
 
 
 
 
 
Crop Load Management of Apple by Chemical Fruitlet Thinning, Preharvest 

Drop Management, and Investigation of Abscission Physiology 
 
  
 

by 
 

Michelle H. Arseneault 
 
 
 
 
 

A Thesis 
presented to 

The University of Guelph 
 
 
 
 

In partial fulfillment of requirements 
for the degree of 

Master of Science 
in 

Plant Agriculture 
 
 
 
 
 
 
 
 

Guelph, Ontario, Canada 
 

© Michelle H. Arseneault, October 2016 
  



ABSTRACT 
 
 
 

CROP LOAD MANAGEMENT OF APPLE BY CHEMICAL FRUITLET 
THINNING, PREHARVEST DROP MANAGEMENT,  

AND INVESTIGATION OF ABSCISSION PHYSIOLOGY 
 
 
Michelle H. Arseneault       Advisor: 
University of Guelph, 2016       Dr. John A. Cline 
 
 

New crop load management strategies are required for apple trees to thin fruit and delay 

preharvest fruit drop (PFD). The efficacy of the chemical thinners 1-aminocyclopropane-1-

carboxylic acid (ACC) alone, and abscisic acid in combination with 6-benzyladenine was 

determined on 'Gala' apples. The efficacy of ethephon and ACC was determined when fruitlets 

were 15-25 mm, outside the traditional thinning window. Abscisic acid and ACC produced 

acceptable fruit set, crop load, and quality in one year and ACC applied at 15-25 mm was 

effective only at 15-16 mm. In another study, ‘Honeycrisp’ was used to evaluate the efficacy of 

aminoethoxyvinylglycine, naphthaleneacetic acid, and foliar sprays of boron and magnesium on 

PFD. Fruit drop was reduced 27% by naphthaleneacetic acid and 35% by 

aminoethoxyvinylglycine while maturity was delayed. Cultivars prone and not prone to PFD 

were compared for seasonal xylem function in the fruit, which was lower in the cultivar prone to 

PFD. 
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CHAPTER 1 – GENERAL INTRODUCTION 
 

Apples (Malus domestica Borkh.) are a popular fruit grown in the temperate zone climate 

and they are one of the most valuable fruit crops grown in Ontario (Peneau et al., 2006).  ‘Gala’ 

and ‘Honeycrisp’ are popular fresh market cultivars that represent 8 and 9% of total production in 

pounds, respectively, according to 2014 figures (Ontario Apple Growers, 2015). ‘Gala’ is the 

fifth most valuable apple cultivar grown in Ontario, with a farm gate value of approximately $7.3 

million (Ontario Apple Growers, 2015). ‘Honeycrisp’ is the second most valuable apple cultivar 

grown in Ontario, worth approximately $15.8 million at the farm gate (Ontario Apple Growers, 

2015). 

Producers of ‘Gala’ are challenged with over-cropping that can lead to small fruit size and 

poor quality, damage to tree limbs, and heavy cropping in alternate years (‘biennial bearing’). 

Crop load is managed by thinning, which improves fruit quality such as size and colour (Link, 

2000). Thinning also reduces the total yield; however, the proportion of large fruit to small fruit 

is increased and large fruit have greater economic value (Dennis, 2000). Thinning helps stabilize 

annual cropping by enhancing return bloom the following growing season, particularly in 

cultivars that have biennial bearing tendencies (Dennis, 2003; Greene, 2002a). Ultimately, the 

inconsistencies in yield and revenue due to poor quality fruit and biennial bearing have led to the 

adoption of thinning as a common practice. 

Fruitlets can be thinned by hand to one fruit per cluster, however, hand thinning is labour-

intensive (Dorigoni and Lezzer, 2007).  Plant bioregulators (PBRs) are used in tree fruit 

production to influence plant metabolism and they have many applications such as intensifying 

fruitlet abscission (Dennis, 2000). The influence of PBRs is often cultivar-specific and some 

compounds may produce negative consequences such as phytotoxicity (Greene, 2012), and 

‘pygmy’ fruit development (Jones et al., 1991). The carbamate insecticide, 1-naphthyl 

methylcarbamate (carbaryl) is a popular fruitlet thinner, however, the compound is neurotoxic to 

bees and was banned for use in Europe (European Commission, 2006). In the event that Canadian 

produce marketers (i.e., retail chains) or regulatory authorities (Pest Management Regulatory 

Agency) restrict the use of carbaryl in the future, alternative chemical thinning strategies will be 

necessary to manage apple crop loads and biennial bearing. For difficult-to-thin cultivars in 

particular, combining the synthetic auxin, naphthaleneacetic acid (NAA), with the synthetic 
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cytokinin, 6-benzyladenine (6-BA) may be an effective thinning strategy rather than applying 

very high rates of NAA. High rates of NAA may thin excessively, and cause pygmy fruit 

development (Greene, 2002a).  Additionally, previous research on ‘McIntosh’ and ‘Fuji’ 

demonstrated that abscisic acid (ABA) may be effective and should be combined with 6-BA to 

reduce leaf phytotoxicity (Greene et al., 2011).  Recent research has also indicated that the 

ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) is effective on ‘Gold Rush’ 

(McArtney, 2011). 

Fruitlet thinners are commonly effective when applied from petal fall up to the 

development stage of 15 mm diameter, which precedes the period of natural fruitlet drop 

(Greene, 2002a). Options become limited as fruitlet development progresses because thinner 

efficacy diminishes (Greene, 2002a). However, fruitlets appear to drop in response to ethylene 

late in development (Dal Cin et al., 2005). Thinning by ACC was effective when applied to ‘Gale 

Gala’ fruitlets at a diameter of 18, 20, and 27 mm and ‘Golden Delicious’ fruitlets at 20 mm 

(McArtney and Obermiller, 2012; Schupp et al., 2012). Applying 2-chloroethylphosphonic acid 

(ethephon), which changes to ethylene upon application, demonstrated thinning activity on 

‘Delicious’ when applied at 17 to 22 mm (Marini, 1996; Yang, 1969). Environmental factors 

must be carefully considered during application of ethephon because thinning intensity increases 

with temperature from 12°C to 24°C during which excessive thinning is a risk (Jones and Koen, 

1985). However, ethephon is sold at a competitive price and it may be valuable when used with 

clear guidelines, when no other PBRs are effective (Rademacher and Bucci, 2002). 

Another fruit drop period, known as preharvest fruit drop (PFD), begins approximately 

four weeks before harvest. Preharvest fruit drop occurs as orchardists wait for apple fruit to reach 

horticultural maturity, and the crop yield is reduced by up to 50% in some years (Greene and 

Schupp, 2004). Immature fruit are not harvested to avoid PFD because they do not have the 

necessary colour and flavour qualities (Baugher and Schupp, 2010; Wills et al., 2007). 

‘Honeycrisp’ is categorized as comparatively more prone to PFD than other cultivars that are less 

prone or intermediate (Irish-Brown et al., 2011). Plant bioregulators are used to delay PFD and 

fruit maturity to reduce the losses to PFD. A common PBR for regulating PFD is NAA, and it 

likely down-regulates genes for hydrolases involved in cell separation (Li and Yuan, 2008). 

When NAA was used on ‘Bisbee Delicious’ it delayed PFD but not when used on ‘McIntosh’ 

(Robinson et al., 2010; Yuan and Li, 2008). Aminoethoxyvinylglycine (AVG), an ethylene 
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biosynthesis inhibitor, delayed PFD of ‘McIntosh’ and ‘Red Chief’ apples (Greene and Schupp, 

2004; Yildiz et al., 2012). Only AVG reduced loss of fruit firmness, starch degradation, and red 

colour development (Greene and Schupp, 2004; Yildiz et al., 2012). Previous research indicated 

that the combination of AVG plus NAA reduced PFD more than the individual compounds 

(Robinson et al., 2010; Yuan and Carbaugh, 2007). The nutrient concentration of trees may also 

influence PFD, particularly the concentration of magnesium (Mg) and boron (B) (Addicott, 1982; 

Wooldridge, 2002). Application of Mg reduced PFD of ‘Tydeman’s Late Orange’ apples and 

early-season B improved fruit retention and quality, although the influence of B on PFD is 

unknown.  

The mechanism that induces fruit abscission during PFD is unknown but it may be related 

to depletion of metabolic factors supplied by the xylem. Functionality of xylem tissues in apple 

fruit declines over the growing season for several apple cultivars (Drazeta et al., 2004; Lang and 

Ryan, 1994; Miqueloto et al., 2014). This disruption of flow is postulated to reduce the transport 

of resources, prompting abscission. Previous research demonstrated that a cultivar with relatively 

low xylem function such as ‘Braeburn’ is more prone to PFD compared with ‘Granny Smith,’ a 

cultivar with greater xylem function (Drazeta et al., 2004). The relationship between PFD and 

xylem function is of interest. 

The purpose of this research was to: 1) determine the optimal concentration of PBRs for 

thinning ‘Gala’ apple fruit during the fruit set period (9 and 17 mm fruitlet diameter), as well as 

determine the efficacy of select PBRs for late fruitlet thinning (15-25 mm); 2) evaluate the 

influence of NAA, AVG, NAA + AVG, B and Mg on ‘Honeycrisp’ PFD; 3) investigate seasonal 

xylem function of apple fruit for the drop prone cultivar ‘McIntosh’ and the non-drop prone 

‘Gala’, and; 4) assess the effect of defruiting on activation of abscission. The current study tested 

the following hypotheses:  

1. Application of ACC, and 6-BA tank mixed with NAA or ABA to ‘Gala’ apple trees 

reduces fruit set and crop load while maintaining quality when applied at 9 and 17 mm 

fruitlet diameter.  

2. Application of ethephon and ACC to ‘Gala’ apple trees reduces fruit set and crop load 

while maintaining quality when applied between 15 and 25 mm fruitlet diameter. 

3. Application of AVG 4 weeks before anticipated harvest (WBAH), and NAA and the tank-

mix AVG and NAA 2 WBAH, and B and Mg as repeat foliar sprays in July reduce PFD 
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of ‘Honeycrisp’ apples and maintain fruit quality. 

4. The seasonal apple fruit xylem functionality in primary and dorsal vascular bundles is 

lower for ‘McIntosh’ that is prone to drop, relative to ‘Gala’ that is not prone to drop.  

5. Defruiting accelerates AZ separation at the pedicel. 
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CHAPTER 2 – LITERATURE REVIEW 
 

2.1 Thinning apple fruitlets using bioregulators to improve fruit quality at harvest 
2.1.1 Importance of apple fruitlet thinning to improve fruit quality and to maintain annual 

bearing 
Apple (Malus domestica Borkh.) trees have a tendency to produce an excessive quantity 

of fruit, from the perspective of commercial fruit producers. During the cell division phase there 

is a period of fruitlet drop that occurs approximately 35 days after full bloom; this is referred to 

as ‘June drop’ in the northern hemisphere (Dal Cin et al., 2009a). During this period, many 

fruitlets abscise, thereby reducing the quantity of sinks where assimilates are distributed.  

Physiologically, ‘June’ drop is thought to be a regulatory mechanism in the tree that avoids heavy 

cropping; yet, from a horticultural perspective fruitlet drop is often insufficient to obtain the 

maximum economic crop value (Dennis, 2003). 

Adjusting the amount of fruit on the tree by fruitlet thinning, known as crop load 

management, improves individual fruit size and colour. Thinning can be performed during bloom 

by removing flower blossoms. More frequently, thinning is done post-bloom during fruitlet 

growth, in order to consider the reduced fruit set that occurs following fertilization (Wertheim, 

2000). Reducing the number of fruit on the tree increases the leaf to fruit ratio, and reduces the 

number of fruit that are competing for resources supplied by the tree (Bangerth, 2000).  As a 

result, increased thinning usually increases fruit size and may improve fruit colour, firmness, and 

sugar and acid content (Goffinet et al., 1995; Link, 2000).  However, over-thinning is associated 

with increased susceptibility to physiological disorders (i.e., bitter pit), yield reduction (Dorigoni 

and Lezzer, 2007; Link, 2000), and suboptimal producer returns (Dennis, 2000).  

Fruitlet thinning is also conducted to regulate annual cropping, particularly in cultivars 

that have biennial bearing tendencies. When trees have high fruit load in one year it limits fruit 

production in the next year, the phenomenon is known as ‘biennial bearing’. Crop load alternates 

between years because heavy crop load negatively influences flower initiation and development, 

thereby reducing return bloom in the following growing season (Dennis, 2003; Greene, 2002a). 

Yield is too low in years of light crop load for adequate revenue and too high in years of heavy 

crop load to produce high quality fruit. 
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2.1.2 Changes to fruitlet physiology during abscission 

The anatomical region where the pedicel connects with the peduncle and where fruit 

naturally separate from the tree is confined to the abscission zone (AZ) (Figure 2.1).  In abscising 

apple fruitlets the AZ forms through cell division, leading to cell separation (McCown, 1943). 

The AZ is confined to a narrow width of 6 to 8 cell layers across the pedicel (McCown, 1943). A 

constriction zone, in which cells are smaller than adjacent cells delineates the area where cell 

separation normally occurs (McCown, 1943). Occasionally the AZ develops in the pedicel distal 

to the constriction zone (McCown, 1943). 

In the apple cluster, fruitlets that are the most developmentally advanced are known as 

“king” (central) fruit and fruit that develop successively later are termed lateral fruitlets (Figure 

2.2)(Dennis, 2003). Lateral fruitlets are more susceptible to drop likely because they are 

competitively disadvantaged compared with the king fruitlet, during resource allocation 

(Bangerth, 2000; Dennis, 2003). In the initial phase of AZ differentiation there is no detectable 

difference in gene expression reported among fruitlets (Celton et al., 2014).  Upon activation, cell 

division occurs in abscising apple fruitlets in such a way that a protective layer of lignin develops 

on the pedicel side of the AZ (Celton et al., 2014; McCown, 1943).  Finally, hydrolases are 

expressed leading to cell wall degradation of the middle lamella (Celton et al., 2014; Taylor and 

Whitelaw, 2001; H. Zhu et al., 2011). 

Changes in metabolism that initiate abscission may involve receptor proteins that are 

activated by binding to ligands such as plant hormones (Taylor and Whitelaw, 2001). Fruitlet 

drop is correlated with changes in hormone levels at the AZ and in particular, cell separation is 

inhibited by adequate supply of auxin to the AZ (Addicott, 1982; Bangerth, 1989). Prior to 

abscission, lateral apple fruitlets with high abscission potential demonstrate a decrease in polar 

auxin transport transcripts in seeds (Dal Cin et al. 2009).  In conjunction, the auxin export rate in 

abscising fruitlets is weakened (Dal Cin et al. 2009).  In addition, transcriptomic analysis of 

lateral fruitlets susceptible to abscission, indicated downregulation in gene expression of auxin 

biosynthesis and transport (Celton et al., 2014).  The correlative occurrence of reduced auxin 

during fruitlet drop suggests a relationship with abscission. 

Control of abscission exerted by an auxin gradient across the AZ was first proposed by 

Addicott et al. (1955), yet our understanding of this relationship remains limited (Roberts et al., 

2002). Consistent with the dogma that apical dominance is managed by polar auxin transport 
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(Cline, 1991), Bangerth (2000) suggested that the strong flow of auxin from dominant fruitlets 

inhibited the weak flow of auxin from dominated fruitlets at the junction where the pathways 

meet.  The importance of a polar auxin transport gradient in abscission has been experimentally 

investigated by blocking auxin transport. Preharvest sweet cherry fruit that were unlikely to 

abscise were phloem-girdled and treated with a polar auxin transport inhibitor (Blanusa et al., 

2005). As a result, there was 30% more abscission in treated fruit compared to untreated controls 

(Blanusa et al., 2005). However, abscission of 46% indicated that not all treated fruitlets abscised. 

Similarly, in apple fruitlets, auxin transport inhibitors applied to the surface of the pedicel 

resulted in 68% abscission while the untreated fruitlet abscission was 35%. Complete abscission 

was not observed, suggesting additional complex interactions exist during abscission (Dražeta et 

al., 2004). Nonetheless, fruit retention was promoted by functional auxin transport (Blanusa et 

al., 2005). Accordingly, several thinning compounds that amplify apple fruitlet abscission also 

influence auxin physiology (Dennis, 2000). 

Furthermore, reduction in auxin increases sensitivity of the AZ to ethylene, a hormone 

that accelerates abscission (Addicott, 1982; Taylor and Whitelaw, 2001). Lateral apple fruitlets 

expressed more transcripts for ethylene production and subsequently increased ethylene 

biosynthesis compared with non-abscising king fruitlets (Celton et al., 2014; Dal Cin et al., 

2005).  Concurrently, increased ethylene inhibits auxin transport (Addicott, 1982; Taylor and 

Whitelaw, 2001). The interaction of auxin with ethylene is antagonistic and together these 

hormones affect abscission. 

A model postulated for abscising apple fruitlets is that abscission is managed by the ratio 

of ethylene in the cortex and the availability of ethylene receptors in the seeds (Eccher et al., 

2015). Ethylene receptors function as positive regulators; when the receptors are filled, they 

activate the ethylene signal transduction pathway that promotes seed death and abscission 

(Eccher et al., 2015; Hua and Meyerowitz, 1998). Gene expression differs by developmental 

stage. Given that lateral fruit are at an earlier stage of development than central fruit, the ratio of 

ethylene biosynthesis to receptors is higher in lateral fruitlets compared with central fruitlets 

(Eccher et al., 2015). The model predicts an inverse relationship where low receptor abundance 

contributes to high ethylene sensitivity because the receptors require less ethylene to be saturated 

(Eccher et al., 2015; Klee, 2004). This leads to the conclusion that apple fruitlets abscise after 

reaching an ethylene threshold that saturates receptors, which is most likely to occur in lateral 
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fruitlets before king fruitlets (Eccher et al., 2015; Klee, 2004).  

Conditions that lead to poor carbohydrate availability such as cloudy days, shade and high 

demand from sink organs appear to increase fruitlet abscission.  One theory is that non-abscising 

fruitlets have accumulated sufficient sugars to prevent abscission (Beruter and Droz, 1991; 

Dennis, 2002). Recent research regarding apical dominance in the shoot tips of Pisumsativum cv 

Torsdag has shown supporting data for sugars acting as regulators of plant development, 

replacing the primary role of auxin (Mason et al., 2014).  Sorbitol is the main carbohydrate that 

supplies apple fruit growth (Brown, 1996). Conversion of sorbitol, a translocation form of 

carbon, into fructose for metabolism is performed by the enzyme sorbitol dehydrogenase (SDH) 

(Loescher et al., 1982).  In the study by Zhu et al. (2011), fruit growth occurred during SDH 

expression.  Stress treatments of NAA and shading that increased fruitlet abscission led to 

repressed SDH (H. Zhu et al., 2011). Yet in these circumstances of applying NAA or shading, the 

abscission outcome may still be due to changes in the auxin supply to the AZ (Craker, 1990), as 

the changes are interconnected. 

Fruit sink strength was lowered during stress treatments that promoted abscission.  An 

organ is a ‘source’ if the net flow of assimilates is exported whereas an organ is a ‘sink’ if the net 

flow of assimilates is imported.  The source strength of apple trees is defined as the growth rate 

of the sink fruitlets since sink demand influences the photosynthetic rate of leaves (Iwanami et 

al., 2012). The percentage of abscised fruitlets was correlated (R2 = 0.649) with low source 

strength of the cultivar (Iwanami et al., 2012).  However, measurements of source strength may 

demonstrate decreases in sink activity that result from abscission initiation. In which case, 

decreased source strength was a consequence rather than a predictor of abscission.  

Experimentally removing sink activity and carbohydrate supply to apple fruitlets prior to June 

drop, by girdling the phloem tissue using steam, led to 100% abscission (Beruter and Droz, 

1991). The results suggest that sink strength controls fruitlet abscission, however, the results are 

confounding since removing the phloem also inhibits the flow of hormonal signals and nutrients.  

A lack of understanding about the driver for assimilate transport limits our understanding of the 

role of source and sink activity in abscission. 

The period of fruitlet drop occurs at a time of increasing competition between fruitlets.  

At approximately 2-4 weeks after full bloom the carbohydrate demand from fruitlets increases to 

accommodate an exponential growth rate (Lakso et al., 1999).  Fruitlet abscission occurs during 
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exponential growth when the embryo transitions from quiescent to development (Pratt, 1988; 

Dennis, 2003).  It is possible that carbon demand from sink organs exceeds carbon supply, 

leading to fruitlet drop.  

Fruitlet abscission occurs during a specific developmental stage each year and the severity 

of fruit drop is relatively predictable for each cultivar.  This reproducibility suggests 

developmental control of abscission by influencing the expression of genes. Expression of genes 

for an auxin hydrogen symporter (MdAHS) during apple fruitlet abscission is regulated by light 

and development (Dal Cin et al., 2009a). Therefore, developmental control during abscission may 

play a role in reduction of auxin transport that is associated with abscission (Dal Cin et al., 

2009a).  

 

2.1.3 Thinning using plant bioregulators  
The importance of fruitlet thinning has been recognized for thousands of years (Dennis, 

2000).  Typically, fruitlets are thinned by hand to one fruitlet per cluster following natural fruit 

drop (McArtney et al., 1996).  However, hand thinning is time consuming and expensive 

(Dorigoni and Lezzer, 2007).  Other methods of mechanical fruitlet removal involve machinery 

that uses the force from ropes or water to push fruit off the tree (Dennis, 2000). Mechanical 

thinning during the fruitlet stage is not recommended for apple since fruit and adjacent spur 

leaves are easily damaged, unlike stone fruit, and the injury appears as a blemish on mature fruit 

(Dennis, 2000). 

Plant bioregulators (PBRs) are useful tools that alter plant growth and development, yet 

they pose several challenges.  Certain PBRs are commonly applied as foliar sprays in commercial 

orchards to augment natural fruitlet drop, which is more economically feasible than hand-

thinning (Dorigoni and Lezzer, 2007).  However, there are challenges because the thinning 

outcome is affected by the type of chemical, concentration, developmental stage at application, 

seasonal weather conditions, age of tree, and cultivar (Greene, 2002a). Environmental differences 

between years often results in inconsistent thinning outcomes, complicating research and 

commercial management practices (H. Zhu et al., 2011). Research addresses these factors to 

determine effective management compounds for orchardists.  

Commonly the fruitlets that drop in response to post-bloom PBRs are the lateral fruitlets 

from the 5-fruitlet cluster that are the smallest (Figure 2.2). Fruit set describes the fruit that will 
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continue development rather than undergo abscission.  Therefore, fruit set is expressed as the 

percent of initial fruit pre-treatment that persist after fruit drop (Wismer et al., 1995). Fruit set is 

determined in a feasible timeframe by selecting two representative branches per tree to monitor 

the change in fruit number (Schupp, 2003; Greene et al., 2011).  Fruit set is also expressed by 

determining the cluster composition, which is the number of fruit in each cluster that remain after 

treatment (Miranda et al., 2005; McArtney and Obermiller, 2012).  The ideal chemical thinner 

would reduce fruitlet clusters to one fruit per cluster while retaining a similar quantity of clusters, 

which is the same target as hand thinning. 

Researchers investigate product concentrations to address the unique response of cultivars 

to PBRs. The history of apple chemical thinner use has been reviewed by Dennis (2000) and 

Greene (2010).  Common foliar compounds that promote fruitlet thinning include 

naphthaleneacetic acid (NAA), 6-benzyladenine (6-BA), 1-naphthyl methylcarbamate (carbaryl), 

and 2-chloroethylphosphonic acid (ethephon) (Greene, 2010; OMAFRA, 2014). 

The mode of action of most chemical thinners has been long-debated and was thoroughly 

considered in a review by Dennis (2002). The theoretical mechanisms of action include: 

damaging seeds, delaying abscission to increase competition, blocking nutrient transport, 

reducing sink strength, reducing auxin synthesis in the seed and transport from the fruitlet, 

stimulating ethylene biosynthesis, and inhibiting photosynthesis (Dennis, 2002). The mode of 

action likely varies depending on the PBR in question.  Many of the possible explanations are 

unsupported, and thus the mode of action for PBRs remains unknown due to the complex 

physiology of natural and induced abscission. 

