 1 992. Twist test for measuring frui t  firmness .  J .  Text. S tud. 23 :  

2 1 5-227 . 

Sul l ivan, D.T. and Widmoyer, FB.  1 970. The effect of a lar  on fru i t  cracking of S tayman 

winesap apple.  Fruit  Var. and Hort Dig. 24- 1 7- 1 8 . 

Taylor, O.c. ,  Cahoon, G.A.  and Stolzy , L.H.  1 957 .  Why do Navel Oranges sp l i t ? Cal if. 

Citrogr. 43 : 32-4. 

Taylor, O.c.,  Cahoon, G .A .  and Stolzy, L .B .  1 958 .  Spl i t ting of Navel Oranges. Cal i f. Agric. 

1 2 : 6, 1 0 . 

Taylor, D .R .  and Knight, IN. 1 986.  Russeting an d  crack ing of app le frui t  and their control 

with plant growth regu l ators. Acta Hort icul tarae 1 79 :  8 J 9-820. 

Teaotia, S . S . ,  and S ingh, R.D. 1 970. Fru i t  cracking - a review. Progressive I-Iort. 2:  2 1 -32 .  

Tennes, B .R .  1 973 .  Physical properties of fru it rel ated to cracking.  Phd thesis .  M ich igan State 

Univers i ty , Ann Arbor, Michigan, USA. 1 1 7 pages .  

Tetley, U. 1 930. A study of the anatomical  development of  the  apple ancl some observations 

on the "pect ic constituents"  of the cel l -wal l s .  J. Pomol .  and Hort. Sci. 8: 1 53- 1 7 1 .  

Tet ley, U. 1 93 1 .  The mo rphol ogy and cytology of apple  frui t  wi th  specia l  reference to 

Bramley Seedl ing variety . J. Pomol .  Bort. Sci . 9: 278-280. 

Thomas, N .F. 1 949. Studies  of  cracking of tomato fru its w i th emphas i s on method of 

selecting  resi stan t plants from segregat ing progen ies . PhD Thesi s  (unpubl ished).  

Cornel l  Universi ty, USA. Cited in Reynard, G . B .  1 960. Plan t  Sc ience Seminar, 

Campbe l l  Soup Coy . ,  Camden, N.J . ,  pp. 93- 1 1 2 . 

Thompson , A.E. J 965.  B reed i ng tomato varieties with i ncreased res is tance to frui t  cracking.  

I l l .  Res . 7 :  1 2- J 3 .  

Thompson , A .E . ,  R.W. Hepler, R.L. Lower, and J .P.  McCol lum.  1 962. Characterisation of 

tomato varieties and stra ins  for const i tuents of fru i t  qual i ty .  Univ 1 l l inois Agr. Expt. 

S ta. B u l l .  685 .  32 pages. 

Tomana, T. 1 96 1 .  H istol ogica l and physica l  studies on the Jonathan spot in app les. II. 
Nitrogen fert i lization and harvest t i me in rel at ion to spot development. (Japanese, with 



257 

English summary) .  J .  Jap. Soc. Hort. Sc i .  30: 1 1 7- 1 24. 

Trought, M .C.T. 1 99 1 .  Personal commun icat ion.  Marlborough Research Centre, M inistry of 

Agric. and Fisheries, B lenheim, New Zealand. 

Trought, M .C .T. and Lang, A.  1 99 1 .  The role of water in cherry sp l i tt i ng . Extended Abstracts. 

Annual Meeting, New Zealand Soc ie ty of Plant Physiolog i s t s ,  Great Bay of Plenty 

Convention, Tauranga, August 2 1 -23. 4 pages. 

Trought, M . ,  R. Edwards and A. Lang. 1 992. Water balance and frui t  sp l itting of sweet 

cherries. Extended Abstracts, NZ Soc. Plant Phys i o l .  [nco Annual meeting i n  

conjunction with the NZ lnst. Agr. Sci . Inc. ,  Lincoln Un ivers i ty ,  Canterbury, 24-28 

August. pp: 63-66. 

Tucker, L.R. 1 934. A varietal study of the susceptib i l i ty of  sweet cherries to cracking. Univ.  

Idaho Agric. Expt. S ta. Bul l .  2 1 1 :  1 - 1 5 . 

