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Factors Affecting Apple Fruit Firmness -A Review 

Jennifer R. DeEll,1* Shahrokh Khanizadeh,1 Fadia Saad1 and David C. Ferree2 

Introduction 

Fruit firmness is one of the most impor 

tant characteristics of apple quality and 

therefore, obtaining and maintaining apple 

fruit firmness from the orchard through to 

the consumer tends to be one of the major 

issues facing the industry. Apple fruit firm 

ness tends to be influenced greatly by 

many preharvest factors, such as genetics, 

cultural practices, and the applications of 

fertilizers or growth regulators. In addi 

tion, many postharvest factors have an 

enormous effect on apple firmness, such as 

maturity at harvest, cooling, postharvest 

dips, and storage conditions. This article is 

a review of the preharvest and postharvest 

factors that have been shown to affect 

apple fruit firmness. 

In Canada, it is assumed that consumers 

find apples with a firmness of less than 

44.5 N too soft (163). Packers ofPommes-

Qualite-Quebec must respect the mini 

mum firmness values of 49.5 N for 'Mcln-

tosh' and 'Cortland,' and 54.0 N for 

'Spartan' and 'Empire' apples (73). A sen 

sory evaluation of 'Mclntosh' in New York 

found crispiness to be directly related to 

firmness measurements; apples with pres 

sure test values of 58.5 N were rated as 

"crisp, neither too hard nor too soft" by 

consumers, while those with firmness of 

31.5 to 36 N were rajed too soft (131). 

Although Bourne (26) indicates it is im 

possible to give a precise definition of 

apple fruit firmness, horticulturists use 

firmness to describe the mechanical prop 

erties of fruit tissue. A natural decline in 

firmness occurs as fruit soften during the 

ripening process. At the cellular level 

firmness depends on cell size, cell wall 

thickness and strength, and turgor pres 

sure and the manner in which cells bind 

together, which is controlled by cell-to-

cell adhesion, cell shape and packing (93). 

In apple (165), extracellular space is as 

high as 20 to 25% and it is estimated that 

no more than 40% of the cell wall areas of 

apple are in contact with each other (195). 

Cells are small and radially flattened just 

beneath the apple skin (105). However, 

cells are radially elongated toward the 

core and organized in distinct columns 

with a maximum diameter of approxi 

mately 300 jum, 5 to 10 mm below the 

skin. When immature apple tissue is bro 

ken, cells fracture and a mixture of frac 

tured and separated cells occurs as the 

fruit mature, with all cells separating out 

in mealy apples. As apples ripen, cell wall 

composition changes with an increase in 

soluble pectin and a net loss of the non-

cellulosic neutral sugars, galactose and 

arabinose (111). During storage, apple 

volume and internal air space increases 

while tissue strength decreases with in 

creasing ease of cell separation .when 

force is applied. 

Fruit firmness is usually determined as 

the maximum force required to push an 11 

mm-diameter tip probe of specified shape 

into the flesh. The most widely used pen-

etrometers consist of the Magness-Taylor 

tester, the Effe-gi firmness tester, and the 

Electronic Pressure tester (1, 5, 122). 
However, since it is advantageous to mea 

sure apple firmness with a reliable, non 

destructive method, different techniques 

based on mechanical resonance (1, 2, 4, 

10, 37, 48, 75, 191, 194), vibrational ex 

citation (155), spectrophotometric re 

flectance (168), or chlorophyll fluores 

cence (14,55) have been reported. Despite 

this experimental work, there are still no 
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commercial applications of nondestructive 

methods for measuring apple firmness in 

sorting machines (6). 

Preharvest Factors Affecting 

Apple Firmness 

a. Genetic material 

Most postharvest quality characteris 

tics, including fruit firmness, are geneti 

cally controlled and thus may vary with 

cultivar (19). For example, apples ranging 

in firmness from 76.5 N for 'Granny 

Smith' to 56.3 N for 'Mclntosh' can be 

found in Quebec supermarkets during Feb 

ruary to June (140). 

The strain within a particular cultivar 

can also influence fruit firmness. For ex 

ample, standard-type 'Mclntosh' strains 

(e.g. 'Redmax' and 'Marshall') tend to be 

4.5 N firmer than the spur-type strains (e.g. 

'Macspur' and 'Hartenhof'), both at har 

vest and after storage (52). DeEll and 

Prange (52) also found that 'Stewart Cort-

land' tended to be firmer than 'Redcort,' 

'Hartcort,' 'H53-A12-10,' and 'Sheffield' 

after long-term storage, although there 

were no differences at harvest. 

Fallahi et al. (68) evaluated 26 strains of 

'Delicious' and found 'Apex,' 'Hardispur,' 

'Redspur,' 'Silverspur,' 'Starkrimson,' and 

'Starkspur Supreme' fruit to be among the 

firmest at harvest. 'Hardi-Brite Spur' fruit 

were found to be the softest after storage, 

while 'Rose Red' fruit had lower firmness 

than most other strains at harvest and after 

storage. 'August Red,' 'Hardi-Brite Spur,' 

and 'Starking' fruit had the greatest firm 

ness loss after storage, whereas 'Silver-

spur,' 'Spured Royal,' 'Starkrismon,' and 

'Starkspur Supreme' had the least firmness 

loss. The difference among strains was 7% 

at harvest and 20% after storage, and there 

appeared to be no general advantage of ei 

ther spur or standard growth habit trees. 

Generally, the difference in flesh firmness 

among strains of a cultivar is not as great 

as differences among cultivars. 

Rootstocks may have an effect on apple 

firmness, but this tends to vary with culti 

var and/or strain. Rootstock M.26 pro 

duced softer apples than Seedling, M.I, 

MM.106, M.7 and OAR.l at most harvest 

times, whereas OAR.l produces firmer ap 

ples, although not consistently (69). Autio 

(11) examined the effect of nine rootstocks 

on 'Delicious' and found a consistent ef 

fect of rootstock on fruit size, and fruit size 

was covaried with flesh firmness and cal 

cium. He concluded that the main effect of 

rootstock on apple storability was related 

to maturity and calcium levels. Regardless 

of rootstock, harvest time or storage con 

ditions, the cultivar 'Granny Smith' pro 

duced firmer apples than those of 'Green-

spur' (60). This was thought to be due to 

the relatively high calcium content and 

low nitrogenxalcium ratio found in 

'Granny Smith.' However, apples from 

M.26 rootstocks were firmer than apples 

from MM.Ill, and no significant differ 

ence was found in the calcium content of 

these apples (60). The effect of rootstock 

on firmness is minor and varies from site 

to site (12). In the NC-140 1984 planting 

of 'Delicious' on 15 rootstocks the differ 

ence between the firmest to least firm was 

4% in MA, 8% in IN and 12% in CA. 