Naphthaleneacetic acid is a synthetic auxin often used on cultivars that are difficult to 

thin.  Recent transcriptomic analysis has demonstrated an association between NAA application 

with an upregulation of ethylene production, in addition to other metabolic changes (Hong Zhu et 

al., 2011). Results are consistent with the observation that ethylene occurs in conjunction with 

natural fruitlet abscission (Botton et al., 2011; Dal Cin et al., 2009b; McArtney, 2011).  The 

thinning action of NAA is most effective when average fruitlet diameter is between 7 and 12 mm, 

however, it is also effective during 14 to 18 mm (Greene, 2002a). The effective concentration of 

NAA required for thinning is between 2 and 20 mg∙L-1 (Forshey, 1986). Thinning activity on an 

easy-to-thin cultivar ‘Honeycrisp’ was observed at 5 mg∙L-1 NAA (Schupp, 2003) but higher 

concentrations of 15 mg∙L-1 are required on a difficult-to-thin cultivar ‘Delicious’ (Zhu et al., 
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2008).  In a cultivar-dependent relationship, high NAA concentrations risk excessive thinning 

whereas low concentrations may thin lightly and lead to an over-bearing fruit load (Forshey, 

1986). 

A consequence of NAA over-application is ‘pygmy’ fruit initiation, which is damage to 

the treated fruitlets followed by persistence on the tree, and failure to reach a marketable size 

(Figure 2.3)(Jones et al., 1991; Marini, 1996).  In order to avoid concentrations of NAA that are 

damaging, the bioregulator is applied at a low concentration in combination with another thinner 

for effective thinning (Dennis, 2000; Greene, 2002a).  

6-Benzyladenine is a cytokinin that is endogenous to apple trees and poses a low risk to 

the environment (Bubán, 2000). The compound effectively thins fruitlets when applied at the 

developmental stage between 7 and 12 mm and up to 18 mm, the latter only during sunny and 

cool weather conditions (Greene, 2002a). Cultivars that are easy-to-thin are treated with 50 to 75 

mg∙L-1 6-BA, whereas difficult-to-thin cultivars benefit from higher concentrations between 75 to 

100 mg∙L-1 6-BA (Wertheim, 2000).  Several cultivars are successfully thinned using 6-BA, 

including ‘Empire’ (Elfving and Cline, 1993; Wismer et al., 1995), ‘More-Spur McIntosh’ (Yuan 

and Greene, 2000), Golden Delicious, Elstar, and Jonagold (Schröder et al., 2013).  Unless 6-BA 

is combined with carbaryl or NAA it is a relatively mild thinner (Dennis, 2000).  Fruitlet thinning 

with 6-BA manages biennial bearing by increasing return bloom in the following season 

compared with an untreated control (Greene et al., 1990; Wismer et al., 1995).  Unlike other 

thinners, 6-BA can increase fruit size by stimulating cell division (Elfving and Cline, 1993; 

Wismer et al., 1995).  Although the thinning mode of action is unclear, investigations have 

indicated that 6-BA thins by promoting vegetative growth that interferes with the auxin export 

from weak fruitlets (Schröder et al., 2013). 

Carbaryl is an insecticidal carbamate that intensifies fruitlet abscission during fruitlet 

diameters from petal fall up to 18 mm (Greene, 2002a).  Carbaryl is an insecticide, rather than a 

hormone, thus the effective concentration is much higher at 440 to 1800 mg∙L-1 (Dennis, 2000).  

Overthinning with carbaryl is rare because it is not rate responsive (Forshey, 1986). 

Concentrations of carbaryl that are recommended are often saturated in solution, which limits 

further chemical activity because only the compound in solution is active (Forshey, 1986).  

Carbaryl is a versatile thinner since its thinning effect is mild, yet more potent when combined 

with NAA or 6-BA (Byers and Carbaugh, 1991; Greene and Autio, 1994).  The versatility, low 
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cost, and effectiveness on several cultivars makes carbaryl a popular thinning option (Greene, 

2010; Knight, 1983; Marini, 1996).  Investigating the mode of action of carbaryl has been 

particularly challenging since the chemical has little effect on the mechanisms of interest such as 

seed viability, photosynthesis, and ethylene evolution (Dennis, 2002).  

The intensity of fruitlet thinning induced by PBRs is sensitive to seasonal weather 

conditions.  Cool and cloudy conditions prior to PBR application make fruitlets more susceptible 

to thinners likely because they are growing less vigorously (Byers et al., 1990; Greene, 2002a).  

Conversely, warm, sunny weather reduces the effect of thinners likely because fruitlets are 

growing rapidly (Greene, 2002a).  However, warm weather following thinner application 

increases thinning (Greene, 2002a). Thinners must be applied with enough drying time prior to 

rainfall (Greene, 2002a). Weather conditions are partly responsible for variable thinning among 

years (Wertheim, 2000). To study the effect of chemical thinners, field sites are consistently 

chosen over controlled greenhouse alternatives, since the field is directly applicable to 

commercial conditions.  

 

2.1.4 Replacing carbaryl, an effective thinner that may be unavailable 

An additional challenge is that government regulations restrict the availability of PBRs. In 

2016, carbaryl was re-evaluated for registration status in Canada, due to concern about the 

neurotoxic effect of this insecticide on bees (Greene, 2010; Health Canada: Pest Management 

Regulatory Agency, 2016).  Carbaryl was conditionally approved for continued use (Health 

Canada: Pest Management Regulatory Agency, 2016). The compound has already been banned in 

Europe, and in Canada it will be subjected to continual risk assessment (European Commission, 

2006). Unsatisfactory chemical thinning alternatives prompts further research to develop 

effective chemical management strategies in anticipation of the potential unavailability of 

carbaryl. A treatment combination such as a tank-mix of NAA and 6-BA effectively thinned the 

difficult-to-thin cultivar ‘Fuji’ (Dorigoni and Lezzer, 2007).  However, Greene and Autio (1994) 

cautioned against this combination for both ‘Fuji’ and ‘Delicious’ since pygmy fruit may 

develop.  Pygmy fruit formation may be specific to those cultivars since in other cultivars this 

treatment combination has been shown to increase fruit size (Link, 2000).  Both NAA and 6-BA 

are widely available and would be a convenient combination when more aggressive thinning is 

required. 
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Research that is examining the thinning efficacy of plant hormones is supported by 

consumer demand for naturally occurring compounds. Natural compounds are also generally 

cheaper and quicker to register compared with synthetic compounds (Rademacher and Bucci, 

2002).  The hormone abscisic acid (ABA) may be considered as a new tool since recent research 

demonstrated ABA thinning efficacy was promising on ‘McIntosh’ and ‘Fuji’ (Greene et al., 

2011).  However, the results remain inconclusive since ABA was only effective at thinning in 3 

out of the 5 years of study (Greene et al., 2011).  A combination treatment of ABA and 6-BA 

may be necessary to reduce leaf phytotoxicity (yellowing and abscission) to ABA (Greene et al., 

2011). There are indications that ABA may increase thinning on certain cultivars and future work 

will be required to examine the efficacy of this plant hormone. 

Another compound of interest is 1-aminocyclopropane-1-carboxylic acid (ACC), the 

ethylene precursor. When applied to ‘Gold Rush’ at 10 mm diameter, ACC was effective; 

however, at the same study location ‘Pink Lady’ did not respond (McArtney, 2011).  The leaves 

of certain cultivars are also more or less susceptible to phytotoxicity, which is a negative side-

effect of ACC and ABA (McArtney 2011, Greene et al. 2011, Schupp et al. 2012).  Therefore, 

investigations for PBRs on individual cultivars are necessary prior to registration and 

commercialization. 

 

2.1.5 Thinner efficacy diminishes as fruitlet diameter increases 

Another challenge is to apply PBRs during the narrow developmental period in which 

fruitlets are receptive, generally from petal fall to 15 mm fruitlet diameter (Greene, 2002a). 

Prolonged periods of rain or cool weather can delay application of thinners (Greene, 2002a; 

Stover and Greene, 2005). Also, if thinner application proves ineffective there is little time for 

another attempt, because thinner efficacy is only apparent after days to weeks (Stover and 

Greene, 2005). Thinner options become limited as fruitlet size increases. 

As development progresses prior to June drop, fruitlets become increasingly responsive to 

ethylene (Dal Cin et al., 2005).  Ethylene production can be promoted in plant tissues by 

exogenous application of ACC.  Therefore, ACC received particular interest when it effectively 

thinned ‘Gale Gala’ fruitlets at diameters of 18, 20, and 27 mm using 400 mg∙L-1  and ‘Golden 

Delicious’ fruitlets at 20 mm using 300 or 500 mg∙L-1 (McArtney and Obermiller, 2012; Schupp 

et al., 2012).  
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Another compound that can be effective for late thinning is ethephon because it changes 

to ethylene on application (Marini, 1996). Ethephon can be an effective thinner when 

environmental factors during application are carefully considered (Dennis, 2000).  The thinning 

intensity of ethephon increases linearly with increasing temperature from 12°C to 24°C, during 

the time of application (Jones and Koen, 1985). The relationship of ethephon efficacy with 

increasing temperature is a challenging factor because temperature can increase following 

application, during which excessive thinning is a risk (Greene, 2002a). However, ethephon may 

be a promising option for thinning fruitlets late in development, when they are no longer 

responsive to other PBRs (Greene, 2002a).  Ethephon was an effective chemical thinner when 

applied to ‘Delicious’ trees at 400 mg∙L-1 when fruitlets were 17 to 22 mm (Marini, 1996).  In 

another study using ‘Nured Delicious’, 1500 mg∙L-1 ethephon removed all fruit from the tree 

when applied at 30 mm diameter (Byers and Carbaugh, 1991).  Ethephon is sold at a competitive 

price that has made the development of new PBRs difficult and unappealing (Rademacher and 

Bucci, 2002). There is a lack of clear guidelines for the use of ethephon such as cultivar 

suitability and the developmental stage when fruitlets are sensitive. Ethephon is underutilized as 

people tend to avoid the risk of excessive thinning associated with its use (Marini, 2004). 

Improved recommendations may increase the likelihood of using ethephon effectively for 

thinning beyond the conventional management period (i.e. 15 mm). 

 

2.1.6 Solutions for the popular cultivar ‘Gala’ 
No strategies have been developed in Ontario for ‘Gala’ to address the following 

challenges: 1) unsatisfactory chemical thinning alternatives to carbaryl and, 2) limited thinner 

options as fruitlet development progresses, particularly beyond 15 mm fruitlet diameter. If the 

chemical thinning opportunity is missed, expensive hand thinning is required. Therefore, new 

PBRs need to be recommended for this popular cultivar to increase the opportunity for successful 

management.   

 

2.2 Apple preharvest fruit drop and practices for horticultural management 
A peer-reviewed publication is available:  

Arseneault, M.H. and J.A. Cline, 2016. A review of apple preharvest fruit drop and practices for 

horticultural management. Scientia Hortic. 211:40-52. DOI 10.1016/j.scienta.2016.08.002 
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2.2.1 Apples: Economic importance and the need for management of preharvest fruit drop 
Apples are a popular temperate fruit, consumed both fresh and processed, and they ranked 

third for global fruit production at 80.8 million tonnes in 2013 (FAOSTAT, 2013).  Global 

production is centered on the high-value fresh market which requires harvesting at optimum 

maturity to maintain fruit quality during long-term storage and shipping (Greene et al., 2014; 

McCluskey et al., 2007).   

Preharvest fruit drop, during which fruit are shed from the tree early in the ripening phase 

prior to horticultural maturity, can occur in several important apple cultivars.  The severity of 

drop is cultivar-specific and cultivars have been categorized according to their propensity to drop: 

less prone, intermediate, and more prone (Irish-Brown et al., 2011).  Selection of cultivars by 

producers is determined by consumer preference for specific fruit characteristics (i.e., flavour and 

firmness), rather than for ease of production (Yue et al., 2013).  Production challenges are 

inevitable when cultivar choice depends on consumer preferences rather than ease of cultural 

management. 

Strategies to reduce PFD will help maintain crop yield, an important component of the 

economic success of an orchard (Bravin et al., 2009).  Depending on the growing season and 

propensity of the cultivar to drop, yield losses of up to 30% are common by the beginning of the 

harvest period.   These losses are worsened with any delay in harvest (Byers, 1997a; Greene and 

Schupp, 2004).  A further complication is that PFD in certain cultivars occurs prior to 

horticultural maturity (Hoying and Robinson, 2010).  For apples, physiological maturity occurs 

when seeds are mature; this precedes the development of colour and flavour properties, which are 

developed at horticultural maturity (Watada et al., 1984). Picking the apples prior to horticultural 

maturity in an attempt to avoid fruit drop can be undesirable, given that the fruit are often inferior 

to horticulturally mature fruit in both taste and colour (Baugher and Schupp, 2010; Wills et al., 

2007).  

Plant bioregulators influence a plant’s hormone system to regulate maturity and PFD. 

Preharvest fruit drop can be reduced by delaying fruit maturity using PBRs that reduce ethylene 

biosynthesis, such as aminoethoxyvinylglycine (AVG). In addition to reducing drop, a delay in 

maturity can help manage commercial harvest operations by widening the picking window of 

specific cultivars or by extending the time between harvests of multiple-pick cultivars.  Labour 
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can be used more efficiently and for pick-your-own operations, a longer harvest period ensures 

flexibility in managing the harvest season (Byers and Eno, 2002; Byers, 1997a; Unrath et al., 

2009). 

Previous research has focused on the efficacy of foliar-applied PBRs for reducing fruit 

drop and more specifically their effect on the AZ. A greater understanding of the physiology of 

abscission is required to explain how individual fruit differ in abscission potential, how cultivars 

differ, and how abscission is induced. Such research will lead to strategies for improved 

commercial control of PFD. This review examines recent progress in understanding PFD of 

apples, discusses horticultural practices that may alleviate PFD, and provides suggestions for 

future research. 

 

2.2.2 Fruit separation occurs at the abscission zone following developmental changes in 
metabolism and production of hydrolases 

When apple fruit drop occurs approaching harvest, the fruit detach at the AZ located at 

the pedicel-spur junction (Figure 2.4A). The AZ forms in a constriction zone or in the pedicel 

distal to the constriction zone (Figure 2.4A)(McCown, 1943).  Fruit separation occurs along a 

plane of fracture where the cell walls disintegrate without prior division or differentiation (Figure 

2.4B)(McCown, 1943).  The plane of fracture is confined to the width of a few cell layers.  

The current anatomical model for abscission includes the following four main events:  i) 

AZ cell differentiation, ii) induction for response to abscission due to developmental changes in 

metabolism, iii) cell separation, and iv) development of a protective layer (Estornell et al. , 2013). 

Cell separation is the simplest process to observe based on visual and identifiable changes at the 

AZ and easiest to study in terms of developmental phase (Sexton and Roberts, 1982).  

Consequently, more information exists about the cell separation phase, while less is known about 

the remaining phases. This is particularly true for the inductive phase (also known as the ‘lag 

phase’), the events of which remain largely uncharacterized. 

It is hypothesized that perception of changes in metabolism by AZ cells induces 

abscission, accompanied by hydrolases to initiate cell separation. The stimuli may be molecules 

(i.e., hormones or elicitors), which bind to receptors on the cell to trigger a signal transduction 

pathway (Taylor and Whitelaw, 2001). Changes in metabolism that initiate apple PFD may 

originate from a programmed developmental event or from environmental cues.  Currently, the 
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nature and perception of the stimuli that initiate abscission are poorly understood (Estornell et al., 

2013a; Sexton and Roberts, 1982). Signal perception leads to expression of genes that trigger the 

formation of cell wall hydrolases (McManus, 2008; Taylor and Whitelaw, 2001). The hydrolases 

catalyze cell wall breakdown contributing to fruit detachment at the AZ, which leaves the pedicel 

attached to the fallen fruit (Addicott, 1982; Roberts et al., 2002).  Recent work with tomato 

(Solanum lycopersicum L.) leaves and flowers has demonstrated differential gene expression of 

cell wall hydrolases on opposite sides of the AZ. This finding indicates that abscission processes 

differ proximally and distally with respect to the AZ (Bar-Dror et al., 2011). This work provides 

evidence for enzymatic changes that occur at specific locations to coordinate the narrow zone of 

separation (Bar-Dror et al., 2011). 

The preharvest abscission of apple fruit is preceded by the swelling and lengthening of 

several layers of cells within the AZ (McCown, 1943; Sexton and Roberts, 1982).  Intercellular 

adhesion is overcome by the degradation of pectin in the middle lamella (McCown, 1943).  There 

is evidence suggesting that whether cell separation commences in the pith or the cortex depends 

on the apple cultivar (McCown, 1943). It appears that the cultivars may have anatomical 

differences such as tissue composition or enzyme synthesis, that have not been analyzed in 

relation to cultivar abscission potential. 

 

2.2.3 Fruit developmental characteristics of size, spatial location on the tree, and hormone 

transport from seeds, in relation with abscission 
Malus (apple) is considered a model species for studying the development of temperate 

fruit.  Apple is especially useful to study during fruitlet abscission since different abscission 

potentials exist among fruitlets in the same cluster (Bangerth, 2000; Dennis, 2003).  

Unfortunately, fruit at the preharvest stage do not have abscission potentials that can be identified 

visually, leading investigators to harvest fruit indiscriminately for analysis (Greene et al., 2014; 

Li and Yuan, 2008).  In an attempt to separate abscising and non-abscising fruit for analysis at 

the PFD stage, one approach to promote abscission has been to cut apple fruit in half during 

August and September, prior to harvest (Ward et al., 1999). However, the act of cutting may 

confound the abscission process by activating wound response mechanisms, and results must thus 

be interpreted with caution.  An ideal approach would be to identify naturally abscising versus 

non-abscising fruit in order to compare molecular changes associated with PFD. Marked 
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differences in the PFD abscission potential exist among apple cultivars (Li, 2010; McCown, 

1943); however, relatively little research has been conducted to further investigate this topic. 

Examining cultivars with different drop potentials is one approach for deducing morphological, 

anatomical, genotypic and biochemical differences between abscising and non-abscising fruit at 

harvest. 

During PFD, the susceptibility of individual fruit to abscission differs; yet, a feature that 

is associated with abscission is not currently detectible. Abscission is not a one-time event; 

rather, fruit drop is spread out over several months during the end of the growing season (Greene, 

2002b; Robinson et al., 2010). This large window of fruit drop suggests that either changes in 

metabolism target specific fruit for unknown reasons, that fruit become able to respond to 

metabolic changes at different times, or that each fruit follows its own path of development that 

terminates in abscission. These fruit that are responding to changes in metabolism may have a 

detectible feature that is associated with abscission. 

The size of preharvest dropped fruit is another characteristic of interest. Greene et al. 

(2014) concluded that fruit size is not related to the propensity of a fruit to drop on abscission-

prone cultivars. Therefore, the physiology of PFD appears to be unlike early season abscission, in 

which the abscising fruitlets are the smallest fruit in each cluster (Dal Cin et al., 2007).  Another 

consideration is the genotype of cultivar fruit size. One study found that abscission occurred less 

frequently in small-fruited genotypes (i.e., crabapple-type), they represented 31 of 49 fruit-

retaining accessions (Sun et al., 2009).  However, some large-fruited genotype cultivars that are 

domestic are resistant to PFD, indicating that small fruit is not a requirement for fruit retention 

(Sun et al., 2009). Small fruit size and small-fruited genotype are not tightly linked to abscission, 

thus other fruit characteristics should be investigated. 

The spatial characteristics of fruit attachment to the tree are not related to time of 

individual fruit drop. When the spatial characteristics of fruit attachment were assessed according 

to the angle of orientation of the spur to limb, the pedicel to spur, and the fruit axis of symmetry 

using three cultivars (‘Smoothee Golden Delicious', ‘Red Chief Delicious’, and ‘Commander 

York'), no relationship was found between the spatial orientation and the variation in the time of 

individual fruit drop (Ward, 2004). The researcher also found no relationship between the onset 

of fruit drop and the canopy position on the north-, south-, east-, and west-facing sides of the tree 

(Ward, 2004).  Therefore, the spatial orientation did not elucidate a distinction between abscising 
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and non-abscising fruit. 

Seeds have long been believed to play a role in apple PFD, since hormone transport from 

seeds toward the AZ may influence abscission. Investigators have postulated that apple fruit with 

fewer seeds are comparatively weak sinks for assimilates and may be more prone to abscission 

than fruit with many seeds (Ward et al., 2001).  However, when this notion was tested on the 

three cultivars ‘Smoothee Golden Delicious', ‘Red Chief Delicious’, and ‘Commander York', no 

relationship between seed number and the day of drop was observed (Ward et al., 2001).  

Similarly, for ‘McIntosh’ and ‘Delicious’ cultivars, seed number failed to explain the variation in 

fruit drop in individual trees (Greene et al., 2014). This led the authors to conclude that seed 

number is unlikely an important factor in PFD (Greene et al., 2014). However, the seeds appear 

to play an important hormonal role during fruitlet abscission (Eccher et al., 2015; Ferrero et al., 

2015) that may share similarities with PFD. For example, a decrease in auxin in fruitlet seeds 

appears to enhance tissue sensitivity to ethylene and promote abscission (Estornell et al., 2013). 

Since the free auxin (IAA) concentration in apple seeds increases throughout fruit development 

and decreases during ripening, the decreasing phase may be important to PFD (Devoghalaere et 

al., 2012). Therefore, rather than depend on the quantity of seeds in the fruit, PFD may rely on 

changes in the intensity of hormonal signals during the seed development phase. 

On any given date during fruit growth and development, individual fruit on the same tree 

can be at different stages of maturity.  Fruit rarely mature evenly on the same tree, because of 

minor differences in flowering and fertilization, position borne on the tree and spatial distribution 

within the canopy. As such, fruit of certain cultivars must be picked over several days or weeks in 

order to achieve an even maturity of marketable fruit (Brookfield et al., 1993; Byers, 1997a).  

Similarly, PFD is unevenly distributed among the fruit on a tree.  

 

2.2.4 The dynamics of endogenous plant hormones and biochemical changes 
Plant hormones act as chemical messengers that influence plant development.  These 

natural compounds alter development at lower concentrations than nutrients or vitamins (Davies, 

2010a).  In general, plant hormones associated with inhibiting abscission during PFD include 

auxins and gibberellins, while hormones that promote abscission include ethylene and ABA 

(Addicott, 1982; Estornell et al., 2013a). Development is determined by hormonal interactions 

and depends on whether the interacting hormones are in conjunction or in opposition (Davies, 



 

  20 

2010a).  

Several studies have investigated the involvement of hormonal signaling in abscission.  

This topic has been reviewed by Addicott (1982), Taylor and Whitelaw (2001) and Estornell et 

al. (2013).  The results of studies with model species such as Mirabilis jalapa and bean 

(Phaseolus vulgaris), as well as commercially important species such as apple and tomato have 

contributed to the prevailing theory that auxin decline and ethylene increase are key signals in 

abscission (Bangerth, 2000; Hong et al., 2000; Thompson and Osborne, 1994; Vriezen et al., 

2008).   Research suggests that hormones transmit information to the AZ, which initiates the 

biochemical changes that result in cell separation (Addicott, 1982).  The role of hormones in 

abscission will provide an understanding of how the process is regulated, and may also help to 

identify the mechanism that initiates the cascade of physiological events terminating in cell 

separation. 

Ethylene appears to be closely related to abscission. When the internal ethylene 

concentration (IEC) of attached apple fruit was compared with recently abscised fruit, Greene et 

al. (2014) concluded that the higher IEC in abscised fruit suggests a relationship with PFD.  

However, sampling abscised fruit targets the cell separation phase rather than the abscission 

induction phase, and may thus reveal changes related to ripening post-separation.  Ripening apple 

fruit undergo an ethylene climacteric that remarkably increases fruit ethylene production.  Yet, 

since the autocatalytic rise in ethylene production can occur prior to or following fruit drop, the 

climacteric phase does not appear to be a prerequisite for abscission (Sun et al., 2009).  

Nevertheless, exogenous ethylene applied to trees as a foliar spray prior to harvest can markedly 

increase fruit abscission (Robinson and Lopez, 2010; Sun et al., 2009).  The specific role of 

ethylene in abscission has been challenging to identify since the abscission and ripening events 

occur concurrently. Although the biochemical role of ethylene in abscission is unclear, there is 

evidence that following the initiation of abscission the process is accelerated by ethylene. 

Molecular evidence supports the involvement of ethylene in abscission.  To explore the 

genes involved in fruit abscission, the cultivar ‘Golden Delicious’, which is prone to PFD, was 

compared with the cultivar ‘Fuji’, which is not prone to PFD (Li, 2010). Ethylene gene 

expression and rate of evolution were measured repeatedly over the typical harvest period of each 

cultivar.  ‘Golden Delicious’ fruit ethylene production increased rapidly while the genes for ACC 

synthase and oxidase, MdACS5A and MdACO1, respectively were up-regulated in the fruit AZ 
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(Li, 2010).  In contrast, the same genes did not change in ‘Fuji’ (Li, 2010). Similarly, in abscising 

fruitlets that were treated with 6-BA to promote abscission, MdACS5A was up-regulated; 

whereas, the gene in non-abscising king fruitlets was expressed at a constant or decreasing rate 

(Dal Cin et al., 2005).  Although the mechanisms of early- and late-season fruit abscission differ, 

ethylene production occurs in abscission-prone fruit during both abscission events. 