Tukey, R .B . 1 983 .  Calcium sprays for sweet cherries .  ProC. WasIl . Sta. Hort. Assoc. 79:  1 94-

1 98 .  

Tukey, L.D. 1 959a. Observations on  the russe t ing of apples growing i ll p last ic bags .  Proc . 

Amer. Soc. Hort. Sci .  74: 30-39. 

Tukey, L.D. 1 959b. Periodicity in the growth of fru its of app les , peaches and sour cherries 

with some factors i n fluencing th i s development .  Pennsy lvan i a  Agr. Expt. Bu! .  66 I ,  
2 1  pages .  

Tukey , L.D. 1 960. Atmospheric moisture causes russeted apples. Sc ience for the Farmer 7 :6 .  

Tukey, H .B .  1 942. Time in terval between fu l l  bloom and fru i t  mat ur i ty  Cor severa l var i eties 

of  apples, pears, peaches and c herries .  Proc. Amer. Soc.  Hart. Sc i . 40: 1 33- 1 40 .  

Tukey, H .B .  and Young, lO. 1 942 . Gross morphology and h i s to logy of develop ing fru it of 

the appplc . Proc. Amer. Soc. Hort .  Sc i . 4 1 :  1 04- 1 04. 

Turner, N.C. 1 98 1 .  Techn i ques and ex peri men ta l approaches for the measu rement  of p lan t  

water status .  P lant & Soi l 5 8 :  339-366. 

Uhl i nger, R.D. 1 963.  Some re lat ionships among softness, crack ing ,  an c! blossom-end rot of 

tomato frui ts .  Diss. Abstr. ,  23  : 3063-3064, bei ng Order No. 63-728 of 1 77 pr. 

Union Carbide. Undated. S ur face act ive copolymers. 

Unrath, c.R.  1 99 1 .  The influence of concentrations, spray i n terval and number of 

applications of GA4+7 (provide) on su ppress ion of Stayman fru i t  crac k ing . Abstr. 

HortSc ience 26: 72.  



258 

Uriu,  K.,  Hansen,  C.J.  and S m i th ,  J .J .  1 962. The cracking o f  prunes i n  re la t ion to i rrigation .  

Proc.  Amer. Soc .  Hort. S c i .  80:  2 1 1 -2 1 9 . 

USDA. 1 967. Tomato d iseases and their contro l .  Agri c u l ture Handbook 203 . Page 63.  

Verner, L. 1 935 .  A physiolog ical  study of cracking i n  Stayman W inesap apples .  1.  Agric .  Res. 

5 1 :  1 9 1 -222. 

Verner, L.  1 93 7 .  S tudy o f  growth rate in S t ayman W i nesap apples.  Proc . A mer. Soc. Hort. 

S c i .  35 :  1 28- 1 3 l .  

Verner, L .  1 938 .  H istol ogy o f  apple fru i t  i n  rel at ion to cracki ng. J .  Agri c .  Res.  5 :  8 I 3-824. 

Verner, L.  1 939.  Reduction o f  cracking in sweet cherries fo l l owing t he use o f  ca lc ium sprays .  

Proc.  Amer. S o c .  Hort. Sc i .  3 5 :  27 1 -274. 

Verner, L.  1 95 7 .  Procedure for determ i n i ng res i stance of sweet cherry variet ies to fru i t  

cracking .  Fru i t  Var. & Holt. D igest 1 2 : 3 -4. 

Verner, L.  and B l odgett , E.C. 1 93 1 .  Phys io logical  studies o f  t he cracking of sweet cherries.  

A pre l i m inary report. Idaho Agr.  Expt .  S ta .  B u l l .  1 84,  1 5  pages .  

V i ncent,  J . F. V .  1 989.  The rel at ion between den s i ty and st i ffness o f  apple flesh.  1 .  Sci .  Food 

Agric.  47: 443-462. 

Vincent, J.F. V. 1 990. Fracture properties of p l ants .  Adv. Bot. Res. 1 7 : 235-287. 
Vincent, J .F .V. ,  Jero n i m ids,  G . ,  Khan, A.A.  and Luyten ,  H. 1 99 1 .  The wedge fracture test .  