When values were averaged across sites, 

there was less than 1% difference between 

the most firm and least firm due to root-

stock. 

b. Nutrient management 

1. Calcium (Ca). Although there is little 

doubt that the Ca content of an apple is di 

rectly related to the development of bitter-

pit (58, 148), a physiological disorder, 

there are conflicting reports as to the rela 

tionship between Ca content and apple 

fruit firmness. For example, apple firm 

ness has been shown to be independent of 

whole fruit mineral composition (47); 

however, Webster (202) demonstrated that 

the Ca content of fair and poor quality 

'Mclntosh' apples was consistently lower 

than the amount of Ca associated with 

good keeping quality apples (200 ppm Ca 

dry weight basis in cortex (flesh), and 500 

ppm dry weight basis in peel). Bramlage et 

al. (30) measured 'Mclntosh' fruit firm 

ness at harvest time and found it increased 

slightly with increased flesh Ca concentra 

tion. Ben (16) found a high positive corre 

lation between Ca concentration and the 

firmness of 'Jonagold' apples. 
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Similarly, there have been inconsistent 

results pertaining to the use of calcium 

chloride (CaCl2) sprays to improve apple 

fruit firmness. Preharvest CaCl2 sprays 

neither influence the Ca content of 'Deli 

cious'(47, 156) and 'York Imperial'apples 

(87), nor the fruit firmness of 'Delicious' 

(156) and 'Anna' apples (64). A 3-year 

study on 'Delicious' and 'Golden Deli 

cious' apples affirmed that three to five 

preharvest sprays of 3.64 to 5.45 kg of 

CaCl2 per 400 gallons per acre from early 

June to late August did not affect the firm 

ness of these apples (156). The firmness of 

'Mclntosh' apples was not affected by 

preharvest sprays of CaCl2, Ca(H2PO4)2, 

'Seniphos' (Ca(H2PO4)2), 'Stopit' 

(CaCl2), and 'THIS Calcium' ('Top Cal,' a 

polyphenolic acid chelate of Ca) (32). 

On the other hand, 'Golden Delicious' 

apples sprayed individually until runoff 

with 0.11% CaCl2 over a 9-week period 

prior to harvest were 9.45 N firmer than 

untreated apples at harvest, as well as after 

9 weeks of storage (166). 'Golden Deli 

cious' fruit firmness was correlated posi 

tively with calcium concentration in the 

fruit at harvest, as well as after storage 

(172). Ingle and D'Souza (97) showed that 

preharvest calcium chloride sprays (4.4 

kg#ha-l, applied eight times at 2week in 

tervals starting 19 days after full bloom) 

increased the firmness of 'Nittany' apples 

for two consecutive years, as did Stopit 

(9.34 L^ha"1) when applied 19 days after 

full bloom. Raese and Drake (164) report 

ed an increased flesh firmness of 2.7 to 3.6 

N in 'Delicious' apples to which prehar 

vest CaCl2 sprays were applied, while the 

fruit firmness of 'Golden Delicious' in 

creased by more than 2.25 N with the high 

est rate of CaCl2 (1.8 kg per 378 Lof H2O), 

but in only one of the three locations stud 

ied. However, these results have some in 

consistencies even though the study was 

conducted for 5 years, e.g. one year at one 

particular location, fruit firmness and Ca 

concentration were higher in the control 

apples than in those from the CaCl? 

sprayed 'Delicious' trees (164). 'Cox's Or 

ange Pippin' apples treated with Ca(NO3) 

have been shown to be firmer than un 

treated fruit after storage at 3°C for 6 

weeks followed by 1 week at ambient tem 

perature (200). Such results may be due to 

the presence of an autoregulatory system 

of Ca level in mature apple fruit (113). 

In other reports, preharvest Ca sprays 

seem to be effective only when applied at 

very high frequencies (e.g. 18 times during 

the growing season), or at very high rates 

(a single CaCl2 spray of 90 lbs per acre, 2 

weeks before harvest) that would damage 

apple skin (156, 204). Sprays of 2.5 to 5% 

CaCl2 do not cause fruit damage in 'Spar 

tan,' while resulting in increased fruit Ca 

content (145). Mason (145) reported that 

CaCI2 sprays applied closer to harvest 

were more effective in increasing Ca con 

tent in 'Spartan' apples than sprays applied 

earlier in the season. 

In summary, as Siddiqui and Bangerth 

(184,185) reported, it appears that prehar 

vest applications of CaCl2 may not always 

result in increased fruit firmness at harvest 

but may increase firmness retention during 

storage. On one hand, Ca delayed apple 

softening by delaying the degradation of 

cell wall polymers (172) and was impor 

tant in maintaining cell-to-cell adhesion 

(160). Fruit not treated with Ca has been 

shown to soften during storage, as cell 

walls separate and eventually swell (160). 

Another theory is that apples with high Ca 

content also have low respiration rates and 

thus longer storage life, compared to low-

Ca fruit (183). Cooper and Bangerth (43) 

suggested that apple firmness could be de 

termined not only by high Ca but also by 

low Ca concentrations, since these two 

states may lead to the same results via dif 

ferent pathways. For instance, 'Baldwin' 

apples with less than 700 ppm Ca were 7.4 

to 9.9 N firmer and considerably less waxy 

than ones that had more than 700 ppm Ca 

(29). Although the data is conflicting, it 

seems prudent to maintain or increase fruit 

Ca levels because the evidence is clear that 

disorders such as bitterpit, cork spot and 

internal breakdown are reduced, and firm 

ness sometimes increased. 

2. Nitrogen (N). N application did not 

appear to directly influence apple fruit 

firmness. For example, N application did 
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not affect the firmness of 'Gala' apples 

(153). Similarly, fertilization with NPK-

micro fertilizers did not seem to affect the 

firmness of 'Summerred' apples at harvest 

or after storage (67). 

However, N-application could influ 

ence apple fruit firmness indirectly. Bram-

lage et al. (31) showed that high-N fruit 

were larger, softer, more prone to prehar-

vest drop, and were more likely to develop 

physiological disorders in storage. In 

creasing fruit size was correlated negative 

ly with firmness at harvest and after stor 

age in 'Mclntosh' (143) and 'Starkspur 

Golden Delicious' apples (70). N concen 

tration was also correlated negatively with 

fruit firmness of 'Jonagold' apples (16). 

3. Boron (B). The use of B sprays also 

did not appear to directly influence apple 

fruit firmness. Granelli et al. (80) found 

that the application of an experimental fer 

tilizer known as urea-B (20-0-0, 7B2O3) 

on two different orchards in Italy had no 

effect on the fruit firmness of eight apple 

cultivars. Peryea and Drake (157) also re 

ported that B had no effect on the firmness 

of 'Starking Delicious' apples when ap 

plied as a single mid-July spray (0,11.3, or 

22.6 g B per tree). 