Cultivar susceptibility to PFD is associated with transcription of ACC synthase 

(MdACS1) (Harada et al., 2000; Sato et al., 2004).  Apple cultivars that have a homozygous 

allele with low transcription for the ripening-specific ACC synthase (MdACS1-2/2), compared 

with the high transcription wild type allele (MdACS1-1/1) produced low ethylene during the 

climacteric and were less likely to have PFD (Kunihisa et al., 2014; Sato et al., 2004).  However, 

cultivars prone and not prone to PFD are present in each of the categories of the wild type allele, 

the low-transcription allele and the heterozygous allele (MdACS1-1/2), suggesting the 

importance of other factors (Sato et al., 2004; Sun et al., 2009).  Further, the allele does appear to 

be related to abscission tendency. Over half of the MdACS1-1/1 and MdACS1-1/2 cultivars had 

high rates of fruit drop (above 50%); whereas, the majority of MdACS1-2/2 cultivars had low 

drop rates (below 20%) (Sato et al., 2004).  Once again, it seems that ethylene is related to (albeit 

not the sole factor in) apple PFD and may be an important target for management practices. 

An association of ethylene with abscission is apparent; however, ethylene may not be 

essential to abscission. The IEC of apple fruit was compared during natural PFD among 144 

malus accessions that included wild varieties, domestic cultivars, and hybrids (Sun et al., 2009).  

The IEC of abscission-prone fruit accessions varied widely from 0.03 µl/L to 900 µl/L, while 

accessions characterized by non-abscising fruit were also capable of high ethylene production; up 

to 580 µl/L (Harb et al., 2012; Sun et al., 2009). Abscission during widely different IEC suggests 

that other factors are involved in this process.  Additionally, fruit from species such as sour 

cherry do not produce high ethylene in conjunction with abscission (Wittenbach and Bukovac, 

1974). It seems that either ethylene is not essential for natural fruit abscission, or that low rates of 

ethylene production are sufficient for certain accessions and species (Sun et al., 2009).  

Cell separation proceeds in a localized area of cells and AZ cells are suspected to respond to 

target signals. The AZ of vascular plants consist of type II target cells, meaning that the cells 

expand in response to ethylene; whereas, neighbouring cells do not (McManus, 2008).  However, 

the cells that eventually behave as target cells are insensitive until certain developmental periods 
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when they respond to induction (Osborne and McManus, 2005). Therefore, not only are the 

hormonal signals changing during development, but there are also changes in the perception of 

these signals by cells (Osborne and McManus, 2005). In the family Solanaceae, ethylene 

sensitivity changes throughout development (Edelman and Jones, 2014). Similarly, during apple 

fruit ripening, ethylene sensitivity decreases while the ethylene dependency for a response 

increases (Johnston et al., 2009). Apple PFD coincides with up-regulated ethylene receptors in 

the cortex prior to fruit drop, suggesting lowered ethylene sensitivity (Li, 2010).  Lowered 

sensitivity increases the concentration of a hormone needed to activate a response. Investigation 

is challenging since the influence of a plant hormone depends on its concentration and 

localization, as well as the sensitivity of the plant tissue (Davies, 2010b). Developmental cues 

that change the activity of hormonal signals are expected to influence abscission. 

Ethylene may promote fruit abscission by leading to the expression of genes that activate 

hydrolytic enzyme production. In conjunction with high ethylene production in the abscission-

prone apple cultivar ‘Golden Delicious’, the genes MdPG2, a polygalacturonase gene (PG), and 

MdEG1, a 1,4-β-glucanase gene (cellulase or endoglucanase) are expressed. These genes are 

associated with hydrolytic enzyme cell wall degradation (Brummell et al., 1999; Hong et al., 

2000; Li, 2010). Comparatively, in ‘Fuji’, a cultivar with low ethylene production and abscission, 

there were no increases in the fruit AZ activity of PG or cellulase (Li, 2010). Ethylene treatment 

of peach (Prunus persica L.) fruit explants resulted in an increase in specific isoforms of 

polygalacturonase prior to abscission (Bonghi et al., 1992). Also, during mature fruit abscission 

in olive (Olea europaea L.) fruit, ethylene-related, polygalacturonase, and cellulase genes were 

up-regulated (Gil-Amado and Gomez-Jimenez, 2013). Ethylene production by the fruit is 

strongly related to the hydrolytic enzymes polygalacturonase and cellulase. 

Plant bioregulators that manage PFD suppress ethylene and concurrently suppress cell 

degradation enzymes. Aminoethoxyvinylglycine (AVG) inhibits the precursor to ethylene 

production; whereas, 1-methylcyclopropene (1-MCP) blocks ethylene receptors, thereby 

suppressing autocatalytic ethylene production (Boller et al., 1979; Sisler et al., 1996).  When 

compared to untreated controls, both compounds have suppressed ACC synthase gene MdACS1 

and ACC oxidase gene MdACO1 in ‘Delicious’ apples. At the same time, these compounds 

suppressed MdPG2 and MdEG1 genes for cell degradation in fruit AZs (Li and Yuan, 2008; 

Yuan and Li, 2008). Although extensive ripening changes occur concurrently with abscission, the 



 

  23 

relationship between ethylene and hydrolase production in the AZ suggests a role of ethylene in 

the acceleration of cell separation during abscission. 

The plant hormone auxin appears to be involved with fruit abscission in interaction with 

ethylene. The prevailing abscission theory is that auxin delays abscission by reducing the tissue 

sensitivity to ethylene, which increases the amount of ethylene required for a response (Estornell 

et al., 2013a; Meir et al., 2006; Taylor and Whitelaw, 2001). Transcriptome analysis of mature 

olive fruit abscission indicated that abscission coincides with up-regulated ethylene and down-

regulated auxin (Gil-Amado and Gomez-Jimenez, 2013). However, the role of auxin in apple 

PFD is poorly understood.   

The general hypothesis that auxin production is high in young tissues and decreases with 

tissue age (Addicott, 1982) does not apply to apple, in which auxin is initially low, increases to a 

peak, and then decreases (Devoghalaere et al., 2012; Mousdale and Knee, 1981). In apple fruit 

cortex there is an increase in production of auxin in the last 50-70 days of development prior to 

the ethylene climacteric, after which there is a reduction in auxin concentration to the previous 

level (Devoghalaere et al., 2012; Mousdale and Knee, 1981). In general, auxin production 

appears to trigger ethylene production, which then diffuses throughout tissue to promote further 

ethylene, while suppressing auxin, in an antagonistic relationship (Mousdale and Knee, 1981; 

Taylor and Whitelaw, 2001). However, the interaction of hormones is still not well understood 

(McAtee et al., 2013) and the hormonal crosstalk associated with abscission requires further 

investigation. 

The ethylene-auxin interaction may be appropriate to consider in terms of gradients rather 

than absolute concentrations in plant tissues. The effects exerted by auxin are commonly a result 

of the uneven distribution in plant tissues (Petrásek and Friml, 2009). Control of abscission 

exerted by an auxin gradient across the AZ was first proposed by Addicott et al. (1955). In apple 

fruitlets, auxin transport inhibitors applied to the surface of the pedicel resulted in 68% abscission 

while the untreated fruitlet abscission was 35%, therefore complete abscission was not observed 

(Dražeta et al., 2004). Using auxin transport inhibitors to understand the influence of auxin in 

PFD has not been investigated. Since the abscission induction period is poorly characterized, 

there is uncertainty about whether reduction of auxin precedes or results from abscission.  

In conclusion, while the precise roles of hormones in abscission remain unclear, they are 

evidently important components of abscission. Investigation is challenging since the influence of 
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plant hormones depends on their concentration and localization, as well as the sensitivity of the 

plant tissue (Davies, 2010b).  To advance understanding within this context, hormones will need 

to be measured at the intra-cellular level rather than the organ-level during specific 

developmental periods that target abscission. 

 

2.2.5 Horticultural practices for managing apple preharvest fruit drop  

The history of the development and use of PBRs for apple has been recently reviewed by 

Greene (2010).  Plant bioregulators have been the focus of recent research to delay apple PFD. 

Since the response to PBRs is often cultivar-dependent, application timing and rates can vary 

(Table 1). A common compound for managing PFD is NAA (Greene, 2010; OMAFRA, 2014).  

Evidence suggests that NAA down-regulates genes for cell separation, including 

polygalacturonase (MdPG2) and cellulase (MdEG1) (Li and Yuan, 2008). When NAA was 

applied to ‘Bisbee Delicious’ apple trees, PFD was reduced (Robinson et al., 2010; Yuan and Li, 

2008).  However, NAA is also associated with increased ethylene, which is known to promote 

fruit ripening and softening, deteriorating fruit quality (Li and Yuan, 2008; Yu and Yang, 1979). 

This hastened ripening makes NAA undesirable for managing PFD. Additionally, NAA did not 

manage PFD of the high-ethylene producing cultivar ‘McIntosh’, in which the high ethylene 

appeared to offset NAA’s effects on abscission management (Robinson et al., 2010).  

The importance of ethylene in fruit abscission has been realized in recent management 

strategies to reduce PFD.  Exogenous treatment of apple trees with ethephon generally promotes 

fruit abscission (Sun et al., 2009) and colour development.  In contrast, the ethylene biosynthesis 

inhibitor AVG, and the competitive antagonist for the ethylene receptor 1-MCP, both delay 

natural fruit abscission (Robinson et al., 2010; Yuan and Li, 2008).  In a study on ‘McIntosh’, 

foliar sprays of AVG reduced PFD while combinations of AVG and NAA reduced PFD to a 

greater extent than either compound separately (Robinson et al., 2010).  The synergistic effect of 

NAA and AVG may involve the down-regulation of abscission genes by NAA, and the 

management of ethylene by AVG (Robinson et al., 2010). Therefore, combining NAA and AVG 

may provide maximum drop control. 

Management of PFD using AVG has several benefits. The bioregulator AVG slowed the 

loss of firmness and starch degradation in ‘Red Chief’ apple (Yildiz et al., 2012).  Due to delayed 

ripening, the fruit remained on the tree for an extended time before reaching horticultural 
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maturity (Yildiz et al., 2012).  As a result, fruit diameter and weight tended to increase, 

increasing their economic value (Byers and Eno, 2002; Greene, 2006).  However, when the 

‘McIntosh’ crop maturity was delayed using AVG, the red colour development was also delayed 

(Schupp and Greene, 2004). Thus, quality is impeded unless the harvest period is also delayed to 

allow acceptable colour development (Schupp and Greene, 2004). Nevertheless, AVG has been a 

valuable tool to orchardists. 

Although investigators have clearly demonstrated that delaying apple PFD using AVG is 

related to reduced ethylene production, the relationship between AVG’s mechanism of action and 

other factors is unclear.  The measurement of ethylene is fairly simple and associated data are 

readily available. This high accessibility leads to the less frequent examination of other 

compounds that are more difficult to collect (Addicott, 1982).  In Arabidopsis seedlings, AVG 

had strong anti-auxin activity in addition to its anti-ethylene activity (Soeno et al., 2010).  

Further, investigations with tomato fruit pericarp suggested that AVG reduced protein 

biosynthesis in conjunction with reducing ethylene biosynthesis (Saltveit, 2005).  Therefore, the 

effects of AVG on other factors that influence PFD must remain a possibility. 

New PBRs are frequently sought to overcome orchard management challenges.  

Management strategies have aimed to reduce the sensitivity of the AZ to ethylene or to reduce the 

gene expression encoding enzymes for cell separation (Roberts et al., 2000; Yuan and Li, 2008). 

Changes in metabolic processes that affect abscission are unknown, thus it is unclear if 

management practices can influence the induction of abscission. An understanding of 

developmental cues that influence abscission is important for the development and identification 

of new PBRs for PFD.  

 

2.2.6 Environmental factors associated with abscission 

Little has been confirmed regarding the role of environmental signals in abscission, 

largely due to the difficulty of studying the various environmental factors.  However, there 

appears to be an effect of environmental signals, evidenced by the large variation in reported 

PFD. The fruit drop is variable among orchards in different climatic and agrological conditions 

during the same year, and also differs in a single orchard between years (Basak and Buczek, 

2010; Robinson et al., 2010).  Conditions that vary between years and locations include wind, 

temperature, nutrients, water, sunlight, and disease pressure.  Under extreme conditions, the plant 
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can be deprived of energy and respond through changes in growth and development (Baena-

Gonzalez and Sheen, 2008).  Therefore, these factors may result in premature abscission in 

response to stress (Roberts et al., 2002; Taylor and Whitelaw, 2001). These environmental factors 

add variation to the abscission analysis by inducing fruit drop at different times and levels of 

severity.   

Research examining apple PDF suggests that short pedicels make fruit more susceptible 

to mechanical damage and that wind speed contributes to fruit drop (Poapst et al., 1959; Ward et 

al., 2001).  Whether the abscission is a result of mechanical or physiological causes may be an 

important distinction when identifying the factors that differentiate abscising and non-abscising 

fruit. Only one investigation has reported excluding apple fruit dropped due to mechanical forces; 

these researchers excluded fruit that was missing an attached pedicel (Ward et al., 2001).  It is 

unclear what proportion of fruit drop is due to mechanical versus physiological causes.  Since 

some drop is attributed to mechanical damage, it seems reasonable that PBR treatments will not 

provide complete PFD control.  The fruit abscission caused by the physiological process, rather 

than by mechanical forces, should be targeted by only studying fruit that have a smooth cell 

separation surface at the AZ (Addicott, 1982); thereby reducing variation in physiological and 

molecular investigations.   

Air temperature and water availability are hypothesized to play a role in the seasonal 

timing of abscission.  Fruit from the cultivar ‘McIntosh’ dropped early during high average 

seasonal temperatures and late during low average temperatures (Poapst et al., 1959).  Similarly, 

in vitro apple pedicels cultivated on media with hormones exhibited adventitious abscission (i.e., 

abscission developed in an unusual place) that was promoted by high temperatures of 9 to 21°C 

(Pierik, 1977).  In addition, abscission is generally greater when the plant is under water stress 

(Taylor and Whitelaw, 2001).  The effect of temperature and water availability is not well 

documented in apple. However, there is current evidence that indicates either the rate of 

abscission events or the abscission induction is promoted by high temperature and tree water 

stress. 

Fruit drop is variable among orchards, suggesting that cultural management can influence 

fruit drop.  Hoying and Robinson (2010) indicated that a nutrient imbalance is a stress factor that 

can contribute to apple PFD. For example, a deficiency in boron is suspected to cause cell 

deterioration and reduce carbohydrate transport, which are likely to promote abscission 
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(Addicott, 1982).  During severe boron deficiencies of pome fruit, excessive fruit drop occurs 

(Wooldridge, 2002).  The effect of nutrient concentrations on apple PFD has not been thoroughly 

investigated, although the effect of nutrient supplementation during other developmental stages 

has demonstrated improvements in fruit retention and quality.  In coarse soils where boron 

availability was limited, drip and foliar boron application during bud break and flowering 

improved fruit set (Wojcik et al., 2008; Wojcik and Treder, 2006).  Furthermore, foliar boron 

sprays applied during rapid fruit growth on the two cultivars ‘Fuji’ and ‘Orin’ improved fruit 

soluble sugars and starch at three orchards (Lu et al., 2013). Additionally, since magnesium is a 

central component of chlorophyll, magnesium deficiency has been associated with reduced 

photosynthesis (Vágó et al., 2007).  When magnesium was applied in the form of magnesium 

sulphate (i.e., Epsom salts) foliar sprays it reduced PFD of the apple cultivar ‘Tydeman’s Late 

Orange’ (Ford, 1968). If correcting nutrient deficiencies does indeed manage fruit drop, nutrients 

should be included along with PBRs in the management of PFD. 

Abscission is often related to stress conditions that are promoted by disease and injury. 

However, the predictable yearly natural abscission that occurs during specific developmental 

phases is not preceded by a clearly defined stress situation.  A general discussion of the effect of 

diseases and pests on flower and fruit drop has been presented by Leite et al. (2007) and will not 

be further discussed herein. Abscission due to stress does not appear to be an issue when the 

orchard is managed according to standard practices. 

 

2.2.7 Xylem failure is a suggested mechanism that leads to preharvest fruit drop 

Hormones are the messengers that communicate changes in metabolic processes and they 

do not explain the cause of fruit abscission. Most physiological studies examining abscission 

have focused on cell separation, which is the final abscission event (Roberts et al., 2000). There 

is a need to understand the events that precede cell separation, since these events are involved in 

abscission induction. Understanding the physiological basis for abscission may lead to 

opportunities that minimize apple PFD.   

Anatomical evidence during fruitlet abscission has suggested that restrictions to function 

of apple fruit xylem are associated with a greater susceptibility to abscission. This phenomenon 

occurs predominantly in cultivars that exhibit self-thinning behaviour by naturally sustaining one 

fruit per cluster after fruit set. In an apple hybrid (X3177) that self-thins, the king fruitlet 
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dominance was attributed to stronger vascular development compared with lateral fruitlets 

(Celton et al., 2014). Vascular tissue differentiation in the fruit pedicel is completed just after 

flowering and likely determines the vascular capacity of fruit (Lang and Ryan, 1994). Strong 

vascular development allows king fruitlets to receive the most sugars, nutrients, and hormones, 

providing a competitive advantage over lateral fruitlets (Celton et al., 2014).  In contrast, the 

cultivar ‘Ariane’, which retains most fruitlets, was not found to have vascular differences 

between central and lateral fruitlets (Celton et al., 2014). 

One recent theory is that abscission is inhibited by adequate flow of auxin to the AZ, and 

that abscission occurs when auxin or some other metabolic process weakens (Beruter and Droz, 

1991; Taylor and Whitelaw, 2001). Other factors that may be involved during metabolic changes 

are nutrients and proteins, which are supplied by the xylem (Addicott, 1982; Ma et al., 2015). 

Therefore, the change in xylem function throughout the growing season is of interest with regard 

to PFD. The xylem of apple fruit progressively loses function throughout the season, while 

continuation of fruit growth is supplied by the phloem (Lang and Ryan, 1994). A recent study has 

suggested that early failure of xylem conducting tissues can have important consequences that are 

related to an increase in the incidence of the physiological disorder known as bitter pit, by 

limiting calcium supply (Drazeta et al., 2004). It is believed that the loss of function occurs when 

xylem tissue is damaged by growth-induced compression (Drazeta et al., 2004). Timing of the 

loss of xylem function differs by cultivar, likely due to their respective growth dynamics (Drazeta 

et al., 2001).  An interruption in xylem function is postulated to limit compounds supplied by the 

xylem such as hormones, nutrients, and proteins into fruits, triggering fruit abscission. 

A cultivar’s propensity for PFD has not been studied in relation with fruit xylem function, 

yet the following studies reported relative xylem function of cultivars. Drazeta et al. (2004) used 

acid fuchsin dye to stain active xylem flow and indicated that ‘Granny Smith,’ which has little to 

no PFD, had xylem function longer in the season than ‘Braeburn’ which is moderately 

susceptible to PFD. Similarly, the study by Miqueloto et al. (2014) found that the xylem of ‘Fuji’ 

apples, that do not drop, was comparatively longer lasting than that of ‘Catarina,’ which is prone 

to PFD. The study by Lang and Ryan (1994) using exudation flow measurements revealed that 

xylem function of ‘Cox’s Orange Pippin’ apples, which are prone to drop, was relatively longer 

lasting than that of ‘Royal Gala,’ respectively.  These preliminary data suggests that there may be 

a relationship between the loss of xylem function and drop susceptibility during PFD that 
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warrants further investigation. 

Xylem failure appears to occur in the fruit rather than at the AZ (Drazeta et al., 2004). 

Therefore, loss of xylem function is more likely to contribute to abscission rather than be a 

consequence of cell separation processes during abscission. Eventually, when AZ separation is 

underway, the xylem connections will be severed due to the detachment of the pedicel from the 

spur.  Prior to AZ separation, however, loss of xylem function may be involved with abscission 

induction. 

At present, it is not clear whether abscission can occur in the absence of an apple fruit, in 

which all xylem connections distal to the AZ are severed. Current evidence indicates that 

abscission occurs following defruiting of apple fruitlets (Beruter and Droz, 1991) and removal of 

tomato flowers, leaving the pedicel intact (Meir et al., 2010). This ability to abscise supports the 

theory that changes in metabolism could influence abscission, such as during loss of xylem 

function. It is currently unknown how the AZ of late-season apple fruit responds to fruit removal, 

with the pedicel intact. 

Elucidating the role of xylem function may lead to the discovery of new compounds to 

promote xylem longevity.  Furthermore, if xylem function is associated with abscission, then the 

mode of action of currently available PBRs can be investigated in terms of xylem function.  Once 

understood, abscission can be considered in the development of new apple cultivars. 

 

2.3 Implications for the Ontario apple industry 
Canadian apple production is limited to few geographic locations that meet ideal apple 

growing conditions and the moderated climate near the Great Lakes in Ontario is one such area. 

To supply consumers, the average orchard size in Ontario is 8 ha (20 acres); a large operation is 

possible because efficient management practices are implemented to promote cost-effective 

production of quality fruit (Gardner et al., 2006).  The practice known as crop load management 

by thinning fruit or managing fruit drop is important to modern crop production.  Currently, the 

demand for affordable, high quality apples places priority on improving crop load management 

by promoting thinning and managing PFD.  
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Table 2.1. Control of apple preharvest fruit drop with the plant bioregulators: naphthaleneacetic acid (NAA), 
aminoethoxyvinylglycine (AVG), and methylcyclopropene (1-MCP) among cultivars using various concentrations and application 
times. 

Age, Cultivar / 
Rootstock 

Concentration of the active ingredient and application 
times that effectively and ineffectively r educe drop z y 

Effect on fruit quality  
(compared with the control) 

Study location Reference 

Naphthaleneacetic acid (NAA) x 

8 year-old  
‘Red Chief Red 
Delicious’/MM.111 

Effective using the repeated application of 20 mg/L on 4, 3, 
2 WBAH and 10 mg/L on 1 WBAH. 
 
Ineffective using 10 mg/L on 1 WBAH. 

NA Blacksburg, 
VA, USA 

Marini et al., 1993 
(Experiment 1) 
 

Age unknown  
‘McIntosh’/M.9 
and M.26 

Ineffective using 20 mg/L on 1 WBAH. NA Geneva/ 
Chazy/Hudson, 
New York 
State, USA 

Robinson et al., 2010 

Age unknown 
‘Starkrimson 
Delicious’/ 
MM.111 and 
MM.106 

Effective using 10 mg/L on 2 WBAH.  No effect at harvest 
during low drop. 
 
AVG was superior to NAA for prolonged drop control. 

No effect on firmness. Winchester, 
VA, USA 
 

Byers, 1997a 
(Experiment 1) 

Age unknown  
‘Macspur 
McIntosh’/M.26 

Effective using 20 mg/L on 4 WBAH.  No effect beyond 
optimum harvest. 
 
Ineffective using 20 mg/L on either 8 WBAH or 2 WBAH. 
 
AVG was superior to NAA for prolonged drop control. 

Promoted loss of firmness. Monmouth, 
Maine, USA 

Schupp and Greene, 
2004 
(Experiment 1) 

5 year-old  
‘Red Chief’/M.26 

Ineffective using 20 mg/L on either 4 WBAH or 2 WBAH. 
Not measured beyond optimum harvest. 

No effect on starch, removal 
force, ethylene, soluble solids 
and titratable acidity. 

Gaziosmanpasa, 
Tokat, Turkey 

Yildiz et al., 2012 
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5 year-old  
‘Golden 
Supreme’/M.9 

Effective using 20 mg/L on either 3 WBAH or 1 WBAH.  
 
AVG and AVG + NAA was superior to NAA for 
prolonged drop control. 

Enhanced ground colour and 
promoted loss of firmness. 

Winchester, 
VA, USA 

Yuan and Carbaugh, 
2007 
(Experiment 1) 

6 year-old  
‘Golden 
Delicious’/M.9 

Effective using 20 mg/L on 1 WBAH. 
 
AVG + NAA and 1-MCP were superior to NAA and AVG 
for prolonged drop control. 

Promoted loss of firmness. Winchester, 
VA, USA 

Yuan and Carbaugh, 
2007 
(Experiment 2) 

10 year-old  
‘Bisbee 
Delicious’/Mark 

Effective using 20 mg/L on 2 and 1 WBAH and when used 
at only 1 WBAH. 
 
AVG + NAA and 1-MCP were superior to NAA and AVG 
for prolonged drop control. 

Repeated application 
promoted fruit ethylene 
production, loss of firmness 
and starch degradation. No 
effect on red colour.  