A new method for measurement o f  food texture . 1.  Text. Std. 22:  45-57. 

V isa i ,  c., Fai l l a, O. and Eccher, T. 1 989. E ffects o f  promal i n  and pac lobutrazol on cracking 

and qua l i ty o f  Nei p l i n g  st ayman apples .  Acta Hort icu l t arac 2]<) :  4 5 1 -45 3 .  

V i s a i ,  C .  and M arro, M .  1 986.  Fenomeni e l i spaccatura e c i catr izz(lz ionc n e l  I1lc lo  " S t ayman 

W i nesap " .  (The phenomenon o f  c rac k i n g  and wou ncl t iss li C  for m a t i o n  i n  S t a y m a n  

W i nesap apple . )  Not iz iario el i Orto i"loro fru t t ico l tur a ,  1 2( 2 ) :4 7- 5 3 .  l I n i v e rs i t a  d i  M i l ano,  

I t a l y .  Eng l i sh A hst r.  in  IIort . Ahst r. Vol .  57(4 ) ,  I te m  ! l O .  23C13 . 
Vo i sey ,  P .W.  and M a c Don a l d ,  D . C .  1 964. A n  i n s t ru m e n t  ror measur ing thc  puncture 

res istance o f  fru i ts  and vegetables .  Proc. Arner. Soc.  I lor[ .  Sc i .  84: 557-563 . 

Voisey,  P .W . ,  K l ock, M .  and M acDonald,  D . C .  1 964. A rapid method o f  determin ing the 

mechanical propert ies of  fru i t s  and veget ah l e s .  Pro. A rner. Soc. I-I ort.  S c i .  8 5 :  547-5 5 3 .  

Voisey,  P.W. a n d  Lya l l ,  L .H.  1 965a. Methods of  determ i n i ng the  s trength o f  tomato s k i n s  i n  

rel at ion to frui t  cracking.  Proc. Arner. S oc .  Hort. Sci . 8 6 :  597-609 . 

V o i sey,  P . W .  and Lyal l ,  L . I-I. 1 965b.  Punctur e  resi stance in rel a t ion to tomato fru i t  cracki ng.  



259 

Can. 1 .  Plant Sc i .  45 : 602-603 . 

Voisey, P.W. and M acDonald, D.C. 1 966. A puncture device for estimating the physical 

properti es of frui ts and vegetables .  Can. J .  Plant Sci . 46: 698-70 1 .  

Voi sey,  P.W.,  Lyal l ,  L.H. and Kloek, M.  1 970. Tomato skin strength - Its measurement and 

relation to cracking. J. Amer. Soc. Hort. Sci .  95 :  485-48 8 .  

Volz, R .K. 1 99 1 .  Frui t  qual i ty and productivity o n  apple rep lacement branches. Phd thes is ,  

Department of Horticul tural Sc ience, Massey Univers i ty, New Zealand. 

Wade, N.L. 1 988 .  Effect of metabol i c  inhibitors on cracking of sweet cherry fru i t .  Sc ientia 

Hort. 34: 239-248 .  

Waller, W.  1 980. Use of apple analysis .  In D. Atk inson, J .  Jackson, R. Sharples, and W. 

Waller, (cds.) Mineral nutrition of frui t  trees. Bl,l tterworth and Co. (Pub! . )  Ltd, London . 

pp. 383-394. 

Walsh, c., Statler, B . ,  Solomos, T. and Thompson, A. 1 99 1 .  Determin ing Gala maturity for 

d i fferent storage regimes. Good fru i t  grower. March, pp. 6- 1 0 . 

Wal ter, T .E .  1 967. Russeting and cracking i n  apples : a review o f  world l i terature. Rept. East 

Ma l ! .  Res. S ta. for 1 966, pp. 83 -95 . 

Wang, S .  Y. and Faust, M. 1 992. Variat ion m l ip i d  composi t ion of apples 111 relat ion to 

watercore. J .  Amer. Soc. Hort .  Sc i .  1 1 7 :  829-833 .  

Watanabe, M. ,  Yamaya, I-I . ,  Yukita, K . ,  Ishiyama, M .  and Sei to , M. 1 987.  Spl i tt i ng of Mutsu 

apple  frui t  during the 1 983 growing season in Aomori . Bu l l et in of the Aomori Apple 

Expt. Sta . ,  24: 83- 1 04. In Hort. Abstr. Vol. 59(4), Item no. 2707 . 

