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i i i  

Abstract 

This study aimed to develop technologies to segregate ' Hayward' k iwifruit 

(Actinidia deliciosa (A.Chev) C .F .  L iang et A.R. Ferguson) for storage potential. Such 

segregation wil l  allow the industry to better match market opportunities with the storage 

potential of particular fruit thereby reducing fruit loss and assuring fru it quality in the 

market place. 

The first part of the research rationalised methodologies to study storage 

potential of k iwifruit . These included firmness measurement, fruit temperature 

equilibration, calculation of storage life, sample preparation for mineral analysis and the 

feasibil ity of using compression force as an alternative to flesh firmness for firmness 

monitoring. 

The second part of the research developed a model to segregate kiwifruit on a 

grower l ine basis. Based on data collected over 2 years from 1 08 grower lines, canonical 

d iscriminant analysis indicated that the first two canonical functions (CDF1 and CDF2) 

accounted for 95% variation of four softening-rate groups and correctly c lassified over 

50% of the grower lines to the correct groups compared with a chance criterion of 25%. 

Grower lines with high CDF 1 (characterised by high CaIN, high Mg, advanced maturity, 

late harvest and low l ightness) softened at low rates and had long storage life .  CDF2 

discriminated grower lines on prestorage delay. For grower lines with low CDFj, 

extending prestorage delay improved storage potential. I n  contrast, extended prestorage 

delay reduced the storage potential of grower l ines with high CDF I. 

The third part of the research developed a model to segregate kiwifruit on an 

individual fru it basis. NIR spectra taken at harvest were used to quantify many at

harvest fi'uit attributes, allowing for prediction of fru it firmness at the end of storage and 

discriminating disordered fruit from healthy fruit for fruit segregation on an individual 

fruit basis. Further work is needed to improve prediction and segregation accuracies by 

selecting appropriate NIR instrument and to incorporate the instrument with grading 

machines in a way that measurement error can be minimised. Factors affecting N I R  

measurement and possible improvements were also investigated. 

The strategic application of segregation technologies and further research 

d irections are discussed for the k iwifruit industry to develop cost-etlective procedures 

to solve problems associated with fruit variation in storage potential. 
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1 . 1  Background 

Kiwifruit (Actinidia deliciosa ( A.Chev) C .F. Liang e t  A.R. Ferguson and 

Actinidia chinesis) is the most imp0l1ant horticultural crop in New Zealand. In 2002-

2003,  the crop earned $539 million (FOB) in export receipts ( HortResearch, 2003) .  

Variation in  storage potential (STP) within and among grower lines (such  as 

fruit from ditTerent production regions, orchard sites, seasons, preharvest and 

postharvest treatments) costs the kiwifruit industry mil l ions of do llars each year because 

of the rejection of over soft (i .e .  f1esh firmness o f a  fruit fal ls below l O  N or the average 

of a grower line fal ls  below 1 1 . 8  N) and d isordered fruit (Hopkirk et aI . ,  1 996; 

NZKMB,  1 996; Davie, 1 997:  Benge, 1 999). Fruit softening is a major limiting factor 

for STP of 'Hayward' k iwiti-uit (Hewett et aI, 1 999). Kiwifru it soften rap id ly when 

exposed to even minute ( i.e .  0 .0 1 111 rl) concentrations o f  ethylene (Mitchel I ,  1 990 ; 

Arpaia et a I . ,  1 994) .  The e levated production of  ethylene by just a few ripe fru it in a 

shipment may trigger a chain reaction causing premature ripening o f  the whole load. 

Most segregation systems currently used in packhouses are based on fruit size and 

visual defects and do not reduce STP variation within packages. Some recent 

segregation systems are based on non-destructive measurements of dry matter content 

and soluble solids content and target eating quality (potential o f  developing desirable 

flavor) rather than STP (Richardson et a I . ,  1 997 ;  McGlone and Kawano, 1 998 ;  Watt, 

1 999) . Exporters risk sending l ines of fruit that do not have the innate storage potential 

to arrive in good condition to foreign markets. Fruit segregation systems based on STP 

is urgently required (Banks, personal communication, 1 999) . 

1 .2 Research objectives and structure of the thesis 

The current study on segregating kiwiiruit for storage potential focuses on 

establ ishing STP models on both grower line and individual fruit bases. STP model  on a 

grower line basis wi l l  enable the industry to better match market opportunities with 

storage capabil ity of part icular grower lines. STP model on an individual fruit basis wi l l  

allow segregation on a per-fruit basis providing the industry with even greater 

management control of their harvested crop. 
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Chapter two reviews current understanding about STP of k iwi fruit and two non

destructive techno logies ( visible-near-infrared spectroscopy and X-ray analysis) that 

have been evaluated in this thesis for inline measurement of fruit attributes. 

Chapter three is a summary of rationalized methodologies for studying kiwifruit 

STP while chapter four further evaluates the feasibility of using compression force as an 

alternative to flesh firmness for STP study. 

Chapter five presents a d iscriminant model for fiuit softening rate during storage 

measured on a grower line basis. The model facil itates segregation o f  kiwifiuit on a 

grower line basis according to fruit attributes measured at harvest on a sub-sample from 

each grower line. In chapters s ix and seven, the capabi l it ies of  visible-near-infrared 

spectroscopy (VNIR) on non-destructive measurement of at-harvest attributes and on  

discriminating fi'uit for firmness and disorders at the end of storage are evaluated. 

Factors affecting VNIR measurements are explored in chapter eight with an attempt to 

enhance the understanding of the measurement and to highlight some potential 

improvements of the technique. The ability of differential energy X-ray analysis to 

measure fi'uit attributes and STP is evaluated in chapter nine . 

Chapter ten, a general discussion, draws together the results from this study and 

those found in the l iterature to propose a conceptual model for strategic application of  

fruit segregation techno logies a t  an  industry level. 

Chapters three to nine were written as papers for publicat ion in the Postharvest 

B io logy and Technology. 
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2 . 1 Introduction 

Storage potential ( STP) can be measured as storage life (SL),  the time for a 

stored fruit to become unacceptable for a particular use . New Zealand kiwifruit becomes 

unacceptable for export when flesh firmness (FF) of a fruit fal ls  below I O N ( 1  kgt), or 

the FF of a grower line (fruit harvested from an orchard or a block of an orchard) fal l s  

below 1 1 . 8  N ( 1 .2 kgt) (Hopkirk e t  a I . ,  1 996; Benge, 1 999), or if  fi'uit develop certain 

d isorders, such as p itt ing, rots, low temperature breakdown (L TB) and shrivel (Lallu, 

1 997). Because all the disorders accelerate fruit softening, it is generally acceptable to 

use over-softening as an indicat ion of the end of S L. 

Due to the difficulty o f  measuring SL, only a few researchers (Pyke et al. , 1 996. 

Reid et aI . , 1 996; Benge, 1 999 ; Crisosto et aL 1 999; Lallu et aI . ,  1 999) have actually 

presented SL  data. Many researchers have compared flesh firmness (FF) and the 

incidence of fruit disorders measured after certain storage. Occasional ly, the rate of fruit 

softening was compared between grower lines (Abdala et aI., 1 996). 

The first part of this review summarizes exist ing knowledge about STP and 

related fruit attributes o f  k iwifruit with focuses on concepts, measurement variability, 

and interrelationships. The second part of the review focuses on near-infrared (NIR) 

spectrometry and X-ray technologies that have been evaluated in this thesis. 

2 .2 Measurement of storage life 

SL for a grower line of  fi'uit is usually calculated from the softening c urve 

generated from FF data measured at 2-4 week intervals during the storage on a 

subsample of  1 0-50 fruit at each measurement period (Pyke et aI . ,  1 996; Lallu et aI . ,  

1 999; Benge et aI . ,  2000) .  

2.2 . 1  Firmness measurement 

F lesh firmness measured destructively usmg a penetrometer is the industry 

standard for monitoring k iwi fruit firmness. This method measures the force required for 

a 7 .9  mm diameter probe to penetrate into a fruit at a site where the skin t issue has been 
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removed using a fruit peeler. This method essent ially measures the tensile strength of 

the outer pericarp t issue. The tensi le strength represents the rigidit ies of  the cell wal l s  

and the middle lamella (Harker and Hallett, 1 994). 

F lesh firmness measured by a penetrometer is subject to large variation caused 

by inconsistent operation and false readings by the operator from the dial o f  the pressure 

meter (Harker et a!. .  1 996) . Several studies have used motorized penetrometers, such as 

the Texture Analyser (T A.TX2, Stable M icro Systems, England) tor tirnmess 

measurement of strawberries (Dovil1g and Mage, 2002). tomatoes (Smith et aI . ,  2002) 

and kiwifruit ( Feng et aI., 2002a) and reported improved accuracies. 

F lesh firnmess is temperature dependent (Bourne, 1 982) .  FF measured upon 

removal from storage at O°C (i .e .  the industry practice; Hopkirk et aI. , 1 996) varies 

considerably due to rapid changes in fruit temperature. [t was suggested that FF should 

be measured e ither at O°C or after two periods of seven-eighth equi l ibration t ime by 

which t ime fruit temperature has stabilized ( Feng et aL 2002c). Such standardisat ion  

can lead to other benefits. For example, FF o f  'Hayward ' kiwifruit measured after 24  h 

equilibration at 20°C can be estimated from FF measured at 0 °c and vice versa, 

according to the firmness temperature coefficient ( kn , % °el ) ,  a measure of the 

percentage change in firmness caused by a given temperature change ( Jeffery and 

Banks, 1 994) . 

There is  increasing interest in the use of non-destructive firmness measures for 

k iwifruit as alternatives to the penetrometer method ( Davie et al . ,  1 996; Hopkirk et at , 

1 996; McGlone et aI . ,  1 997  & 1 999 ; Muramatsu et aI . ,  1 997;  McGlone and Kawano, 

1 998;  Burdon et aI. , 1 999; Hertog and Jeftery, 2000; McGlone and Jordan 2000; 

Terasaki et aI. , 200 1 a; Costa et . aI, 2003a; S hmulevich et aI . ,  2003 ; Valero et aI . ,  2003) .  

Unfortunately. some of  these non-destructive techniques appear t o  measure different 

aspects of fruit firmness to that measured by penetrometers and thus may not be rel iable 

or comparable . For example. the impact force analysis technique and parallel p late 

compression measure fruit stiffness which may either p lateau or rise during storage. I n  

contrast, F F  consistently decreases with t ime. F F  measurement remains the most 

reliable firmness test in both scientific studies and industry appl ications (McGlone et 

al. , 1 997) .  
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2 .2.2 Calculating SL from firmness monitoring data 

The exact time when the fruit of  a grower line softens to 1 1 . 8  N is d ifficult to 

estimate because o f  the triphasic nature of fruit softening curve (F igure 2 . 1 ) . Pyke et al . 

( 1 996) used a linear regression of  the logarithmic transi{)rmation of FF against storage 

time. This method oversimplifies the softening curve, and model parameters estimated 

from the entire storage period are not sensit ive to FF data collected towards the end of 

storage when FF approaches 1 1 . 8  N. Benge ( 1 999) used a quartic polynomial model to 

estimate storage life and arbitrari ly set the criterion to 30  N because the fruit d id not 

soften below 1 1 . 8  N (measured at 0 °C) during 1 80 days storage. The quartic 

polynomial model used involves 5 parameters, and requires weekly firmness monitoring 

to collect enough data for parameter estimation. LaBu and coworkers ( 1 999) fitted a 

straight line between two FF means, one larger and another smal ler than an arbitrary 

criterion. The precision of this method is l imited by the variation of FF values between 

fruit that may contribute 6- 1 3% error in grower line means towards the end of storage 

(Benge et a I . ,  2000). The precision could be improved by measuring more fruit at each 

monitoring period and/or using firmness data from more than two monitoring periods. 

The former is  l imited by resources such as fiuit ,  time and instrument while the latter is  

l imited by the nonl inear nature of the softening curve (Fig 2 . 1 ) . A compromise would 

be to fit FF data collected after a certain period of storage to a simple curvilinear model .  

Recent work by Feng et al .  (200 1 )  indicated that an exponent ia l  model based on  data 

from the last four monitoring periods is reliable for the calculation of SL  if FF is 

monitored monthly with 20 fruit per grower line at each monitoring period. 
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F igure 2 . 1 D iagrammat ic representat ion of softening of kiwifruit (adapted from 
MacRae et aI., 1 990). 

The d ifferent softening rates of d ifferent grower l ines during storage ( F ig 2 . 1 )  

render FF, measured after a certain storage period, or S L, calcu lated using d i fferent FF 

cr iteria, unrel iable for the est imat ion of STP. For example when FF is assessed after 1 2  

weeks' storage, late harvested fruit is l ikely to be softer t han early harvested fruit, and 

the opposite might be true if FF is measured after 20 weeks' storage. S imi larly, i f  

fIrmness fal ls rap id ly t o  3 0  N ( Benge, 1 999) o r  1 9.6  ( Lal lu et ai ,  1 999) such fruit 

may subsequent ly take longer to reach 1 1 . 8  N than fruit with a lower in it ial softening 

rate. Therefore, a constant FF criterion should be used for calculat ion of storage l i fe. 

2.3 Storage disorders affecting storage life 

Storage l i fe effectively fInishes once a postharvest d isorder develops to an 

unacceptable extent . However, t ime courses of the deve lopment of post harvest d isorders 

have rarely been used to defIne SL of k iwifruit .  I nstead, inc idences of disorders were 
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compared after a certain t ime of storage and susceptible grower lines have been 

marketed as soon as possible after repacking (Benge, 1 999) . This may result in  

considerable fruit loss and labour cost .  Therefore, i t  i s  desirable that susceptibility be 

predicted at harvest so that inventory management could be introduced sooner rather 

than later. 

2.3. 1 Fruit rot 

Fruit rots caused by Botrytis cinerea during storage is one of the most important 

postharvest disorders of k iwifi'uit in cool storage (Brook, 1 992; Thanassou lopoulos and 

Yam1a, 1 997) . Ripe rots caused by Botryosphaeria, Fusicoccum, Diaporthe, Fusarium, 

Phoma, Glomerella, Colletotrichum and Crypto.sporiopsis usually develop only when 

the fruit is taken from cool storage and are less detrimental to the kiwifruit industry 

compared to Botrytis rots ( Brook, 1 992) .  The incidence of Botrytis rots could be 

predicted based on preharvest examination of B. cinerea colonizing the sepals or stem 

ends (Michailides and Morgan, 1 997). While this method is practical ly feasible to 

predict the incidence of Botrytis rots of grower lines, it is too time consuming to 

manually assess every fruit for segregation purposes. 

2 .3.2 Soft Patches 

Soft patches (SP)  are localized soft and water soaked areas on  the fruit surface 

(Davie, 1 997) .  Compression and impact damages are the d irect causes of SP (Davie, 

1 997) . H igh incidence of SP are associated with severe compression and impact 

damages, low FF at the damage sites, low dry matter content, low Ca and Mg but h igh P 

concentrations as measured on a whole fruit basis ( Davie, 1 997; Benge, 1 999). 

2.3.3 Low temperature brea kdown 

Low temperature breakdown (L  TB) is a physio logical d isorder that can affect 

' Hayward ' and some select ions of A. chinensis fruit after several months of cold 

storage. One of its symptoms manifests as the grainy appearance of the o uter pericarp, 

fo llowed by water soaking associated with extreme softening at the styIar end of the 
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fruit (Bauchot et al., 1 999) . L TB was observed in fruit harvested below 6.2% SSC and 

then stored at OnC, whereas the symptoms were absent in more mature fruit (Harman, 

1 98 1 ) . LTB was also found to dit1er significantly from grower line to grower line 

harvested at the same t ime and the relationship between L TB susceptibil ity and factors 

other than harvest maturity are not c lear (Lallu, 1 997). 

2 .3.4 Purple patches 

Purple patches (PP) are purple, scald-l ike areas on the skin of ' Hayward' 

kiwifruit. This disorder was thought to be a kind of chi l l ing injury (Cl, Lallu, 1 997) . 

However, more recent studies have suggested that the d isorder is more likely to be 

caused by latent chemical burn resulting from preharvest sprays (Feng et a I . ,  2002b) . 

Fruit that developed PP also showed granular tissue in the outer pericarp, the granular 

tissue normally l imited to the local area underneath the scald rather than forming a ring 

l ike that of Cl. Feng et al. (2002b) found that fruit with a hue angle ( measured 

external ly at harvest) lower than 78  were susceptible to PP.  This criterion could be used 

for fruit segregation as the measurement of hue angle is quick, easy, and non

destructive. 

2.3.5 Physiological pitting 

Physio logical p itting is a storage disorder that causes sunken pits and 

discoloration in the t issue immediately below the fruit skin (Mowat et aI . ,  2002) .  This 

disorder of ' Hayward' k iwifruit was associated with low Ca and high K and P 

concentrations of  the fruit (Ferguson et aL ,  200 1 ) and that in 'Hort 1 6A '  is associated 

with a late harvest (Mowat et a I . ,  2002), a severe weight loss, a short delay prior to, or 

rapid CO2 establishment in CA storage (Lallu et aL , 2003) .  Because physiological 

p it ting is one of the main factors causing fruit loss after storage (Ferguson et a I . ,  200 1 ;  

Mowat et aL 2002; Lallu et a I . ,  2003) ,  developing segregation techno logies for this 

d isorder would be of great value to the k iwifruit industry. 
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2.4 Mechanism of fruit softening 

Microscopic examination of the fracture surface following tensile test revealed 

two mechanisms involved in measured FF during fruit ripening. At harvest (FF around 

80 N), all cel ls at the fracture surfaces rupture, suggesting that adhesion between 

neighbouring cells through the middle lamel la is far greater than cel l  wall rigidity. This 

situation is gradually reversed during fruit ripening: after as few as 2 weeks storage at 

O°c, most of the g iant cells at the fi'acture surface remain whole and by 6 weeks (FF 

around 27  N) ,  a l l  the giant cells and many of  the small cel ls that surround the giant cells 

detach from each other rather than breaking open. The proportion of the small cel ls that 

break further decrease as storage duration extends to 29 weeks with a decrease in FF 

from 2 7  to 5 N .  No broken cells can be seen after 29 weeks cool storage, indicating that 

adhesion between neighbouring cel ls through the meddle lamel la has become far 

"veaker than the cel l  wal l  rigidity ( Harker and Hallett, 1 994). 

2.4. 1 Changes in cell wall 

Many researchers have studied the mechanism o f  fruit softening with respect to 

physiochemical prope11ies of cel l  wall. The cel l  wall accounts for about 1 . 5% of  the 

fresh weight of the outer pericarp t issue of  k iwifruit at harvest ( Redgwell  and Percy, 

1 992) . This consists  of 40-50% pectic substances, 1 5-25% hemicel luloses, 25-35% 

cellulose and 1 -7% protein. Relative amounts of each type of  polysaccharide vary 

between the different fruit tissues, as does the onset of cell wall breakdown during 

ripening ( Redgwel l  et a I . ,  1 992a & b) .  

Morphometric analysis of  the cel l  walls indicates that fruit softening is 

associated with ce l l  wal l  swel ling. Cell  wal l  thickness of outer pericarp cel ls of  

' Hayward ' k iwifruit remains unchanged during the rapid phase of  softening when the 

most significant changes in fruit firmness occur ( 75 to 3 1  N). The wal l  thickness then 

increases 3-4 told during the s low softening phase and reaches its maximum when fruit 

soften to 1 5- 5  N (Harker and Hallett, 1 994) . 

Cell  wall swe ll ing is caused by solubilization of cel l  wall polysaccharides. 

H istochemical staining of kiwi fruit cell  walls tor pectins and hemicel lu loses showed a 
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marked decrease in intensity after fruit had part ially softened to less than 30  N before 

the cl imacteric (HaBett et al. 1 992). This might have resulted from in situ modifications 

to the polymers rather than ft-om loss of the polymers themselves because the total 

amount of cell wall polysaccharide decreases only s light ly (Redgwel l  et al. 1 990; 

Hallett et al. 1 992) . However, more recent studies using sequential separation of 

different chemical components  of kiwifruit t issue indicated that a substantial portion of  

the ce l l  wall polysaccharide was hydrolyzed to  soluble sugars in  the early phase o f  

ripening (Terasaki e t  al . ,  200 1 b). This work also indicated that a decrease i n  the 

mo lecular weight of xyloglucan was correlated with a loss in fruit t issue e lasticity,  

while the changes in the molecular weight of pectin corresponded with changes in  

viscosity of fiuit tissue. Cel l  wal l  swel l ing was also postulated to be the result of 

changes to the viscoelastic properties of the ce l l  wal l  during pectin solubilisation, i . e .  

movement of water into voids left in  the cel lulose-hemicel lu lose network by the 

solubilised pectin ( Redgwel l  et aI . ,  1 997a) . 

P lasmodesmatal regions of the cell wal l may play an important role 111 

maintaining fruit firmness after long-term storage. These regions were found to be 

different in composit ion to other wall areas ( Sutherland et a I . ,  1 999) . They did not swe l l  

and maintained staining intensity during fiuit softening (Hallett et al. 1 992). 

2.4. 1 . 1  Pectin 

Changes to pectin during ripening invo lve at least three processes: solubilization 

of pectin, depolymerization of pectin, and loss of galactose side chains ( Redgwel l  et al . 

1 997b) . During the rapid softening phase, a large amount of pectin is solubi lised in cell 

wall without being extensively changed or chemically altered. By the start of the s low 

softening phase, most of the pectin has been solubi l ized, but the degradation of  

solubil ized pectin to  smaller polymers continues ( Redgwel l  e t  a I ,  1 990). 

Pectin methyl esterase (PME) and po lygalacturonase (PG) act sequentially in 

pectin so lubilizat ion and depolymerization. In ethylene treated kiwifruit, PME act ivity 

increases briefly at the beginning of the rapid softening phase and then decreases as the 

fruit softens further through to the slow softening phase. PG activity,  on the other hand, 

increases to reach a maximum by the slow softening phase ( Redgwel l  et a I . ,  1 990). The 

rapid softening of kiwifi'uit in response to ethylene treatment was thought to be init iated 



Chapter 2 Lit erature Revi ew 1 2  

by an induction of PME act ivity, causing increased de-esterificat ion of  ce l l  wal l  pectins, 

fol lowed by degradation of so lubi l ized pectin ( Wegrzyn and MacRae, 1 992). The rapid 

increase in P G  act ivity observed in late storage period was associated with gradua l  

d isso lving and disappearing o f  the middle lamel la. Kiwifi'uit c lones having better 

storability exhibited a s lower increase of PG activity (Wang et aI . ,  2000). 

Galactose loss appeared to be irre levant to kiwifruit softening. When outer 

pericarp d iscs of 'Hayward' kiwiiruit were treated with galactose (50 mM) ,  galactose 

loss from the ce l l  wal l  was completely inhibited for 24 h ;  reduced between 24 and 72 h 

whi le the rate of d isc softening and pectin so lub i lization were not aflected. On t he other 

hand, d iscs treated with aminooxyacetic acid, an inhibitor of ethylene biosynthesis, d id 

not soften or show any signs of pect in so lubi l ization after 72 h, but d id show a loss of  

galactose from the ce l l  wal l .  I t  was suggested that the loss of ce l l  wall -associated 

galactose and pectin solubilization in r ipening kiwifruit are separate processes, and t hat 

galactose loss, in part , may be independent of ethy lene (Redgwel l  and Harker, 1 995) .  

2 .4. 1 .2 Cellulose a nd hem icel luloses 

Cellulose and hemicel lu loses a lso have a significant role in kiwifru it softening. 

The s ize of hemicel Iu loses decreased during t he rapid softening phase (Redgwel l  et ai, 

1 990) and a decrease in the mo lecular weight of xyloglucan was observed during ce ll 

wal l  swe l l ing (MacRae and Redgwel L  1 992). It has been suggested that wal l  swe l l ing 

may be caused by c hanges in the ce l lu lose-hemice l lu lose interaction and t hat swel ling 

or loosening of the wal l  may itse l f  be a factor in t he release or so lubi l ization of  pect ic 

polysaccharides ( Redgwel l  et aL 1 99 1 ) . Consequently, xyloglucan endotransglycosyl ase 

(XET), which can spec ifically  modify the xyloglucan of ce llu lose and hemice l lu lose ,  

may have a key rol e  early in  fi'uit ripening ( Redgwel l  and Fry, 1 993) .  

2 .4.1 .3 Cell wal l  synthesis 

Cell waIl degradation is a reversible biochemical process rather t han an 

irreversible one. Recent studies ind icate that softening 'Hayward' k iwi fruit ( 1 0. 8% 

soluble sol ids content, 88  N firmness) labeled with 1 4C02 and fruit d iscs labeled with 
1 4

C-glucose incorporate some amount of radioactivity into cel l  wal l  materials during 
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ripening, indicat ing t hat mature and ripe kiwifruit are able to synthesize ce l l  wal l 

polymers ( Redgwel l ,  1 996) . Therefore, the slowing down of the softening process after 

the rapid softening phase may result ft-om equilibration between ce l l  wall degradation 

and synthesis rather t han a so le efTect of enzyme activity. This knowledge also bridges 

the gap between starch metabolism and cel l  wall materials because they share many 

common materials, such  as sucrose and fructose. 

2 .4 .2 Starch 

Starch degradation may p lay a cruc ia l  role in the early events of kiwift-uit 

softening ( Arpaia et aI . ,  1 98 7) because it occurs coincident ly with t he rapid softening 

phase when cel l  wall properties c hange very l itt le. Starch degradation may affect fruit 

firmness t hrough cell turgor changes ( Arpaia et aI., 1 987;  Redgwel l  et aI., 1 990; 

Redgwel l  and Percy,  1 992 ; Bonghi et a I . ,  1 996) .  However, the relationsh ips among fruit 

firmness, osmotic and water potentials, and cell turgor remain to be e lucidated. 

2 .4.3 The role of ethylene 

Ethylene has long been regarded as a hormone that initiates fruit r ipening, a 

process which is usually thought to include fi'uit softening ( Arpaia et aL 1 994) . 

Kiwifru it is a c l imacteric fru it which softens rapidly when exposed to even m inute ( i.e .  

O .O I ml rl ) concentrations of ethylene (Mitche lL  1 990; Arpaia et aL 1 994). However, 

k iwifruit have been found to soften tt-om about 90 N to 1 2  N without c hanges in 

endogenous ethylene production (be low 0 .2  III kg- I h- I ) .  l -aminocyclopropane- l 

carboxylic acid ( ACC) concentration or ACC oxidase ( ACO) activity. Autocatalyti c  

ethylene production only occurred as  fru it softened fi-om 12  N to eating ripe (6-8 N;  

Kim e t  aI . ,  1 999). 

The ro le of ethylene in k iwifruit softening is not fully understood. 'Hayward' 

k iwi  fruit al lowed to soften on the v ine softened in the same manner as harvested fruit in  

storage that had softened after an  ethylene treatment. Pectin solubilization, galactose 

loss and cel l  wall swe l l ing were major cel l  wall events which accompanied softening in 

both situations, although the relat ive t iming of each process differed from those 

occurring in the ethylene-treated fruit ( Redgwel l  and Percy, 1 992). Genetic studies 
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revealed t hat polygalacturonase ( PG )  is coded by three genes (CkPGA, B and C) .  

Expression of CkPGA and B was detected only in  fruit producing detectable 

endogenous ethylene whi le CkPGC gene expression was read i ly  detected during fruit 

development and in fruit harvested prior to the onset of softening when endogenous 

ethylene was not detected. However, CkPGC gene expression increased dramat ica l ly  

when fruit passed t hrough the c l imacteric phase ( Wang et a I . ,  2000) .  I t  is  st i l l  not c lear 

whether CkPGC gene expression was promoted by ethy lene at undetectable leve ls  or it 

was an ethylene independent process. It was also not iced that k iwifruit becomes more 

sensit ive to ethylene with t ime during maturat ion and storage at O°C, possib ly because 

ethylene receptors become more sensit ive or more numerous ( Kim et aI . ,  1 999) .  

2.5 Mathematical description of fruit softening 

2.5. 1 E mpirical models 

Various empirical models have been used to describe the so ftening curve ( Pyke 

et aI, 1 996; Crisosto et aI., 1 999; Lal lu et aI, 1 999; Benge, 1 999; Benge et aI . ,  2000) .  

S imple mode ls, such as complementary M ichael is- Menten type, exponent ial and 

complementary Gompertz models were unable to characterize fIrmness changes wit h  

suffIcient accuracy. More complex models, such as segmented jo inted M ichae l is

Menten type, inverse exponent ia l  and quart ic polynomial mode ls can characterize 

fIrmness changes with good accuracy, but these models invo lve 4-5 parameters that are 

d iffIcult to est imate accurately when the number of data po ints is l im ited. Therefore, 

none of the above models provided a standard curve that could be useful  as a predictive 

model for fIrmness in  storage ( Benge, 1 999; 8enge et aI. , 2000) .  

2.5.2 Mechan istic models 

A lthough changes in ce l l  wal l  ultra-structure, cel l  wal l  materials and enzymes 

associated with kiwifruit o ftening are wel l  documented ( MacRae and Redgwel l, 1 992 ; 

Harker and Hal lett, 1 994), the k inet ics of  these physical and c hemical  changes have 

rarely been incorporated into a mechanist ic model to describe the softening process unt i l  

recent ly when a mechanist ic model based on a conceptual enzymat ic breakdown o f  
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fruit fIrmness was proposed. Hertog and Jeffery (2000) assumed t hat fruit softening is a 

breakdown process catalysed by an active enzyme ( Enz), which is formed from its 

precursor ( Enzpre) through ethylene-catalyzed activat ion. The mechanistic fruit

softening model was deduced as an analyt ical solution of the differential equations 

describing t he assumed reactions. It was also hypothesized t hat the reactions were t he 

same for all kiwifruit . Consequently, the rate constants and their activat ion energies 

could be estimated in common for all grower l ines ( i .e .  fruit from d ifferent growers 

and/or treatments) and the differences in softening behaviours o f  d ifferent grower lines 

was determined by initial fru it firmness (Fo), and initial concentration of Enz (Enzo) . As 

Fo can be measured at harvest, Enzo became the only parameter to be estimated for each 

grower line . 

Based on data collected by Lallu et a I . ,  ( 1 999) from 27  growers, Hertog and 

Jeffery (2000) found that 62 % of the observed variation in Enzo could be explained by 

five at-harvest attributes ( initial fIrmness, nitrogen, potassium, magnesium and reducing 

sugar concentrations) . However, data collected in year 200 1 on fruit from 1 0  growers 

fai led to confIrm such a relationship. However, the methodology of relat ing at-harvest 

attributes to a parameter ( i .e .  Enzo) of a mechanist ic model of fi'uit softening is of great 

value for fl1ture STP study. 

2 .6 Factors affecting STP 

2.6. 1 Soluble solids content 

Soluble solids content (SSC,  %), measured by a refractometer increases with 

maturity and has long been used as an index for harvest maturity of ' Hayward' kiwifruit 

(Asami et aL 1 988) .  In New Zealand, 6 .2% SSC (mean of an orchard or a block of an 

orchard) is the minimum maturity at which k iwifruit destined for export can be 

harvested (Richardson et aI. , 1 997a & b;  Watt, 1 999) . Fruit from an orchard may be 

harvested over several days at a SSC h igher t han 6 .2% because of staff availabil ity, 

packinghouse requirements or delays by wet weather. 

The SSC measured at harvest does not necessari ly represent t he "age" of the 

fruit because the t iming of increases in SSC d iffers between years and orchard locat ions 

(Sawanobori and Shimura, 1 990) . Temperature is the most important preharvest factor 
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affecting SSC of kiwifru it (Pai l ly, 1 996; Ha l l  and Mcpherson, 1 997) .  SSC at harvest is  

determined by temperature condit ions shortly before harvest rather t han t hat of the 

whole fruit development period since t10wering (Hal l  and Mcpherson, 1 997). 

2.6. 1 . 1  Variation of at-harvest SSC 

Average SSC of grower l ines measured at harvest vary between orchards, blocks 

and harvest dates (Hopkirk et aI. , 1 986). Considerable variation in SSC occurs in fruit 

from d ifferent positions on a kiwifruit vine . This leads to SSC variation within ft·uit 

harvested from the same orchard or b lock at the same day (Hopkirk et aL 1 986;  Smith 

et al . ,  1 994; Pyke et a l . ,  1 996) . The within-vine variation can be attributed to t10wering 

t ime C Hopp ing, 1 990; Cruz-Casti I lo et ai., 1 992), microcl imatic condit ions (Suzaki and 

Aoki, 1 986; Tombes i  et a!. , 1 993 ; S mith et aL 1 994), and differences in local carbon 

acquisition caused by variable crop load and leaf· fruit ratio (Costa et a!. ,  1 993 ; 

Richardson et aI . ,  1 994; Costa et aI . ,  1 996; Samanci, 1 997;  Famiani et aI . ,  1 997) .  

2.6. 1 .2 Cha nges in SSC d u ring the postharvest stage 

Soluble so lid content of kiwifruit cont inues to increase after harvest in the same 

manner as it does on the vine ( Kempler et a I . ,  1 992) .  The rate of c hange in soluble 

solids during storage at 0 (lC fo l lows a simple exponential funct ion with a t ime constant 

of 20 days (Richardson et a I . ,  1 997b). SSC at ripe-to eat stage (when FF fal l s  to 5- l ON)  

is  positively  rel ated to  SSC at harvest (Pringle  e t  a I . ,  1 99 1 ) . But t he re lationship is  not 

strong enough to be a predictor of SSC at consumption. Instead, fruit density and DM at 

harvest are rel iable predictors of SSC at ripe-to eat stage. The standard errors of these 

predict ions are at the order of 1 % (Richardson et. a I . ,  1 997a) . This impl ies t hat the 

percentage o f DM not solub i lized at eating ripe is almost constant across different fruit. 

Increase in SSC results mainly fro m  the breakdown of starch and pectin ( Asami 

et aL 1 988) .  SSC measured with fruit juice must be adjusted to a whole ft·u it basis to 

a l low comparison w it h  other fru it const ituents ( Anon, 1 995) .  Jordan et al . (2000) found 

that soluble sol ids in whole fruit  ( SSF) was greater than the sum of measured sugars by 

about 4-5 % of fresh weight in unripe fruit, and 5 -6 % in ripe fruit . The magnitude of 

t he difference between SSF and the sum of measured sugars depends on fru it density 
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( ind icat ion o f DM) with larger differences assoc iated with higher fruit density ( Jordan et 

aI . ,  2000). Some of the d ifference was attributed to three fruit acids (c itric, quinic and 

mal ic ac ids), typica l ly 1 -2 % in total ( Beever and Hopkirk, 1 990) .  This left 2-4 % of the 

SSF unident ified ( Fuke and Matsuoka, 1 982; Jordan et aI . ,  2000) .  Other soluble 

components such as pota sium, nitrate or o luble pectin that increase during fruit 

ripening could account for some of the unident ified SSF (Jordan et aI . ,  2000) .  For 

example, publ ished values of total pect ic sub tances in kiwifruit ranged from 0. 1 7  to 

0.98% fresh weight, depending on the source of the fruit sample and fruit ripeness 

which affects pect ic const ituents and the ease at which they can be extracted ( Beever 

and Hopkirk, 1 990). 

2.6. 1 .3 SSC and ST P 

Harvest maturity is a major factor affect ing fruit firmness both at harvest and 

after storage. Early harvested fruit with low se are general ly fLfmer at harvest but 

softer after long-term storage compared to late harve ted fruit with high e ( Weet, 

1 979; Harman, 1 98 1 ;  Harman et aI., 1 982;  erisosto et aI., 1 984; Mitche l l  et aI . ,  1 992; 

Abdala et aI . ,  1 996; Costa et aI . ,  I 997a) .  How ver, harvest ing too late can enhance fruit 

softening (to less than 50-60 ) to the detriment of storage l ife and qual ity ( Ra agl ia et 

aI . ,  1 995) .  The soft fruit problem of early harvested fruit may be attributed to 

development of LTB. LTB symptoms were ob erved in fruit harvested below 6.2% SSC 

and then stored at ooe, whereas the symptoms were absent in more mature fruit 

( Harman, 1 98 1 ) . However, it could be argued that chi l ly night during the late in the 

harvest season mjght have induced the resistance to L TB of late harvested fruit . This 

argument is supported by recent work in Greece that shows evaporative coo l ing with an 

over-tree mjst system before harvest reduced the sever ity of L TB ( S fakiotak is et al . 

2002) .  

The optimal s s e  for the best STP i s  not c lear. Most researchers found that fruit 

with sse 6.2-6.5% stored wel l  ( Weet, 1 979; Harman, 1 98 1 )  while a few recommended 

higher values o f  just below 7% ( A  ami et a I . ,  1 988)  and 7.5-9 .5 % ( Ravagl ia et aI . ,  

1 995) .  Given that e varies considerably between and with in grower l ines ( Hopkirk et 

aI . ,  1 986; Smith et a I . ,  1 994; Pyke et aI . ,  1 996), the variat ion in sse would contribute to 

STP variation. Further work is needed to c larify the relationship between se and STP. 
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2.6.2 Dry matter 

Dry matter refers to fruit contents other t han water. It includes soluble so lids and 

insoluble sol ids, such as starch, cel l  wall materials and membranes. T he proportion of 

insoluble sol ids c hanges dramatically after harvest due to t he degradation of starch and 

cell wall materials whi le t he total amount of dry matter remains almost constant . Loss of 

dry matter due to respiration and production of volat ile materials such as ethy lene and 

ethanol is  neg ligible unless fruit is  stored at high temperatures and becomes over-soft 

and/or rotten (Spraggon, 1 988 ;  Beever and Hopkirk, 1 990). 

Dry matter content is an important quality attribute of kiwifruit. Dry matter 

content at harvest minus 3% is t he expected SSC at eating ripe stage. Fruit with DM 

above 1 9% (equivalent to  1 6% SSC) met consumer ideals for flavour, sweetness, and 

acid intens ity  and sweetness to acidic balance. Therefore, DM is now widely accepted 

as an index for harvest maturity ( Watt, 1 999) and is the target parameter for the near 

infrared (NIR) and density grading equipment currently under development (Jordan et 

aI . ,  1 997; Jordan et aI. , 2000). 

2.6.2. 1  Measu rement of DM 

Oven drying is a generally accepted method for determining the  DM of 

k iwifruit. The disadvantage of th is method is the long t ime (about 20 h)  t aken to 

complete the test. DM values using t he microwave oven showed a good agreement w ith  

those of oven drying method. M icrowave drying only required 25-30 minutes per 

sample and is recommended as a routine test for fru it quality (Spraggon, 1 988 ;  

Ragaozza and Cole l l i, 1 990). Infrared drying of kiwifruit also gave the same level of  

accuracy a s  oven drying, but with a reduced determination t ime. This method was 

comparable with microwave drying in terms of t ime, but had t he advantage of 

continuous recording of the drying progress through to t he final dry weight (Fenton and 

Kennedy, 1 998) .  Many scientific studies have used the freeze-dry method to measure 

DM. This method tends to result in s l ight ly (0.6% FW on average) h igher DM t han the 

oven-dry method (Jordan et aI . ,  2000) due possibly to t he loss of volat i le materials at 

high temperatures ( Dulphy et aL 1 975) .  
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2.6.2.2 Variation i n  DM 

OM varies considerably between and with in grower l ines ( Watt ,  1 999; Jordan et 

aI . ,  2000; Amos and Mowatt, 2002). A survey carried o ut in New Zealand covering 

approximately 1 700 grower l ines produced in 1 998 indicated that orchard means for 

OM were in range 1 3 .0-22.5% and even greater variation were observed between 

individual fruit with in each grower l ine ( Watt ,  1 999) . S imilar results were observed in a 

recent survey involving 75 grower l ines of  ' Hayward' k iw ifruit fi-om 1 0  growing 

regions in New Zealand during the 200 1 postharvest season ( Amos and Mowatt, 2002) .  

OM increases during fru it development on the vine. The increase in OM during 

the late stages of growth, especially for fruit from the upper canopy, could largely be 

accounted for by the large build-up of starch during that period. Harvest t ime and 

factors affect ing carbon acquisition are major causes for OM variation (Smith et aI . ,  

1 995) .  

2.6.2.3 D M  and storage potentia l 

A d irect l ink between O M  and SL  or fruit firmness at t he end of storage is not 

seen from the literature. G iven that OM inereases with late harvest (Smith et aI . ,  1 995), 

it is log ical to believe OM is important to STP through harvest maturity. Tagliavini et 

al. (1 995) reported that firmer fruit at the end of storage had higher SSC than softer 

fru it .  This implies that fruit with a high OM would last longer than a low OM fruit 

because a high SSC at the end of  storage indicates a high OM at harvest ( Watt, 1 999). 

Furthermore, fruit with storage disorders such as soft patches were found to have a low 

OM ( Oavie, 1 997) .  

2.6.3 Fruit size 

Fruit s ize is an important attribute of al l  fruit crops, particu larly for kiwifruit 

where fruit are packed by s ize and payment of export fruit is based on s ize ( Richardson 

et aI . ,  1 997a; Snelgar et aI . ,  1 992 ; Hall et a I . ,  1 996). Both  weight and volume are valid 

expressions of fruit size for 'Hayward' kiwifruit because they are interchangeable for 

most purposes ( Hall et aI . , 1 996). Fruit dimensions can also be used because they are 
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c losely related to weight and volume (Green e t  aI . ,  1 990; Snelgar e t  a L  1 992; Tombesi 

et aI . ,  ] 994). 

2.6.3 . 1  Variation in fruit size 

Mean fruit volumes for ' Hayward' observed in the field survey in New Zealand 

during 1 987- 1 989 ranged from less than 85 cm3 to more than 1 30 cm3 . The variation 

was not consistent across years or s ites (Hall et aL 1 996) . I ndividual fruit s ize varies 

considerably within a vine due to the position of cane along the cordon and the shoot 

posit ion along the cane. Fruit s ize also dif1ers within a shoot, and to a lesser extent 

between fruit borne on dif1erent shoots within a cane (Desilva and BallL 1 997). 

Most of the variation in fruit size is established within 50  days after flowering 

(Hall et aL 1 996). The variation is largely associated with seed number or seed dry 

weight per fru it (Volz et aI . ,  1 992). lnsutlicient pol l ination (Pan et aL 1 994; Lescourret 

et aI. , 1 997;  Park and Park, 1 997) and overloading of the vines with fru it (Vasi lakakis et 

aL 1 997) are the most important factors related to small fruit s ize. Other possible 

contributory factors include flowering t ime (Smith et aI . ,  1 994), irrigation (Reid et aI . ,  

1 996), application of  ferti l izers (Testoni et aI . ,  1 990; Vasilakakis et aI . ,  1 997; Tagliavini 

et aI . ,  1 995) and plant growth regulators (Sive and Resnizky, 1 987 ;  Lotter, 1 992; 

Antognozzi et aI. , 1 993 ; Patterson et aI. ,  1 993 ;  Costa et aL 1 997b; Fang et aI. , 1 996 ; 

Ohara et aI . ,  1 997), mulching (Costo et. aI, 2003b), training and pruning (Manson et aI. , 

1 99 1 ;  Smith et aI . ,  1 994; Mi l ler et aI . ,  200 1 ). Therefore, large fruit are produced when 

all or most of the above condit ions are favourable, particularly during the early fruit 

development stage. The distribution of fruit weight can be estimated based on state 

variables related to orchard design ( including plant spacing and male : female plant ratio) 

and pruning strategy under various poll ination practice (Testolin and Costa, 1 992).  

2.6.3.2 Fruit size and STP 

Contradictory e ffects of fruit s ize on STP were found in the l iterature. Crisosto 

et al. ( 1 999) reported that large 'Hayward' k iwifruit softened at s lower rate compared to 

smaller fruit in cool storage. However, Reid et al. ( 1 996) observed that smaller fruit 

resulting from regulated deficit irrigation remained firmer during storage compared 
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to larger fruit produced under irrigated condit ions.  Similarly, large fruit resulting from 

nitrogen ferti lizer had a negative effect on fruit firmness measured during storage 

(Testoni et aI . ,  1 990). Given that high DM normally occurs in medium sized fruit while 

low DM normally occur in e it her small  or large fI:uit (Bol len  et aI . , unpublished), the 

association between fruit s ize and fruit firmness may reflect the effect o f DM rather than 

a causal effect between fruit s ize and firmness. 

2 .6.4 F ruit colour a nd flesh colour 

Colour is  an important consideration in assessing the qual ity of  horticultural 

commodities (McGuire, 1 992) . The M inolta Chroma Meter CR-200 is most conunonly 

used to provide an objective colour determinat ion. I t  gives measurements of L, a, b or in 

some other colour parameters (colour space) such as L value (L, lightness or 

luminosity), hue angle (H=arctangent of b/a), and chroma ( C  = .J a 2 + b 2  ; Ig lesias et 

aI . ,  1 999). Recent machine vision systems with colour image processing capability and 

a mult i layered neural network-based software system offer great potential for online 

fruit sorting based on surface colour (Shibata et aI., 1 996; Abbott, 1 999). 

The fruit colour of apple, pear and cherries were found to be related to harvest 

maturity and many preharvest conditions such as physio logical state of the tree, canopy 

position, light quality (particularly UV),  temperature, fertil izer, irrigation and 

application of ethylene, abseisic acid, and gibberell ins (Saure, 1 990; Lancaster, 1 992;  

B ible and S ingha, 1 993 ; Kootstra et al . ,  1 994; Vi ljoen and Huysamer, 1 995 ;  Reay and 

Lancaster, 200 1 ). Consequently, it is reasonable to bel ieve colorimeter values measured 

at harvest can be related to storage behaviours because storage behaviours are related to 

harvest maturity and the preharvest conditions. This is h ighlighted by D'Souza and 

coworkers ( 1 994) who found c lose correlation between superficial scald intensity  of  

'Rome Beauty' apples after storage and fruit chromaticity values measured a t  harvest . 

' Hayward' k iwifJ-uit has brown skin and green flesh at harvest. The green colour 

of kiwi fru it flesh is  due to the presence of chlorophyll in the ripe fruit (Ferguson, 1 990). 

V ines with dense canopies produced fruit with lighter, more vivid, more yel low/brown 

skin but lighter, less vivid and less green flesh (Snelgar et aI . ,  1 998) .  However, shading 

vines does not affect e ither fruit colour or chlorophyl l  concentration of the fruit (Snelgar 
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and Hopkirk, 1 988) .  This indicates that local shade rather than overall vine shade is  

responsible to variation in  both fruit colour and flesh colour. 

F lesh co lour could be used in STP studies as an indication of fruit ripeness. 

Kiwifruit flesh partly loses its green co lour and becomes dull green during fruit ripening 

in storage (Asami et aI . ,  1 988) .  Storage treatments such as controlled atmosphere (CA) 

and ultra low oxygen (ULO) that retard fruit ripening also retard flesh degreening 

compared with air storage (Antunes and S filkiotakis, 1 997) .  

2.6.5 Minerals 

2 .6.5. 1 Assi milation of m inerals to kiwifruit 

The content of al l  minerals in the fruit increase throughout the season, 

particularly during the first 8 weeks of growth, corresponding to the cell divisio n  phase 

of fruit development (Clark and S mith, 1 988) .  

The concentration of minerals decl ines during fruit development and maturation 

due to the dilution associated with growth in fruit s ize and accumulation of  

carbohydrates. Cu, Fe, N,  P,  K ,  S and Zn concentrations in  kiwifruit flesh (seeds 

inclusive) dec l ined sharply during the first 8 weeks of growth, reaching values that 

remained relatively constant, or declined only gradually, unti l  harvest . B, Ca, Mg and 

Mn concentrations in the flesh declined steadily throughout the season (Clark and 

Smith, 1 988) .  

2 .6.5.2 With i n  fruit  d istribution of minerals 

M inerals are not evenly distributed among different t issues o f  a fruit. Calcium 

(Ferguson, 1 980; Clark and Smith, 1 99 1 )  and boron (Sotiropoulos et al. ,  1 998) 

concentrations are higher at  the basal end than that at the distal end of  the fruit while K 

and Mg did not show such a lateral distribution pattern (Ferguson, 1 980). The skin and 

seeds (with surrounding flesh) had the highest concentrations of  Ca and Mg (Ferguson, 

1 980) whi le N, P and K concentrations in the flesh were generally higher than 

corresponding concentrations in skin (Ferguson, 1 980; Clark and Smith, 1 988) .  

The within-fruit gradient of minerals is important for the study of  STP 
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i n  two ways. First, some storage disorders occur more frequently in particular part o f  a 

fruit. For example, LTB (Harman, 1 98 1 ;  Lallu, 1 997: Bauchot et aL 1 999) and pp 
(Feng et aI . ,  2002b) usually occur in distal end of the fru it where mineral concentrations 

are low. Second, the within-fruit gradient of minerals should be considered when 

preparing fruit samples for mineral analysis (Feng et aL 2002a). 

2.6.5.3 M inerals a nd STP 

Some mineral ions, particularly Ca (Huang et. aI, 1 999) and B (Hu and Brown, 

1 994) have a major effect on the structure of t he pectin matrix of cell  walls. Fruit low in  

Ca soften more quickly than those that have high Ca  concentrations (Poovaiah e t  al. 

1 988) .  Preharvest Ca sprays and postharvest Ca dips can raise the Ca concentration in 

apples from 1 . 5 mg per 1 00 g fresh weight (control) to 2 .2  mg per 1 00 g fresh weight 

(CaCh spray) and 2 .4  mg per 1 00 g fresh weight (post harvest Ca vacuum infiltration), 

leading to reduced bitter p it ,  a retention of  firmness, a delay in the onset of senescence 

and a general improvement in fruit qual ity after storage (Poovaiah et aI. , 1 988 ;  Hewett 

and Watkin 1 99 1 ) .  

Variat ion i n  STP of  kiwifruit have also been shown to be related to mineral 

nutrition, especially N and Ca. Generally, fruit high in N and/or low in Ca have been 

found to store less wel l  than fruit low in N and I or high in Ca (Prasad and Spiers, 1 99 1 ;  

Banks et aI . ,  1 995 ;  Lallu and Years ley, 1 995 ; Benge 1 999; 2000) . After storage, firm 

fruit were frequently found to have had significantly higher Ca and Mg concentrations 

than soft fruit (Tagliavini et aI . ,  1 995) .  Calcium treatment inhibited pectin solublization 

t hrough inhibit ing PG and PME activit ies (Lee et aL 200 1 ) . However, total endogenous 

Ca levels in kiwifruit from several orchard sources in Auckland were not correlated 

with fruit firmness during storage, and grower lines of fruit that became particularly soft 

during storage had Ca concentrations similar to or even higher than those in  grower 

l ines that had remained firmer (Hopkirk et al . ,  1 990) . This indicates that the effect of Ca 

on STP might be masked by other influential factors. 

Smith et al. ( 1 994) used principal component ana lysis (PCA) on t he mineral 

concentrat ions and postharvest attributes of kiwifruit and concluded that individual 

e lements could not be considered in iso lat ion but rather in groups of e lements. N was 

grouped strongly with P, S,  K, and Cu, whi le Ca was l inked with a second group that 



Chapter 2 Literature Revi ew 24 

included Mg and Zn. These two groups were negatively related to one another. 

However, these results failed to confirm the effects o f N  and Ca concentrations on fruit 

firmness after storage as observed by other researchers (Prasad and Spiers, 1 99 1 ) . 

Smith et al. ( 1 994) suggested that the relationship between mineral concentrations and 

storage behaviours may be a reflection of vine positional ef1ects rather than causative 

effects. 

M ineral concentrations also atlect the incidence of storage disorders. Benge 

( 1 999) found strong relationships between incidence of  soft patches after storage and a 

predictor combining SSC,  FF, Ca, Mg and N measured at harvest when fruit were 

sampled d irectly from orchards with fruit position and size standardized. But the 

relationship was not validated by subsequent experiment where fruit was sampled from 

b ins  at packinghouses. A study on physiological pitting (PPT) in ' Hayward' kiwifruit 

indicated that orchards growing fruit with a high risk of PPT tend to have so i l  with 

relatively low PH, Ca, cat ion exchange capacity (CEC) and base saturation values, but 

high P (Ferguson et aI . ,  200 1 ) . Fruit with high risk o f PPT tended to have relat ively low 

Ca and Mg, but high P concentrations in the flesh. Fruit from small indeterminate 

fruiting laterals with few leaves and low leaf:fruit ratio had significantly lower Ca, 

higher P and higher PPT levels. However, it is not c lear whether these nutrient 

conditions were a cause of PPT, or indicators of other physio logical characterist ics that 

predisposed the fruit to PPT (Ferguson et aI . ,  200 1 ) .  

2.6.6 Respiration and ethylene production 

2.6.6. 1 Respiration 

Respiration is  an important metabo lic process that extracts energy and 

intermediate substrates required by living tissues from carbohydrates. 

In preharvest stage, respiration rate is the highest in young kiwifruit and decl ines 

to a minimum around 20 weeks after flowering, fo l lowed by a s light increase before 

harvest (Sawanobori and S himura, 1 990) . At postharvest stage, it is desirable to have 

respirat ion rate at the lowest possible level to preserve carbohydrates and freshness 

(Biale and Young, 1 98 1 ) . Kiwifruit is a spec ial c l imacteric fruit with c limacteric rise of  

respiration occurring a t  very late fruit ripening stage (Beever and Hopkirk, 1 990; 
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Kim, 1 999; Ritenour et ai . ,  1 999; Wang et al . ,  2000). The critical t hreshold firmness at 

which the c l imacteric commences appears to vary between 7 N and 20 N, depending on 

where the experiments were undertaken. This indicates that preharvest factors and/or 

growing conditions might influence in some way the firnmess thresho ld where ethylene 

production rate increases rapid ly. This also implies that respiration and fruit softening 

are independent processes because most of the fruit softening occurs before the 

c limacteric rise in respiration. flowever, kiwifruit c lones that stored best had a lower 

respiration rate (Wang et aI . ,  2000) and cumulat ive CO2 production was quantitatively 

related to quality deteriorations of  several fru it, including kiwifruit (Hertog and 

N icholson, 200 1 ) . Therefore, the relationship between respiration and STP merits 

further investigation. 