Winchester, 
VA, USA 

Yuan and Li, 2008 
(Experiment 1) 

Age unknown 
‘Marshall 
McIntosh’/M.26 

Ineffective using 10 mg/L on 1 WBAH. Delayed red colour 
development.  Increased 
starch degradation. 

Belchertown, 
Massachusetts, 
USA 

Greene and Schupp, 
2004 
(Experiment 2) 

Aminoethoxylvinylglycine (AVG) w 

Age unknown  
‘McIntosh’/M.9 
and M.26 

Effective using 822 g Retain/ha at either 3 or 2 WBAH.  
Drop control was best at 2 WBAH. 
 
Ineffective at 1 WBAH. 

Delayed fruit ethylene 
production. 

Geneva/ 
Chazy/Hudson, 
New York 
State, USA 

Robinson et al., 2010 
 

Age unknown 
‘Starkrimson 
Delicious’/ 
MM.111 and 
MM.106 

Effective using 225 mg/L on 2 WBAH.  No effect at 
harvest during low drop. 
 
AVG was superior to NAA for prolonged drop control. 

Delayed loss of firmness and 
starch degradation. 

Winchester, 
VA, USA 

Byers, 1997a 
(Experiment 1) 
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Age unknown  
‘Macspur 
McIntosh’/M.26 

Effective using 75*, 150, or 225 mg/L on either 8 WBAH, 
4 WBAH, or 2 WBAH.  Applications at 4 and 2 WBAH 
were most effective. 
* Ineffective using 75 mg/L on 8 WBAH. 
 
AVG was superior to NAA for prolonged drop control. 

Reduced internal ethylene 
concentration linearly with 
increasing AVG 
concentration.  Delayed red 
colour development. 

Monmouth, 
Maine, USA 

Schupp and Greene, 
2004 
(Experiment 1) 

5 year-old  
‘Red Chief’/M.26 

Effective using either 150, 300 or 600 mg/L on 4 WBAH.  
Not measured beyond optimum harvest. 

Delayed fruit ethylene 
production and loss of 
firmness.  Maintained high 
fruit removal force and starch. 

Gaziosmanpasa, 
Tokat, Turkey 

Yildiz et al., 2012 

5 year-old  
‘Golden 
Supreme’/M.9 

Effective using 125 mg/L on either 3 WBAH or 1 WBAH. 
 
AVG and AVG + NAA was superior to NAA for 
prolonged drop control. 

Delayed fruit ethylene 
production and loss of 
firmness. 

Winchester, 
VA, USA 

Yuan and Carbaugh, 
2007 
(Experiment 1) 

6 year-old  
‘Golden 
Delicious’/M.9 

Effective using 125 mg/L on 1 WBAH. 
 
AVG + NAA and 1-MCP were superior to NAA and AVG 
for prolonged drop control. 

Delayed fruit ethylene 
production, starch 
degradation, and fruit 
background colour 
development. 

Winchester, 
VA, USA 

Yuan and Carbaugh, 
2007 
(Experiment 2) 

10 year-old  
‘Bisbee 
Delicious’/Mark 

Effective using 125 mg/L on either 2 WBAH or 1 WBAH. 
 
AVG + NAA and 1-MCP were superior to NAA and AVG 
for prolonged drop control. 

Delayed fruit ethylene 
production, loss of firmness, 
and starch degradation. No 
effect on red colour. 

Winchester, 
VA, USA 

Yuan and Li, 2008 
(Experiment 1) 

Age unknown 
‘Marshall 
McIntosh’/M.26 

Effective using either 66.2, 132.5, 263.9, 396.4, 527.8, or 
660.3 mg/L on 3 WBAH. 
 
At least 263.9 mg/L was required for an acceptable 
commercial drop around 10% to the end of the harvest 
season. 

Delayed loss of firmness and 
red colour development. 

Belchertown, 
Massachusetts, 
USA 

Greene and Schupp, 
2004 
(Experiment 2) 
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5 year-old  
‘Arlet’/M.7 

Effective using 50 mg/L on 4 WBAH. 
 
AVG and AVG + 1-MCP were superior to 1-MCP for 
prolonged drop control. 

Delayed loss of firmness, 
starch degradation, and red 
colour development.  
Increased pull force. 

Winchester, 
VA, USA 

Byers et al., 2005 
 

Age unknown  
‘Marshall 
McIntosh’/Mark 

Effective using 90 mg/L on either 6, 5, 4, 3, or 2 WBAH. 
 
Approximately 10 to 14 days is required for an effect.  
Early application results in less effective drop control 
during extended harvest. 

Delayed loss of firmness, 
starch degradation, and red 
colour development. 

Monmouth, 
Maine, USA 

Greene, 2005 
(Experiment 3) 

Naphthaleneacetic acid (NAA) + Aminoethoxylvinylglycine (AVG) 

Age unknown  
‘McIntosh’/M.9 
and M.26 

Effective using 822 g Retain/ha AVG + 20 mg/L Fruitone 
N NAA at either 2 or 1 WBAH.   
AVG + NAA and 1-MCP were superior to NAA and AVG 
for prolonged drop control in Geneva.  In Chazy and 
Hudson, NAA did not improve the performance of AVG. 
 
Effective using 411 g Retain/ha AVG and 20 mg/L 
Fruitone N NAA at 2 WBAH.  Similar to the drop control 
using the high concentration of AVG. 

Delayed fruit ethylene 
production and loss of 
firmness. 

Geneva/ 
Chazy/Hudson, 
New York 
State, USA 

Robinson et al., 2010 
 
 

5 year-old  
‘Golden 
Supreme’/M.9 

Effective using 125 mg/L AVG + 20 mg/L NAA on either 
3 WBAH or 1 WBAH. 
 
AVG and AVG + NAA was superior to NAA for 
prolonged drop control. 

Delayed fruit ethylene 
production, starch 
degradation, and ground 
colour development. 

Winchester, 
VA, USA 

Yuan and Carbaugh, 
2007 
(Experiment 1) 

6 year-old  
‘Golden 
Delicious’/M.9 

Effective using 20 mg/L NAA + 125 mg/L AVG on 1 
WBAH. 
 
AVG + NAA and 1-MCP were superior to NAA and AVG 
for prolonged drop control. 

Delayed loss of firmness, 
starch degradation, ground 
colour development and 
reduced soluble solids 
concentration. 

Winchester, 
VA, USA 

Yuan and Carbaugh, 
2007 
(Experiment 2) 
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10 year-old  
‘Bisbee 
Delicious’/Mark 

Effective using 125 mg/L AVG + 20 mg/L NAA on either 
2 WBAH or 1 WBAH. 
 
AVG + NAA and 1-MCP were superior to NAA and AVG 
for prolonged drop control. 

Delayed fruit ethylene 
production, loss of firmness, 
and starch degradation. No 
effect on red colour. 

Winchester, 
VA, USA 

Yuan and Li, 2008 
(Experiment 1) 

1-methylcyclopropene (1-MCP) 

Age unknown  
‘McIntosh’/M.9 
and M.26 

Effective using 1-MCP (297 g Harvista) at 1 WBAH. 
 
The best treatment with AVG or AVG + NAA gave similar 
drop control to 1-MCP. 

NA Geneva/ 
Chazy/Hudson, 
New York 
State, USA 

Robinson et al., 2010 
 
 

6 year-old  
‘Golden 
Delicious’/M.9 

Effective using 396 mg/L 1-MCP on 1 WBAH. 
 
AVG + NAA and 1-MCP were superior to NAA and AVG 
for prolonged drop control. 

Delayed fruit ethylene 
production, loss of firmness, 
starch degradation, and 
background colour 
development. 

Winchester, 
VA, USA 

Yuan and Carbaugh, 
2007 
(Experiment 2) 

10 year-old  
‘Bisbee 
Delicious’/Mark 

Effective using 160 or 320 mg/L 1-MCP on either 2 
WBAH or 1 WBAH. 
 
AVG + NAA and 1-MCP were superior to NAA and AVG 
for prolonged drop control. 

Delayed fruit ethylene 
production, loss of firmness, 
and starch degradation. No 
effect on red colour. 

Winchester, 
VA, USA 

Yuan and Li, 2008 
(Experiment 1) 

5 year-old  
‘Arlet’/M.7 

Ineffective using 0.795 mg/135 m3 (EthylBloc gas to 
whole bagged trees) on 4 WBAH.  Ineffective using 0.795 
mg/L on 4 WBAH. 
 
AVG and AVG + 1-MCP (gas or spray) were superior to 1-
MCP for prolonged drop control. 

No effect on pull force. Winchester, 
VA, USA 

Byers et al., 2005 
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‘McIntosh’ and 
‘Delicious’ 

Effective using 0.250 ml/L 1-MCP at 1 WBAH for each 
cultivar. 

Delayed fruit ethylene 
production, and late-harvest 
starch degradation. 
Delayed ‘McIntosh’ red 
colour development late-
harvest. 
Delayed ‘Delicious’ loss of 
firmness early-harvest. 

Ithaca and 
Lansing, New 
York, USA 

Watkins et al., 2010 

z  Weeks before anticipated harvest (WBAH). 

y  Effective at delaying drop both during harvest and beyond optimum harvest unless otherwise indicated. 

x NAA may require an application time of only 1 week prior to harvest to manage fruit drop. Therefore, NAA may be used reactively to manage fruit drop. There 
is potential loss of fruit quality by using NAA. 

w AVG may be used proactively, several weeks prior to the harvest window. There is no technique to predict the severity of fruit drop during the application time 
of AVG. AVG delays ripening and delays loss of fruit firmness.  
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Figure 2.1 Apple fruitlets preceding abscission demonstrate an intact abscission zone (AZ1) 
located where the pedicel (PC) joins the peduncle (PN). Following abscission a smooth cell 
separation surface is visible at the abscission zone (AZ2). Photo by M. Arseneault. 
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Figure 2.2 ‘Gala’ apple fruitlets at 15 days after full bloom. The central or ‘king’ (K) fruitlet is 
the most advanced in development and the lateral (L) or side fruitlets are less developed in a 
hierarchy indicated by progressive numbers (K > L4, big lateral > L3, medium lateral > L2 > L1, 
small lateral). Photo by M. Arseneault. 
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Figure 2.3 ‘Gala’ apple fruit at 133 days after full bloom (23 Sept) during commercial harvest 
demonstrating ‘pygmy’ fruit development. Pygmy fruit are unusually small fruit that persist on 
the tree until harvest, but fail to reach a marketable size. Arrows demonstrate pygmy fruit 
dimensions of ~4.6 cm in length and ~5.0 cm in diameter (shown in figure), whereas an average 
fruit is ~7.2 cm in length and ~7.0 in diameter (not shown). Photo by M. Arseneault. 
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Figure 2.4 ‘McIntosh’ apple fruit that are susceptible to preharvest fruit drop indicating the 
abscission zone before and after abscission. (A) Fruit preceding abscission at 77 days after full 
bloom showing an intact abscission zone (AZ) located where the pedicel (PC) joins the spur (SP) 
and, (B) a pedicel after abscission at 91 days after full bloom, showing a smooth plane of 
fracture. Photos by M. Arseneault. 
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CHAPTER 3 – 1-AMINOCYCLOPROPANE-1-CARBOXYLIC ACID AS A 

FRUITLET THINNER INFLUENCES CROP LOAD AND FRUIT WEIGHT 

OF ‘GALA’ APPLE 
 

3.1 Abstract 
‘Gala’ apple (Malus domestica Borkh.) trees are prone to heavy cropping but respond to 

chemical fruitlet thinners to reduce crop load and improve fruit quality. Environmental concerns 

over the fate of one such compound, carbaryl, is widely acknowledged. In the event that carbaryl 

is withdrawn from registration in Canada as it has been in Europe, or if application of thinners is 

delayed in a given year, the crop load management options are limited. In 2014 and 2015, ‘Gala’ 

trees were treated with new thinning compounds or combinations to determine thinning efficacy, 

treatments included: 6-benzyladenine (6-BA) combined with naphthaleneacetic acid (NAA) or 

abscisic acid (ABA), and 1-aminocyclopropane-1-carboxylic acid (ACC) alone. In another two-

year study on ‘Gala,’ ACC and ethephon were applied between 15 and 25 mm fruitlet diameter 

stage, to determine their efficacy on thinning. The treatment NAA plus 6-BA produced 

unacceptably small ‘pygmy’ fruit in one out of two years. ABA at 150 and 300 mg∙L-1 and ACC 

at 150 mg∙L-1 resulted in the same acceptable fruit set, crop load, and quality results as the 

carbaryl thinner in one year. Ethephon was ineffective while ACC was effective at ~15 mm 

fruitlet diameter. The bioregulators ACC and ABA plus 6-BA appear useful for thinning ‘Gala’ 

trees. 

 

3.2 Introduction 

Over-cropping of apple (Malus domestica Borkh.) trees is a major concern to commercial 

fruit producers as it leads to reduced fruit size and quality, tree limb breakage under excessive 

loads, and biennial bearing (Greene, 2002a; Link, 2000). The negative consequences of over-

cropping create several problems for producers, particularly by reducing the value of the crop 

because of small fruit and inconsistent cropping.  

Thinning is an important crop load management strategy, in which the producer can 

reduce the number of fruit per tree and promote the development of high quality fruit. Reducing 

the crop load increases the leaf area and supply of assimilates to developing fruit thereby 
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improving mean fruit weight for the fresh market (Forshey, 1986; Link, 2000; McArtney et al., 

1996; Saure, 1990). Thinning may improve the development of fruit colour by allowing better 

light exposure to the remaining fruit, and by increasing supply of carbohydrates for development 

of the red pigment anthocyanin (Dennis, 2003; Saure, 1990). However, thinning reduces total 

yield, which can lower economic returns (Dennis, 2000). Producers thin fruitlets with the goal of 

optimizing quality and quantity of fruit to maximize economic returns (Bravin et al., 2009; 

Dennis, 2000). Thinning is mainly performed by chemically removing flower blossoms or 

fruitlets because removing them by hand is labour-intensive (Greene, 2002a). Blossom thinning 

removes flowers during bloom, which is prior to fruit set. This early flower removal can 

sometimes result in over thinning, as prior to fruit set there is uncertainty about the level of crop 

load adjustment required (Greene, 2002a). Therefore, most commercial thinning is done post-

bloom, during fruit growth before fruitlets reach 15 mm diameter (OMAFRA, 2014; Wertheim, 

2000).  

Plant bioregulators (PBRs) are used as chemical thinners because they intensify fruitlet 

abscission by influencing the plant’s hormone system, often producing cultivar-dependent 

responses. Commonly, the fruitlets that tend to abscise in response to PBRs are the side fruitlets 

(‘lateral’), which are at an earlier stage of development than central (‘king’) fruitlets (Bangerth, 

2000; Dennis, 2003). These lateral fruitlets are at a disadvantage during the allocation of 

assimilates and are out-competed by king fruitlets (Bangerth, 2000). Chemical thinners ideally 

promote removal of all but one fruitlet in a cluster, which is the same goal as hand thinning. In 

commercial fruitlet thinning, the following factors influence the effect of a PBR: type of thinning 

compound, concentration, developmental stage at application, cultivar, age of tree, and seasonal 

weather conditions (Greene, 2002a; Williams and Edgerton, 1981). Also, some PBRs used for 

thinning can produce negative consequences including phytotoxicity (Greene, 2012), and 

unusually small fruit (‘pygmy’) that persist at harvest (Jones et al., 1991). Each PBR is 

investigated on individual cultivars to characterize the cultivar-specific effects. 

Carbaryl, 1-naphthyl methylcarbamate, is a popular post-bloom thinning compound (and 

insecticide) that was recently banned for use to thin apples in Europe (European Commission, 

2006). In Canada, the registration of carbaryl was thoroughly re-evaluated in 2016, and approved 

for continued use, with a new restriction (Health Canada: Pest Management Regulatory Agency, 

2016). However, the neurotoxic nature of carbaryl suggests that it will continually undergo risk 
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assessment, and encounter consumer pressure because of toxicity, particularly to bees (Greene, 

2010). Given that retail grocery chains or regulatory authorities may oppose carbaryl in the near 

future, producers will need alternate reliable chemical thinning strategies. One option is to 

combine PBRs. Plant bioregulators such as naphthaleneacetic acid (NAA) the synthetic auxin 

could be combined with the synthetic cytokinin, 6-benzyladenine (6-BA). However, this 

combination has shown variable cultivar-dependent responses (Dorigoni and Lezzer, 2007; 

Robinson, 2006). The benefit of this combination is that the thinning response is synergistic 

(Forshey, 1986) and reduces the need for high rates of NAA for thinning, which can cause 

‘pygmy’ fruit development (Jones et al., 1991). Also, NAA and BA are convenient thinning 

compounds that are widely available to the producer and less of an environmental concern. 

Previous research has indicated that abscisic acid (ABA) may be an effective thinner (Greene et 

al., 2011). Other research has demonstrated that the ethylene precursor 1-aminocyclopropane-1-

carboxylic acid (ACC) is also promising and should be investigated on more cultivars 

(McArtney, 2011). 

Fruitlets are susceptible to thinning by PBRs prior to a period of natural fruitlet drop, the 

latter occurs approximately 35 days after bloom (i.e., fruitlets of approximately 30 mm diameter). 

The natural period of fruitlet drop is referred to as ‘June’ drop in the northern hemisphere. Plant 

bioregulators are most effective between petal fall and 12 mm fruitlet diameter, and less effective 

up to 15 mm fruitlet diameter (Greene, 2002a). Few PBRs are effective when fruitlet diameter is 

beyond 15 mm but several are promising up to 25 mm (Greene, 2002a). Fruitlets are only 

vulnerable to a specific PBR at a certain developmental stage, which is consistent with theories 

that the mode of action differs among PBRs (Dennis, 2002). Hence, certain PBRs may hold 

promise for late thinning. 

A method to chemically thin fruitlets when diameter exceeds 15 mm is needed. Often, 

producers must delay post-bloom thinners until temperature is greater than 20°C and weather is 

dry, for them to be effective (OMAFRA, 2014; Wertheim, 2000).  If chemical thinning is missed 

during this time due to unfavourable weather, hand thinning may be required to reduce crop load. 

Producers would benefit from an additional opportunity to use PBRs at larger fruitlet diameters.  

Fruitlets are sensitive to exogenous ethylene when the fruitlet diameter is generally larger 

than 14 mm (Byers and Carbaugh, 1991; Marini, 2004). Application of the ethylene precursor, 

ACC, to fruitlets greater than 18 mm diameter promoted thinning (McArtney and Obermiller, 
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2012; Schupp et al., 2012). Additionally, 2-chloroethylphosphonic acid (ethephon) has shown 

thinning activity when applied at 17 to 22 mm fruitlet diameter (Marini, 1996; Yang, 1969). One 

caveat is that thinning intensity of ethephon increases with increasing temperature, which can 

result in over-thinning (Jones and Koen, 1985). However, ethephon is a widely available PBR 

and remains a promising option for thinning fruitlets when no other PBRs are useful 

(Rademacher and Bucci, 2002). Using ACC and ethephon requires clear guidelines about cultivar 

suitability and developmental periods during which fruitlets are sensitive. These guidelines will 

considerably lower the risk of over-thinning. Investigation of alternative PBRs is warranted to 

improve management options for the late thinning period between 15 mm fruitlet diameter and 

‘June’ drop.  

While investigating foliar sprays of PBRs the experimental design should limit spray 

drift, which is the unintentional movement of airborne particles outside of the area being treated. 

Investigators commonly apply sprays in a design with at least one guard tree on either side of the 

treatment tree within a row (Li and Yuan, 2008). The assumption is that guard trees capture most 

spray drift, thereby avoiding contamination between treatments. Other investigators do not report 

a method of preventing spray drift (Dorigoni and Lezzer, 2007; Schupp et al., 2012). Whether 

spray drift produces treatment cross-contamination while using guard trees has not been reported. 

When ‘Gala’ apple trees have reached a mature age they are usually difficult to thin and 

are prone to heavy set if not effectively thinned (Volz, 1988), resulting in low crop value from 

small sized and low quality fruit (Bravin et al., 2009; Dennis, 2000). Plant bioregulators such as 

NAA, 6-BA, ABA, ACC, and ethephon can be effective thinners; however, results depend on a 

number of factors including the concentration of active ingredient, cultivar, weather conditions, 

developmental stage at application, and effects of PBR combinations. The objectives of this study 

were to: 1) determine the post-bloom thinning efficacy of 6-BA combined with several 

concentrations of NAA or ABA, and ACC alone on ‘Gala’ trees; 2) determine the thinning 

efficacy of ACC and ethephon on ‘Gala’ trees during 15 to 25 mm fruitlet diameter; 3) determine 

whether spray drift contaminated treatments using one guard tree to separate treatments and 4) 

determine the effects of ACC, NAA plus 6-BA, ABA plus 6-BA, and ethephon on fruit size, 

firmness, starch, soluble solids, titratable acidity, rate of ethylene evolution, and blush and 

ground colour. 
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3.3 Materials and Methods 
3.3.1 Experiment One: Influence of ACC alone and 6-BA with NAA or ABA as Thinning 

Alternatives to Carbaryl on ‘Gala’ Fruitlets 

3.3.1.1 Experimental Design 

A two-year investigation was conducted using the cultivar ‘Gala’.  During 2014, 12-year 

old ‘Royal Gala’/B.9 trees were used at ‘Site A,’ the University of Guelph Research Station in 

Simcoe, Ontario, Canada (42°51’27.50”N, 80°16’06.09”W). Trees were selected with uniform 

canopies and flower density. Trees were approximately 3.5 m tall and 2.0 m wide and trained to a 

vertical axis orchard system spaced 2.5 m in-row and 3.5 m between rows (1,143 trees ha-1). 

Rows were arranged north to south; therefore, blocks were arranged to minimize sunlight 

variation. The trees were growing on sand to sandy loam soil and they were managed according 

to standard Ontario orchard practices, excluding application of recommended thinning chemicals 

(OMAFRA, 2014). 

During 2015, trees on the research station in Simcoe sustained frost damage; therefore, an 

unaffected commercial orchard in Blenheim, ON, ‘Site B,’ was chosen (42°17'01.2"N 

82°00'49.7"W).  Fifteen year old ‘Imperial Gala’/M.9 trees trained using a vertical axis orchard 

system were selected.  The trees were approximately 3.5 m tall and 1.5 m wide, spaced 1.5 m in-

row and 4.0 m between rows (1,665 trees ha-1).  In addition to standard Ontario management 

practices (OMAFRA, 2014), a liquid PBR containing 6-BA and gibberellins (GA4+7) (Promalin; 

Valent BioSciences, Libertyville, IL) was applied at 40% and 80% king bloom to promote fruit 

elongation. 

Two limbs with representative size and flower density were flagged. Fruit set was 

measured and expressed as a percentage of initial fruit persisting on the flagged branch following 

treatment. In 2014, final fruit set was determined on each flagged limb by counting the initial 

number of fruit per cluster at 12 days after full boom (DAFB) and then counting the persisting 

fruit in each cluster after ‘June’ drop at 39 DAFB. In 2015, the initial number of fruit were 

counted at 25 DAFB and then counted after physiological and treatment-induced fruit drop at 43 

DAFB. Fruit set was also expressed at the level of the cluster including the average number of 
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fruit per cluster and the percentage of spurs that had fruit that were removed. Furthermore, the 

percentage of clusters with one to two fruit was calculated. 

 

3.3.1.2 Evaluation of Spray Drift on Trees in the Adjacent Row or in the Same Row 

To investigate if spray drift was a concern among treatments, across trees in adjacent rows 

and within rows, water-sensitive spray paper (26 x 76 mm) was used as a spray drift target 

(Syngenta Crop Protection AG; CH-4002 Basel, Switzerland).  The water-sensitive paper (WSP) 

is coated with a yellow reagent that changes to dark blue when in contact with water. 

The spray drift investigation was conducted using ‘Royal Gala’ trees from the study site 

at the Simcoe Research Station.  Water-sensitive paper was arranged on six trees within the row 

and six trees adjacent to the row, shortly before spraying. For investigating within-row drift, the 

WSP was placed two trees away from the treatment tree.  For investigating between-row drift, the 

WSP were placed on the tree directly across from the treatment tree, in the adjacent row. A total 

of eight WSP targets per tree were stapled to leaves.  Each tree had a single WSP at low and high 

heights (low = 1.0 m, high = 2.0 m), both outside and 0.3 to 0.4 m inside the tree canopy (Salyani 

and Fox, 1999)(Figure 3.1).  The WSP was set up on leading and trailing sides of the tree with 

respect to the direction of sprayer travel (Figure 3.1) (Salyani and Fox, 1999). 

The treatment was applied using a commercial airblast sprayer (GB Irrorazione Diserbo, 

Model Laser P7, Italy) equipped with five nozzles on either side of the sprayer.  A disc-core type 

full cone spray tip (Swirl plate 35, disc D-3; Tee-Jet, Wheaton, IL, U.S.A.) was used to spray 

single trees at a rate of 1379 kPa, ~1000 L∙ha-1.  