4. Phosphorus (P). Phosphate com 

pounds (NH4H2PO4, KH2PO4, 

CaH4(PO4)2, and NH4H2PO4) applied to 
'Mclntosh' as foliar sprays resulted in in 

creased fruit firmness of the same magni 

tude as postharvest Ca dips (144,146,147, 

203). For 'Jonagold' apples, P concentra 

tion was positively correlated with fruit 

firmness (16). 

In a 4-year study, Bramlage et al. (33) 

determined the relationships between Ca, 

K, P, Mg, and N concentrations in 'Mcln 

tosh' apples at harvest and the fruit quality 

after storage. Fruit firmness at harvest or 

after storage does not appear to be corre 

lated with any of these elements. 

c. Fruit size 

Blanpied et al. (25) reported that large 

apple fruit were generally softer than small 

fruit. However, Johnson (99) illustrated 

that focusing on fruit size alone was likely 

an over-simplification since fruit size re 

lates to both cell number and cell size. 

Early thinning during cell division result 

ed in larger fruit that were firmer. A recent 

very controlled study in a controlled envi 

ronment facility found no differences in 

firmness between large and small fruit 

(Tustin, personal communication). 

d. Bioregulators 

Apple trees are sprayed with bioregula 

tors in order to control vegetative growth, 

hasten or delay ripening, delay apple ab 

scission, or to simply enhance apple qual 

ity characteristics. Cytokinins, sprayed at 

full bloom or post-bloom, increased flesh 

firmness of mature apples on M.7, 

MM.106, or M.26 rootstocks at harvest, 

but only fruit treated with CPPU (N-(2-

chloro-4-pyridyl)-N'-phenylurea, also 

known as fenclopyr, KT-30,4-PU and CN-

11-3183) or thidiazuron maintained the 

firmness benefit after storage (82). When 

CPPU was applied to 'Delicious' apple 

trees at concentrations ranging from 0 to 

50 mg#L-1 at full-bloom or full-bloom plus 
2 weeks, flesh firmness of treated fruit in 

creased linearly with increasing concen 

tration (45). 'Delicious' apples treated 

with CPPU and stored for 7 months at 16C 
were firmer than non-treated fruit, where 

as 'Empire' fruit firmness was not affected 

by the application of CPPU (45). 'Golden 

Delicious' firmness however, was not in 

fluenced by the application of post-bloom 

gibberellin sprays (133). 

Repeated applications of NAA at con 

centrations of 5 to 20 mg'Lr1 did not affect 

the firmness of 'Campbell Redchief Deli-

cious'/MM.l 11 apples at harvest or after 4 

months of storage (142). Greene (83) 

found that NAA-treated (10 ppm) 'Mcln-

tosh'/M.7 apples were softer than the non-

treated fruit at harvest, as well as after 20 

weeks of storage. 

The use of SADH (succinic acid 2,2-

dimethyl hydrazide, AlarTM, B-9, dam-

inozide) resulted in increased fruit firm 

ness of 'Delicious' (13) and 'Mclntosh' 

(66), in addition to its primary use of pro 

viding preharvest drop control (44, 66). 

'Mclntosh' apples from trees treated with 

SADH, CEPA (2-chloroethylphosphonic 

acid) or NAA (naphthaleneacetic acid), 

alone or in combination, had decreased 
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fruit firmness between the 6th and 10th 

day after harvest; however, when 

CEPA+NAA was used, firmness was re 

duced during the preharvest stage (159). 

Only SADH-treated apples were firmer 

than the non-treated fruit overall. Edgerton 

and Blanpied (63) showed that although 

the increased flesh firmness induced by the 

application of SADH was reduced by 

ethephon, NAA or fenoprop (2, 4, 5-

trichlorophenoxypropionic acid) treat 

ments, apples were still firmer than those 

on non-treated trees. However, others 

found that when ethephon was applied to 

SADH-treated trees, fruit were softer than 

the controls (86). Excessive fruit firmness 

loss also resulted from application of 1000 

mg-L"1 SADH and 250 mg-Lr1 ethephon 
in combination with 20 mg'L"1 of either 
NAA or fenoprop (85). 

The recent withdrawal of SADH from 

the American and Canadian market re 

sulted in major problems for the apple in 

dustry (83). The market witnessed the 

emergence of several different products 

aiming to produce the same effects as 

SADH. It has been reported that paclobu-

trazol gives similar results as SADH with 

respect to fruit characteristics (65). Ap 

ples from 'Spartan' trees treated with pa-

clobutrazol maintained greater firmness 

than untreated apples after 7 months of 

storage at 0°C (197). 

Aminoethoxyvinylglycine (AVG, Re-

TainTM) improved 'Mclntosh' fruit firm 

ness at harvest by 2.25 to 4.5 N (83). 

However, no difference in firmness was 

found between the AVG-treated or un 

treated apples after 20 weeks of storage. 

AVG applied to 'Mclntosh' apple trees in 

Nova Scotia and New Brunswick im 

proved fruit firmness in New Brunswick 

(56), and treated apples were firmer than 

untreated fruit after 6 months in con 

trolled atmosphere (CA) storage (57). Re 

tain has consistently provided preharvest 

drop control, but results with firmness 

have been inconsistent. 

Other materials such as preharvest 

sprays of lysiphosphatidylethanolamine 

(LPE, 100 mg*L-1) have potential to delay 
firmness loss in 'Mclntosh' apples (72). 

However, results from Nova Scotia sug 

gest that there were no obvious benefits 

from LPE application on 'Mclntosh' ap 

ples (51). 'Rails' and 'Starking' apples had 

increased firmness when treated with 500 

and 1000 mg^L"1 Polaris (glyphosine) 

compared to the non-treated fruit (206). 

The effects of antitranspirants on apple 

firmness were also studied. Sprays of 

Vapor Gard (poly-l-p-l-methene-8-9-

diyl), Wilt Pruf NCF (di-1-p-menthene), 

emulsifiable A-C polyethylene, and Plyac 

(octyl phenoxy polyethoxy ethanol) at 

concentrations of 0.5, 1, and 2% applied 

14 days before harvest, resulted in in 

creased fruit size but reduced firmness of 

'Starkrimson Delicious' apples (149). 

Thus, of the chemical growth regulators 

available today, none can be counted on to 

consistently improve firmness. 

e. Other cultural practices 

Other cultural practices, such as crop 

density, root and tree pruning, flower and 

fruit thinning, trunk scoring, and trunk 

ringing have also been evaluated for their 

effects on apple fruit firmness. 'Gala' ap 

ples were firmer from trees with a small 

crop load, compared to fruit from trees 

with a heavy crop load (153). In Ohio stud 

ies, Schupp and Ferree (177,178) reported 

increased fruit firmness at harvest when 

apple tree roots were pruned. However, in 

Switzerland no change in fruit firmness 

was recorded when trees were root-pruned 

at bloom (176). 