2.6.6.2 Ethylene 

Kiwifruit soften markedly when exposed to even minute (i .e. 0 .0 1 III L- 1 ) 
concentrations of ethylene (Arpaia et aI . ,  1 987;  Mitchel l, 1 990), but the fruit itself 

produces litt le ethylene until it softens to a FF less than 14 N (Hyodo and Fukasawa, 

1 985 ;  Bonghi et aI. , 1 996; Kim, 1 999; Ritenour et . al 1 999; Feng et aL, 2003b). 

Ethylene production increases during post-harvest r ipening (Asami et aI., 1 988), and the 

ethylene c l imacteric is  a late event occUlTing at a FF about I O N (Bonghi et aI . ,  1 996) . 

The increased rate of ethylene production was accompanied by increased internal 

ethylene concentrat ion, a rise in respiration, increased soluble so lids content, and flesh 

softening (Hyodo and Fukasawa, 1 985) .  

The ethylene production rate of  kiwifruit also depends on cultivar (Chen et aI . ,  

1 997), harvest maturity ( Kim, 1 999;  Ritenour et . al 1 999), storage temperatures (Fie ld, 

1 985)  and postharvest treatment (Stavroulakis and Sfakiotakis, 1 993) .  The ethylene 

c limacteric occurred 1 4  days after harvest at 20°C in ' Hayward ' k iwifruit, but much 

earlier for cult ivars with shorter storage life, such as 'Zaoxian' (Chen et aI . ,  1 999) . Fruit 

harvested at advanced maturity tend to have a higher ethylene production rate than fru it 

harvested less mature (Kim, 1 999;  Ritenour et. al 1 999).  Ethylene production increases 

as temperature increases with a QI O value of about 2 between 20°C and 40°C. Further 

increases in temperature above 40°C resulted in a decline in ethylene production rate 

(Fie ld, 1 985) .  Auto-catalytic ethylene production induced by propylene increased in 
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' Hayward ' kiwifruit a s  temperature increased from 1 7  to 3 5°C (Stavroulakis and 

Sfakiotakis, 1 993) .  Exposing kiwifruit to low temperatures (0- 1 0  QC) tor 1 2  days 

increased ethylene b iosynthesis and ripening compared with fruit held continuously at 

20°C . The enhanced ethylene biosynthesis was due to increased l -aminocyclopropane

I -carboxylate (ACC) synthase (ACS) and ACC oxidase (ACO) activity immediately 

upon re-warming of the fruit (Antunes and Sfakiotakis, 2002a) . 

I ndividual fruit of  the same cult ivar harvested at the same t ime and stored under 

the same condit ions vary considerably in amount of t ime before the onset of ethylene 

production tollowing removal from storage (Hyodo and Fukasawa, 1 985 ;  Kim, 1 999 ;  

Ritenour et. al 1 999). Time to  ethylene production and variabil ity within the batch 

decreased as the time of storage increased (Hyodo and Fukasawa, 1 985 ;  Kim, 1 999), 

but work by Feng et al. (2003b) suggests that the development of storage disorders (e.g.  

fungal rots and L TB) can also inf1uence fruit to fruit variation in the onset of ethylene 

production. 

Ethylene enhances fruit softening by activating enzymes involved in cel l  wal l 

and starch degradation ( Redgwel l  et aI . ,  1 990; Bonghi et al . ,  1 996; Redgwel l, 1 996). 

The effects of ethylene treatment on kiwifruit softening are wel l  documented 

( Stavroulakis and Sfakiotakis, 1 993 ;  Ritenour et. al 1 999), but have rarely been used to 

predict storage l ife of the fruit until recently when Hertog and Jeffery (2000) included 

the concentration o f  ethylene treatment as one of the input variables to predict fruit 

firmness using their newly developed mechanistic fi'uit softening model. This model 

faci l itates a quantitative l ink between external ethylene concentration and STP of  

'Hayward' k iwifruit, although i t  ignores the variabi l ity of internal ethylene 

concentration. 

Ethylene produced by fruit has a s ignificant inf1uence on fruit ripening. ' Bruno ' 

kiwi fruit stored at _ 1 °C in sealed po lyethylene bags of different thickness generated 

0.07-0.3 5  f.ll L- 1 ethylene and 0.8-4% CO2 inside the packages during 6 months of  

storage. The beneficial e ffect of  t he increased CO2 was not observed unless ethylene 

was removed from the storage atmosphere by an ethylene absorbent (Ben-Arie and 

Sonego, 1 985) .  New Zealand kiwifruit are commercially packed in polylined trays, the 

possibility of ethylene accumulat ion inside the package should be considered in STP 

studies. 
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2.7 Non-destructive measurement of fruit attributes 

There are many non-destructive methods developed for measuring various 

attributes of intact fruit ( Watada, 1 989; Costa et aI, 2003a). This review focuses on the 

near- infrared (NIR) spectrometry and X-ray technologies that have been evaluated in 

this thesis. 

2.7.1 Near-infrared spectroscopy 

Typical N IR  spectroscopy studies the spectral property at a wavelength region of 

780-2,500 nm (Wil l iams & Norris, 20( 1 ) . NIR spectroscopy has long been used in 

chemistry to study characterist ics o f  chemical compounds and has recently been 

extended to measure various attributes of intact fruit ( Richard and Ozanich, 1 999) . This 

method is the most developed non-destructive assessment of internal composition and 

texture of intact fruit wit h  regard to instrumentation, applicat ions, accessories and 

software packages (Guthrie and Walsh, 1 997) .  As in many cases, N IR  spectrometers 

also measure spectral property of vis ible wavelength ranges ( i.e .  400-700 nm), it should 

therefore be described as visible-near infrared spectroscopy (VNIR;  Wil I iams & Norris, 

200 1 ) . 

2.7. 1 . 1  Principle of VNIR 

The principle of this method is that different chemicals have different absorption 

spectra in the VNIR region and VNIR spectra of a fruit can be atfected by both  the 

chemical components and the physical propelties of the fruit (McGlone and Kawano, 

1 998). Fruit t issue consists of water, carbohydrates and proteins which have large 

numbers ofNIR-active chemical groups such as CH, OH, NH,  and C=O, each of which 

contributes its own set of overtone and combination bands ( Wil l iams & Norris, 200 1 ) . 

Spectral bands selected by previous studies for measuring different components and 

attributes are listed (Table 2 . 1 ) . 
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Table 2 . 1 [ mportant VNI R wave lengths used for measuring different attributes 

Attri butes 

Water 

Dry matter 

Victor peak posit ions Matrix 

830-840*, 938, 958**,  Water 

970-990, I 0 I 0- 1 030; 

940-970, 970 Kiwifruit  

970, I 1 80, 1 444 Apple 

83 8±20, 886± 1 2, 924± I 0, Water 

942±2 960± I 0, 986± 1 1 , olut ion 

1 052±8, I 048± 1 2  

8 bands from 800- 1 1 00 Kiwifruit  

Soluble sol i ds 842± I 0, 878± 1 5, 936± I 0, Water 

content 958±7, 984± 1 2, 1 0 1 6±4, olut ion 

1 052± 1 5  

Carbohydrates 

Starch 

Pect i n  

Sucrose 

5 bands from 800 to I 1 00 

872, 9 1 0  

6- 1 2  bands fTom 380- 1 650 

760, 788, 800-832, 866, 

KiwifTuit 

Peach 

Apple 

Pi neapple  

1 232 Mango 

8 1 9, 835, 859, 867, 875, Apple 

883, 89 1 ,  899, 939, 947, 

97 1 987 

2 bands range from 870 to 

9 1 0  

780-980 

Peach 

Tomato 

83 0-840, 870-890*, 900- Water 

930**, 970-990***,  I 0 I 0- solution 

1 030, 1 053.  

90 1 , 9 1 8  Water 

sol ution 

1 900 App l e  

980 KiwifTuit 

838,  888 9 1 3  906, 878, Water 

870 and 990 

834, 8 84 

760, 9 1 8  

sol ut ion 

Peach 

P ineapple  

Reference 

W i l l iam s & Norris, 1 987 

M owat & Poole, 1 997 

McG l one and Kawano, 1 998 

Lam m ertyn et aI ., 1 998 

W i l l iams & Norris, 1 987 

McG lone & Kawano, 1 998 

Guthrie & Walsh, 1 997 

W i l l iams & Norris, 1 987 

McG l on e  & Kawano, 1 998 

l aughter, 1 995 

Lam m ertyn et a l . ,  1 998 

Guthrie & Walsh, 1 997 

Ventura et al . ,  1 998 

Pei r is  et al . ,  1 998a 

Pei r is  et aI., 1 998b 

W i l l iams & Norris, 1 987 

W i l l iams & Norris 1 987 

Cho et aI . ,  1 992; 

McG lone an d Kawano, 1 998 

W i l l iams & Norris 1 987 

S la ughter, 1 995 

Guthrie  & Walsh, 1 997 

2 8  
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Sorbital 8 80, 894 Peach S laughter, 1 995 

Cel l u l ose 905, 920 Water W i l l iams & Norri s, 1 98 7  

Chlorophy l l  670 K i w i frui t  Mowat & Poole, 1 99 7  

680 K i wi fi'uit  McGlone and Kawano, 1 998 

652. 7 74 Peach S laughter, 1 995 

Protein 1 44 1 .  1 5 1 0,  1 65 5 .  1 728.  Beef & pork Togersen et a I . ,  1 999 

1 8 1 0  

L ip ids 1 44 1 ,  1 5 1 0. 1 655.  1 728,  Bee f &  pork Togersen et a I . ,  1 999 

1 8 1 0 

850- 1 l OO Salmon Downey. 1 996 

Ca 1 722, 1 734, 1 778, 2 1 00, An ima l  Atanassova and I lchev, 1 997 

2 1 39. 2336, 2348 feeds 

P 1 44 5 .  1 680, 1 722. 1 940, A n i mal A tanassova and I l ch ev, 1 997 

1 982, 2230. 2336 feeds 

pH 1 607, 1 1 27.  1 402, 1 437. Apple Lammertyn et aI . ,  1 99 8  

a n d  water bands 

Firmness 1 900 (pectin band) Apple Cho et aI . ,  1 992 

1 4  bands from 800- 1 1 00 K i wi fi'uit  McGlone and Kawano. 

3 - 1 3  bands (950- 1 65 0) Apple Lam mertyn et a I . ,  1 99 8  

Section drying 768, 960 Tangerine Peir is  et  al . . 1 998c 

* IndIcatIve of the relatIve strength ot an absorber wIth *** bcmg the strongest. 

± I ndicative of absorbance bandwidth m easured at ha lf  h eight.  

2.7. 1 .2 I nstrumentation a nd measurement procedure 

29 

1 998 

The instrument for VNI R  measurement includes two basic components: a 

detector (including a computer for contro l ling the detector and recording the spectra) 

and a l ight source. In addition, materials such as a BaS04-disc, Tet10n b lock or white 

Halon ti le are needed to take reference spectra for calibration purposes. 

VNIR spectroscopy used for the measurement of intact fruit has three different 

modes of measurement (Fig 2 .2 ;  Schaare and Fraser. 2000) .  In the reflectance mode, the 

field of view of the detector includes parts of the fruit surface d irectly i l luminated by the 

source (Mowat and Poole, 1 997); in the transmission mode, the fruit surface viewed by 

the detector is diametrically opposite to the i l luminated surface ( Kawano, 1 994; 

M iyamoto and Yoshinobu, 1 995) ;  whi le in the interactance mode, the field of  view of 
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the detector is separated from the i l luminated surface by a l ight seal in  contact with the 

fruit surface (McGlone and Kawano. 1 998;  Osborne et aL 1 993) .  

(a) Reflectance 

(I) 

(iii) 

(11) 

(Iv) 

(b) Transmittance 

(oij 

(11) 

(vi) 

(I) 

(c) Interadance 

Figure 2 .2  The apparatus used for measuring (a) reflectance, (b) transmittance, and (c) 
interactance spectra of k iwifruit showing (i) the l ight source, (ii) fruit, ( i i i) fibre 
bundle leading to detector, (iv) black foam ho lder, (v) light seal, (vi) condensing 
lens, (vii) g lass top, and (viii) mirror (Schaare and Fraser, 2000). 

Reflectance mode measurements are the easiest to obtain because they require 

no contact with the fruit and l ight levels are relatively high. However. calibration may 

be susceptible to variations in superficial or surface properties of t he fruit. Transmissio n  

mode measurements may also be made without contacting the fruit and may be less 

susceptible to surface properties and better for detecting internal disorders than 

reflectance mode measurements. However, the amount of l ight penetrating the fruit is  

often very small, making it difficult to obtain accurate transmission measurements at 

grading line speeds, particularly in conditions of high ambient light levels .  Interactance 

mode provides a compromise between reflect ion and transmission modes in each of  

these characterist ics, but obtaining a light seal may be problematic a t  the high conveyor 

speeds used in modern fruit grading systems (Schaarc and Fraser, 2000) .  

Comparison between different measurement modes for estimating properties of 

the yel low-fleshed k iwifruit (Actinidia chinensis) suggests that interactance spectra 

provide the most accurate estimates of SSc. density and flesh colour (Schaare and 

Fraser. 2000) . 
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2.7. 1.3 Data analysis 

Raw spectra contain background no ise and are subject to instrument drift and 

basel ine changes. Many pre-treatments have been developed to reduce background 

noise and to remove l inear baseline changes between spectra (Williams & Norris, 200 1 ). 

Log transformation of raw spectra against a basel ine to generate absorbance spectra is  

an essential pre-treatment for VNIR data, whi le other pre-treatments, such as 

smoothing, d ifferentiation ( fIrst derivative 0 1 and second derivative O2), standard 

normal variate transformation (SNV), mult ipl icative scatter correction (MSC) and 

Fourier transformation (FT) have also been useful (Geladi et aI . ,  1 985 ;  Barnes et aI. 

1 989; Schaare and Fraser, 2000 ; Mowat and Poole, 1 997 ;  Norris and Workman, 1 997 ;  

Wil l iams & Norris, 200 1 ) . 

Relationships between targeted fruit attributes and derivative spectra could be 

established using the fol lowing procedures (Osborne et aL 1 993 ; Schaare and Fraser, 

2000; Williams and Norris, 200 1 ) : 

• principal component analysis (PCA) 

• multiple linear regression (MLR) 

• multiplicative scatter correlation technique (MSC) 

• partial least square method (PLS) and modified PLS method (MPLS) 

• canonical d iscriminant analys is  (COA) 

Finally, the established prediction model has to be assessed and validated by 

data from measurements of  some other fruit. Criteria used for model assessment include 

(Osborne et aI. , 1 993;  McGlone and Kawano, 1 998; Will iams and Norris, 200 1 ) : 

• coefficient of determination (R2) 

• standard error of  prediction (SEP) 

• root mean square error o f  prediction (RMSEP) 

• bias (average difference between predicted and actual values) 

• SDR (data set standard deviation divided by RMS EP) 
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2.7. 1 .4 Applications 

NIR has been used successfully to measure several compositional attributes of 

intact horticultural produce including SSC (Richard and Ozanich, 1 999), dry matter 

content (DMC), starch content (Weber et aI . ,  1 996), chlorophyl l  content (Slaughter, 

1 995 ;  Zude-Sasse et al, 2002) and pH (Lammertyn et aI . , 1 998) .  N I R  has also been used 

to detect internal disorders of intact fruit (Peiris et aI. , 1 998c) .  Mineral content ( i .e .  Ca 

and P contents) of poultry and pig feeds has also been estimated using NIR (Atanassova 

and l lchev. 1 997) .  However, the measurement of the mineral content of intact 

horticultural produce using NIR is yet to be explored. 

In k iwifruit, NIR has been used successfully to estimate SSC (McGlone and 

Kawano, 1 998;  Schaare and Fraser, 2000) and DM (McGlone and Kawano, 1 998) on 

intact kiwifruit with overall R2 above 0.90. The estimation of firmness has been less 

accurate (the best R2 0 .76) possibly because there is insufficient pectin in kiwifruit 

« 1  % by weight) for NIR  to detect (McGlone and Kawano, 1 998) .  Whole-fruit density 

and internal flesh hue angle of yel low-fleshed kiwi fruit could be est imated from 

interactance spectra with R2 of  O.  74 and 0 .82 respectively (Schaare and Fraser, 2000). 

Instead of relating specific NIR spectral bands to composit ional attributes. 

Mowat and Poole ( 1 997) made direct use of canonical d iscrimination analyses (JMP 

software, SAS Institute Cary, NC, USA) based on 1 2  principal components (PCs) of 

VNI R  reflectance at 5 50-990 nm to discriminate between kiwifruit berries wit h  

properties altered by preharvest treatments .  Ninety nine percent o f  the fhlit was 

correctly c lassified at harvest and 87% after storage. This is result is superior to that 

achieved using combinations of fruit weight, skin colour, D M  and SSC, indicating that 

NIR spectra contain more information than sugar concentration and residual starch. 

Despite the successes of the laboratory experiments mentioned above, 

application o f NI R  at commercial level has been less successfu l  (McGlone et aI . ,  2002) .  

For example, when NIR spectrometric measurements were made with a fast low cost 

polychromatic spectrometer operating over the range 500- 1 1 00 nm, the predictive 

models for background colour, starch pattern index. SSC, FF, quantitative starch and 

titratable acidity of apples were significant in regression terms, typically explaining 

between 50 and 80% of the data set variance, but they were, nonetheless, very poor in 

prediction terms ( McGlone et aI., 2002). Most of the prediction models appear to be 
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primarily dependent on changes in t he chlorophyl l  absorbance peak, which dramatically 

reduces in intensity during the progression of the fruit through the harvest period, rather 

than on the constituent or property of direct interest (McGlone et aI . ,  2002). 

In k iwifruit, when NIR spectra were taken with a commercial single beam NIR 

spectrometer (Ocean Optics S-2000, Giotto High Techno logy, I taly) in  a reduced 

wavelength range (650- 1 200nm), R2 of only 0.65 and 0.42 were achieved for SSC and 

FF respectively (Costa et al. ,  1 999) . These poor results may be attributed to the quality 

of commercial machinery and/or the abi l ity of data analysis to deal with the high 

variation in commercial measurement . 

2 .7.2 X-ray technologies 

X-ray radiography has long been used to detect internal spl it pits, insect-damage, 

mechanical damage, or diseases of seeds (Kamra, 1 974 & 1 976; Chavagnat. 1 984 & 

1 985 ;  Chavagnat and Lezec, 1 985 ,  Kireeva et aI . ,  1 988 ;  Crochon et aI . ,  1 993)  and fruit 

(Bowers et aI . ,  1 988 ;  Han et a l . ,  1 992; Thomas et aL 1 993 & 1 995 ; Schatzki, et aI . ,  

1 997; Shahin and Tollner, 1 998) .  

Ten years ago, X-ray computed tomography (eT) was used to image interior 

regions of Red Delicious apples in varying moisture and, to a limited extent, density 

states. This enabled the quantification of the X-ray absorption coefficient associated 

with the dry solids portion of t he fruit and the X-ray absorption coetlicient associated 

with moisture (Tollner et aL, 1 992). 

Recently, Yantarasri et al. ( 1 998) showed that X-ray CT is suitable for detecting 

differences between immature, mature and overripe durians (cv. Murray) and detecting 

damage, internal disorders and rotten pulp in both durian and mangosteen fi.'uit. The 

applicat ions of X-ray CT for measuring physicochemical properties of peach (Barcelon 

et aI., 1 999a), mango (Barce lon et aI . ,  1 999b) and kiwifruit (Barcelon et aI . ,  2000) were 

reported. CT number was found to be posit ively correlated with density, moisture 

content and t itratable ac idity, and negatively related to soluble sol ids  and pH (Barcelon 

et aI . ,  1 999b). It was suggested that CT number measurements on intact fruit could be 

used as an indicator of  fruit quality, with the potential to be adapted for on-line sorting 

and qual ity monitoring (Barcelon et aI . , 2000).  
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2.7.2.1 Principles of eT measu rement 

eT number, the standard unit for measuring X-ray absorption wit h  the eT 

system represents the relative density of the scanned material compared to the density of  

water. X-ray absorbance is  normalized to zero for water and - 1 000 for air. Materials 

with a density less than t hat of water have eT numbers less than zero; materials more 

dense than water would have eT numbers greater than zero (Tollner et aI. ,  1 989). 

The density of a fruit t issue is determined by physicochemical properties which 

are subject to changes during maturation and ripening processes (Beever and Hopkirk, 

1 990; Barcelon et aL 2000). These c hanges may take place at different t imes in 

different manners among dit1erent t issues within a fruit (Jackson and H arker, 1 997; 

Barcelon et aL 2000). The distribution of  eT numbers in different regions of  a fruit 

could be correlated to many fruit attributes, such as maturity, mechanical damage and 

the development of disorders. The correlations might be useful for the assessment of  

fruit quality. However, application of  X-ray to fruit are subjected to  safety concerns, 

therefore could be restricted by regulatory requirements. 

2 . 7.2.2 I nstrumentations for X-ray measurements 

Three types of  instruments have been used in previous studies: ( 1 )  X-ray image 

systems similar to those designed for medical usage. Results are recorded on film. (2) 

X-ray eT scanning systems s imilar to those designed for medical usage. Results are 

recorded as an image, eT number and its frequency. (3)  X-ray inspection systems 

similar to those used at airports for luggage inspection. The models and operating 

conditions for X-ray scans are l isted in table 2 .2 .  
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Table 2 .2 Instruments and operating condit ions used determination of fruit attributes 
in previous studies 

Instruments Types Operating Measurement Reference 

condit ions target 

Genetic Medical X-ray 50 kV Split-pit of Han et al. ,  

engineering 300 image peaches 1 992 

MA X-ray system 

S iemens Tridors Med ical X-ray 36 kV, 1 0 mA Spongy tissue Thomas et 

6R X-ray Image of mango aI . ,  1 993 

machine 

S iemens Po Iymat Medical X-ray 40kV, 1 2  mA Seed weevil- Thomas et 

5 0 1  X-ray Image 40kV, 800 infected mango aI., 1 995 

machine mA 
Georgia Station Medical X-ray 1 20 kV, 700 Density and Tol lner et 

EM! 5005 CT mA water content aI . ,  1 992 

scanner of apples 

X-ray CT scanner Agricultural 1 50 kV, 3 mA Maturity of Barcelon et 

TOSCANER- and industrial peach and aI . ,  1 999 a & 
20000 X-ray CT mango b 

X-ray inspecting Airport security 1 40 kV, 0 .87 Spongy tissue Thomas et 

system mA and 80 of mango aI . ,  1 993 

kV, 0.5 mA 

2.7.2.3 X-ray data processing 

Analyt ical methods used for X-ray data inc lude neural c lassifier, Bayesian 

c lassifier, regression analysis and analysis of variance. eural c lassifier was found to be 
better than Bayesian c lassifier in c lassifying maturity levels of green tomatoes (Thai et 

aI . ,  1 99 1 ), sorting apples with bruises ( Shahin and Tol lner, 1 998) and ident ifying onions 

with internal defects (To llner et aI . ,  1 999). Regression analysis was used to determine 

the relationships between X-ray CT numbers and the physicochemical characterist ics of  

mango (Bacelon e t  a I . ,  1 999b) . Analysis of variance was used to determine the effect of 
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ripening t ime on eT number and physicochemical qualit ies of peach (Bacelon et aI. ,  

1 999a) and mango (Bacelon e t  aI . , 1 999b) . 

2 .8 Discussion 

Storage l ife is  a complicated entity that involves fruit softening and the 

development of storage disorders. FF is essent ially a measurement of tensile strength of 

the outer pericarp tissue. Tensile strength is a measure of  the rigidity 0 f cel l  wal ls and 

middle lamella. At harvest. the middle lamella is more rigid than the cell walls ;  the cell 

walls break during FF measurement and the measured FF represents the strength of the 

cell walls . At the end of storage, the middle lamella becomes less rigid than the cel l  

walls; cel ls  break in between and the measured FF represents the strength of  the middle 

lamella. FF measured during storage can be affected by the decrease in proportion of  

cells that break fi-om ce l l  wal ls and the increase in  the proportion of  cells that break 

fi-om middle lamel la (Barker and Ballett, 1 994). These two mechanisms involved in FF 

measurement merit consideration when developing a mec hanistic fruit-softening model .  

The triphasic nature of the kiwifl·uit softening curve makes the est imation of SL 

complicated. The lag phase of  fruit softening is  obvious for early-harvested fruit, but 

virtually disappears for late-harvested fruit. Rapid fruit softening lasts for only about 

one month at early storage t ime while  the subsequent slow softening phase cont inues for 

several months (MacRae et aL 1 990 ; Benge et a l . ,  2000). The s low softening phase i s  

more important in  determination of  SL than the first two softening phases .  Therefore, 

further study on STP should focus on the slow softening phase. 

Molecular studies of kiwifi-uit softening have enhanced understanding of the 

mechanisms of the softening process (Redgwel l  et aI., 1 990; Redgwell  et aI, 1 99 1 ; 

Redgwell et ai. ,  1 992a; Wegrzyn and MacRae,  1 992; Redgwell and Percy, 1 992;  

Redgwell and Fry, 1 993 ; Redgwell  and Barker, 1 995 ;  Bonghi et  aI . ,  1 996; Redgwell ,  

1 996; Kim et aI . ,  1 999; Wang et aL 2000; Fan and Zhang, 200 1 ; Kim et aI . ,  200 1 ;  

Antunes and Sfakiotakis, 2002a & b) . I ntegrating this knowledge together with 

mechanistic modelling procedures ( Bertog and Jeffery 2002) will ensure that STP 

models be e stablished not only on statistical analysis of experimental data, but also on 

sound biochemical and phys io logical theories. 
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The l imit ing factors f()r SL of each fruit can be quite different. Some may be 

related to premature fiuit softening and others may be associated with certain disorders. 

Premature softening and storage disorders may involve difTerent mechanisms; it i s  

preferable to  predict them separate ly and then combine the models for fruit segregation. 

Kiwifruit is sensit ive to trace amounts of ethylene (Arpaia et aI . ,  1 987 ;  Mitchel l ,  

1 990). The e levated ethylene produced by just a few premature or disordered fruit may 

trigger a chain reaction. causing premature softening of the whole load. Preventing fruit 

to fruit interactions during storage through ethylene would allow the ful l  expression o f  

the STP diflerences among fruit. 

Many fruit attributes are measurable at harvest. I t  is impossible to measure a l l  

the attributes in either scientific research or industry applicat ions . Careful selection of  

at-harvest fruit attributes most relevant to  SL would s impli fy measurement work. Some 

fruit attributes. such as SSc. brown index and sugar content are highly correlated (Lallu 

et aL 1 999)� measurement of one ( i .e .  SSC) would be adequate.  Some fruit attributes, 

such as fruit colour, which have rarely been measured in previous STP studies on 

kiwi fruit. merit more attention. 

Segregation on an individual fruit basis is  preferred rather than segregation on 

grower l ine basis because of within-grower line fruit variabil ity (Hopkirk et aI . ,  1 986;  

Smith et aI. , 1 994; Pyke et aI . ,  1 996; Benge, 1 999; Watt, 1 999; Amos and Mo watt , 

2002) .  While segregat ion of grower l ines can be based on destructive measurement of 

at-harvest fruit attributes on a small ft"uit population randomly sampled from the grower 

l ine, segregation of individual fruit requires non-destructive measurements on every 

fruit at h igh speed and low cost. 

Of the various non-destructive methods used to measure fruit attributes, VNIR is 

the most developed while X-ray technologies are also promising. Evaluation of these 

technologies would have great value for the k iwifruit industry. 
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Suggestions on rationalized methodologies to investigate 

kiwifruit storage life 

3.1 I ntrodu ction 

Variation in storage l i fe (SL) within and among grower lines (fruit from an 

orchard or a b lock in an orchard) costs kiwifruit producers throughout the world 

mi l l ions of dol lars each year ( Benge, 1 999). Many studies have compared SL of  fruit 

from different grower lines and have reported inconsistent results (Hopkirk et aI . ,  1 990; 

Prasad and Spiel's, 1 99 1 ; Smith et aL 1 994 ; B enge, 1 999; Lallu et aI., 1 999). For 

example, fruit with higher Ca concentrations have been found to store better than those 

with lower Ca concentrations (Prasad and Spiers, 1 99 1 ;  Banks et aL 1 995 ; Lal lu and 

Yearsley, 1 995 ; Benge 1 999) . However, Ca levels  in kiwifruit from several orchard 

sources in Auck land were not correlated with fruit firmness during storage, grower l ines 

that had become part icular ly  soft during storage having Ca concentrations similar to or 

even higher than those in grower l ines that had remained firmer ( Hopkirk et aL 1 990) . 

The inconsistent results reflect the complexity of SL as wel l  as the lack of  

rational ized methodologies. For example, calculation of  SL is based on flesh firmness 

(FF; N) data coll ected during storage. The kiwifi'uit industry and most researchers 

measure FF by a dri l l -mounted Effegi  penetrometer that records the force required for a 

7 .9  mm d iameter plunger to penetrate into peeled outer pericarp tissue. This method is  

subject to large variation caused by inconsistent operation and fal se reading by the 

operator from the d ia l  of the pressure meter ( Harker et aI . ,  1 996). The methods to reduce 

measurement error of FF are yet to be investigated. 

Measurement of FF is norma l ly  carried out at ambient temperature with or  

without temperature equi l ibration. FF of 'Hayward' kiwifru it measured after 24 h 

equilibration at 20°C can be estimated from FF measured immediately upon removal 

from storage at OoC and viee versa (Jeffery and Banks, 1 994). However it  is not clear 

whether 24 h is appropriate for temperature equil ibration, or how the equilibrat ion t ime 

would be affected by package configurations or how different fruit attributes respond to 

equi l ibration t ime and package configurations. 
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Due to the triphasic nature of fi'uit softening curve (MacRae et aI . ,  1 990), the 

empirical models  that describe the who le softening curve ( Benge, 1 999; Benge et aL,  

2000) invo lve four parameters that are d itlicu lt to estimate accurate ly when the number 

of data points is l imited. The mechanistic mode l  developed by Hertog and Jeffery 

(2000) requires fewer parameters to be est imated, but the model i s  not sensitive to FF 

measured towards the end of storage. S impl ified models, such as an exponential ( Pyke 

et at, 1 996) fit the softening curve during late storage t ime, but it is not c lear how many 

times of  FF monitoring are required and how many fruit shou ld be sampled for a 

reliable est imation of SL using this s impl ified mode l. 

Many researchers have attempted to l ink fru it mineral concentrations, 

particular ly Ca, to SL. Analyt ical  methods for mineral s  are wel l  established and 

standardized (AOAC I nternationaL 1 995), but sample preparation methods vary 

considerably. Some researchers macerate the whole fruit for mineral anal ysis (wet 

sample method; Benge, 1 999) while  others grind a dried fi'uit section cut from the 

equator zone of a fruit (dry sample method; Clark and Smith, 1 988 ;  Smith et aI . ,  1 994). 

Occasiona l ly, fruit juice has been used for mineral analysis (Lal lu et aL, 1 999), but is 

arguably inappropriate because minerals  a lso exist and function in the sol id part of the 

fruit, i.e. ce l l  wal l  and membrane. Current work compared mineral analysis results fi'om 

wet and dry sample methods to select a more reliable sample  preparation method. 

3.2 M aterials a n d  methods 

3. 2. 1 Improvement on firmness measurement 

F lesh firmness of 1 80 k iwifruit was measured using a 7 .9  mm p lunger attached 

to the texture analyser (T ATX2, Stable Micro Systems, Surrey, England) .  The p lunger 

penetrated 9 mm into a fruit at a constant speed of 1 0  mm S· I . The measurement was 

carried out at two opposite sites a long the equator zone of each fruit where the skin  

tissue had been removed using a fruit peeler. Another 1 80 kiwifruit berries of  simi lar 

firmness were measured using a dr i l l-mounted Effegi penetrometer. Results from the 

two methods were compared to see if one method gave more accurate readings than the 

otr-er. 
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3. 2. 2 Temperature equilibration/or measurement of various fruit attributes 

Fruit temperature, weight ( W) ,  external colour (L C, H colour space measured 

using a M ino lta c hroma meter CR-200 at the equatorial zone of each fruit), respiration 

rate ( reo
, 
' measured by accumulation of and CO2 in c losed system using an infra-red 

C02/02 analyser), FF and so luble so lids content (SSC, measured using a refi'actometer) 

of fruit packed in mou lded pulp trays (M tray; interleaving tray commerc ia l ly  used in 20  

kg  appl e  packages) or s ingle- layered kiwifruit trays with a polyl iner ( K  tray) were 

measured before and after shifting from a cool store (O.SoC, 80-90% RH) to an air

condit ioned laboratory (20°C, 50-60% RH). Measured fruit val ues were p lotted against 

equ i libration t ime. The t ime when measured values of a fruit attribute became stable 

was sel ected as optimum equil ibration time for the measurement of this attribute (Feng 

et aL 2002) .  

3. 2. 3 Improvement on calculation oj"storage l!le 

Ten trays of count 36 k iwifruit from each of  the nine growers from Bay of 

P lenty (New Zealand) were randomly sampled from a packhouse during the last three 

weeks in May 2000 and cool  stored at O°C . F lesh firmness was monitored monthly after 

September 2000 using 20 fruit per grower l ine at each monitoring t ime. Data were 

analysed using the REG (regression) and NUN (non- l inear regression) procedures in  

SAS (SAS I nstitute I nc . ,  1 990) to select a model  that best described the fruit-softening 

c urve towards the end of storage. The number of monitoring periods required to give 

rel iable estimation of the model  parameters were selected based on the standard error of 

t he mean predicted value ( STOP) and the means of the squared prediction error (MSPR) 

for FF at the end of storage (Feng et aL , 200 I ). 

3. 2. 4 Comparison between mineral analysis results/rom wet and dry samples 

Wet samples were obtained from 1 00 kiwifruit . An individua l  fru it ( incl udes 

skin, flesh, seeds and core) was macerated using a b lender and about 25  ml of the 

macerated sample was kept at -20°C as a wet sample .  

Dry samples were obtained from another 1 00 kiwi fruit . A sect ion (about l cm in  

thickness) c ut from the middl e  of each fl'uit was c ut into two halves (each half includes 
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skin, flesh, seeds and core). Cut fruit pieces were freeze dried and ground to a fine 

powder. Fresh wet and dry weight were measured before and after freeze drying and dry 

matter contents (DM) were calculated. 

N itrogen (N) and phosphorus (P) concentrations were measured colorimetrica l ly  

after Kjedahl d igestion o f  1 g wet or  0 .2 g dry sample .  Potassium ( K) ,  calcium (Ca) and 

magnesium ( Mg) concentrat ions were measured by atomic absorption spectroscopy 

after nitric d igestion of 0 . 5  g wet or 0 . 1  g dry sample .  Measurements of a l l  mineral s  

were repeated twice for each fruit (started from weighing 1 g wet o r  0.2 g dry sample) .  

An add it iona l  5 fi'uit were cut into core, inner pericarp ( seeds inclusive), outer 

pericarp and skin from 2 cm thick middle  sections. Five fruit hair samples were 

co llected from packages of five grower l ines. A l l  these samples were freeze dried and 

ground to a fine powder for mineral analysis. 

3.3 Results and d iscussion 

3. 3. 1 Improvement on f;rmness measurement 

The p lot of two FF readings (FF ,  and FF2)  measured usmg the E tlegi 

penetrometer from each of  the 1 80 fruit (Fig 3 . 1 A) was more scattered t han t he p lot  for 

TX2 (Fig 3 . 1 B) .  The regression between FF I and FF2 of the E fTegi penetrometer method 

has a coefficient of variance of 1 5 . 5% whi le that of the TX2 method has a coefficient of 

variance o f  1 1 . 1  %, whi le the regression l ines of  FF I and FF2 were simi lar for both  

methods. These results indicate that the TX2 method i s  more precise t han the E ftegi  

penetrometer method .  The advantages of attaching the p lunger to the  texture analyser 

might result  from the constant speed at which the p lunger penetrated into the fruit .  The 

rupture force recorded by a computer connected to t he TX2 is more objective than the 

Effegi penetrometer readings read by the operator from the dial of the pressure meter. 
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F igure 3 . 1  Relat ionship between two firmness readings measured on two sides of fruit 
by a dri l l-mounted E ffegi penetrometer (A)  and a texture analyser ( B) .  F F I is the 
firmness value measured on side 1 and FF2 is the value for side 2. So l id l ines 
represent the fitted l inear relat ionships between FF I and F F2 with intercepts 
fixed to 0 ( F F2=0.977±0.0 1 1 · F F J ,  n= 1 80, R2=0.98 in A; FF2=0.969±0.008 ·FF I , 
n= 1 80, R

2
=0.99 in  B) .  

3. 3. 2 Temperature equilibration for measurement of fruit attributes 

Count 36 kiwifruit packed in M trays and K trays took 2 .6  and 1 0 .0 hours 

respectively to achieve seven-eighth temperature equi l ibrat ion ( 1718) .  Fruit temperature 

level led off after two t imes t718 ( i .e .  5 .2  and 20.0 h respect ively for k iwifruit packed in  

M trays and K trays) . Fruit packed in M trays gained up  to 1 .3 g kg- I weight within the 

flfst 30 minutes of  equi l ibrat ion due to water condensat ion. Fruit were dry after 2 hours 

equi l ibration. Fruit in K trays gained twice as much weight (2 .6  g kg- I ) as those in M 

trays and condensat ion and subsequent evaporat ion was slower. Fruit was st i l l  wet after 

34 h equil ibrat ion in K trays ( Fig 3 .2 ) .  
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Figure 3 . 2  Changes in  fruit temperature (A) and weight loss ( B) of count 36  k iwi fruit 
recorded at 2-minute intervals during equi l ibration in d ifferent packages. Each 
temperature po int is the mean of the 9 p lungers inserted into the core, flesh and 
under skin positions of 3 fruit in each package. Weight loss data were measured 
on a package basis. 

Fruit firmness dec l ined during equ i l ibrat ion and level led off after 5.2 and 20 h 

( two times (liS) for M tray and K tray, re pect ively ( Fig. 3 . 3 ) . The current i ndustry 

practice of  measuring FF  immediately after fruit have been taken out of  storage tends to 

result in h igher FF read ings and larger variance because of the rapid change in fruit 

temperature during the measurement. [ f  fruit from one treatment are measured 

immed iately after fruit have been taken out o f  storage, and fruit from another treatment 

are measured after a delay as short as 30 minutes, comparison between the means o f  

these treatments w i l l  be mislead ing ( Feng et ai . ,  2002 ) .  
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Figure 3 .3 Changes in flesh frrrnness (FF) of count 36 kiwifruit during equi l ibrat ion in 
moulded pulp trays ( M  tray, A)  or single- layered kiwifruit trays with po lyl iner 
( K  tray, B) .  Each po int is the mean of 20 (A) or 24 (B)  fru it .  Vertical bars are 
standard errors of the means. So lid l ines are fitted exponential curves. Dash-dot 
and dash l ines indicate FF mea ured after one and two seven-eighth
equil ibration t imes respect ively' 

In M trays, L, C and H c hanged considerably witrun the fLrst 1718 but 

subsequent ly stabled. I n  K trays, L and C values remained stable within 24 h and 

increased afterward while H increased within the frrst 1718, but subsequent ly leve l led off 

(Fig. 3 .4) .  
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F igure 3 .4 Changes in fruit co lour (L ,  sol id ;  C, dash;  H, dot) during temperature 
equi l ibration in mou lded pulp trays ( M  tray, A) or s ingle-layered k iwifruit trays 
with po lyl iner ( K  tray, B) .  Each po int is the mean of 20 ( A )  or 30 ( B) fruit. 
Vert ical bars are standard errors of the means. 

I n  M trays, reol increased rapid ly before peaking after 1 0  h equi l ibrat ion ( F ig. 

3 . 5A), while that in K trays level led o ff after 24 h equi l ibrat ion ( Fig. 3 . 5B) .  The 

respirat ion rates measured for fruit equ i l ibrated in K trays were significant ly higher than 

those of the fruit equi l ibrated in M trays. This d ifference is  probably a result of  the high 

CO2 concentration (0 .5- 1 .0%) inside the package that in turn resulted in h igher fruit 

internal CO2 concentration when fruit were shifted from K trays to the respirat ion jars. 

This accumulated CO2 would have been released to the respirat ion jar and contributed 

to higher CO2 concentration at gas sampl ing .  The respirat ion rate of K tray fruit 

measured after add it ional 1 0  h in an M tray were at the same level as that of  M tray fruit 

( Fig. 3 . 5 B) .  This ind icates that the measured respiration rate is the balance between the 

actual respirat ion rate and the rate of  CO2 d iffusion from the fru it to external space. 
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F igure 3 . 5  Changes in measured respirat ion rate during temperature equil ibrat ion in 
mou lded pulp trays (M trays; A)  or sing le-layered k iwifruit trays with a 
po ly l iner (K trays; B) .  Each po int is the mean o f  6 fruit. Vertical bars are 
standard errors of  the means. The final po int in B was measured after 1 0  h 
equi l ibrat ion in an M tray in addition to 25 h equi l ibrat ion in a K tray. Sol id 
l ines ind icate fru it temperature ( not in scale) .  

Soluble so lids content measured at d ifferent equi l ibrat ion t imes were simi lar for 

fruit in both packages ( data not shown) .  

The long equi l ibrat ion t ime, wet fi'u it surface and d istorted respirat ion rate 

together render K trays unsuitable for temperatw'e equi l ibration o f  kiwifruit . M trays, on 

the other hand, showed some advantages in these aspects, although they may result in 

excessive weight loss during pro longed equi l ibrat ion period. 

3. 3. 3 Improvement on calculation of storage life 

Firmness data co l lected o n  fruit from 9 different growers at monthly intervals 

indicated that FF measured for storage durat ions exceed ing 3 months was exponent ia l ly  

re lated to  storage duration ( Feng et  a I . ,  200 I ) . Because o f  the variation in FF  among 

fruit from the same grower l ine, the two FF means at the last two monitoring periods 

were not significantly d ifferent for seven out of the nine grower l ines (data not shown). 
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Consequently the calcu lat ion of S L  based o n  FF  data col lected on 2 0  fruit each t ime at 

the last two FF monitoring periods was not valid. 

When data from three or more monitoring periods were invo lved in the 

est imat ion of model parameters, the standard error of  the mean predicted value e STDP; 

SAS I nst itute I nc .  1 990) decreased. Conversely the mean of the squared prediction error 

(MSPRa) for FF at the end of storage increased ( F ig. 3 .6) .  
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Figure 3 .6 Effects of  the number of monitoring periods on standard error of  the mean 
predicted value ( STOP) and the means of the squared pred ict ion error (MSPR) 
for flesh fLfrnness ( F F )  at the end of storage (each po int represents an averaged 
value for fruit of the six growers whose FF had been mon itored for six or more 
periods) 

To minimise both STDP ( wh ich  increa ed sharp ly when data from less than five 

monitoring periods were used) and M PR (which increased sharply when data from 

more than five mon itor ing periods were used ), data fi"om e ither four or five mon itoring 

periods should be used. For pract ical use, a procedure using fewer mon itoring periods is  

11 I e Yi _ Yi) 2 
a MSP R = 1=1 where Yi is the mea ured FF val ue for the ith fruit, Yi i s  the predicted FF 

n 
val ue using the exponential m odel for the ith rruit, n i s  the n um ber of rruit i n  each grower l ine  that have 
been m easured at the end of storage. 
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preferred, and therefore, an exponential model fitted to data from last four monitoring 

periods is suggested for L calcu lation ( Feng et al . ,  200 1 ). 

3. 3. 4 Comparison between mineral analysis results from wet and dry samples 

Repeat mineral analyses using dry samples gave more consistent results than wet 

samples ( F ig. 3 . 7  A-E) .  Dry matter content measured on two halves o f  the same fruit 

showed h igh agreement ( R
2 

= 0.9;  F ig. 3 . 7  F ) .  This indicates that addit ional  

measurement of  OM did not cause significant variat ion in  mineral concentration on 

fresh weight basis ( mrno l kg-
I 

FW) calculated from concentrat ions measured on dry 

samples. The discrepanc ies of the resu lts from repeated mineral analysis using wet 

samples ( Fig. 3 . 7  A- , triangle ) was possibly caused by the mineral grad ients within 

fruit ( F ig .  3 . 8 )  and insufficient sample homogenisat ion. 
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F igure 3 . 7  Re lat ionship between repeated mineral ( A  - , B  - P, C - K, D - Ca, E -

Mg) analysis results measured on wet (triangle) or dry (c ircle)  samples. Dry 

matter content ( OM, %) measured on two halves of the same fruit for calculat ing 

mineral concentrations on fresh weight basis for the dry sample method is  

shown in F .  
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Figure 3 . 8  Difference in mineral concentrations among fruit t issues of 'Hayward ' 
k iwi fruit . Each co lumn represents the means o f  5 repeat measurements; vertical 
bars are standard errors of  the means. 

3.4 Conclusions 
The rel iabi l ity of storage l ife calcu lated from flesh firmness monitoring data 

depends on the method of flesh firmness measurement and the methods of data 

processing. F lesh firmness measured using a texture meter is significantly less variable  

than that measured using a dri l l-mounted Effegi penetrometer because of the contro l led 

plunger speed and the computerised data recording. 

Package and equ i l ibrat ion t ime affect fruit temperature and water condensation 

over the fruit surface, which in turn affects measured flesh firmness, fru it colour and 

respirat ion rate. Moulded-pulp trays are the preferred package for temperature 

equi l ibration. I n  this package, fru it colour and flesh fumness can be measured 

respectively after 2 and 5 h equi l ibrat ion while respirat ion rate shou ld be measured after 

1 0  h equi l ibrat ion. So luble so lid content can be measured at any t ime during the 

equi l ibration. Fol lowing these recommendat ions wi l l  ensure a more accurate and 

repeatable characterisat ion of 'Hayward' k iwifruit. 
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I f fir mness monitoring is carried out monthly on 20 fru it per grower l ine each 

t ime, an exponential model fitted to firmness data from the last four firmness 

monitoring periods towards the end of storage is recommended for calculation o f  

storage l i fe. 

When storage l i fe is to  be related to mineral concentrations of the fru it ,  fruit 

sample shou ld be dried and grinded to fine powder for mineral analysis. M ineral 

anal ysis using wet sample tends to have poorer repeatab i l ity .  

Recommended methodologies should be  used in both research and industry 

appl icat ions for more reliable, repeatable and comparabl e  results. 
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Application of compression force in the study of kiwifruit storage l ife 

4. 1 Introduction 

Fru it to fru it variab i l ity is a major problem in study ing kiwifruit soften ing 

behaviour. Using a penetrometer to measure flesh firmness (FF)  is the industry standard 

method for firmness assessment (McG lone et aI . ,  1 997). Th is measurement punctures the 

fruit, and thus only a subsample, selected to represent a l l  fru it, can be measured (Hopkirk et 

aI . ,  1 996) .  A non-destructive techn ique jor firmness measurement would al low test ing of  

every individual fru it and repeated test i ng of  the same fru it over t ime, thus provid ing many 

advantages tt)r researchers and the industry al ike ( Davie et aI., 1 996; I-Iopkirk et aI., 1 996). 

However, to date no sat isfactory non-destructive method has been found .  

Appl icat ions of various non-destructive techniques, sllch as  SoftSense (McGlone e t  a I . ,  

) 997), Softness Meter ( Davie et aI . ,  1 996: Hopkirk et aI . ,  1 996), K iwipoke (Hopkirk et aI . ,  

1 996), K iwifirm and Handy H it have been l im ited by anomalous firmness changes 

(McG lone et aI . ,  1 997: K im, 1 999), slow speed (Davie et a I . ,  1 996), insuffic ient sensit iv ity, 

or poorer abi l ity to separate thl it batches compared with FF measured using a penetrometer 

(Hopkirk et aI . ,  1 996) . Near infrared spectroscopy (McGlone and Kawano, 1 998), laser a ir

puff method (McGlone and Jordan, 2000), laser Doppler vibrometer (Terasaki et aI . ,  200 1 ), 

and acoust ic methods (Muramatsll et aI . ,  1 997) are a l l  at develop ing stages and are not 

ava i lable tor pract ical use . 

Compression force (CF), measured by compress ing fruit for 1 . 5 mm with an I )  m m  

d iameter round-tip p lunger attached to a texture analyser, has been used to monitor 

k iw i fru it softening from hard (FF about 90N) to soft (FF < 1 0  N) fru it .  The relationship 

between CF and FF was postulated to be an asymmetric sigmoid funct ion .  However, the 

relat ionship was var iable (Hertog and Jeffery, 2000). Compared with the flesh rupture force 

measured using a penetrometer, CF is bas ical ly a measurement of tru it st iffness s imi lar to 

that of the parel le l  plate compress ion of who le fru it (McG lone et aI . ,  1 997) and the laser 

air-putT method ( McGlone and Jordan, 2000) . Fru it stifTness is a fru it property qu ite 

d ifferent from the flesh rupture force measured using the penetrometer (McG lone et a I . ,  

1 997). I ncreases in ce l l  turgor pressure lead to st iffer flesh but can also mean a decreased 
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force for ce l l  rupture due to the ce l l  wal ls being under greater stress at the h igher pressures 

(Pitt, 1 982). It is possib le that the scattering relat ionship between CF and FF be caused by 

variable cel l  turgor pressure among fruits. Because postharvest weight loss (main ly water 

loss from transpiration and carbon loss due to respirat ion) is associated with changes in cel l 

turgor pressure (De Smedt et aL 2(02), the re lat ionsh ip between CF and F F  could be 

affected by postharvest fruit we ight loss. 

The common reason for measur ing firmness of k iwifru it is to assist in the 

calcu lat ion and predict ion of storage l i fe (SL;  Hopkirk et a I . ,  1 996; Hertog and Jeffery, 

200 1 ;  Feng et aI . ,  200 1 ) . Although the relat ionship between CF and FF of kiwi fru it is non

l inear over the whole firmness range, a l inear relat ionship could be approximated with in  the 

low firmness range of FF 0-30 N ( Hertog and Jeffery, 200 1 ) , which is requ ired for 

calculat ion of SL (Feng et a I . ,  200 I ) . S im i larly, a l inear relat ionship between FF and 

stiffness of kiwifi'u it measured using the air-puff method was shown at the same firmness 

range (McGlone and Jordan, 2(00). I f  this l inear re lationship could be con firmed, then CF 

would dec l ine exponent ial ly towards the end of storage as  FF  does, and the exponent ial  

model procedure proposed for calcu lat ing storage l i fe of kiwitruit from FF mon itoring data 

( Feng et aI . ,  200 1 )  could also be adapted for calcu lat ing S L  from CF data, 

Experiments were set up to test the consistency of the CF-FF re lat ionship over 

d iHhent years and to test the effect of fru it weight loss on the relat ionship. Data col lected 

on different grower l ines were used to evaluate the feas ib i l ity of using CF monitoring as an 

a lternative to FF mon itoring for the study of storage l i fe of 'Hayward' kiwitruit. 

4.2 M aterials and m et hods 

4. 2. 1 Year 2000 experiment 

Ten trays of count 36  (93 - 1 03 g) 'Hayward' k iwifruit from each of n ine Bay of  

P lenty (New Zealand) growers were randomly sampled from a packhouse during the last 

three weeks of May 2000 and sent to an a ir-cond it ioned laboratory (20°C, 50-60 % RH) 

within  24 hours of pack ing. Fru it we ight (W) was measured for al l  fruit on arrival at the lab 

using a balance (0.00 1 g, Model PM 1 206, MettleI' Toledo, Switzerland). Compression force 

and FF were measured on 20 fru its per grower l i ne. Compression force was measured by 



Chapter 4 Compression force in  study of kiwifruit storage l ife 66 

compressing fru it for 1 .5 mm using a round-tip p lunger (d iameter = 1 1  mm) attached to a 

Texture Analyser (T A.TX2, Stable M icro Systems, England) .  The max imum force was 

recorded electronically. A force thresho ld (trigger force) was set to 0.2 N to make sure the 

probe had reached the fru it surface when the texture meter started counting the 1 . 5 mm 

compression d istance. FF  was measured using a 7 .9 mm d iameter plunger attached to the 

Texture Analyser. The sk in t issue of about 1 5  mm in diameter was removed using a fruit 

peeler immed iately before the measurement ofFF .  The plunger penetrated 9 mm into a fru it 

at a constant speed of 1 0  mm S-I . Both CF and FF were measured at opposite posit ions 

a long the equatorial zone of a fruit, and the two read ings were averaged to give CF or FF 

value of the fru it .  

The remaining fru it was cool stored at O°C i n  po ly l ined s ingle- layered trays with  5 g 

t rail of ethy lene absorbent (Purafi l,  Papworth Engineering Ltd. New Zealand) .  Starting 

from September 2000 (after 3 months storage), CF and FF were monitored month ly with 20 

fruit per grower l ine sampled at each monitoring period . W, CF, FF were measured after 

1 2, 1 5  and 20 hours of equ i l ibration t ime in mou lded pu lp trays ( interleaving tray 

eommercial ly used in 20 kg app le packages) at 20De. The mon itoring continued unt i l  the 

average FF of each grower' s fruit sample reached 8 . 5  N. This value, accord ing to the 

firmness-temperature coeffic ient of kiwifru it (Jetfery and Banks, 1 994), is equ ivalent to 

1 1 . 8  N if measured immed iately upon removal fl'om coo lstore ( i .e .  the commerc ia l 

cond it ion check method) .  A l l  monitoring was completed by Apri l  200 1 ( 1  I months after 

harvest) ,  even though the average FF values for some grower l ines were st i l l  above 8 .5  N .  