The spray treatment was applied on the afternoon of 3 June 2015 during a gentle wind 

speed of 6 km∙h-1 with wind gusts of up to 10 km∙h-1 and relative humidity of 44%. Wind speed 

was measured using a hand-held anemometer (WeatherFlow Wind Meter WFANO-01, v1.60 

smartphone application, Scotts Valley, California, USA). The weather was acceptable for 

applying spray treatments, in which a light to gentle breeze would not allow droplets to remain 

suspended in the air to be carried away during wind gusts (Deveau and Beaton, 2011). Also, 

humidity greater than 40% is recommended to reduce evaporation and hence spray drift (Deveau 

and Beaton, 2011). An afternoon spray application was chosen to avoid contamination from 

morning dew on the leaves. Any spray drift on WSP was left to dry for 30 minutes.  The WSP 

were collected using gloves to avoid contamination and they were placed in new, airtight plastic 
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bags for storage at room temperature until analysis. 

The spray deposit coverage area was examined after scanning each WSP at resolution 600 

dpi, using a table scanner. The images were analyzed using the software “DepositScan V1.2,” a 

plugin for the image analysis program “ImageJ” (Heping Zhu et al., 2011). The image was 

converted to 8-bit gray scale. The gray-level threshold was manually adjusted for each sample to 

detect the visible deposit pattern rather than interference of non-uniform background colours on 

the WSP (Heping Zhu et al., 2011; Salyani and Fox, 1999). A representative region of the water-

sensitive paper was selected for analysis, excluding streaked deposits that cover an exaggerated 

area compared with a normal circular droplet. The percentage of area covered by the spray was 

calculated as the number of black pixels divided by the total number of white and black pixels 

(Heping Zhu et al., 2011). The percentage coverage of spray deposit in the selected area was 

recorded. As a general guideline, coverage greater than 15% with 85 medium-sized droplet 

deposits cm-2 is effective (Deveau, 2015). Therefore, spray drift should remain well below this 

guideline to avoid contamination between treatments. 

The image analysis software has several limitations. At 600 dpi scanning resolution, 

droplets smaller than 42 µm are not detected (Heping Zhu et al., 2011). Additionally, the 

software cannot detect droplet overlap, which is increasingly an issue when spray deposit 

coverage is large. The inaccuracies from droplet overlap are not concerning when coverage is 

lower than 20%, and such a high coverage is not expected when analyzing spray drift potentials 

(Heping Zhu et al., 2011).  

 

3.3.1.3 Chemical Fruitlet Thinning Treatments 

The following eleven treatments were applied in a randomized complete block design 

with six replications in 2014 and five replications in 2015: a) hand thinning; b) 75 mg∙L-1 6-BA 

(MaxCell; Valent BioSciences, Libertyville, IL) tank mixed with 1000 mg∙L-1 Carbaryl (Sevin 

XLR Plus; Bayer CropScience, Research Triangle Park, NC); c) 75 mg∙L-1 6-BA tank mixed with 

either 5, 10, or 20 mg∙L-1 NAA (Fruitone L; AMVAC Chemical Corp., Los Angeles, CA); d) 75 

mg∙L-1 6-BA tank mixed with either 150, 300, or 450 mg∙L-1 ABA (ProTone; Valent BioSciences, 

Libertyville, IL); and e) 150, 300 or 450 mg∙L-1 ACC (VBC-30160; Valent BioSciences, 

Libertyville, IL). All of the chemical products were tank mixed with 500 mL∙L-1 Regulaid 

surfactant (KALO, Inc.; Overland Park, KS) and 0.5-1.0 mL of Halt (Dow AgroSciences; 
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Calgary, Alberta), a neutral antifoaming agent. Foliar sprays were applied using the same 

commercial airblast sprayer and disc-core type full cone spray tip as previously described at 1379 

kPa, ~1000 L∙ha-1. Two weeks following treatment, the tree and the ground below the tree were 

visually inspected for signs of leaf yellowing and leaf drop as an indication of treatment 

phytotoxicity.  

Fruitlet diameter was used to indicate the stage of fruitlet development by measuring the 

diameter of five king fruitlets from 10 trees.  Chemical thinning treatments were applied to entire 

trees when the average king fruitlet diameter was 9 mm (2014) and 17 mm (2015).  The 

treatments were delayed in 2015 due to inclement weather conditions. Each treatment tree was 

protected from spray drift by at least one guard tree on either side within the same row. 

Treatments were applied in the morning or early afternoon while the temperature was between 

20-25°C, and no rain was forecasted for 24 hours.  During 2014, the wind speed was lower than 

10 km∙h-1 while in 2015 time constraints necessitated spraying during moderate wind speeds of 

22 km∙h-1. At the fruitlet diameter of 30 mm (2014) and 33 mm (2015), hand-thinned control 

treatments were thinned to one fruit per cluster with a cluster separation of approximately 10 cm. 

However, prior to hand thinning, fruit set was recorded to demonstrate an untreated control.  

In the spring the trunk circumference was measured using a flexible measuring tape at a 

height of 30 cm above the graft union, and then used to calculate the trunk diameter and area.  

The trunk cross sectional area (TCSA) was calculated according to Eq. 1.  The TCSA was used to 

calculate crop load, which was expressed as the number of fruit per trunk cross sectional area 

(Marini, 2004). 

 

TCSA=((trunk diameter/2)2 x p)   [Eq. 1] 

where TCSA is trunk cross sectional area measured in cm2 and trunk diameter is estimated in cm 

using a trunk measuring tape. 

 

3.3.1.4 Fruit Yield and Quality 

At harvest, treatment effects on total and marketable yield per tree, and ethylene 

evolution, fruit colour, firmness, soluble solids concentration and titratable acidity were 

determined. Marketable fruit from Site A were harvested, counted, and weighed on 22 Sept 2014.  

On 2 Oct 2014, the fruit from a second harvest and the dropped fruit were counted and weighed 
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for addition to the total and marketable yield (kgfruit∙tree-1) of each tree.  Fruit from Site B were 

harvested on 23 Sept 2015, and the number of fruit was calculated using the average weight of 70 

fruit, and then dividing the total weight of fruit per tree by the average weight. Fruit were not 

counted in order to accommodate the commercial harvest procedure. On 6 Oct 2015, the fruit 

from a second harvest and the dropped fruit were counted and weighed for addition to the total 

and marketable yield of each tree. Harvest was late in both years due to delayed maturity and 

colour development associated with low summer temperatures.  The crop load (fruitnumber∙ cm-2 

TCSA) was calculated as the total number of fruit per tree divided by TCSA. 

Prior to harvest, 10 representative fruit per tree were selected within the canopy 1.0 to 2.0 

m from the ground.  The mid-tree height is an area representing the maximum spray coverage for 

a conventional airblast sprayer since the distance is shortest from the nozzles to mid-tree, 

compared with the distance to the top of the tree (Deveau, 2015; Lukinac and Horvat, 2010). The 

sample included fruit from all sides of the tree, and from the interior and exterior area, while 

excluding damaged fruit.  These fruit were used for quality evaluations that indicate fruit 

marketability according to commercial standards for fruit maturity such as visual, textural, and 

flavor parameters. 

Ethylene evolution was measured on the hand-thinned control, 20 mg∙L-1 NAA plus 6-BA, 

450 mg∙L-1 ABA plus 6-BA, and 450 mg∙L-1 ACC treatments, the highest concentration for each 

thinning compound. The 10-fruit sample was sealed in an 11 L plastic pail for approximately 22 

hours prior to extracting a sample of the headspace volume, through a rubber septum, to quantify 

the concentration of ethylene (C2H4). The sample was measured using a gas chromatograph 

equipped with an active alumina column, flame ionization detector, and functioning at the 

constant temperature of 70°C (Model 8610C; SRI Instruments, Torrance, CA, USA).  The rate of 

ethylene production was then calculated based on the total volume of headspace, the duration of 

sealing, and was expressed as the nl(C2H4)∙g(fruit fresh weight)-1∙hr-1. The average fruit density 

was determined by measuring the volume of water displacement and the mass of the 

corresponding fruit, from a sample of 10 fruit. The density measurement was used to calculate the 

total volume of apple fruit occupying the headspace, to calculate the free headspace where 

ethylene accumulated (Eq. 2). 

 

Total fruit volume=total fruit mass/average fruit density   [Eq. 2] 
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where total fruit volume is measured in cm3, total fruit mass is measured in grams, and average 

fruit density is measured in grams∙cm-3. 

 

Fruit blush and ground colour were measured objectively using a colorimeter (Model CR-

400; Konica-Minolta, Tokyo, Japan) and expressed using the international standard CIELAB 

colour coordinates: L* (lightness: intensity from black to white from values of 0-100), a* (green 

to red), and b* (blue to yellow).  The a* and b* values were converted to C* (chroma: purity 

where low is faded and high is vivid), and H0 (hue angle: similarity to red (0), yellow (60), and 

green (120)).  For consistency, the most colour-intense areas were measured to represent the 

blush and ground colour. 

The same 10 fruit were then measured for firmness using an electronic penetrometer that 

was mounted on a stand (Fruit Texture Analyzer GS-14; Western Cape, South Africa).  

Measurements were taken on opposite sides of the fruit, along the equator, on a section of flesh 

peeled to a depth of 2 mm.  The maximum force while penetrating the flesh was recorded using 

an 11.1 mm diameter blunt probe, travelling at 10 mm s-1 to a depth of 8.9 mm.  The mean force 

of both measurements was used to estimate fruit firmness. Measurements were recoded as 

kilograms of force and were converted to units of Newton (Verma and Joshi, 2000). 

Each fruit was also assigned a starch-iodine index value indicative of starch hydrolysis 

and hence the maturity level. The fruit was cut in half at the equator to dip one cut surface in an 

iodine solution (Blanpied and Silsby, 1992). Several minutes following exposure to the solution, 

the percentage and pattern of stained flesh was observed and a value was assigned by comparing 

with the Cornell generic starch-iodine index chart for apples (Blanpied and Silsby, 1992).  The 

starch index ratings ranged from one to eight, where one indicated high starch concentration, and 

eight indicated the absence of any starch (Blanpied and Silsby, 1992). 

One-sixteenth of the remaining, unaltered fruit sample from each of the 10 fruit was 

combined in a bag and then frozen at -20°C. After eight weeks, samples were placed in a 

refrigerator overnight and then thawed at room temperature for three hours.  The juice from each 

sample was extracted using a low-speed juicer (Model 8006; Omega Products Inc., Harrisburg, 

PA, USA) and the instrument components were rinsed between processing each sample.  The 

juice was frozen, and then thawed in a warm water bath for one hour prior to analysis. The 

soluble solids content (SSC) expressed as °BRIX was measured using a 2 mL sample of juice that 
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filled the well of a temperature-compensating digital refractometer (Model Palette PR-32x; 

Atago, Tokyo, Japan).  The sample well was cleaned with distilled water and a Kim wipe 

(Kimberly-Clark Professional, Irving, TX, USA) between samples.  Furthermore, the titratable 

acidity was determined and expressed as the percentage of malic acid, the predominant acid in 

apple fruit (Eq. 3). A 5.0 mL sample of juice was diluted in 45.0 mL of distilled water and then 

titrated with 0.1 N NaOH to a pH end point of 8.2 using an automatic titrator (Model G20; 

Mettler- Toledo, Columbus, OH, USA) (Mitcham et al., 1996).  

 

TA= (ml NaOH x 0.1 N(NaOH) x malic acid meq. factor 0.067 x 100) / (ml juice titrated) [Eq. 3]  

(Mitcham et al., 1996) 

where TA is titratable acidity, NaOH is the volume added during titration, 0.1 N(NaOH) is the 

concentration of the solution, malic acid meq factor is the milliequivalent factor for the primary 

organic acid in apple, and ml juice titrated is a 5.0 mL sample. During harvest, a 70 fruit sample 

was collected at random from each treatment tree then placed in cold storage to be graded into 

categories of weight.  Fruit were graded using commercial sorting equipment at Norfolk Fruit 

Growers in Simcoe, which relied on cameras and computer technology to weigh and size each 

individual fruit. Individual fruit weights and sizes were automatically recorded in a Microsoft 

Office Excel spreadsheet (Microsoft Corporation, Redmond, WA, USA). Fruit were sorted into 

10 size categories according to their weight and each category was also expressed as an average 

count size category, which was the number of apples needed to fill a 20 kg box (Canadian Food 

Inspection Agency, 2011). The percentage of fruit was determined for each category: 1) 0-107 g 

(count size ≤178), 2) 108-116 g (count size 178), 3) 117-126 g (count size 164), 4) 127-138 g 

(count size 149), 5) 139-152 g (count size 137), 6) 153-170 g (count size 123), 7) 171-193 g 

(count size 109), 8) 194-228 g (count size 94), 9) 229-276 g (count size 79), and 10) 277-339 g 

(count size ≥64).  
During full bloom in 2015 and 2016, return bloom was visually assessed by rating the 

amount of bloom on a full tree using the following scale where: 0=none, 1=light, 3=moderate, 

5=heavy, similar to that of Marini (2004). During 2016, the total number of spurs on two 

branches per tree was counted for the presence or absence of flower clusters, from which the 

percentage of floral spurs was calculated (McArtney et al., 2007). 
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3.3.1.5 Statistical Analysis 

The experiment was arranged in a randomized complete block design and an individual 

tree served as the experimental unit, replicated six times at Site A and five times at Site B. Data 

on spray drift, fruit clusters, yield, and fruit quality parameters were analyzed using a mixed-

model ANOVA ‘Proc Mixed’ (SAS v9.3; SAS Institute, Cary, NC), with treatments as fixed 

effects, and blocks as random effects.  Additionally, trunk cross-sectional area was used as a 

covariance adjustment, to increase the precision by removing an independent covariable and to 

account for potential differences in tree size and yield components. 

A Shapiro-Wilk test was used to test normality of the residuals.  Scatterplots of 

studentized residuals were visually observed to test the assumption that the errors were not 

heterogeneous. Lund’s test of outliers with studentized residuals indicated if outliers were present 

and, if so, they were removed from the analysis (Bowley, 2008). In cases where there were large 

deviations from the assumptions, data were transformed using log- or square root-transformation 

prior to analysis. Untransformed means were reported in brackets.  

Comparisons of treatments were made using a Tukey’s multiple means comparison test.  

Contrast statements determined if there were significant differences between the carbaryl control 

and each thinning compound (NAA, ABA, ACC) pooled over concentrations.  Regression 

analysis for each compound over increasing concentration was conducted to model the 

relationship of the degree of thinning with the bioregulator concentration. Statistical significance 

was reported at a Type I error rate of µ= 0.05. All statistical analyses were conducted using SAS 

version 9.3 and all graphs were created using SigmaPlot version 11.0 (Systat Software, Inc., 

Germany). 

 

3.3.2 Experiment Two: Influence of ACC and ethephon applied between 15 and 25 mm 
fruitlet diameter on thinning ‘Gala’ fruitlets 

3.3.2.1 Experimental Design 

A two-year investigation was conducted using the cultivar ‘Gala’. During 2014, ‘Royal 

Gala’/M.9 trees were used at ‘Site A’ the University of Guelph Research Station in Simcoe, 

Ontario, Canada (42°51’27.50”N, 80°16’06.09”W). The soil was coarse sand to sandy loam.  

Forty-eight trees with heavy flower density were selected based on uniform canopy. Trees were 

14 years old and were approximately 3.5 m tall and 1.5 wide, and trained using a vertical axis 
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orchard system spaced 2.2 m in-row and 4.5 m between rows (1,010 trees ha-1). 

During 2015, frost damage at Site A required that another location be selected for the 

experiment in the second year. ‘Site B’ was selected at a commercial orchard in Windham 

Centre, Ontario, Canada (42°55'55.3"N, 80°23'43.6"W).  Ten-year-old ‘Imperial Gala’/B.9 trees 

selected at site B were trained using a vertical axis orchard system. The trees were approximately 

3.2 m tall and 1.0 m wide, spaced 1.5 m in-row and 4 m between rows (1,667 trees ha-1). 

Two representative limbs were chosen to monitor fruit set.  In 2014, the number of fruit 

per cluster was counted at 10 DAFB and then persisting fruit were counted at 35 DAFB. The 

count was restricted to approximately 20 clusters due to excessive fruit numbers. In 2015, fruit on 

full branches were counted at 21 DAFB and then persisting fruit were counted at the end of the 

physiological fruit drop at 45 DAFB. The final fruit set was calculated as a percentage of initial 

fruit that persisted. 

 

3.3.2.2 Chemical Fruitlet Thinning Treatments 

Treatments were applied during fruit development indicated by fruitlet diameter. When 

the mean diameter of five persisting king fruit from 10 trees reached 10 mm, all treatments were 

sprayed with a standard thinning spray of carbaryl (Sevin XLR Plus; Bayer CropScience, 

Research Triangle Park, NC).  

The following eight thinning treatments were applied to the carbaryl treated trees in a 

randomized complete block design with six replications: 1) 400 mg∙L-1 ACC (VBC-30160; 

Valent BioSciences, Libertyville, IL) at three different fruitlet diameters (2014: 15, 21, and 25 

mm and 2015: 16, 22, and 25 mm); 2) 300 mg∙L-1 ethephon (Ethrel; Bayer CropScience, Calgary, 

AB) at three different fruitlet diameters; 3) a negative control without additional thinning, and; 4) 

a positive control with hand thinning to a single fruit per cluster, with approximately 10 cm 

separating clusters.  

Hand thinning was applied after physiological fruit drop at 31 mm in 2014 and 38 mm in 

2015. An application error in 2015 occurred for the ethephon treatment applied at 22 mm fruitlet 

diameter; thus, it was necessary to remove this treatment from the experiment. 

Each treatment tree was protected from spray drift by at least one guard tree on each side 

within the same row.  Each treatment was tank mixed with 500 mL∙L-1 Regulaid surfactant and 

0.5-1.0 mL of Halt, a neutral antifoaming agent. Treatments were applied using the same 
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commercial airblast sprayer and disc-core type full cone spray tip as described in experiment one, 

at 1379 kPa, ~1000 L∙ha-1.  Treatments were applied in the morning or early afternoon when wind 

speeds were lower than 10 km∙h-1, the temperature was 17-25°C, and no rain was forecasted for 

24 hours.  The application at 16 mm in 2015 was an exception as it rained ~10 mm three hours 

following the spray. 

 

3.3.2.3 Treatment Effects of Ethylene and Phytotoxicity 

Thinning treatment effects on the rate of ethylene evolution by fruitlets were determined 

by measurements taken 24 hours and seven days after treatment application. Fruitlets with the 

pedicel attached were removed from treated trees and compared with those treated with carbaryl.  

The largest unblemished fruit in a cluster were selected since these fruit were unlikely to produce 

excess ethylene related to abscission (Dal Cin et al. 2005; Dal Cin et al. 2009). Ten fruit were 

collected per tree then sealed in 500 mL glass jars for approximately three hours prior to 

extracting a gas sample of 1 mL from the headspace through a rubber septum.  The concentration 

of ethylene in the sample was analyzed using gas chromatography. The ethylene evolution (nl· g-

1 fruit· hr-1) was determined with consideration of the headspace volume, fruit weight, quantity of 

gas sample, and time since sealing as described in experiment one.  The fruitlet density was 

determined at each sampling date using a sample of 20 fruitlets. As described in experiment one, 

this was used to calculate the volume of free headspace (Eq. 2). 

After applying thinning sprays, trees were visually inspected for phytotoxicity including 

leaf abscission and leaf yellowing at 24 hours and seven days after application.  Symptoms were 

monitored both on the tree and on the ground in a 1.0 m2 area surrounding the base of the trunk. 

 

3.3.2.4 Fruit Yield and Quality 

The marketable fruit from each treatment tree were harvested, weighed, and counted at 

Site A on 22 Sept 2014. At Site B on 24 Sept 2015, fruit were harvested and weighed, and then 

the number of fruit from each tree was calculated by dividing the total weight by the average fruit 

weight determined from a 70 fruit sample. Fruit were not counted in order to accommodate the 

commercial harvest procedure. During a second harvest at both sites, on 2 Oct 2014 and 7 Oct 

2015, the remaining fruit and dropped fruit were counted and weighed. 

Measurements at harvest including yield, fruit quality on a 10-fruit sample, size 
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distribution on a 70-fruit sample, and return bloom were assessed in the same manner as 

described in experiment one, with the following exceptions. At harvest in 2015 when pygmy fruit 

were observed, fruit were not harvested if they were less than two inches in diameter and 

misshapen. Otherwise, the pygmy fruit would skew the fruit size distribution toward small fruit 

and misrepresent the average fruit weight of undamaged fruit. Instead, the occurrence of pygmy 

fruit damage was visually assessed. Fruit ethylene evolution was measured on all treatments, 

rather than on select treatments. 

 

3.3.2.5 Statistical Analysis 

The experiment was arranged in a randomized complete block design and an individual 

tree was the experimental unit, replicated six times at Site A and B. Data on fruit clusters, yield, 

and fruit quality parameters were analyzed using a mixed-model ANOVA ‘Proc Mixed’ (SAS 

v9.3; SAS Institute), with treatments as fixed effects, and blocks as random effects. The trunk 

cross-sectional area (TCSA) was used as a covariance adjustment. A Shapiro-Wilk test and 

scatterplots of studentized residuals were used to test the assumptions of ANOVA. When 

necessary, data were transformed by using log or square root transformation to meet the 

assumptions of the test. Pair-wise means comparisons of treatments were made using a Tukey’s 

multiple means comparison test.  Contrast statements were used to determine significant 

differences between the carbaryl control and each thinning compound (ACC and ethephon), 

pooled over fruitlet diameter. Regression analysis was conducted for each thinning compound, 

across all mean fruitlet diameters, to model the relationship of each compound with increasingly 

larger fruitlet diameter. A Type I error rate of µ= 0.05 was used to report statistical significance. 

All statistical analyses were performed using SAS version 9.3 and all graphs were created using 

SigmaPlot version 11.0 (Systat Software, Inc., Germany). 

 

3.4 Results 

3.4.1 Experiment One: Influence of ACC alone and 6-BA with NAA or ABA as Thinning 
Alternatives to Carbaryl on ‘Gala’ Fruitlets 

3.4.1.1 Spray Drift Percent Coverage and Number of Deposits 

Percent spray coverage between trees in the adjacent row and in the same row was similar 

at all target locations in the tree canopy as measured using WSP (Table 3.1). The maximum WSP 
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spray drift was 6.2% and the minimum was 0.2%, considering all target locations in the tree 

canopy (Table 3.1). The number of deposits∙cm-2 was similar among target locations in the tree 

canopy (P=0.2585). The approximate maximum distribution of spray drift droplets was 19.1 

deposits∙cm-2 and the minimum was 1.5 deposits∙cm-2, considering all target locations in the tree 

canopy (Table 3.1). 

 

3.4.1.2 Site A: Phytotoxicity, Fruit Set, and Harvest Yield 

In 2014, NAA plus 6-BA resulted in the greatest thinning while some thinning was 

promoted by ABA plus 6-BA. Fruit set was significantly decreased following 5, 10, 20 mg∙L-1 

NAA plus 6-BA treatments compared with the untreated control by ~43%, 47%, and 54%, 

respectively (P<0.0001) (Table 3.2 and Figure 3.2). Fruit set was similar between the untreated 

control and all concentrations of ABA plus 6-BA and ACC, according to pairwise comparisons 

(Table 3.2). However, contrasts between the untreated control and pooled concentrations of ABA 

plus 6-BA indicated that ABA plus 6-BA had comparatively lower fruit set by ~31% (P=0.0037). 

No negative effects such as leaf yellowing, leaf drop or pygmy fruit were observed on any of the 

treatment trees. 

The number of fruit per cluster was significantly higher for ACC treatments than the hand 

thinned control by ~0.5 (P<0.0001) (Table 3.2). Concentrations of ACC at 300 and 450 mg∙L-1 

resulted in a lower percentage of clusters with one to two fruit compared with the hand-thinned 

control by ~8.8% and 10.2%, respectively (Table 3.2). No treatments removed excessive clusters 

as indicated by the percentage of defruited clusters being similar for the hand-thinned control and 

all treatments. Return bloom was not greatly influenced by the treatments in 2015 as there were 

no significant treatment differences in the visual rating of return bloom (P=0.4871). 

At harvest, the hand thinned control had a relatively low crop load at 2.4 ± 0.74 fruit∙cm-2 

TCSA, indicating a year of high natural fruit drop among the experimental trees (Table 3.3). The 

crop load was too low for a commercial crop thus these results must be interpreted with caution. 