Johnson (99) found that removal of all 

but the axillary flowers or fruitlets within 

37 days after full bloom increased fruit 

firmness of 'Cox's Orange Pippin' in two 

out of 3 years. This increase in firmness 

occurred even though fruit were larger, 

less dense, and lower in Ca (factors usual 

ly associated with a decrease in firmness). 

In more recent work, Johnson (100) iden 

tified the period of 5 to 15 days after bloom 

as the critical time to influence fruit firm 

ness through thinning. This firmness ben 

efit was maintained during storage in 2% 

Oi and <1 % CO2, but not in air or 1.25% 

%O 

Positions in the tree canopy of 'Deli 

cious' (35) and 'Golden Delicious' (74) 
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had little effect on fruit firmness. In a com 

parison of six tree canopy forms of 

'Granny Smith' the greenest and firmest 

fruit occurred in inner canopy regions 

(198). However, Blanpied et al. (25) indi 

cated apples harvested from inner-shaded 

zones within the tree canopy were softer 

than apples from outer zones. Hirst et al. 

(96) evaluated fruit firmness of 'Granny 

Smith' which had light excluded during 

the growing season by bags applied at dif 

ferent times and for different periods, and 

found only a very small (2.9 N) increase 

due to light exclusion. The variable results 

from these studies show that fruit firmness 

cannot be easily manipulated by cultural 

practices, such as pruning and training, 

which can have large influences on canopy 

light environment, fruit size, and yield. 

Trunk scoring of 'Delicious' apple trees 

19 days after full bloom resulted in re 

duced fruit firmness, whereas similar 

trunk scoring of 'Cortland' had no effect 

on apple firmness (84). Trunk scoring or 

ringing of 'Macspur McIntoshVM.7 trees 

as late in the growing season as 3 weeks 

before harvest retarded loss of flesh firm 

ness before harvest and during subsequent 

storage at 0.5°C for 19 weeks (66). Branch 

ringing of 'Granny Smith' apple trees 25 or 

50 days before harvest did not influence 

fruit firmness at harvest or after 30 days of 

cold storage (78). 

Water management also plays a role in 

determining apple fruit firmness. Fruit 

from non-irrigated 'Gala' apple trees were 

firmer than those from irrigated trees 

(153), whereas drip irrigation had no im 

pact on the firmness of 'Summered' apple 

fruit (67). 

Organically grown 'Mclntosh' apples 

were perceived by sensory panelists to be 

firmer at harvest compared to convention 

ally grown 'Mclntosh' (49). However, this 

perception appeared to be lost after storage 

and there were no significant differences 

in measured fruit firmness (using a pen-

etrometer). DeEll and Prange (49) found 

no significant differences in firmness be 

tween organically and conventionally 

'Cortland' apples at harvest or after stor 

age, as perceived by sensory panelists or 

determined by a penetrometer. Thus, al 

though many cultural practices can have a 

small influence on firmness, none had a 

large or entirely consistent influence. 

Postharvest Factors 

Affecting Apple Firmness 

a. Maturity at harvest 

Maturity at harvest can affect the 

postharvest quality of apples. In many 

cases, variability in the maturity of fruit on 

a tree makes it necessary to harvest more 

than once (95). Generally, fruit firmness 

was greater on early harvest dates, as op 

posed to late ones. Fruit firmness of 

'Starkspur Golden Delicious' apples pro 

duced on six different rootstocks de 

creased with later harvest dates (69). How 

ever, no differences in fruit firmness were 

found after 6 months of storage for any 

harvest date 

Some apple cultivars (e.g. 'Golden De 

licious,' 'Redchief and 'Jonathan') 

showed decreased fruit firmness with later 

harvest dates (7, 175), while others (e.g. 

'Granny Smith,' 'Starking Delicious') 

were not affected by harvest date (181, 

190). 'Granny Smith' maintained high 

fruit firmness after 6 months of CA stor 

age, irrespective of the harvest date (190), 

whereas 'Starking Delicious' fruit exhibit 

ed firmness loss during 5 to 6 months of 

storage, regardless of harvest date and the 

location (181). 'Neiplings Early Stayman,' 

'Double Red Rome,' and 'Law Red Rome 

Beauty' cultivars had a tremendous de 

crease in fruit firmness after 6 months of 

CA storage, with the highest firmness val 

ues at the latest harvest time (190). 

Maturity at harvest can also affect the 

rate at which apples soften during storage. 

Early harvested 'Cox's Orange Pippin' 

apples had greater firmness retention dur 

ing air or CA storage at 0°C than late har 

vested apples (192). 'Virginia Gold' ap 

ples had a considerably lower softening 

rate in storage than 'Golden Delicious' 

(0.15 N and 0.27 N per day, respectively) 

when harvested at a starch index of 3 

(using the Ontario 'Golden Delicious' 

starch index of 1 to 9) (102). Later har 

vests result in continuous fruit firmness 

loss in 'Jonathan' apples (175). 
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Although ethylene production of apples 

was associated with increased maturity, 

fruit firmness was not necessarily related 

to ethylene production (79, 88, 98). For 

example, 'PA14-238' and 'DlOl-110' 

produced very little ethylene (<10 

L^kg"1^"1) at harvest and during 86 days 
of storage at 41 °C; however, 'PA14-238' 

fruit remained firm while 'D101-110' 

softened during storage (88). It was re 

ported that fruit softening in the latter 

genotype was generally not dependent on 

ethylene production. Another apple selec 

tion, 'NJ55,' produced considerable 

amounts of ethylene but remained as firm 

as 'PA-14-238' after storage (88). 

b. Pre-storage treatments 

1. Calcium (Ca). Postharvest calcium 

applications can influence the firmness re 

tention of apples. 'Spartan' fruit firmness 

improved by 3.76 N when the fruit were 

dipped in a 4% CaCl2 solution after har 

vest (146). The Ca content of 'Delicious' 

fruit improved after dipping in a 4% 

CaCl2 solution, and the rate of firmness 

loss during storage under ambient condi 

tions for 60 days was significantly re 

duced (150). 

In addition to dipping, vacuum-infiltra 

tion and pressure-infiltration of Ca into ap 

ples can be used to retain fruit firmness 

(36, 172, 179). 'Fuji' and 'Jonathan' ap 

ples, but not Tsugaru,' had increased firm 

ness retention during storage at 4°C for 1 

to 7 months and an additional 1 to 2 weeks 

at 20°C, when vacuum or pressure infil 

trated with up to 6% CaCI2 (40 and 80 kPa, 

respectively) but not after dipping (36). 