4. 2. 2 Year 200} experiment 

Ten trays of count 36 (93- 1 03 g) 'Hayward' kiwifruit from each of six Bay of  P lenty 

(New Zealand) growers were randomly sampled from a packhouse on 2 8  May 200 1 and 

coo l stored for nine months. Compression force and FF were measured monthly on 20 

fru it s  per grower l ine. Storage cond it ion and measurement methods were s im i lar to those 

used in the year 2000 experiment. 
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4. 2. 3 Influence ofYlleight loss on the relationship between CF and FF 

One hundred fresh ly harvested fru it of  i m i lar s i ze (90- 1 05g) were samp led from 

field b ins of a Bay of P lenty orchard a t  1 0  am 9 J une 200 1 and brought to  the laboratory in 

a po ly l ined k iwi iTu it box (count 1 00 )  with in 24 hours. The fru it were randomly assigned to 

4 groups for the fo l lowing t reatments to generate d i fferences in we ight loss. 

• Packed i n  a po lyl ined s ing le- l ayer k iw iiTu it tray located 1 50 cm away from fans 

( WL treatment I ) . 

• Packed in an open s ing le- layer k iw ifru it tray wi thout po ly l iner located 1 20 cm away 

from fans ( W L  t reatment 2 ) .  

• Packed in a mou lded pu lp t ray located 90 cm away iTom fans ( WL treatment 3 ). 

• Packed in a mou lded pu lp t ray located 30  cm away from fans ( W L  treatment 4) .  

We ight loss t reatments were app l ied for 1 0  days and CF  and F F  were measured 

after the treatments. Fru it we ight was measured before and a fter the treatment. Weight loss 

( WL)  was ca lcu lated as the percentage of in i t ia l  fru it weight us ing equat ion 4 . 1 .  

W L  (4 . 1 )  

where Wo is in i t ia l  fru it weight measured before storage and W is fru it weight measured 

dur ing storage. 

4. 2. 4 Data analysis 

Data analysis was carried out us ing the G LM,  REG and NUN procedures in SAS 

( SAS I nstitute l nc ., 1 990) .  



Chapter 4 Compression force in  study of kiwifruit storage l i fe 68 

4.3 Resu lts 

4.3 . 1 Comparison of the CF- FF relationships observed over two years 

The R ichards fu nct ion (equat ion 4 .2 )  wa used to quant i fy the re lat ionsh ip between 

C F  and F F  over the who le firmness range. 

F F  = A · ( 1  + e(b-k.CF) ) .� (4 .2 )  

where A is the upper asymptote, b posit ions t he curve on the C F axis, k is an increa e rate 

o f F F  in response to an i ncrea e ofCF, and v contro ls the inflexion point 

The fitted R ichards funct ion accounted for more than 95% of  the FF variat ion 

measured throughout the storage in both years ( F ig 4 .  I ) . Parameters est imated for one year 

were not cons istent to t hose of the other year except for the position of the in flec t ion po int 

t hat were s im i lar for both years (Table 4 . 1 ) . The fitted curve for year 200 I exper iment had 

a 3.5 N h igher upper asymptote, 20% sma l ler increase rate, and t he curve pos it ioned 3 N to 

the left of the CF axis compared with the curve for year 2000 experiment.  Scattering was 

more pronounced in the h igh  fi rmness range than in the low firmness range for both years 

( F ig 4 . 1 ) . 

Table 4 . 1 Est imated parameters of the R ichards funct ions that descr ibe the re l at ionsh ip 
between compression force (CF)  and flesh firmness ( FF )  in d i fferent years 

Parameter Est imated va lue (se) 
Year 2000 (N= 1 240) Year 200 1 ( n=960) 

A 76.3 ( 0.4 1 )  80.0 ( 0.64 )  
b 1 3 .0  (0 . 1 9) 1 0 .0 (0 .20) 
k 0 .5  (0 .0 I )  0.4 (0.02) 
v 4 .0 ( 1 . 1 4) 3 .0 ( 1 .03 )  

N S  an d ** N on s ign i ficant or sign i fican t t test at P<O . O I  respect ively 

D i fference 
Between years 

* *  

* *  

* *  

N S  
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F igure 4 . 1 A R ic hards funct ion ( so l id l i nes) fitted to compres ion force ( C F )  and flesh 
firmness ( FF )  data ( c irc les) col lected in year 2000 ( A )  and 200 I (8 )  

4 .3 .2  Influence a/weight loss on  CF-FF relationship 

Fru it packed in a po lyl ined k iw ifru it tray lost 1 .3% weight wh i le t hose packed in 

open k iw i fru it t rays had a three-fo ld greater weight loss dur ing the 1 0  days. The weight 

losses of fru it in open trays located at d i fferent d istances to the fan were s im i lar (Table 4 .2 ) .  

A power funct ion (equat ion 4 .3 )  was fitted to  the  data from each weight los , 

treatment ( F ig 4 .2 ) .  The parameter p est imated for d i fferent weight loss treatments showed 

a s im i lar t rend to that of fru it weight loss. The p est imated for fru it packed in po ly l ined 

t rays was sign ificant ly smal ler t han the p est imated for fru it packed in open t rays. The 

d ifferences in p between fru it packed in open trays located at d ifferent d istance to fan were 

not s ign i ficant (Table 4 .2 ) .  
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FF = CFP (4 . 3 )  

Table 4 .2 I nfl uence of  weight loss ( WL )  on parameters of a power function de  cr ib ing t he 
re lat ionsh ip  between CF  and F F  

Treatment WL (%)* se p* se 
1 .  Sealed tray 1 .5 m from fan 1 .29 a 0 .04 1 . 1 5  a 0 .014  
2 .  Open tray 1 .2 m from fan 4 .22 b 0 . 1 1  1 .40 b 0 .01 1 
3 .  Open tray 0 .9  m from fan 4. 1 2  b 0 .06 1 .42 b 0 . 0 1 2  
4 .  Open tray 0 . 3  m from fan 4 . 1 1  b 0 .06 1 .42 b 0 .007 
* Val ues label led with d ifferent letter are sign i fi cantly di fferent in pare-wise t test at P<O.05 leve l .  
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F igure 4 .2  Effect of we ight loss on the relat ionsh ip between CF and FF .  Each po int 
represents a fru it .  So lid l ines represent predicted FF by power functions fitted to 
data in each treatment. 
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-1. 3 .3  Changes in CF during storage 

Compression force continued to dec l ine  exponent ia l ly  (equation 4 .4)  after three 

months storage in 2000 (F ig 4 .3 ) and 200 1 (data not shown) .  This was s im i lar  to t he 

re lat ionsh ip observed for FF ( Feng et a I . ,  200 I ) . An exponent ia l  curve was fitted to CF 

data: 

(4 .4 ) 

where CF is compression force ( N ); t is the days in storage; CFo represents the in i t ia l  CF  

va lue when t=O; k represents the rate coefficient of fru it soften ing. 
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F igure 4 .3  P lots and mode l  fit for CF measured after three months torage versus DAH on 
grower l i ne basis for fru it samp led in year 2000 (each point i the mean o f 20 fru its. 
Vert ica l bars represent the standard errors of the means) .  
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4. 3. 4 A bility of compression force to estimate storage Life 

Exponent ia l  mode ls fitted to CF  data co l lected at the last four fi rmness mon itoring 

periods were rearranged (equat ion 4 . 5 )  to calcu late SL  on a grower l ine basis. 

(4 . 5 )  

where SL  is storage l i fe ,  CFend i s  the m in imum CF va lue (N )  at the end of storage as 

req u ired for export (CF va lue equiva lent to FF 8 .5 ) ,  CFo and k are parameters of equat ion 

4 .4 .  

The p lot of CF and FF  measured at  the end of storage i nd icated that the re lationsh ip 

between C F  and F F  i s  l inear in the low firmness range ( F ig 4.4 and tab le 4 . 3 ) .  Th is l inear 

re lat ionsh ip  cou ld be u ed to convert the min imum FF requ i red for export to an equ ivalent 

C F  va lue (CFend ) .  Then the storage l i fe cou ld be calcu lated from equat ion 4 .5 .  

1 8 

Y e a r 2 0 0 0  / Y e a r 2 0 0 1 
• 

1 5 . / 
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1 2  '" 

Z � 
u.. 
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o �-L������-L�L-��-L����-L����� o 3 6 9 1 2  1 5  1 8  0 3 6 9 1 2 1 5 1 8 2 1 

F F ( N ) 

F igure 4 .4 P lot of F F  and C F  measured at the end of  storage. Each po int represents a fru it . 
So l id l i nes represent l inear re lat ions between CF and FF .  Dash l ines represent 95% 
con fidence interva ls  of pred icted FF means. Dotted l ines represent 8.5 N FF  and 
equ ivalent CF  values. 
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Table 4 .3  I ntercept and s lope of l i near re lat ionsh ips between FF  and CF  est imated for 
year 2000 and 200 I fru it .  CF  va l ues equ ivalent to 8 . 5  N FF (CFend) were ca lcu lated 
from the l i near re lat ionsh ip for calcu lat ing storage l i fe us ing CF data. 

Parameter Yea r 2000 ( N = 1 80) Year 2001 (N=1 20) Difference 
Estimate se Estimate se Between yea rs 

I n te rcept 2 .40 0 .40 3 .50 0 .27 * 

S lope 0 .66 0.04 0 . 53 0 .03 ** 

C Fend (N) 8 .03 0 . 1 9  8 .00 0 . 1 8  N S  
N S, *and * *  indicate not signi ficant, or sign i ficant in t test at P<O.05 and P<O. O  I respecti vely. 

Accord ing to the l inear re lat ionsh ip between FF and C F, est imated va lues of CFend 

were very c lose for year 2000 and 200 I fru it (Table 4 . 3 )  a lt hough the intercepts and s lopes 

were s ign ificant ly d i fferent between years. Storage l i fe of the grower l ines est imated from 

CF  using a CFend of 8 .0 exp la ined over 86.0 % and 94.6  % of t he variat ion in S L  

est imated from FF in year 2000 and 200 I respect ive ly ( F ig .  4 . 5 ) .  
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F igure 4 .5  Storage l i fe ( SL )  est imated from compression force (CF )  matched to SL  
est imated from flesh firmness ( FF)  for grower l ines of year 2000 (squares) and 200 1 
( round points) .  
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4.4 D iscussion 

The re lat ionship between CF and FF establ ished in this study was s im i lar to that 

observed previously ( Hertog and Jeftery, 2000). Year to year differences in fitted curves 

describing the CF-FF re lat ionship were shown in both studies. The reasons for the 

d ifference are yet to be eluc idated. Fru it weight loss appeared to be an important factor 

affect ing the CF-FF relat ionship. This impl ies that the conversion froin CF to FF using a 

re lat ionship establ ished in a previous exper iment is subject to systematic errors inherited 

from the d ifference between years and the d ifference between fruit of d ifferent weight loss. 

However, the re lat ionships were s im i lar for fl·u it sampled in the same year and stored in 

s im i lar condit ions with  s im i lar weight loss (Table 4.2 and F ig 4 .2) .  

The effect of weight loss on the relat ionsh ip between CF and FF (Table 4 .2 and F ig 

4 .2)  ind icated that some scattering at  a high eF (F ig 4 . 1 )  could have been caused by 

variable weight loss during the period between harvest and arrival at the laboratory. Fruit 

were cured in harvest bins in packhouses for up to 4 days before packing. Fruit located on 

the top would lose more weight than those located in the centre of the bin. Variable water 

vapour permeance of k iwifruit skin (Magu ire et a i . ,  unpu bl ished) may also contribute to 

the variation in fru it we ight loss, and consequent ly the variat ion in CF-FF relat ionship. Th� 

scattering m ight have been reduced as water status of different fru it became more uni form 

dur ing storage. Because package and t ime of temperature equi l ibrat ion affect W L  (Feng et 

ai . , 2002), it is advisable to equ i l ibrate fru it t()r the same time using the same package 

before CF measurement . 

The d i fference in the CF-FF relat ionship among we ight loss treatments shown in 

F ig 4 .2 may also reflect the positive effect of turgor pressure on who le fru it stiffness and 

the negative effect of turgor pressure on ce l l  rupture force ( P itt, 1 982). Fru it in the sealed 

tray with less weight loss and maintained higher turgor pressure would have lower celf 

rupture force compared with fru it of  the same stiffness but lower turgor pressure due to 

excessive weight loss in the open trays. The convergence of the CF-FF relat ionships of fru it 

in d ifferent weight loss treatments at CF below I O N (F ig 4.2) may ind icate a reduction in 

turgor effects as fru it softened. However, i t  is not c lear how fru it in the sealed tray d id not 

show h igher overal l  st i ffness compared with those in open trays (F ig 4.2) .  
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The c lose-to- l inear re lationship between F F  and CF shown in  F ig 4.4 and table 4 .3  

i s  consistent with previous stud ies where F F  was found to be  l inearly re lated to  firmness 

measured using the l aser air-puff method (McGlone and Jordan, 2000) or  compression 

force ( Hertog and Jeftery, 200 1 )  with in  the FF range of 0-30 N .  This  is the foundat ion of 

lIs ing C F  data to calculate SL using the same procedure as the calcu lation u sing FF data. 

B ecause the C F-FF re lat ionship at the low firmness range may a lso be affected by var iable 

fru it weight loss ( F ig 4.2 and Table  4.2) or year to year d ifference (F ig 4.4 and Table 4.3), 

it i s  i mportant to keep storage cond it ions and temperature equ i l ibrat ion procedures 

consistent before each C F  monitoring. When these cond it ions were met, storage l i te 

est imated fro m  C F  mon itoring data was comparable to that estimated from FF  mon itoring 

data (F ig .  4.5 ) .  Therefore, it is suggested that CF measurement cou ld be used as an 

a lternat ive to FF measurement for firmness mon itor ing and the estimat ion of S L. 

C F  measurement i s  non-destructive and quicker (no sk in  pee l ing o perat ion) than F F  

measurement. However, instruments capable  o f  measuring C F ,  such a s  a texture meter, are 

very expens ive. Therefore the feasib i l ity of using C F  as an a lterative to FF depends on 

whether we cou ld develop a less expens ive device to measure CF.  A further advantage of 

us ing C F  is that the measurement can be conducted on the  same fru it during storage, 

reducing the var iat ion caused by samp l ing error. This  procedure has been successfu l ly used 

to compare the eftect of  storage treatments (i .e. storage temperature, ethylene, O2 and CO2 

concentrat ions) on softening of k iwifruit ( Hertog and Jeffery, 2000) . Further work is 

needed to  develop a less expensive instrument for CF measurement at industrial leve l and 

to eluc idate factors other than fru it we ight loss that aftect the CF-FF re lationship over 

d ifferent years. 

4.5 Conclu sion 

The relat ionship between CF and FF over the who le range can be descr ibed by a 

R ichards funct ion .  Parameters o f  the funct ion may d iffer from year to year and fro m  fruit 

batch to fru it batch i n  the same year due to var iable fru it weight loss assoc iated with storage 

duration and storage cond it ions .  U nder s im i lar storage conditions, the re lationship between 
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CF and FF  approaches l inearity at the low firm ness range and CF dec l ines in a s im i lar 

manner to FF. The lowest CF requ ired for export could be est imated fro m  the l inear 

relat ionsh ip  between CF and FF measured at the end of storage. Storage l ife calcu lated 

fro m  an exponent ia l mode l  fitted to C F  mon itor ing data is comparable to that calcu lated 

from FF data. Therefore, CF can be used for storage management as wel l  as sc ientific 

studies to al low repeated measurement on the same fru it. 
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Discriminating grower l ines of ' Hayward' kiwifruit for storage potential 

5.1 Introduction 

Sto rage l i fe (SL)  of  k iwi fru it measures the t ime (t, days) for a stored fruit to become 

unacceptable for a particu lar use. I n  th is study, the use o f  New Zealand k iwitru it is defined 

as export and the m in imum nesh firmness (FF) requ ired of a grower l ine ( ti'u it harvested 

from an orchard or a b lock in an orchard) average is 1 1 . 8 N ( Hopkirk et a l . ,  [ 996; Benge, 

1 999) . 

Factors affecting S L  of k iwifru it was extens ively reviewed by H ewett et al .  ( 1 999) . 

P remature softening (MacRae et a I . ,  1 990; MacRae and Redgwel L  1 992; Hopkirk et al. 

1 990; Pyke et a I . ,  1 996; Benge, 1 999; Lal lu  et aL 1 999; Hertog and Jeftery 2000 ; 2002); 

postharvest decay aris ing main ly from infection by BO/l:Vtis cinerea, Cryptmporiopsis 5p. 
and other fungi ( Brook, [ 992: M icha i l ides and Morgan, 1 997; Thanassoulopoulos and 

Y anna, 1 997); physiological d i so rders inc lud ing ' soft patches ' (Davie, 1 997; Benge, 1 999), 

low temperature breakdown (L TB; H arman, 1 98 1 :  Lal l u, 1 997; Bauchot et aI., 1 999; 

Sfakiotaki s  et aL 2002;  Lal lu et a I . ,  2003) and physio log ical p itt ing (Ferguson et at.. 200 1 ; 

MO\,yat et a I . ,  2002; Lal lu et a I . ,  2003) are a l l  l im it ing factors. The re lat ive i mportance of 

these factors var ies with cult ivar, season and grower l ine. For  ' Hayward ' k iwifruit, 

premature soften ing and soft patches are the major  concerns (Mu i l igan, personal comm. ,  

2000). M i l l ions  o f  do l lars are lost each year because of rejection and repacking o f  fi'u it for 

export ( Benge, 1 999) . The chal lenge posed to postharvest phys io logists  is to develop a 

method whereby some inherent fru it parameter can be measured at harvest and related to 

subsequent softening or  suscept ib i l ity to d iseases or d isorders (Hewett et aI., 1 999). 

Softening of 'Hayward' kiwi fru it was proposed to be the consequence o f  

solubi l izat ion o f  insoluble materials such as ce l l  wa l l  material s  and starch ( Arpaia e t  a L  

1 987 ;  Redgwel l  e t  a I . ,  1 990; Redgwe l l  and Percy, 1 992 ; Bongh i  et a I . ,  1 996) . Enzymes 

catalys ing the degradat ion of starch and ce l l  wal l  materials acted at d i fferent t imes during 

storage. Act iv it ies of amy lase (catalys ing starch degradat ion, Bonghi  et aI . ,  1 996) , p-
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galactosidase ( Wegrzyn and MacRae, 1 992; Bonghi e t  a I . ,  1 996), pect i n  methyl esterase 

( PME,  Redgwe l l  et a I . ,  1 990), endo- \ ,4-p-glucanase (Bongh i et a I . ,  1 996) and xyloglucan 

endotransg lycosylase (XET, Redgwel l  and Fry, 1 993)  i ncreased shortly after harvest wh i le 

the act iv it ies of enzymes, such as po lygalacturonase (PG) increased much later when fru it 

had softened to less than 20 N (Redgwe l l  et a I . ,  1 990; Bonghi et a I . ,  1 996). Therefore, two 

d ist i nctive processes appear to be invo lved i n  fru it softening.  One takes p lace at the 

begi nn ing of storage causing starch degradat ion and loosen ing the ce l l u lose-hemicel lu lose 

i nteract ion to al low ce l l  wal l  swe l l ing ( Redgwel l  and Fry, 1 993),  whi le the second takes 

p lace in the inner pal1 of the ce l l  wal l  caus ing the degradat ion of the m idd le lame l la  so that 

the ind iv idual fru it cel ls separate (Redgwe l l  et a I . ,  1 990). 

Several factors influence softening of ' H ayward' k iwifruit .  These inc lude harvest 

maturity ( Weet. 1 979; Harman, 1 98 1 :  Harman et a I . ,  1 982;  Cr isosto et aI . ,  1 984; Asami et 

a l . ,  1 988 ;  M itche l l  et a I . ,  1 992; Abda1a et a I . ,  1 996; Pan et a I . ,  1 996; Costa et aI . ,  1 997;  

H ertog and Jeffery 2000, 2002), m ineral concentrat ions (Bangerth, 1 979; Hopkirk et a I . ,  

1 990; P rasad and Spiers, 1 99 1 ;  Banks et ai ,  1 995 ;  Lal lu and Years ley, 1 995 ;  Tag l iav in i  et  

a I . ,  1 995 ;  Dave, 1 997 ;  Lal lu  et a I . ,  1 999; Benge, 1 999; H ertog and JetTery 2000, 2002; Sale 

and C lark, 2002) and fru it s ize ( Teston i  et a I . ,  1 990; Reid et a I . ,  1 996; Crisosto et at \ 999) . 

The resu lts fro m  previous stud ies have been i ncons istent about the factors i nfluencing the 

softening of ' Hayward ' k iwifru it . For example, some researchers found that fruit w ith  

soluble so l id s  content (SSC) of 6 .2-6. 5% stored wel l  ( Weet, 1 979; Harman, 1 98 1 ), wh i le 

others recommended h igher values of  7% (Asami et a i . ,  1 988) ,  7 . 5  - 9 .5% (Ravagl ia et a I . ,  

1 995) ,  or 1 0% ( Pan et  a I . ,  1 996) . Fruit lower in  N and/or h igher i n  Ca have been found to  

store better than fruit h igher in  N and/or lower i n  Ca ( Prasad and Spiel'S, 1 99 1 : Banks et a I . ,  

1 995 ; Lal lu  and Years ley, 1 995 ; Benge 1 999) . However, Ca concentration i n  k iw i  fru it from 

several o rchards in  Auckland were not correlated with fru it firmness during storage, grower 

l ines that had become part icularly soft during storage having Ca concentrat ions s im i lar to 

or  even h igher than the Ca concentrations of  grower l ines that had remained firm (Hopkirk  

et a!" 1 990).  Benge ( 1 999) tound strong re lat ionships between the  inc idence o f  so ft patches 

after storage and a predictor combin ing SSC, FF,  and Ca, Mg and N concentrat ions 

measured at harvest when fru it were samp led d irect ly from orchards. However, the 
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re lat ionship was not subsequently val idated by experiments where fru it was samp led from 

bins  at packhouses. 

These observed inconsistenc ies mav have resu lted fro m  the absence of other factors ,( 

affect ing SL,  and a lack of rat ional ised methods  (Feng et a I . ,  2003c) . This  paper presents  

the  storage potent ial model establ ished from data containing many of these prev ious ly 

researched factors and other potential ly important factors us ing rat ional ised measurement 

and data process ing methods  (Feng et aI . ,  2003c) .  

5.2 Materials and methods 

5. 2. 1 Experiment 1 

Ten trays of  commerc ia l ly  packed ' Hayward ' k iwifru it (count 36)  fro m  each o f  n ine 

grower l ines were sampled during the main  harvest seasons of  year 2000 (9 May to  23 

M ay) at weekly intervals  (three grower l ines per week)  fro m  pack houses in  the Bay o f  

P lenty. Another 2 8  grower l ines were sampled during the main harvest season o f  year 200 1 

(28 May to 9 June)  from pack houses in  the same region. On the second day o f  samp l ing, 

fru it weight (W) ,  fru it co lour (L, C,  H co lour space) ,  flesh co lour (FL, FC, FH) ,  FF, SSC, 

d ry matter content (DM) and mineral concentrations (N, p, K, Ca and Mg) were measured 

o n  a sub-sample of 20 fru it per grower l ine.  Harvest date, packing date, storage date and 

measurement date were recorded for each grower l ine .  The remain ing fruit were cool stored 

at O. SoC in the poly l i ned s ingle-layer k iwifru it trays used by the N ew Zealand k iwifru it 

i ndustry. F ive grams of ethylene absorbent ( Purafi l, Papworth Engineering Ltd. ,  N ew 

Zealand) was p laced in  each tray to prevent ethylene accumu lat ion ins ide the poly l iner. 

Between 3 and 6 months of storage, FF  was mon itored month ly using 20 fruit from each 

grower l i ne at each mon itoring per iod. 

Fru it weight was measured with a balance (0 .00 I g; Model PM 1 206; M ett ler 

Toledo, Switzerland) .  F ru it co lour and flesh co lour were measured us ing a M ino lta c hroma 

meter (CR-200, with a aperture of  8 mm in  d iameter) cal ibrated with a green cal ibrat ion 

p late . F lesh firmness was measured using a 7.9 mm d iameter p lunger attached to a texture 

analyser (TA.TX2, Stable  M icro Systems, Surrey, Eng land) after fru it temperature had 

equ i l ibrated to 20°C (Feng et aI . ,  2003c) . Soluble so l id content was measured with a 
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refractometer (Atago, 0-20%) us ing the ju ice extracted when measur ing FF .  A 1 0  mm th ick  

s l ice ( i nc lud ing sk in ,  flesh. seeds and core t issues) was cut along the  equatorial l ine  of each 

fru it and freeze dr ied. Fresh weight and dry we ight were measured before and after freeze

dry ing.  Freeze-dr ied sam p les  were oven dr ied at 6SoC for 1 2  hours and the samples 

rewe ighed to correct for the d ifference between these two drying methods. Dry matter 

content was calcu lated based on the oven-dried samples. M i neral concentrat ions  were 

determined on the dried samples used for DM measurement. Dried samp les were ground to 

a fine po\vder and oven dr ied at 65°C for 1 2  hours immediately before weighing samples 

for m ineral analysis. N itrogen and phosphorous concentrat io ns were measured 

co lor imetrica l ly after Kje ldah l d igest ion of a 0.2 g sample.  Potass ium, calcium and 

magnesium concentrat ions were measured by atomic absorpt ion spectroscopy after n itr ic 

ac id d igest ion ofa 0 . 1 g samp le (Mart in-Preve l et a I . ,  1 987) .  

Measurements for L, C,  H ,  FL ,  FC, FH,  FF  and SSC were carried out at two 

opposite posit ions a lo ng the equator of each fru it .  Read ings fro m  the two positions were 

averaged . 

5. 2 . 2  Experiment 2 

This  experiment was carr ied out by AgFirst Consu ltants on behalf o f  Zespri 

I nnovation Ltd. Twenty seven trays of count 3 6  ' Hayward' k iwifru it fTo m  each of 72 

grower l i nes  were sampled fro m  the Bay of P lenty (57 grower l ines) ,  G isborne (S  grower 

l ines) , Nelson (S grower l i nes), North land (S grower l ines)  during the harvest season (2S 

May to 27 June) i n  200 1 .  Fru it weight, FL, FC, F H ,  FF, SSC and DM were measured on 60 

fru it per grower l ine before storage. Dry samp les from each grower l ine  were combined for 

m inera l  analysis on a grower l ine  bas is .  The remain ing fru it was stored at O.SoC for 24 

weeks and their FF, S SC and DM were monitored fortn ightly w ith  30 fru it per grower l i ne 

at each monitoring period after 4 weeks storage. Measurement of  FF  dur ing storage 

commenced w ith in  5 m inutes of being removed from 0.5°C storage. SSC measurements 

were taken at the two end caps of each fru it .  
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5.2.3 Data analysis 

F ru it temperatures at FF measurement in  exper iment 2 were estimated to be 20°C 

for measurement before storage and 2°C for measurement d ur ing storage accord ing to the 

changes in fru it temperature during equ i l ibrat ion (Feng et a l . ,  2002). The F F  value 

measured upon removal from 0. 5°C storage was converted to F F  measured at 20°C us ing 

the firmness-temperature coeffic ient of ' Hayward' k iwifruit (Jeffery and Banks, 1 994). 

The percentage of dry matter so lubi l ized (SS FOM. %) was calcu lated uSll1g 

equat ion 5 . 1 (Jordan et al . ,  2000) to represent harvest maturity (Feng et al . ,  2003a). 

SSFOM = 
1 00 · SSC · ( I 00 - 0M )  

O M  · ( I 00 - SSC)  
(5 . 1 ) 

Harvest date ( H O) was converted to days  after I Apr i l  (the ear l iest poss ib le harvest 

date). Storage durat ion (t, day) was calcu lated as days in storage before each firmness

monitoring period. Prestorage delay ( OL) was calcu lated as days from harvest to the start o f  

storage. The ratio of  calc ium and n itrogen concentrat ions (CaiN, % )  was also calcu lated 

because it was previously shown to affect storage behav iour of k iwitru it (Banks et a l . ,  

1 995) .  

Fru it co lour was not measured in experiment 2 .  L, C and H of grower l ines in  

exper iment 2 were calcu lated from Ft.  FC, F H, FF and OM us ing the re lat ionships 

establ i shed fro m  data col lected in experiment I (data not shown) . 

Storage l ife was ca lcu lated fro m  an exponent ial mode l (equat ion 5 .2)  titted to FF 

mon itoring data col lected after three to s ix months' storage on  a grower l ine bas is .  A bou nd 

cond ition of k2:0.00 I was appl ied to avo id producing u nrea l i st ic SL .  SL was calcu lated on  

the bas is o f  the rearranged exponential model (equation 5 . 3 )  

FF = FFo · e k l  

SL = 
log JFFo)-log J8.5 ) 

k 

( 5 .2)  

(5 .3)  
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where FF  is  flesh firmness (N); t i s  storage durat ion;  FF  0 represents an init ia l  FF value 

when t=O; k represents the rate of  fru it softening; SL  is  storage l ife ;  8 .5 i s  the m in imum F F  

value at the end o f  storage as requ ired for expo rt (equ ivalent to 1 1 . 8  N if  measured 

i m med iate ly after removal of fru it from coo l  storage) .  

A l l  data from both experiment 1 and experiment 2 were pooled for analysis .  Due to 

a m iss ing val ue of n itrogen concentration for one grower l i ne in experiment 2, only 1 08 

grower l ines were used for mu lt ivariate d iscr im inate analys is .  Four groups (KG 1 to KG4) 

were formed according to the quart i le d istr ibut ion of k from low to high (Table 5 . 1 ) . 

Stepwise d iscr im inant analys i s  ( Proc STEPDISC;  SAS I nst itute, 1 990) was used to select 

var iables that had sign i ficant ro les in d iscr im inat ing grower l ines into d ifferent groups. 

Two-th irds of  the data were randomly ass igned to the model bu i ld ing dataset w ith the 

remainder be ing a l located to the val idat ion dataset (Table 5 . 1 ) . Canonical d i scr im inant 

analys i s  (Hair, et al . ,  1 987 ;  SAS I nst itute I nc . ,  1 990; Cruz-Cast i l lo  et a l . ,  1 994) was 

perfo rmed on the mode l bu i ld ing dataset based on the se lected variables. The standard ized 

canonical coeffic ients (SCC) were used to evaluate the re lative contribut ion of each 

independent var iable to the d iscri m inant funct ions (CDF I ,  CDF2 and CDF3) .  Canonical 

funct ions having a s ign ificant role i n  separat ing grower l ines were calcu lated for grower 

l ines in the val idat ion dataset and the M ahalanobis  d istances of each grower l ine to each of 

the four  centro ids ( DJ! ) were compared to assign a grower l ine to its c losest soften ing-rate 

group. C lass ificat ion accuracy (percentage of grower l ines correct ly c lassified) relat ive to 

the percentage chance cr iterion ( Cl' )  was evaluated (Hair et al . ,  1 987) .  

In  cases where on ly CDF 1  and CDF2 had a s ignificant role in d iscr im inating grower 

l ines, DJ! was calcu lated us ing equat ion 5 .4 :  

( 5 .4) 
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where D'J is t he Mahalanobis d i stance of grower l ine i to t he centre of soften ing-rate group 

j ; CDF." and CDF21 are the first and the second d iscr im inate fimct ions of  grower l ine i · 

CDF 1) and CDF2 ) is t he mean CDFI and CDF2 of soften ing-rate group j .  

I n  cases where mu lt ivar iate analysis was used to  assign observat ions into four 

groups, C p was calcu lated us ing eq uat ion 5 . 5 :  

where n i ,  n2, nJ and n.j are the number of grower l ine In oftening-rate group I ,  2 3 or 4 

respect ively; n i s  t he tota l  number of grower l ines. 

Table 5 . 1 Soften ing-rate groups ( KG) formed for mu lt i var iate d iscr iminant analysis 

KG k Who le samE le Mode l bu i ld ing data et Val idat ion dataset 
(dai l ) n Percentage n Percentage n Percentage 

KG 1 =0.00 1 28  25 .9 1 9  26.4 9 25 .0 
KG2 0.00 1 -0.00 1 9  26 24. 1 1 7  23 .6  9 25 .0  
KG3 0.00 1 9-0.0034 27 25 .0  1 8  25 .0  9 25 .0  
KG4 >0.0034 27 25 .0 1 8  25 .0  9 25 . 0  

5.3 Resu lts 

5 .3 . 1 Storage life 

The va lue of F Fo and k est imated for t he 1 08 grower l ines ranged trom 1 3 . 8  to 5 1 . 5 

and 0 .00 I to 0.0096 dal , respect ive ly. Est imated FFo va lues were h igh ly corre lated w ith 

est imated k va lues ( F ig 5 . 1 ) . 
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F igure 5 . 1 Re lat ionsh ip  between fru it so ften ing rate (k) and i n it i a l  fru it firmness ( F Fo )  
est imated for 1 08 grower l i nes based on flesh firmness data col lected after three to 
six months storage. Each po int repre ents a grower l ine. The so l id l ine represents a 

l inear mode l  fitted to data ( FFo = 1 3 .3 ± 0.5 + 3378  ± 1 68 ·  k , n= 1 09, r=0.89) 

Storage l i fe ca lcu l ated for t he grower l ines ranged from 1 87 to 908 days. There was 

a strong curv i l inear re lationsh ip between k and SL ( F ig 5 . 2 ) .  
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F igure 5 .2 Relat ionsh ip between storage l i fe ( S L )  and softening rate (k) .  Each po int 
represents a grower l ine. The so l id l ine represents a curv i l inear model  fitted to the 

data  ( SL = 1 1 84 ± 1 03 · 
e-905± IO lok + 233 ± 1 9 ,  n= I 09, R

2
=0. 87)  

5. 3 .2  Multivariate discriminant analysis 

Stepwise d iscr im inant analysis i nd ic ated that SFDM, Mg, H D, CaIN, DL, and L 

had s ign ificant ro les i n  d iscrim i nat i ng grower l ines for soften ing rate. Canon ica l  

d iscr iminant analysis o f  t he mode l bu i ld ing d ataset based on the se lected variables 

i nd icated t hat t he first two canon ica l  funct ions (CDF l and C DF2 ) accounted for 95 % 

var iat ion o f  t he four softening-rate group had s ign i ficant ro les i n  ass ign ing grower l i nes 

i nto d ifferent groups ( F ig 5 . 3 ). 
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F ig ure 5 . 3  Separat ion o f  the fastest (0  ) second fastest (0 ) , second s lowest ( L:i  ) and t he 

s lowest ( 0  ) softeni ng grower l i nes by t he fi rst t wo canonical funct ions (CDF )  and 

CDF2 )  for 72 grower l ines i n  the mode l bu i l d ing dataset. 

A na lyses of var iance of CDF )  and C D F2 i nd icated t hat grower l i nes t hat softened 

s lowly ( i .e .  KG ) and KG2 ) had h ig her CDF )  scores t han grower l i nes t hat softened rapid ly 

( i .e .  KG) and KG4) .  Grower l i nes i n  KG3 a l so d iffered trom KG4, KG) and KG2 i n  the i r  

C DF2 scores (Table 5 .2 ) .  

Tab le  5 . 2  Means of canonical scores of t he first two canonica l  d isc rim inant funct ions 
(CDF )  and CDF2 )  for four softening-rate groups ( KG )  softened at the lowest rate 
wh i le KG4 softened at t he h ig hest rate) .  

Softening-rate CDF )  C DF2 umber of  
Mean 

• • 
grower l ines group se Mean se 

KG ) 1 . 1 5  a 0 .24 -0. 1 2  a 0.24 1 9  
KG2 0 .75  a 0 .23 -0 .25 a 0 .24 1 7  
KG3 -0.47 b 0.20 0 . 87  b 0 . 1 8  1 8  
KG4 - 1 .46 c 0 .27 -0 .50 a 0 .27  1 8  

* Values labe l led with different letter are significant ly d i fferent in pare-wise t test at P<O.05 leve l .  
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Standard ized canon ical coeffic ients (Table 5 . 3 )  i nd icated that CDF1  d iscr im inated 

grower l ines on Mg, CaIN, SSFDM and to a lesser extent, HO and L .  Gro wer l ines 

harvested l ate with advanced maturity, h igh  Mg, h igh CaIN, low l ig ht ness and short 

prestorage de l ays were l ikely to soften s lower, consequent ly having longer storage l i fe .  

C DF2 d i scr im inated grower l i nes on harvest date and harvest maturity, and, to  a lesser 

extent, prestorage de lay. Grower l i nes w it h  h igh CDF2 scores were harvested late with low 

harvest maturity and long prestorage de lays. 

Table 5 . 3  The standard ized canonica l  coeffic ients ( SCC) and t he correlat ion coeffic ients 
(r) between the canonica l  funct ions (CDF 1  and CDF2 )  and t he variables 

Variab le CDF 1  C DF2 
SCC r SCC r 

Harvest maturity ( SSFDM)  0 .54 0 .75 - 1 .40 -0.22 
Mg 0 .72 0 .60 0 .42 0. 1 6  
Harvest date 0 .36  0 .59  1 .3 7  0 .35  
CaIN 0 .55  0.43 0 . 1 7  -0.03 
Pre torage de lay -0. 1 7  -0 .27 0 . 57  0.47 
Fru it l ightness -0 .30 -0 .33 -0 .20 0 .09 

5. 3 . 3 Discriminant accuracy 

Discr im i nation based on CDF 1  and CDF2 yie lded correct c lassificat ions over twice 

t hat l ike ly by c hance (Table 5 .4 ) .  The c lassificat ion accurac ies for t he s lowest and the 

fastest softening groups ( i .e .  P KG I  and PKG4 ) were 55 .6% and 73 .3% respect ive ly  

compared wi th  3 3 .3% and 45 .8% o f  t he moderate softening gro ups ( i .e .  PKG2 and PKG3) .  
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Table 5 .4 D iscr im inant accuracy based on the first two canon ica l  funct ions for 72 grower 
l ines i n  the model bu i ld ing dataset 

Actual gro up Grower l i ne number (Eercenta�e ) i n  each Ered icted �rouE Total 

PKG 1 PKG2 PKG3 PKG4 
KG 1 1 0  5 4 0 1 9  

( 55 .6%) ( 33 .3%) ( 1 6 . 7%) ( 0.0%) 
KG2 6 5 5 I 1 7  

( 33 .3%) ( 33 .3%) ( 20. 8%) (6 . 7%) 
KG3 I 3 1 1  3 1 8  

( 5 .6%) (20.0%) (45. 8%) ( 20 .0%) 
KG4 I 2 4 1 1  1 8  

( 5 . 6%) ( 1 3 .3%) ( 1 6 .7%) ( 73 .3%) 
Total 1 8  1 5  24 1 5  72 

Percentage of grower l ines correctly c lass ified : 5 1 .4% ( Percentage chance criterion = 25.04%) 

5. 3. 4 Validation of the canonical discriminant model 

Grower l ines in the val idat ion dataset had s im i lar d iscr im inat ion patterns a lo ng t he 

C D F 1  and C DF2 axis to those in the model bu i ld i ng dataset ( F ig 5 .4 ). 
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F igure 5 .4 Separation o f  the fa test (0 ), second fastest (<>  ), second s lowest ( 6.  ) and t he 

s lowest ( 0  ) soften i ng grower l i nes by the fi rst two canonical funct ions (CDF 1  and 

C DF2)  for 36 grower l ines i n  the va l idat ion dataset. 
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Discrimination of grower l ines in the val idat ion dataset based on  C D F l  and C D F2 

y ie lded 52 . 8% correct c lass ificat ion. This  i s  more than twice that poss ib le by c hance (Table 

5 .5 ). The c lassificat ion  accurac ies for the s lowest and the fastest softening groups ( i . e .  

P KG l  and PKGt)  were 66.0% and 80.0% respect ive ly compared with 3 3 .3% and 46.7% o f  

the moderate soften ing groups ( i .e .  P KG2 and PKG3) .  

Table 5 . 5  D iscr iminant accuracy based on the first two canon ical funct ions for 36 gro wer 
l i nes in  the val idat io n  dataset 

Actual Grower 
PKG 

KG l 6 9 
(60.0%) ( 1 6 .7%) (6. 7%) (20.0%) 

KG2 3 2 4 0 9 
(30.0%) (33 .3%) (26. 7%) (0.0%) 

KG3 1 1 7 0 9 
( 1 0 .0%) ( 1 6 .7%) (46.7%) (0.0%) 

KG4 0 2 3 4 9 
(0.0%) (33 .3%) (20.0%) ( 80.0%) 

Total 1 0  6 1 5  5 36 

5. 3 . 5  Comparison between experiments 

When the d iscr iminant accurac ies were analysed with respect to exper ime nt, 64.9% 

grower lines in experi me nt 1 were correctly c lassified (Table 5 .6 )  compared to 45 . 1 % in 

experi ment 2 (Table 5 . 7) .  Most of the grower l i nes in experi me nt I softened rap id ly ( 1 7  

grower l i nes were a l located to KG4, account ing for 46% of the total of  3 7  grower l ines and 

1 2  grower l i nes were a l located to KG3, account ing for 32 .4%) whi le only a thv grower 

l ines softened s lowly (2 grower l ines were a l located to KG l ,  account ing for 5 .4% and 6 

grower l i nes were a l located to KG2, account ing for 1 6.2%). I n this  e xperiment, 1 2  o ut o f  

the 1 7  grower l ines in KG4 and 1 1  out o f  the 1 2  grower l i nes in t he KG] were correctly 

c lass i fied. However, a l l  the 2 grower l ines in  KG l and 5 out of  the 6 grower l ines i n  KG2 

were i ncorrectly c lassified (Table 5 .6) .  On the other hand, most grower l ines in e xperiment 

2 softened slowly (26 grower l ines were al located to KG l ,  account ing for 36.6% of the total 

o f 7 1  grower l ines and 20 grower l ines were a l located to KG2, accounting for 28 .2%) whi le 
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o nly about o ne-third of  the grower l i nes  softened rapidly ( 1 0  grower l i nes were al located to 

KG4, account i ng for 1 4 . 1 % and I S  grower l ines were a l located to KG3, account i ng for 

2 1 . 1 %) .  I n  th is exper iment, 1 6  out o f  the 26 grower l i nes in KG , were correct ly c lass ified 

whi le the number of grower l i nes correct ly c ia i fied in the other groups were all below 

hal f  of the total number of grower l ine in each group (Table 5 . 7 ) .  

Table 5 .6  D iscr im inant accuracy based on the first two canon ical funct ions for 37 grower 
l i nes i n  experiment I .  

Actual Grower l i ne number (l2ercentage2 i n  each I2red icted groul2 Total 
group PKG ,  PKG2 PKG3 PKG4 
KG , 0 0 1 I 2 

(0 .0%) (4 .5%) ( 7 . 1 %) 
KG2 0 1 5 0 6 

( 1 00.0%) (22 .7%) (0.0%) 
KG3 0 0 1 I  I 1 2  

(0 .0%) ( 50.0%) ( 7 . 1 %) 
KG4 0 0 5 1 2  1 7  

(0 .0%) (22 .7%) ( 85 . 7%) 
Total 0 1 22  1 4  3 7  

Percent of grower l ines correct ly c lassified: 64.9% 

Table 5 . 7  Discr im inant accuracy based on the first two canon ical funct ions for 7 1  grower 
l i nes i n  experiment 2. 

Actual Grower l i ne number ( percentage) in each pred icted group Total 
group PKG ,  PKG2 PKG3 PKG4 
KG , 1 6  6 4 0 26 

( 57 . 1 %)  ( 30 .0%) (23 . 5%) (0 .0%) 
KG2 9 6 4 I 20 

( 32 . 1 %)  ( 30 .0%) 23 . 5%) ( 1 6 . 7%) 
KG3 2 4 7 2 I S  

(7 . 1 %) (20 .0%) (4 1 . 2%) ( 33 . 3%) 
KG4 I 4 2 3 1 0  

(3 .6%) (20 .0%) ( 1 1 . 8%) ( 50 .0%) 
Total 2 8  20 1 7  6 7 1  

Percent of grower l ine  correct ly c lassified: 45 . 1  % 
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5.4 D iscussion 

Standard ized cano nical coefficients (Table 5 . 3 )  i nd icated that s low softening grower 

l i nes ( i .e .  KG ] and KG2) were assoc iated w ith  high Mg, CaIN, advanced matur ity, l ate 

harvest , low l ightness (poss ib le i nd icat ion of fru it be ing exposed to wind and sun l i ght 

d ur i ng the growi ng season) and short prestorage delays. 

Grower  l ines in KG.], a more rapid ly  softening group, had the h ig hest C DF2 scores 

compared w ith  grower l ines in KG,!, KG ! and KG2 (Table 5 .2 ) .  Harvest date contributed 

posit ively  to CDF2 w ith  the highest SCC value of 1 . 37 whi le  SSFDM contributed to C DF2 

negat ively with a comparable absolute SCC val ue of J .4 (Table 5 . 3 ) .  Because SSFDM 

increased as  harvest date i ncreased (r=0. 77),  the cont ributions o f  harvest date and SSFDM 

to  CDF2 were min imi sed. Consequent ly, presto rage delay was actual ly the most impo rtant 

factor contribut ing to CDF2 (prestorage delay had the highest correlat ion coefficient with 

CDF2 compared with other variables;  Table 5 . 3 ) .  

The positive effect of  Mg on fru it softening ident ified i n  this study (Table 5 . 3 )  i s  

consistent with the resu lts o f  Benge ( 1 999) who found fru it without soft patches, o n  

average, conta ined more Mg that fru it with soft patches. The physio logy of Mg in  k iw ifru it 

soften ing merits further invest igat ion. 

The selection of CaiN by the stepwise canonical analys is  i nd icated that t he balance 

between Ca and N are more important than Ca and N i nd iv idual ly. The associat ion of high 

CaIN with low softening rates (Table 5 . 3 )  is cons i stent with the l iterature where low CaIN 

rat ios were found to be associated with premature fruit softening and severe i nc ide nce o f  

storage d isorders (Prasad and Sp iers, 1 99 1 ;  Banks et a i . ,  1 995;  Benge 1 999). The eftect of  

Ca l ies i n  i t s  ro le i n  ce l l  wal l  structure and ethylene product ion. Calc i um acts to cross-l i nk 

t he pectin chains v ia calc ium bridges ( Stanley et aL 1 99 1 )  and inh ib its pect i n  so lub i l i zat ion 

by inh ib it i ng PG and PME act iv it ies ( Lee et aI., 200 1 ). Ca
2+ ions are tho ught to be i nvo Ived 

in regulati ng the activ ity of t he ethylene-forming enzyme t hrough cal modul in  (Bai l ly et a i . ,  

1 992) .  Calc ium also protects fruit from ethy lene-catalysed fruit softening by reducing such 

storage d isorders as fungal rots and L TB ( Wade, 1 98 1 ;  Poovaiah, et a i . ,  1 988 ;  Wang, 1 993 ) 

found to be the major causes of ethylene production ( Wang, 1 982, Feng et a i . ,  2003b) . 
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N itrogen i s  the most important m ineral for i ts  role i n  many essent ial compounds, 

such as protein. N it rogen defic iency resu lt in  red uced size of al l  p lant organs, particu larly 

leaf and fruit  ( Mart in-Prevel et a I . ,  1 987) .  However, n itrogen ferti l izers showed no 

s ignificant effect on  storage behaviour o f  k iwifruit (Buwalda et a\ . ,  1 990) .  The c urrent 

study used med ium sized fru it and the o rchards are in general wel l  supp l ied with nitrogen 

fert i l izer. The nitrogen concentrat ion of the grower l ines o f  the current study ranged fro m  

399-90 1 mmo l  kg- I O W, a l l fe l l  within t he normal range previously observed for 

'Hayward ' k iwiifu it (Smith  et a I . ,  1 994; Prasad and Spiers, 1 99 1 ) . Therefore, N alone i s  not 

a factor affect ing fruit softening. 

Princ ipal component analys is on mineral compos it ion of 'Hayward' k iwifruit 

i nd icated t hat ind iv idual e lements  could not be considered i n  i so lat ion but rather i n  groups 

of e lements :  N, P,  S ,  K, and Cu were c lass ified into  one group negat ive ly  re lated to FF  after 

1 2  weeks storage whi le Ca, Mg and Zn were in another group posit ive ly  related to t he F F .  

These two groups  were negat ively associated with each other ( Smith et aI . ,  1 994). 

Therefore, CaIN ratio may represent t he balance of the two groups of elements rather than 

the balance of just Ca and N .  The phys iological reasons for the grouping of these e lements 

and how the balance of these groups affects fruit softening are not immediately apparent 

except that Ca is a d ivalent e lement which is accumulated by the fruit largely during t he 

very early stage of growth, possibly reflect ing its lower mob i l ity in  the phloem (C lark and 

S m ith, 1 988) .  By contrast, the group of e lements which includes nitrogen, are relat ively 

more mobi le i n  the ph loem, and have been found to accumulate at a steady rate t hroughout 

the growth of the fru it (C lark and S m ith, 1 988) .  The physio logical  bas i s  o f  the negat ive 

association between t he two groups ofe lements is not clear. It is poss ib le t hat N at1ects Ca 

accumulat ion  in fruit through pro moting vegetative growth (Johnson et at . ,  1 997) t hat 

reduces xylem flow to fruit (Buwalda, 1 99 1 ) . Further work is requ ired to c larify t he 

physio logical mechanism o f  the CaIN ratio and its effect on  fruit softening. 

The assoc iation between high Mg concentrat ion and slow fru it softening i s  

consistent w ith  previous observat ion where firm fruit (after 1 4  weeks of storage) had 

s ign ificant ly h igher Mg concentration than soft fru it ( Tag liavin i  et a I. ,  1 995) .  ' Hayward ' 

k iwi  fru it has green flesh due to the presence of chlorophyl l  ( Ferguson, 1 990) .  Magnes ium 

concentrat ion  may also be  an ind icat ion of fru it posit ion in vine.  Fru it exposed to  d irect 
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sunl ight may have high ch loro phyl l  concentration, consequent ly  having high Mg 

concentrat ion. 

Grower l ines harvested later at h igher SSFDM tended to soften at lower rates than 

tho se harvested earl ier at lower SSFDM (Table 5 . 3 ) .  This may re late to the high i nc idence 

of L TB associated w ith early harvested fru it at low matur ity ( Harman, 1 98 1 ) . Pre

condit ioning tf'u it to cool temperatures is a technique that has been used to ame l iorate L TB 

in  crops such as cucumbers and zucchini  ( Wang. J 993 ; 1 996). I ndeed, recent work in  

G reece that shows evaporative coo l ing with an over-tree m ist system before harvest has 

reduced L TB poss ibly through a chi l l i ng acc l imation e ffect (Sfakiotakis et aL 2002). The 

e ffects of harvest date on fru it softening rate is poss ib ly a retlect ion of a ch i l l i ng 

acc l imat ion during late autumn. A lternat ively, the e ffect o f  harvest date may rel ate to a 

large i ncrease i n  cytok in in  concentration and content per fru it observed d ur ing the harvest 

season ( Lewis  et aI. ,  1 996). I ncreased cytokin in concentrat ion may inhib it ethylene 

production i n  mature tru it ( Lieberman, 1 975) ,  consequent ly reducing the softening rate. 

The effect of prestorage delay on fru i t  softening (Tab le 5 . 3 )  may be a balance o f  

two influences: F irst ,  prestorage delay may act a s  a postharvest curing to reduce the 

i nc idence of fru it rot caused by Botrytis cinerea (Poo le and McLeod, 1 994), consequent ly  

to prevent fru it softening caused by ethylene production o f  rotten fruit .  Second, fruit ' s  

suscept ib i l ity  to v ibration damage dur ing t he grad ing and packing process i ncreases as fi'uit 

beco mes softer ( Mitchel l , 1 990). T he second influence may not be of s ign ificant 

i mportance for early harvested grower l i nes  which d isplay a l ag phase in fru it soften ing 

sho rt ly after harvest (MacRae et aI . ,  1 990). However, the infl uence may beco me 

i ncreas ingly  s ign ificant a" the lag phase d i sappears in the late harvested grower l ines 

( MacRae et  a l . ,  1 990; Benge, J 999). These two influences o f  presto rage delay were 

reflected by the negat ive SCC of presto rage de lay in CDF I and its pos i t ive SCC in C D F2 

( Table 5 .3 ) .  An  extended prestorage delay may i mprove storage potent ia l  of grower l ines 

harvested early at low maturity, but the same pract ice may reduce the storage potential o f  

grower l i nes harvested late at advanced maturity. 

The negat ive coefficient of  fru it l ightness i n  CDF I  i nd icates that grower l i nes  w it h  a 

low l ig ht ness ( measured on  fi"u it sk in) tend to soften at lower rate than those w ith  h igher 

l ightness (Table 5 .3 ). K iwifruit v ines  with dense canopies produce fru it w ith  l ighter, more 
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v iv id ,  more yel low/brown skin (Sne lgar e t  al . ,  1 998) .  This suggests that fruit produced i n  

o rchards with dense canopies w i l l  have h igh fru it l ightness and consequently be more l ike l y  

t o  soften rapid ly during storage. S uch a relat ionship between fruit  l ightness and softening 

rate may be explained by the dependence o f  Ca accumulat io n  o n  water i nfluxes drive n  by 

fru it transpirat ion (Clark and S m it h, 1 988) .  Fruit grown in an open canopy wou ld be more 

exposed to l ight and wind, consequent ly  have a h igh transpirat ion rate; the h igh 

t ranspirat ion rate in turn would enhance the dr iv ing force for Ca accumulat ion .  

The percentage of grower l ines correct ly c lass ified by the first two canonical 

funct ions for both the model  bui ld ing dataset ( 5 1 .4%) and the val idat ion dataset (52 .8%) 

was twice that o f  the percentage chance criteria (Tables 5 .4 and 5 .5)  and five t imes greater 

than the min imum i mprovement o f  25% suggested by l-lair et a l. ( J  987) for justifying the 

s ignificance of i mpro vement us ing a d iscr im inant mode l .  The d iscr im inant accuracy was 

h igher for groups with softening rates at both  ends of the softening-rate continuum ( i .e .  