Total yield and crop load of NAA plus 6-BA, ABA plus 6-BA, and 300 and 450 mg∙L-1 ACC 

treatments were similar to the carbaryl control (Table 3.3). Total yield was ~46% higher for the 

150 mg∙L-1ACC treatment relative to the hand thinned control, although the marketable yield was 

unaffected. For 150 mg∙L-1ACC, the crop load was higher than the carbaryl control at 5.0 ± 0.74 

fruit∙cm-2. Contrasts between the carbaryl control and pooled concentrations of ABA plus 6-BA 
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indicated that ABA plus 6-BA had comparatively higher total yield by 36% (P=0.0204) and 

higher crop load by 20% (P=0.0062). Similarly, contrasts between the carbaryl control and 

pooled concentrations of ACC indicated that ACC had comparatively higher total yield by 45% 

(P=0.0006) and higher crop load by 43% (P=0.0011). There were no significant differences in 

marketable yield between all treatments (P=0.6857). 

There was no difference in fruit per tree and fruit weight between NAA plus 6-BA and the 

hand thinned and carbaryl controls (Table 3.3). In contrast, the number of fruit was high and fruit 

weight was low for ACC and ABA plus 6-BA treatments. For all concentrations of ACC, the 

number of fruit per tree was high at ~418-437 fruit (P<0.0001) and fruit weight was low at 118-

123 g (P<0.0001) compared with the hand-thinned control at 197 fruit weighing 143 g (Table 

3.3). Contrasts between the carbaryl control and pooled concentrations of ABA plus 6-BA 

indicated that ABA plus 6-BA had comparatively more fruit per tree by 140 fruit (P=0.0267) and 

lower fruit weight by 10 g (P=0.0070).  

 

3.4.1.3 Site B: Phytotoxicity, Fruit Set, and Harvest Yield 

In 2015, ABA plus 6-BA and ACC treatments resulted in the greatest thinning, similar to 

the carbaryl control, whereas NAA plus 6-BA did not promote thinning. The fruit set of the hand-

thinned control and the carbaryl control was similar to the untreated control, which indicated a 

year of high natural abscission. Fruit set was similar between the carbaryl control and ABA plus 

6-BA and 150 and 450 mg· L-1 ACC treatments (Table 3.4 and Figure 3.3). Compared with the 

hand-thinned control, 300 mg· L-1 ACC nearly removed all fruit (Table 3.4 and Figure 3.3). The 

fruit set of 5, 10, and 20 mg· L-1 NAA plus 6-BA treatments was significantly higher than the 

untreated control by ~32%, 36%, and 48%, respectively (P<0.0001). Fruit set increased linearly 

with increasing concentrations of NAA (Figure 3.3). No negative effects such as leaf yellowing 

or leaf drop was observed following the application of thinning treatments (data not shown).  

The quantity of fruitlets in clusters was high for the NAA plus 6-BA treatment. The 

number of fruit per cluster was significantly higher for treatments using NAA plus 6-BA 

compared with the hand thinned control by ~0.4 to 0.6 fruit (P<0.0001) (Table 3.4). The 

percentage of clusters with one to two fruit was similar for the hand thinned control compared 

with each treatment. Using NAA plus 6-BA resulted in a lower percentage of spurs that were 

defruited when compared with the carbaryl control, and this decreased linearly with increasing 
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concentration of NAA (P<0.0001)(Table 3.4). Concentrations of ABA at 300 mg∙L-1, and ACC at 

300 and 450 mg∙L-1 resulted in a larger percentage of spurs that were defruited compared with the 

hand-thinned control. During the spring of 2016, the return bloom was similar among treatments 

compared with the control. The percentage of spurs that had flowers during return bloom was 

similar for the hand thinned control compared with each treatment; however, for the 300 and 450 

mg∙L-1 ACC treatments there were ~26% and 27% more spurs that had flowers compared with 

1000 mg∙L-1 carbaryl plus 6-BA, respectively (P<0.0001). 

At harvest, the hand thinned control had low crop load at 2.8 fruit∙cm-2 TCSA, indicating 

another year of high natural fruit drop (Table 3.5). The crop load was too low for a commercial 

crop thus these results must be interpreted with caution. Other than the 4.1 fruit∙cm-2 TCSA and 

0.6 fruit∙cm-2 TCSA crop load produced by 20 mg∙L-1 NAA plus 6-BA and 300 mg∙L-1 ACC, 

respectively, other treatments were similar to the carbaryl control (Figure 3.4). The total and 

marketable yield was adequate for the 150 and 300 mg∙L-1 ABA plus 6-BA and 150 mg∙L-1 ACC 

treatments, as they were similar to the carbaryl control (Table 3.5). Total and marketable yield 

was unacceptably low for several treatments of ABA plus 6-BA and ACC. Total and marketable 

yield were reduced by ~50% and 59%, respectively, (P<0.0001) for the 450 mg∙L-1ABA plus 6-

BA treatments, compared with the carbaryl control (Table 3.5). As the concentration of ABA 

increased, the total and marketable yield decreased linearly. Total and marketable yield were 

reduced by ~78% and ~79%, respectively (P<0.0001) by the 300 mg∙L-1 ACC treatment 

compared with the carbaryl control (Table 3.5). Similarly, there was significantly lower total 

yield by ~54% and marketable yield by ~53% (P<0.0001) for 450 mg∙L-1 ACC treatments, 

compared with the carbaryl control. The treatments 300 and 450 mg∙L-1 ACC decreased the 

number of fruit per tree by ~192 and 132 fruit, yet mean fruit weight was similar compared with 

the carbaryl control (Table 3.5).  

There was no difference in total and marketable yield of NAA plus 6-BA, compared with 

the carbaryl control (Table 3.5); however, many stunted ‘pygmy’ fruit were observed on trees 

with this treatment (data not shown)(Figure 3.5). The number of fruit per tree (P<0.0001) was 

higher by 132 fruit for 20 mg∙L-1 NAA plus 6-BA compared with the carbaryl control, which 

increased linearly as the concentration of NAA increased. In conjunction, fruit weight (P<0.0001) 

was lower by ~27 g for 10 mg∙L-1 NAA plus 6-BA and by ~37 g for 20 mg∙L-1 NAA plus 6-BA, 

compared with the carbaryl control, and decreased linearly with increasing NAA concentration 
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(Table 3.5).  

 

 

 

3.4.1.4 Site A: Fruit Quality 

During harvest in 2014, there were no significant treatment differences in fruit firmness, 

soluble solids, and titratable acidity in comparison with the carbaryl control (Table 3.6). Starch 

index ratings (P=0.2189) and rate of ethylene evolution at harvest (P=0.1699) were similar 

between treatments (Table 3.6). Several of the following treatments with inadequate thinning had 

inferior fruit quality to the carbaryl control. Contrasts between the carbaryl control and pooled 

concentrations of ABA plus 6-BA and pooled concentrations of ACC indicated that treatments 

had comparatively lower soluble solids by 0.7 and 0.9% °BRIX, respectively (P=0.0129 and 

P=0.0013, respectively). Fruit blush colour was similar among treatments (Table 3.7). Contrasts 

of fruit ground colour between the carbaryl control and pooled concentrations of ABA plus 6-BA 

treatment and pooled concentrations of ACC treatment indicated lower chroma (C*) and higher 

hue angle (H0) (Table 3.7).  

The size distribution for all ACC treatments was shifted toward smaller fruit as indicated 

by the significantly higher percentage of fruit in the size category 0-107 g by ~84% for all 

concentrations (P=0.0004) and the significantly lower percentage of fruit in the size categories 

153-170 g (P=0.0003) and 171-193 g (P<0.0001) compared with the carbaryl control (Table 3.8 

and Figure 3.6). 

 

3.4.1.5 Site B: Fruit Quality 

Thinning treatments, apart from the excessive thinning caused by 450 mg∙L-1 ACC, did 

not influence quality. During harvest in 2015, fruit from the treatment 450 mg∙L-1 ACC had 

significantly higher firmness than the carbaryl control by 4.5 N, yet all other treatments were 

similar (Table 3.9). Starch index, soluble solids, titratable acidity, and rate of ethylene evolution 

were similar between treatments and the carbaryl control at harvest (Table 3.9). Also, fruit blush 

and ground colour, L*, C*, and H0 were similar to the carbaryl control (Table 3.10).  

Fruit size distribution for the 10 mg∙L-1 NAA plus 6-BA treatment was shifted toward 

smaller fruit as indicated by a 21% higher proportion of fruit in the 0-107 g weight category 
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compared with the carbaryl control (P=0.0016)(Table 3.11 and Figure 3.7). Also, contrasts 

between the carbaryl control and pooled concentrations of NAA plus 6-BA indicated 

comparatively more fruit for NAA plus 6-BA treatment in the 0-107 g and 108-116 g categories 

and significantly less fruit in the 153-170 g and 171-193 g categories (Table 3.11). The size 

distribution of ACC and ABA plus 6-BA treatments was relatively similar to the carbaryl control. 

However, contrasts between the carbaryl control and pooled concentrations of ACC treatment 

indicated that ACC had a comparatively higher percentage of average-sized fruit in the 139-152 g 

weight category and a lower percentage of large fruit in the category 153-170 g weight category 

(Table 3.11).  

 

3.4.2 Experiment Two: Influence of ACC and ethephon applied between 15 and 25 mm 

fruitlet diameter on thinning ‘Gala’ fruitlets 
3.4.2.1 Site A: Fruit Set and Harvest Yield 

In 2014, ACC applied at 15 mm fruitlet diameter thinned by reducing fruit set by ~8.3% 

compared with the carbaryl control treatments (P<0.0001)(Table 3.12 and Figure 3.8). All other 

treatments had similar high fruit set and inadequate thinning compared with the carbaryl control. 

There were no significant treatment differences in the number of fruit per cluster, clusters with 

one to two fruit, and return bloom compared with the carbaryl control (Table 3.12). A 

significantly higher percentage of spurs were defruited using ACC applied at 15 and at 21 mm 

diameter by 23.0% and 13.6%, respectively, compared with the carbaryl control (P<0.0001). 

At harvest, there were no significant treatment differences in total yield, marketable yield, 

number of fruit per tree, and fruit weight compared with the carbaryl control (Table 3.13). 

However, contrasts between the carbaryl control and pooled application times of ACC treatment 

indicated lower total yield by ~13 kg· tree-1 (P=0.0483) and ~100 fewer fruit per tree (P=0.0432). 

Trees from the untreated control treatment had a relatively low crop load at 5.9 ± 0.61 fruit per 

cm2 of TCSA, indicating natural fruit drop was adequate without chemical or hand thinning. Crop 

load was significantly lower for the ACC treatments applied at 15 and 25 mm fruitlet diameter 

compared with the carbaryl control by 2.6 and 2.5 fruit per cm2 of TCSA, respectively (Table 

3.13 and Figure 3.9). The ACC treatments demonstrated a crop load reduction from thinning. 

Contrasts between the carbaryl control and pooled application times of ACC (P=0.0002) and 

ethephon (P=0.0046) treatment indicated that the latter treatments had comparatively lower crop 
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load. 

 

 

 

3.4.2.2 Site B: Fruit Set and Harvest Yield 

In 2015, fruit set on trees treated with ACC applied at 16 mm fruit diameter was thinned, 

and it was significantly lower than the carbaryl control by 36% (P<0.0001)(Table 3.14 and Figure 

3.10). No other treatments differed significantly from the carbaryl control with respect to fruit set. 

There was no significant treatment difference in the number of fruit per cluster, the percentage of 

clusters with one to two fruit, and the visual rating of return bloom compared with the carbaryl 

control (Table 3.14). A significantly higher percentage of spurs were defruited using ACC 

applied at 16 mm diameter by ~52%, compared with the carbaryl control. In the spring of 2016 

return bloom was enhanced, as there were ~23% more spurs with flowers when ACC was applied 

at 16 mm compared with the hand-thinned control (P=0.0014).  

No treatments reduced the marketable yield, however, effective thinning resulted in less 

fruit per tree with a high fruit weight. At harvest, total yield of trees treated with ACC applied at 

16 mm diameter was significantly lower by ~20.9 kg· tree-1 compared with the carbaryl control 

(P<0.0001)(Table 3.15). There was no difference in the marketable yield for each treatment 

compared with the carbaryl control (Table 3.15). The ACC treatment at 16 mm fruitlet diameter 

had significantly less fruit per tree by ~292 fruit but higher fruit weight by 54 g compared with 

the carbaryl control (P<0.0001). Crop load for the carbaryl treatment and the hand-thinned 

control was high at 18.6 fruit cm-2 TCSA and 14.4 fruit cm-2 TCSA, respectively (Table 3.15 and 

Figure 3.11). Applying ACC at 16 mm fruitlet diameter produced a more acceptable crop load of 

7.5 fruit cm-2 TCSA, which was significantly lower than both controls (P<0.0001). The hand-

thinned control treatment produced significantly larger fruit (P<0.0001) than the carbaryl control, 

although not to the same level achieved by ACC. 

 

3.4.2.3 Site A: Treatment Effects on Ethylene and Phytotoxicity 

In 2014, ACC and ethephon were associated with increased rates of ethylene production 

and it was highest at 24 hours using ACC at 15 mm. ACC applied at 15, 21, and 25 mm resulted 

in a ~2452, 697, and 374% higher rate of ethylene evolution from fruitlets, respectively, when 
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measured 24 hours post-spray, compared with the carbaryl control. The ethephon treatment 

applied at 15, 21, and 25 mm was also greater than the control by ~648, 450, and 282%, 

respectively (Table 3.16). After seven days, there was significantly higher ethylene production 

from fruit treated with ACC at 15 mm and 25 mm and ethephon applied at each fruitlet size, 

compared with the corresponding control (Table 3.16). After seven days, ethylene evolution 

between ACC and ethephon was similar at ~200-500% greater than the control, except when 

ethephon was applied at 25 mm; at this time the rate of ethylene production was ~2433% higher 

than the control. For both ACC and ethephon treatments applied between 15 and 25 mm, the rate 

of ethylene evolution 24 hours post-spray decreased linearly with increasing fruitlet development. 

All ACC application timings resulted in leaf yellowing and drop of some yellow and green leaves 

when observed seven days post-spray (Figure 3.12). When ethephon was applied at 21 mm and 

25 mm there was minimal leaf drop (data not shown). 

 

3.4.2.4 Site B: Treatment Effects on Ethylene and Phytotoxicity 

In 2015, ACC and ethephon resulted in increased rates of ethylene evolution and it was 

highest at 24 hours using ACC at 16 mm. The ACC treatments applied at 16, 22, and 25 mm 

resulted in a significantly higher rate of ethylene evolution from fruitlets by ~135,000, 800, and 

5904%, respectively, when measured at 24 hours post-spray, compared with the carbaryl control 

(Table 3.17). When ACC was applied at 16 mm fruitlet diameter, the rate of ethylene evolution 

was significantly higher than that of ethephon by ~572% when applied at the same time. When 

ACC was applied at 25 mm fruitlet diameter, the rate of ethylene evolution was significantly 

lower than that of ethephon by ~442%. At seven days post-spray, only ethephon treatments had a 

significantly higher rate of ethylene evolution than the carbaryl control. Ethylene evolution from 

fruitlets treated with ACC that were measured 24 hours post-spray decreased in a quadratic 

fashion with increasing fruitlet diameters. All ACC treatment timings resulted in leaf yellowing 

and drop of yellow and green leaves by seven days post-spray (data not shown). Ethephon 

applied at 22 and 25 mm fruitlet diameter resulted in minimal leaf drop (data not shown). 

 

3.4.2.5 Site A: Fruit Quality 

During harvest in 2014, there were no significant differences in fruit firmness, starch 

index, soluble solids, titratable acidity, and rate of ethylene evolution between each treatment and 
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the carbaryl control (Table 3.18). Fruit blush and ground colour were similar among the carbaryl 

control and each of the ACC and ethephon treatments (Table 3.19).  

Commercial size distribution of fruit revealed a significantly higher percentage of large 

fruit (194-228 g) by ~16.5% in the hand-thinned control compared with the carbaryl control 

(P=0.0056)(Table 3.20 and Figure 3.13). The following size distribution for ACC and ethephon 

treatments had a higher proportion of larger fruit compared with the control. Contrast statements 

for the size distribution of all ACC treatments indicated a significantly smaller percentage of fruit 

in the weight categories 0-107 g (P=0.0474), 108-116 g (P=0.0209), and 117-126 g (P=0.0493) 

and a significantly higher percentage of fruit in the weight category 171-193 g (P=0.0132), 

compared with the carbaryl control (Table 3.20). Similarly, contrast statements of weight 

distribution for all ethephon treatments indicated a significantly smaller percentage of fruit in the 

weight categories 108-116 g (P=0.0394) and 117-126 g (P=0.0451) and a significantly higher 

percentage of fruit in the weight category 171-193 g (P=0.0424) (Table 3.20).  

 

3.4.2.6 Site B: Fruit Quality 

The ACC treatment at 16 mm that promoted thinning also improved fruit quality. During 

harvest in 2015, there were no significant differences in fruit firmness and starch index among 

treatments (Table 3.21). There were significantly more soluble solids by 1.7% °BRIX (P<0.0001) 

and a higher rate of ethylene evolution by 1.37 nl ethylene· g fruit-1· hr-1 (P=0.0035) for the ACC 

treatment applied at 16 mm fruitlet diameter, compared with the carbaryl control (Table 3.21). 

The titratable acidity (P=0.0005) was significantly lower than the carbaryl control for the 

ethephon treatment applied at 25 mm fruitlet diameter (Table 3.21). Fruit blush colour was 

similar between the carbaryl control and each of the ACC and ethephon treatments (Table 3.22). 

The chroma (C*) of fruit ground colour was significantly higher for the ACC treatment applied at 

16 mm fruitlet diameter compared with other ACC and ethephon treatments (P<0.0001). 

The size distribution for ACC applied at 16 mm had a higher proportion of larger fruit 

compared with the control. There was a significantly lower percentage of fruit in categories of 0-

107 g, 108-116 g, and 117-126 (P<0.0001) by 50.4% and a significantly higher percentage of 

fruit in the categories 153-170 g, 171-193, and 194-228 g (P<0.0001) by 60.8% for the ACC 

treatment applied at 16 mm compared with the carbaryl control (Table 3.23 and Figure 3.14).  
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3.5 Discussion 

3.5.1 Experiment One: Influence of ACC alone and 6-BA with NAA or ABA as Thinning 

Alternatives to Carbaryl on ‘Gala’ Fruitlets 
3.5.1.1 Spray Drift was not an Issue Among Treatments with Single Tree Buffer 

Spray drift was well below the general guideline of 15% and less than 85 medium-sized 

droplet deposits∙cm-2. It is unlikely that spray drift produced any marked treatment cross-

contamination (Deveau, 2015) and therefore, should not be considered an experimental error in 

the design using single guard trees on either side of the treatment tree in the same row and using a 

neighbouring row. This preliminary study was the first reported assessment of spray drift in an 

orchard investigation, in which one guard tree separated treatments. 

 

3.5.1.2 Treatment Effects and Fruit Set 

Previous investigations indicated that applying ABA alone resulted in severe leaf 

yellowing on some apple cultivars, which likely reduced photosynthetic potential (McArtney et 

al., 2014). The cytokinin 6-BA can delay senescence such as leaf yellowing (Greene et al., 2011; 

Zwack and Rashotte, 2013). In both years, neither leaf yellowing nor leaf drop were observed 

when ABA plus 6-BA was applied, consistent with the study by Greene et al. (2011), using 

‘McIntosh’. Using the combination ABA plus 6-BA on ‘Royal Gala’ and ‘Imperial Gala’ did not 

cause leaf yellowing and thus would encourage commercial use of this treatment. 

Fruit set data from 2014 are consistent with reports that NAA plus 6-BA successfully 

thinned several apple cultivars, including ‘Golden Delicious’, ‘Summerred’, ‘Galaxy’ and ‘Gala’ 

(Bregoli et al., 2007; Milic et al., 2013; Robinson, 2006; Stopar and Lokar, 2003). Forshey 

(1986) claimed that fruit set was reduced by NAA (over a range of 2-20 mg· L-1). A comparison 

of the fruit set data from 2014 and 2015, applied at 9 and 17 mm diameter, respectively, indicated 

a marked difference in the thinning effect of treatments between years and fruitlet development 

stages. Another study reported NAA plus 6-BA induced lateral fruitlet retention on ‘Delicious’ 

and ‘Fuji’ (Bukovac et al., 2008). Using NAA plus 6-BA at 17 mm diameter indicated that ‘Gala’ 
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was sensitive to undesirable retention of fruit set. This highlighted the variability in thinning 

response that can be associated with separate fruitlet development stages. 

An investigation by Greene et al. (2011) indicated that 150 to 1000 mg∙L-1 ABA plus 75 

mg∙L-1 6-BA reduced fruit set of ‘Fuji’ and ‘McIntosh’, compared with an untreated control. 

Although the effect of ABA plus 6-BA was variable among years, the current study provides 

further support for the use of ABA plus 6-BA as a new fruitlet thinner tool.  

The use of ACC has successfully thinned trees by reducing fruit set. However, the stage 

of fruitlet development during which chemical thinning is applied can affect the outcome of the 

thinning response. This has been previously demonstrated for the use of ACC. McArtney and 

Obermiller (2012) demonstrated that 400 mg.L-1 ACC effectively thinned ‘Gale Gala’ fruit when 

applied at a mean diameter of 18, 20, and 27 mm. Furthermore, they indicated that 200 mg.L-1 

ACC effectively thinned ‘Gold Rush’ when applied at 11 and 17 mm fruitlet diameter. In 

contrast, the study by Schupp et al. (2012) on ‘Golden Delicious’ demonstrated that 100, 300 and 

500 mg.L-1 ACC was ineffective when applied at 10 mm fruitlet diameter. The current study also 

demonstrated that the thinning effect of 150 mg.L-1 ACC is promising when applied at 17 mm 

diameter. 

Thinning by both 300 and 450 mg∙L-1 ACC at 17 mm was considered to be excessive. 

Previous reports indicated under-thinning using the low concentration of 150 mg∙L-1 ACC 

whereas 250 and 350 mg∙L-1 ACC were more effective (Fallahi et al., 2014). Increasing 

concentrations of ACC resulted in higher production of ethylene following application, which is 

thought to be related to fruitlet abscission (Greene et al., 2011; McArtney, 2011). Using ACC at 

300 mg∙L-1 resulted in 30% lower fruit set compared with 150 mg∙L-1 ACC. This marked increase 

in abscission is consistent with the purported model for abscising apple fruitlets, which maintains 

that when fruitlets reach a given threshold level of ethylene they are likely to abscise (Eccher et 

al., 2015). Whether ACC can be used as a reliable thinner, remains to be determined since ACC 

was only effective in one out of two years. Also, the results should be interpreted with caution 

because if the trees used in 2014 had heavy crop loads, greater differences may have been 

observed, which will need to be considered in future studies. 

Lower fruit set observed for ABA plus 6-BA and ACC treatments in 2015 compared with 

2014 can be explained by several factors: 1) due to the late application time during 2015 the 

fruitlets were at different stages of sensitivity to PBRs compared to 2014, 2) different trees were 
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used including different tree age, previous cropping, and cultivar strain; ‘Imperial Gala’ was used 

in 2015 and ‘Royal Gala’ was used in 2014, and 3) weather and cultural differences between the 

two years. There are often inconsistencies in thinning treatments between years that may be 

related to each of the mentioned factors (Wertheim, 2000; Westwood and Batjer, 1958). The 

thinning compounds ABA plus 6-BA and ACC warrant future investigation, particularly with 

respect to reliability and development stage to help understand their overall efficacy.  

Return bloom is commonly related to thinning intensity, so effective thinners have 

potential to improve return bloom. Schupp et al. (2012) demonstrated that effective fruitlet 

thinning using ACC increased return bloom of ‘Golden Delicious’, similar to the increased return 

bloom of floral spurs by using 300 and 450 mg∙L-1 ACC in the current study. Visual ratings used 

in 2015 and 2016 did not detect this difference, thus, return bloom investigations benefit from 

counting floral and nonfloral spurs. Return bloom was similar for NAA plus 6-BA and ABA plus 

6-BA compared with the control, which was likely due to no reduction of fruit set (Greene et al., 

2011; Meland, 2009),  no direct effect of the compound on return bloom (Greene et al., 2011), 

and a year of naturally low crop load that was below the suggested 6.0 fruit∙cm-2 (Robinson and 

Lopez, 2010). 