CaCl2 (1,2, or 4 %), whether used in pres 

sure or vacuum-infiltration or as a dip, in 

creased Ca concentration in the peel of 

'Fuji'apples and resulted in increased fruit 

firmness retention (154). In 'Jonathan' ap 

ples, but not in 'Fuji,' firmness increased 

with increasing Ca concentration (0, 2, 4, 

6%), and was highest with vacuum infil 

tration (36). 'Fuji' apples, but not 

'Jonathan,' had greater fruit firmness with 

higher infiltration force (100 or 48 kPa for 

pressure and vacuum infiltration, respec 

tively) (36). 'Liaofu' apples had greater 

firmness when vacuum-infiltrated with 2 

to 6% CaCl2 at -0.07 MPa for 1 min, as 

compared to non-treated apples (205). 

Postharvest pressure infiltration of 

CaCl2 was effective in increasing the Ca 

concentration of 'Golden Delicious' ap 

ples, and consequently maintaining their 

firmness under laboratory (172, 173) and 

commercial conditions (42). Sams and 

Conway (173) compared the storage po 

tential of Ca-treated fruit to that of fruit 

stored in CA storage, and found that the 

firmness of fruit with high flesh Ca con 

centrations and those stored in CA were 

similar. 'Delicious' apples retained more 

firmness when pressure-infiltrated for 2 

min with a solution of 8% CaCl2 (25% 

firmer than non treated apples), but results 

were not as great as with 'Golden Deli 

cious,' which softens quickly in storage 

(40, 172). 

Ca uptake in harvested fruit varied enor 

mously with apple cultivar, as well as with 

different orchards and growing seasons for 

a given cultivar. Conway and Sams (39) 

reported that 4% CaCl2 infiltration was op 

timal for 'Golden Delicious,' while Abbott 

et al. (3) reported that 4% CaCl2 concen 

tration was harmful to 'Golden Delicious' 

and thus recommended a 2% solution. This 

difference was thought to be due either to 

the use of CaCl2 with different percent of 

impurities or to maturity differences be 

tween apples in the two studies (3). Ca up 

take in 'Golden Delicious' was greater 

than in 'Delicious' fruit and therefore, 

'Golden Delicious' was more likely to re 

spond to Ca infiltration (125). 

'Delicious' apples from trees on M.9 

rootstock were more permeable to CaCl2 

and were firmer after 6 months of storage, 

than those from trees on M.26 (150). Since 

some cultivars, such as 'Golden Deli 

cious,' were very susceptible to skin injury, 

the use of optimal CaCl2 concentration for 

maintaining fruit firmness may be difficult 

to achieve. For example, Saftner et al. 

(171) recommended pressure infiltration 

of 'Golden Delicious' apples with 0.14 to 

0.20 /i»L-1 solutions of CaCl?, although 

higher concentrations maintained better 

fruit firmness. Moreover, proper sanitation 

measures should be observed, otherwise 
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fruit decay could occur faster than without 

pressure-infiltration (42). 

The Ca source also played a role in ef 

fects on apple fruit firmness. Although the 

firmness of 'Golden Delicious,' 'Mcln 

tosh,' 'Mutsu,' 'Red Rome,' and 'Winesap' 

apples were correlated positively to tissue 

Ca content for all CaCl2 and Stopit treat 

ments, apples treated with Stopit were 

firmer than those treated with CaCl2 (15). 

The infiltration of 'Cox's Orange Pippin' 

apple tissue with calcium acetate 

(Ca(C2H3OH2O)«2H2O) was thought to 

partially reverse the softening that results 

from delayed harvesting and storage (air or 

1.25% O2 and 1% CO2 at 3.5°C) (189). 

One method to increase Ca infiltration 

without having to increase CaCl2 concen 

tration or the applied pressure gradient is 

to add surfactants or thickeners to the in 

filtration solution. Ca infiltration was 

greatest when 'Golden Delicious' apples 

were pre-treated with the organosilicone 

surfactants SilwetL-77 or SilwetL-7604 

(170). Dipping 'Golden Delicious' apples 

in 0.2% (w/v) methylene chloride before 

Ca pressure infiltration resulted in the 

highest flesh Ca concentration and greatest 

fruit firmness (83.3 N, compared to 46.8 N 

for non-treated apples), but also had the 

greatest fruit injury (167). In the same 

study, pre-treatment with Triton X-100 in 

creased the Ca content of apples, as well as 

fruit firmness (74.9 N). 

The use of 0.2 or 0.3% Keltrol, a food 

thickener, with a 4% CaCl2 dip solution in 

creased Ca uptake and the firmness of 

'Stayman' and 'Mclntosh' apples by in 

creasing the effect of CaCl2 (90,144,147). 

The Ca concentration of'Mclntosh' apples 

dipped in CaCl2 with Ketrol was 2.5 to 3-

fold more than untreated apples after 5 or 

6 months of cold storage (144). 

2. Heat. Apple immersion in hot 

water was originally aimed at reducing 

losses caused by postharvest pathogens 

(34, 182). Hot air later became a more 

popular method of heat treatment be 

cause hot water resulted in increased tis 

sue breakdown (162). Exposing apples to 

temperatures above 35°C improved firm 

ness retention during storage (106, 107, 

137). Exposing 'Spartan' and 'Golden 

Delicious' apples to 38°C for 4 to 6 days 

before storage at -1°C for 4 to 7 months 

improved firmness retention, compared 

to those not preheated (162). Klein et al. 

(110) found that the best heat treatment 

for 'Anna' or 'Granny Smith' apples was 

exposure to 38°C for 4 days; however, 

this treatment was comparable to expos 

ing 'Anna' and 'Granny Smith' apples to 

46°C for 12 hours or to 42°C for 24 hours 

(108). Crispiness and sweetness of 

'Golden Delicious' apples heated for 4 

days at 38°C and stored for a week at 

20°C or 0°C were greater than those of 

unheated apples (136). 

Not all apple cultivars respond positive 

ly to pre-storage heating. For example, the 

pre-storage heating of 'Mclntosh' apples 

at 38 to 40°C for 1 to 3 days resulted in 

firmness reduction (38). Dipping heat-

treated apples in a CaCl2 solution tends to 

increase the effect of heating on firmness 

(138). It appeared that Ca and heat treat 

ments act in a synergistic way to retain 

apple fruit firmness after 5 months of stor 

age, compared to non-treated or non-heat 

ed Ca-dipped fruit (109). Conway et al. 