KG ! and KG .. ) t han that of  moderate groups ( i .e .  KG2 and KG3;  Tables 5 .4 and 5 . 5 ) ,  

suggest ing that the model could be used to  se lect grower l i ne s  with excel lent storage 

potent ial  for long-term storage and to ident ify grower l ines with poor storage potent ial t hat 

need i mmed iate attent ion. 

Further work i s  needed to improve t he d iscr iminant mode l given that over 40% of 

t he grower l ines have bee n  assigned to i ncorrect groups. C lass ificat ion o f  grower l ines was 

based on canon ical funct ions (COF ! and COF2) calcu lated fi'om fru it maturity (SSFOM), 

Mg,  harvest date, CaIN, presto rage delay and fruit  l ightness. Some of the i ncorrect 

c lass ifications cou ld be attributed to the measurement errors of these variables. Experiment 

I was carried out using rat iona l i sed methodo logies (Feng et aL 2003c) and the m inera ls  

concentrat ions o f  each grower l i ne were the average of 20-40 fruit  measured separate ly .  

Measurement errors in  th is  experi ment were min imised and the d iscri minant accuracy 

(64.9%) for grower l ines in th is experiment is satisfactory. M ineral concentrations o f  

experiment 2 were measured o n  a combined sample o n  grower l i ne bas is without internal 

repl ication and fi'uit l ightness of  th is  experiment was est imated from flesh co lour (FL,  FC 

and FH), FF and OM (the regress ion model expla ined on ly 64% of the variat ion i n  fru it 

l ightness), th is  may explain the re lat ively low d iscr iminant accuracy (45 . 1 %) for grower 

l ines in  th is  experiment compared with  that for grower l ines i n  exper i ment I .  
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Sample preparat ion and measurement method are two major sou rces of 

measurement error for fruit attributes (Feng et  aI . ,  2003c). For  m ineral analyses that use 

on ly 0. 1 -0 .2 g d ry samp le or 0 .5- 1 .0 g wet sample, thorough homogenisat ion i s  essential to 

make sure th is  smal l amount of sample represent t he whole  samp le. I nternal repl icat ion is 

another way to reduce measurement error. However, measur ing minerals on an individual 

fru it bas i s  (experi ment I )  is too cost ly for indust ry appl icat ion. Combining every 4-5 fruit 

of the total fru it sample from each grower l ine for m inera l  analysis ( Hopk irk et aI . ,  1 990) 

could be a compromise method to obtain accurate m ineral concentrations w it h  atlordable 

cost. F ru it co lour shou ld be measured on dry fru it after appropriate temperature 

equi l ibration because water condensat ion has s ignificant effect on co lour measurement 

( Fe ng et aI., 2002). 

The postulated effects of harvest date and prestorage de lay (e.g. ch i l l ing acc l imat ion 

and curing) not only depend on harvest date and the durat ion of the delay, but a lso t he 

c l imate cond it io ns (e.g. temperature, humid ity and w ind speed) that vary with orchard s ite 

and year. The use of harvest date and the days of prestorage delay regard less of c l imate 

conditions may introduce some uncertaint ies to the d iscr im inat ion results. Further work i s  

needed to clarify the effects of harvest date and prestorage delay o n  fru i t  softening rate and 

how these effects can be accessed more accurately by taking other relevant c l imatic factors 

such as temperature, humid ity and wind speed into cons iderat io n. 

The association of Mg, CaIN, harvest maturity, harvest date, fru it l ightness and 

prestorage delay with fruit softening rate reflected by the coetl'ic ients in COF 1 and C DF2 

can also be used to ident ify problems w ith  d i fferent grower l ines. Growers produc ing fruit 

with low Mg, CaIN, and h igh fru it l ightness need to i mprove their  so i l  and canopy 

management .  Late harvested fru it of  advanced maturity is not on ly preferred for better 

storage potent ia l ,  but a l so for better eat ing qual ity ( high dry matter content: Smith et aI . ,  

1 995 ; Jordan et aI . ,  2000). However, postponing harvest i s  l i m ited by t he threat of frost and 

the requirements of pack house management .  For a g iven grower l i ne arr iv ing at a pack 

house, it wou ld also be possible to determine the most appropriate prestorage delay based 

on the context of mineral concentrat ions, fru it maturity, harvest date and fru it co lour. 

However, th is may be l im ited pract ica l ly by the m ineral analysis that takes at least 3 days to 

complete. I t  would be adv i sable to sample fru it a few days before harvest for m inera l  
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analys is  o r  deve lop qu ick  m ineral analys is methods such as  near infra-red spectroscopy 

( W i l l iams & Norris, 200 I )  or X-ray fluorescence analysis ( Sche l le et a I . ,  2002; Bohlen et 

a I . ,  2003) for kiwi fruit .  

I t  i s  also not iced that two-thirds of the grower l i nes  in experiment I softened rap id ly  

( i .e .  29 o ut o f  the 3 7  grower l ines were a llocated to  KG.! and KG})  wh i le on ly  a few grower 

l i nes softened s lowly ( i .e .  2 grower l i nes were a l located to KG ! and 6 grower l ines were 

a l located to KG2) .  On the other hand, two-thirds of the grower l ines i n  experime nt 2 

softened slowly ( i .e .  46 out of  the 7 1  grower l ines were a l located to KG ! and KG2) whi le 

on ly about o ne-third of the grower l i nes softened rapid ly. Comparison of fru it attributes of  

the grower l ines i n  experiment 1 with  those of the  grower l ine i n  experiment 2 harvested 

fro m  the same product ion  region w ith s im i lar harvest date i nd icated that grower l ines i n  

experiment 2 had shorter presto rage delay but h igher SSFDM and h igher CaIN t han t hose 

i n  experiment 1 .  I t  is d ifficult to c larify whether the d i fferences in SSFDM and CaIN 

represent the true d ifference between grower l ines o f  the two experiments or was caused by 

measurement bias g iven that the data of the two experiments were co l lected by d i fferent 

people using d ifferent instruments. 

Furthermore,  the d iscr iminant results for grower l ines in experiment I i nd icate t hat 

both grower l i nes in KG ! and 5 out of  the 6 grower l ines in KG2 were incorrectly e lass ified 

to rapid ly softening groups ( i .e .  KG} and KG .. ; Table 5 .6) .  Due to the sma l l  observat ion 

number, it is hard to judge if  the misc lassificat io n  represents a tendency o f  c lass ify ing 

s low-softeni ng grower l ines to rapid-softening grower l ines for experiment I or  it happened 

by chance. Attempts to overcome experiment bias by standardiz ing a l l  o r  se lected variables 

on an experiment basi s  d id not give meaningfu l  resu lts (data not shown) . Therefore, further 

work is needed to val idate the d iscr iminant mode l  data col lected using standard 

measurement methodologies. 

5.5 Conclusion 

Storage potential of ' Hayward ' k iw ifruit i s  characterised by fru it softening rate 

estimated by fitt i ng F F  mon itor ing data co l lected after t hree to six months '  storage to an 

exponent ia l model .  Two canonical functions calcu lated from S S FDM, Mg, harvest date, 
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CaiN, presto rage de lay, and fru it l ightness c lass ified over 50% grower l ines to the correct 

g roups compared w ith the percentage chance cr iterion of 25%. Grower  l ines harvested later 

at advanced fru it maturity with h igh Mg, CaIN, low l ightness and short prestorage delay are 

l i ke ly  to soften slowly, consequently hav ing h igh storage potential .  For grower l i nes 

harvested early  at low maturity, extend i ng presto rage delay may i mprove the ir storage 

potential .  However the de lay could be detrimental to other grower l i nes harvested late at 

advanced maturity. The associat ion o f  Mg, CaIN, harvest maturity, harvest date, prestorage 

delay and fru it l ightness with fru it softening rate reflected by the d iscri minant mode l can be 

used for postharvest management as wel l  as o rchard management for produc ing fru it o f  

h igh  storage potent ial .  Reducing measurement e rrors of  the fl'u it attributes us ing 

rat iona l i sed sample preparation and measurement methods is essent ial for accurate 

d iscr im inat ion o f  grower l ines us ing the d iscr im inant model .  Further work is needed to 

val idate the d iscr iminant mode l w it h  data co l lected us ing standard measurement 

methodologies.  
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M easurement of at-ha rvest fruit attri butes using visible-near

infrared spectrosco py 

6.1 I ntroduction 

The qual ity and storage behav iour of k iwifruit are assoc iated with such fru it 

attributes a harvest maturity ( Weet, 1 979; Harman, 1 98 1 ;  Harman et a I . ,  1 982;  Crisosto et 

a I . ,  1 984; Asami  et a I . ,  1 988 ;  M itche l l  et a I . ,  1 992; Abdala et a I . ,  1 996; Pan et aI . ,  1 996; 

Costa et a I . ,  1 997; Benge, 1 999), fruit s ize ( Ha l l  et aI . , 1 996; Cr isosto et aI . , 1 999), m ineral 

concentrat ion ( Ho pkirk et a I . ,  1 990; Prasad and Sp iers, 1 99 1 ; Banks et ai, 1 995; Lallu and 

Yearsley, 1 995;  Tag l iav i n i  et a I . ,  1 995; Davie, 1 997 ; Lal lu et a I . ,  1 999 ; Benge, 1 999 ; 

Hertog and Jeffery 2000, 2002; Ferguson et a I . ,  200 I )  and fru it co lour (Feng, et a I . ,  

unpubl ished ) .  Deve lop ing non-destructive techno logies to measure these attributes at low 

cost and h igh speed would fac i l itate fru it segregation in the packhouses. Fru it of d i fferent 

qual ity and storage potent ia l could be packed separately and matched to appro priate sto rage 

strategies and marketing dest i nat ions. 

Of the var ious non-destruct ive methods used to measure intact fruit attributes, near 

i nfra-red spectroscopy (N I R )  is the most advanced in terms o f  instrumentat ion and 

app l ication (Guthrie and Walsh, 1 997 ) .  I n  many cases, N I R  spectroscopy is extended to 

v is ib le wavelengths, down to 400 nm, and therefore should be descr ibed as vis ib le-near 

i nfrared spectroscopy ( VN I R; W i l l iams & orris, 200 1 ) . 

VN I R  has been used successfu l ly to est imate so luble so l id content and dry matter 

content on i ntact k iw ifru it ( McG lone and Kawano, 1 998; Osborne and Kunnemeyer, 1 999; 

Schaare and Fraser, 2000; McG lone et a I . ,  2002b) with an overa l l  standard error o f  

est imat ion (SEP )  of  about 0 .5% and R2 > 0.80.  Est imat ion o f  flesh firmness has been less 

accurate (SEP=7. 8  , R2=0.66) possibly because there i s  insuffic ient pectin in k iwifru it 

« I % by we ight) for VN I R to detect ( McG lone and Kawano, 1 998) .  I nternal flesh hue 

ang le of yel low-fleshed k iwifruit (Actinidia chinensis) could be est imated by interactance 

VN I R  spectra with SEP of 1 .6 degree and with a R2 of 0 .82 (Schaare and Fraser, 2000).  
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VN I R  techno logies for measuring attributes other than OM and SSC of  green-fleshed 

' Hayward' k iwifru it are yet to be evaluated. 

VNI R  measurement can be conducted m three d i fferent modes: reflectance, 

i nteractance and transmission. Reflectance mode measurements are the easiest to make on a 

grad ing l ine, while interactance mode spectra provided the most accurate estimates of SSC, 

density and flesh colour (Schaare and Fraser, 2000). Use of the transmission mode for 

measuring fruit qual ity is less common, poss ibly because of the d ifficu lt ies i n  obtain ing 

accurate transmission measurements at grading l in e  speeds (Schaare and Fraser, 2000). 

Raw VNI R  spectra contain background no ise and are subject to instrument drift .  

Many pre-cal ibrat ion transformat ions exist to reduce background no ise and to remove 

l i near base l ine changes between spectra ( W il l iams & Norris, 200 1 ) . Log transformat ion of 

raw spectra against a basel ine to generate absorbance spectra is an essential pre-treatment 

for VNI R  data, whi le other pre-cali brat ion transformat ions such as smoothing, 

d ifferent iat ion ( 0 ,  and O2) ,  standard normal variate transformat ion (SNV), mU lt ip l icat ive 

scatter correct ion (MSC), and Fourier transformat ion (FT) have also been useful (Gelad i et 

aI . ,  1 985 ;  Barnes et al. ) 989; Schaare and Fraser, 2000: W i l l iams & Norris, 200 I ) . 

Tradit ional ly, the chem ical spec ies relat i ng to an attribute of interest were ident ified 

and est imat ion models estab l ished using mu lt ip le regression on the basis of a smal l  number 

of absorbance bands. This procedure is successful when determ in ing attributes having a 

s imple che m ical bas is, such as mo isture content, protein content and l ipid content of grains, 

meat, m i lk and thei r  products (Osborne et aL 1 993; W i l l iams & Norris, 200 I ). However, 

when the attribute to be determined has a comp lex chemical basis, peaks of d i fferent 

chemical spec ies overlap and est imates based on several peaks are insuffic ient . Therefore, 

fu l l  spectrum methods of data analysis such as princ ipal component regression (peR) and 

partial least squares regression (PLS) were deve loped . Princ ipal component regress ion 

works by first reduc ing the d imensional ity of the spectral data by princ ipal component 

analys is  (PC A), which extracts successive l inear combinat ions of the spectral data, cal led 

princ ipal components (pes). The first few pes are extracted to account for most of the 

var iation of the spectral data. These pes are then related to the attribute to be determined 

using mU lt ip le regress ion (Osborne et aL ) 993) .  
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Part ial least squares (PLS) regress ion is the most common techn ique used to 

developed cal ibrat ions based on the fu l l  spectrum.  S imi lar to PCR, PLS reduces the 

d imensional ity of the spectral data by extract ing successive l inear combinat ions of the 

spectral data, cal led factors, and then regresses the factor scores against attributes to be 

determ ined. Factors are s im i lar to principal components in that they are orthogonal and the 

first few factors extracted account for most of the var iat ion of the spectral data. In add it ion, 

factor extraction also takes into account the corre lat ion between factors and the response 

var iable ( i .e .  fruit attributes to be pred icted) ,  so that the first few factors exp lain as much of 

the response variat ion as possible.  PLS also provides cross val idat ion options to protect 

against over fitt ing. Factors are added to the regression model one at a t ime unt i l  the mean 

squared estimat ion error of the val idat ion data set reaches a m in imum (Osborne et aI . ,  1 993 ;  

Wi l l iams & Norris, 200 I ) .  

A VNI R  spectrum taken from a fru it may have 200-2000 or more data po ints. I n  

contrast, the number o f  independent ly varying spectral ly act ive const ituents i n  a sample is 

usual ly rather smal l . Consequent ly, large data sets are collected with h igh degree of 

redundancy, which in turn render computerized data analysis extremely memory- and t ime

consuming. Compression of spectral data by boxcar averaging (average b locks o f  data 

points) not on ly speeds up computerized data analysis, but also produces superior models 

through the enhancement of signal to noise (Faber, 1 999). As on ly some wavelength 

reg ions in a spectrum are actual ly related to a part icu lar attribute. a reduced spectral range 

is essent ial for deve loping good predict ive mode ls .  Wavelength selection can be achieved 

by progress ively reducing and s l id ing a spectral window across the spectral range 

(McGlone and Kawano, 1 998) or removing spectral data at regular or random intervals 

(Osborne et 1 998; Car l in i  et aI . ,  2000). 

The premise for the current study is to evaluate exist i ng VN IR  technologies in 

i nteractance and reflectance modes for est i mat ion of kiwifru it attributes re lat i ng to fru it 

qual ity and storage potent ia l . 
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6.2 Materials and m ethods 

6. 2. 1 Experiment 1 

Four hundred 'Hayward' k iwifru it (count 36) from four grower l ines in the Bay of  

P lenty were randomly samp led from harvest bins on I May 2000 . Fru it were sent to 

Massey Un ivers ity by overn ight courier and random ly assigned to five batches, each 

consist ing of 20 fru it fro m  each of the four grower l ines. Two batches were kept in the 

laboratory (20°C, 50-60% RH) for measurement on 2 and 3 May whi le the other three 

batches were cool stored at 0.5°C for I ,  2, and 4 days before taki ng them out for 

temperature equ i l ibrat ion ( 1 2  h at ambient temperature before the start of measurement) 

and measurement. Fru it hair was brushed off us ing a p iece of foam to simulate hair 

brush ing on commerc ial packing lines. 

N I R  measurements were taken at two opposite points along the equator of each 

fru it .  The measuring instrument was constructed around a TM300 monochromator 

(Bentham Instruments L im ited, Read ing, U K) fitted with a ru led grating ( 1 200 l ines mm- I ) 

and a 250 W quartz halogen lamp. The l ight ft'om the exit si it of the monochromator was 

focussed onto one arm (6 mm in  d iameter) of a bifurcated fibre optic bund le (Orie l 

I nstruments, Stratford, Connecticut, USA) and the l ight from this was focussed onto the 

fru it surface (this end of the fibre-opt ic bundle was a rectangle of 6 x 2 mm). L ight from 

the fruit passed back through the other arm of the fibre opt ic bund le and was focussed onto 

a s i l icon photodiode ( J  .75 mm2 active area, RS Components, Auckland, New Zealand) . 

The vo Itage output of the photodiode and associated c ircu itry was acquired using a DAS-

1 600 AID board ( Keithley, Taunton, Massachusetts, USA). All the operat ions of the 

instrument were control led using in-house software. Spectra were col lected at 2 nm 

intervals and each po int represents the average of 1 000 acqu is it ions. NIR measurement 

was carried out in darkness, and fru it were covered by a p iece 0 f c loth during the 

measurement to avo id disturbance by l ight from the env ironment . Reference spectra were 

taken dai ly on a Teflon block. 

Fru it colour (L, C, H), compress ion force (CF). flesh firmness ( FF). flesh co lour 

(FL, FC, FH) and soluble so l id content (SSC) were measured within 4 hours of N IR  

measurement. A m idd le sect ion approximately I c m  thick was cut fro m  each fru it along the 
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equatoria l  zone immed iate ly next to the ho les left from F F  measurement and dried for dry 

matter (DM) and mineral (N, p, K, Ca, and Mg) measurement. Measurement methods for 

L ,  C, H. FL ,  FC, FH. C F, FF,  SSC OM and m i neral concentrat ions were the same as 

descr ibed previous ly (Chapters 4 and 5 ). 

6. 2. 2 Experiment 2 

Ten t rays of commerc ia l l y  packed 'Hayward ' k iw i fru it ( count 36) fro m  each of the 

n ine  grower l ines were sampled during the main harvest seasons of year 2000 (9 May to 23 

M ay) at week ly i nterva l s  ( three grower l ines per week) fro m  pack houses in t he Bay of 

P lenty. Fruit were cool stored at 0.5°C in po ly l ined s ingle- layered t rays w it h  5 g per tray of  

ethylene absorbent ( Purafi l ,  Papworth Eng ineering Ltd. ,  New Zealand) after two days for 

t ransportat ion and laboratory measurements. A fter 2-8 days cool storage and 1 2  hours 

temperature equ i l i brat ion, 20 fru it fro m  each grower l ine were taken out of storage for 

VNI R  measurement i n  reflectance mode us ing a commerc ia l  N I R  system (Compac Sort i ng 

Equ ipment Ltd, New Zealand) .  Fru it carr ied by a conveyer be l t  w ith  stem-calyx ax is  

horizontal passed t hrough the N I R  scann ing  chamber where a cont i nuous beam of l ight 

generated from a ha logen lamp was f(Jeu sed on moving fru it and the reflected l ight from the 

fru it measured ten t imes. Two separate spectral measurements were made on each k iw i  fru it ,  

on  opposite sides of  the med ian equator. The 20 VNI R  spectra recorded for each fru it were 

averaged after subt racti ng the dark reference and d iv id ing by a white reference (mater ia ls 

and methods used to obtain reference spectra are confi dent ia l  to the Compac Sort ing 

Equipment Ltd) .  The averaged spectra were then smoothed using in-house software. 

Spectra were col lected w ith i n  a wave length range of 300- 1 200 nm at 3 . 50-3 .56  nm 

interval s  (256 po ints) .  Fruit attr ibutes such as  L ,  C H, FL,  FC,  FH,  C F, FF ,  SSC, O M  and 

m inera l  concentrations were measured on the fo l lowing day. 

6. 2. 3 Experiment 3 

Ten t rays of  commerc ia l ly  packed ' liayward ' k iw i fru it (count 36) from each of  22 

grower l ines were sampled during the main harvest season (28 May to 9 June) of year 200 1 

from pack houses  i n  t he Bay of P lenty. On the day of  samp l ing, fru it i n  d ifferent trays of  a 
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grower l ine were randomised and interactance VNI R measurement were taken on four  

t rays ( tota l of  1 44 fru it )  of  fru it trom each  grower l ine  u sing an US B2000 fibre opt ic 

spectrometer ( Ocean Opt ics I nc . )  fitted w ith a fibre opt ic interactance probe. The probe was 

a R400-7 probe that cons ists of a t ight bund le of 7 opt ica l  fibres of 400 Ilm in d iameter ( 6  

i l lum inat ion fibres around I read fibre)  i n  a sta in less steel ferru le of 7 6  mm long and 0 .6 

mm d iameter. The probe wa po inted at  the med ian equator of a fru it and a spectrum of 

5 1 9- 1 1 56 nm was recorded at  about 0 .3 1 nm interva ls  (2048 po ints) . Both white reference 

spect ra (obta ined when the probe was inse rted into the RPH- I reflect ion probe ho lder at 90° 

angle) and dark spectra (obta ined by b lock ing the aperture to the opt ical  fibre) were 

recorded regu larly during the measurement period . Two separate spectra were taken on 

opposite sides of each rru it. 

Fru it were then transferred to Massey Un iversity where L, C, H,  FL FC, FH CF,  

F F, SSC,  OM and m inera ls were measured on twenty VN I R  scanned fru it from each 

grower l i ne on the next day. 

6. 2. 4 Experiment 4 

This  experiment was carr ied out by AgF i rst Consu ltants on beha lf  of Zespri 

I nnovat ion Co mpany Ltd . N ine hundred and twenty rru it rrom each o f 72 grower l i nes were 

amp led rrom the Bay of Plenty, Gi borne e l son and orth land during the main pack ing 

season (25 May to 27 June) in 200 1 .  I nteractance VN I R  measurement was taken on a l l  tru it 

us ing a USB2000 fiber opt ic spectrometer. Spectrum of 520- 1 1 59 nm was recorded at 

about 0.3 1 nm interval ( 2048 points) .  Ten separate spectra were taken on each rru it and 

were averaged to produce one spectrum for each tru it .  S ix  fru it attributes ( F F, FL, FC, FH ,  

SSC and OM)  were measured on 60  fru it per grower l i ne after the VN I R  measurement . FF 

was measured by the ame method as that of experiments 1 -3 but used a d ifferent 

penetrometer ( HortPlus Quick Measure Penetrometer System; HortPlu Ltd, New Zealand) .  

F lesh co lour was measured using three chroma meters o f  the same model a s  that used i n  

exper iment 1 -3 .  The chroma meters were ca l ibrated with wh ite ca l ibration p lates rather 

t han green ca l ibration p late used in experiments 1 -3 .  SSC was measured at two end caps of 

each rru it us ing refractometers of the  same model  as that used in experiments 1 -3 .  OM was 

measured on equatoria l  s l ices 3-5 mm th ick  that had been dehydrated at 65°C for 20 hours. 
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6. 2.5 Data analysis 

6. 2. 5. 1 Pre-treatment of spectral data 

Spectral data from a l l  exper iments were base l ine ( reference spectra) corrected to 

produce absorbance spectra ( ABS) .  Absorbance spectra were norma l i sed in d i fferent ways 

(Table 6 . 1 )  before or after smooth ing and second d ifferent iat ion us ing a s imp l i fied least 

square procedure (Savitzky and Go lay, 1 964, Gr iffit hs, 1 972) .  Denominators for d i fferent 

norma l izat ions were calcu lated within a further reduced wave length range of 600- 1 050 nm 

where the spectra were reasonably mooth and meaningfu I acros a l l  experiments. 

Table 6 . 1 VN I R  data pre-cal ibrat ion transformat ions u ed in th is study 

Pretreatment Descr ipt ion 

ABS Ab  orbance 

A BS+ M ABS normal ised to min imum and maximum 

A BS+SN V Standard norma l variate transformat ion of  AB 

A BS+QBC Quadrat ic base l ine compensat ion of A BS 

SABS Smoothed ABS 

SABS+N M SABS norma l i sed to  min i mum and maximum 

SABS+SNV Standard norma l var iate transformat ion of SABS 

SABS+QBCQuadratic base l ine compensat ion ofSABS 

D2 Second derivat ive of ABS 

D2+N M D2 norma l i sed to min imum and max imum 

D2+SNV Standard normal var iate transformat ion of D2 

N S D  ormal ised second derivat i ve 

Transformat ion 

1 = 1, -AlIII 
I Iv/w:-A/m 

I = ',-"'lean 
I Sld 

J=I+·m L S,·I}  
1 = 

.!...-} '""",,' -",-' -I Norm 

1 = � f Alar-AIm 

I = ', -Alea" 
I Sld 

1 = I, -Ailll 
I Max-Ailll 

1 = ', -A/ea" 
I Sld 

1 = _1_, I 
I /, 
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I, is the spectral datum at point i ( i= I ,  2, 3, . . . . . . . . . n); n is the total number of data points in a spectrum;  

I f , i s  the  raw spectral datum at  point  i in  a spectrum taken on a frui t ;  / d , i s  the raw spectral datum at  point i 

in a dark reference spectrum; I ... , is the raw pectral datum at point  i in a white reference pectrum; Mean, 

Max, Min and Id represent, respect ively, the average value, max imum value, min imum value and standard 

deviation of a spectrum with in 600- 1 050 n m ;  m i the number of points before and after a central point i that 

was used to calcu late SASS or D2 for point i; a section of spectrum from i-m to i+m, including 2m+ 1 points is 

cal led the window s ize for smooth ing and d ifferentiation .  S; is the weight coefficient of data point j for 

smooth ing by polynom ial curve fittin g  (Savitzky and Golay, 1 964) ;  Norm is the denom inator for smooth ing 

or second der ivative by polynom ial curve fitt ing ( Savitzky and Golay, 1 964; Gri ffiths, 1 972 ); le i s  the 

wavelength. �A i the wavelength interval between two adjacent data poi n ts of a spectrum. ao ' al and a2 

represent coefficients of a quadratic basel ine fitted to spectral data at 750, 880 and 1 1 00 nm where the 

absorbance are expected to be zero. 

I 
( I ,  - I "  

) * A SS of exper iment 2 was calcu lated as - og -'I -' , ASS of experimen t 3 was calculated as 
" 

- log( 2:;:���:') and ASS of experiment 4 was obtained from Zespri as - Iog( 1/'5�/::' ) '  If, - Id, of 

exper iment 3 and I"., of experiment 4 were m u lt ip l ied by 2 and 1 .5 respectively to prevent negative A SS 

val ues. 

Boxcar averag ing (Faber, 1 999) at two levels of wavelength-band widths ( I  nm and 

2 .5  nm) was app l ied to spectral data from exper iment 3 and experiment 4 before smooth ing 

and norma l isat ion. No isy spectral data at both ends of the spectra were truncated (Table 

6 .2) .  

Table 6 .2 Wavelength range, truncat ion and boxcar-averaging o f  spectral data in d ifferent 
exper iments 

Experiment Fu l l  wavelength 
range (nm)  

I 400- 1 200 
2 300- 1 200 
3 5 1 9.00- 1 1 56 .0 1 
4 520. 1 4- 1  1 5 8 .65 

Truncated wave length 
range (nm) 
400- 1 200 
400- 1 200 

535 . 52- 1 1 54.44 
536.05- 1 1 54.6 

Data po ints before/after 
boxcar averag ing 

400/not appl icable 
256/ not appl icable 

2048/6 1 9  or  25 I 
2048/6 1 9  or  249 
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6. 2. 5. 2  Development of calibrations on pre-treated spectra 

Two-th irds of the data fro m  each experiment were randomly ass igned to the model

bu i ld ing data set with the remainder be ing a l located to the va l idation data set . I n it ia l ly, 

pred ict ive mode ls were deve loped by PLS regression between fru it attr ibutes and pectra l  

data fo l lowing d i fferent pre-cal ibrat ion transformation . Wave length se lect ion was 

performed by progress ively reduc ing and s l id ing a spectral w indow across the spectra l  

range. A matrix of the root means of  the u rn squares of pred icted res idual ( PRESS )  for a l l  

combinat ions of pre-treatment and wave length range was sub equent ly obta ined for each o f  

the four exper iments. The m in imum root mean PRESS ach ieved for each fru it attribute i n  

each exper iment was se lected from the matr ix and the pred ict i ve model  w it h  the m in imum 

root mean PRESS wa taken as  a benchmark for further model development. 

Further model deve lopment started by compar ing the assoc iat ion of spectral data 

with  fru it attr ibutes. Fru it in  each experiment were d iv ided to 5 group accord ing to the 

fru it attribute to be pred icted, with  the fi rst group having the lowest va l ue and the fifth  

group hav ing the h ighe t va lue. The means ( i  g )  and standard deviat ions ( s  .. ) of the 

spectra l  data at each wave length po int were calcu lated for each group (g) .  The trend ( TND) 

of the assoc iat ion between spectra l data at each wavelength po int w ith the reference 

var iable was judged by the d i fference between adj acent groups ( Mg ; equation 6 . 1 ) . 

(6 . 1 ) 

where g= 1 ,  2, 3 and 4. I f a l l  the four Mg were pos it ive, then TND = I ,  ind icat ing a strong 

posit ive trend ; i f a l l  the four Mg were negat ive, then TND = - I ,  ind icat ing a strong negat ive 

t rend ; e lse TND = 0, i nd icat ing no trend. 

The su m of relat ive d i fferences between groups ( SRD) and the average standard 

dev iat ion (ASTD) of the five groups were ca lcu lated us ing equat ions 6.2 and 6 . 3  

respect ive ly. 
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SRD 

A STD 

S g +- S g I 
g J 

_ 4 
S g 

g I 
--I 

(6 .2)  

(6 .3)  

W hen TND. SRD and ASTD were p lo tted against wavelength, wavelength regions 

with TND of  I or - I ,  h igh  SRD and low ASTD were h igh l ighted as important reg ions  for 

est imat ion of the tl'u it attribute. H igh l i ghted regions were further removed group by group 

for PLS regression and stepwise regression unt i l  t he PRESS reached a m in imum.  

Due  to  acc idental factors, VNI R  spectra from one  grower l ine i n  exper iment 3 and 

two grower l ines in experi ment 4 were deemed unre l iable and were exc luded fro m  analysis .  

A bsorbance of exper iment I .  2 and 3 were calcu lated us ing S PECTRUM (Brown, 

unpu b l ished) wh i le that of experiment 4 were ca lcu lated using GRAMS/32 AI (V6; 

Galact ic I ndustries Corporation, USA) .  Furt her data process ing and analys is  were 

performed us ing SAS (VS.2 ;  SAS I nst itute I nc .  USA) .  

6.3 Resu lts 

6.3. 1 Predictive models established in experiment 1 

Of t he 1 5  at-harvest fru i t  attr ibutes measured, f1'u it co lour, flesh co lour, CF,  FF ,  

SSC and N cou ld be  pred icted by  spectral data  w ith  R
2 
p > 0 . 5 ;  whi le t he est i mat ion for 

other attributes (DM.  P, K, Ca and Mg) was poor ( R2p <0.37;  Table 6 .3  and F ig 6. 1 ) . 
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Table 6 .3  Predict ive mode ls for at-harvest fru i t  attr ibutes based on  VNI R  spectra of a 
mo nochromator i n  experiment 1 ( n=268 for mode l-bu i l d i ng data set and 1 32 for 
va l idat ion data set) .  

L ABS 550- \ 054 0 .79 
C SABS 500- \ 058 0. 84 
H ABS 454-702, 754- 1 1 48 0. 7 \  2 .93 
F L  ABS 488-780, 894- 1 1 74 0 .85 2 .66 
FC ABS+SNV 488-730, 1 042- 1 1 58 0.63 2. 1 8  
FH  ABS 442-778, 838- 1 1 36 0 .58 0.63 
C F  SABS+NM 604- 1 1 46 0 .82 3 . 7 1 N 
F F  SABS+N M  600- \ 1 26 0 .59 1 0. 7 8  N 
SSC SABS+SNV 5 84-832, 938- 1 1 88 0 .64 0. 65 % 
O M  ABS+SNV 576-724, 1 1 1 4- 1 1 96 0 .37 0.99 % 
N SABS+SNV 480-708, 758- 1 1 1 4, 1 1 46- 1 1 86 0 .59 73 .72 mmo l kg" 1 

P SABS+SNV 404-768, 1 1 28- 1 1 68 0.34 7.40 mmo l kg- l 

K A BS+SNV 502-708 , 788- 1 1 80 0 .3 1 5 0.98 mmol kg- l 

Ca SABS+N M 4 1 0-748, 1 042- 1 090 0 .09 9 .79 mmo l kg- 1 
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F igure 6 . 1 Measured and pred icted va lues of fru it co lour (L, C, H),  fle h co lour ( FL, FC, 
FL ), compressio n force ( C F) ,  flesh firmness ( FF) ,  so lub le so l id content (SSC) ,  dry 
matter content ( OM )  and minera l concent rat ions (N,  P, K, Ca, and Mg) using the 
pred ict ive mode ls (Table 3 )  estab l i shed in exper iment I for a va l idat ion data set . 

6. 3 .2  Predictive models established in experiment 2 

PLS between spectra l  data and the 1 5  fi·u it attributes measu red at harvest revealed 

that fru it co lou r, flesh colour, SSC, OM, N ,  P, Ca and Mg could be predicted with R2 p > 0.5 

wh i le  the est imat ion for other fru it attr ibutes were poor ( R2p <0 .46; T<'!ble 6.4 and F ig 6 .2) .  
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Table 6.4 Pred ict i ve mode ls for at-harvest fru it attr ibutes based on reflectance spectra 
of a commerc ial  VNI R  fru it sorti ng system in experiment 2 (fhl it number  in 
model data set was two t imes that of the val idat ion data set l i sted). 

fru it number 
L SABS+SNV 3 84- 1 1 96 0.60 1 .4 1  3 57  
C ABS 489-94 1 0. 7 1  0 .98 357  
H A BS+NM 489- 1 065 0 .80 1 . 85  3 5 7  
F L  A BS+N M  493- 1 008 0.68 1 . 5 7  67  
F C  A B S  5 98- 1 05 1  0 .5 1 1 .27  67  
FH SABS+SNV 486- 1 1 50 0 .72 0.48 67 
CF SABS 500- 1 05 1  0.44 3 . 1 5  N 33 1 
F F  SABS 630-9 \ 3  0 .38 8 .55 N 67 
SSC A BS+NM 799- 1 1 36 0.73 0 .50 % 67 
O M  SABS+SNV 500- 1 044 0 .85 0 .36 % 67  
N ABS 3 84- 1 1 54 0.67 43 .9 mmo l kg- ] 67  
P ABS+SNV 528- 1 00 1  0.66 5 . 5 5  mmo l kg- I 67  
K SABS 6 1 6- 1 06 1  0.46 36 .8  mmo l kg- ] 67 
Ca SABS+SNV 346- 1 1 57 0. 5 1  6 .64 mmo l  kg" ] 67 

SABS+N M  402- 1 005 0 .56 2 .60 m mo l 67 
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F igure 6 .2 Measured and predicted va lues of fru it colour (L ,  C, H), flesh co lour ( FL,  FC, 
FL ), compression  force (CF) ,  flesh firmness ( FF) ,  so luble so l id content ( SSC),  dry 
matter content ( DM )  and m ineral concentrat ions (N, P, K, Ca and Mg) us ing the 
opt imal  pred ict ive model (Table 6 .4)  estab l i shed i n  experiment 2 for val idat ion data 
set . 

60 3.3 Predictive models established in experiment 3 

PLS regre s lon between at-harvest fru it attr ibute and the spectra l data at the 

truncated spectrum range (535 .52- 1 1 54 .44 nm)  before boxcar averag ing or after the boxcar 

averag ing over I nm wavelength intervals  d id not how any advantage over that averaged 
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over 2 .5  nm interva l s  (data not shown).  The spectral data averaged over 2 . 5  nm were used 

for further data analys is .  The ana lys is  ind icated t hat L ,  e ,  H ,  FL ,  Fe, FH ,  CF  and N cou ld 

be pred icted w ith R
2
p above 0 .5  wh i le the pred ict ive mode ls  for F F, SSC and OM only 

exp lai ned respect ive ly 42 %, 47 % and 36  % variat ion of the measured data. The est imates 

for other fru it attr ibutes (P, K, Ca and Mg) were even poorer ( R
2
p S 0.25 ;  Tab le 6.5 and F i g  

6 .3 ) .  

Table 6 .5  P redict ive mode ls for at-harvest fru it attributes based on VNI R  spectra of a 
USB2000 fi bre opt i c  spectrometer in experiment 3 ( fruit  number in the model 
data set was two t imes t hat of the va l idat ion  data set l i sted) .  

Variable P re-treatment Wave length range R
2 
p SEP Val idat ion 

fl'uit number 
L ABS 543-777, 84 1 -89 1 , 9 1 5-975 0 .58  1 .28  1 3 7 
C SABS 543-738 ,  89 1 -968 0 .69 1 .06 1 3 7 
H SABS 535-75 1 ,  764-829, 1 066- 1 1 53 0 .64 2.23 1 37 
F L  SABS 535-650, 67 1 - 1 062 0 .63 2 .28 1 05 
FC ABS 53 7-563 , 6 1 4- 1 1 06 0 .53 1 .67  1 05 
F H  SABS+NM 555-679, 725-738 , 928-968 0 .60 0. 53  1 05 
C F  SABS+NM 53 7-600, 650-698, 0 .5 1 3 .44 N 1 37 

75 7-998,  1 026- 1 1 55 
F F  ABS  603-82 1 0.42 9.87 N 1 37 
SSC SABS+SNV 600-793 , 83 1 -90 1 ,  1 0 1 7- 1 040 0.47 1 .03 % 1 37 
O M  SABS+SNV 600-793, 856-903 , 1 0 1 0- 1 078 0 .36 0.96 % 1 3 7 
N SABS 543-566, 679-693, 1 058- 1 099 0 .53 77 .33  m mo l  kg- I 1 37 
P SABS+NM 535-928 0.25 1 0.69 mmo l kg- I 1 37 
K ABS 535- 1 0 1 5  0 . 1 9  6 1 . 3 1  mmo l kg- I 1 37 
Ca ABS 549-968 0. 1 4  8 .74 mmo l kg- I 1 37 

SABS 597-704 0 .24 3 . 58  mmo l 1 37 
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F igure 6 .3 Measured and pred icted va lues of fru it colour ( L, C,  H) ,  flesh co lour ( FL, FC, 
F L ), compress ion force (CF) ,  flesh firmness ( FF) ,  so luble so l id content (SSC) ,  dry 
matter content ( DM )  and m ineral concentrat ions (N,  P, K, Ca and Mg)  us ing t he 
pred ict ive mode l (Table 6 . 5 )  establ ished in experiment 3 for va l idat ion data set. 

6. 3. 4 Predictive models e tablished in experiment 4 

P LS between spectral data (averaged over 2 .5  nm)  and fruit attributes measured at 

harvest revealed that on ly SSC cou ld be pred icted w ith R2p > 0.5 wh i le the pred ict ive 
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mode ls  for F L, FC, FH,  FF  and DM on ly exp la ined 30  %- 44 % variat ion of  the measured 

data  (Table 6 .6 and F ig 6 .4) .  

Table  6 .6  Predict ive mode ls  for at-harvest fi'u it attributes based on VNI R  spectra of a 
USS2000 fibre opt i c  spectrometer i n  experiment 4 (fi'uit number in t he mode l  
data set was two t i mes t hat of t he val idat ion data set l i sted) .  

Variable Pre-treatment Wavelength range (nm) 
1 W p SEP Va l idat ion 

fru it number 
F L  ASS 584- 1 055  0 .38  2 .85  1 339  
FC ASS 55 1 -945, 1 008- 1 05 8  0.44 1 . 88 1 339 
FH ASS 55 1 - 1 008 0 .33 0.69 1 339 
FF ASS 546- 1 058  0 .38 9 .07 N 1 339 
SSC ASS 537 -896, 908- 1 070 0 .55 1 . 1 5  % 1 339 
DM ASS+SN V  537- 1 1 20 0 .30 1 .2 1  % 1 325 
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F igure 6 .4 Measured and pred icted values of flesh colour ( FL ,  Fe, FL ), flesh firmness 
( FF) ,  soluble so l id content ( SSC)  and dry matter content ( DM )  using the pred ict ive 
mode l (Table 6 .6)  estab l ished i n  experiment 4 for val idat ion data et. 
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6. 3 .5  Comparison of VNIR spectra from different experiments 

The average absorbance spectra from d ifferent experiments d iffered in shape ( F ig 

6 . 1 2) but d id share the ch lorophy l l  absorbance band at about 670 nm and some water

carbohydrate bands appearing between 900 - I 1 00 nm ( F ig 6 .5 ) .  
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F igure 6 .5  Comparison between VN I R  absorbance spectra from the  four experiments. Each 
I ine represents the mean of a l l  fru it in  the experiment . Absorbance spectra were 
normal ised to absorbance range ( maximum-m in imum) per exper iment for 
comparison. 

PLS regress ion coeffic ients for est imat ion of most fru it att ributes had the most 

pronounced peaks and troughs around the ch lorophyl l band and the water-carbohydrate 

bands. Comparison among coeffic ients of the same fru it attri bute obtained in d i fferent 

exper iments showed some common peaks and troughs among 2-3 exper iments. However, 

there was hard ly any peak or trough found to be common to a l l  the 4 experiments ( F ig 6 .6 ) .  
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F igure 6 .6 PLS regress ion coeffic ients for est imat ion of  flesh l ightness ( FL ), flesh chroma 
( FC ), flesh hue ( FH) ,  flesh firmness ( F F) soluble o l id content (SSC )  and dry matter 
content ( DM )  obta ined in d i fferent experiments. 
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6.4 Discussion 

6. 4. 1 Comparison between current Slllt�V and the literature 

The best pred ict ive model s  for SSC and OM obta ined i n  the c urrent study (Table  

6 .4 )  were comparable to those repotted by  McG lone and Kawano (SEP 0 .39  % for SSC and 

0.42% for OM; 1 998),  Costa and co-workers (SEP 0 .36 % for SSC; 1 999), Osborne and co

workers (SE P  0.27 % for SSC and 0 .32% for OM;  1 999), Schaare and Fraser (SEP  0 .8  % 

for SSC; 2000), McG lone and co-workers (SEP 0.52% for SSC and 0.46% for OM;  2002b) . 

The best predict ive mode l  obta ined for F F  (Table 6 .3)  had h igher SEP  t han that reported by 

McGlo ne and Kawano (SEP of 7 .8  N; 1 998) .  The superior est imat ion of F F  in McG lone  

and Kawano ' s  exper iment might be  attributed to  more repeated YNI R  scann ing (50 

scanning on  each fru it ;  McG lone and Kawano,  1 998) compared w it h  2 scans per  fru it in  

exper iment I .  The pred ict i ve models  obta ined for FH  (Table 6 .3 ,  6 .4 6 .5  and 6 .6)  had 

smal ler SEP  va lues t han the SEP of 1 . 6 obtained by Schaare and Fraser (2000). The 

d i fference may have resu lted from the sma l l  variab i l ity of 'Hayward' k iw ifru it u sed i n  the 

current study ( F H  ranged from 1 1 2- 1 1 6) compared with that of the yel low-fleshed k iw ifru i t  

used by Schaare and Fraser (FH ranged from 98- 1 1 5) .  Est imates of CF,  L ,  C, H,  F L, FC 

and m ineral concentrations of k iwifru it us ing VNI R  techno logy are not seen in t he 

l iterature .  

6. 4. 2 ( 'omparison (�lthe four experiments 

E xperiment 1 was conducted i n  the same measurement mode ( interactance) as t hat 

of experiment 3 .  Pred ic t ive models  for at-harvest fru it attr ibutes obtained in experiment I 

had h igher R2 p values than those obtained i n  experiment 3 .  However, the SEP values for 

most o f  the attributes were lower i n  experiment 3 than those i n  experiment 1 except for C 

and SSC (Tables 6 .3 ,  and 6 .5 ) .  These d ifferences were l ike ly to be caused by t he smal ler 

fru it variabi l it y  in experiment 3 ( YN I R  measurement carried out after approximate ly the 

same period of postharvest de lays) compared w ith that of experiment I where fru it had 

been stored for up to 4 days before measurement. 
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Experiment 4 used the same k ind  of  YNIR spectrometer as that in experiment 3 .  

However, the norma l i sed absorbance spectra ft'om t hese two exper iments showed d i fferent 

shapes. The spectra from exper iment 3 were s ign i ficant ly h igher at short wavelengths up to 

the ch lorophyl l  absorbance band and showed a more pronounced ch lorophyl l  band 

compared w it h  that of exper iment 4 ;  the spectra from experiment 3 decl ined rap id ly  after 

the ch lorophyl l  absorbance band, tlattened at wavelengths  fro m  700-900 nm, increased at 

wave lengths from 900- 1 050 nm and decreased thereafter wh i le t hat of experiment 4 

decreased s l ig ht ly after ch lorophy l l  absorbance band, flattened at wavelengths from 700-

750 nm and increased continuous ly t hereafter w it hout showing a dec l ine after 1 050  nm (F ig  

6 .6 ) .  The d i fference a t  wavelengths above 1 050  n m  (where the  raw spectra of the  wh ite 

J J 
reference and fru it were c losed to that of the dark reference, i .e .  both _I_I ,  and .-£ <5) can J J (/1 dl 

be attr ibuted to the d i fference i n  methods used to calcu late absorbance data (Table 6 . 1 ) .  The 

absorbance spectra from exper iment 3 a lso increased cont inuously after 1 050 nm if the dark 

reference was not subtracted from the wh ite reference (data not shown) . However, the 

magn itude of  the dark reference spectra were neg l ig ib le compared w it h  the raw spectra of 

J J 
the wh ite reference or that of fru it at vvavelengths of 600-900 nm (both -t- and f::'50), 

d! dl 

the method used to ca lcu late absorbance data  was not respons ib le for the d i fferences at 

these wavelengths. The d i fference at wave lengths of 600-900 nm cou ld be attr ibuted to 

d ifference between ind iv idua l  spectrometers, d ifference i n  fru it popu lat ion (fru it 111 

experiment 3 were samp led from one production reg ion w it h i n  2 weeks whi le  those 111 

exper iment 4 were samp led from d ifferent production reg ions over 5 weeks) and changes i n  

l ight source qual i ty due to working i n  an envi ronment w it h  lots of k iwifru it hairs ( Mowat ,  

2003 , personal  communicat ion) .  The pred ict ive models establ ished i n  experiment 4 (Table  

6 .6) were poorer t han  t hat of experiment 3 (Tab le 6 . 5 ) ,  except for SSc .  This can  be 

attr ibuted to the greater var iab i l it y  of the fi'u it u sed in exper iment 4 ( i .e .  fru it were sourced 

from d i tTerent production areas and delayed for 2-8 days from harvest to YNI R  

measurement) wh i le the fru it u sed in exper iment 3 were sourced from one product ion area 

and de layed for 3-4 days from harvest to YNI R  measurement . 
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Experiment 2 in retlectance mode gave the best est imates for SSC, OM, l-L FH ,  N ,  

P ,  Ca, Mg, CFS  and FFS  but the worst est imates for CF and F F  compared w it h  exper iment 

I and exper iment 3 in i nteractance mode. The reason for these d ifferences is  not c lear 

because the deta i l s  of the i nstrumentation used in experiment 2 are commerc ia l l y  sensit i ve 

and not ava i lab le  for inspect ion. The retlectance measurement mode used i n  exper iment 2 

was not l ik e ly to y ie ld superior est imates, but it cou ld be respons ib le for the poor est imates 

o f CF and FF, because i nteractance was found to be superior to reflectance i n  the est i mat ion 

of SSC (c lose ly re lated to both CF and FF), density (c lose ly  re lated to OM) and FL of  

ye l low-fleshed k iw i tru it (Schaare and Fraser, 2000) . 

PLS  analys is  of  data  from experiment 2 w ith  spectral data truncated to t he same 

range as t hat of exper iment 3 did not change the re lat ive est imat ion accurac ies (data not 

shown).  Therefo re, wavelength range does not seem to be a l i m it ing  factor e ither. The more 

repeated scanni ng of exper iment 2 (20 scans per fru it) improved the s ignal  to no ise ratio 

and a l lowed for more re levant factors to enter into the PLS mode ls .  For example, the 

average PLS factor numbers for the est imat ion of the I 1  at-harvest fru it attr ibutes ( L, C,  H ,  

F L ,  F C ,  FH ,  C F ,  F F ,  SSc, OM and N) were 1 9.4 for experiment 2 compared w ith  9.3 and 

1 4.6  for experiment 1 and experiment 3, respect ively.  Th i s  ind i cates t hat the pred ict ive 

mode ls  cou ld be i mproved by increas ing  the number of VNIR scans taken on each fru i t .  

However, it i s  not  c lear whether the inst ru ment background no ise or the variabi l ity of fru it 

surface was the major source of the no ise i n  VN I R  spectra. If the surface var iab i l ity was the 

major source of the no i se ,  i t  wou ld be poss ib le to increase the probe s ize to cover a larger 

area of the fru it surface for a better representat ion of the fru it by each VNI R  spectrum. I n  

other words, a few repeated scans with a large probe m ight produce an est imat ion accuracy 

comparable to that achieved by more repeated scann ing w it h  a smal ler probe. Fewer 

repeated scans is preferab le  for i n l i ne measurement because it  wou ld a l low more fru it to be 

measured per minute. Further work is  needed to address this issue. 

Est imat ion mode l s  obtained for the same fru it attributes in d i fferent experi ments 

shared a few s im i lar i t ies wi th in  the common wavelength  range. However, such matches 

cou ld not be made for most of pred ict ive mode ls  in the majority  of the wave length ranges 

( F ig 6 .6) .  Th is i m p l ies that the PLS regressions in the d i fferent experiments ext racted 

i nformat ion from the spectra in d i fferent ways .  This  cou ld have been affected by t he 
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d ifferences in measurement mode, instrumentation, reference spectra and wave length 

range . 

More systemat ic compar isons between the resu lts from d ifferent experiments are 

not poss ib le  because the exper iments  were not des igned for such compar ison .  The VNI R  

measurements made under d i fferent cond i t ions us ing d i fferent VNI R  i nstruments arose 

from l i m itat ion of ava i l ab i l ity rather t han predeterm ined cho ices. 

6. -1. 3 Chemical and spectroscopic anaZvsis olpredictive models 

The best predict ive mode l for SSC was based on absorbance spectra at wave lengths 

rang ing from 799- 1 1 36 nm (Table 6.4). Th is range is s i m i lar to that of 800- 1 1 00 n m  

selected by McGlone and Kawano ( 1 998) .  P L S  regress ion coeffic ient vectors of SSC 

est i mat ion had t he most pronounced t rough at  909 nm fo l lowed by smal ler t roughs at  973 , 

998, 89 1 and 866 nm (F ig 6.6) .  These t roughs approx imated the second der i vat i ve 

absorpt ion peaks of carbohydrates at 900-930, 970-990, 870-890 nm (the second 

d ifferent iat ion of the absorbance spectrum turn peaks in the absorbance spectrum to troughs 

in the second der ivat ive spectrum ;  W i l l iams and Non·is, 1 987) .  This i nd i cates that the 

est i mat ion mode l for SSC was based on its chem ica l  spec ies. 

The best predict ive model for OM was based on absorbance spectra at wave length 

rang ing fro m  500- 1 044 nm (Tab le 6.4),  a range at shorter wave length than the 800- 1 1 00 

n m  range se lected by McGlo ne and Kawano ( 1 998) .  P LS regress ion coeffic ient vectors of  

O M  est imat ion had the most obv ious trough a t  990 nm fo l lowed by  smal ler troughs a t  65 1 ,  

920 and 722 n m  ( F ig 6 .6) .  The first and the t h ird t roughs approximated the second 

derivat ive absorpt ion peaks of carbohydrates at 970-990 and 900-930 nm ( W i l l iams and 

Norris, 1 987) .  The second and the fourth t roughs located respect ive ly before and after a 

peak at 704 nm, the expected ch lorophy l l  absorpt ion peak ( Mowat and Poole, 1 997; 

McG lo ne and Kawano, 1 998) .  This  suggests that fru it with a h igh ch lorophyl l abso rpt ion 

peak wou ld have h igh OM . The b ioche m ica l  and phys io log ica l  basi s  of  th is t rend merits 

further invest igat ion. 
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Estimation of flesh co lour, part icu l ar ly FH  was expected to be based on  chlorophyl l  

absorpt ion bands because the green co lour of k iwi  fru i t  flesh is due to the presence of 

ch lorophyl l  ( Ferguson et  a l . ,  1 990).  However, coeffic ient vectors of  the  best predict i ve 

mode l  for F H  had the most pronounced t rough at 806 nm fo l lowed by smal ler troughs at 

789 and 7 1 5  nm. None of these troughs were related to ch lorophyl l absorpt ion band at 

about 670 nm. Th is  ind icates that the est imat ion of FH was not d irect ly based on 

ch lorophy l l  band. 

Chemical  and spectroscopic analysis of the predi ct ive mode ls for fru it attr ibutes 

other t han SSC, DM and FH d id  show unambiguous relat ionships to  known absorbance 

bands.  A bsorbance spectra at short wave length ranges ( i .e .  350-650 nm)  were usefu l  to 

est imates of several fruit attributes (Tables 6.3, 6.4, 6 .5 and 6.6), but there is l im ited 

knowledge about correspondi ng chemica l  spec ies in t h is range. 