 

3.5.1.3 Total and Marketable Yield, and Crop Load at Harvest 

High crop load is not desirable, hence chemical thinning is effective when it produces 

moderate and consistent crop load on an annual basis. This would be balanced with increases in 

fruit weight, which increases a component of yield. Greater fruit weight can compensate for 

fewer fruit while increasing the economic value of those fruit. In 2014, thinning was inadequate 

for treatments using ABA + 6-BA and ACC. Previous research did not report the yield for ABA 

plus 6-BA treatments; however, using 50, 150, or 300 mg∙L-1 ABA plus 6-BA on ‘Autumn Rose 

Fuji’ resulted in inadequate thinning and excessive fruit per cm2 of limb cross-sectional area 

(Greene et al., 2011). When thinning was ineffective, the number of fruit per tree was high but of 

lesser value because fruit weight was low for all concentrations. 

In 2015 the crop load, and total and marketable yield associated with 150 or 300 mg∙L-

1ABA plus 6-BA and 150 mg∙L-1ACC was an acceptable replacement for carbaryl. Schupp et al. 

(2012) using ACC reported similar effectiveness on ‘Golden Delicious’. However, 300 and 450 

mg∙L-1 ACC in the current study caused excessive thinning compared with previously published 
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reports. The dose response rate of ‘Imperial Gala’ to ACC appears to be greater than that reported 

by Schupp et al. (2012) using ‘Golden Delicious’ at 100, 300, and 500 mg∙L-1 ACC; perhaps only 

a narrow range of concentrations are appropriate. Greene et al. (2011) reported that 1000 mg∙L-1 

ABA plus 6-BA 150 mg∙L-1 caused over thinning. In the current study, the linear rate response 

suggested it may be possible to consider a wide range of concentrations of ABA to manage 

fruitlet abscission in a year requiring low or high thinning, but there is a risk of over-thinning at 

high concentrations.  

A study by Robinson (2006) concluded that NAA plus 6-BA was effective at thinning 

‘Empire’ by reducing yield and improving fruit size. However, during the current study in 2015, 

‘Imperial Gala’ fruit developed as pygmy fruit. Yield was unaffected, yet consisted of small, low 

value fruit. Several reports indicated the manifestation of pygmy fruit varied yearly, and 

depended on the cultivar and the growing region (Bukovac et al., 2008; Link, 2000; Milic et al., 

2013; Robinson, 2006). Milic et al. (2013) did not observe pygmy fruit development in ‘Golden 

Delicious’ and ‘Red Delicious’ using NAA plus 6-BA. Robinson (2006) reported the effect of 

NAA plus 6-BA on twelve apple cultivars, noting that for ‘Gala’ the NAA plus 6-BA treatment 

did not develop pygmy fruit. Bukovac et al. (2008) also reported a very low incidence of pygmy 

fruit in ‘Gala’. 

 

3.5.1.4 Fruit Quality Parameters 

Beginning with starch index, this quality indicates the maturity of apple, which influences 

flavor at harvest and potential to maintain quality during storage (Blanpied and Silsby, 1992). In 

thinning studies that reduce crop load, higher starch indices (i.e., greater starch hydrolysis) have 

been reported compared with untreated controls due to advanced maturity (Basak, 2006; Greene 

et al., 2011; Milic et al., 2013). In the current study there were only minor differences in crop 

load that did not appear to affect starch hydrolysis. The results of the current study did not 

demonstrate negative effects of the new potential thinners on titratable acidity. The relationship 

between titratable acidity and fruit weight from differing crop loads is weak, as previous research 

reported both positive and negative correlations (Link, 2000; Salvador et al., 2006). This was the 

first report of the effect of ACC on apple fruit quality indicators. 

The ethylene climacteric is a stage during fruit ripening that indicates fruit senescence and 

signifies advanced maturity at harvest (Watkins et al., 1989). Previous research demonstrated that 



 

  67 

when ethephon reduced the crop load of ‘Honeycrisp’ (Robinson and Lopez, 2010) and 

‘Paulared’ (Embree et al., 2001) there was an increase in fruit maturity at harvest. In the current 

study there were minimal differences in crop load and this did not affect ethylene production at 

harvest. Further, in the current study there were no direct effects of chemical compounds on 

ethylene production at harvest, which is consistent with the study by Embree et al. (2001) when 

treatments with similar crop load were compared. Previous research indicated that ACC and 

ABA increased ethylene production in peach and apple tissues at the time of application 

(Giovanaz et al., 2015; Greene et al., 2011; McArtney, 2011), and in the current study they did 

not negatively influence ethylene and maturity at harvest. 

Chemical thinning treatments can affect the fruit soluble solids at harvest. On ‘Pioneer 

McIntosh,’ effective thinning using ABA plus 6-BA has been shown to increase soluble solids 

(Greene et al., 2011). Accordingly, the current study highlighted that when the crop load was 

high there were lower soluble solids in fruit, consistent with previous research (Link, 2000; 

Meland, 2009; Wunsche et al., 2000). Treatments with minimal fruitlet thinning during 2014 of 

the current study did not lead to lower soluble solids concentration. Soluble solids were 

inconsistent between years, likely attributed to the higher magnitude of thinning in 2015 

compared with 2014. There were no direct effects of treatments on soluble solids in the fruit. 

Previous research reported no effect of chemical fruitlet thinning on firmness (Basak, 

2006; Greene et al., 2011). Other studies have demonstrated that the effect of thinning on fruit 

firmness has been contradictory, with support for both increases and decreases in fruit firmness 

(Link, 2000; Salvador et al., 2006). Fruit firmness is affected by several factors that can explain 

the inconsistency, such as fruit size, number and size of cells, maturity, dry matter content, and 

enzyme activity (Link, 2000). Overall, the firmness measurements from the current study were 

similar to other studies of ‘Royal Gala’ (Brookfield et al., 1993). Changes in firmness were 

minimal and there were likely no direct effects of thinning compounds. 

Apple skin colour is an important fresh market quality for ‘Gala’ that influences its 

commercial value (Canadian Food Inspection Agency, 2011; Iglesias et al., 2008). Inadequate 

chemical thinning has previously been documented to result in fruit that are more green (Link, 

2000). In 2014 when ABA plus 6-BA and ACC treatments resulted in heavy cropped trees, a 

delay in maturity was observed as indicated by fruit ground colour. ABA has previously been 

associated with reduced red colour intensity (Basak, 2006; Greene et al., 2011). The current study 
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indicated there were no differences in skin colour during minimal crop load differences, 

indicating no direct effects of thinning compounds on colour.  

Commercially, fruit are graded into weight categories and marketed according to size. In 

contrast with 2014, ACC and ABA plus 6-BA treatments in 2015 demonstrated an adequate 

percentage of large fruit, which was a promising outcome. In 2015, the NAA plus 6-BA 

treatment had a high percentage of small fruit and fewer large fruit, further demonstrating the 

negative consequences of NAA on fruit growth and development. 

 

3.5.2 Experiment Two: Influence of ACC and ethephon applied between 15 and 25 mm 
fruitlet diameter on thinning ‘Gala’ fruitlets 

3.5.2.1 Fruit Set 

Using ACC at the earliest application time (15 and 16 mm in 2014 and 2015, 

respectively) reduced fruit set. This is consistent with a study by McArtney and Obermiller 

(2012) demonstrating that application of 400 mg∙L-1 ACC at a fruitlet diameter of 18 mm reduced 

fruit set of ‘Gale Gala’ by ~25%. In the current study, no other ACC treatments applied when 

fruitlets were greater than and equal to 21 mm reduced fruit set over the control. Similarly, 

previous research demonstrated that ACC was effective when applied between 11 and 17 mm, yet 

ineffective when greater than 23 mm diameter (McArtney and Obermiller, 2012). Another study 

by Schupp et al. (2012) indicated effective thinning with 100, 300, and 500 mg∙L-1 ACC on 

‘Golden Delicious’ when applied at 20 mm diameter. McArtney (2011) demonstrated reduced 

fruit set in ‘GoldRush’ when ACC was applied at 10 and 20 mm diameter. In contrast, research 

on ‘Pink Lady’ revealed that application of ACC at 10 and 20 mm diameter failed to reduce fruit 

set, indicating that cultivar-dependent response to ACC exists (McArtney, 2011). Our results, 

taken in consideration with previous research, suggest there is commercial potential for the use of 

ACC to thin ‘Gala’ at larger (~15 mm) fruitlet diameters. 

The use of ethephon has previously been documented to reduce fruit set so the lack of 

significance in the current study was unexpected. Ethephon reduced fruit set when applied on 

‘Delicious’ between 16 and 22 mm, ‘Golden Delicious’ at 20 mm, and ‘Nured Delicious’ at 16 

mm (Byers and Carbaugh, 1991; Marini, 1996; Yuan, 2007). A high concentration of 1500 mg∙L-

1 applied at 30 mm diameter completely removed fruit (Byers and Carbaugh, 1991). However, 

there was no thinning of ‘Idared’ by 250 and 500 mg∙L-1 ethephon, applied at 10 mm diameter 
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(Al-Absi, 2009). The lack of a thinning response to ethephon in the current study may have been 

due to too low a concentration. The chosen ethephon concentration of 300 mg∙L-1 was not as high 

as that used in other studies, 400 mg∙L-1 (Yuan, 2007), 500 mg∙L-1 (Byers and Carbaugh, 1991), 

and 625 mg∙L-1 (Meland and Kaiser, 2011), and consequently, the intensity of thinning may have 

been inadequate. In the current study, a substantial limitation of temperature on sensitivity was 

unlikely, because ethephon treatments were applied during mid to high temperature (17 to 25°C), 

which was expected to promote thinning. While there were indications for the use of ethephon for 

late thinning before ‘June’ drop (Greene, 2002; McArtney and Parker, 2016) this use was not 

supported by the results of the current study on ‘Gala’. 

Return bloom in 2015 was abundant for all treatments, as all treatments had a low crop 

load in 2014. Other studies indicated that return bloom was promoted by ethephon applied at 10 

mm diameter (Meland and Kaiser, 2011) and at 11 mm plus 29 mm diameter (Bukovac et al., 

2006) when low return bloom was anticipated. During the current study, ethephon did not 

influence return bloom, likely because thinning was ineffective the previous year. Return bloom 

of floral spurs from the treatment ACC at 16 mm was improved when fruit set was low the 

previous year due to thinning. Generally, heavy thinning increases return bloom but the longer 

thinning is delayed, the less effect on return bloom (Meland, 2009; Robinson and Lopez, 2010), 

which was supported by the current study. The percentage of spurs that had flowers revealed 

treatment differences during 2016 when visual ratings did not. 

 

3.5.2.2 Total and Marketable Yield, and Crop Load at Harvest 

‘Gala’ trees tend to have heavy fruit set and since they are difficult to thin they often have 

heavy crop loads (Volz, 1988), which was observed for the carbaryl control and hand-thinned 

control in 2015. However, ACC applied at 15 mm fruitlet diameter thinned and at 16 mm it was 

used to produce an acceptable crop load of 7.5 fruit∙cm-2 of TCSA and yield. This was the first 

study to report yield associated with ACC treatment but it agrees with reported reductions in fruit 

set. Contrast statements indicated that ethephon reduced crop loads, similar to the study by 

Marini (1996). Since ACC applied at 16 mm effectively reduced crop load in 2015 the 

competition among fruit was reduced at this stage compared with a heavy cropped tree, resulting 

in resources shared among fewer fruit and hence greater fruit size. Crop load is a primary 

determinate influencing final fruit size (Greene, 2002a; Link, 2000). Our results supported the 
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benefits of using ACC as a thinning compound to reduce the crop load in favour of increasing the 

fruit weight. 

 

3.5.2.3 Treatment Effects  

The ethylene precursor, ACC, is converted to ethylene by ACC oxidase in plant tissues 

(Adams and Yang, 1979; Kende, 1993). The study by McArtney (2011) indicated that ACC 

applied at 10 and 20 mm fruitlet diameter to ‘GoldRush’ promoted ethylene evolution in fruitlets 

24 hours post-spray, similar to the current study. Previous research using ACC also demonstrated 

that the rate of ethylene evolution of the large fruitlet stage was consistently lower than small 

fruitlet stages and the current study provides further support. McArtney (2011) indicated that the 

ethylene response of detached spurs that had fruit of ‘GoldRush’ was low when ACC was applied 

at 20 mm diameter, compared with an application time at 10 mm. Likewise, McArtney and 

Obermiller (2012) demonstrated that detached ‘GoldRush’ fruitlets had higher ethylene evolution 

in response to ACC treatments applied at 11 and 17 mm and lower ethylene at 23, 27, and 31 

mm. The low mediation of ethylene production in response to ACC applied to large fruitlets 

compared with small fruitlets may be related to developmental factors, including less absorption 

and translocation of ACC, or lower activity of ACC oxidase (McArtney, 2011). The rate of 

ethylene evolution was greatest 24 hours post-application but declined by day 7. Similarly, 

McArtney (2011) reported that ethylene production was greatest 24 hours post-spray and had 

declined when measured again at day four. The yearly variation in ethylene evolution was likely 

due to different environmental conditions that affected the rate of ACC metabolism in plant 

tissues or uptake of ethephon by leaves and fruit. 

Effective fruitlet thinning using ACC coincided with the development stage in which 

ethylene production was highest. This observation is consistent with the study by McArtney and 

Obermiller (2012), because ACC thinned when treatment-induced ethylene production was high. 

Previous research demonstrated that the thinning response to ethylene production was likely 

cultivar-dependent; for example while ‘Pink Lady’ produced high ethylene when ACC was 

applied at 10 mm fruitlet diameter, fruit set was not reduced (McArtney, 2011). The variation in 

cultivar response may be related to different sensitivity of receptors in the abscission zone to 

ethylene (McArtney, 2011). Previous research of plants in the Solanaceae family demonstrated 

that accessions within the same species had different sensitivity to ethylene (Edelman and Jones, 



 

  71 

2014). According to a recent proposed apple fruitlet abscission model, abscission proceeds when 

ethylene production is intensified compared with basal levels in the fruit cortex (Eccher et al., 

2015). The authors postulated that a certain degree of amplification of ethylene production is 

required to promote abscission. The present study indicated that ‘Gala’ fruitlets were sensitive to 

ACC mediated ethylene production when applied at ~15 mm fruitlet diameter.  

Even though ethephon increased ethylene production by up to 5800% compared with the 

carbaryl control (when applied at 25 mm in 2015), ethephon did not reduce the fruit set at any of 

the application times. The rate of ethylene evolution measured from ethephon treatments was 

generally lower than that of ACC treatments. Ethephon dissociates to ethylene on contact with 

plant tissues (Yang, 1969) so much of the gaseous ethylene escapes the plant environment before 

stimulating the abscission zone according to the theory by McArtney (2011). In terms of the 

apple fruitlet abscission model (Eccher et al., 2015), the lack of thinning from ethephon 

application indicated that the degree of ethylene amplification in fruitlets was not adequate to 

promote abscission in this study.  

Ethephon applied at large fruitlet diameters caused only minimal leaf drop that would 

unlikely be a concern in commercial production. Application of 400 mg∙L-1 ACC consistently 

resulted in leaf yellowing and abscission of yellow and green leaves by seven days post-spray. 

The phytotoxicity symptoms are consistent with reports on ‘GoldRush’ (McArtney, 2011) when 

application of 200 mg∙L-1 ACC resulted in yellowing and abscising leaves in one year of study. In 

another year of study, no phytotoxicity was observed, suggesting that phytotoxicity was related to 

environmental conditions at the time of application. Phytotoxicity to ACC may also be a cultivar-

dependent response. Schupp et al. (2012) reported no indication of phytotoxicity on ‘Golden 

Delicious’ during a two-year study. Results of the current study indicated that ‘Gala’ was 

susceptible to phytotoxicity by ACC, which may deter its commercial use. Future work is needed 

to determine the maximum safe concentration of ACC application on ‘Gala,’ to understand the 

environmental conditions associated with phytotoxicity, and whether there is any reduction in 

phytotoxicity by combining ACC with 6-BA.  

 

3.5.2.4 Fruit Quality Parameters 

During both years, none of the treatments affected fruit firmness and starch index, 

consistent with Yuan (2007) who reported no effect of ethephon on firmness and maturity. In 
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contrast, ethephon has reduced ‘Summerred’ fruit firmness at concentrations of 500 to 750 mg∙L-1 

(Meland and Kaiser, 2011). Differences in soluble solids, rate of ethylene evolution, and blush 

and ground colour were inconsistent between study years. In 2015, the effects of ACC treatment 

applied at 16 mm diameter on fruit quality were all likely attributed to the lower crop loads that 

advanced fruit maturity (Link, 2000). Quality was unaffected when thinning was ineffective, 

suggesting there were no direct effects of the thinning compounds on fruit quality. Concerns over 

the effect of ACC and ethephon on fruit quality appeared to be of little concern.  

Previous research has reported improved fruit size with lower crop loads as a result of 

thinning (Meland, 2009; Salvador et al., 2006). Fewer small fruit correspondingly shifted the fruit 

weight distribution from low to high size categories, resulting in a higher proportion of large fruit 

(Link, 2000; Schupp et al., 2012). Fruit size distribution was relatively consistent between years 

in the current study where ACC treatments had a lower percentage of small fruit and a higher 

percentage of large fruit, compared with the carbaryl control. Only in 2014 did ethephon produce 

a lower percentage of small fruit and a higher percentage of large fruit. Yearly differences in 

development stage, cultivar strain, tree age, previous cropping, weather, and cultural factors may 

explain why fruit weight distribution was improved in 2015 and not in 2014. 

 

3.6 Conclusions 

When 150 and 300 mg∙L-1 ABA plus 6-BA, and 150 mg∙L-1 ACC were applied to ‘Gala’ 

fruitlets at 17 mm diameter, they produced the same quality and yield as the carbaryl thinner. 

They are potential thinner alternatives for ‘Gala’ if carbaryl is withdrawn from registration. The 

combination of NAA plus 6-BA produced an unacceptable level of ‘pygmy’ fruit in one of two 

years. The use of 400 mg∙L-1ACC consistently thinned fruitlets (15 and 16 mm in 2014 and 2015, 

respectively) when treatment-induced ethylene production was highest. However, ACC did cause 

leaf phytotoxicity. Ethephon was ineffective for late thinning. The use of ACC and ethephon did 

not reduce fruit quality at harvest. ACC is a prospective thinning compound for ‘Gala’ when used 

when fruitlet diameter is ~15 mm, providing an additional thinning option outside the ideal 

thinning window. 
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Table 3.1 Spray drift coverage on water-sensitive paper arranged on trees in the adjacent 
and same row among 'Royal Gala' trees. Treatments were applied at the University of 
Guelph Simcoe Research Station, Simcoe, Ontario, Canada.zy 

Water-sensitive paper 
coverage se Deposits·cm-2 se

Spray paper location (%) (n)
Tree in adjacent row xw

Low inside 1.0 (1.3) v a u 0.41 2.3 (7.4) v 0.73
Low outside 2.0 (5.9) a 0.41 2.1 (6.3) 0.73
High inside 0.3 (0.2) a 0.41 0.6 (1.5) 0.73
High outside 0.4 (0.5) a 0.41 1.3 (4.9) 0.73

Low inside 0.8 (0.9) a 0.41 2.0 (5.3) 0.73
Low outside 1.0 (1.4) a 0.41 1.8 (4.4) 0.73
High inside 0.6 (0.8) a 0.45 1.7 (4.3) 0.79
High outside 1.1 (2.4) a 0.41 2.4 (8.5) 0.73

Tree in same row (one 
guard in between) xw

Low inside 0.9 (1.2) a 0.41 2.1 (6.1) 0.73
Low outside 1.2 (2.9) a 0.41 3.4 (19.1) 0.73
High inside 0.5 (0.4) a 0.41 1.8 (4.4) 0.73
High outside 0.7 (1.0) a 0.41 2.2 (5.7) 0.73

Low inside 1.8 (6.2) a 0.41 3.3 (13.4) 0.73
Low outside 1.6 (4.3) a 0.41 3.3 (18.4) 0.73
High inside 0.9 (1.6) a 0.45 2.1 (8.6) 0.79
High outside 0.6 (0.6) a 0.45 2.3 (7.6) 0.73
P value 0.0150 0.2585

Contrasts
Within row vs between row 0.0890 0.0206
North vs south 0.0306 0.2552
Low vs high 0.0036 0.0252
Out vs in 0.6908 0.2573

w Each tree had a single WSP at low and high heights (H1 = 1.0 m, H2 = 2.0 m), both outside and 0.3 to 
0.4 m inside the tree canopy.  The WSP was set up on north and south sides of the tree (leading and 
trailing) with respect to the direction of sprayer travel.

z Spray drift was investigated during an average wind speed of 5.6 km/h, wind gusts of up to 10.2 km/h, 
and relative humidity of 43.8%.  

v Data were square root transformed. The means in brackets are the untransformed values.
u Means within the same column followed by the same letter are not significantly different according to a 
Tukey's test (α = 0.05). N=6.

y Water-sensitive paper (WSP) changes from yellow to blue when in contact with water.
x For trees in adjacent rows, the WSP were placed on the tree directly across from the treatment, in the 
neighbouring row. For drift in the same row, the WSP were placed two trees away from the treatment 
tree, so that one guard tree was in between.  

North

North

South

South
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Table 3.2 Effects of chemical thinning treatments on fruit set, fruit per cluster, cluster removal, and percentage of clusters with 1-2 
fruit of 'Royal Gala' apple trees. Treatments were applied during 2014 at the University of Guelph Simcoe Research Station, Simcoe, 
Ontario, Canada. 

  

se se se se
Return bloom 
spring 2015 se

Thinning treatment zy (rating 0-5) u

Untreated control t 44.6 a s 5.27 NA NA NA NA NA NA NA NA NA NA NA
Hand thinned at June drop 24.0 b 4.96 1 e 0.066 69.1 ab 8.25 99.8 a 1.87 3.7 0.37
1000 mg·L-1 carbaryl + 75 mg·L-1 6-BA 22.6 b 5.43 1.2 bcde 0.069 49.5 b 8.47 98.1 ab 1.93 4.4 0.38
5 mg·L-1 NAA + 75 mg·L-1 6-BA 25.3 b 5.04 1.2 cde 0.066 63.1 ab 8.21 98.3 ab 1.86 3.4 0.37
10 mg·L-1 NAA + 75 mg·L-1 6-BA 23.5 b 5.49 1.2 de 0.066 54.0 ab 8.24 98.1 ab 1.86 3.8 0.37
20 mg·L-1 NAA + 75 mg·L-1 6-BA 20.5 b 4.98 1.2 cde 0.066 53.4 ab 8.28 96.4 abc 1.87 3.7 0.37
150 mg·L-1 ABA + 75 mg·L-1 6-BA 31.1 ab 5.81 1.4 abcd 0.066 65.7 ab 8.23 95.6 abc 1.86 4.1 0.37
300 mg·L-1 ABA + 75 mg·L-1 6-BA 29.2 ab 5.71 1.3 abcde 0.066 65.5 ab 8.29 96.6 abc 1.88 3.5 0.37
450 mg·L-1 ABA + 75 mg·L-1 6-BA 32.4 ab 5.78 1.3 abcde 0.066 50.3 b 8.23 96.3 abc 1.86 3.2 0.37
150 mg·L-1 ACC 46.7 a 5.57 1.5 abc 0.066 86.4 a 8.21 92.9 abc 1.86 3.6 0.37
300 mg·L-1 ACC 48.0 a 5.42 1.5 ab 0.066 89.3 a 8.26 91.0 bc 1.87 3.6 0.37
450 mg·L-1 ACC 37.5 ab 6.36 1.5 a 0.066 67.2 ab 8.24 89.6 c 1.86 3.8 0.37
P value <0.0001 <0.0001 0.0008 0.0016 0.4871

Regression
NAA + 6-BA NS r NS NS NS NS
ABA + 6-BA NS NS NS NS NS
ACC NS NS Q NS NS

Contrasts
Carbaryl + 6-BA vs NAA + 6-BA 0.8799 0.0482 0.3730 0.8140 0.0471
Carbaryl + 6-BA vs ABA + 6-BA 0.0763 0.7308 0.0452 0.3630 0.0510
Carbaryl + 6-BA vs ACC <0.0001 0.0620 0.0001 0.0012 0.0592
Untreated vs NAA + 6-BA <0.0001 NA NA NA NA
Untreated vs ABA + 6-BA 0.0037 NA NA NA NA
Untreated vs ACC 0.8984 NA NA NA NA

y Treatments were applied when the average king fruit diameter was 9 mm.  Hand thinning treatments were applied at 30 mm fruit diameter.

z 1-naphthyl methylcarbamate (carbaryl), 6-benzyladenine (6-BA), naphthaleneacetic acid (NAA), abscisic acid (ABA), 1-aminocyclopropane-1-carboxylic acid (ACC).

s Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.
r NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.

x Final fruit set was the percent of initial fruit pre-treatment at 12 days after full bloom (DAFB) that persisted at 39 DAFB. This final count followed physiological and treatment-induced fruit drop.
w Fruit per cluster was the average number of fruit that persisted in each cluster at 39 DAFB.
v Spurs which were defruited was the proportion of initial fruiting spurs that abscised all fruit by 39 DAFB, following physiological- and treatment-induced fruit drop.
u Visual five-point rating scale of bloom observed in 2015 (where 0=none; 1=light, 3=moderate, 5=heavy).
t Untreated trees were included for comparison purposes prior to applying hand thinning treatments.