(41) reported that heat treatments of 

'Golden Delicious' apples, either alone or 

in combination with CaCl2, improved 

firmness retention (80 N), followed by 

fruit infiltration with 2% or 4% CaCl2 (70 

N) and untreated controls (66 N). Al 

though such heated fruit were firmer and 

had a harder texture, they were less crisp 

than those not heated. 'Golden Delicious' 

apples were the firmest when pressure-in 

filtrated with 4% Ca (84 N), followed by 

those heat-treated for 4 days at 38°C and 

then pressure-infiltrated with 4% Ca (76 

N), heat-treated only (71 N), and finally 

those untreated (60 N) (174). 

3. 1-methylcyclopropene. The novel 

gaseous compound 1-methylcyclopropene 

(1MCP), an inhibitor of ethylene action, 

has been recently shown to improve apple 

firmness retention. Fan et al. (71) showed 

that 1-MCP inhibited softening of 'Fuji,' 

'Gala,' 'Ginger Gold,' 'Jonagold,' and 'De 

licious' apples. Rupasinghe et al. (169) 

found 'Mclntosh' and 'Delicious' apples 
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which had been treated at harvest with 1-

MCP for 18 hours at 20°C and stored for 

60 and 120 days in air at 0°C and 90-95% 

RH to be 13.5 to 18 N firmer than those not 

treated. However, such results have not 

been consistent year to year, and seem to 

vary with cultivar. 'Mclntosh' apples treat 

ed with 1-MCP (0.6 juL'L-1) at harvest 
during the following season (1998-99) and 

stored for 70 days in air at 0°C and 90-95% 

RH showed only 4.5 to 9 N better firmness 

retention, while 'Cortland' and 'Empire' 

apples treated the same were 18 to 22.5 N 

firmer after storage than non-treated ap 

ples (DeEll and Murr, unpublished data). 

Ontario-grown 'Jonagold,' 'Mutsu,' and 

'Fuji' treated with 1-MCP were also 9 to 

13.5 N firmer than non-treated apples after 

air storage, and firmness benefits were still 

evident after an additional 1 or 2 weeks at 

20°C in all cultivars evaluated. Despite the 

benefits of CA storage on apple firmness, 

the use of 1-MCP in combination with CA 

greatly improved firmness retention in 

'Mclntosh,' 'Cortland,' and 'Empire' ap 

ples after storage and during simulated 

marketing of 1 or 2 weeks at 20°C (DeEll 

and Murr, unpublished data). 

Temperature and treatment duration are 

two important factors governing the effi 

cacy of 1-MCP. 'Cortland' apples treated 

with 1-MCP at 3°C showed improved 

firmness retention with at least 9 h of treat 

ment, whereas those treated with 1-MCP at 

either 13 or 23°C showed improved firm 

ness retention with at least 6 h of treatment 

(DeEll and Murr, unpublished data). On 

the other hand, 'Empire' apples treated 

with 1-MCP showed improved firmness 

retention with only 3 h of treatment re 

gardless of temperature, but those treated 

at 3°C for 3 h no longer had the full firm 

ness advantage after an additional 7 days 

at 20°C (DeEll and Murr, unpublished 

data). Watkins et al. (201) also found that 

the efficacy of 1-MCP was affected by cul 

tivar and storage conditions, and thus con 

cluded that successful commercial imple 

mentation will require more understanding 

of such relationships. 

4. Other compounds. Other chemicals 

sometime help to maintain the firmness of 

apples during storage, even though this 

may not be their primary use. Dipheny-

lamine (DPA) is generally used at a con 

centration of 3000 mg#L~'as a postharvest 

dip for 'Granny Smith' apples to control 

storage scald, a physiological disorder 

characterized by diffuse browning of the 

skin (139). The firmness of these DPA-

treated apples was greater by 1.5 N after 6 

months of cold storage plus 1 week at 

20°C, as compared to non-treated apples. 

'Golden Delicious' apples pressure-in 

filtrated with 0.25 to 1.0 mM spermine, a 

polyamine, were 2.7 to 6.7 N firmer than 

water-treated controls, while 'Mclntosh' 

apples were 2.2 to 5.3 N firmer than the 

controls when subjected to the same treat 

ments (112). A sucrose fatty acid polyester 

(SPE), SemperfreshTM, improved firm 

ness retention of 'Granny Smith' apples 

stored for 60 days in ambient air at 0°C, 

when applied with wax (61). Coating early 

or late harvested 'Granny Smith' apples 

with 0.75 or 1.5 % SemperfreshTM result 

ed in slightly better firmness retention 

after cold storage for 4 to 5 months (104). 

Diazocyclopentadiene (DACP) resulted in 

increased firmness retention of 'Delicious' 

apples (73 N, compared to 46 N for non-

treated apples) after 30 days of air storage 

at21°C(20,21). 

c. Storage conditions 

1. Temperature. Temperature is the 

single most important factor governing the 

maintenance of postharvest quality, and 

the importance of using low temperatures 

to maintain apple fruit firmness cannot be 

overstated. Rapid cooling after harvest can 

greatly improve firmness retention in ap 

ples during storage. Harvesting triggers an 

increase in respiration and hastens ripen 

ing, and therefore, any delays in cooling 

after harvest can result in reduced storage-

life (129). 'Mclntosh' apples have been 

shown to soften as much as 20 times faster 

at 21 °C than at 0°C (129), and hence ap 

ples should be refrigerated even for short-

term storage. Furthermore, apples soften 

about twice as fast at 4°C than at 0°C, and 

about three times as fast at 15°C than at 

4°C (91). Recommended storage tempera 

tures are always the compromise of good 
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firmness retention and the induction of 

low-temperature disorders. Some cultivars 

were more susceptible to softening than 

others when cooling was delayed. For ex 

ample, fruit firmness of 'Stayman' and 

possibly 'Rome Beauty' (46), 'Mclntosh' 

(22, 196), and 'Golden Delicious' (119), 

was affected negatively by the delay, 

whereas 'Jonared' (46) and 'Spartan' (124) 

may not be affected. 

2. Controlled-atmosphere (CA) stor 

age. Many apple cultivars stored under CA 

conditions have reduced loss firmness and 

shelf-life. Blanpied and Smock (23) found 

that high flesh firmness of 'Mclntosh' ap 

ples was correlated positively with low 

temperature, low O2 and high CO2 levels. 

'Mclntosh' apples retained greater firm 

ness in CA storage of 2.5 to 3.0% O2 and 

2.5% CO2 (23, 62, 161). CA storage re 

duced fruit firmness loss in 'Novaspy,' 

'Nova Easygro,' 'Prima,' 'Macfree,' 

'Priscilla,' and 'Moira,' although it did not 

extend the storage life of the three latter 

cultivars (50). CA-stored (1.5% or 3.5% 

O2, 1.5 to 4% CO2) 'Nittany' apples were 

firmer than those held in cold storage (0 to 

2°C in air) (97). Mealiness of 'Delicious' 

apples was hastened by CO2 in the storage 

atmosphere (76). 