VNI R  spectra from experiment 2 y ie lded the best est imat ion models  for minerals .  I n  

th is  experi ment, N and P were pred icted at R
2 p above 0 .65 fol lowed by Mg ( R

2 p =0.56) and 

Ca ( R
2 p =0.5 1 ) . The est imation for K was surpr is ing ly  poor ( R2p =0.46) g iven that K 

precent in fru it i s  at concentrat ions 5- 1 0  t imes more than that of P, Ca and Mg.  The 

majority of  N ,  P,  Ca and Mg i n  fru it b ind to large organ ic mo lecu les such as proteins, 

nuc leotides, cel l  wa l l  po lymers and ch loro phyl l  whi le K mostly exists as free ions (Mart in

Prevel et al . ,  1 987) .  I t  appears that the est imates of m inera l s  are more l i ke ly to be based on 

the VNI R  absorbance of the large organ ic mo lecu les to wh ic h  t hey were bound rather than 

t he absorbance of the m inerals themselves. 

6 . ..f. 4 t1lects ofpre-calibration tram/ormations olspectral data 

A mong the 1 2  pre-ca l ibrat ion transformat ions app l ied to spectral data, absorbance 

spectra in associat ion with smooth ing and SNV or NM appeared suffic ient for the 

est imat ion of a l l  the fru it att ributes. Quadrat ic base l ine compensat ion and the second 

der ivat ion of absorbance spectra d id not resu lt in  better est imat ion for any fru it attr ibute. 

This agrees w ith  Schaare and Fraser (2000) who found t hat second derivat ion of  
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absorbance spectra did not produce better est imates for SSC, density and FL  compared w ith  

normal izat ion and smooth ing. 

It was also not iced that normal ization was requ ired i n  at least 3 out of the 4 

experiments for the est imat ion of fru it attr ibutes having c lear chem ical  basi s  (e.g.  SSC and 

O M) whi l e  the transformat ion was not required in most cases for estimating fru it attr ibutes 

t hat do not have c lear chem ical basis, such as L,  C,  H,  FF, FL and FC (Tab les  6 .3 ,  6.4, 6 .S  

and 6 .6) .  Th is  suggests t hat norma l izat ion i s  usefu l  i f  the  information re l ies on t he 

absorbance bands. 

Boxcar averag ing of dense ly samp led spectral data in experiment 3 and experiment 

4 over 2 . 5  nm reduced the d imens ional ity of the spectra data to 1 18 of the origina l 

d imension number w ithout increas ing the est i mat ion error of the subsequent PLS regression 

ana lys is  (data not shown). I nstead, it reduced the s ize of t he spectral data set and fac i l itated 

more e tlic ient data storage and analysis .  

6. 4. 5 Measurement error 

I t  was also noticed that the est imates of CF was a lways better than the est imates of 

FF in the three experiments where C F  was measured . Part o f  th is  may be attr ibuted to the 

d ifference between the who le fru it st iffness and the flesh rupture force measured by CF and 

FF respect ive ly (McG lone et aI . ,  1 997 ;  Feng et a I . ,  u npub l ished ) .  In add it io n, the vari at ion 

i n  peeled sk in area and th ickness i n  FF measurement may have caused ext ra measurement 

error in fT data compared w ith  the measurement e rror in CF that was measured on i ntact 

fru it .  The measurement error wou ld contribute to the error term of the pred ict i ve model s  

(Osborne et a l . .  1 993) .  Th is imp l ie s  that the evaluation o f  YNI R  o n  est i mat ion of  fru it 

attributes rel ies on t he re l iab i l ity of both t he reference and the spectra l data. The rel iab i l it y  

of  reference data cou ld be i mproved by  app l ication o f  rat ional ised methodo logies (Chapter 

3) and factors affecting the re l iab i l ity of spectra l  data are yet to be i nvest igated . As spectral 

measurements are temperature-sens it ive (C lark, persona l commun icat ion, 2004), it is 

adv isable that YNI R  measurement shou ld be made at a constant temperature. 
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6.5 Conclu sion 

YNI R  is capable of est imat ing such at-harvest fru it attributes, as fi'u it colour, flesh 

colour, so lub le  so l id content dry matter content, fru it firmness and some m ineral 

concentrat ions .  However, the accuracy of the est imat ion varied cons iderably among fru it 

attributes and among experiments. So lu b le  so l id content was predicted at R
2
p > 0 .5 i n  a l l  

the four experiments whi le fru it co lour, flesh colour and n itrogen concentrat ion were 

pred icted at R2
p :::: 0 .5  in t hree experiments. At harvest fru it firmness (CF and FF)  could 

o n ly be predicted i n  experiment 1 and exper iment 3 using the i nteractance spectra. Dry 

matter content was predicted very wel l  us ing t he reflectance spectra from the commerc ia l  

N I R  instrument in experiment 2, but its est imates i n  other three exper iments were poor ( R2
p 

<0.37) .  M ineral concentrat ions other than n itrogen were poorly pred icted except for P ,  Ca 

and Mg  which were pred icted at R
2 
p > 0 .5 us ing the reflectance spectra i n  exper iment 2 .  

F urther work i s  needed to select the most appropriate i nstrument and measurement method 

for more accurate est imat ion of fru it attr ibutes using YNI R spectra. 
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Segregation of ' Haywa rd' kiwifruit for storage potential using 

visible-near-infrared spectroscopy 

7. 1 Introduction 

Storage l i fe of an ind iv idual  fru it end s  when it softens to a flesh firmness ( F F )  less 

than I O N ( Hopk irk et a l . ,  1 996; Benge, 1 999) or a d isorder develops to certain extent 

(NZKMB,  1 996) .  Over-soft fru it and fru it w it h  storage d i sorders produce ethylene t hat 

promotes the soften ing of a l l  fru it in the same package (Hyodo and Fukasawa, 1 985 ;  Arpaia 

et a l . , 1 987 ;  M itche l l , 1 990; Bongh i  et a l . ,  1 996; Kim, 1 999; R itenour et . a l  1 999; Feng et 

al . ,  2003 ) .  I t  i s  of  great industry i nterest to predict fru it firmness at the end of  storage and to 

d i fferent iate fru it w ith  respect to suscept ib i l ity to storage d isorders based on non

destruct ive measurements on each fru it at harvest so that h igh-risk fru it can be separated 

and exc luded for long-term storage. 

Vis ib le-near- infrared spectroscopy ( VN I R) is capable of measur ing many fi'u it 

attributes relat ing to fru it softening and suscept i b i l it ies to storage d isorders ( McGlone and 

Kawano, 1 998;  Osborne and Kunnemeyer, 1 999; Schaare and Fraser, 2000; McGlone et a l . ,  

2002 ; Feng e t  a l . ,  unpub l ished) .  Th is chapter evaluates the  poss ib i l ity of us ing YNI R  to 

pred ict fru it firmness at the end of storage and fru it suscept i b i l i ty to storage d isorders for 

fru it segregation purposes . 

7.2 Materials and m ethods 

7. 2. 1 Experiment 1 

Ten t rays of commerc ia l ly  packed count 36  ' Hayward ' k iwifru i t  from each of  n ine 

grower l ines were sampled dur ing the 2000 harvest season (9 May to 23 May)  at week ly  

i nterva l s  ( three grower l ines per week)  fi'om pack houses in the  Bay of  P lenty. F ru it were 

coo l stored at O .SoC in po ly l ined s ing le- layered t rays after two days for t ransportation and 

laboratory measurements. Ethylene absorbent (S g per tray of Purati L  Papwort h  
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E ng ineering L td . ,  New Zealand) was p laced ins ide the trays to prevent accumu lat ion of  

ethylene ins ide the package. After 2 - 8  days cool  storage, 1 20 fru it from each grower l ine 

were equ i l i brated to ambient temperature for VNI R  measurement i n  reflectance mode u si ng 

a commercia l  N I R  system ( Compac Sorting Equ ipment Ltd, New Zealand) .  Fru it were 

carried w ith  stem-calyx axis horizontal by a conveyer be lt through the N I R  scann i ng 

chamber where a cont inuous beam of  l ig ht from a halogen lamp was focused on the moving 

fru it and the reflected l ight samp led ten t imes. The fru it passed through the N I R  scanning 

chamber twice w it h  opposite s ides fac ing the detector and twenty VNI R  spectra were 

recorded for each fru it .  A l l  spectra from each fru it were averaged after subtract ing the dark 

reference and d iv id ing by the white reference ( mater ia ls  and methods used to obtain 

reference spectra are confident ia l  to Compac Sort ing Equ ipment Ltd) .  The averaged spectra 

were t hen smoothed us ing in-house software. Spectra were col l ected w it h i n  a wave length 

range of 300- 1 200 nm at 3 .50-3 . 56  nm interval s  (256 points). One hundred fru it from each 

grower l ine were returned to  coo l  storage after the  VNI R  measurement. 

A fter three months storage, CF and FF were mon itored month ly on a subsample of 

20 fru its ( 1 0  from VNI R  scanned fru it and another 1 0  from un-scanned fru it) from each 

grower at each monitoring period.  Fru it were equ i l i brated to 20°C before measurement. 

F ru it were removed from storage for shel f  l i fe test ing when the average FF of the grower 

l ine reached 8 . 5  N. Based on the firmness-temperature coeffi c ient of k iwitru it (Jeftery and 

B anks, 1 994) ,  8 . 5  N measured at 20°C is equ ivalent to 1 1 . 8  N measured i mmed iately upon 

removal from cool storage ( i .e .  the measurement method of New Zealand k iwifru it 

i ndustry) . The storage durat ion for d i fferent grower l ines  ranged from 6 to 1 1  months .  Fru it 

attributes measured du ring the she l f  l i fe test inc luded compression force (CFS)  on a l l  

remain ing fru it, flesh fi rmness (FFS )  on 20  fru it ( 1 0  from VNI R  scanned fru it and another 

1 0  from un-scanned fru it )  per grower l ine and storage d isorders such as soft patches (SP ,  

local soft ,  water soaked areas; Dav ie, 1 997 ;  Benge, 1 999), fungal rots ( FR,  i nc lud ing stem 

end rot, d i staJ end rot and body rots; NZK MB ,  1 996), low temperature breakdown (L  TB, 

large soft area assoc iated w it h  water soaked appearance at the sty lar end of  the fru it ;  La l l u ,  

1 997 ;  Bauchot e t  aI . ,  1 999) , and purple patches (PP ,  purple scald- l i ke patches; Feng e t  a I . , 

2002) on a l l  remain ing fru it .  CFS and FFS were measured on the second day after fru it 
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been removed from cool storage to s imu lated she l f  l i fe cond it ions when fru it temperature 

was equ i l ibrated to 20°e .  Storage d isorders were assessed on the fift h  day of s he lf l ife .  

7. 2 . 2  Experiment 2 

Four trays of commerc ia l ly  packed ' Hayward ' k iw ifru it (count 36 )  from each of  t he 

22 grower l ines were samp led dur ing 200 1 harvest season (28 May to 9 June )  from pack 

houses i n  the Bay o f  P lenty. On the day of samp ling, interactance VNI R  measurements 

were taken on each fru it us ing an USB2000 fi bre optic spectrometer (Ocean Opt ics I nc . )  

fitted w ith a fibre opt ic i nteractance probe. The  probe was a R400-7 reflect ion  probe 

consist ing of a t ig ht bund le of  7 opt ica l  fibres of 400 !lm i n  d iameter (6 i l lu m inat ion fibres 

around I read fibre) in a sta in less stee l ferru le of 3 .0 "  long and 0 .25"  d iameter. The probe 

was po inted at the med ian equator of a fru it and a spectrum ( 5 1 9- 1 1 56 nm)  was recorded at 

about 0. 3 1  nm intervals (2048 po ints) . Both wh ite reference spectra (obtained when t he 

probe was i nserted into t he RPH- I reflection probe ho lder at 90° ang le) and dark spectra 

(obtained by b locking the aperture to the optica l fibre) were recorded for each grower l ine. 

Two separate spectra were taken on oppos ite s ides of each fru i t .  

F ru it were then transferred to Massey U n iversity where 20 VNI R-scanned fru it 

from each grower l ine were used for the measurement of  at-harvest attr ibutes (Chapter 6 )  

and t he remain ing fru it were cool stored i n  t he  same way as  described i n  experiment 1 .  

F ru it from each grower l ine  were taken out of storage for shelf l ife test after 9 months 

storage. Fru it att ributes measured dur ing the she lf  l i fe were the same as descr ibed i n  

experiment ) .  

7. 2. 3 Experiment 3 

Th i s  experiment was carr ied out by AgF irst Consu ltants on beha lf  of Zespr i 

I nnovat ion Ltd.  N ine hundred and twenty fru it from each of  72 grower l ines were sampled 

from the Bay of P lenty, G isborne, Ne lson and North land during the main pack ing season 

(25 May to 27 J une) in 200 1 .  I nteractance VNI R  measurement was taken on a l l  fru it us ing 

a USB2000 fibre opt ic spectrometer. Spectra (520- 1 1 59 nm)  were recorded at  about 0. 3 \  
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nm intervals (2048 points) . Ten separate spectra were taken on each fru it and t hey were 

averaged to produce one spectrum for each fru it . 

F ru it from each grower l ine were then separated as repeating fru it (520) and l ibrary 

fru it (400) . Repeat i ng fru it were u sed for destruct ive measurements before and during 

storage at 0 .5°C for 24 weeks. Fru it d i sorders were recorded for repeat ing fru it at 

destructive measurements and t hose of the l ibrary fru it were recorded every 4 weeks after 8 

weeks storage. At t he end of storage, FFS was measured on 60 repeat ing fru it and a l l  the 

rema in ing fru it were removed from storage and kept at amb ient temperatures unt i l  each 

i nd iv idual fi'u it became soft or had developed a d i sorder. Fru it that had deve loped d isorders 

were removed once ident i ti ed .  Fru it d i sorders and the dates when the d i sorders \vere fou nd 

were recorded . Disorders assessed i nc luded stem end botryt i s  (SEB) ,  SP,  s ide rots (SR) ,  

shr ive l ,  p itt i ng, sunken p i t .  wound botryt i s, blossom end  rot, botryt is, nested botryt is, 

d isco loration, firm wound rots, soft wound rot, LTB and stem end rot .  

7. 2. 4 Data anal.vsis 

Spectral data fi'om a l l  exper iments were base l ine-corrected and log transformed to produce 

absorbance spectra (ABS)  as descr ibed in sect ion 6 .2 .5 .  Absorbance spectra were 

normal ised in d ifferent ways ( same as those descr ibed in sect ion 6 .2 . 5 )  befo re or after 

smooth ing and second d ifferent iat ion us ing a s imp l ified least square procedure (Savitzky 

and Go ]ay, ] 964, Stein ier et al . ,  1 972) .  

Boxcar averaging ( Faber, 1 999) over 2 .5 nm was app l ied to spectral data from 

experiment 2 and experiment 3 before smooth ing and normal i sation. Noisy spectra l data at 

both ends of the spectra were truncated (the same as t hat descr ibed in section 6 .2 . 5 ) .  

P red ict ive model s  for CFS  and FFS were deve loped using part ia l  least squares 

( PLS)  regression as described in sect ion 6 .2 .5 .  

Fru  i t  i n  each experiment were categorised into several groups for mul t ivar iate 

d iscr im inate analysis according to the types of storage d i sorder observed or t he t ime when 

the d isorders were found. W hen several d isorders were observed on the same fru it, purple 

patches group had the fi rst priority fo l lowed by funga l rot group, LTB group and soft patch 

group. 
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Stepwise d iscr im inant analys is  ( Proc STEPDI SC; SAS I nstitute, 2003 ) was used to 

se l ect  YNI R  wavelengths  that had s ign i ficant roles in d i scrim inat ing fru it into d i fferent 

groups. Two-th irds of the data were randomly assigned to the model bu i ld ing dataset w it h  

the remainder being a l located to the va l idat ion dataset. Canonical d iscr im inant ana lys i s  

( Hair, e t  a I. ,  1 987 ;  SAS I nst itute, 2003 ;  Cruz-Cast i l lo e t  aI . , 1 994) was  performed on t he 

mode l  bu i ld ing dataset based on the se lected wave lengths. Canon ica l funct ions having a 

s ign ificant ro le i n  separat ing fru it were ca lcu lated for fru it in the val idation dataset and the 

Maha lanobis  d istances of each fru it to the centro id of each group were compared to assign 

a fru it to its c losest group. C lass ificat ion accuracy (percentage of fru i t  correctly c lass ified )  

re lat i ve t o  the percentage chance cr iterion was eva luated ( Hair  e t  ai . ,  1 98 7) .  

Fo r  experiment I ,  an exponent ia l  model was fitted to  both CF  and F F  data col lected 

for YNI R  scanned fru it of each grower l ine at the last four mon itoring periods ( Feng et a I . ,  

200 I ) . CFS  and FFS  measured after variable storage t ime ( ranged from 6 to 1 1  months) 

were adjusted to values after 6 months storage using equat ions 7 . 1 and equat ion 7 .2  

respect ive ly  before PLS regress ion .  CFS and FFS i n  exper iment 2 and 3 were not  adjusted 

because the storage durat ions for a l l  grower l ines in each exper iment were the same. 

C' L'S CL'S C'L' ( .0 '1,,, ) _ e (-kU g , J 80 » ) 1' , 19 = 1 ' ,  igl + 1 ' () g . ( e ( 7 . 1 ) 

where i denotes fru it number, K denotes grower l i ne, t is the storage t ime (days) before 

CFS measurement. CFS,g i s  the CFS value of the ith fru it of grower l ine K after 1 80 days 

of storage. CFS,gt is the CFS  value of the ith fru it of grower l ine  K measured a fter fig days 

of storage. CFou and k(! , are the intercept and softening rate constant of grower l ine  K 
,,-> ,r:; 

respect ive ly. 

( 7. 2 )  
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w here FFS,I', i s  the FFS va lue  of the ith fru i t  of  grower l in e  g after 1 80 days of  storage. 

FFS,I',( i s  the FFS  value of the tth fru it of grower l ine g measured after fig days of storage. 

FFog and k iF  g are the intercept and soften ing rate constant of grower l i ne g respect i ve ly. 

Due to acc idental factors, VNI R  spectra from one grower l ine i n  experiment 2 and 

two grower l ines in experiment 3 were deemed unrel iable and were excluded from analys is. 

VNI R  spectra of 1 ,52 1 fru it i n  experiment 3 were m iss ing.  Therefore, VNI R  spectra on a 

total of  1 ,080 fru it i n  experiment I ,  3 ,024 fru it i n  experiment 2 and 62,879 fru it i n  

exper iment 3 were used for analysis .  

A bsorbance of experiment I and 2 were ca lcu l ated using S PECTRUM (Brown, 

u npub l ished) wh i l e  that of experiment 3 were calcu lated using G RA M S/32 Al ( V6; 

Galactic I ndustr ies Corporation, USA) .  Fur ther data processing and analysis were 

perfo rmed us ing SAS (V8 .2 ;  SAS I nstitute Inc .  USA) .  

7.3 Resu lts 

7. 3. 1 Predictive modelsforfruitfirmness measured at the end (?lstorage 

The best pred ict ive models  for C FS a nd F FS were establ ished i n  exper iment 

fo l lowed by experiment 2 and experiment 3 .  The pred ict ions were in general not 

sat isfactory, predicted firmness on ly expla ined 1 4-35% of the measured firmness var iat ion 

(Table 7 . 1 ) . 

Table  7. 1 P redictive mode ls for fru it f
i
rmness after 6 ( Experiment I and Experiment 3 )  or 

9 months ( Experiment 2 )  storage at  0 .5°C based on VNI R  spectra ( fru it number 
i n  mode l  data set was two t imes that of the val idat ion data set l i sted ) . 

Experiment Var iable Pre-treatment Wavelength R..' 
p SEP  Va l idat ion 

fi'u it number 
CFS SABS 43 7-990 0 .32 1 .59 223 
FFS A BS+NM 5 00- 1 1 04 0. 3 5  2 .25  83  

2 CFS SABS 5 66-666, 698-725 ,  783-994 0 .24 1 . 7 1  859 
FFS ABS 622-630,  923-973 0 .22 2 .99 1 46 

4 2 . 87  1 5 7 1  
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Fru it i n  the va l idation data set were ranked accord ing to predicted CFS from h igh  

values to  low values. The top t h ird o f  fru i t  were taken as the  pred icted firm group,  t he 

m idd le th ird as the pred icted med ium group and the lower th ird as the predicted soft group.  

The measured firmness of the pred icted firm group was s ign ificantly h igher than those of 

the  pred icted med ium and soft groups. The percentage of soft fru it ( measured firmness less 

than export requ irement) in the pred icted firm group was s ign ificant ly lower than those of 

t he predicted med ium and soft groups. S im i lar results were obtained when fru it i n  t he 

va l idat ion data set were ranked and d iv ided into three equal  s ized groups according to 

predicted FFS (Table 7 .2 ) .  

Table  7 .2 Segregat ion effects for fru it i n  the  val idat ion data set according to predicted 
CFS or FFS after 6 ( exper iment 1 and experiment 3 )  or 9 months (experiment 
2 )  storage at 0 .5°C us ing the pred ict i ve model s  l isted i n  table 7 . 1 .  

Segregation 
Measured Pred icted 

basis 
character ist ics* Soft Medium Hard 

Pred icted C FS ( Mean ± se, N )  9.4±0. 1 9  1 1 .0±0. 1 8  1 1 . 8±0. 1 8  
CFS 

N umber (%) of  soft fru it 1 7  (2 1 . 8%)  2 (2 .6%)  1 ( \ . 3%)  

Total fru it number 78 78 77 
Pred icted FFS  (Mean ± se, N )  1 0 .0±0.45 1 2 .0±0.44 1 3 . 8±0.43 

FFS  
N umber (%) of  soft fru it 9 (32 . 1 %) 1 ( 3 .6%) 0 (0 .0%)  

Tota l  fru it number 28 28  27  
2 Pred icted CFS ( Mean ± se, N )  7 .4±0. 1 8 .3±0. 1 9.4±0. 1 

CFS 
N umber  (%) of  soft fru it 1 90 (66.4%) 1 30 (45 .3%) 58 (20.3%) 

Total fru it number 286 287 286 
Pred icted FFS  ( Mean ± se, N )  7 .6±0.4 9 .2±0.4 1 1 . 3±0.5 

FFS  
Number (%) of  soft fru it 32 (65 . 3%)  1 9  (39.6%) 1 0 (20.4%) 

Tota l  fru it number 49 48 49 
P redicted F FS (Mean ± se, N )  1 3 . 89±0. 1 0  1 4. 99±0. 1 2  1 6.46±0. 1 5  

FFS  
N umber (%) of soft fru it 0 (0%) 0 (0%) 0 (0%) 

3 

Total fru it 524 524 523 

* Soft frui t  means fru i t  with CFS S:8.0 N or  FFS S:8.5 N ,  as  measured at  20°C. These criteria equ ivalent to the 

m in im um fru i t  fIrmness required for ' H ayward' kiwi fruit  for export, i .e. FF 1 1 .8 N i f  measured immed i ately 

after removal from cool storage. 
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7. 3 . 2  Discrimination of disordered fruit 

7. 3 . 2. 1 Discrimination (�f disorderedfruit in experiment 1 

Of the 1 ,080 VNI R  scanned fru it ,  468 fru it remained for measurement of  storage 

d isorders during s imu lated she l f  l i fe wh i le the others were used for destruct i ve 

measurements dur ing storage. Among the 468 fru it ,  388  fru it remained healthy (heal thy 

group),  36 fru it deve loped soft patches (SP group) ,  1 7  fru it deve loped low temperature 

breakdown (LTB group), 23 fru it deve loped purp le patches (PP group), and 4 fru it 

developed funga l rots ( exc luded for analys is because there were too few of  them to form a 

group) . Fruit in each group were further d ivided into a model-bu i ld ing data set ( 3 1 0  fru it )  

and a va l idat ion data set ( 1 54 tru it ) .  

Standard normal var iate transformat ion of  absorbance data (ABS+SNV) gave the 

best d i scrim inant resu lts compared to other pre-cal ibrat ion transfo rmations. Stepwi se COA 

ind  icated that n i ne  ou t  of the 256 wavelength data points had a s ign i ficant contribution to  

the  d iscr im ination. COA based on the  spectral data at the n ine wavelengths in t he  model

bui ld ing data set revealed that the fi rst two canon ica l  funct ions (COF I and COF2) .  

accounting for 93% vari at ion of the four  fi'u it groups, had s ign ificant ro les i n  ass ign ing fru it 

to d i fferent groups. COF j  separated fru it with purp le patches and L TB from heal thy fru it 

and fru it w it h  soft patches wh i le COF2 further separated healthy fru it from fru it w it h  soft 

patches. Fru it w it h  purp le patches were assoc iated with the lowest COF !  va lue w h i le fru it 

w it h  L TB had the h ighest COF  I va lue. Both the healthy fru it and fru it w it h  soft patches had 

moderate C OF J ,  however, the healthy fru it had the lowest whi le the fru it with soft patches 

had the h ighest COF2 values (Table 7 . 3 ) .  

Table 7 . 3  The  means of  the  first two canonical  d i scr im inant funct ions (COF 1  and COF2) 
of t he four of fru it in the model  bui data set of I .  

COF n 
M ean* se M ean* se  

H ealthy 0 .06b 0 .06 -O. l l a  0 .06 260 
Soft patches 0 . 1 7b 0. 1 9  0 . 70b 0 .23 24 
Low temperature breakdown 1 .03c 0.27 0 .6 1 b  0 .29 I 1 
P urple patches -2. 1 2a 0 .32 0.26a 0 .34 1 5  
* Values label l ed with different letters are s ign ificantly d i tferent in pare-wise t test at P<O.05 leve l .  
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COF ,  separated fru it on spectral data at 605 nm, and to a lesser extent, on  spectra l 

data at 595, 465 , 468 and 609 nm (Table. 7 .4) .  F ru it w ith  h igh absorbance at 605 and 465 

nm, but low absorbance at 595, 468 and 609 nm had h igh r isk  of developing purp le patches 

wh i le fru it w it h  low absorbance at 605, 465 and 465 n m, but h igh  absorbance at 595, 468 

and 609 nm had h igh risk of developing LTB.  C OF2 separated fru it on spectral data at 605 

nm, and to a lesser extent , on spectral data at 609 and 595 nm (Table .7 .4) .  Fru it w it h  h igh  

absorbance a t  605 nm, but  low absorbance a t  609 and 595  nm had h igh r isk of deve loping 

soft patches whi le fru it w it h  low absorbance at 605 nm, but h ig h  absorbance at 609 and 595 

nm were l i ke ly to be healthy. 

Table 7.4 The standard ized canon ica l  coeffic ients (SCC) and the correlat ion coefficients 
(r) between spectral data and the first two canon ica l  funct ions (COF , and COF2) 
of experiment I .  

Wave length COF I COF2 
(nm) SCC r SCC r 
300 0.40 0. 1 9  0. 1 3  0. 1 1  
465 -45 .27 -0 . 1 1 - 8 .44 0 .33  
468 45 .23 -0. 1 0  8 . 79 0 .34 
542 -4.40 0 .55  2 .23 0 .62 
595 5 5 .63 0.43 -4 1 . 77 0 .64 
605 -80.59 0 .39 1 1 6 . 1 3  0 .65 
609 28 . 59 0 .37  -75 . 08 0 .65 
65 1 1 .74 -0.4 1 0 . 1 3  0. 1 0  
708 -0. 70 -0 .23  1 .23  -0 .47 

Fru it i n  the va l idat ion data set had s im i lar d istr ibu t ion patterns a long the COF ,  and 

COF2 axes as those in mode l-bui ld ing  data set ( F ig 7 . 1 A and 8).  
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F igure 7 . 1 Separat ion of hea lthy fru it (D ), fru it wit h  soft patches ( L�  ), low temperature 

breakdown (0 ) and purp le patches (x) by the first two canon ical funct ions (CDF 1  

and CDF2)  for fru it in the model bu i ld ing data set (A)  and the val idation data set (B )  
in exper iment I .  

Discr iminat ion based on the first two canon ical funct ions yie lded 93 .4% healthy 

fru it in the pred icted hea lthy group compared with  83 . 1 %  by chance ( i .e. the percentage of 

hea lthy fru it in  the popu lat ion) .  The percentage of S P, L TB and pp fru it in  the predicted 

S P, L TB and pp groups were 1 5 .4%, 1 2 .2% and 25 .0% respect ively compared with 7 . 8%, 

3 .2% and 5 .9% respectively by chance (Table 7 . 5 ) .  The cumulat ive percentage of 

d isordered fru it ( fru it w ith  SP, L TB or PP) in the pred icted hea lthy group (6 .6%) was less 

than ha l f  of the percentage in the pred icted SP group ( 1 5 .4%),  predicted LTB groups 

(26.8%) or predicted pp group (33 .3%).  
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Table 7 .5  E ffect ofa  four-group segregat ion based on the  first two canon ical funct ions for 
1 54 fru it in t he val idat ion data set of exper iment I 

Actual group Fru it number ( percentage ) in each pred icted group Total fru it number 
Health� Soft Patch LTB Puq:�le Eatches (percentage) 

Healthy 7 1  I I  30 1 6  1 28 
( 93 .4%) ( 84.6%) ( 73 .2%) (66.7%) ( 83 . 1 %) 

Soft Patch ..., 2 5 2 1 2  .) 
( 3 .9%) ( 1 5 .4%) ( 1 2 .2%) ( 8 . 3%) ( 7 . 8%) 

LTB 1 0 5 0 6 
( 1 .3%) (0 .0%) ( 1 2 .2%) (0 .0%) ( 3 .9%) 

Purple patches 1 0 1 6 8 
( 1 .3%) ( 0.0%) (2 .4%) (25 .0%) ( 5 .2%) 

Total fru it number 76 1 3  4 1  24 1 54 

7. 3 .2 .2  Discrimination of disordered fruit in experiment 2 

Of the 3 ,024 VN I R  scanned fru it, 420 fru it were used for destruct ive measurement 

immed iate ly a fter the VN I R  measurement, 2 ,604 fruit remained to test she lf l i fe after 9 

months storage. Among the e fruit 1 ,242 fru it were healthy ( healt hy group), 690 fru it 

showed L TB symptoms ( L  TB group),  6 I 3 fru it deve loped soft patche ( soft-patch group), 

5 I had purp le patches and 8 fru it deve loped fungal rots. Fruit that deve loped fungal rots 

and purp le patches were exc luded for d iscr im inant ana lysis because there were too few of  

them to  form the i r  own groups. Therefore a total of2  545  fru it were u ed  for a three-group 

( Healthy, so ft patch and L TB)  mul t ivariate d iscri m inant ana lysis with 1 ,705 fru it in t he 

mode l-bu i ld ing data set and 840 fru it in t he va l idat ion data set. 

S moothed absorbance ( SA BS )  data gave the best d iscr im inant resu Its compared to 

spectral data of other pre-cal ibrat ion transformat ions. tepwise CDA ind icated that 37 out 

of the 248 wave length data points had a s ign i ficant cont ribution to the d i scr im inat ion. CDA 

based on  t he spectral data a t  the 3 7  wave lengths in t he model-bu i ld ing data set revealed that 

both CDF I  and CDF2 had sign ificant ro les in ass ign ing fru it to d ifferent group . The healthy 

group had the h ighest CDF I score fo l lowed by soft-patch group and L TB group. The soft

patch group a lso d iffer from the healthy and the LTB groups in CDF2 wh i le the CDF2 

scores were s imi lar for hea lthy and the L TB group (Table 7 .6 ) .  
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Table 7 .6 T he means of the first two canon ica l  d iscr im inant funct ions (COF 1  and COF2) 
of the t hree groups of fru i t  i n  the mode l bu i l d ing data set of experi ment 2 .  

G roup COF 
Mean* se Mean* se 

n 

Healthy 0.44 a 0 .04 -0. 1 4  b 0 .04 832 
Soft patches -0.08 b 0 .05 0 .50 a 0 .05 4 1 1 
Low temeerature breakdown -0.73  c 0.04 -0.20 b 0.05 462 
* Values label led with different l etters are s ign ificantly d ifferent in pare-wise t test at P<O.OS leve l .  

COF 1 separated fru it on the contrast between spectra data at  two sets of 

wavelengths :  one set i ncl uded 5 86, 6 1 4, 706, 720, 8 1 6, 84 1 ,  8 54, 9 1 5  and 959 nm w ith  

pos it ive SCC in  COF I ,  and another set inc lude 608 ,  709, 8 1 1 , 8 1 9, 834 ,  87  L 9 1 8, 925 and 

944 nm w ith  negat ive SCC in C O F 1  (Table. 7 . 7) .  Th is  imp l ies that fru it w it h  h igh 

absorbance at  586 ,  6 1 4 , 706,  720, 8 1 6, 84 1 ,  854,  9 1 5 and 959 nm but low absorbance at 

608, 709, 8 1 1 , 8 1 9, 834, 87 1 , 9 1 8 , 925 and 944 nm are l ikely to be healthy fru it ,  otherwise 

wou ld be suscept i b le to LTB.  Fru it w ith moderate absorbance at these wavelengths  are 

suscept ib le to soft patches. 

COF2 separated fru it on the contrast between spect ra data at another two sets of 

wavelengths :  one set i nc lude 5 86, 6 1 4 , 658 ,  709, 8 1 6 , 834, 9 1 5  and 920 nm w it h  pos it ive 

SCC in COF2, and another set inc lude 608, 660, 706, 720, 8 1 ! '  84 1 ,  9 1 8  and 925 nm w it h  

negat ive SCC i n  COF2 (Table .7 .7) .  Th i s  ind i cates that tt'u it w i th  h igh absorbance a t  586 ,  

6 1 4, 658,  709, 8 1 6, 834,  9 1 5  and 920 nm but  low absorbance at  608 ,  660,  706, 720,  8 I I ,  

84 ] , 9 1 8  and 925 nm are suscept ib le  to soft patches, otherwise wou ld l ike ly  to be heal thy 

or suscept ib le  to LTB. 

I t  was a l so not iced that the wavelengths important to the d iscr im i nat ion (abso l ute 

SCC l arger t hat 34) were t hose from 586-959 nm. Wavelengths beyond th i s  range are of 

m inor importance (abso lute SCC ranged from 0.5-26) .  However, spectral data at 

wave lengths trom 1 075 nm to 1 1 49 nm had h igh correlat ion coeffic ients w ith  both COFI (r 

2:0. 5 )  and COF2 (1'2:0 . 1 5 ; Table 7 . 7) .  Th is imp l ies that the spectral i nformat ion at long 

wave lengths  was not tu l ly used due poss i b ly to large background no ise. 
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Table  7 .7  The standard ized canon ica l coenicients (SCC) and the correlat ion coenicients 
( r) between spectral data and the first two canon ical functions (COF I and COF2 )  
of experiment 2 .  

COF 
sec r sce r 

5 72 - [ 1 .06 0.48 -2 .73 0 .26 
586 44.23 0.47 34 . 1 7  0 .28 
597 - 1 8 . 75 0.46 -27 .77 0 .29 
608 -8 1 .02 0.45 - 1 07.66 0 .30 
6 1 4  66.93 0.44 1 05 .6 1 0. 3 1  
644 1 8 .78  0 .35  -22.05 0 .32 
658 - 1 0 .00 0 .27 1 6 1 . 57  0 .32 
660 - 1 3 .64 0.26 - 1 60. 5 1  0 .32  
67 1 6 .68 0. 1 9  1 7. 1 9  0 .33  
706 55 . 98 0.48 - 1 27.07 0 .2 1 
709 -95. 1 1  0.49 1 73 . 76 0.20 
720 36 .80 0 .50 -5 1 .25  0. 1 8  
8 1 1 -34.62 0.48 -86 .57 0 . 1 0  
8 1 6  1 56.5 8  0.48 1 27 .78  0. 1 0  
8 1 9  - 1 2 1 . 93 0 .48 -27 . 1 3  0. 1 0  
834 -53 . 7 1 0.48 54.90 0 .09 
84 1 3 5 . 86 0.48 -49 .72 0. 08 
854 72.84 0.48 - 1 4 .5 1 0 .07 
87 1 -53 .89 0.47 -0.52 0 .06 
9 1 5 6 1 . 30  0.47 1 25 . 85  0 .03 
9 1 8  -50.05 0.47 -236 .38 0 .03 
920 1 5. 5 3  0 .47 1 54 .26 0 .02 
925 -35 .48 0.47 -48 .65 0 .02 
932 20.8 1 0.46 -0.65 0.0 1  
944 -4 1 . 55  0.46 -5 .5 1 -0.0 1 
954 - 1 4 .26 0.45 - 1 4 .02 -0.03 
959 49.63 0.44 9.3 1 -0.04 
968 -0.92 0.43 25 .66 -0.07 
998 -8 .75 0 . 38  - 1 5 . 98 -0. 1 4  

1 03 1  6. 1 5  0.43 1 6.62 -0.04 
1 03 5  -0.45 0.44 - 1 2 . 1 1 -0.02 
1 075  -2 .42 0 .50 1 . 1 9  0. 1 5  
1 097 4 .35 0 .5 1 -7 .55  0. 1 9  
1 1 04 -8 . 1 3  0 . 50 5 .93 0 .20 
1 1 3 0  1 .08  0 .53  3 .04 0 .22 
1 1 40 2 .00 0 .54 2 .72 0.23 
1 1 49 0.62 0 .53  - 1 .70 0 .2 1 
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Fru it in the va l idat ion data set had s im i lar d istr ibut ion pattern a long the COF,  and 

C OF2 axes as those in mode l-bu i ld ing data set ( F ig 7.2 A and B) .  
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F igure 7.2 Separat ion of healthy fru it ( D ), fru it w ith  so ft patches C �  ) and low temperature 

breakdown (0 ) ba ed on the first two canon ical funct ions (COF ,  and OF2 )  for 

fru it in t he model bu i ld ing data et ( A )  and the va l idation data et ( B )  in experiment 
2. Three quarters of the data po int were omitted for c larity. 

D iscrim inat ion based on the first two canon ical funct ions yie lded 66.9% healthy 

fru it in t he pred icted healthy group compared w ith 48 .8% by c hance. The percentage of SP 
and L TB fru it in  the pred icted SP  and L TB groups were 35 . 1 % and 46.3%, re pect ive ly, 

compared w ith 24. 1 % and 27. 1 %, respect ive ly, by chance ( Table 7 . 8 ) .  The cumulat ive 

percentage of d isordered fru it ( fru it w ith P or L TB)  in the pred icted hea lthy group 
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( 33 . 1 %) was about ha lf of the percentage of d i sordered fru it i n  t he pred icted SP  group 

(57 .5%) or in  t he pred icted LTB group (67 . 1 %). 

Table  7 . 8  E ffect of a four-group segregat ion based on  t he  first two canon ica l  funct ions for 
840 fru it i n  t he va l idation data set of exper iment 2 

Actual group Fru it number  
Healthy LTB (percentage) 

Healthy 220 93 4 1 0  
(66.9%) (42 . 5%) (32 .9%) (48 .8%) 

Soft Patch 63 80 59 202 
( 1 9. 1 %) (35 . 1 %) (20. 8%) (24. 1 %) 

LTB 46 5 1  1 3 \  228 
( 1 4 .0%) (22.4%) (46.3%) (27 . 1 %) 

Total fru it number 329 228 283 840 

7. 3 . 2. 3  Discrimination oldisorderedfruit in experiment 3 

Of the 62,879 fru it i n  t h i s  exper iment w ith  va l id VNI R  spectra, 29,990 fru it were 

assessed for d isorders wh i le t he rest of t he fru it were used for destruct i ve measurements 

during storage. D i sorders were detected during storage and w it h i n  2 weeks after removal 

from storage to ambient temperatu re on 2.445 fru it .  Fruit t hat had not shown any d isorders 

unt i l  2 weeks  after remova l  from storage to ambient  temperature were regarded as heal thy 

fru it .  Three d i sorders, stem end botryti s  ( SEB) .  soft patches ( SP) and s ide rots ( S R) t hat 

accounted for respect ive ly  26.7 ,  25 .5 and 1 2 . 7  % of t he d isordered fru i t  were used for 

CDA.  Fru i t  w it h  other d isorders were exc luded for d iscr im inant analys is  because there 

were too few of t hem to form t he i r  own groups. Therefore, t he tota l  number of fru it u sed 

for a four-group CDA was 29, 1 30 fru it (27,545 healthy fru it ,  624 SP fru it ,  65 1 SEB fruit  

and 3 1 0  SR fru it ) .  Two th irds of  the fru it i n  each group were randomly assigned to t he 

model-bu i l d i ng data set ( 1 9, 5 1 8  fru it) w ith  t he rem inder be ing a l located to the val idat ion 

data  set (9,6 1 2  fru it) .  

T he best d iscr im inant resu lts were produced from absorbance (ABS) spectra 

compared w it h  t he resu l ts  produced from t he spectra of other pre-cal ibrat ion 

t ransformations. Stepwi se C DA ind icated that 1 50 out of the 249 wavelength data points 

had a s ign ificant contr ibut ion to d iscr im inat ion of t he fru it groups. CDA on t he model-
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bu i ld ing data set revealed that t he first, second and the th ird canon ica l fu nct ions (CD F 1 ,  

C DF2, and C DFJ)  accounted for respectively 7 1 .9%, 1 5 .9% and 1 2 .2% var iat ion of  the four  

fruit groups a l l  have ign ificant ro le in assign ing fru it into d i fferent groups. 

Healthy fru it had the lowest CDF  I score, moderate CDF2 score and moderate C DFJ 

score. Fruit with SP had the h ighest C DF 1  score, t he lowest C DF2 score and moderate C DF) 

score. Fruit w ith  SEB had moderate CDF 1  and C DF2 scores and t he h ighest C DFJ score .  

Fru it w ith SR  had moderate CDF1  score, t he h ighe t CDF2 score and the lowe t C DFJ score 

( F ig 7 .3A) .  

Can1 
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- Hea�hy 

- - sp 
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- - · SR 

Can3 ""'-----------"" Can2 
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Can1 
3 

Can3 =----------� Can2 

B 

F igure 7 . 3  Means of the three canon ical funct ions (CDF I ,  C DF2 and CDFJ )  of  healthy fru it 
group and groups of fru it w it h  so ft patch ( SP) ,  stem end botryt is ( SEB )  and side rots 
(SR )  in t he model-bu i ld ing data set ( A )  and the val idat ion data set ( B) of 
experiment 3 .  

The standard ized canon ical coeffic ients ( C )  in C D F 1 ,  CDF2 and CDFJ d isp layed 

many sharp peak and t roughs at wavelengths ranged between 550 and 1 000 nm wh ile t he 

SCC values for spectra data beyond th i s  range were sma l l  ( F ig 7 .4) .  
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F igure 7 .4 The standard ized canon ical coeffic ients ( CC)  in t hree canonical funct ions 
(CDF I ,  C DF2 and C DF3)  used to d iscr im inate groups of di ordered fru it in 
exper iment 3 .  

Fru it in  the val idat ion data set had s im i lar d istr ibut ion pattern a long the CDF ,  

C DF2 and C D F3 axes a s  those in t he model-bu i ld ing data set ( F ig 7 . 3B) .  

D iscrim inat ion based on  the three canon ical fu nct ions y ie lded 98 .7% hea lt hy fru it i n  

t he pred icted healthy group compared w i th  94.6% by  chance. The percentage of SP,  SEB  

and SR  fru it i n  the pred icted SP, SEB and R group were respect ively 1 5 . 5%, 8 .0% and 

6 .7% compared with  2 . 1 %, 2 .2% and 1 . 1 %  respect ive ly by c hance (Table 7 .9) .  The 

cumu lat ive percentage of d i  ordered rruit ( fru it w ith SP, SEB  or R )  in the pred icted 

hea lt hy fru it group was 1 . 3% wh i le the cumu lat ive percentages of d i  ordered fru it in t he 

pred icted d isordered groups ranged from 1 3 .9% to 22.2%. 
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Table 7 .9  E ffect of a fou r-group segregat ion based on  t hree canonica l  functions for 9,6 1 2  
fru it in  the va l idat ion data set of  experiment 3 .  

group Fru it number (percentag
�
e) in each pre

�
d i cted group Total fru it number 

H ealthl: Soft �atchesStem end botryt i s  S ide rots ( percentage) 
Healthy 698 5  488 95 1 666 9090 

(98 .7%) (77 . 8%) ( 86 . 1 %) (82 .8%) (94.6%) 
Soft Patches 23 97 5 1  35  206 

(0 .3%) ( \ 5 .5%) (4 .6%) (4 .4%) (2 . 1 %) 
Stem end botryt i s  54 23 88 49 2 1 4  

(0 . 8%) (3 .7%) ( 8 .0%) (6 . 1 %) (2 .2%) 
S ide rots 1 5  1 9  1 4  54 1 02 

(0 .2%) (3 .0%) ( 1 .3%) (6 . 7%) ( 1 . 1  %) 
Total fru it number 7077 627 1 1 04 804 96 1 2  

7. 3 .2. ..1  Discrimination (�(disordered fi·uit in experiment 3 with re5.pect to time 

The 29,990 fru it assessed for d isorders were assigned to h igh-r isk, med ium-r isk ,  

low-r isk and healthy fru it groups (Table 7 . 1 0) for a four-group mult ivariate d i scr im i nant 

analysis .  Two-t hirds of the fru it in  each group were randomly ass igned to the model

bu i ld ing data set with the remainder be ing a l located to the val idat ion data set. 

Table 7 . 1 0  Four fru it groups f(mned for canon ica l  d iscr im inant analysis i n  experiment 3 
w ith  respect to t ime 

were observed 

H Dur ing storage and 2 days after remova l  from storage 
Med ium-risk W ith i n  2- 1 4  days after remova l from storage 
Low-risk W it h i n  1 5 -28 days after remova l  from storage 
Healthy M ore than 2 8  dal:s after remova l  from storage 

444 
200 1 

2676 1 
7 84 

The best d iscr im inant resu lts were produced fi'om absorbance (ABS)  spectra 

compared w it h  the resu lts produced from the spectra of other pre-cal ibrat ion 

t ransformations. S tepwise CDA ind icated that 1 7 1  out of the 249 wave length data points 

had a sign ificant contribut ion to d iscr im inat ion of the fi'u it groups. CDA on the model

bu i ld ing data set revealed that the first , second and the th ird c anon ica l  funct ions (CDF 1 ,  
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C DF2, and CDF 3 )  accounted for respect ive ly 64.8%, 30. 1 % and 5 . 1 % variation of the four  

fru it groups a l l  have s ign ificant ro le in ass igning fru it into d i fferent groups. 

H igh-r isk fru it had the h ighest CDF3 score, the lowest CDF2 score and moderate 

CDF 1  score compared w ith  fru it of other group . Med ium-r isk fru it had the h ighest CDF 1  

and moderate C DF2 and CDF3 score . Low-risk fru it had moderate score in a l l  the t hree 

canon ica l  fu nct ions. Healthy fru it had the h ighest C DF2 score, moderate D F I  score and 

moderate CDF3 score ( F ig 7 .5A) .  

Can1 
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- - Medil.lT1-risk 

- - Low-risk 

- - ' Hea�hy 

Can3 =------------=-� Can2 
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Can1 
2 

Can3 =-----------� Can2 

B 

F igure 7 .5  Means of the three canonica l  funct ions (CDF I ,  CDF2 and CDF3)  of h igh-risk, 
med ium-risk, low-risk and hea lt hy fru it groups in the mode l-bu i ld ing data set ( A )  
and the val idat ion data set ( 8 )  of experiment 3 .  

The standard ized canon ical  coeffic ients (SCC) i n  C D F 1 ,  CDF2 and CDF3 d isp layed 

many sharp peaks and troughs at wave lengths ranged between 5 50 and 1 000 nm wh i le  t he 

SCC values for spectra data beyond th i s  range were sma l l ( F ig 7 .6) .  
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F igure 7 .6 The standard ized canon ical coeffic ients ( SCC) in t hree canon ical funct ions 
(CDF I ,  CDF2 and C DF3) used to d iscr im inate fru it of h igh-risk, med ium-r isk,  low
r isk and healthy fruit groups in exper iment 3 .  

Fru it i n  the val idat ion data set had s im i lar d i str ibut ion patterns a long the CDF 1 ,  

C DF2 and C DF3 axes as those i n  t he model-bu i ld ing data et ( F ig 7 . 58 ) .  

D iscrim inat ion based on  the three canonica l  funct ions y ie lded 1 5 .0% hea lt hy fru it i n  

t he  pred icted healthy group compared w i th  2 .4% by  chance. The percentage of h igh-risk ,  

med ium-risk ,  low-risk and hea lt hy fru it in the pred icted h igh-r isk, med ium-risk, low-r isk 

and healthy groups were respect ive ly 2 . 75%, 30 .9%, 96.9% and 1 5 .0% compared w it h  

1 .5%, 7.0%, 89. 1 % and 2 .4% respec tive ly by chance (Table 7 . 1 1 ) .  The percentage of h igh

r isk fru it i n  t he pred icted h igh-risk group (2 .7%) was more than tw ice that in t he pred icted 

med ium-risk ( 1 .3%),  low-ri k ( 1 . 1  %)  and healthy (0 .8%)groups. 
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Table 7 . 1 1  E ffect of a four-group segregat ion with respect to t ime based on three canon ical  
funct ions for 9444 fru it in t he val idat ion data set of  experiment 3 .  

Actual group Fru it number (percentage) in each pred icted group Total fru it number 
H igh-risk Medium-r isk Low-risk H ea lt h� ( percentage) 

H igh-r isk 53 20 5 8  6 1 37 
(2 . 7%) ( 1 .3%) ( 1 . 1  %) (0 .8%) ( 1 .5%) 

Med ium-risk 82 473 54 52 66 1 
(4.2%) ( 30 .9%) ( 1 . 0%) ( 6.6%) ( 7 .0%) 

Low-risk 1 78 1  989 5036 6 1 1 84 1 7  
(92 .3%) ( 64 .6%) (96.9%) (77 .6%) ( 89. 1 %) 

Healthy 1 4  50  47 1 1 8 229 
(0 . 7%) ( 3 .3%) (0 .9%) ( 1 5 .0%) (2 .4%) 

Total rru it number 1 93 0  1 532  5 1 95 787 9444 

I f  t he h igh-r isk fru it and med ium-risk fru it are comb ined into a poor fru it group ( i .e .  

fru it that deve loped detectab le storage d isorders dur ing the 6-month storage and 2 weeks 

subsequent she l f  l i fe )  and combine low-risk fru it and hea lt hy fru it into a good fru it group 

( i .e .  fru it t hat d id not shown any d i sorders unt i l  2 weeks at  t he she l f  l i fe), t he number of 

poor fru it accounted for 1 8. 1  % in the pred icted poor rru it group compared w ith  2 . 8% in the 

pred icted good fru it group (Table 7 . 1 2 ) .  

Table 7 . 1 2  E ffect ofa  two-group segregat ion w i th  respect to  t ime based on three canon ica l  
funct ions for 9444 fru it in the val idat ion data set of  experiment 3 .  

Actual group Fru it number (percentage)  in  each pred icted group Total fru it number 
Poor Good (percentage) 

Poor 628 1 70 798 
( 1 8 . 1 %) (2 . 8%) ( 8 .4%) 

Good 2834 58 1 2  8646 
(8 1 .9%) (97 .2%) (9 1 .6%) 

Total fru it number 3462 5982 9444 

7. 3. 3 Comparison o/the predictive models between experiments 

For the pred ict ion o f  C FS, the PLS regress ion coeffic ient showed some sign ificant 

values (e ither pos it ive or negat ive )  at wave lengths between 437-990 nm in  exper iment I 

wh i le the s ign ificant coeffic ients of experiment 2 occurred at wave lengths between 586-979 
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nm ( F ig 7 . 7  A) .  The coefficients had no s im i larity between exper iments except for two 

common peaks at wavelengths around 622 and 785 nm respect ively. 

For t he pred ict ion of  FFS, the PLS regression coeffic ient showed some sign ificant 

values at wave lengths between 500- 1 1 04 nm in experiment I wh i le t he sign ificant 

coeffic ients of experiment 2 occurred at two separate wave length reg ions, one at 

wave lengths between 622-630 nm and another one at wave lengths between 923-973 nm.  

The s igni ficant coeffic ients for the pred ict ion of FFS in experiment 3 occurred at 

wave lengths between 546- 1 1 53 nm ( F ig 7 .78) .  The coeffic ients had no s imi lar ity between 

exper iments except for a common peak at wave lengths around 966 nm for experiment 2 

and exper iment 3 .  
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F igure 7 . 7  Part ia l  least square regression coeffic ients for t he pred ict ion of compress ion 
force ( A )  and flesh firmness ( 8 )  at t he end 0 f storage obtained i n  exper iment 1 
( so l id l ine) ,  experiment 2 (dash l ine) and experiment 3 (dot l ine) .  
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7.4 Discussion 

Desp ite the l i m ited pred i ct ion accurac ies for fru it firmness measured at the end of 

storage (Table 7 . 1 ), f'·u it segregat ion based on pred icted C FS or FFS  y ie lded s ign i ficant ly 

h igher fi rmness and lower percentages of soft fru it in  the pred icted firm fru it groups 

compared w it h  those of the pred icted soft and med ium firmness groups (Tables 7.2) .  The 

PLS regress ion based on reflectance spectra measured us ing the commerc ia l  VNI R  

i nstrument i n  exper iment I produced the best pred i ct ion results where the model exp la ined 

about one-th ird of the fi rmness var iat ion in  the val idat ion data set (Table 7 . 1 ) . When fru it i n  

the va l idat ion data set were segregated i nto three groups accord ing to  predicted CFS  or  

F FS,  the measured CFS or  FFS of  the  hard fru it groups were 2 .4  N (CFS)  and 3 .8 N ( FFS),  

respective ly, h igher than that of the soft groups. The numbers of  actua l  soft fru it i n  the 

predicted hard fru it groups were neg l ig ib le wh i l e  those i n  the pred icted soft fru it groups 

exceeded 20% (Table 7 .2 ) .  Thi s  ind i cates that the commerc ia l VNI R  instrument can be 

adapted to segregate fru it suscept ib le  to premature soften ing ft'om t hose capable of  

ma inta in ing h igher firmness dur ing storage. 