Watkins, C .B . ,  Bowen, J . I-I . and Walker, V , J .  1 989.  Assessment of ethy lene production by 

apple cult ivars i n  relation to commerc ia l  harvest dates. N.Z. 1 .  Crop and Hort. Sc i .  1 7 :  

327-33 1 .  

Way, R .D. 1 967. Cherry varieties for New York. Corn e l l  Exp/. Sta .  B u l l .  1 1 97. Ithaca, N . Y. 

Webster, D .  and Lidster, P. 1 986 .  Effects of phosphate sprays on McIntosh appl e  frui t  and 

l eaf composit ion, flesh firmness and suscept i b i l i ty to low-t emperature d i sorders . Can . 

J .  Plant Sc i .  66: 6 1 7-626. 

Wedding. J .N. ,  Kattan, AA and Fleming,  A.W. 1 958 .  E ffect of s upplemental i rrigation, 

spac ing and fert i l ity on y ie ld  and quality of process ing toma t oes.  Proc. Amer. Soc. 

Hort. Sci .  7 1 :  356-368 .  

Weiser, R. L. J 990. Stayman fru i t  cracking as  re lated to  CW composit ion.  Abstr. 



260 

HortScience 25:  1 093- 1 094. 

Weissenborn, K. and Gottwald, A. 1 965. G ibt es auch g lattschal ige Holsteiner Cox ? (Is there 

also a smooth-skinned Holstein Cox ?) Mitt. Obstb Versuchsringes, jark, 20: 9- 1 1 . 

Engl ish abstr. in  Hort. Abstr. Vol .  35 ,  Item no.  5 1 1 9 . 

Wel ler, c.L., Paulsen ,  M.R.  and S te inberg, M.P. 1 990. Stress crackin g and breakage 

susceptib i l i ty as affected by moisture content at harvest for four yel low dent corn 

hybrids. Trans .  ASAE. 33 :  863 -869. 

Wertheim, S .J .  1 982. Frui t  russeting in  apple as affected by variolls g ibbere l l ins .  1. Hart. S c i .  

57 :  283-288.  

Westwood, M.N. 1 962. Seasonal changes in  specific gravi ty  and shape of  apple, pear, amd 

peach fruits . Proc . Amer. Soc .  Hart. Sc i . 80: �0-96 . 

Westwood, M .N .  1 978 .  Temperate-zone pomology. W.H.  Freeman and Coy . ,  San Francisco . 

Westwood, M.N.  and Batjer, L.P. 1 960. Effects of env ironmental and chemical addit i ves on 

absorption of naphtha leneacet ic acid by apple  l eaves.  Proc . Amer. Soc. Hort. Sc i .  76 

: 1 6-29. 

Westwood, M.N.  and B laney, L.T. 1 963 . Non-c l i m at i c  factors affect i n g  the shape of apple 

fruits. Nature 200: 802-803. 

Westwood , M.N. and Burkhart, O J .  1 968.  Cl i mate i n fl uences shape o f  De l ic ious .  Amer. Fru i t  

Grower 88 :  26. 

Westwood, M.N. and Bjonstard, L.P. 1 970. Some factors affec t i n g  rai n  cracking of sweet 

cherries. Proc. Oregon Hart. Soc. 6 1 : 70-75 .  

Westwood, M.N. ,  B atjer, L.P.  and Bi l l ingsley,  H . D. 1 967. Cel l  s i ze ,  ce l l  n u mber, and frui t  

density of  apples as  related to  fru i t  s ize, pos i t ion in  c l uster and t h i n n i n g  method . Proc. 

Am. Soc. Hort. Sc i .  9 1 :  5 1 -62. 

Whatley, B .T .  1 957 .  S tudies on tomato frui t  crack i ng.  D i s s .  Abstr . ,  1 7  : 2373,  bei n g  Pub! .  

22,560 o f  66 pp. 

White, D.G.  1 955 .  The s ize of app les in rel at ion to their  locat ion  on the t ree. Proc . Amer. 

Soc .  Hart. Sci. 65 : 1 32- 1 34.  