3. Ultra-low oxygen CA. Reducing the 

O2 level in storage from 3 to 0.7% im 

proved firmness retention of 'Fuji' apples 

(9). Maintenance of the maximum firm 

ness for this cultivar was attained in CA 

storage of 0.7% O2 and 0% CO2 at 0.5°C, 

or 0.7 to 1% O2 and 1% CO2 and at 2.5°C 

(9). The storage of 'Delicious' apples in 

1% O2, irrespective of the CO2 level (0 to 

15%), resulted in good overall quality 

fruit (8). The regime of 0.7% O2 and 1.0% 

CO2 used initially to reduce the develop 

ment of superficial scald in apples during 

storage, also improved fruit firmness re 

tention (120). 'Imperial Double Red Deli 

cious' and 'Granny Smith' apples retained 

better firmness when stored in 1 % O2 and 

1% CO2, compared to cold storage in air 

at 0°C with 90 to 95% RH or modified at 

mosphere in polyethylene bags at 0°C 

(141). On the other hand, 'Cortland' fruit 

firmness was insensitive to low O2 or high 

CO2 levels in CA storage (54). 'Novamac' 

fruil firmness decreased in storage, 
whether in standard CA conditions (2.5% 

O2, 4.5%CO2) or in low O2 CA (1.5% O2, 

1.5%CO2) (50). 'Bramley's Seedling' ap 

ples softened rapidly when stored in ultra-

low O2 (0.4-1% O2,0% CO2) for 100 days 

(101). 'Mclntosh' apples stored in 1.0% 

O2 and 1.5% CO2 were 25.7 N firmer after 

7 months of storage at 2.8°C than those 

stored in 3% O2 and 5% CO2, the standard 

commercial atmospheres (126). Retention 

of 'Mclntosh' fruit firmness in low O2 at 

mospheres has been reported for storage 

at 0 to 4°C (27, 59, 103, 118, 123, 126, 

128, 135). 

'Golden Delicious' and 'Delicious' ap 

ples stored in 1.0 to 1.5% O2 and 1.0 to 

1.9% CO2 at 0 to 0.5°C with 90 to 92% RH 

for 6 to 10 months, maintained greater fruit 

firmness than apples stored in standard 

commercial atmospheres of 2.5% O2 and 1 

to 1.5% CO2 at 0 to 1°C (117). 'Golden 

Delicious' apples had higher firmness 

when stored under ultra-low O2 conditions 

(1%) than fruit stored in conventional CA 

conditions (3% O2, 3% CO2) (28). How 

ever, Sitton and Patterson (186) found that 

the fruit firmness of' Mclntosh' and 'Gold 

en Delicious' fruit was not affected by high 

CO2 or low O2, and that 'Delicious' apples 

were slightly firmer in a high-CO2 storage 

(14%). Ben-Arie et al. (17) reported that 

fruit softening of 'Golden Delicious' and 

'Jonathan' apples was retarded by increas 

ing CO2 concentration from 0 to 20% and 

decreasing O2 from 15 to 3%; fruit hardly 

softened at 20% CO2, irrespective of the 

O2 concentration. 'Golden Delicious,' but 

not 'Jonathan,' had retained fruit firmness 

following storage. DeEll and Prange (53) 

reported that 'Delicious' fruit firmness 

after CA storage plus 7 days at 0°C in am 

bient air, was highest when the apples were 

stored previously in ultra-low O9 condi 

tions (0.7% O2 and 0% CO2.) 

The firmness of 'Spartan' apples stored 

in 1.0% O2 and 2.0% CO2 at 0°C for 6 to 

9 months was greater thjtn those kept in 

commercial CAof 2.5% O2 and 2.0% CO2 

(116). However, 'Spartan' apples stored 

for 6 months at 0°C in standard CA (2.5% 
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O2, 4.5% CO2) plus 1 week at 0°C in am 

bient air were firmer than those stored 

under low O2 (1.5% O2, 1.5% CO2) or 

ultra-low O2 (0.7% O2, no CO2), because 

of the sensitivity of these apples to low O2 

and the resulting internal breakdown (53). 

'Starking Delicious' apples stored in 1 % 

O2 and 1% CO2 for 7 to 8 months were 

firmer than those in standard commercial 

CA storage (180). Firmness was greatest in 

'Idared' apples after CA storage plus 7 

days at 0°C in ambient air, when the fruit 

were previously stored for in 0.7% O2 and 

0% CO2, followed by 1.5% O2 and 1.5% 

CO2, and finally standard CA(53). 'Bram-

ley' fruit firmness decreased when fruit 

were stored for 100 days in low O2 (0.2-

1%) without CO2 (101). Storing 'Jon-

agold' apples for 169 days at 0.5 to 1 °C in 

an atmosphere of 1% O2 and 1.5 to 2% 

CO2 resulted in crisper fruit than apples 

stored under standard CA (94). The best 

'Gala' fruit firmness was obtained when 

fruit were stored at 0 to 1 °C in atmospheres 

of <2% O2 (18). 'Aroma' apples had better 

firmness retention in 2% O2 and 2% CO2, 

compared to 3% O2 and 3% CO2 or cold 

storage at -2°C with 88% RH (89). Firm 

ness of 'Elstar,7 'Jonagold' and 'Cox's Or 

ange Pippin' apples was affected positive 

ly by storage under ultra-low O2 

conditions (152). Therefore, ultra-low 

oxygen can improve fruit firmness reten 

tion in a wide range of apple cultivars. 

4. Low ethylene CA. The presence or 

absence of ethylene in storage rooms af 

fects apple fruit firmness differently de 

pending on cultivar and storage condi 

tions. A low level of ethylene (1 mL^L"1) 
in the storage room tended to increase the 

softening of 'Mclntosh' and 'Cox's Or 

ange Pippin' apples stored at 3.3°C, 

whereas 'Delicious,' 'Golden Delicious,' 

and 'Idared' apples stored at 0°C were not 

affected by low levels of ethylene (199). 

Some studies suggest that ethylene re 

moval from CA chambers can result in in 

creased firmness retention of 'Mclntosh' 

apples (24, 77, 81). Lougheed et al. (134) 

reported that a relationship with 'Mcln 

tosh' fruit firmness and ethylene occurred 

often, although it was not always obvious. 

It seems that low ethylene treatments with 

CA conditions of 3% O2 and 5% CO2 re 

sulted in firmer 'Mclntosh' fruit compared 

to those stored only in CA (127). Howev 

er, low O2 or low ethylene treatments are 

equally effective when apples are treated 

with SADH (84, 130). Removal of ethyl 

ene in an atmosphere of 1.25% O2 and 2% 

CO2 for 'Cox's Orange Pippin' (187) and 

3% O2 and 5% CO2 for 'Golden Delicious' 

(114) reduced apple softening. However, 

flesh firmness of 'Cox's Orange Pippin' 

apples was not affected by ethylene re 

moval when the storage atmosphere was 

0.5 to 2% O2 in flowing gas streams, as 

compared to the static system (188). 