The PLS regress ion mode ls  based on t he interactance spectra measured us ing the 

U SB2000 fibre opt ic  spectrometer in experiment 2 and experiment 3 pred icted CFS and 

F FS poorly ( the mode ls explained less than a quarter of  the firmness variat ion in  the 

val idat ion data sets) compared w ith  that based on the reflectance spectra measured us ing 

the commerc ia l  VNI R  instrument i n  experiment I (the mode ls expla ined about one th i rd of 

the  fi rmness var iation i n  the  va l idat ion data sets: Tab le 7. 1 ) . However. segregation of  fru it 

in the va l idat ion data set of exper iment 2 and 3 accord ing to pred icted CFS or FFS a l so 

resu lted in  s ign ifi cant ly h igher firmness (CFS or FFS)  of  the pred icted hard fi'u it  groups 

compared w ith that of the med ium or  the soft fru it groups. I n  experiment 2 ,  the percentage 

of soft fru it in the pred icted firm group (20.3% based on C FS and 20.4% based on F FS) 

was about ha l f the percentage i n  the pred icted med ium group (45 .3% based on CFS and 

39.6% based on FFS)  and l ess than one-th ird of the percentage in  the pred icted soft group 

(66.4% based on CFS and 65 .3% based on F FS) .  The overa l l  h igh percentage of soft fru it in  

experiment 2 can be attributed to the extended storage t ime (9 months compared with 6 

months i n  exper iment I and 3) .  I t  i s  surpr is ing that no fru it i n  experiment 3 had softened to 
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l ess than export cr iterion after 6 months of storage (Table 7 .2)  w h i le the fru it in experiment 

2 samp led in  the same year had 4 .5% soft fru it when c hecked after 6 months storage. The 

d ifference cou ld be attr ibuted to the d i fferences between exper iments in  the instruments 

used for firmness measurement and storage cond it ions. The Qu ick Measure Penetrometer 

System ( HortP lus  Ltd. New Zealand) u sed in experiment 3 tends to produce h igher read ings 

than the Texture Analyser (TA.TX2. Stable M icro Systems. Eng land) used in  experiment 2 

(Jeffery. 2003. personal  comm.) .  Ethylene concentrat ion of  the coo l stores may d i ffer due 

to the d ifferences in  fi'u i t  load. ethylene scrubbers and environmental contaminat ion 

a lthough the ethy lene concentrat ions in  a l l  t he coo l stores were u nder detectab le leve l .  

Actual  fru it temperature may fl uctuate between r)C and 1 .5°C although the storage 

temperatures were set to 0. 5°C .  

The pred ictions of  CFS and  FFS  us i ng  the  reflectance spectra measured w ith  the 

commerc ia l  N I R  inst rument in  exper iment I were more accurate than those us ing the 

i nteractance spectra measured w ith t he USB2000 fibre opt ic  spectrometers in  experi ment 2 

and exper iment 3 (Table 7 . 1 ) . S im i lar ly. t he pred ict ions of at-harvest attributes were more 

accurate us ing the reflectance spectra measured w ith  the commerc ia l  N I R  inst ru ment than 

those usi ng the i nteractance spectra measured w ith  the U SB2000 fibre optic spectrometers 

( chapter 6). The agreement cou ld be attributed to the re lat ionsh ips between at-harvest 

attributes and the rate of fru it softening ( chapter 5) .  

The d iscr im inant resu lts i n  a l l  the three experiment showed a common prob lem of 

i ncorrect c lass i ficat ion between groups (Tab les  7 . 5 . 7 .8 ,  7 .9  and 7 . 1 1 ) .  The incorrect 

c lass i fi cat ion m ight be part ia l ly att r ibuted to the tact that the cause of some d i sorders, 

part icu larly fungal rots and soft patches are more c lose ly  re lated to i n it i a l  i nfect ion 

( M icha i l ides and Morgan. 1 997)  and mechan i ca l  damage ( Davie, 1 997) rather than 

physio log i ca l  factors. Fru it w ith  phys io log ical d isorders ( i .e .  fru it w ith LTB) were 

d iscr im inated at h igher accurac ies than fru it w it h  so ft patches were. For exam p le, 72 .7% 

L TB fru it in  experiment I and 5 7 .5% L TB fru it i n  experiment 2 were correct ly c lass i fied 

compared w it h  45 .8% and 39.6% correct c lass ifi cat ion of soft patch fru it i n  experiment 1 

and exper iment 2 ,  respect ive ly. Fru it w ith purple patches were d iscr i minated w ith  h igh 

accuracy (75% in  exper iment I )  as expected because purple patches are assoc iated w ith  

lower fru it c hroma (C) and hue (H)  as measured external ly a t  harvest ( Feng e t  a I . ,  2002) 
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and C and H can be pred icted us ing the refl ectance spectra measured w it h  the commerc ia l 

N I R  instrument w ith  R
2 

of  0.64 and 0.69, respect ive ly  (Chapter 6 ) .  Fru it w ith  stem end 

Botrytis rot or s ide rots were d iscr im inated at accurac ies (4 1 . 1  % and 52 .9% respect ive ly) 

comparab le  to that o f fru it w ith soft patches (47. 1 %) in exper iment 3 (Table 7 .9) .  

The inc idence of  storage d isorders d iffered cons iderably  between experi ments. As 

checked after 5 days s imu l ated she l f  l i fe, fru it wi th  soft patches, L TB,  purple patches and 

fungal rots accounted for 7. 7%, 3 .6%, 4.9% and 0 .9% respect ively in  experiment I with 

storage durations ranged from 6 to 1 1  months depend i ng on grower l i ne  (2000 season) 

wh i le the d i sordered fru it accounted for 23 . 5%, 26 .5%, 2 . 0% and 0.3% respect ive ly i n  

experiment 2 w ith  a storage duration of 9 months (200 I season).  Fru it developed soft 

patches and funga l rots w ith in  5 days she l f  l i fe fo l lowing a 6-month storage accounted for 

0 . 1 %  and 0 .9% respect ively in experiment 3 (200 1 season) wh i le LTB and purp le patches 

were not observed in th i s  experiment.  

In experiment 1 ,  most of  the purple-patched fru i t  were observed in  grower l ines  

which had been stored for 6-9 months. Th i s  means that the h igher percentage of purp le

patched fru it in experiment I than that of exper iment 2 was not l i ke ly to be caused by the 

d ifference in  storage duration between the two experiments. I nstead, it is l ike ly to be caused 

by the hot weather of 2000 season compared wi th  that of 200 1 season (the average 

max i mum temperatures of February to May i n  2000 were 0. 7°C h igher than that of t he 

same t ime i n  200 I accord ing to the record at Tauranga, t he centre of the fru it sample 

reg ion).  Th i s  resul t  supports the postu lated cause of purple patches be ing the latent 

chem ical burn resu lted from preharvest spray dur ing hot days ( Feng et aL 2002). 

I n  exper iment 2, a l l  fru i t  were stored for 9 months and then brought to she l f  l i fe 

cond it ions for the measurement of firmness and d i sorders. The overa l l  h igh  percentage of  

fru it w it h  soft patches and L TB i n  th i s  experiment may be  attr ibuted to  the over storing of 

some grower l ines wh ich  do  not  have the  innate storage potent ia l  for 9 months. For  

example,  one-th ird of the 22 grower l ines i n  exper iment 2 had mean F FS of 6. 1 -8 . 1 N as  

measured at  20°C (equ iva lent to  7 .9 - 1 1 .2 N i f  measured immedi ate ly upon removal from 

coo lstore ,  according to  firmness-temperature coefTic ient of k iw i fru it reported by Jeffery 

and Banks, 1 994) and the percentage of soft fru it in these grower l i nes ranged from 5 5%-

90%). Concomitantly, t he  overa l l  l ow percentage of fru it w ith storage d isorders i n  
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exper iment 3 may be attr ibuted to the short storage durat ion (6  mont hs)  compared w ith  that 

of experiment I (6- 1 1 months depending on grower l ine) and experiment 2 (9 months) . The 

overa l l  low inc idence of storage d i sorders of experiment 3 a l so agrees with the overa l l  low 

softening rate of the grower l ines (Chapter 5 ) .  

The  resu lts from experiment 3 indicated that d isordered tru it accounted for 1 .5% at 

the end of storage, and i ncreased to 8 .2% and 97.4% respectively after subsequent she l f  l i fe 

of 2 and 4 weeks (Table 7 . 1 0) .  A tt'u it showing a d i sorder after 1 4  days o f  she l f  l i fe was 

very s im i lar to another one showing the same d i sorder in the fo l lowin g  day, but the former 

was al located to d isordered group whi le the l ater was a l located to healthy group. I n  such a 

cases, sma l l  measurement error i n  both the YNI R  spectra and the d isorders cou ld cause 

some incorrect c lass i ficat ion between the d isordered and healthy groups. 

The m isc lass i ticat ion between groups of d i fferent d isorders may be attr ibuted to the 

overlaps between d isorders on the same fru it .  For examp le, L TB,  fungal rots and soft 

patches were usua l ly assoc iated w ith each other. Th is reflects the common physio logica l  

factors that affect fru it suscept ib i l ity to  several storage d isorders. For  example, k iw ifru it 

w ith  low Ca are suscept ib le  to soft patches ( Banks et a I. ,  1 995 ; Dav ie, 1 997;  Benge, 1 999; 

Benge et aI . ,  2000), Botrytis rots ( Banks et a l . ,  1 995 ;  Dav ie, 1 997) and physiological  p itt ing 

( Ferguson et a I . , 200 1 ) . The re lat ionsh ip between Ca and LTB is  not c lear for k iw i fru it, but 

the assoc iat ion of low Ca and h igh  inc idence of L TB were found in avocado (Chapl in and 

Scott, 1 980) ,  peach (Wade, 1 98 1 ), and l ime (S lutzky et a I . ,  1 98 1 ) .  

I n  t he d iscr im inant analyses for groups of fru it wi th d i fferent d i sorders, some fru it 

w ith  m inor d i sorders were exc l uded from analys is .  Consequently, the d iscrim inant models  

d id not  have the ab i l ity to separate fru it wi th  m inor d isorders. Conti nuous monitor ing tor 

d isordered fru it in experiment 3 fac i l itated the grouping of fru it w ith  respect to the t ime 

when d isorders were found regard less of  what k ind of  d isorder the fru it had developed. A 

fou r-group segregat ion of h igh-r isk ,  med ium-risk,  low-risk and healthy fru it based on 

YNI R  spectra taken at harvest y ielded h igher percentage of correct ly  c lass i fi ed thl it in a l l  

t he four  pred icted tru it groups compared t o  the percentages by chance (Table 7 . 1 1 ) . W hen 

h ig h-r isk fru it and med ium-risk fru it were combined into a poor fru it group ( i .e .  fru it that 

developed detectable storage d isorders dur ing the 6-month storage and 2 weeks subsequent 

she lf  l i fe )  and low-risk fru i t  and healthy fru it were combined i nto a good fru it group ( i . e .  
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fru it that d id not shown any d i sorders u nt i l  2 weeks at the she l f  l ife),  t he number o f  poor 

fru it accounted for 1 8 . 1  % in  the pred icted poor fru it group compared w ith  2 . 8% in  the 

pred icted good fru it group (Table 7 . 1 2) .  This  ind icated that YNI R  techno logies are capable 

of segregat ing fru it suscept ib le  to storage d isorders from l ess suscept ib le  fru it .  

However, large amount of  healthy fru it have been incorrectly c lass i fied i nto groups 

of d i sordered fru it .  In experiment I ,  66.7%-84.6% of the fru it i n  pred icted d isordered fru it 

groups remained healthy (Table 7 . 5) wh i le the percentages of healthy fru it i n  the predicted 

d isordered groups ranged from 32 .9%-48 .8% in exper iment 2 (Table 7 . 8) and 77 .8%-86. 1 %  

i n  experi ment 3 (Table 7 .9) .  Th is  cou ld resu lt i n  great fru it loss i f  the low-grade fru i t  are 

rejected. F urther work is needed to increase class i ficat ion accuracy, to improve inventory 

management to ensure these fru it be sent to the market ear l ier, or to deve lop postharvest 

treatments to reduce the d isorders. 

Compar i son of the pred i ct ive mode ls for C FS or F FS obta ined in d i fferent 

experi ments ind icated that the models  were based on spectra l  data at d i fferent wavelength 

reg ions and the PLS regression coefficients rarely have common peaks and t roughs w ith in  

the  same wave length range ( F ig 7 .7 ) .  Consequent ly. i t  i s  hard to  see the  spectroscopic bas i s  

(e .g .  absorpt ion bands of known chem ica l and physical  spec ies) of the  pred ict ive mode l s. 

Compari son of the d iscr im inant models  between exper i ments i s  d i fficu lt because o f  

the d ifferences i n  fru it groups and i nstruments. Canon ical  functions of  exper iment I were 

calcu lated from reflectance spectra at 9 wave length points w ith wavelengths ranged from 

300-708 n m  ( Table 7 .4)  wh i le that o f  exper iment 2 were ca lcu lated from interactance 

spectra at 3 7  wavelength point s  w ith  wavelengths ranged from 5 72- 1 1 49 nm (Table 7 . 7) .  

Canon ical functions of experiment 3 were calcu lated from interactance spectra at more than 

J 50 wavelengths spread over the who le truncated wavelength range of 536- 1 1 59 nm ( Fi g  

7 . 4  and 7 .6) .  However, the most i mportant wave lengths ( i .e .  wavelength w ith large 

standard i sed canon ica l  coeffic ients in canonica l  funct ions) were located w ith in  a range o f  

5 50- 1 000 nm i n  both experiment 2 and 3 .  Large pos i t ive SCC ( standard i sed canoni ca l  

coeffic ient )  va lues at one wave length po i nt o r  a group of wavelength po ints were usua l l y  

assoc iated w ith l arge negat ive sce values a t  ne ighbouring wavelength po ints o r  vice versa. 

For examp le, the largest negat ive SCC va lue in  COF I of experi ment 1 occurred at 605 n m  

(SCC=-80.6) which was assoc iated w ith the l argest posit ive S C C  value a t  595 nm (SCC=-
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5 5 .6) and a moderate posit ive SCC value at 609 nm (SCC=28.6) .  I n  exper iment 2 ,  the 

largest SCC value i n  C O F  I occurred at 8 1 6 nm ( SCC= 1 56 .6) which was assoc iated w ith  the 

largest negat ive SCC value at 8 1 9  nm (SCC=- 1 2 1 .9) and a moderate negat i ve SCC val ue at 

8 1 1 nm (SCC=-34.6) . Th is ind icated that the SCC val ue s  shou ld be cons idered by groups 

of wavelength po ints, and each group of wavelength poi nt s  may represent a spectral band 

which is assoc iated w ith  certain propert ies of the t" u it .  For example, the band of 605 nm 

showing the most s ign ificant importance fDr d iscr im inat ing d isordered fru it from healthy 

fru it in  experiment I (Tables 7.3 and 7 .4) is possi bly  a response to cytochrome c oxidase, a 

termina l  resp iratory enzyme (Yanneste. 1 966). The h igh absorbance at 605 nm, but low 

absorbance at 609 and 595 nm of fru it w ith  purple patches or  soft patches may be an 

ind icat ion of h igh  concentration of cytochrome c oxidase induced by chem ica l  o r  

mechanica l  damage, respect ive ly. However, attempts to  match other major groups of 

wave lengths wi th  known spectra l band were not successfu l .  Furthermore, neither a spectra l  

band between 595-609 nm was shown in  the YNI R  spectra of experiment I nor a spectral 

band between 8 1 1 -8 1 9  nm was shown in the YNI  R spectra of exper iment 2 (data not 

shown). Therefore, t he spectroscopic bas i s  of the d iscr im inant model s  is yet to be 

e luc idated. 

Among the 1 2  pre-ca l i brat ion transtDrmat ions app l ied to spectral data, absorbance 

spectra (ABS) in assoc iat ion w ith  smooth ing (SABS) and standard normal variate 

t ransformation (SNY) or norma l i sation with m i n imum and max imum values i n  each 

spectrum (NM) appeared su ffic ient fDr pred icting firmness at the end of storage or for 

d iscr i m inat ing fru it of  d i fferent storage d i sorders, Quadrat i c  base l ine compensat ion (QBC) 

and the second der ivat ion (02) d id not resu lt i n  better pred ict ion or d iscr im inant resu lts. 

Th i s  i s  s im i lar to the est imat ion of at-harvest fru it attr ibutes where QBC and O2 have no 

advantage over ABS, SABS, SNY and N M  (Chapter 6). 

7.5 Concl usion 

YNI R  techno logy is usefu l  to pred ict ft'u it firmness measured at the end of storage 

fDr fru it segregat ion purposes. Fru it w ith h igh r i sks  of deve lop ing  such storage d i sorders as 

soft patch, low temperature breakdown, purp le patches, and fungal rots could a l so be 
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d is cr im inated at harvest based on the VNI R  spectra. Fu rther work is needed to improve the 

pred ict ion and d iscr im inant accurac ies and to eluc idate the spectroscop ic bas i s  of the 

pred ict ion and d iscr iminant .  
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Factors affecting VNIR measure ments of kiwifruit attributes 

8. 1 .  Introdu ction 

V is ib le-near infrared spectroscopy (VNI R) is a non-destruct ive techn ique capab le of  

measuring various qua l ity attr ibutes of  fru i t  and vegetables. For k iw i tru it. YNI R  has been 

used to est imate flesh firmness ( FF) ,  so luble so l ids content (SSC) and dry matter content 

(OM), flesh huge angle (FH)  and dens ity ( McG lone and Kawano, 1 998;  Osborne a nd 

Kunnemeyer, 1 999; Schaare and Fraser, 2000; McGlo ne et a I . ,  2002a) . However, t he 

standard error of pred ict ion  (SEP) and coeffic ient of determ ination ( R2
) ach ieved i n  

d ifferent experiments d iffered considerably.  For example, McG lone and Kawano ( 1 998) 

ach ieved S EP=0.39 llB r ix and R2=0.90 for SSC and SEP=7 .8  N and R
2=0.66 for FF us ing 

reflectance spectra from 800- 1 1 00 nm, wh i le  Costa et  a l .  ( 1 999) ach ieved R2 of on ly 0.65 

and 0.42 for SSC and FF respect ive ly  us ing reflectance spectra from 650- 1 200nm .  The 

resu lts  from t he current study a l so var ied considerably ft'om year to year even though 

spectral data were taken in the same mode and the same wavelength range were used for 

ca l ibrat ion ( Feng et a I . , unpub l i shed) .  The same problem has occurred when measur ing 

other fru it such as app le ( McGlone et aI . , 2002b). 

Traci ng the reasons for such var iable resu lts  i s  not easy because the phys ica l  and 

chem ical bases of the pred ict ive models  are not c lear. M cG lone and Kawano ( 1 998) had 

re lated t he regress ion coeffic ient vectors for OM and SSC to several absorbance peaks of 

starch, ce l l u lose, sucrose and water w it h in the wavelength range of 800- 1 1 OOnm.  But they 

fou nd t he regression coefficient vectors for F F  rel ated poorly to  known absorbance bands 

of re levant chem ical s  such as pect in .  In app le, McG lo ne et a l .  ( 2002b) fou nd that the 

pred ict ion mode ls  for background co lour, starch pattern index, SSC, FF, quantitat ive starch 

and t it ratable ac id ity were primar i ly dependent on changes in the ch lorophyl l  absorbance 

peak, which  dramat i ca l ly  reduces in i ntensity dur ing the progress ion of the fru it through the 

harvest period, rather t han on the const ituent or property o f  d irect i nterest. Furthermore, 

current knowledge of N I R/VN I R  absorbance of chem icals in so lut ion were obtained from 

transmittance ( W i l l iam and Norr is, 1 987) rather than reflectance and interactance that are 
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actua l ly  used i n  fru it measurement, and data on the reflectance of chem ica ls  were obta ined 

from pure chemicals ( W i l l iam and Non' is, 200 1 )  rather than from so lut ions as they ex ist in 

fru it t issues. 

VNI R  spectra are affected not on ly by chem ical components of the fru it ,  but a l so 

the phys ica l  propert ies of the fru it (McGlone and Kawano, 1 998) .  Wi th in- fru it grad ients of  

both chem ical  and phys ica l  structure have been ident ified i n  prev ious stud ies ( Ferguson, 

1 980; C l ark and S m ith,  1 988 ;  Ha l l ett et ai, 1 992) . Some variat ion in the spectra taken from 

the same fru it m ight be caused by w ith in  fhl it grad ients. If this i s  the case, techn iques to 

reduce th is variab i l ity wou ld improve the accuracy of pred ict ion us ing VNI R  spectra. 

Many pre-treatments of spectra l data can be appl ied before cal ibration of the 

pred ict ive mode l (Gelad i  et a l . ,  1 985 :  Barnes et a l .  1 989; Schaare and F raser, 2000; Norris 

and Workman, 1 997 ;  W i l l iams & Norr is, 200 1 ) . D ifferent pre-treatments tend to emphasise 

some aspects of the spectra by m in im iz ing other aspects. For example, t he d ifferent iat ion of  

absorbance spectra reta ins absorbance band information, but base l ine effects are m in i mi sed . 

D i fferent ia l spectra shou ld be used i f  on ly the absorbance bands are relevant to the fru it 

attr ibute to be predicted, otherw i se the d i fferent iat ion  cou ld be detr imental to the predict i ve 

resu lts. 

W ith  respect to pred ict ing storage potential of k iw i tru it, i t  wou ld be he lp fu l  to 

determine how fru it h i story affects VNI R  spectra. Severa l important h istorica l factors, sllch 

as presto rage delay ( storage from harvest to pack ing) ,  we ight loss, compress ion  and 

abras ion happen ing dur ing the delay were tested. K iw i fru it i s  a berry fru it w ith ha iry sk in .  

I nvest igat i ng how the ha i rs  affect N I R  spectra wou ld prov ide i nformat ion for making 

dec i s ions of whether to measure fru it before or after hair brush ing.  Th is  study was i ntended 

to prov ide informat ion usefu l  to improve understand i ng of  the measurement and to ident ify 

possib le  aspects of improving the measurement procedure and data processi ng .  



Chapter 8 Factors affecting VNIR measurement 1 70 

8.2 Materials and m ethods 

8. 2. 1 VNIR transmittance (�j' different chemical solutions and reflectance of kiw(j'ruit 
subjected to d[flerent chemical dipping and storage treatments 

Forty e ight k iw ifru it were randomly samp led on  1 3  Apri l 2000 from b ins  at a 

packhouse i n  the Bay of  P lenty, New Zealand ' s  major k iw i fru it product ion area . Fru it were 

sent to Massey Uni vers ity by overn ight courier and hairs were brushed oft' us ing a p iece of  

foam to  s imu late hair brush ing on commerc ia l  pack ing l ines. Fru it were randomly ass igned 

to s ix  groups w ith  e ight fru it in each group. E ig ht fru it in each group were d ipped i n  one of  

the e ight so l ut ions for 3 5  m inutes and then subjected to  s i x  storage treatments (Table 8 . 1 ) . 

Fru it were washed w ith tap water to remove residual  chem ical solut ion  on the fru i t  surface 

and dr ied w ith  p la in  t issue before the start of the storage treatment. 

Table 8 . 1  Chemi ca l  d ipp ing and storage treatments 

Chemica l t reatments* * * * *  
Days (d) and 00* * * *  Starch WPI * *  A A  * * *  Na2H P04 KCI CaCb MgCb D ist i l led 

temperature ('C) (oC d) ( 1 0%) ( 3%) (0 .3%) (2%) ( 2%) (2%) (2%) water 
3 d at 0. 5 1 . 5 \ - 1 *  \ -2 \ -3 1 -4 1 -5 1 -6 1 -7 1 -8 
1 5  d at 0 .5 7 .5 2- 1 2-2 2-3 2-4 2-5 2 -6 2-7 2 -8 
6 d at 0.5+9 d at 1 0  93.0 3 - 1 3-2 3-3 3-4 3-5 3 -6 3-7 3-8 
1 5 d at l 0 1 50 .0 4- 1 4-2 4-3 4-4 4-5 4-6 4-7 4-8 
6 d at 0. 5+9 d at 20 \ 83 . 0  5 - 1  5-2 5-3 5-4 5-5 5-6 5-7 5-8 
1 5  d at 20  300.0 6- 1 6-2 6-3 6-4 6-5 6-6 6-7 6-8 

storage treatment treatment. 

* * Whey protein isolated. ** * Ascorbic acid. * * * *  Cumulative degree-days. 

* *'" ** The p H  of the solutions were adjusted to 5 (approximates the pH of fruit  ju ice) using 0. 1 % NaOH or 

0 . 1 % HCI solut ions. A l l  the chem icals are of analytical purity. 

Transm ittance VNf R  measurements were taken on the chem ical so lut ions in a 

q uartz cuvette and reflectance VNI R  measurements were taken at two opposite po ints a long 

the equator of each fru it after the factoria l  t reatments. A l l  fru it were brought to the lab 

(20°C and 50-60 % RH) 1 2  hours before VNI R  measurement to a l low temperature 

equ i l ibration and the surface to dry. 
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The inst rument was constructed around a TM300 monochromator (Bentham 

I nstruments L i m ited ,  Read i ng, U K) fitted w it h  a ru led grat ing ( [ 200 l ines mm- I ) and a 250 

W quartz ha logen lamp. T he l ight from the exit s l it of the monochromator was focussed 

onto one arm (6 mm in d iameter) of a b ifurcated fibre optic bund le  (Orie l  I nstruments. 

Stratford ,  Connect icut, USA)  and the l ight from th is  was focussed onto the quartz cuvette 

or a fru it at a right ang le through a rectangu lar probe of 6 x 2 mm. L ight from the sample  

passed back through t he other arm of t he fibre opt ic  bund le and was focussed onto a s i l icon 

photodiode ( 1 .75 m m2 act ive area, RS Components, Auck land, NZ). The voltage output of 

the photodiode and assoc iated c ircu itry was acqu ired u s ing a DAS- J 600 AID board 

( Ke it h ley, Taunton, Massachusetts, USA) .  A l l  the operat ions of the instrument were 

contro l led using in-house software. Spectra were co l lected at 2 nm intervals from 400 to 

1 200 nm and each po i nt represents the average of 1 000 acqu isit io ns. I n  add it ion  to carrying 

out the YN I R  measurement i n  the dark, the sample  and probe were covered by a p iece of 

c loth during the  measurement to avo id d i sturbance by extraneous sources of l ight .  

Reference spectra for chemica l  solut ions were measured on the empty quartz cuvette i n  a 

t ransmittance mode. Reference spectra for fru it were measured on a Teflon b lock i n  an 

i nteractance mode. 

F ru it weight (W), co lour (L, C ,  H), and compressIOn force (CF), tlesh firmness 

( FF ) ,  flesh co lour (FL ,  FC, F H )  and so lub le so l i d  content (SSC)  were measured w it h in 4 

hours before or after N I R  measurement. F ru it we ight was measured with a balance (0 .00 J 

g, Model PM 1 206, Mett ler To ledo, Switzer land) and fru it co lour  w ith a M ino lta c hroma 

meter (CR-200) . CF was measured by compressing fru it for 1 . 5 mm us ing a round-tip  

p lu nger (d iameter = 1 1  mm)  attached to  a texture analyser ( TA .TX2, Stable M icro Systems, 

E ng land) .  The maximum force was recorded e lectron ical ly. A force thresho ld ( tr igger 

force) was set to 0.2 N to a l low fru it hairs to bend down and to make sure the probe had 

reached the fru it surface before the meter started count ing the 1 .5 mm compression 

d istance. FF was measu red using a 7 .9 mm d iameter p lunger attached to the texture 

analyser. The p lunger penetrated 9 mm into a fru i t  at a constant speed of 1 0  mm S-1  after a 

patch of sk in about I S  mm in  d iameter was peeled off by a fru it peeler. So lub le so l id  

content (SSC)  was measured wi th  a refractometer (Atago, 0-20%) us ing the  j u ice ext racted 

when measur ing F F .  F lesh co lour was measured on the cut surface of two ha lves of each 
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fru it .  Measurement of fru it co lour. CF ,  FF ,  flesh colour and SSC were made at opposite 

posit ions a long the equatoria l  l ine of a fru it, and the two read ings were averaged to g ive L,  

C ,  H ,  CF ,  FF,  FL,  Fe. FH, and S SC values of the fru it . A centra l p iece of  approx imate ly I 

c m  i n  th ickness was cut from each fru it a long the equator and 1'i-eeze-dried for dry matter 

( D M )  and m ineral (N,  P, K, Ca, and Mg) measurement (Feng et a \ . ,  2002) .  

8.2 .2 VNJR interac/ance old[flerentfruit tissues 

Three 'Hayward' k iw ifru it samp led i n  M ay 2000 from t he Bay of P lenty, N ew 

Zealand ' s  major k iw i fru it production area were stored at O .SoC for two weeks and 

equ i l ibrated to room temperature for measurement. A centra l  sect ion of S mm in th ickness 

was cut vert ica l ly  from eac h  fru it .  Th i s  p iece was further d iv ided i nto outer per icarp (OP, 

flesh and sk in)  w ith or w ithout sk in, i nner per icarp ( l P, flesh w ith locu le  conta in ing seeds) 

and core .  Each sect ion was p laced vert ica l l y  into a 1 0  mm quartz cuvette w ith its outs ide 

connect ing t he inner s ide  of the cuvette wal l .  l nteractance VNI R  spectra were taken w it h  

l ight focussed onto the outside wal l  o f  the cuvette at a right angle.  Reference spectra were 

measured on a Teflon b lock in an i nteractance mode. 

8. 2.3  Effect (�lpos' harvest delay and weight loss on in/eractance VNJR spectra 

Two hundred fresh ly harvested fru it of s i m i l ar s i ze (90- 1 OSg) were sampled fi'om 

fie ld b ins  of a Bay of P lenty orchard at l O am 9 J une 200 I and brought to the laboratory i n  

two po ly l ined k iw i fru it boxes (count 1 00) w it h i n  2 4  hours. The frui t  were randomly 

ass igned to 4 groups for the fo l lowing treatments to  generate d ifferences i n  weight loss: ( 1 )  

packed i n  a poly l ined s ing le- layer k iw i fru it trays located 1 50 cm a\vay from fans ;  (2) 

packed in an open s ing le- l ayer k iw i fru it tray w ithout poly l iner located 1 20 cm  away from 

fans;  (3 )  packed i n  a mou lded pu lp tray located 90 cm away from fans;  (4) packed i n  a 

mou lded pu lp tray located 30 cm away from fans .  

I nteractance YN I R  spectra were taken on each fru it after two, three, four and e ight 

days of weight loss t reatment. The first two YNI R  measurements were carr ied out under 

fluorescent l ight at M assey U niversity, wh i l e  the l ast two measurements were u nder 
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t ungsten l ight in the Mt Maunganu i .  The VNI R  measurement were taken at two oppos ite 

points along the equatorial l ine of  each fru it us i ng an USB2000 fibre opt ic spectrometer 

(Ocean Opt ics I nc . )  fitted w ith a fibre optic i nteractance probe. The probe was a R400-7 

reflect ion probe that consists of a t ight bund le of 7 opt ical fibres of 400 Ilm in  d iameter (6 

i l lu m inat ion fibres around I read fibre ) in a sta in less stee l ferru le of 3 .0 "  long and 0 .25 "  

d iameter. The probe was pointed a t  the med ian equator of  a fru it and a spectrum (5 1 9- 1 1 56 

nm)  was recorded at about 0.3 \ nm i nterva l s  (2048 points ) . Both white reference spectra 

(obtained when the probe was i nserted into the RPH- \ reflect ion probe ho lder at 90° ang le) 

and dark spectra (obtained by block ing the aperture to the opt ica l  fibre) were recorded for 

fru it of each treatment at each measurement t ime. Two separate spectra were taken on 

o pposite sides of each fru it .  

F ru it we ight, colour and compress ion force were measured after each VNI R  

measurement.  F lesh firmness was measured on 2 5  fru it from each weight loss treatment. 

We ight loss ( W L )  was calcu lated as the percentage of in i t ia l  fru it weight us ing equat ion 

8 . 1 .  

WL = - w  . 1 00 % 1 ( 8 . 1 )  

where Wo i s  in i t ia l  fru it weight measured before storage and Wt is fru it weight measured 

after t hours of t reatment) . 

8. 2 . .:1 Eflect qf compression and abrasion on VNIR spectra 

One hundred fresh ly harvested fru i t  of  s im i lar s i ze (90- 1 05g)  were sampled from 

field b ins  of a Bay of  P lenty orchard on 9 J une 200 I and brought to the  l aboratory i n  a 

poly l ined k iw i iiu it boxes (count 1 00 )  w ith in  24 hours. The fru it were random ly ass igned to 

5 groups for compression and abrasion treatments. Fru it were p laced over a wood (typica l 

p ine board used for k iwifru it b in s) and compressed by 4 .5 ,  3 . 5 ,  2 .5 ,  or 1 . 5 mm us i ng a flat 

t ip probe (20 mm d iameter) attached to a texture analyser (TA.TX2, Stable M ic ro Systems, 

E ngland ) .  The probe was held at the max imum compress io n  posit ion for 3 seconds, a nd 

during th i s  t ime t he fru it was pu l led out of the gap between the wood and the probe to 

generate abrasion damage. The t reatment on fru it s ide facing the probe was consi dered as 

compress ion t reatment (a s imu lat ion of fi'u it dropp ing into a harvest bin), and that on the 
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oppos ite s ide  fac ing the wood was cons idered as abras ion t reatment (a s imu lat ion of 

abras ion damage dur ing harvest or t ransportat ion). Each fru it was t reated on two posit ions 

at 90 degrees from each other a long the equatorial  l ine. Twenty untreated fru it were 

maintained as contro l .  

Three separate i nteractance YNI R  measurements were made I ,  3 and 7 days after 

the t reatment us ing the USB2000 fi bre opt ic  spectrometer. The first VNI R  measurement 

was carr ied out under fluorescent l ight wh i le the last two measurements were under 

t ungsten l ight . Fru it co lour and compress ion force were measured e it her before or after 

each VN I R  measurement. F lesh firmness was measured after the final VN I R  measurement. 

A l l  measurements were taken on four  s ides of each fru it, two compressed s ides and two 

grazed s ides. Measured values from each treatment on a fru it were averaged. 

8. 2. 5 EtFect q[ hair brushing on interactance VlVIR spectra 

Twenty fresh ly  harvested fru it of s im i lar s ize (90- 1 05g) were sampled from the orchard 

of Massey U n iversity on 5 June 200 1 and kept at ambient cond it ion for 24 hours to a l low 

the surface to dry and temperatu re equ i l ibrat ion. Hairs on one s ide of each fru it were 

brushed o tf us ing a p i ece of foam and that on the oppos ite side were kept intact. 

I nteractance VNI R  spectra were taken on each s ide of the fru it us ing the USB2000 fibre 

opt ic spectrometer. Fru it co lour, compression force and flesh firmness were measured after 

the VNI R  measurement. 

8. 2. 6 Data anaZw;is 

Spectral data at both  ends of  the wave length range were deemed u nre l iab le because 

of the low s igna l  to no ise ratio and detector constra ints .  VNI R  spectra from the TM300 

monochromator were truncated to a wavelength range of 470- 1 1 20 nm and that from the 

USB2000 fibre optic spectrometer were truncated to a wavelength range o f 355 .52- 1 1 54 .44 

nm. Boxcar averag ing ( Faber, 1 999) of every 8 po i nts (2 .48 nm) was app l i ed to spectral 

data from the USB2000 fibre opt ic spectrometer. Th is  reduced the number of data po ints i n  

each  spectrum from 2048  to  25 1 .  
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Spectral data from a l l  exper iment were base l ine corrected to produce absorbance 

spectra (ABS) us ing equat ion 8 .2 .  

A BS (8 .2 )  

where I,  is  the  raw spectral data taken on a samp le ( i .e .  a chem ical so lut ion or a fru it) ,  1" i s  

the raw spectral data o f  the dark reference. 1 "  i s  t he raw spectral data of the wh ite 

reference . 

W h ite reference spectra of the USB2000 fibre optic spectrometer were mu lt i p l ied 

by two to ensure posit ive ABS  values .  Absorbance spectra were smoothed and second 

der ivat ive spectra ( 02) were generated us ing a s imp l i fied least square procedure (Savitzky 

and Go lay, 1 964, Stei n ier et a l . .  1 972) w ith a w indow s ize of 5 po ints ( 1 0  nm) .  The 

smoothed absorbance spectra (SABS) ,  02 ( in some cases) and fru it attri butes were 

subjected to analys i s  of variance and regress ion analysis .  

S PECTRUM (Brown. 2003) and SAS (SAS I n st itute I nc . ,  2003) were used for data 

process ing and analys is .  

8.3 Resu lts 

8.3.  J VNIR transmittance (?lditferent chemical solut ions 

VN I R  t ransmittance d i ffered cons iderably among chem ical  so lut ions tested . 

Compared w ith the absorbance of  water. MgC b (2 %) had the lowest absorbance. fo l lowed 

by Na2HP04 (2 %). CaC b  (2 %) and KC l (2 %). The absorbance of ascorbic ac id (AA.  0.3 

%) was very c lose to t hat of water .  Starch and whey prote i n  had h igher absorbance than 

water. The d i fferences between chem ical so lut ions and water decreased as wave length 

i nc reased to 960-990 nm where the d i fferences reached the m in imum and then increased as 

wave length further increased to 1 050- 1 1 00 nm ( F i g  8 . 1 ). 
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F igure 8 . 1 VN I R  absorbance of  c hemical  so lut ions ( ABS,. ) re lat ive to that of water 

( ABS Hp )  as measured in a transm ittance mode 

8. 3 .2  VNIR reflectance offruitfrom chemical dipping and storage treatment 

Analysis of var iance for VN I R  absorbance and fru it attributes ind icated that t here 

was no i nteraction between storage and chemica l  d ipping treatments. Chemical  d ipp ing had 

no effect on VN I R  absorbance and the fru it attr ibutes measured. Storage treatments 

affected VN I R  absorbance and most fru it attributes. 

At a l l  wave length reg ions, VN I R  absorbance of the fru it d i ffered sign ificant ly 

among the storage treatments. Fru it stored at h igh temperatures for long periods showed 

h igher absorbance compared w ith that of fru it stored at lower temperature for shorter 

periods ( F ig 8 .2 ) .  Th is trend was the most pronounced at 766 nm where the absorbance 

correlated w ith  cumu lat ive degree-days ( DD)  w ith  a correlat ion coeffic ient of 0.63 . The 

re lat ionsh ip between treatment mean absorbance and DD was log l inear. A logar ithmic 

mode l fitted to the data exp lained 47.9 % of the absorbance var iat ion on ind iv idua l  fru it 

bas is ( F ig 8 . 3 ) .  
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F igure 8 .2 Absorbance spectra of  fru it from d ifferent storage t reatments. Each l i ne is t he 
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F igure 8 .3  Re lationsh ip between cumu lat ive degree-days ( DD) of storage treatment and 
VN I R  absorbance at 766 nm ( ABS766 ) .  Each point is t he mean of e ight fru it .  
Vert ica l  bars represent standard error of the means. The so l id l ine is a curv i l inear 
re lat ionship between ABS766 and DD:  
A BS766 = 0 .36  ± 0.03 + 0.059 ± 0.006 · Ioge ( DD) , n=48 .  
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I t  was a l  0 not iced that t he c h lo rophyl l absorpt ion band around 672 nm was 

narrower but more intense for fru it subjected to a short t ime at low temperatures compared 

w ith  t hat of fru it stored for a longer t ime at h igher temperatu res ( F ig 8 .2 ) .  Th i  was 

reflected more c learly in the second der ivat ive spectra by a trough at 684 nm and a peak at 

700 nm. The depth of the trough and the magnitude of the peak were more pronounced for 

fru it subjected to a short t ime at low temperatures compared w ith t hat of fru it stored for a 

longer torage t ime at h igher temperatures ( F igure 8 .4 A) .  The log transformed d i fference 

between the peak and the t rough ( L  ( D2 )=logc(D2(7oo)-D2(684 )) related to DD with a R
2 

of 

0 .64 on an ind iv idua l fru it bas is or a R
2 

of 0 .9 1 on a treatment basis ( F ig 8 .48) .  

0.00 1 0  
I 

-6 .0 
0. 0005 

I 
o. 0000 H-'¥-Wj�\----+---V-�F\I-1�-l-H!H -6. 4  

N 

I I o 
-0.0005 

-0.00 1 0  

-0.00 1 5  

- oOe 3 days 
- ooe 1 5  days 

- ooe 6 days 

+ 1 0oe 9 days 

-- 1 00e 1 5  days 

_ ooe 6 days 

+20oe 9 days 

- 200e 1 5  days 

-6 . 8  

-7 .2 

A B 
-0.00 20 L......L.�---'-�---'-�----'-�----'-�--'----'-'----'-�-'---.o-J�---'-�-'---"'---'�---'--' -7 . 6 

630 660 690 720 750 780 o 50 1 00 1 50 200 250 300 

Wavelength ( n m )  C u m u lative deg ree-d ays tc d )  

F igure 8 .4 Second derivat ive spectra ( D2 ) o f  fru it from d ifferent storage treatments as a 
funct ion of cumu lat ive degree-days ( DD) .  Each l i ne in A is the mean of e ight fru i t .  
Each point in 8 is t he mean of the log transformed d ifference between D2 values at 
t he peak ( 700 nm)  and the trough (684 nm)  of the e ight fru it in each t reatment 
( LN( D2)= loge ( D2( 700,-D2(684 )) .  Vert ica l  bars represent standard errors of the means. 
The o l id l ine in 8 i s  a l inear re lat ionsh ip between L ( D2) and DD :  

LN( D2 ) = -6.0 I ± 0.06 - 0 .0045 ± 0.0004 · D D  , n=48. 
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C F, F F, SSC, rru it co lour and flesh co lour (except FH )  were s ign ificant ly d i fferent 

for fru it subjected to d ifferent storage t reatments (Table 8 .2 ) .  CF, FF ,  SSC, F L  and FC 

were exponent ia l ly re lated to cumu lat ive degree-days ( DD )  wh i le  L, C and H were l inear ly 

re lated to DD ( F ig 8 . 5 ) .  

Table 8 .2 Compression force ( CF) ,  flesh firmness ( F F) ,  so lub le so l id content ( SSC) ,  fru it 
colour ( L, C, H )  and flesh colour ( F L, FC, F H )  of rru it in d i fferent 
treatments 

Days (d) and 
Tem�erature {QC} 
3d at 0 .5  
1 5d at  0 .5 
6d at 0. 5+9d at 1 0  
1 5d a t  1 0  
6 d  a t  0.5+9d a t  20 
1 5d at 20 

CF 
(N} 

25. 3 a  
1 4 . 1  b 

6 .3 e 
4.g ed 
4.4 cd 
3 .7 d 

FF 
{N} 

55.8 a 
26 .3 b 

6 .2 e 
1 .7 d 
0 . 5 d  
O .O d 

SSC L C H F L  
{QBrix} 

9 .4 a 50 .3 a 25. 9 a  83 .9 ab 59. 9 a  
1 2 . 8  b 49.9 a 25 . 1  a 83.7 ab 53 .0 b 
1 4 .0 e 47.2 be 22.7 b 80 .3 be 45 .g e 
1 3 .9 e 47.9 b 22.6 b 82 .5 ab 44 .2 ed 
1 4 .0 e 45.3 ed 2 1 .4 be 81 .3 b 42 .5 de 
14 .5  e 43 .5 d 20. 1 e n.O e 41 . 5 e  

* Values with d ifferent labels i n  each column are sign ificantly d i fferent ( LSDo os) .  

FC 

35. 7 a  
30.0 b 
24.6 e 
22.7 cd 
23 .3 cd 
2 1 .9 d 

storage 

FH 

1 1 4.3 a 
1 1 5 .3 a 
1 1 5.9 a 
1 1 5.0 a 
1 1 5.4 a 
1 1 4 .7 a 



C hapter 8 Factors affecting VN I R  measurement 1 80 

30 
CF (N) 60 FF (N) 1 5  

25 
20 45 1 4  
1 5  30 
1 0  

5 
0 

Cl) 52 
ID C ..... ::l 24 ..0 48 ·c ..... ..... 
rn 

:-!:: 44 2 1  
::l � 

l.L. 40 1 8  
60 FL 35 FC 

55 
30 

50 

45 25 

40 0 50 50 100 1 50 200 250 300 

Cumu lative d eg ree-days tc d )  

F igure 8.5  Changes i n  compress ion force (CF ), flesh firmness ( FF) ,  so luble so l ids content 
( SSC), fru it colour ( L, C, H )  and flesh co lour ( FL ,  FC) in respond to cumu lat ive 
degree-days of storage treatments. Each po int is t he mean of e ight fruit .  Vertica l 
bars represent standard errors of the means. So l id l ines are fitted non- l inear, l inear 
or curv i l inear re lat ionsh ips between fru it attributes and DD (n=48) :  

CF = 7 A ± 0 .8  . e (-0.0024 ±0.0005 · D D + 1 4 ± 0. I ·e( -ll l o ±I1 ()2 DD) ) 
R2=O.92; 

FF = 30 . 3 ± 2 .0 · e ( -0.0 1 9±0.002- DD+2.9±0.3 .e( - DD) ) 
R2=O.94 ; 

SSC = 1 2 .0 ± OA + OAO ± 0.09 · 1oge 
( DD-1 .499±0.003 ) 

R2=O.74; 

L = 5 0 . l± OA- 0 .022± 0.00} D D  R2=O.50;  

C = 25.2± 0.3- 0 .020± 0.002· DD R2=O. 5 7 ;  
H = 83.9± 0.9- 0 .020± 0.00S· DD R2=O. 1 6; 

( 0 00 - 0 007 D D ( -o I I±O OS.DD) ) FL = 39 .9 ± 4 .2 + 8 .6 ± l A . e - . )± . .  +e 

( -0 1 4+0 07·DD) Fe = 2 l . 5 ± 1 .4 + 6A ± 0 . 8 · e( -0.008±0.006· DD+e - ) 
R2=O.88 ;  

R2=O.79. 
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8. 3 .3  VNIR interactance of differentfruil lissues 

I nner pericarp showed the h ighest overa l l  absorbance compared with other t issues. 

The absorbance of outer pericarp with  sk in was s im i lar to t hat of pee led outer pericarp at 

wave lengths below 570 nm, but became lower at longer wave length . The absorbance of 

core was the lowest at wave lengths be low 700 nm, but became h igher than the i ntact outer 

pericarp above 700 nm. The absorbance spectra of a l l  the t issues showed some common 

features, such a the ch lorophyl l  absorpt ion band around 672 nm and water absorbance 

band at 970-980 nm. However, the shape and the intens it ies of the bands d i ffered 

considerab ly between fru it t issues. Peeled outer pericarp had the most intense ch lorophy l l  

absorpt ion band wh i le the inner pericarp had the most intensive water absorpt ion bands. 

I ntact outer pericarp d isp layed the flattest absorbance bands of both c h lorophy l l  and water 

( F ig 8 .6 ) .  

3 . 0  

2 . 5  

ID 
() 2 . 0  
c 
CO -e 1 . 5 
o 
Cl) 

..0 1 . 0 
« 

0 . 5  

-- op with skin 

\ - - - op without skin 
" - · _ · · I P 

. . . . .  Core 

-. 
/ \ 

.. .. .. .. ..  
..... _ - - - - ",, - ....... ...... .. .. .. ..  ...... .. .. .. .. .. .. .. .. .. 

500 600 700 800 900 1 000 1 1 00 

Wavelength (n m )  

F igure 8 .6  Absorbance spect ra of outer pericarp (OP)  with sk in, OP without sk in, inner 
per icarp (I P )  and core measured in an interactance mode. Each l ine is  the mean of  
three repeated measurements. 
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8. 3. 4 VNIR re
flectance offruitfrom different weight /oss treatment 

VN I R  absorbance was affected by both weight loss treatment and treatment t ime. 

F ru it in  po ly l ined k iw i fru it t rays had lower absorbance than exposed fru it with in the first 

four  days ( F ig 8 . 7A, B, C) ,  but the trend was reversed after eight days ( F ig 8 . 7D) .  
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F igure  8 .7  VNI R reflectance of  tTu it subjected to d i fferent weight los treatments for two 
( A) ,  three (B ), four (C) and eight ( D )  days. Each l ine is the means of 50  fru it .  The 
first two measurements were made under fluorescent l ight whi le the last two 
measurements were made under tungsten l ight .  

I t  was a lso not iced that VN I R  absorbance measured under fluorescent l ight after 

three days of weight loss t reatment was s ign ificant ly h igher than that measured under the 

same l ight a fter two days of weight loss t reatment, and VN I R  absorbance measured u nder 
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tungsten l ight after eight days of  weight loss t reatment was s ign ificant ly h igher than that 

measured used the same l ight after four days of weight loss t reatment. However, the 

absorbance measured under tungsten l ight a fter four days of weight los treatment was 

lower than that measured under fl uorescent l ight a fter three days of weight 10 s t reatment 
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F igure 8 . 8  YN I R  interactance of ' Hayward ' k iw ifruit measured after two, three, four and 
e ight days of we ight loss treatment . Each l ine is the mean of 200 fru it .  The first two 
measurements were made under fluorescent l ight wh i le the last two mea u rements 
were made under tungsten l ig ht 

Fru it lost more weight in open trays compared w ith those i n  sea led trays. Weight 

loss of  ITu it in open trays was negatively re lated to the d i stance from the fan. The c loser to 

the fan, the faster was the we ight loss ( F ig 8 .9A) .  L ightness of fru it i n  sea led trays was 

lower than that of fru it in open t rays except on the second day ( F ig 8 .98) .  Fruit in ealed 

trays ma inta ined h igher C than fl'u it in open trays during the first four  days. However, t he 

d i fference d im in i shed after 8 days ( F ig 8 .9C) .  F ru it H was not s ign ificant ly affected by 

we ight 10 s treatments ( F  ig 8 .90) .  Compre ion force was h igher for fru it in sea led trays 

than that of fru it in open t rays as measured after 5 day of weight loss treatment. However 
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t he d ifference was reduced after 7 days and e l im inated a fter 9 days ( F ig 8 .9E). F lesh 

firmness measured after 1 0  day of treatment was lower i n  sea led fru it compared w ith 

exposed fru it .  The h ighest FF  occurred in exposed fruit located the c losest to t he fans  ( F ig 

8 .9F) .  
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F igure 8 .9 Effects of weight loss treatments on fru it we ight loss (WL ) ,  colour (L ,  C,  H ), 
compression force ( C F) and flesh firmness ( F F) .  Each po int is the mean of  50  fru it 
except for FF, wh ich is the mean o f 25 fru it .  Vert ical bars represent standard errors 
of the means. 
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8. 3 .5  Effect of compression and abrasion treatments on VNIR absorbance 

Compression force appl ied to the fru it ranged from 45 . 7- 1 53 . 7  N depend ing on the 

compress ion d istance ( F ig 8 . 1 0 ) .  

1 50 

1 20 .-
z --- 90 LL 
() 

60 

30 

0
1 2 3 4 5 

Compression d istance (mm)  

F igure 8 . 1 0  Compress ion d i stance ( D )  and compress ion force (CF )  app l ied to fru it for 
compression and abrasion treatments. Each po int i s  the mean of 20 fruit .  Vert ica l 
bars represent standard errors of the means. So l id l i ne represent fitted l i near 
relat ionsh ip between C F  and D: CF = 34. 1 ± 0 .7 · D n=80, R

2
=0. 82 .  

Both compression and abras io n t reatments i ncreased absorbance. The d i fference 

between treated fru it and the contro l was observed one day after the t reatment, and became 

i ncreas ingly pronounced w ith  t ime. Compression and abras ion treatments w ith the largest 

compress ion d istance resulted in the h ighest VN I R  absorbance. The effects of the 

compression treatments were le pronounced than that of the abras ion t reatments.  The 

effects of abrasion were most pronounced at the ch lorophy l l  absorpt ion peak around 67 1 

nm wh i le that of the compression were less dependent on wave lengths ( F ig  8 . 1 I ) . 
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F igure 8 . 1 1 VN I R  reflectance taken one (A and B ), three (C and D) and seven ( E  and F)  
days after abras io n (A, C and E ), and co mpress ion (B ,  D and F)  treatments w ith 
compression d istances of 4 .5 , 3 . 5 , 2 . 5  and 0 (CK) mm. Each l ine is the mean o f 20 
fru it .  The first measurements were made under fl uorescent l ight wh i le the last two 
were made under tungsten l ight 
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The effect of the abras ion  t reatment on the absorbance at 67 1 nm ( ABS67 1 , 

ch lorophy l l  absorpt ion peak) inc reased as the compression d istance increased ( F ig 8 . 1 2A )  

wh i le the effect of  the compression treatments a t  th is wave length was not dependent on the 

compression d istance ( F ig 8 . 1 2B ) .  The absorbance at 824 nm (ABS824. a wave length in the 

reg ion of  least absorbance ) re lated posit ively to the compression d istance for both the 

abras io n and the compress ion treatments a lthough th is  trend was more pronounced in the 

abras ion treatments ( F ig 8 . 1 2C and D). Both ABS67 1 and ABS824 measured seven days after 

the t reatments were h igher than those measured three days after the treatments. However, 

the absorbance measured one day after the treatments were h igher than that measured three 

days after the treatments. 
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F igure 8 . 1 2  VN I R  absorbance at 67 1 nm ( ABS 7 1 )  and 824 nm (ABS824) one, three and 
seven days after t he abras ion ( A  and C )  and compression ( B  and D)  treatments with  
d ifferent compression d istances. Each l ine is the  mean o f 20 fru it .  Vert ical bars are 
standard errors of the means. The first measurement was made under fluorescent 
l ight wh i le the last two were made under tungsten l ight 
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Abrasion treatment at a compression d i stance above 2 .5  mm acce lerated fru it 

soften ing and resu lted in h igh L, low C and h igh H va lues compared with the contro l  ( F ig 

8 . 1 3  A,  C, E,  G and I ) . This effect was more pronounced at h igh compression d istance than 

those at low compress ion d i stances. Abrasion treatment at 1 . 5 mm co mpre sion d i stance 

d id not affect fru it firmness, but changed fru it colour. Compression treatment had s im i lar 

effect as that of abras ion, but to a lesser extent ( F ig 8 . 1 3  B,  D, F, H and J ). 
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F igure 8 . 1 3  Effects of  abras ion ( A, C, E, G and I )  and compress ion ( B ,  D, F, H and J )  
treatments o n  compression force (CF) ,  flesh firmness ( FF )  and fru it colour ( L ,  C, 
H ) .  Each po int is the mean o f 20 fru it .  Vert ica l bars represent standard errors of  t he 
means. 
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8. 3 .6  Effect of hair brushing on VNJR absorbance 

Hair-bru h ing of  the rru it increa ed the absorbance w ith in  the wave length region 

from 608- 1 05 1  nm. The d ifference was most pronounced at the ch lorophyl l  ab orption peak 

around 67 1 nm and the wave lengths around 984 nm ( F ig 8 . 1 4 ) .  
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F igure 8 . 1 4  Effect of hair-brush ing on VN I R  ab orbance. Each l ine is the mean of 20 fru it .  
Reg ions w ith s ign ificant d i fference ( t  test with P<0.05 ) are h igh l ighted with dots. 