White, D.G.  and Whatley, B .T .  1 955 .  A method to measure c racked apples  and tomatoes . 

Proc . Amer. Soc.  Hort. Sci .  65 :  289-290. 

White ,  A.G . ,  Se lby, H.1. and Alspatch, R.A. 1 992. Some resu l ts from a study of fru i t  colour 

and s ize i n  a mutat ion breed ing programme on ' Royal G al a' . Abstract of paper 



26 1 

presented at the 1 992 Convent ion of the NZIASINZSHS, Lincoln Universi ty, 25-28 

August. 

Wh ittenberger, R .T .  and Hi l l ,  e.H. 1 95 3 .  S tudies on the processing of red cherr ies. 1 .  
Changes in  fresh red cherries caused by bru ising, cool ing,  and soaking. Food Technol . 

7 :  29-3 1 .  

Wiersum,  L .K. 1 979.  Effects of environment and cul tura l  practices on Calc ium nutr i t ion. 

Communications in Soil Sci . and Plant Analysis 1 0: 259-278 .  

Wilkinson, B .G. 1 965. Some effects of  storage under d ifferent condit ions of humidi ty on the 

physical properties of apples. Jour. Hart. Sc i .  40: 58-65.  

Wi lk inson, B .G.  and M.A.  Perring. 1 964. Further i nvestigations of  chemical concentration 

gradients in apples .  1.  Sci .  Food and Agr. J 5: , 378-384. 

Wi l l iams , M.W. J 966. Relationship of  sugars and sorh i tol to  watercore in apples. Proc. Amer. 

Soc . Hort. Sc i .  8 8 :  67-75 .  

Wil son, 1 .S .  1 970. Growth cracks i n  tomatoes. Qld .  Agric .  J .  83 :  37 I -374. 

Wi l son, B . F. and R.R.  Archer. 1 979. Tree des ign:  Some biological solutions to mechan ical 

problems. B ioScience 29: 293-298.  

Wittwer, S .H.  and Honma, S .  1 969. Greenhouse tomatoes .  Gu ide! ines for successfu l  

production .  Mich .  St .  Univ. Press. pp .  47. 
Woodhridge, CG. 1 968 . B i tter pit .  Proc. Wash. State Hort. Assoc. 64: 59-66. 

Woodbridge, CG. 1 97 1 .  Calc ium l evel s  of pear t issues affected with cork and hlack end. 

HortSc ience 5: 45 1 -453 .  

Woodbridge, e .G .  1 978 .  Sp l i t-p i t  i n  peaches and nutrient levels .  1 .  Amer. Soc .  Hort. Sc i .  J 03 : 

278-280. 

Young, H .W.  1 957 .  1 957 .  Inheritance of  frui t  cracking in  a Lycopersico!l escll/entum cross. 

Unpub! ' PhD thes is ,  Ohio State Univers ity. Cited in Young, H.W. 1 959.  

Young, H.W. 1 958 .  Inheri tance of fru i t  cracking. TGC Report No. 8 ,  pp. 38-39.  

Young, H.W. 1 959 .  Inheritance of  radia l  fru i t  crack ing in  a tomato cross. Proc. Fla. S t .  Hort. 

Soc. 72: 207-2 1 0. 

Young, H.W. 1 960. Inherited frui t  cracking resi stance in  the tomato .  Proc . Fl a. S t .  Hort. Soc . 

73 :  1 48- 1 53 .  

Young, P .A .  1 947. Cuticle cracks in tomato fru its .  Phytopathology, 37 : 1 43- 1 45 .  
Young, P .A.  1 96 1. Yield abi l i ty of  crack-resi stant tomatoes. Progr. Rep.  Tex . Agric. Expt. 



262 

Stat. , 22 1 8, pp. 3 .  

Young, P .A .  1 962. Yield and resistance of  tomato varieties t o  physiological abnormalities.  

Progr. Rep. Tex. Agric .  Stat .  226 1 .  pp. 5 .  

Young, P .A.  1 963a. Symptoms and control of tomato frui t  cracking. Plant Dis .  Reptr. 47 : 523-

527. 