Ethylene removal from storage atmos 

pheres of 1.5% O2 and 1.5% CO2 at 1.5°C 

for 'Golden Delicious,' 'Delicious,' and 

'Spartan' or 2.2% O2 and 5.0% CO2 at 

1.7°C for 'Mclntosh' did not increase firm 

ness retention (118). Furthermore, low eth 

ylene storage of 'Belle de Boskoop' apples 

was not recommended (193). In summary, 

ethylene removal positively enhanced fruit 

firmness of some cultivars, but had little or 

no effect on others. Therefore, the com 

mercial use of low ethylene CA will be cul 

tivar dependant. 

5. Rapid CA. Rapid CA establishment 

(short loading time and rapid reduction of 

storage O2 to 2.5%) maximized the storage 

life of 'Golden Delicious' and 'Mclntosh' 

apples (46), and to a lesser extent 'Spartan' 

and 'Delicious'apples (115). A rapidly es 

tablished 1.0% O2 and 1.0 to 1.5% CO2 at 

mosphere improved firmness retention of 

'Golden Delicious,' 'Delicious,' and 'Spar 

tan' apples at 0.5°C and 'Mclntosh' at 

3.0°C (118). 'Spartan' apples stored in 

1.0% to 2.5% O2 with 'rapid CA' estab 

lishment were firmer than those with 'slow 

CA,' immediately after removal from stor 

age. However, this effect was lost after an 

additional storage period of 28 days in 0°C 

air and 7 days at 20°C air (116). If storage 

rooms can be loaded quickly, very rapid 

establishment of CA conditions appears to 

benefit fruit firmness retention. 
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Concluding Remarks 

Apple fruit firmness was affected by 

both preharvest and postharvest factors. 

The main preharvest factor affecting apple 

fruit firmness is the genetic material, with 

nutrient management, bioregulators, and 

other cultural practices contributing small 

but significant benefits. Fruit firmness is 

mainly under genetic control, with major 

contributions through cultivar and strain. 

For example, the cultivar 'Granny Smith' 

is inherently firmer than 'Mclntosh,' and 

within 'Mclntosh' the standard-type are 

firmer than the spur-type. Rootstock can 

also influence fruit firmness, due to its 

ability to control fruit yield and size. Nu 

trient management, particularly Ca, plays 

a role in apple fruit firmness. There are 

conflicting reports about the relationship 

between Ca content and fruit firmness. 

Preharvest applications of CaCl2 do not 

always result in increased fruit firmness at 

harvest, but they may increase firmness 

retention during storage. Nitrogen affects 

apple fruit size and thus, influences firm 

ness indirectly. 'Mclntosh' and 'Starkspur 

Golden Delicious' fruit firmness decreas 

es with increasing fruit size. Phosphate 

compounds increase 'Mclntosh' and 'Jon-

agold' fruit firmness, whereas boron does 

not appear to affect fruit firmness. Bioreg 

ulators, such as cytokinins, may increase 

flesh firmness at harvest when sprayed at 

full or post bloom. However, only fruit 

sprayed with CPPU or thidiazuron tend to 

retain this firmness benefit after storage. 

On the other hand, gibberellins do not ap 

pear to influence apple fruit firmness. 

NAA-treated fruit may be softer than the 

non-treated apples both at harvest and 

after storage, whereas SADH and pa-

clobutrazol, which are no longer available 

for commercial use, tend to increase apple 

firmness. None of the commercially avail 

able bioregulators consistently improve 

fruit firmness. 

Postharvest factors affecting apple 

firmness vary from maturity at harvest to 

pre-storage treatments and storage condi 

tions, and generally have a much larger ef 

fect than the preharvest cultural factors. 

Early harvest dates tend to favor fruit 

firmness and affect the rate at which ap 

ples soften during storage. Dipping apples 

in a CaCb solution tends to improve firm 

ness retention, while vacuum- and pres 

sure-infiltration tend enhance the effect. 

Storage conditions are one of the most im 

portant postharvest factors influencing 

fruit firmness. Low temperatures are cru 

cial for maintaining apple firmness and 

rapid cooling after harvest can greatly im 

prove firmness retention during storage. 

CA storage, especially ultra-low oxygen 

CA, improves firmness retention of ap 

ples. In addition, rapid CA establishment 

further improves the storage life of apples. 

Given the genetic limitations of fruit firm 

ness imposed by the cultivar, the posthar 

vest factors, particularly the rapid imposi 

tion of low temperatures, have the greatest 

effect on apple firmness. 
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Performance of Primocane-fruiting Raspberries 

Grown in the Greenhouse 

Adam Dale,1 Angela Gilley,2 and Elizabeth M. Kent1 

Abstract 

Seven cultivars of primocane-fruiting raspberries (Rubus idaeus L.) were grown for three years in a 

greenhouse in Simcoe, Ontario. Red raspberry cultivars 'Autumn Bliss,' 'Autumn Britten,' 'Caroline,' 

'Heritage,' 'Polana,' and 'Summit,' and the yellow raspberry, 'Anne,' were compared for berry yield, fruit 

quality, and earliness and consistency of fruiting. Two types of propagules of 'Autumn Britten' were 

used, tissue-cultured and vegetative, and these behaved similarly with the exception of fruiting consis 

tency in the first harvest season. 'Polana' yielded the most, 'Autumn Britten' produced the largest 

berries, and 'Summit' and 'Heritage' ranked highest for total fruit quality. Early and consistent fruiting 

patterns were exhibited by 'Polana,' 'Autumn Britten' and 'Summit.' 

Introduction 

Greenhouses have been used to produce 

crops such as tomatoes and cucumbers in 

the off-season for many years. Recently, 

off-season production of raspberries has 

been commercially developed in northern 

Europe (3) and may have potential in 

northern North America due to the limited 

growing season and short post-harvest life 

of raspberries. 

Summer bearing and primocane fruiting 

raspberry cultivars can be grown in green-. 

houses where primocane fruiting canes 

can produce at least two crops in a twelve 

month period (2). Primocane fruiting rasp 

berries generally fruit on the tip of the pri 

mocane in late summer and fall, while the 

basal portion bears a summer crop the fol 

lowing year (5). All primocane fruiting 

raspberries will produce fruit on new pri-

mocanes without chilling of the initial root 

buds (5). Some cultivars, such as 'Sum 

mit,' fruit readily without vernalization 

while with others, such as 'Heritage,' fruit 

ing is delayed (5, 6). 

This study evaluates the performance of 

seven primocane fruiting raspberry culti 

vars in the greenhouse over a three-year 
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