Ha ir-brushed fru it had s ign i ficant ly h igher CF, L and H, but lower C than un

brushed fru it wh i le FF was the same for both treatments ( F ig 8 . 1 5 ) .  
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F igure 8 . 1 5  Effect of ha ir-brushing on compression force (C F),  flesh fi rmness ( F F) and 
fru it co lour ( L, C and H ) .  Each co lumn is the mean of 20 fru it .  Vertica l bars 
represent standard errors of the mean . 

8.4 Discussion 

8. 4. 1 Physical and chemical basis of VN1R absorbance 

Chemica l  so lut ions had d i fferent absorbance spectra relat ive to that of water ( F ig 

8 . 1 ) . When l ight past through the chem ical so lut ions, the amo unt of l ight lost depends on 

depends on wave length, c hem ical  spec ies, concentrat ion and opt ica l  path length of t he 

so lut ion. Spectroscop ic measurement of the concentrat ions of the chem ical  spec ies in the 

solut ion heav i ly  depends on the attenuat ion of l ight at part icu lar wavelengths relevant to the 

chemicals of interest. L ight may a lso be scattered when part ic les ex ist in the so lut ion. The 

scattering effect of part ic les depends on part ic le s ize and wave length. Absorbed l ight cou ld 

be re-em itted as fluorescence at a wave length d ifferent to that of absorbed l ight. However, 

fluorescence is em itted in a l l  d irect ions and the proportion of re-em it ted l ight reach ing the 
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detector is usua l ly neg l ig ib le ( W i l l iam and Norris, 200 1 ) . Transmitted l ight detected i n  th i s  

exper iment is  the  remain ing l ight a fter absorpt ion and scattering. Therefore, the absorbance 

spectra measured in th i s  experiment in a t ransmittance mode represent t he sum of l ight 

absorbed and scattered. The h igher log(Ii:�!:;) va lues of NaH2P04, KC I, CaC b and MgCb 

solut ions ( F ig 8 . 1 )  ind icated that the so lut ions t ransm itted more l ight t han water d id .  

Further work is requ ired to c lar ify how these solut ions had h igher t ransparency to  the 

sou rce l ight. Solut ions of  starch and whey protein, on the other hand, showed very h ight 

absorbance compared w ith water and other so lut ions. Th i s  could be expla ined by l i ght 

scattering caused by t he sma l l  part ic les of starch and whey prote in suspended in the 

solut ions.  

Water has over lapping absorption bands at 950- 1 030 nm ( W i l l iam and Norr is, 

1 987; McG lone and Kawano , \ 998) .  The absorbance of KCI, MgCb NaH2P04 and CaC b 

solut ions at t h is wave length region were the c lo sest to that of  water ( c lose to 1 and 

10gC�:�;:;) c lose to 0) compared with t hat at other wave lengths  ( F ig 8 . \ ) , i nd icat ing t hat 

the absorbance in th is  reg ion was dominated by the absorbance of water. The effects of 

chemicals on absorbance spectra were better detected at  e ither shorter or longer 

wave lengths outside t he water absorpt ion region .  

Carbohydrates have absorption bands a t  970- 1 030  nm that overlap w it h  water 

absorpt ion bands ( W i l l iam and Non'is, 1 987 ;  McGlone and Kawano ,  \ 998) . However, t h is 

i s  not shown in F ig 8 . 1 .  I nstead, 10g( II;�;:;
()

) values of  both the starch and whey prote in 

solut ions showed a trough at  about 978 nm. This  imp l ies  that the l ight attenuat ion at th i s  

wave length  reg ion was dominated w it h  l ight absorption by  water wh i le that in other 

wave length  reg ions was dominated w ith  l ight scattering. The whey prote in  so l ut ion  had a 

lower 10g(I"I;�;:;) values than the starch so lut ion  at long wave lengths ( above 6 1 8  nm) but 

the t rend was reversed at shorter wavelengths. Th is  may reflect the d i fference i n  t he 

d istr ibut ion of partic le  s ize between whey protein and starch .  The VN I R  spectra of t he 0 .3 

% ascorbic ac id so lut ion  was very c lo se to that of water due,  poss ibly, to i ts low 

concentrat ion.  
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These results imply that VNI R  spectra of k iw i fru it could be affected by water 

content and concentrat ions of starch and whey prote in. and to a lesser extent. by t he 

concentrat ions of Ca. P, Mg and K .  Ascorbic ac id is not l ikely to have s ign ificant effect on 

the absorbance of the fru it .  G iven t hat fiu it dry matter content corresponds to water content 

and the increase in SSC and the decrease in fru it firmness duri ng harvest season i s  

assoc iated w it h  starch degradat ion (Arpaia et  a I . ,  1 987 ;  Redgwel l  e t  a I . ,  1 990 ; R edgwel l 

and Percy, 1 992 ; Bonghi et a I . ,  1 996). l inks between VNI R  spectra and OM.  SSC or fru it 

firmness ( C F  and FF )  could be med iated by water content and starch concentrat ion i n  

add it ion t o  the d irect effects o f  dry matter, S S C  and firmness on the spectra. This i s  i n  

agreement w it h  the resu lts of  chapter 7 where O M ,  SSC ,  C F, F F  and N concentrat ion were 

pred icted from VNI R  spectra w ith h igher R2 p values t han the concentrat ions of P, Ca and 

Mg. whi le K concentrat ion was the least pred ictable variable (average of the three 

exper iments) . 

D i fferent t issues of a k iw ifru it showed d ifferent i nteractance spectra in both  

magn itude and shape ( F ig 8 .6 ) .  The h ighest overa l l  absorbance of the inner pericarp may be 

att r ibutable to the dark brown to b lack coloured seeds. The flattening of the absorbance 

spectrum at short wavelengths (be low 674 nm) was caused by the extreme ly low s ignal t hat 

approached the l i m it of  t he detector. The intense water absorption bands of the i nner 

pericarp may be attributed to the h igh water content of the ju icy locu le ce l l s  surroundi ng 

the seeds (Ha l lett et aI . ,  1 992) .  Both ch lorophyl l  and water absorpt ion bands were less 

i ntense for o uter pericarp w it h  sk i n  compared w ith  that of the pee led outer pericarp . This  

imp l ies that the skin could be a major barrier for detecting i nternal propert ies of  k iw i fru it . 

The barr ier effect cou ld be reduced by ha ir brush ing because brushed fru it showed h igher 

absorbance at wavelength above 5 70 nm, part icu larl y  at the ch lorophyl l and water

carbohydrate absorption regions compared w ith  un-brushed fru it (F ig 8 . 1 4) .  

Due to the asymmetr ica l  structure o f  a k iw ifru i t ,  the d i stance from locu le ce l ls, 

seeds or core to skin var ies wi th in  a fiu it depend ing on locat ion along the equatoria l l ine .  

This var iabi l it y  would a lter t he re lat ive contribut ion of t he inner structures to the detected 

VNI R  signal .  Therefore the var iabi l it y  of VN I R  spectra cou ld be reduced by keeping a 

consistent probe locat ion ( i .e .  flat or curved s ides). us ing a large probe and/or tak ing more 
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measurements on  each fru it at d i fferent locations. This agrees w ith  prev ious study (chapter 

7 )  where experiments w ith  more repeated scann i ng at each fru it gave better predict ion of 

fru i t  attri butes. 

8. 4.2 F;[fects (�rprestorage delay, storage and weight loss 

C urrent ly, k iw ifru it are hand p icked and put into p ick ing aprons. W hen an  apron is  

fu l l ,  the fi'u it i s  t ipped into fru it b ins .  Loaded b i ns are transported from orchard to pack 

houses where fru it may stay in a shed for up to 5 days before grad ing and packing. The 

grad ing and pack ing start from t ipping fru it onto a conveyer be lt where fru it pass through a 

brusher ( brushing off hairs) and a grad ing table (taking out fru it w ith such v isual defects as 

fan shape and scars) . Then fru it are s ingu lated by a s ingu lator and transferred to a conveyer 

where fru it are weighed and sorted according to s ize). F i na l ly sorted fru it are loaded i nto 

commerc ia l  packages, i n  wh ich  fru it are stored and so ld .  I f  ft'u it are to be segregated for 

storage potential based on  YN I R  measurement, the measurement i s  l i ke ly to be insta l led 

some where on the conveyer. Under certain c ircumstances. sorted fru it may be packed in 

fru it b ins for storage. B ut the fru it has to be transferred to commerc ia l  packages before sa le. 

I n  such s ituations. YNI R  measurement could a lso be made after certain period of storage. 

The overal l  magn it ude of YNI R  absorbance increased dur ing prestorage delay and 

storage ( F ig 8 .2  and 8 . 8 )  i n  assoc iation w ith the dec l ine in CF,  L ,  C, H ,  FF ,  F L  and FC, and 

i nc rease in SSC ( F ig 8 . 5 ) .  The resu lts agree w ith prev ious study where r ipe k iwifru it was 

fou nd to be more t ransparent to YNI R  l ight than unripe fru it (Schaare and Fraser, 2000) . 

The increased l ight trans it ion dur ing fru it r ipe ning cou ld be attr ibuted to t he degradat ion of 

starch and ce l l  wal l  po lymers that scatter l ight .  The increased t ransparency may a lso 

increase the contribut ion of inner part of the fru it t issue to the detected YNI R  signal at an 

i nteractance mode because of the i ncrease i n  effective d i stance the source l ig ht could have 

trave l led ins ide the fru it .  This may a lso contribute to the changes in the shape of t he 

absorbance spectra ( F ig 8 . 3  and 8 .8 )  and to the increasingly accurate est imat ions of SSC of  

k iw ifru it us ing YNI R  spectra a s  fru it became r ipe (McG lone e t  a ! . ,  2002a). 
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I n  VN I R  absorbance spectra, absorbance at 766 nm showed the strongest correlat ion 

w it h  DD ( F ig .  8.2 and F ig 8 . 3 )  wh i le in  second derivat ive spectra, the wavelengths showing 

the strongest relat ionsh ip w it h  D D  sh i fted to a peak at 700 nm and a t rough at 684 nm ( F ig 

8 .4) .  This  imp l ies that pre-treatment of VNI R  spectra cou ld resu lt i n  pred ict ion models 

based on spectral data from d i fferent  wavelength reg ions. The t rough i n  second der ivat i ve 

spectra at 684 nm ( F ig 8 .4 A)  d id not match the ch lorophyl l absorpt ion peak around 672 nm 

in  the absorbance spectra because of  an overa l l  dec l in ing  trend of the absorbance spectra 

a long t he wavelength axis ( F ig 8 .2 ) . The overa l l  dec l ine in  absorbance spectra towards long 

wave lengths was caused by l ight scattering wh ich is stronger at short wavelengths t han at 

long wave lengths ( W i l l iam and Norr is ,  200 1 ) . 

V N I R  absorbance spectra of t" u it experienced the same period of prestorage delay 

d iffered w it h  weight loss treatments ( F i g  8 . 7 ) .  The overa l l  h igh absorbance of exposed fru it 

compared w ith  fru it i n  sea led packages may be caused by a drier tru it surface that reflected 

less l ight .  However, th i s  trend was reversed after e ight days of  t reatment . Th is m ight be 

attr ibuted to a h igher t ransparency of fru it t i ssue assoc iated w ith lower F F  of the sealed 

fru it compared w it h  the exposed fru it ( F ig 8 .9  F ) . 

The lowest F F  of sealed fru it compared wi th exposed fru it as measured after 1 0  

days of we ight loss t reatment (F ig  8 .9  F )  a lso raised an interest ing i ssue about t he 

mechanism of k iw i  fru it softening w it h  respect to ethy lene. K iwifruit soften marked ly when 

exposed to even m inute ( i .e .  0.0 1  I L- 1 )  concentrations of  ethylene (Arpa ia et aI . ,  1 987 ;  

M itche l l ,  1 990) .  but t he fru i t  itse lf produces very l it t le  ethylene u nt i l  i t  softens t o  a FF  less 

t han 1 4  N (Hyodo and Fukasawa. 1 985 :  Bongh i  et a I . ,  1 996; K i m, 1 999; R itenour  et. a l  

1 999 ; Feng e t  a I . ,  20(3) .  I t  has long been debated whether the fru it softening a t  the 

beg inn ing of commerc ia l  storage, when ethylene concentrat ion i s  contro l led under the 

detectable level by an ethylene scrubber system, i s  an ethylene independent process or an 

ethylene dependent process powered by t race amount of ethy lene produced by the fru it 

i tse l f  ( Banks and Hewett, personal comm . .  2000) .  Because the sealed trays in  the weight 

loss t reatment were opened at least once a day duri ng the experiment, it was i mpossib le  for 

the ethylene leve l s  i nside the packages to reach a detectable leve l .  However, the res i stance 

of k iw i tru it sk in  to ethylene (22 .3 h c m- I atm- I ) is four  t imes t hat of Granny Smit h  apple 



Chapter 8 Factors affecting VNIR measurement 1 95 

and 1 2  t imes that of a banana ( Banks et a I . ,  1 99 1 ) . I t  is be l ieved that the i nternal fru it 

ethylene level cou ld be h igher i n  sea led fru it compared w it h  t hat of exposed fru it due to the 

low air  ve loc ity and th ick boundary layer for ethylene d iffus ion .  Therefore, the fru it 

soften ing of t he sea led fru it was l ikely to be enhanced by the h igher i nterna l ethy lene 

concentrat ion.  

The lower CF  of exposed fru it compared w ith sealed fru it as measured after 5 days 

of weight loss treatment could have been caused by a reduct ion in who le fru it st i ffness due 

to the reduct ion of ce l l  turgor associated w it h  weight loss ( Rojas et a I . , 200 I ) . However, the 

d ifference was reduced after 7 days and e l im inated after 9 days ( F ig 8 .9E) .  These changes 

were more l ikely to have resu lted from the rapid fru it soften ing of sealed fru it rather than 

the weight loss of the sealed fru it because the d i fference in we ight loss between sealed and 

exposed fru it was increased w it h  t ime ( F ig 8 .9A) .  

Dur ing t he presto rage de lays at  packhouses, fru it located on top of the b in are 

s im i lar to the exposed fru it and t hose located at the inner part of the b in  are s im i lar to the 

sealed fhl it .  Th is  d i fference cou ld generate variat ions i n  YN I R  absorbance, fru it attributes 

and subsequent storage l i fe. 

W hen the YN I R  measurement of fru it i n  the we ight loss experiment were sh ifted 

from the Massey laboratory to a laboratory at Mt Maunganu i, amb ient l ight changed fi'om 

fluorescent l ight to tungsten l ight .  YN I R  absorbance measured after the sh ift  was 

unexpected ly lower than that measured ear l ier on the same fru it ( F ig 8 . 8 ) .  S im i lar change 

was a lso observed in the compress ion  and abras ion experiment ( F ig 8 . 1 1  and 8 . 1 2 ) .  Th is  

i mp l ies that the  relat ionsh ip  between YNI R  spectra and fru it att r ibu tes relating to  

prestorage delays cou ld be d istorted by changes in ambient l ight cond it ions. Therefore ,  t he 

measurement should be carried out i n  darkness to reduce the d isturbance. 

8. 4. 3 Effects (�lmechanical damages and hair-hrushing 

K iw i fru it i s  sens it ive to mechanical damage dur ing harvest, t ransport ,  grading and 

pac king ( Davie, 1 997 ) .  Compress ion,  abras ion or even hair-brushing could st imulate 
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ethylene production, enhance fru it soften ing and induce soft patches later i n  storage 

( Hopkirk,  1 990; Banks et a I . ,  1 992 ; Massant in i  et aL 1 995 ; Mencare l l i  et a I . ,  1 996; Dav ie, 

1 997) .  I dent ifying and segregat ing tj'u it  w ith such damage wou ld be of great industr ial 

i nterest . An increase in YN I R  absorbance was observed one day after the compression and 

abras ion t reatments, and became i ncreas ingly pronounced w it h  t ime ( F ig 8 . 1 1 ) .  This 

imp l ies that YNI R  measurement could be used to segregate k iwifru it accord ing to 

mechanical  damage. However, fru it w it h  the abras ion treatment at a compression d i stance 

of 1 . 5 mm softened at the same rate as the untreated thl it  d id ( F ig 8 . 1 3  A and C), but their 

YNI R  absorbance i nc reased to the same level as t hat of fru it subjected to harmfu l  abras ion 

t reatments at h igher compress ion d istances ( F ig 8 . 1 1 A ,  C and E ;  Fog 8 . 1 2  A and C) .  

Therefore it  would be d ifficu l t  to d ifferent iate harmfu l  abrasion from non-harmfu l abrasion.  

I n  add it ion,  hair-brushing showed s im i lar effects on t he absorbance spectra as t hat of 

abrasion ( F ig 8 . 1 4) .  I t  would be d ifficu lt to d ifferent iate fru it with abras ion damage after 

ha i r  brush ing. 

8 . .:1. -1  Impacts on predictingfruit attrihutesf/'om VNIR absorbance 

The accuracy of  a pred ict ive model for a fru i t  attr ibute depends on t he causa l 

relat ionsh ip  as wel l  as the measurement errors of both  the dependent and i ndependent 

var iables (Osborne et aL 1 993) .  Prestorage delays, weight loss, compress ion,  abras ion and 

hair-brush ing affect both the YNIR spect ra and the values of the fru it attr ibutes measured 

by reference methods. Yariab i l  ity in these factors would introduce uncerta int ies to the 

predict ive mode l .  Therefore, i t  i s  adv isable to contro l  these factors at cons istent leve l s  so 

t hat to improve t he accuracy of the pred ict ions. 

Some of the effects are common to d i fferent factors. For example, an i ntense 

ch lorophyl l  absorpt ion band cou ld be caused by hair-brush ing, abrasion or a combinat ion of  

both. I f  i t  i s  caused by  abras ion,  t he  storage potent ia l  (STP) of the  fru it would be reduced, i f  

i t  i s  caused by  hair-brush ing, t he  STP wou ld not be affected . I n  t h i s  case, YNI R  

measurement would be better taken before ha ir brush ing .  However. i f  t he YNI R  
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measurement is to segregate fru it for SSC and DM,  it would be better to take VNI R  spectra 

after hair-bru sh ing so that the spectral data wou ld be less c louded by the hairs. 

8.5 Conclusion 

Starch, whey prote in ,  CaCb.  NaH2P04. MgCb and KCI a ltered the absorbance 

spectrum of water in both  overa l l  magn itude and shape. These effects wou ld contribute to 

the pred ict ions of such fru it attributes as O M .  SSC. CF,  FF and minera l concentrations. 

D i fferent fr'u it  t issues had very d i fferent features in the i r  VNI R  spectra. The re lat ive 

contribution of the inner structures to the detected VN I R  s igna l cou ld be affected by the 

asymmetr ica l structure of the fru it w it h  respect to the var iable d i stance from core, seeds or 

locu le  ce l ls to sk in .  Keep ing a consistent probe locat ion ( i .e .  flat or curved s ides). u si ng a 

large probe and/or tak ing more measurements on each fru it at d ifferent locations would 

i ncrease the re l iabi l ity  of  the measurement . Skin is  a major barrier for detect ing i nterna l 

propert ies of k iw ifrui t .  The barrier effect cou ld be reduced by hair-brush ing. Presto rage 

de lays, we ight loss, compression, abrasion and hair-brush ing affect both  the VNI R  spectra 

and the va lues of the fru it attributes measured by reference methods. Var iabi l ity  i n  t hese 

factors wou ld i nt roduce uncerta int ies  to the predict ive mode ls .  I t  is desirable to contro l  

these factors at consistent levels for accurate pred ict ions. Features o f  VN I R  spectra 

ind icat ing a fru it property at some wavelengths cou ld be sh ifted to other wavelengths by 

such pre-treatment of spectra l data as second d ifferent iation.  Carefu l  cho ice  of pre

t reatment method cou ld lead to superior pred ict ive mode ls .  VNI R  measurement shou ld be 

carried out at darkness to reduce the d ist urbance by extraneous l ight .  
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Non-destructive measurement of kiwifruit attributes using differential 

energy X-ray a nalysis 

9 . 1  Introduction 

X-ray rad iography and X-ray computed tomography (CT) has long been used to 

measure spl it stones ( Han et a l . ,  1 992), i nsect-damage ( Bowers et a l . ,  1 988) ,  bru ise damage 

(Shah i n  and To l iner, 1 998), d isease (Yantarasri et al., 1 998), d isorders (Thomas et aI . , 

1 993 , 1 995) ;  mo i sture (To l lner et a I . ,  1 992; Barce lon et a I . ,  1 999), matur ity  (Yantarasr i  et 

aI . , 1 998:  Barcelon et a I . ,  1 999) , density, t it ratab le  aci d it y  or pH, solub le sol ids  content  

( Barce10n e t  aL 1 999) of fru it . I t  was suggested t hat X -ray measurements on i nt act  fru i t  

cou ld be used as an ind icator of fru it qua l ity, and has the potent ia l  to be adapted for on- l i ne 

sorting and qua l ity mon itor ing (Shahi n  and To l ln er, 1 998; Barce lon et a I . ,  2000). For th i s  

purpose, d i fferent ia l  energy X-ray ana lys i s  ( DEXA) scanners used in  modern a i rports are 

the ideal inst ru ment for a pre l im inary t r ia l  because they a l low bu lk  scann ing of large 

amounts  of fru it .  

A irport s  u se D E X A  t o  d ifferent iate material content in  scanned baggage. The 

content can be broadly  grouped as p last ic or meta l ;  organ ic  or i norganic .  The techn ique i s  

pr imari ly based o n  the measurement of  effect ive atomic number of the material (Rapiscan 

Secur ity Products I nc . ,  2002). 

The qua l it y  and storage behaviour of k iw i fru it are infl uenced by h arvest matur ity 

i nd icated by soluble so l id content and dry matter content ( Weet, 1 979; H arman, 1 98 1 ;  

H arman et a l . ,  1 982;  Cr isosto et al . ,  1 984; A sam i et a l . ,  1 988 ;  M itche l l  et a I . ,  1 992; Abdala 

et aL 1 996; Pan et  al . ,  1 996; Costa et al . ,  1 997;  Benge, \ 999) ,  fru it s i ze (Ha l l  et al . ,  1 996; 

C risosto et al . ,  1 999) and concentrat ions of m inera ls ( Hopkirk et al . ,  1 990; P rasad and 

S piers, 1 99 L Banks et a I . ,  1 995;  La l l u  and Yearsley, 1 995; Tag l iav i n i  et a I . ,  1 995; Dave, 

1 997; Lal lu et a I . ,  1 999; Benge, 1 999; Hertog and Jeftery 2000, 2002;  Ferguson et a l . ,  

200 1 ) . Dry matter content ( DM)  of k iw i  fru it i s  c losely re lated to fj'u i t  density (Jordan et a I . ,  

2000), and m inera l e lements have h igher atom i c  number than e lements i n  water or  

carbohydrates. Therefo re, i t  i s  poss ib le t hat a DEXA i mage wh ich d i tTerent iates fru it on the 
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bas is  of var iable atomic numbers cou ld provide an ind ication of fru it q ua l ity  and storage 

l i fe (SL ) .  

The premise for the  i nvest igat ion i s  to  provide a pre l im inary eval uat ion of  the 

D EX A  techno logy for non-destructive measurement of k iw ifru it attributes re lat ing to fru it 

qua l ity and S L .  

9.2 Materials and m ethods 

9. 2. 1 Fruit sample and general experiment procedures 

Commerc ia l ly  packed count 36 ' Hayward ' k iw ifru it from s ix  grower l ines were 

samp led on 30 May 200 I from t he Bay of P lenty. New Zeal and ' s  major k iw ifru i t  

production area. Fru it were sent to M assey U ni versity by overnight courier and t ransported 

to t he I nst itute of Geological and N uc lear Sc ience (GN S )  for DEXA measurement on 3 1  

M ay. Forty fru it from each grower l i ne were randomised and label led w ith  a number ( 1 -40) 

before the D E XA measurement .  F ru it were returned to Massey Un i vers ity on I June .  Fruit 

weight ( W) ,  colour (L, C H) ,  and co mpress ion force (CF) were measured on a l l fru it . Then 

fru it 2 1 -40 were used for destruct ive measurement of flesh firmness (FF ) ,  so lub le  so l id  

content (SSC)  and dry matter content (OM) .  F ru i t  1 -20 were packed i n  po ly l ined s i ng le

layered trays (36 count) w it h  5 g t rai l of ethylene absorbent (Pu rafil ,  Papworth  

E ng ineering Ltd .  New Zealand). Spare fru it from the same grower l ine were used to fi l l  the 

t rays. Loaded trays were p laced i n  storage at 0 .5°C .  

The storage continued unt i l  2 December 200 1 (6 months storage) .  F ru it firmness 

was mon itored t hree t imes during the last two months of storage us ing CF measurement.  

The CF  measurement for a grower l ine was comp leted wi th in  1 0  m inutes after remova l 

from storage; fru i t  temperature was maintained at \ _2°C by q u ick ly c losing t he po ly l ined 

s i ng le- Iayer-k iwifru it-tray after each i nd iv idual fru it was taken out for measurement . A fter 

t he fina l  CF  measurement, inc idences of  soft patches (SP),  fungal rots ( F R) and low 

temperature break down (L TB) were recorded as d iameters ( mm) of affected area on each 

fru it ;  F F, SSC, OM and seed number were measured a fter temperature equ i l i brat ion for 1 6  

h i n  open k iw i fru it trays at 20°C.  M inera l concentrat ions were measured on dry samples 
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a fter OM mea urement . Mea urements of W,  L ,  C,  H ,  CF, FF,  SSC, OM, and m inera l 

used the same methods descr ibed previously ( Feng, et aI . ,  2003 ) .  

9. 2. 2 DEXA measurements 

A DEXA scanner ( Rapi can 500 series, Rap iscan Security Products I nc .  USA,  F ig 

9 . 1 )  was used for DEXA measurements w ith the X-ray generator  set to 1 1 0 kV.  Fru it were 

p laced on the conveyer in two para l le l  rows on the s ide of x-ray generator. A fan-beam of 

x-rays traver ed through the fru i t  was detected by two sets of detector arrays located above 

the conveyer. The detector array at the top records the h igher energy x-rays wh i le the one at 

t he bottom records the lower energy x-rays. Detectors provided two d ig ita l  images that 

were saved to computer and retrieved to obtain DEXA variab les (Table 9. 1 ) . 

Table 9 .  I DEXA var iables retrieved from DEXA images of ' Hayward '  k iwifru it 

Variable 
L EO 
LEM 

L E W  

H EO 

H EM 

H EW 

P ixO 

P ixM 

P ixW 

Lth 

Wth 
ECC 

Defin it ion  
Low energy counts of out  part ( flesh and k in)  
Low energy counts of m idd le part (seed and core) 

Low energy counts of the whole fru it 

H igh energy counts of out part 

H igh energy counts of m idd le  part 

H igh energy counts of the who le fru it 

Area of outer part in  p ixe ls 

Area of m idd le part in p ixe l s  

Area of the who le fru it i n  p ixels 

The length of  the rru it in p ixe ls  

The w idth of the fru it in pixe l s  
Eccentric ity of the fru it ( ECC 0 f a round fru it i s  c lose to  0 and that of  a long 
fru it is c lose to I )  
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F igure 9 . 1 DEXA scanner used to measure k iw ifruit ( Rapiscan Security Products I nc . ,  
2003 ) .  An x-ray generator is located under t he right s ide of the conveyer and two 
sets of detector arrays are located on top of the measurement tunne l above t he 
conveyer. Fru it were p laced on the conveyer in two para l le l  rows on the same side 
of x-ray generator ( i .e . right s ide) when pass ing through the measurement tunne l .  

DEXA measurement wa repeated on  fru it 1 -20 a fter three months storage. Fru it 

were warmed up to about 5°C for 1 -2 hours during the repeated D XA measurement. Fruit 

temperature during transportat ion to and from GNS was maintai ned at O- l oC by pack ing 

fru it in insu lated containers. 

9. 2. 3 Data analysis 

Storage l i fe of DEXA fru it was est imated us ing an exponent ial mode l fitted to CF  

mon itoring data ( refer to chapter 4 for detai ls ) .  The re lationsh ip between CF and F F  

measured at the end of storage was used to determ ine the CF va l ue equ ivalent to FF  8 . 5  
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GLM and REG procedures of SAS (SAS I nst itute I nc ., 1 990 ) were u ed  for data 

analysis .  Squared and log transformed va lues for each fi·u it attribute were ca lcu l ated for 

pre l im inary regress io n to take account of non- l inear re lat ionsh ips. Rat ios of DEXA 

var iables ( e.g. t he rat io of X-ray counts to the image areas, rat io of  h igh  energy count to 

low energy count and rat io of DEXA variab les mea ured in t he m iddle or outer part to t hat 

of the who le frui t )  were a l so calcu lated and used in analysis. 

9.3 Resu lts 

9. 3. 1 Relationships between DEXA variables andfruil weight 

Based on data from the first DEXA scann ing, three DEXA variables, P ixW,  H E W  

and L E W  together exp la ined 96.3% o f  the W var iation for fru it 2 1 -40 ( F ig 9 .2A ) .  

Est imated mode l parameters are l isted in table 9 .2 .  

........ 
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F igure 9.2 Measured and pred icted fru it we ight ( W )  us ing D EXA var iab les at the fir  t ( A )  
and second ( B )  D E X A  measurement. Detai ls  o f  the pred ict ive model are l i sted i n  
table 9. 1 .  Each point represents a fru it .  The so l id l ine represents a I :  I l ine. 
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Table 9 .2 Parameters est imated for a pred ict ion mode l  of  fru it weight us ing DEXA 
var iables a t  the first DEXA measurement 

Variable Coefficient se Model P>F 
Intercept 1 94.92 3.2 1 < .000 1 

PixW 0 .0495 0 .0009 0 .285 < .000 1 
HEW -0 . 1 01 3  0 .0033 0 .960 < .0001 

0 .0031 

W hen the same model was used to calcu late W of  fru it 1 -20  us ing DEXA data 

co l lected at the second DEXA measurement, the calcu lated W agreed w ith  measured W 

wi th  a R2 of 95 .7  % (F ig 9 .28) .  

9. 3 .2  Relationships between DEXA variables and (by matter content 

D ry matter content showed a good relat ionsh ip with DEXA var iables for fru it 

located i n  the second row at the fi rst DEXA measurement .  Three DEXA variables (HE O, 

L EO and Lth) together exp la ined 56.6% of the var iat ion i n  measured O M  of  60 fru it ( F ig 

9.3 A and Tab le 9. 3 ) .  But the re lat ionsh ip was not confirmed with fhl i t  i n  the first row at 

the same DEXA measurement or fru it in  the same row at the second DEXA measurement 

( F ig 9 .38) .  

Table 9.3 Parameters of a predict i ve model for d ry matter content using DEXA var iables 
se lected by stepwise regression.  Data from 60 fru it located i n  the second row at t he 
first DEXA measurement were used for the regression .  

se  
I ntercept 1 06 .7  I L l  < .000 1 

H EO -0 . 1 92 0.025 0 . 1 38 0 .03 5  
LEO 0. 1 74 0 .024 0. 507 <.000 1 
Lth -0.286 0. 1 04 0. 566 0 .0079 
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F igure 9 .3  Pred icted dry matter content (OM) and measured OM u ing OEXA var iab les for 

fru it located in t he second row at the first DEXA measurement ( - ), t he first row at 

t he first DEXA measurement (0  ) or the second row at t he second OEXA 

measurement (0 ) .  Each po int represents a fru it. The so l id  l ine represents a I :  I l ine. 

9. 3 .3  Relationships between DEXA variables and nitrogen concentration 

For fru it located in the second rows, n itrogen concentration (N )  was found to be 

re lated to Lth, L EO, H EM, the rat io of HEM and H EO and t he rat io of H EO and L EO at 

t he first DEXA measurement (Table 9.4 and F ig 9.4A) .  But t he relat ionsh ip was not shown 

in t he second DEXA measurement ( F ig 9.4C) .  
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Table 9.4 Re lat ionsh ip between n it rogen concentration and DEXA var iab les at the first 
D EXA measurement based on data from 30  fru it located in the second row 

Variable* Coefficient se Model R2 
Intercept 1 081 29 48264 

Lth 33.2 1 0.2 0 . 1 02 
HEM 
HEO - 1 1 42 1 3  45294 0 .299 

H EM2 0.0 1 8  0 .007 0 .390 
L E02 -0 .01 1 0 .005 0 .539 

( HEO )2 
LEO -23598 1 2936 0 .595 

* Squared variables were used to take account for non- l inear relationsh ip . 
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F igure 9.4 Pred icted and measured n itrogen concentrations for fTuit in  the fi rst CA  and C )  
and second ( B  and D)  DEXA measurement based on the re lat ionsh ips estab l i shed 
w it h  data from the fi rst (A and B )  or the second CC and D) DEXA measurements. 
Each point represents a fTu it .  The so l id l ine represents a I :  I l ine_ 
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At the second DEXA measurement, N was re lated to H EM and the rat io of H E W  

and L E W  (Table 9 .5 and F ig 9 .4B) .  But the re lat ionsh ip  was not va l idated by data from the 

first DEXA measurement ( F ig 9 .4D) .  

Table 9 .5 Re lat ionsh ip between n itrogen concentration and DEXA variables at the econd 
D E XA measurement based on data from 52  fru it located in the second row 

Variable Coeffic ient Se Model R2 P>F 
Intercept -20095 5332 .5  0 .0004 
HEW 1 651 5 4375.9 0 .065 0.065 LEW 

H EM 1 . 38 0 .41  0.244 0. 002 

There was no other fru it att ribute showing a consistent re lat ionsh ip w ith  DEXA 

var iab les. 

9.4 Discussion 

DEXA image area ( P ixW)  is an  ind icat ion of fru it s ize in two d imensions ( length 

and w idth) .  The energy counts of the image ( LEW and H EW )  offers the informat ion at t he 

th ird d imensio n (density and th ickness). The re lat ionsh ip between W and P ixW, LEW and 

H EW was consistent over repeated DEXA measurements of d i fferent fru it (Tab le 9.2 and 

F ig 9 .2 ) .  

The re lat ionsh ip between DEXA var iab les and D M  or may be attributed to  t he 

larger atomic number of dry matter and N. Based on the ingred ients of the dry matter of a 

norma l k iw i fruit ,  the atomic we ight of dry matter is about 7 .5 and that of  water i s  6. A 

change in DM from 1 4% to 1 9  % a measured in t h is tudy wou ld increa e the atom ic 

number of the who le fru it by on ly  1 .2 %. M inera ls  have atomic number much h igher than 

water, but their concentrat ions were too low and the atom ic nu mber of the who le fru it 

changes very l it t le with in  the poss ib le  variat ion range of minera ls .  For example, a change of 

N from 300 mmo l  kg-
I 

DW to 750 mmo l kg-
I 

DW wou ld increase the  atomic nu mber o f the 

who le fru it by only 0.8 %. The detectors of the DEXA scanner may not be sensit i ve enough 

to pick up t hese sma l l  changes. Consequent ly, the pred ictions of DM and N from DEXA 

var iables are deemed i naccurate. 
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The i nconsistency i n  the relationship  between O EXA variables and O M  or N for 

fru i t  located i n  d i fferent rows may be attributed to variable sensit iv it ies of  the detectors 

across the conveyer that has been observed in a separate OEXA experiment (Tran et a I . ,  

unpubl ished) .  The sensit i v ity  variat ion o f  the detectors may a l so have affected the 

consistency of repeated measurement because row posit ions on the conveyer were not 

exact ly t he same in repeated D E XA exper iments. 

The l ack  of re l at ionsh ip between OEXA var iables and other fru it attr ibutes, such as 

fru it firmness, colour, SSc. p ,  K, Ca and M g, may be attributed to the poor relat ionsh ip 

between these fru it attr ibutes and the overa l l  atomic weight of  t he fru it . For examp le, fru it 

softening is assoc iated w ith  chemical c hanges at the mo lecu lar leve l ( i .e .  degradat ion o f  

starch and ce l l  wal l  material s  to so lub le so l ids),  but not at atomic  leve l ( i .e .  the e lements 

remains the same). 

Both the O E XA and X-ray CT measure the X-ray absorbance wh ic h  is determined 

by the dens ity o f  measured mater ia l .  However, X-ray CT measures x-ray absorpt ion o f  

many sma l l  vo lumes known a s  voxe ls, wh ich comprise the scanned reg ion w it h  defined 

length,  w idth and th ickness (To i ler et aL 1 992),  wh i le the DEXA scanner measures the X

ray absorption of the who le fru it . Because of t he variable fru it t h ickness, i t  is imposs i b le to 

d ifferent iate the contribut ions  o f fi'u it density from t hat of fru it th ickness to the absorbance. 

Th i s  m ight be another reason why DEXA fai led to give consistent est imates of D M  and 

m ineral concentrat ions. 

9.5 Conclusion 

The DEXA scanner measures the X-ray absorbance t hat is determined by the 

th ickness and density  of measured material .  Variab les retrieved from the DEXA i mage give 

re l iable est imat ion of  fi'u it weight. The re lat ionships between DEXA variables and dry 

matter content or m i neral concentrat ions are weak and incons istent between d ifferent 

posit ions on the conveyer and measurement t imes.  Therefore, The OEXA is un l ike ly to be 

usefu l  for assessment of k iw i  fru it q ua l ity. 
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General Discussion 

1 0. 1 .  Introd uction 

Technologies for the segregation of 'Hayward'  k i wi tru i t  by storage potent ia l  (STP) 

at both grower l ine  and ind iv idual  fru i t  leve l s  were investigated i n  th is  thes i s .  F ru i t  

segregation a t  each leve l had two key components : a d i scr im inant model  for STP and 

rat iona l ised methodologies to measure fru it attr ibutes i nvo l ved in the d iscrim inan t  mode l .  

Th i s  chap ter integrates the resu Its and proposes segregation strategies for i ndustry 

app l i cation . 

1 0.2. Segregation on a grower l ine basis 

1 0. 2. 1 Discriminant model  on a grower line hasis 

On a grower l in e  basis, STP can be measured as storage l i fe ( SL) ,  the storage t ime 

for the fru i t  to soften to an average flesh firmness (FF) of 1 1 .8 N,  the m in imum fi rmness  

req u i red for export ing fru i t  from New Zealand (Hopk i rk e t  a I . ,  1 996; Benge ,  1 999). SL  can 

be estimated from an exponentia l  model fi tted to FF  data measured at the last fou r  fi rm ness 

mon i to ring periods towards the end of storage if fi rmness mon i to ri ng is carried out month ly 

on 20 fi'u i ts per grower l in e  each  t ime (Feng et a I . ,  200 1 ) . Of the two parameters of the 

exponent ia l  model  ( i n te rcept and soften ing rate), soften ing  rate was found to be the most 

i mportant parameter determ i n ing SL (Section 5 . 3 . 1 ) . 

Canon ica l  d iscri m inant ana lys i s  on four  groups of grower l ines w i th d i fte rent 

soften ing rates i nd i cated that grower l ines were separated by the two canon ical tlll1ct ions 

(COF I and C OF2) i ncorporating  fru i t  m ineral concentrat ions (CaiN and M g) ,  harvest date 

(HO) ,  harvest maturity ( ind icated by proport ion of so l ub i l i sed dry matter measured at 

h arvest, SSFOM), fi'u i t  co lour ( l ightness, L )  and prestorage delay ( OL) .  S tandard ized 

canon ical coeffic ients i nd icated that COF J d iscrim inated grower l ines on M g, CaiN, h arvest 

maturity and, to a l esse r  extent, HO and L. Grower l i nes characterised by h igh Mg, h igh 

CaIN, advanced maturity, harvested l ate with low l ightness and short coo l ing de lays are 
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l i ke ly  to soften at low rates and consequent ly have a long storage l i fe .  CDF2 d i scr im inated 

grower l in es on prestorage de lay .  For grower l ines harvested early at l ow maturi ty ,  

e xtend ing prestorage de lay improves storage potent ia l .  I n  contrast, extended prestorage 

de lay wou ld reduce the storage potent ia l  of grower l ines harvested late at advanced 

maturity. Th i s  information i s  not on ly usefu l  for fru i t  segregat ion,  but  a lso usefu l  for 

growers and packhouses to determ i ne the most appropri ate harvest date and prestorage 

de lay to ach ieve the best STP ofeach grower l ine  (Sections 5 .3 and 5 .4) .  

The assoc iat ion of h igh CaIN and Mg  w i th low fru i t  soften ing  rates fou nd in th i s  

study ( Section 5 .3 .2 )  agrees w i th  previous reports where fru i t  wi th low Ca and M g  bu t  h igh 

N tended to be suscept ib le to p remature fru i t  soften ing and storage d isorders (Wade, 1 98 1 ;  

Poovaiah , et a I . ,  1 988 ;  Prasad and Spiel's, 1 99 1 ;  Wang, 1 993 ; Banks e t  a I . ,  1 995a; Davie , 

1 997 ; Benge, 1 999 and 2000). Pri nc ipa l  component analysis on m inera l  composi t ion of  

'Hayward' k iw ifru i t  ind icated that ind iv idual e l ements cou ld not be  considered in i so l at ion 

but rather in groups of e l ements ;  N ,  P. S ,  K ,  and Cu were c lass ified in to one group 

negat ive ly  re lated to FF after 1 2  weeks storage whi le Ca, Mg and Zn were i n  another group 

pos i t ive ly  re lated to the F F .  These groups were negat ive ly assoc iated wi th each other 

(Sm i th et a I . ,  1 994) .  Therefore the rat io  of Ca and N (CaiN) may represent the balance of 

the two groups of e lements. Ca  i s  a d i valent e lement wh ich i s  accumu lated by kiwi fru i t  

l arge ly du ri ng  the very early stage of growth ,  possib ly  reflect ing its l ow  mobi l i ty i n  the 

ph loem.  By contrast, N ,  P, S, K,  and Cu are relat ive ly more mobi le i n  the ph loem, and have 

been found to accumu late at a steady rate throughollt the growth of the frui t  (C l ark and 

S m ith , 1 988 ). Therefore, the ba lance of these two g roups may refl ect  the pattem of  fru i t  

development under part i cu lar c l imate cond i tions and orchard management regimes. C l imate 

cond i t ions and orchard management regimes that increase sap flow to fru i t  through the 

xylem dur ing early fru i t  development stage wou ld benefit the accumu l ation of Ca to fru i t .  

B ecause the  sap flow to  fru i t  i s  a ffected by  t ranspirat ion of the fru i t  and the  competit ion of  

l eaves, N cou ld affect Ca accumu lat ion in  fru i t  through promoting vegetative growth that 

reduces transp i ration of fru i t  (by shad in g) and competes for sap flow wi th fru i t  (B lI walda, 

1 99 1 ; lohnson et aI . ,  1 997) .  The physio logy of Mg i n  k i wi trll i t  soften ing i s  not c lear and 

merits further  investigat ion . 
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The assoc iat ion of h igh SSFOM and l ate harvest with l ow soften ing rates dur ing 

storage (Section 5 . 3 .2)  is  cons istent w ith prev ious stud ies i n  wh ich ear ly h arvested fru i t  

w ith low SSC were fou nd to be  firmer a t  harve st bu t  softer after l ong-term storage ( Weet, 

1 979 ; Harman , 1 98 1 ;  Harman et a I . ,  1 982 ;  Crisosto et a i . ,  1 984; M itche l l et a I . ,  1 992 ; 

Abda la  e t  aL 1 996; Costa et aI . ,  1 997) .  The soft frui t  prob lem of early harvested fru i t  m ay 

be attributed to the development of  low temperature break down (L  TB)  that was observed 

i n  fru i t  h arvested be low 6 .2% SSC and then stored at O°C ,  whereas breakdown symptoms 

were absent i n  more m ature fru i t  ( Harman,  1 98 1 ). 

The effect  of  harvest date on fru i t  soften ing rate may reflect a ch i l l in g  acc l i m ation 

during late autumn (Sfakiotak i s  et aL 2002),  or a l arge i nc rease in cytok in in concentration 

in k iw i fru i t  observed during the harvest season (Lewis et a I . ,  1 996), or both . H owever, i t  i s  

not c lear what the effect i ve temperature for the ch i l l ing acc l imat ion i s, how d iurnal  

temperature patterns influence the acc l imat ion and how fru i t  cytok in in  concen tration re lates 

to c l imate condi t ions, v ine phys io logy and orchard man agement. The d iscri m inan t  model  

deve loped in chapter 5 may h ave reflected a general trend where tt'u i t  harvested l ater 

experience longer c h i l l ing  acc l imation and accumu late more cytoki n i n  than fru it h arvested 

ear l i er. The actual ch i l l in g  acc l im at ion and cytok in in  accumu l at ion of grower l ines 

h arvested on the same date may vary considerab ly d ue to the d ifferences i n  year, orchard 

s i te .  v ine phys io logy and orchard management. The variat ion i n  actual  ch i l l ing  acc l imat ion 

and cytok in in accumu l ation wou ld i ntroduce some uncertainty to the d iscrim in ation . 

Replac in g  H O  with more appropriate variab les  such as cumu l at ive degree-hours of 

temperature be low a certain temperature and measured cytok in in  concentrat ion etc . may 

mcrease the d i sc ri m inant accuracy. W ith the rap id  deve lopments i n  temperature data 

logging, mon i toring temperature on an orchard b lock basis is a l ready a real ity. Fmther 

development in b iochemical assay techn iques wou ld be needed to measure cytok in in  for 

i ndustry app l ications i f  the re lat ionsh ip between cytok in in  concentration and storage l ife 

can be establ ished . 

The effects of OL (prestorage de lay) on fru i t  soften ing (Sections 5 .3 and 5 .4 )  m ay 

be a balan ce of two i n tluences. F i rs t, prestorage de lay may act as a postharvest c ur ing to 

reduce the inc idence of fru i t  rot caused by Botlytis cinerea (Poole  and McLeod , 1 994), 

con sequently preventin g fru i t  soften ing caused by ethy lene production of affected fru i t .  
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Second , fru i t  susceptib i l i ty to v ibration damage dur ing the grad ing and pack ing p rocess 

increases as fru it becomes softer ( M itche l l ,  1 990). The second in fluence may not be 

important for early harvested grower l i nes h av in g  a lag phase in fru i t  soften ing shortly after 

h arvest ( M acRae et a l . , 1 990). However, the i nfluence may become increasingly s ign ificant 

as the l ag phase d isappears in the l ate harvested grower l ines ( M ac Rae et a l . .  1 990; Benge,  

1 999). These two i nfluences of prestorage de lay were reHected by i ts negat ive SCC 

( standard ized canon ical coeffic ien t) in  CDF , and i ts  posit ive va lue in CDF2 (Table 5 .3 ) .  

The  actua l  effect of DL on each grower l ine may a l so depend on weather cond i t ions during 

the de lay,  the leve l  of l atent pathogen infection and the l evel  of  mechan ica l  damage during 

the grad ing and pack in g  process. Replacing DL w ith more appropriate variab les such as 

temperature, humid i ty, the leve ls  of l atent pathogen i n fections and v ibration d amage may 

increase the d i scrim in ant  accuracy and enhance the ab i l ity to man ipu late storage potent ia l  

by choosing  the r ight DL for each grower l ine .  

V ariation in fru it l igh tness may be attr ibuted to the variati on 111 m ic ro-c l imate 

cond itions and canopy management .  Grower l i nes with low l igh tness are l ike ly to be 

produced from a sunny orchard w ith a l i ght  canopy (B i b le and S ingh a, 1 993 ;  Snel gar et a l . ,  

1 998). The  associ at ion of low fru it l igh tness wi th a s low soften ing  rate may be  attr ibuted to 

enhanced Ca accumu l at ion into fru i t  (C lark and Smith ,  1 988 )  or heat-shock prote in  (HSP) 

i nduced by h i gh temperatures of exposed fru i t  ( Ferguson et aL 1 999) or both . The exposed 

s ide of app les was found to be fi rmer than the shaded s ide and avocado previously exposed 

to sun l ight was fou nd to h ave greater resi stance to low temperatu re i nju ry and a s lower 

r ipen ing rate (Ferguson et a l . ,  1 999). However, HSP  of k iw ifru it h as not been reported 

prev ious ly and merits investi gat ion . 

Over 50% grower l ines in the va l idation d ata set were correct ly c l ass i fIed us ing the 

d iscrim inant model compared with a percentage chance c ri terion of 25% (Section 5 . 3 .2) .  

T he d iscrim i nat ion accuracy was h igher for groups w ith soften ing rates at both ends of the 

soften ing-rate cont inuum (Tables 5 .4 and 5 . 5 ) .  For examp le, 60% of the grower l ines i n  the 

pred icted s low-soften ing group ( i .e .  P KG , )  of  the val idat ion data set softened at the rates of 

the  l owest q uart i le g roup ( i .e. kSO.OO I )  whi l e  80% of the grower l i nes i n  the  pred icted fast

soften ing group ( i .e .  PKG .. ) softened at the rates of the h i ghest quart i le group ( i .e. 

k>0.0034 ) .  Th i s  suggests that the model cou ld be used to select grower l ines w ith exce l lent 



Chapter 1 0  General Discuss ion 2 1 8  

storage potent ia l  for long-term storage and to ident ifY grower l ines wi th poor storage 

potent ia l  that need i mmed iate attention . 

The d iscri m inan t  model of  chapter 5 was developed based on pooled data from two 

experiments .  The 37 grower l i nes of the fi rst experiment (Section 5 .2 . 1 )  were samp led i n  

the 2000 (9 grower l ines sampled week ly from 9 M ay to 23  M ay) and 200 I (28 grower 

l i nes samp led from 28 M ay to 9 June) seasons from the Bay of P lenty wh i le the 72 grower 

l i nes of the second expe ri ment (Section 5 .2 .2 )  were samp led in the 200 I season in an 

extended period (25 M ay to 27 June) fi'om a wider product ion region (57  grower l ines from 

the B ay of P lenty, 5 grower l ines from Gi sborne, 5 grower l ines from Ne lson and 5 grower 

l i nes from North l and) .  The two experiments a l so d i ffer in i nstrument and measurement 

methodo logy. For examp le, FF i n  the first experiment was measured us ing a texture 

ana lyser (T A.TX2,  Stab le M ic ro Systems, Surrey. Eng land)  wh i le that in the second 

experiment was measured us ing a HortP lus  Qu ick Measure Penetrometer System ( Hortp lus 

Ltd, New Zea land ); so lub le so l ids content i n  the first experiment was measured us ing the 

j u ice extracted when measuring F F  at the equatoria l  zone of each fru it whi le that in the 

second experiment was measured at two end caps of each fru it ;  m i nera l  concentration s of 

each grower l i ne i n  the  fi rst experiment were the average of 20-40 fru i t  measured 

separately wh i le those i n  the second experimen t were measured on a comb ined sample on 

grower l ine basi s  without in terna l  rep l icat ion (Sections 5 . 2 . 1 and 5 .2 .2 ) .  I t  was a l so not iced 

that two-th i rds of the grower l i nes in the fi rst experiment softened rap id ly wh i le two-th i rds 

of the grower l i nes in the second experiment softened s lowly. Concomi tantly, grower l i nes 

i n  the second experiment had h igher SSFOM and h igher C aIN than those in the fi rst 

experiment (Sections 5 .3 and 5 .4 ) .  It i s  d ifficu l t  to c l ar i fy whether the d ifferences represent 

the t rue d i fference between grower l ines of the two experiments or was caused by 

measurement b ias.  I f  measurement b i as d id exist between the experiments, the b ias wou ld  

h ave in fl uenced the d iscri m inan t  model  developed based on  pool ed data  from the two 

experiments. Therefore,  further work i s  needed to va l idate the d iscri m in ant model us ing 

standard i sed measurement methodo logies. I t  i s  a l so adv isabl e  to measure fru i t  cytok in in 

concentration and record c l imate cond it ions such as temperature , hum id ity and wind speed 

on grower l ine basis i n  nlture experiment so that to eva luate the poss ib i l ity of rep l ac ing  H O  

and OL with more appropriate variab les. 
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Further work i s  needed to i mprove the d i scr im inan t  mode l given that over 40% of 

the  grower l ines h ave been assigned to  i ncorrect groups. Because some of the i ncorrec t  

c l ass ificat ions cou ld be  attr ibuted to  the  measurement errors of the  variab les used to 

calcu late canon ical functions (Section 5 .4 ), reducing measurement e rrors of the fru i t  

attributes us ing rationa l i sed sample preparation and measu rement methods (Chap ter 3 )  i s  

i mportant for accurate d iscrim inat ion of grower l i ne s  us ing the d i scr im in an t  mode l .  