Young, P .A.  1 963b. Tomatoes. Crack res istant .  Amer. Veg. Grower 1 1 :  24 

Yuwana. 1 99 1 .  Alternative tests for fruit  mechanical properties. M. Agr. Sci . Thesis, 

Department of Agricultural Engineering, Massey University, N.  Zealand. 

Ziel inski ,  Q.B . 1 964. Resistance of sweet cherry varieties to fru i t  cracking in relation to frui t  

and p it s ize and frui t  color. Proc. Amer. Soc. Hort. Sc i .  84: 98- 1 02.  

ERRATA 

Jacyna, T.  and Z. Soczek. 1 980. Effect of d ifferent degree of shad ing the apple hedgerow on 

the l ight penetration i nside of tree crowns ,  and on the s ize and qual i ty of crop.  

III .  Effect on the frui t  quality. Frui t  Sci .  Rpts. 7 :  75-86. 



263 

APPENDIX 



VARIETY BLOCK NAMES 

CijiULZ 

Water Rate Utreslha ':lSeo J .�LYJ .2.VrD 2580 ...2560 
CalcIum & MIsc. 

/ /' v .../ � 
, ,:,41l. <" "1 

v cr t/{j- t(e O/C. 
M V'{,v, ,-<; 

�J7 11-11) MI Il.. HUM I 0 
'I � "" " ' t  ., ..... ,.... -. , /  


	10001
	10002
	10003
	10004
	10005
	10006
	10007
	10008
	10009
	10010
	10011
	10012
	10013
	10014
	10015
	10016
	10017
	10018
	10019
	10020
	10021
	10022
	10023
	10024
	10025
	10026
	10027
	10028
	10029
	10030
	10031
	10032
	10033
	10034
	10035
	10036
	10037
	10038
	10039
	10040
	10041
	10042
	10043
	10044
	10045
	10046
	10047
	10048
	10049
	10050
	10051
	10052
	10053
	10054
	10055
	10056
	10057
	10058
	10059
	10060
	10061
	10062
	10063
	10064
	10065
	10066
	10067
	10068
	10069
	10070
	10071
	10072
	10073
	10074
	10075
	10076
	10077
	10078
	10079
	10080
	10081
	10082
	10083
	10084
	10085
	10086
	10087
	10088
	10089
	10090
	10091
	10092
	10093
	10094
	10095
	10096
	10097
	10098
	10099
	10100
	10101
	10102
	10103
	10104
	10105
	10106
	10107
	10108
	10109
	10110
	10111
	10112
	10113
	10114
	10115
	10116
	10117
	10118
	10119
	10120
	10121
	10122
	10123
	10124
	10125
	10126
	10127
	10128
	10129
	10130
	10131
	10132
	10133
	10134
	10135
	10136
	10137
	10138
	10139
	10140
	10141
	10142
	10143
	10144
	10145
	10146
	10147
	10148
	10149
	10150
	10151
	10152
	10153
	10154
	10155
	10156
	10157
	10158
	10159
	10160
	10161
	10162
	10163
	10164
	10165
	10166
	10167
	10168
	10169
	10170
	10171
	10172
	10173
	10174
	10175
	10176
	10177
	10178
	10179
	10180
	10181
	10182
	10183
	10184
	10185
	10186
	10187
	10188
	10189
	10190
	10191
	10192
	10193
	10194
	10195
	10196
	10197
	10198
	10199
	10200
	10201
	10202
	10203
	10204
	10205
	10206
	10207
	10208
	10209
	10210
	10211
	10212
	10213
	10214
	10215
	10216
	10217
	10218
	10219
	10220
	10221
	10222
	10223
	10224
	10225
	10226
	10227
	10228
	10229
	10230
	10231
	10232
	10233
	10234
	10235
	10236
	10237
	10238
	10239
	10240
	10241
	10242
	10243
	10244
	10245
	10246
	10247
	10248
	10249
	10250
	10251
	10252
	10253
	10254
	10255
	10256
	10257
	10258
	10259
	10260
	10261
	10262
	10263
	10264
	10265
	10266
	10267
	10268
	10269
	10270
	10271
	10272
	10273
	10274
	10275
	10276
	10277
	10278
	10279
	10280
	10281
	10282
	10283
	10284
	10285
	10286
	10287
	10288
	10289
	10290