1 0.2 .2  Speculation on  il'nproving the discriminant model on a grower line basis 

The physiologica l  b as is  of the d isc ri m in an t  model  c an be cons idered with respect to 

i nternal  ethylene concentration ( lEe) ,  because ethylene i s  a trigger force for the soften ing 

of k iw i  fru i t  (Hyodo and Fukasawa. 1 985 ;  Arpaia et  a I . ,  1 987 ;  M itche l l ,  1 990; Banks e t  aI . ,  

1 99 1 ;  Bongh i  et  a I . ,  1 996; K im ,  1 999; R i tenour et .  a l  1 999; He ltog and Je tTery, 2000) .  

The t ransfer of ethylene between fru it and the environment fol lows F ick ' s  first l aw 

of d i ffus ion (Magu i re, 1 998 ;  equat ion 1 0 . 1 ), 

( 1 0 . \ )  

where r(' J! , (mol , S' I ) i s  the rate o f  ethylene transfer from fhl i t  to the environment ( i ns i de 

pac kage); I'1PC, JI, (Pa) i s  the d i fference i n  part ia l  pressures of ethylene between fru i t  and the 

env ironment; A (m2) is the surface area of fru i t ;  � ,f! , i s  the permeance of the fru it sk in to 

ethylene (mol S' I m,2 Pa'l ) .  

Assum in g  that ethylene production and d i tTusion is  a lways at  equ i l ibri um ,  I .e .  

r( , /I, = r( , /I" . M , where M (kg) i s  the mass of the fru i t  and " (, If ,  (mol  kg' l S' I ) i s  the 

ethylene production rate of the fru i t ,  then 

( 1 0 .2 )  

I f  the parti al pressures of  ethylene i n  the env ironment and i ns ide the fru i t  are pe (Pa) 

and Pi (Pa) respectively, then 
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( \ 0 .3 )  

W ith a storage temperature o f  O°C ,  equation \ 0.4 can be deduced b y  convert ing Pi 

( Pa) to lEe (mol  L-
1
) accord ing to the Ideal Gas Law (Banks et a ! . ,  1 995b) .  

( 1 0 .4 )  

Hertog and Jeffery (2000) assumed that fru it soften ing  being a breakdown process 

of fru i t  fi rmness (F)  catalysed by an enzyme (Enz;  reaction 1 0 . 1 ) . 

Enz + F -� Enz ( Reaction 1 0 . \ ) 

where kp represents the rate constant of the reaction . A d i fferen tia l  equat ion (equation 1 0 . 5 )  

can be  derived t1'om reaction 1 0 . 1 .  

dF(t) 
- -kp ' Enz(t} F(t) 

dt 
( 1 0 . 5 )  

where t represents the t ime i n  storage (day). The chan ges of F over t i me i s  the in tegration of 

equation 1 0 .5  and the  analytical so lution for F( t )  (remain ing F a fter t days of storage) 

becomes equation 1 0 .6 when Enz(t) is a constant. 

F (t) Fa ' e 
- kp . Enz(tH 

( 1 0 .6 )  

where Fo  i s  the F value a t  the beginn ing of storage . Let k = kp · Enz(t). FF (t)=F (t) o r  

C F(t)=F(t), equation 1 0 .6 becomes the exponential model  ( Equat ions 1 0 .7 and 1 0 .8 )  used 

in the curren t  study for the calcu lation of storage l i fe (Feng et a I . ,  200 1 ;  Sections 3 .3 .3 and 

4 .3 .3 )  and for characteriz ing grower l ines for d i scrim inant analysis (Sections 5 .2 .4 and 5 .3 ) .  

FF(t) FFo · e- k . t 

CF(t) cR) · e - k · t  
( \  0 .7 )  

( 1 0 .8 )  

where FF (t) and CF(t) rep resent flesh firmness ( F F )  and compression force (CF)  after t days 

of storage. FFo and C Fo represent theoret ical va lues of FF and CF at the begin n in g  of 

storage. 

On a grower l ine  basis, the exponential mode l  fi tted we l l  to the fi rm ness ( FF  or CF )  

mon itoring data col lected after 3 -6 months storage . Th i s  ind icated that Enz(t) of  each 

grower l i ne m ight i ndeed be stab le during th is period of storage . Because the rate constant 
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(kp) of reaction 1 0 . 1  i s  common to a l l  fru it regard less of grower l ines (Hertog and Jeffery, 

2000), the d i fference in k ( fru i t  soften ing rate) between grower l i nes could be attributed to 

the d ifference in Enz(t) between grower l ines .  Because the act ivation of the enzyme from 

its precursor c an be enhanced by ethylene (Bonghi  et a t . ,  1 996; Hertog and Jetfery ,  2000), 

the level of Enz(t) may be affected by i n te rna l  ethylene concentrat ion ( I EC )  as expressed in 

equat ion 1 0 .9. 

( 1 0 .9 )  

where a i s  a coefficient between Enz(t) and IEC . 

G iven that the ratio of M and A i s  a constant (Magu i re et aI . ,  unpubl ished), fru i t  

soften ing  rate i s  detenn ined by  r(:lI, (ethylene production rate of t he  fru it) , 

�':H, (permeance of fru i t  skin to ethylene), and PI (partial p ressures of ethylene in the 

env i ronment). Ethylene product ion rate c an be promoted by development of storage 

d isorders such as fun ga l  rot and low temperature break down (Wan g, 1 982 ; Feng et  a I . ,  

2 003 ) and the  fru i t ' s  susceptib i l i ties to  storage d isorders are affected by m inera l  

concen trations  ( Wade, 1 98 1 ; Poovaiah, et a I . , 1 988 ;  Hopkirk et  a I . ,  1 990 ; Prasad and 

Spiers, 1 99 1 ; B rook, 1 992 : Wang,  1 993 ; Banks et a I . ,  1 995a:  Benge 1 999 ; Hewett et  aI . , 

1 999; Ferguson et a I . ,  200 I ;  M owat et a I . ,  2002), temperatu re cond it ions before h arvest 

(Sfakiotakis  et  a I . ,  2002) ,  harvest maturity ( Weet, 1 979: Harman, 1 98 1 ; Hannan et a I . ,  

1 982 ; Cri sosto e t  a I . ,  1 984;  M itche l l  et a I . ,  1 992;  Abda la  et a i . ,  1 996; Costa e t  a \ . ,  1 997) ,  

postharvest cur ing (Poole and McLeod, 1 994) and pre-coo l ing (Lal lu ,  1 997 ;  La l l u  and 

B urdon, 2003) .  Therefore ,  the effects of m inerals ,  h arvest date, harvest maturity and 

prestorage de lay on fru i t  soften ing rate cou ld be attributed to the i r  i nfluence on ethy lene 

production rate . I n  add it ion , a few d isordered fru i t  could increase ethylene concentrat ion 

i ns ide the package (pe) and promote fru it soften ing.  The effect of fru i t  colour may be 

attr ibuted to an assoc iat ion with sk in permeance in add i t ion to the assoc iation w i th m inera l  

ass im i lat ion a s  d i scussed i n  section 5 .4 .  Sk in  permeance o f  apple to water vapour was 

fou nd to be affected by cu l t ivars, growing cond it ions and h arvest maturity (Magu ire, 1 998) ,  

however, there is  no informat ion ava i lable in the l iteratu re regard ing the effects of c u l t ivars ,  

growing cond it ions, colour or h arvest matur i ty on the permeance of k iw i  fru i t  sk in .  
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I n  real ity, many enzymes, for examp le amy lase (Bongh i e t  a I . ,  1 996),  �

galactos idase (Wegrzyn and M ac Rae, 1 992 : Bongh i  et  a I . ,  1 996), pect in  methy l  esterase 

(PME ,  Redgwe l l  et a I . ,  1 990), endo- I ,4-�-glucanase (EG, Bongh i et a I . ,  1 996), xylog lucan 

endotransglycosylase (XET,  Redgwel l  and Fry, 1 993)  and po lygalacturonase (PG, 

Redgwe l l  et  a I . ,  1 990;  Bongh i et  aL 1 996) are invo lved i n  the soften ing of k iw ifru i t  and the 

act i v ity of each enzyme can change dramatica l l y  dur ing storage . The exponent ia l  mode l 

(Equat ions 1 0 . 7  and 1 0 .8)  derived from a s ing le-enzyme reaction (Reaction 1 0 . 1 )  with 

Enz(t) set as a constant i s  a s imp l ified mode l .  A constant Enz(t) c an be approximated at 

storage duration between 3 -6 months because the most s ign ificant changes in enzyme 

act i v ity were observed short ly after  harvest and when fru i t  soften s  to less than I O N 

( Redgwe l l  et a I . ,  1 990; Wegrzyn and MacRae, 1 992 ; Redgwel \  and Fry, 1 993 ; Bongh i et  

a I . ,  1 996). However, the approx imat ion is not va l i d  at  the beg inn ing of storage or  dur ing 

extended storage t ime when fru i t  softens to  less than I O N . Consequently, the exponent ia l  

model cannot be extrapo l ated to describe the whole fru i t  soften ing  process wh ich i nc l udes a 

lag phase at the beginn ing  of storage and an acce lerated soften ing process duri ng extended 

storage t i me (Mac Rae, et  a I . ,  1 990) .  

Hertog and Jeffery (2000) assumed a revers ib le  reaction of enzyme act ivation that 

cou ld be acce le rated by externa l  ethylene and derived a compl icated quas i-mechan ist ic 

mode l .  T h is mode l is c apable of descr ib ing the lag phase at the beginn ing of storage as a 

consequence of low enzyme activ ity, but  i s  unable to descr ibe the acce lerated soften ing 

process a t  extended storage t ime .  Further study on the  re lationsh i p  between enzyme 

concentrat ion,  I EC and other fru i t  attri butes cou ld improve physioc hem ica l  understand ing 

of fru i t  soften ing .  Once the phys iochemical process i s  understood , i t  cou ld be poss ib le  to 

develop a mechan ist ic fru i t-soften ing model  based on rea l is t ic physiochemica l  knowledge . 

Such a mechan i st i c  mode l  may fac i l i tate a more robust d i scr im inan t  mode l than what has 

been developed i n  the curren t  s tudy for fru i t  segregation purposes . 

1 0.2 .3  Rationalised methodologies fiJr measuring fruit attributes involved in discriminant 
model on a grower line basis 

Rat iona l i sed methodo logies are essent ia l  for both mode l d eve lopment and 

appl ication . In deve loping  and ca l ibrat ing the d iscrim inant mode l ,  the reference value of  
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fru i t  soften ing rate was calcu l ated from firmness mon i tor ing data. The re l iab i l ity of 

measured firmness can be am�cted by i nstrument and fru i t  temperature (Feng et a I . ,  200 I :  

Chapter 3 ) .  F lesh firmness (FF)  measured u s ing  a dri l l -mounted Effegi penetrometer i s  

more variable than that measured us ing a texture analyser (TA.TX2, S tab le M ic ro Systems, 

England ;  Sect ion 3 .3 . 1 ) . The regression between F F  values of dup l icated measurements on 

the 1 80 fru i t  using a d ri l l -mounted E ffegi penetrometer had a coeffic ient of variance of 

1 5 .5% wh i le that of the texture analyser had a coefficient  of variance of  1 1 . 1  % (Section 

3 .3 . 1 ) . These resu l ts ind icate that the texture analyser is more prec ise than the dr i l l -moun ted 

E ffeg i  penetrometer, poss i b ly due to the constan t  speed at which the p lunger penetrated i nto 

the fru i t  and the objective data capture procedure .  

The  cu rrent  industry pract ice of measuri ng  F F  immed iate ly  after fru i t  have been 

taken out of storage tends to resu It  in h igher FF readings and larger variat ion because of the 

rap id change in fru i t  temperature during the measurement (Jetfery and Banks, 1 994 ; Feng 

et  al . .  2002 ; Section 3 .3 .2) .  I t  w i l l  be necessary for the industry to i mprove the i r  curren t  

p ract ice i n  order to gain more re l iab le measurements of FF .  

Dup l icate m ineral analyses us ing dry t issue samp les gave more cons istent resu lts 

than those using wet samples (regression between dup l icated m inera l  analys is resu l ts on the 

same fru i t  us ing d ry sample had R2 of 0 .86. 0 .74 . 0.59. 0 .96 and 0 .8 1 for N.  P . K, Ca and 

Mg respec tive ly, wh i le the correspond ing values were 0.47. 0. 1 3 . 0.26. 0.75 and 0.48 

respective ly when wet samples were used; Section 3 .3 .4) .  Therefore. samp les should  be 

d ried and ground to fine  powders for m inera l  analys is .  

Colori metric values can be a l te red by water condensation over the fru i t  surface 

(Sect ion 3 .3 .2) .  Therefore. fru i t  shou ld be al lowed to dry before the measur ing fru i t  co lour. 

Harvest maturity was ca lcu lated from so lub le  sol ids content (SSC) and dry matter 

con tent  (OM) .  SSC was measured on j u ice expressed dur ing F F  measurement at the 

opposite s ides along the equator of each fru it (Section 5 .2 . 1 )  or measured on two end caps 

of each fru it (Section 5 .2 .2)  wh i le OM was measured on the equatorial region i m mediate ly  

next  to the  penetrometer ho les  (Section 5 .2 ) .  I t  wou ld  be adv isab le to  keep the  sample 

region cons isten t because of wi th i n -fru i t  grad i en ts in SSC (Hopk i rk et a I ., 1 986; MacRae et  

a I . ,  1 989;  Schaare and F raser, 2000) ,  OM and m ineral concentrat ions (Ferguson , 1 980 ; 

C lark and Smi th .  1 988 ;  C lark and Smi th .  1 99 1 ) . I t  is a lso noticed that OM measured us ing 
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the freeze-dry ing  method are s l ight ly (0 .6% FW on average) h igher than that measured 

us ing oven-dry i ng (Jord an et a I . ,  20(0) due poss ib ly to the loss of volat i l e  materi a l s  at h igh 

temperatures ( Ou lphy et a l . ,  1 975) .  A SSFOM of 3 5 .2% ca lcu lated from a SSC of 7% and 

O M  of 1 7 .6% measured us ing the freeze-drying method wou ld be about 36 .7% if  the OM 

were measured us i ng  the oven-dry ing  method . Measurement of SSC can  be  made on  j u ice 

expressed dur ing FF  measurement on the oppos i te s ides around the equator of each fru i t  

(Harker and  Ha l lett ,  1 994) or a t  two end caps of  each fru i t  (Ha l l a nd  Mcpherson ,  1 997) .  

The SSC measured on the oppos ite s ides around the equator of each fru i t  i s  s im i l ar to the 

average SSC of the two end caps of the same fru i t  i f  the measurements are made at s im i lar  

t ime (Hopk i rk et a I . ,  1 986) .  However, i n  practice, the measurement of SSC on two end caps 

of each fru i t  may be de layed for a few hours after F F  measurement. The changes in SSC 

dur ing the de l ay cou ld be enhanced by the wound made  on FF measurement. Therefore ,  i t  

i s  advisable to  measure SSC immed iate ly after FF measurement. 

Compression force (CF)  i s  a non-destruct ive measurement of fru i t  tinnness. C F  

measurement has been successfu l ly used to monito r  fru i t  soften ing o n  a grower l ine bas i s  

for the  deve lopment of  a mechan ist ic fru i t  soften ing mode l (Hertog and Jeffery ,  2(00). 

U nder s im i lar  storage cond it ions, storage l i fe ca lcu lated from an exponent ia l  model fitted to 

CF d ata i s  s im i l ar to that calcu lated from FF data (Section 4 .3 .4) .  The advantage of us ing 

CF is  that  the measurement can be repeated on the same fru it ,  mean ing that  fewer fru i t  are 

requ i red for mon i tor ing and the measured data wou ld  be free from sampl ing  e rror. 

However, CF as a measurement of w hole fru i t  st i ffness is  vu lnerab le to the loss of ce l l  

turgor pressure assoc iated w ith fru i t  weight loss (Section 8 .3 .4) .  Variation i n  fru i t  weigh t  

loss cou ld be generated b y  fru i t  location in b ins  during the prestorage de lays a t  packhouses . 

Whether or  not th i s  variat ion cou ld be reduced after fru i t  h as been packed i n  polyl ined 

k iw ifru i t  trays i s  st i l l  to be invest igated . To u se C F  w i th in the k iwifru i t  i ndustry would 

requ i re deve lopment of a c heaper device for CF measurement at packhouses because, at  a 

p rice of over $40,000, current i nstruments such as the texture analyser  (TA.TX2,  Stable 

M ic ro Systems, England)  capable of measuring  C F  are cost  p rohibi t ive .  
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1 0.3. Segregation o n  a n  i ndividual fruit  basis 

The curren t  study d id not repeated ly measure CF duri ng storage. Consequently the 

soften ing  rate cannot be est imated on an i nd ividual fru it bas is .  G iven that low fi rmness at 

the end of storage resu l ts  from premature soften ing and premature softening is  u sua l ly  

assoc iated w ith deve lopment of storage d isorders such as  soft patches, l TB ,  and fungal rots  

(Oav ie ,  1 997;  Benge, 1 999; Feng et a l . ,  2003 ), fru i t  segregation on an ind i v idua l  fru i t  bas is 

foc used on pred ict ing fru i t  fi rmness at the end of storage and d iscrim inat ing d isordered 

fru i t  from healthy fru i t  us ing non-destructive techno logies such as v is ib le-near- i nfrared 

spectroscopy (YN I R )  and d ifferent ia l  energy X -ray analysis (OEXA) . 

As grower l ines w ith d ifferent  soften ing rates can be d iscrim inated based on fru it 

attr ibutes measured at harvest (Chapter 5 ) ,  i t  i s  logical  that i nd iv idual  fru i t  w ith d i fferen t  

soften ing  rates cou ld be d iscrim inated by  non-destruct ive techno logies if  at-harvest fru i t  

attributes can be est imated us ing non-destruct ive technologies.  Therefore,  the ab i l i ties of  

YN I R  (Ch apter 6)  and OEXA (Ch apter 9) for est imating at-harvest attr ibutes were a lso 

eva luated . 

1 0. 3. 1  Measurement (�lat-harvestfruit attributes using VN IR 

The resu lts presented i n  chap ter 6 ind icated that so lub le so l ids  content (SSC), fru i t  

co lour (l, C ,  H ), flesh colour ( Fl ,  FC,  F H) ,  and n itrogen concentration (N) were predicted 

wi th  coeffic ient  of determ ination (R2p) above 0 .5 in at l east th ree out of the fou r  

experiments wh i le CF  and F F  cou ld on ly be predicted us ing the i nteractance spectra; O M  

was pred icted very we l l  ( R
2
p=0 .85)  us ing the reflectance spectra from the com merc ia l  

YN I R  equ ipment, bu t  i t s  est imates i n  the other t h ree experiments were poor ( R
2
p<0 .3 7) ;  

m inera l  concentrat ions other  than N were poorly p red icted except for P, Ca and Mg which 

were pred icted at  R
2
p:::'0 .5 us ing the reflectance spectra (Sections 6.3) .  

The best p redict ive models  for SSC and OM obta ined in the current study (Tab le 

6 .4 )  had R2p and standard error of pred ict ion (SEP) s i m i la r  to those reported e lse"vhere 

(McGlone and Kawano, 1 998; Costa et aL 1 999: Osbome et a l . ,  1 999: Schaare and Fraser, 

2000 ; McG lone et a I . ,  2002a). The best pred ict ive mode l obta ined for F F  had smal ler  R
2p 

(0 .59) and h igher SEP  ( 1 0 .8  N ;  Tab le 6 .3 )  than those reported by McGlone and Kawano 
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( R2 p =0.66 and SEP=7.8  N ;  1 998) .  The supenor est imat ion of F F  i n  McGlone and 

Kawano ' s  experiment m i gh t  be attr ibuted to more repeated YNI R  scann ing (50 scans of  

each  fru i t ;  McGlone and Kawano, 1 998) compared wi th 2 scans per  fru i t  i n  experiment 

6 .2 . 1 . The pred ict ive mode l s  obta ined for FH (Table 6.3,  6 .4 6 .5 and 6 .6)  had smal ler  SEP  

values than the SEP  of 1 .6 obtained by  Schaare and Fraser (2000). The d ifference may have 

resu l ted from the sma l l  variab i l ity of 'Hayward' k iw i fru i t  used i n  the current study (FH 

ranged from I 1 2- 1  1 6) compared w ith that of  the  ye l low-tleshed k iw i fru i t  used by Schaare 

and Fraser ( FH  ranged from 98- 1 1 5 ) .  Est imations of CF ,  L ,  C H,  FL ,  FC and m inera l  

concentrations of k iw i  fru i t  u s in g  YN I R  techno logy are not reported i n  the  l i terature .  

The  reflectance spectra measured us i ng  a com merc ia l  YNI R  i nstrument gave the 

best estimates for SSC, O M .  H. F H .  N, P .  Ca. Mg, CFS and FFS  but the worst est imates for 

C F  and F F  compared wi th the est imates of the in teractance spectra i n  o ther experi ments .  

The reason for these d i 1ferences i s  no t  c lear because the deta i l s  of the commerc ia l  YN IR  

i nstru ment  are com merc ia l ly sens it ive and not avai lable for i nspection . The reflectance 

mode is not l i ke ly to be the reason for the superior est imates, but  it cou ld be respons ib le for 

the poor estimations of CF  and F F  because in te ractance is superior to reflectance i n  the 

estimation of SSC (c losely re lated to both CF and FF ). dens i ty (c losely re lated to OM)  and 

F L  ofye l low- fleshed k iw i tru it (Schaare and F raser, 2 000). Wavelength  range appears not a 

l i m it ing tactor because analysis of data from d i fferen t  experiments w i th spectral data 

truncated to the same range d id not change the re lative est imat ion accurac ies (Section 6 .3 ) .  

I t  i s  poss i b le that the  more repeated scan n ing  of the  com merc ia l  YNI R  i nstrument (20 scans 

per fru it) improved the s igna l  to noise ratio and al lowed for more re levant factors to ente r  

i n to the PLS  mode ls,  consequent ly resu lted i n  more accurate estimat ion of fru i t  attri butes . 

I n  tact. the average PLS  factor numbers for the estimat ion of the 1 1  at-harvest fru i t  

attributes ( L ,  C ,  H ,  F L, FC F H ,  CF ,  FF ,  SSC O M  and N )  were 1 9 .4 for t he  reflectance 

spectra measured us ing the commerc ia l  YNI R  instru ment compared wi th 9 .3 and 1 4 .6 for 

i n teractance spectra measured us ing a TM300 monochromator or a U SB2000 spectrometer. 

respectively. Th is ind icates that the est imation of fru i t  attr ibutes cou ld be i mproved by 

i nc reasing the n umber of YN I R  scans on each fru it .  However. i t  i s  not c lear whether the 

i nstrument background no ise or the variabi l i ty of fru i t  surface is  the major sou rce of the 

no ise i n  YNIR  spectra. If surface variab i l ity is  the major source of the noise. i t  would  be 
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possible to increase the probe size to cover a l arger area of fru i t  surface for a better 

representat ion of the fru i t  by each YN I R  spectru m .  In other words,  a few repeated scans 

with a l arge probe m ight p roduce an est imation accuracy comparable to that ach ieved by 

more repeated scann ing wi th a smal ler probe. Fewer repeated scans i s  preferab le for i n l ine 

measurement because i t  would a l low more fru i t  to be measured per m inute . Further work i s  

needed to  se lect the  most su i tab le p robe size . 

The accuracy of est imating the same fru it attr ibute varied cons iderably between the 

experiments where YN I R  spectra were measured in the same mode ( i .e .  the interactance 

mode) but us ing d i fferen t  instruments (Sections 6 .3 . 1 . 6 . 3 .3 and 6 .3 .4) .  Ear l ier  work by 

Walsh  and co-workers has compared the perfo rmance characteristics of th ree commerc ia l ly 

ava i l ab le 'm i n iature' spectrometers w ith respect to the appl icat ion of non- invas ive 

p red iction of sugar content of fru i t  (Wash et a l . , 2000). The resu lts from th is  work w i l l  he lp 

further selection of the best instrument.  

The best pred ictive mode l for SSC was based on absorbance spectra at wave len gths 

rang ing from 799- 1 1 36 nm (Table 6 .4 ). Th is range is s im i lar to that of 800- 1 1 00 n m  

selected b y  McGlone and Kawano ( 1 998) .  PLS  regression coeffi c ient  of SSC had 

s ign ificant values (e ither pos it i ve or negat ive) at wave lengths match ing  the spectral bands 

of carbohydrates at 870-890 nm. 900-930 nm and 970-990 nm ( W i l l iams and Norris. 1 987) .  

S im i larly, the best pred ictive mode l for O M  was based on absorbance spectra at 

wave lengths ranging from 500- 1 044 nm (Table 6 .4) ,  a range inc luding shorter wavelengths 

than the 800- 1 1 00 nm range se lected by M cG lone and Kawano ( 1 998) .  PLS  regression 

coetlic ients of OM h ad s ign i ficant va lues at wavelengths match ing the spectral bands of  

carbohydrates a t  900-930 n m  and 970-990 nm ( W i l l iams and Non'is, 1 987)  and the spectra l  

bands of ch lorophy l l at 670-680 n m  (Mowat and Poo le, 1 997;  McGlone and Kawano, 

1 998). This  ind icates that the est imation model for SSC and O M  was based on some 

chem ica l  spec ies. However, the chemical and spectroscopic analysis of the predict ive 

models for fru i t  attr ibutes other than SSC and O M  d id not show defin ite re lationsh ips to 

k nown spectra l  bands .  FU liher more ,  PLS  regression coeffic ients for the est imat ion of the 

same fru i t  attributes in d i fferent  experiments showed d i fferent  pattens with in the same 

wavelength range (F ig  6 . 7 ). Th is impl ies that the PLS  regress ions in d itlerent experiments 

extracted in fo rmation from the spectra i n  d i fferen t  ways. M atches between the coeffic ients 
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of t he  est imation mode l s  and the spectra l  bands of  known chem ica l  spec ies are not 

stra ightforward . 

I t  was a lso noticed that the estimat ions of C F  us ing VN I R  spectra were a lways 

better than the est imat ion s of FF in a l l  three experiments. Part of th is  may be attr ibuted to 

the d i fference between the who le fru it st iffness and the flesh rupture force measured by C F  

and F F  respect ively (McGlone e t  a L  1 997) .  However, i t  i s  not  c lear why VN I R  spectra 

were more c lose ly re lated to whole fru i t  st iffness than they d id to flesh rupture force .  The 

variation i n  pee led sk in area and th ickness during F F  measurement may have caused extra 

measurement error i n  F F  data compared wi th the measurement e rror i n  C F  t hat was 

measured on in tact fru i t .  The measurement error wou ld  contribute to the e rror term of the 

predict ive model s  (Osborne et a l . .  1 993 ) .  Therefore the accuracy of est imat ing  fru i t  

attributes us ing VN I R  spectra re l ies o n  the re l iab i l i ty o f  both the reference data and the 

spectral data. 

1 0. 3 . 2  Predictingfruitfirmness at the end olstorage based on VNIR $pectra 

Of the th ree experiments where YNIR  spectra were measured from fru i t  at h arvest 

and compress ion force (CFS)  and flesh fi rm ness (FFS) read ings measured at the end of 

storage, reflectance spectra measured us ing a commerc ia l  VNI R  i nstrument (experi ment 

7 .2 . 1 )  produced the best pred ict ive mode ls ( R
2
p of 0 .32 and 0 .35 ,  respective ly, for C FS and 

FFS) fo l lowed by in te ractance spectra measured us ing the USB2000 spectrometers in 

experiment 7 . 2 .2 (R2p of 0 .24 and 0 .22, respect ive ly, for CFS and FFS) and experiment 

7 .2 .3  (R2
p of  0. 1 4  for F FS). T h is trend i s  s im i l ar to that of the pred ict ions of at-harvest 

attr ibutes which were more accurate using the rellectance spectra measured w i th the 

commerc i a l  N I R  i nstrument than us ing the interactance spectra measured w i th the 

U SB2000 spectrometers (Chap te r  6). Th is imp l ies that the pred iction ofCFS  and FFS u sing  

VN I R  spectra was based on the  re lation sh ips between YN I R  spectra and at-harvest 

attributes (Chapter 6) and the re l at ionsh ips between at-harvest attributes and the rate of fru i t  

soften ing (Chapter 5) .  

A th ree-group segregat ion of the fru i t  i n  the val idat ion data sets y ie lded 

s i gn ificant ly h igher fi rm ness and lower percentages of soft fru i t  in the predicted fi rm fru i t  
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groups compared w ith  those of the predicted soft and med ium fi rmness groups (Section 

7 .3 . 1 ) . These resu lts ind icate that VNI R  is u sefu l  to segregation of 'Hayward '  k iw i fi'u i t  for 

storage potent ia l  wi th respect to fru i t  fi rm ness at the end of storage . 

Compari son of the pred ict ive mode ls  for C FS or  FFS  obtained in d ifferent  

experiments ind icated tha t  the models  were based on spectral data a t  d ifferen t  wave lengt h  

regions and the P L S  regression coefti c ients rare l y  have common peaks and troughs w i th i n  

the same wave length range (F ig 7 . 7 ) .  Consequent ly, i t  i s  hard t o  see the spectroscopic basis 

(e .g .  spectral bands of known chemical and physical spec ies) of the pred ict ive model s. Th i s  

i s  no t  surpri s ing because the chem ical and physical bases of CFS and F F S  are compl ic ated 

(McG lone et  a l . ,  1 997)  and many chan ges in chem ical  and physical  p ropert ies occurred 

dur ing storage (Redgwe l l  and F ry, 1 993 ; Harker and Ha l lett, 1 994; Redgwe l l  and Harker, 

1 995 ;  Redgwe l l ,  1 996; Redgwe l l  et a l . , 1 997 ;  Terasaki et a I . ,  200 I ) . 

1 0. 3 . 3  Discriminatingfruiffhr storage dl: .. 'orders based on VNIR ... pectra 

I n  a l l  three experiments where VN I R  spectra were taken at harvest and storage 

d isorders assessed during  the storage and subsequent she l f  l ife ,  segregat ion of fru i t  i n  the 

val idation data sets based on VNI R  spectra using the d iscr im inant  mode ls  deve loped from 

the model-bu i ld in g  data sets increased the percentages of fru i t  correct ly  c lass ified i n  a l l 

p red ic ted groups (Section 7 .3 ) .  Consequently, the percen tages o f  d isordered fru i t  i n  the 

predicted healthy fru i t  groups were s ign ificantly lower than those in the predicted 

d isordered groups . For examp le, a fou r-group d isc rim inat ion of fru i t  samp led in the 2000 

season (experiment 7 .2 . 1 )  based on reflectance VN I R  spectra measured us ing a commerc ia l  

VN I R  i nstrument resu l ted i n  6 .6% d isordered fru i t  in  the pred icted healthy group, 

compared w ith 1 5 .4% d isordered fru i t  i n  the pred icted soft patch (SP) group, 26 .8% 

d i sordered fru i t  i n  the pred icted low temperature break down (L TB)  group and 3 3 .3% 

d isordered fru i t  i n  the  predicted pu rple patch (PP)  group (d isorders assessed on the 5 th day 

of she l f  l ife after 6- 1 1  months storage depend ing on when the average F F  of a grower l ine 

dec l i ned to 1 1 .8 N ); a three-group d iscrim ination of fru i t  sampled i n  the 200 1 season 

(experiment 7 .2 .2 )  based on i nteractance VN I R  spectra measured us ing a USB2000 

spectrometer resu lted in 3 3 . 1 % d i sordered fru i t  i n  the pred ic ted healthy group, compared 
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with  57 .5% d i sordered fru i t  i n  the pred icted S P  group and 67 . 1 % d isordered fru it i n  the 

pred icted LTB group (d isorders assessed on the 5 th day of she lf  l ife after 9 months 

storage) ;  a fou r-group d iscrim inat ion of fru it sampled in the 200 1 season (experiment 7 .2 .3 )  

based on in terac tance YN I R  spectra measured us ing another USB2000 spectrometer  

resu l ted i n  1 .3% d i sordered fru i t  i n  the pred icted hea lthy group, compared w ith 22 .2% 

d isordered fru it in the pred icted SP group, 1 3 .9% d isordered fru i t  i n  the pred icted s tem

end-Botrytis group and 1 7 .2% d isordered fru i t  in the pred icted s ide rot group (d isorders 

assessed dur ing storage and wi th i n  2 days of she lf  l i fe after 6 months storage) . 

Repeated assessment of fru i t  d isorder dur ing stomge and she l f  l i fe i n  experiment 

7 .2 .3 enab led a fru i t  c lass ification accord ing to the t ime when d isorders were found 

( Section 7 . 3 . 2 .4) .  A fou r-group segregation of h ea lthy ( fru i t  remained heal thy unt i l  the 28th 

day at she l f  cond it ion) ,  low-risk  (d i sorders found during 1 5 -28 days in she l f  cond it ion), 

medium-risk  (d isorders found during  the 3 - 1 4  days in she lf  condit ion) and h i gh -r isk 

(d i sorders found dur ing storage or with in 2 days in she l f  condit ion) fru i t  based on 

i nteractance YNI R  spectra measured us ing the USB2000 spectrometer resu l ted in 0 .8% 

h igh-ri sk  fru i t  i n  the predicted healthy group compared with 1 . 1  % h igh-r isk fru i t  i n  the 

predicted low-risk  group, 1 .3% h igh-risk fru i t  i n  the predicted med ium-risk group and 2 .7% 

h igh-ri sk  fru i t  in the pred icted h igh-risk group.  The smal l d i fferences between groups 

resu l ted from i naccurate c l ass ificat ion as we l l  as the low percentage of h igh-risk fru i t  i n  the 

whole fru i t  population (about 1 .5 %). W hen h igh-risk fru i t  and med ium-ri sk fru i t  were 

combined in to a poor fru it group ( i .e .  fru it that developed detectabl e  storage d isorders 

dur ing the 6-month stomge and w ith i n  2 weeks she lf  l i fe)  and low-risk  fru i t  and h ealthy 

fru i t  were combined i nto a good fru it group ( i .e .  fru it th at d id not shown any d i sorders unt i l  

2 weeks of she lf  l i fe), the  number of poor fru it accounted for 1 8 . 1 %  in the  pred icted poor 

fru i t  group compared with 2 .8% in the pred icted good fru i t  group (Table 7 . 1 2 ) .  Separation 

of poor fru i t  from good fru i t  w i l l  fac i l itate marketing  of fru i t  accord ing to the i r  innate 

storage potent ia l  and mainta in ing premium perception of brand . 

Because storage d isorders are the major cause of ethylene production (Feng 2002a) 

and ethylene is  the driv ing  force for fru it soften ing (Hyodo and Fukasawa, 1 98 5 ;  Arpaia et  

a I . ,  1 987 ;  M itche lL  1 990; Banks et a I . ,  1 99 1 ;  Bongh i et  a I . ,  1 996; Kim, 1 999; R i tenour et .  a l  

1 999; Hertog and Jeffery, 2000), exc luding fru i t  wi th a h igh ri sk  of deve loping storage 
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d isorders i n  fru i t  targeted for long term storage wou ld s low down the soften ing of the fru i t .  

Th i s  is  of great industry value to reduce fru i t  loss and ensure h igh qua l i ty fru i t  for late 

season marketing. 

The d isc ri m inant resu l ts i n  al l the three experiments showed a common p roblem of 

i ncorrect c lass i ficat ion between groups (Section 7 .3 .2) .  The i ncorrect c l ass ificat ion m ight 

be part ia l ly attri buted to the fact that the cause of some d i sorders ,  part icu larly fungal rots 

and soft patches are more c losely re lated to in i t ia l  i nfection (M ichai l ides and MOl'gan,  

1 997)  and mechanica l  damage (Davie ,  1 997) rather  than physiological factors .  The fungal 

i nfection and mechan ical  damage are usua l ly l i m ited to local areas on  the fru i t  surface 

wh ich may not have been measured by the YNI R  instrument. W ith in the same experiment, 

fru i t  with physiological d i sorders ( i .e .  pu rp l e  patches and L TB) were d iscrim inated at 

h igher accurac ies than fru i t  with soft patches were .  For example ,  72 .7 % L TB fru i t  i n  

experiment 7 . 1 and 57 .5% LTB fi'u i t  i n  experiment 7 .2 were correctly c lass i fied compared 

w ith  45 .8% and 39.6% correct c lass i fi cation of soft patch fru i t  in experiment 7 . 1 and 

experiment 7 .2 respect ive ly .  F ru i t  w i th purp le  patc hes were d iscri m inated wi th h igh 

accu racy (75% in  experiment  7 . 1 )  as expected because purp l e  patches are assoc iated with 

lower fru i t  ch roma (C) and hue (H) as measured externa l ly at harvest (Feng et a l . , 2002) 

and C and H can be pred icted us ing the reflectance spectra measured w ith  the commerc ia l  

YN IR  instrument with R2p o f  0 .64 and 0 .69 respectively (Section 6 .3 . 1 ) . F ru i t  w ith stem 

end Botlytis rot or s ide rots were d isc ri m i nated at accurac ies (4 1 . 1 %  and 52 .9%, 

respective ly) s im i lar to that of fru i t  with soft patches (47 . 1  %) in experiment 7 .3 (Table 7 .9). 

C lass ify ing firm fru i t  to soft fru i t  groups (Sections 7 .3 . 1 )  or c lass i fy ing heal thy fru i t  

to  d i sordered groups (Sections 7 .3 .2 )  cou ld resu lt i n  great fru i t  loss i f  the low-grade fru i t  

were rejected. To  so lve th i s p roblem, th ree strategies cou ld  be  fo l lowed ; ( i )  increase 

c lass ification accuracy; ( i i )  improve inventory man agement to ensure these fru i t  be sen t  to 

the market earl ier; ( i i i )  develop postharvest treatments to reduce d i sorders . These are three 

aspects on wh ich  future research shou ld  focus .  

1 0. 3 . 4  Speclroscopic basis of the discriminant models 

Canon ical  functions of experiment 7 . 1  were calcu lated from reflectance spectra at 9 

wave length  po ints wi th wave lengths ranging from 300-708 n m  (Table 7 .4 )  wh i le those of 
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experiment 7 . 2  were calcu lated from interac tance spectra a t  3 7  wave length po ints with 

wave lengths ranging from 5 72- 1 1 49 nm (Table 7 . 7 ) . Canon ical funct ions of experiment 7.3 

were ca lcu lated from interac tance spectra at more than 1 50 wave lengths spread over the 

who le truncated wave length range of 536- 1 1 59 nm ( F ig 7 .4 and 7 .6) .  However, the most 

important wave lengths ( i .e .  wave length with large standard ised canon ical coeffic ients) 

were located with in a range of 550- 1 000 nm in both experiment 7 .2 and 7 .3 .  Large pos i t ive 

standard i sed canon ical coeffic ient  ( SCC ) values at one wavelength or a group of 

wave lengths were usua l ly  assoc iated with large negative SCC values a t  ne ighbouring  

wave lengths or  v i ce  versa (Tab les 7 .4 and 7 .7 ,  F igures 7 .4 and 7 .6 ) .  Th is  i ndicated that the 

SCC values shou ld be considered by groups of wave lengths, and each group of 

wave length may represent a spectral band wh ich is assoc iated with certain properties of  

the fru it .  However, attempts to match the major groups of wave length po int  with known 

spectra l  bands were not successfu l .  Therefore,  the spectroscopic bases of the d isc ri m i nant 

mode ls are yet to be e luc idated. 

Resu l ts from Chapter 8 ind icate that VN I R  spectra could be affected by prestorage 

de lay (Section 8 .3 .2 ), we ight loss (Sect ion 8 .3 .4 )  and mechan ical damage (Section 8 . 3 . 5 ) .  

F ru it we ight loss dur ing prestorage de lay can be  affected by  temperatu re,  a i r  ve loc ity and 

humid i ty (Magu ire ,  1 998 ) .  Therefore, VN IR spectra con ta in i nformation about prestorage 

de lay, weather cond it ions during the delay and mechan ical damage happened to the fru i t .  I t  

i s  a l so poss ib le that l aten t pathogen infection a l tered fru i t  surface characterist ics that had 

been recorded by VN IR  spectra .  Th i s  informat ion together w ith the i nformat ion about 

i n it ia l  fru i t  fi rmness, co lour, SSC, OM and m inera l  concentrat ions forms the bas i s  for fru i t  

segregation us ing VN IR spectra. 

1 0.3 .5  Rationalised methodologies jor VNIR measurement and data processing 

To further improve the d isc ri m inant accuracy and to use the d isc ri m inant mode l  for 

fru i t  segregation , it is very important to choose the right V IR instrument and to e l i m inate 

measurement error. 

The commerc ia l  VN IR  in strument (Compac SO lt ing Equ ipment L td , New Zealand ) 

takes 1 0  VN IR spectra in reflectance mode on each fru it when the tu rn ing  fru i t  passes the 



Chapter 1 0  General D iscuss ion 233 

measurement chamber. VN I R  spectra from th is system (experiment 6 .2 .2 or experiment 

7 .2 . 1 )  gave the best overa l l  est imation of at-harvest fru it attr ibutes and the best pred iction 

of fru i t  fi rmness (CFS and FFS)  measured at the end of storage compared with the resu lts 

from the USB2000 spectrometers (Sections 6.3 and 7 .3 ) .  The reflectance measurement 

mode of the commerc ia l  VN IR instrument is a lso an advantage over the interactance 

measurement mode for i n l i ne fi·u i t  segregat ion purposes becau e reflectance can be 

measured w ithout touch ing the fru i t  wh i le interactance has to be measured with probe 

touch ing the fru i t  su rface (Schaare and Fraser, 2000 ). 

Measurement error may come from instrument d rift, env i ron menta l  d i stu rbance and 

d i fferences in sample preparat ion.  Instrument d rift  is out of the cope of the current study, 

however, frequent ca l ibrat ion is recommended to reduce its effects ( W i l l iams & Norris, 

200 I ) . The frequency of instrument ca l ibrat ion us ing reference materia ls shou ld be 

determ ined accord ing to the stab i l i ty of instrument and changes in env i ronmenta l 

condit ions.  

Sources of env i ronmental d i sturbance at a pack house inc lude l ight temperatu re, 

dust ( i nc lud ing k iw ifru it ha i r) and power supply to the l ight sou rce.  I t  is advisab le to 

conduct VNIR measurement in an isolated chamber and to u e a stab i l i sed DC power 

supply to the l ight source. Because l ight measurement i s  temperature sensit ive, part icu larly 

in the wave length range of 800- 1 1 00 nm (Zude-Sas e et aI . ,  2002 ), i t  i s  important to keep 

fru it temperature consi stent during VN IR measu rement. Current  packhouse pract ice is to 

stack fru it b ins outside unt i l  the t ime of packing .  Outside temperature during the h arvest 

and pack ing season may vary from -2 to 23 QC accord ing to the m in imum and maximum 

temperature recorded in 2000 and 200 I .  It i s  common to see condensed water over the fru i t  

su rface when fru it i s  packed in the  morn ing. F ru it temperature is un l i ke ly  to be equ i l i brated 

and the wet surface is un l i kely to d ry out comp lete ly dur ing the t ime when the fru i t  are 

pass ing through the current ha ir-brush ing, sort ing and grad ing procedures. Therefore, an 

equ i l ibration procedure shou ld be introduced if VN IR measu rement is to be used i n l ine for 

segregat ion pu rpo es. 

The asymmetrical structu re of k iw ifru i t  (Section 8 . 3 .3 ) and wi th in-fru it variation in 

local ized mechanica l  damage (Section 8 .3 . 5 ) and ha i r  dens i ty (Section 8 . 3 .6 )  may a l so 

affect VN I R  spectra, good coverage of measurement area on each fru it by repeat ing VN I R  
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scans a t  d i fferent pos i t ion us ing large probes i s  recommended to obtain re l iab le VN L R  

pectra .  

Raw spectra contain background nOIse and are subject to instrument d ri ft  and 

base l ine changes. Many pre-ca l ibration tran formation have been deve loped to reduce 

background noise and to remove l inear ba e l ine change between spectra (Gelad i  et a I . ,  

1 98 5 ;  Barnes e t  a l .  1 989;  chaare and Fra er, 2000; Mowat and Poo le, 1 997 ;  orris and 

Workman, 1 997; W i l l iams & Norris, 200 I ) . Comparison of the twelve pre-ca l ibrat ion 

transformation s app l ied to pectral data (Tab le 6 . 1 )  in  est i mating at-harvest fru i t  attribute 

(Chapter 6 ), in pred ict ing fru it fi rmness (C FS and FF  ) at the end of storage ( ection 7 .3 . 1 ) 

and in d isc rim inat ing fru i t  for d i sorder ( ection 7 .3 .2 )  ind icated that ca lcu lat ion of 

absorbance spectra i n  a soc iation with smooth ing and standard norma l  variate 

tran formation or normal isation with the m in imum and the max imum appeared to be the 

most usefu l  data process ing methods .  Quadratic base l ine compensation and the second 

derivation of absorbance spectra d id not resu lt in better resu l ts .  Th is agrees with Schaare 

and Fraser (2000 ) who found that second derivation of absorbance pectra d id not produce 

better estimation for SSC, den i ty and FL compared with normal ization and smooth ing. 

Boxcar averag ing  of dense ly samp led spectral data us ing the U B2000 spectrometer 

over 2 .5 nm reduced the number of data po ints i n  each spectrum to \ /8 of the orig ina l  

number wi thout inc reas ing the est imat ion error of  the subsequent PL regression . Instead , 

i t  reduced the s ize of the spectral data set and fac i l i tated more effic ient data storage and 

analysis (Sections 6 .3 ). These resu lts agree with Faber ( 1 999 ) who found that compression 

of spectra l  data by boxcar averaging  not on ly speed up computerized data analysis, but 

a l so produces superio r models through the enhancement of s ignal  to noise .  Th is  suggests 

that boxcar averaging  is al 0 a u efu l  method for processing dense ly amp led spectral data. 

J 0.3. 6 Evaluation of differential energy X-ray analysisfor kiwifruil egregation 

A pre l im inary experiment was conducted on a sma l l  sca le  to est imate at-harvest 

fru i t  attr ibutes and to predict fru it fi rmness at the end of storage using d i fferent ia l  energy 

X-ray analys is  ( DEXA, Chapter 9) .  DEXA variab les retrie ed from the X-ray images were 

re lated to each fru i t  attri bute using stepwise regre sion . The re u lts ind icated that fru i t  
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weight could be predicted from DEXA image area and the counts o f  low and h igh energy 

X-rays with an R2p of 0 .96.  The re lationships between DEXA variab les and dry matter  

content or m inera l  concentrat ions were weak and inconsistent  between d ifferent pos i t ions 

on the con veyer belt and d ifferent measurement times. No re lat ion hip was found between 

DEXA variab les and fru i t  fi rmness measured at the end of storage. Therefore, the DEXA is  

un l ikely to  be usefu l  for k iw ifru it segregat ion . 

1 0.4 Strateg ic a pplication of fruit  segregation a t  a n  ind ustry level 

Desp ite the successes of the current study on deve loping segregation techno logies 

for ' Hayward ' k iw ifru it , appl icat ion of these techno logies at an indu stry level  faces severa l  

p rob lems: ( i )  cost of measu rement for segregating grower l ines; ( i i )  cost of upgrad ing fru i t  

sort ing systems; ( i i i )  d i sposa l of the  low grade fru i t  which cou ld  conta in a cons iderable 

number of good fru it .  Strategies for the app l icat ion of fru it segregat ion ( F ig 1 0 . 1 )  can 

balance the advantages and d isadvan tage of fru it segregat ion techn iques and become cost

effective so lutions .  

1 0. 4. 1 Establishing a database 

A database shou ld be estab l ished to record preharvest factors (e.g. orc hard s i te, so i l  

cond i t ion, m ic roc l imate, i rrigat ion, fert i l izat ion, v ine structure, p run ing, c rop load, pest and 

d isease contro l  and harvest date ), postharvest factors (e.g.  prestorage delay, temperature 

and hum id ity during the de lay, postharvest treatment, pack ing date, coo l ing speed, sto rage 

duration and cond it ion check profi le )  and information fed back from the market p lace. The 

database w i l l  fac i l itate subsequen t data analysis and making use of the analysis resu lts. 

1 0. 4. 2  Strategic segregation 

Many pac khouses curren tly rank  grower l i ne for STP accord ing to the to rage 

behaviours observed dur ing the prev ious seasons and find h isto rica l data are usefu l  for 

determ ination of market ing sequence (pers .  commu. ,  Aongatete Coo l Stores, H u ka Pack 
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Ltd ,  200 I ) . Therefore, grower l i nes can be d iv ided into poor STP, med ium STP and good 

STP c l asses accord ing to h i storical information in the database. Poor ST P grower l ines 

should be egregated on an ind iv idual  fru i t  ba is using a VN I R  sort ing fac i l ity w i th spec ia l  

focus on tak ing out  h igh-risk fru i t .  The remain ing fru it from th i s  c lass shou ld be sent to 

market as soon as poss ib le .  Grower l i nes in a med ium STP c lass can be graded with the 

normal grad ing system without fu rther segregat ion for STP and sent to market after the 

poor STP fru it .  Grower l i nes in a good STP c l ass shou ld be evaluated with segregation 

mode ls on a grower l ine basi . Batches of fru it with confirmed good STP can be targeted 

for l ate market wh i le others shou ld be assigned to marketing reg imes accord ing to 

eva luated STP.  

1 0. 4. 3  STP test on library fruit 

As compari son of storage performance of d ifferent grower l i ne may become 

i nval id i f  storage durat ion and storage condit ions are not iden tica l (th i s  is inevitab le in 

pract ice because of the d i fference in market ing schedu le, storage design and storage 

operat ion ), it is necessary to random ly draw some fru it (e .g .  300 fru it per batch ) from each 

grower l ine ( fru i t  harvested at a date from an orchard or a b lock )  as l ibrary fru it and 

mon i tor the i r  storage behav iours under the ame storage cond i t ions. Th is  w i l l  provide 

accurate comparison between grower l i nes every year. The informat ion wou ld be usefu l  for 

fru i t  c lassification in the future. 

j 0. 4. -I Condition check 

I n  the case of fru i t  deterioration caused by unexpected factors, a cond it ion check is 

st i l l  necessary before sending fru it to market. However, cond it ion check during  storage may 

be postponed to later storage t ime (e.g. after 5 months )  i f  h igh -risk fru it have been 

e l im inated from poor STP fru i t  or i f  the good STP has been con finned based on both fru i t  

h istory and at-harvest fru i t attri butes (Section 1 0 .4 .2 ) .  Th is  cou ld  resu l t  in considerable 

sav ing in fru it , fac i l i ty and l abour. 
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F igure 1 0 . 1  Strategies app l ication of segregation techno logies for storage potent ia l  (STP) at 
an industry level (So l id arrows ind icate fru it flow and ho l low arrows represent 
i nformation flow; dark red i nd icates fru it unsu itable for sale, red ind icates fru i t  to be 
sold fi rst, ye l low ind icates fru i t  to be so ld later and green ind icates fru it to be so ld 
last ) .  
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1 0. 4. 5  Informal ion fed backfrom market places 

Many d i sorders do not show c lear symptoms unt i l  fru it are exposed to h igh temperatures in 

the market p lace. I t  wou ld be usefu l  to assess fru it qua l ity at  the market p lace and record 

the informat ion in the database . 

10. -I. 6 Database analysis 

Database analys is shou ld be updated every year. This  w i l l  integrate information on 

preharvest factors, postharvest factors and fed back information from the market p laces to 

fi nd re lationsh ips use fu l  to improve orchard management, postharvest practice ( i nc luding 

fru i t segregat ion ) and market ing reg imes for the best benefi t  to the industry. 

1 0.5 Conclusions 

Storage potent ia l  of grower l ines can be evaluated by fru it soften ing rate est imated 

by fi tt ing FF  mon itor ing data co l lected afte r three to s ix months storage to an exponent ia l  

mode l .  Discrim inant model for fru it soften ing rate based on SSFDM, Mg, HD, CaIN, DL, 

and L were able to c l ass ify over 50% grower l ines to the right groups compared w ith 

percentage chance c riterion of 25%. The d iscrim i nat ion accuracy was h igher for groups 

w ith soften ing rates at both ends of the soften ing-rate continuum.  The model can be used 

for fru it segregat ion on a batch bas i  and for improving orchard management and 

postharvest practice. App l ication of the d iscri m inant mode l requ i res accurate measurement 

of at harvest fru it attr ibutes us ing rat iona l i sed methodo logies. Further work i s  needed to 

investigate the physiochemica l  bas i s  of the pred ict ing fac tor  and select more re l iable 

fac tors for the d iscrim inat ion .  

Storage potent ia l  of ind i v idual  fru i t can  be  evaluated by its suscept ib i l i ty to  fru i t  

d isorders . VN IR  spectra taken a t  harvest are capable of estimat ing many at-harvest fru i t  

attr ibutes and to separate d i sordered fru it from healthy fru i t .  Th is techno logy can be used to 

segregate fru i t  on a per fru it bas is because the measurement is non-destruct ive and qu ick .  

Fu rther work is needed to se lect the instrumentation and incorporate the i nstrument with 
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grad ing  mach ines In a way that externa l  d i stu rbance can be m in im ised and the 

measurement cou ld cover sufficient  fru it su rface. 

Due to the cost of instrumentat ion and measurement, segregation techno logies 

should be used together  with h i sto rica l  i nformat ion of each grower l ine. Strategic 

app l ication of segregat ion techno logies cou ld bring the industry a brighter future with the 

invo lvement of growers, pack ing houses, exporters and inte l lectual agencies .  
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