Clusters with 1-2 
fruit

(%) (%)
Fruit set x Fruit per cluster w

(%) (n)

Spurs which were 
defruited v
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Table 3.3 Effects of chemical thinning treatments on total and marketable yield, number of fruit, mean weight and crop load of 'Royal 
Gala' apple trees. Treatments were applied during 2014 at the University of Guelph Simcoe Research Station, Simcoe, Ontario, 
Canada. 

  

se
Marketable 

yield se se se se
Thinning treatment zy (kg·tree-1)
Hand thinned at June drop 27.9 b x 5.47 19.1 3.65 197 d 47.9 143 abc 4.8 2.4 ab 0.74
1000 mg·L-1 carbaryl + 75 mg·L-1 6-BA 29.4 ab 5.64 20.1 3.78 221 cd 49.4 148 ab 5.0 1.6 b 0.74
5 mg·L-1 NAA + 75 mg·L-1 6-BA 33.2 ab 5.44 24.0 3.63 236 bcd 47.6 143 ab 4.8 2.5 ab 0.74
10 mg·L-1 NAA + 75 mg·L-1 6-BA 29.9 ab 5.46 21.2 3.64 205 d 47.8 146 ab 4.8 2.5 ab 0.74
20 mg·L-1 NAA + 75 mg·L-1 6-BA 30.3 ab 5.49 23.3 3.67 192 d 48.1 154 a 4.8 2.5 ab 0.74
150 mg·L-1 ABA + 75 mg·L-1 6-BA 48.6 ab 5.45 27.7 3.64 378 abcd 47.7 132 bcd 4.8 4.4 ab 0.74
300 mg·L-1 ABA + 75 mg·L-1 6-BA 41.0 ab 5.50 27.0 3.68 317 abcd 48.2 135 abcd 4.8 4.0 ab 0.74
450 mg·L-1 ABA + 75 mg·L-1 6-BA 40.4 ab 5.45 22.8 3.64 317 abcd 47.7 133 bcd 4.8 3.0 ab 0.74
150 mg·L-1 ACC 51.3 a 5.44 26.4 3.63 437 a 47.6 118 d 4.8 5.0 a 0.74
300 mg·L-1 ACC 49.3 ab 5.47 24.7 3.66 418 abc 47.9 118 d 4.8 3.6 ab 0.74
450 mg·L-1 ACC 50.2 ab 5.46 26.5 3.65 426 ab 47.8 123 cd 4.8 4.1 ab 0.74
P value 0.0007 0.6857 <0.0001 <0.0001 0.0148

Regression
NAA + 6-BA NS v NS NS NS NS
ABA + 6-BA NS NS NS NS NS
ACC NS NS NS NS NS

Contrasts
Carbaryl + 6-BA vs NAA + 6-BA 0.7698 0.5098 0.8508 0.9497 0.2428
Carbaryl + 6-BA vs ABA + 6-BA 0.0204 0.1657 0.0267 0.0070 0.0062
Carbaryl + 6-BA vs ACC 0.0006 0.1530 0.0001 <0.0001 0.0011

v NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.

z 1-naphthyl methylcarbamate (carbaryl), 6-benzyladenine (6-BA), naphthaleneacetic acid (NAA), abscisic acid (ABA), 1-aminocyclopropane-1-carboxylic acid (ACC).

w Trunk cross sectional area (TCSA).

(n)
Crop load

(fruit·cm-2 TCSA) w

y Treatments were applied when the average king fruit diameter was 9 mm.  Hand thinning treatments were applied at 30 mm fruit diameter.
x Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.

Total yield
(kg·tree-1)

Fruit weight
(g)

Number of fruit per tree
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Table 3.4 Effects of chemical thinning treatments on fruit set, fruit per cluster, cluster removal, and percentage of clusters with 1-2 
fruit of 'Imperial Gala' apple trees. Treatments were applied during 2015 at a commercial orchard in Blenheim, Ontario, Canada. 

se se se se se se
Thinning treatment zy

Untreated control s 35.8 bcd r 5.11 0.2 (1.2) q bc 0.052 40.5 cdef 7.62 4.6 (98.6) q a 0.020 NA a NA NA NA NA
Hand thinned at June drop 29.7 cde 5.11 0.002 (1.0) c 0.052 40.6 cdef 7.62 4.6 (100.0) a 0.020 4.0 a 0.40 60 abc 5.7
1000 mg·L-1 carbaryl + 75 mg·L-1 6-BA 17.0 def 5.16 0.1 (1.2) bc 0.052 71.4 abc 7.69 4.6 (100.0) a 0.020 4.2 a 0.40 51 c 5.7
5 mg·L-1 NAA + 75 mg·L-1 6-BA 52.8 abc 5.52 0.3 (1.4) ab 0.055 25.6 def 8.21 4.6 (97.4) a 0.023 3.7 a 0.42 55 bc 6.1
10 mg·L-1 NAA + 75 mg·L-1 6-BA 56.3 ab 5.35 0.3 (1.4) ab 0.054 21.0 ef 7.96 4.6 (96.3) a 0.021 3.7 a 0.41 51 c 5.9
20 mg·L-1 NAA + 75 mg·L-1 6-BA 68.8 a 5.12 0.5 (1.6) a 0.052 10.7 f 7.64 4.5 (87.4) b 0.020 3.6 a 0.40 58 abc 5.7
150 mg·L-1 ABA + 75 mg·L-1 6-BA 23.0 def 5.19 0.06 (1.1) c 0.054 60.4 bcd 7.73 4.6 (100.0) a 0.021 3.6 a 0.40 61 abc 5.8
300 mg·L-1 ABA + 75 mg·L-1 6-BA 7.0 ef 5.15 0.01 (1.0) c 0.054 87.7 ab 7.68 4.6 (100.0) a 0.021 4.2 a 0.40 73 abc 5.7
450 mg·L-1 ABA + 75 mg·L-1 6-BA 13.7 def 5.11 0.1 (1.1) bc 0.054 75.3 abc 7.62 4.6 (97.6) a 0.021 4.4 a 0.40 67 abc 5.7
150 mg·L-1 ACC 30.0 cde 5.11 0.1 (1.1) bc 0.052 56.3 bcde 7.62 4.6 (99.0) a 0.020 3.4 a 0.40 53 c 5.7
300 mg·L-1 ACC 0.02 f 5.16 0.007 (1.0) c 0.100 99.5 a 7.69 4.6 (100.0) ab 0.040 4.4 a 0.40 77 ab 5.7
450 mg·L-1 ACC 8.1 ef 5.22 0.05 (1.1) bc 0.055 86.5 ab 7.77 4.6 (100.0) a 0.021 4.7 a 0.40 78 a 5.8
P value <0.0001 <0.0001 <0.0001 0.0007 0.0286 <0.0001

Regression
NAA + 6-BA L p NS L L NS NS
ABA + 6-BA Q NS Q NS NS NS
ACC Q NS Q NS L L

Contrasts
Carbaryl + 6-BA vs NAA + 6-BA <0.0001 0.0002 <0.0001 0.0056 0.0933 0.4812
Carbaryl + 6-BA vs ABA + 6-BA 0.6842 0.1713 0.7812 0.7448 0.5974 0.0050
Carbaryl + 6-BA vs ACC 0.4659 0.2193 0.369 0.9361 0.8890 0.0015
Untreated vs NAA + 6-BA 0.0002 0.0006 0.0134 0.0239 NA NA
Untreated vs ABA + 6-BA 0.0006 0.0651 0.0002 0.7913 NA NA
Untreated vs ACC 0.0002 0.0989 <0.0001 0.6490 NA NA

p NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.

Return bloom 
spring 2016 

(% floral spurs) t

Clusters with 1-2 
fruit

(%) (%)
Fruit set x Fruit per cluster w

(%) (n)

Spurs which were 
defruited v

u Visual five-point rating scale of bloom observed in 2016 (where 0=none; 1=light, 3=moderate, 5=heavy).
t The total number of spurs was counted for the presence or absence of flower clusters, which was expressed as the percentage of spurs that are floral.

x Final fruit set was the percent of initial fruit pre-treatment at 25 days after full bloom (DAFB) that persisted at 43 DAFB. This final count followed physiological and treatment-induced fruit drop.
w Fruit per cluster was the average number of persisting fruit in each cluster at 43 DAFB.
v Spurs which were defruited was the proportion of initial fruiting spurs that abscised all fruit by 43 DAFB, following physiological- and treatment-induced fruit drop.

q Data were log transformed. The means in brackets are the untransformed values.

r Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=5.

Return bloom 
spring 2016
(rating 0-5) u

z 1-naphthyl methylcarbamate (carbaryl), 6-benzyladenine (6-BA), naphthaleneacetic acid (NAA), abscisic acid (ABA), 1-aminocyclopropane-1-carboxylic acid (ACC).
y Treatments were applied when the average king fruit diameter was 17 mm.  Hand thinning treatments were applied at 33 mm fruit diameter.

s Untreated trees were included for comparison purposes prior to applying hand thinning treatments.
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Table 3.5 Effects of chemical thinning treatments on total and marketable yield, number of fruit, weight and crop load of 'Imperial 
Gala' apple trees. Treatments were applied during 2015 at a commercial orchard in Blenheim, Ontario, Canada. 

se se se se se
Thinning treatment zy

Hand thinned at June drop 39.5 a x 3.93 34.3 a 3.64 269 abc 32.2 149 a 5.4 2.8 abc 0.35
1000 mg·L-1 carbaryl + 75 mg·L-1 6-BA 35.8 ab 3.96 31.6 a 3.67 243 bcde 32.4 146 a 5.5 2.5 bcd 0.35
5 mg·L-1 NAA + 75 mg·L-1 6-BA 34.7 abc 4.20 30.1 ab 3.89 257 bcd 34.3 140 ab 5.9 3.1 ab 0.35
10 mg·L-1 NAA + 75 mg·L-1 6-BA 37.1 ab 4.10 28.5 abc 3.79 308 ab 33.4 119 bc 5.7 3.0 abc 0.35
20 mg·L-1 NAA + 75 mg·L-1 6-BA 43.3 a 3.94 29.8 abc 3.65 401 a 32.2 109 c 5.5 4.1 a 0.35
150 mg·L-1 ABA + 75 mg·L-1 6-BA 33.5 abc 3.98 30.1 ab 3.68 245 bcd 32.5 139 ab 5.5 2.8 abc 0.35
300 mg·L-1 ABA + 75 mg·L-1 6-BA 21.8 bcd 3.96 20.3 abcd 3.66 145 cdef 32.4 153 a 5.5 1.6 cde 0.35
450 mg·L-1 ABA + 75 mg·L-1 6-BA 17.9 cd 3.93 16.1 bcd 3.64 123 def 32.1 144 ab 5.4 1.3 de 0.35
150 mg·L-1 ACC 36.0 ab 3.93 31.7 a 3.64 264 bc 32.1 136 ab 5.4 2.9 abc 0.35
300 mg·L-1 ACC 7.9 d 3.97 6.5 d 3.67 51 f 32.4 148 a 5.5 0.6 e 0.35
450 mg·L-1 ACC 16.5 d 4.00 14.9 cd 3.70 111 ef 32.7 152 a 5.6 1.1 de 0.35
P value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Regression
NAA + 6-BA NS v NS L L NS
ABA + 6-BA L L L NS L
ACC Q Q Q NS Q

Contrasts
Carbaryl + 6-BA vs NAA + 6-BA 0.5012 0.5568 0.0180 0.0006 0.0119
Carbaryl + 6-BA vs ABA + 6-BA 0.0066 0.0125 0.0286 0.9824 0.0740
Carbaryl + 6-BA vs ACC 0.0003 0.0004 0.0030 0.9681 0.0109

y Treatments were applied when the average king fruit diameter was 17 mm.  Hand thinning treatments were applied at 33 mm fruit diameter.
x Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=5.
w Trunk cross sectional area (TCSA).
v NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.

(kg·tree-1) (kg·tree-1) (n) (g) (fruit·cm -2 TCSA) w

z 1-naphthyl methylcarbamate (carbaryl), 6-benzyladenine (6-BA), naphthaleneacetic acid (NAA), abscisic acid (ABA), 1-aminocyclopropane-1-carboxylic acid (ACC).

Total yield
Marketable 

yield
Number of fruit 

per tree Fruit weight Crop load
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Table 3.6 Effects of chemical thinning treatments on fruit firmness, starch index, soluble solids, titratable acidity, and the rate of 
ethylene evolution of 'Royal Gala' apples. Treatments were applied during 2014 at the University of Guelph Simcoe Research Station, 
Simcoe, Ontario, Canada. 

se Starch index se se se
Rate of ethylene 

evolution se

Thinning treatment zy (Rating 1-8: 
high-low starch)

(nl ethylene·g 
fruit-1·hr-1)

Hand thinned at June drop 73.2 a x 1.03 6.8 0.23 10.4 a 0.27 27.2 a 0.78 0.23 0.045
1000 mg·L-1 carbaryl + 75 mg·L-1 6-BA 71.6 ab 1.03 6.8 0.23 10.5 a 0.28 24.3 ab 0.81 NA NA
5 mg·L-1 NAA + 75 mg·L-1 6-BA 70.2 bc 1.03 7.0 0.23 9.9 a 0.27 23.8 ab 0.78 NA NA
10 mg·L-1 NAA + 75 mg·L-1 6-BA 70.3 bc 1.03 7.0 0.23 10.0 a 0.27 24.6 ab 0.78 NA NA
20 mg·L-1 NAA + 75 mg·L-1 6-BA 70.1 bc 1.03 7.2 0.23 10.2 a 0.27 26.2 ab 0.79 0.30 0.046
150 mg·L-1 ABA + 75 mg·L-1 6-BA 71.0 ab 1.03 6.7 0.23 9.7 a 0.27 23.3 b 0.78 NA NA
300 mg·L-1 ABA + 75 mg·L-1 6-BA 72.2 ab 1.03 6.6 0.23 9.8 a 0.27 25.4 ab 0.79 NA NA
450 mg·L-1 ABA + 75 mg·L-1 6-BA 68.6 c 1.03 7.0 0.23 9.7 a 0.27 25.3 ab 0.78 0.17 0.045
150 mg·L-1 ACC 70.9 ab 1.03 6.8 0.23 9.6 a 0.27 22.9 b 0.78 NA NA
300 mg·L-1 ACC 71.3 ab 1.03 6.9 0.23 9.3 a 0.27 23.0 b 0.78 NA NA
450 mg·L-1 ACC 71.1 ab 1.03 6.4 0.23 9.7 a 0.27 24.9 ab 0.78 0.16 0.045
P value <0.0001 0.2189 0.0369 0.0041 0.1699

Regression
NAA + 6-BA NS w NS L NS NA
ABA + 6-BA Q NS NS NS NA
ACC NS L NS L NA

Contrasts
Carbaryl + 6-BA vs NAA + 6-BA 0.0115 0.2220 0.1109 0.5246 NA
Carbaryl + 6-BA vs ABA + 6-BA 0.0675 0.9946 0.0129 0.6625 NA
Carbaryl + 6-BA vs ACC 0.3674 0.6633 0.0013 0.4679 NA

Soluble solids

(% BRIX)

Titratable 
acidity

(mg malic 
acid·100 ml-1)

Fruit firmness

(N)

w NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.

z 1-naphthyl methylcarbamate (carbaryl), 6-benzyladenine (6-BA), naphthaleneacetic acid (NAA), abscisic acid (ABA), 1-aminocyclopropane-1-carboxylic acid (ACC).
y Treatments were applied when the average king fruit diameter was 9 mm.  Hand thinning treatments were applied at 30 mm fruit diameter.
x Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.
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Table 3.7 Effects of chemical thinning treatments on international standard CIELAB colour coordinates: L* (lightness), C* (chroma), 
and H0 (hue angle) of 'Royal Gala' fruit skin blush and ground colour. Treatments were applied during 2014 at the University of 
Guelph Simcoe Research Station, Simcoe, Ontario, Canada.z 

  

Thinning treatment yx L* se C* se H0 se L* se se se
Hand thinned at June drop 49.3 1.40 39.0 0.82 34.9 2.39 76.1 0.66 36.6 a w 0.53 100.5 ab 1.14
1000 mg·L-1 carbaryl + 75 mg·L-1 6-BA 50.4 1.40 38.0 0.82 37.7 2.39 77.7 0.65 36.6 a 0.52 100.1 ab 1.12
5 mg·L-1 NAA + 75 mg·L-1 6-BA 48.4 1.40 38.0 0.82 34.8 2.39 77.7 0.64 36.2 a 0.51 102.3 ab 1.11
10 mg·L-1 NAA + 75 mg·L-1 6-BA 47.9 1.40 38.8 0.82 33.7 2.39 77.1 0.65 36.3 a 0.52 100.9 ab 1.12
20 mg·L-1 NAA + 75 mg·L-1 6-BA 45.7 1.40 39.8 0.82 31.3 2.39 77.2 0.64 35.7 a 0.51 99.5 b 1.12
150 mg·L-1 ABA + 75 mg·L-1 6-BA 48.4 1.40 38.0 0.82 35.5 2.39 77.6 0.64 34.8 a 0.51 102.4 ab 1.11
300 mg·L-1 ABA + 75 mg·L-1 6-BA 47.2 1.40 39.0 0.82 34.5 2.39 78.1 0.64 34.6 a 0.51 101.8 ab 1.12
450 mg·L-1 ABA + 75 mg·L-1 6-BA 49.7 1.40 36.8 0.82 39.3 2.39 78.6 0.63 35.3 a 0.51 104.2 ab 1.11
150 mg·L-1 ACC 48.3 1.40 37.5 0.82 38.2 2.39 78.2 0.63 34.7 a 0.50 103.9 ab 1.11
300 mg·L-1 ACC 50.0 1.40 36.6 0.82 41.2 2.39 78.2 0.63 35.4 a 0.50 103.7 ab 1.11
450 mg·L-1 ACC 48.8 1.40 36.8 0.82 38.5 2.39 77.8 0.63 36.4 a 0.50 104.8 a 1.11
P value 0.5196 0.0703 0.1828 0.2923 0.0145 0.0053

Regression
NAA + 6-BA L v L L NS NS L
ABA + 6-BA Q Q Q L NS L
ACC NS NS NS NS L NS

Contrasts
Carbaryl + 6-BA vs NAA + 6-BA 0.0662 0.3510 0.1179 0.5911 0.3118 0.5223
Carbaryl + 6-BA vs ABA + 6-BA 0.2419 0.8964 0.6651 0.5961 0.0037 0.0310
Carbaryl + 6-BA vs ACC 0.4198 0.2401 0.5522 0.5772 0.0497 0.0017

Ground

y 1-naphthyl methylcarbamate (carbaryl), 6-benzyladenine (6-BA), naphthaleneacetic acid (NAA), abscisic acid (ABA), 1-aminocyclopropane-1-carboxylic acid (ACC).
x Treatments were applied when the average king fruit diameter was 9 mm.  Hand thinning treatments were applied at 30 mm fruit diameter.
w Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.

C* H0
Blush

v L, Q, NS denote linear, quadratic and non-significant relationships at α = 0.05, respectively.

z Lightness (L*) defined as the intensity of an area from black to white (0-100), chroma (C*) defined as the purity of a colour (low is washed out, high is vivid), and hue (H0) 
defined as similarity to red (0), yellow (60), and green (120).
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Table 3.8 Effects of chemical thinning treatments on commercial weight grade distribution of 'Royal Gala' apple fruit. Treatments 
were applied during 2014 at the University of Guelph Simcoe Research Station, Simcoe, Ontario, Canada. 

0-107 g 108-116 g 117-126 g 127-138 g 139-152 g 153-170 g 171-193 g 194-228 g 229-276 g 277-339 g
Thinning treatment zy <178 178 x 164 149 137 123 109 94 79 64
Hand thinned at June drop 13.2 ab w 8.0 ab 12.5 a 18.5 21.4 a 17.2 ab 7.0 abcd 2.4 0.0 0.0
1000 mg·L-1 carbaryl + 75 mg·L-1 6-BA 6.6 b 5.8 b 8.3 a 13.5 21.5 a 22.6 a 15.8 a 5.6 0.3 0.0
5 mg·L-1 NAA + 75 mg·L-1 6-BA 13.4 ab 8.0 ab 9.1 a 14.4 20.1 a 16.0 ab 13.2 ab 5.0 0.5 0.3
10 mg·L-1 NAA + 75 mg·L-1 6-BA 16.2 ab 8.9 ab 15.1 a 14.3 18.6 a 16.4 ab 8.1 abcd 2.7 0.0 0.0
20 mg·L-1 NAA + 75 mg·L-1 6-BA 19.1 ab 8.0 ab 12.8 a 13.4 15.3 a 14.1 ab 12.0 abc 5.1 0.3 0.0
150 mg·L-1 ABA + 75 mg·L-1 6-BA 28.8 ab 11.5 ab 14.7 a 15.1 13.5 a 10.4 ab 4.6 abcd 1.4 0.0 0.0
300 mg·L-1 ABA + 75 mg·L-1 6-BA 25.1 ab 13.9 ab 17.2 a 20.1 16.7 a 5.4 b 1.7 bcd 0.0 0.0 0.0
450 mg·L-1 ABA + 75 mg·L-1 6-BA 20.3 ab 11.2 ab 17.4 a 15.5 14.6 a 12.8 ab 6.9 abcd 1.3 0.0 0.0
150 mg·L-1 ACC 41.3 a 14.0 ab 16.7 a 13.6 9.7 a 3.4 b 1.3 cd 0.0 0.0 0.0
300 mg·L-1 ACC 41.8 a 17.7 a 14.9 a 12.2 9.1 a 3.4 b 0.6 cd 0.3 0.0 0.0
450 mg·L-1 ACC 40.7 a 13.1 ab 16.5 a 15.7 8.2 a 5.6 b 0.3 d 0.0 0.0 0.0
P value 0.0004 0.0306 0.0384 0.4634 0.0074 0.0003 <0.0001 0.0673 0.5991 0.4564

Contrasts
Carbaryl + 6-BA vs NAA + 6-BA 0.1838 0.3722 0.1105 0.8537 0.2951 0.0547 0.1021 0.4699 0.9805 0.3430
Carbaryl + 6-BA vs ABA + 6-BA 0.0142 0.0241 0.0019 0.2175 0.0528 0.0007 0.0002 0.0138 0.2539 0.9999
Carbaryl + 6-BA vs ACC <0.0001 0.0016 0.0029 0.9087 0.0004 <0.0001 <0.0001 0.0041 0.2539 0.9999

Distribution of fruit by weight and count size (%) x

z 1-naphthyl methylcarbamate (carbaryl), 6-benzyladenine (6-BA), naphthaleneacetic acid (NAA), abscisic acid (ABA), 1-aminocyclopropane-1-carboxylic acid (ACC).
y Treatments were applied when the average king fruit diameter was 9 mm.  Hand thinning treatments were applied at 30 mm fruit diameter.

w Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.

x For each treatment, 70 harvested fruit were sorted into categories according to their weight. Count size category was the number of apples in a 20 kg box.
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Table 3.9 Effects of chemical thinning treatments on fruit firmness, starch index, soluble solids, titratable acidity, and the rate of 
ethylene evolution of 'Imperial Gala' apples. Treatments were applied during 2015 at a commercial orchard in Blenheim, Ontario, 
Canada. 

se Starch index se
Soluble 
solids se se

Rate of ethylene 
evolution se

Thinning treatment zy (Rating 1-8: high-
low starch) (% BRIX) (nl ethylene g 

fruit-1·hr-1)
Hand thinned at June drop 81.5 abcd x 1.50 5.6 0.56 11.2 0.328 32.5 abc 1.10 0.68 0.209
1000 mg·L-1 carbaryl + 75 mg·L-1 6-BA 79.1 bcde 1.50 6.1 0.56 11.3 0.331 30.1 abcd 1.11 NA NA
5 mg·L-1 NAA + 75 mg·L-1 6-BA 79.0 cde 1.50 5.9 0.56 11.3 0.355 29.9 abcd 1.19 NA NA
10 mg·L-1 NAA + 75 mg·L-1 6-BA 82.3 abc 1.50 4.5 0.56 10.4 0.345 28.8 bcd 1.15 NA NA
20 mg·L-1 NAA + 75 mg·L-1 6-BA 81.3 abcd 1.50 5.1 0.56 10.5 0.329 29.9 abcd 1.10 0.56 0.210
150 mg·L-1 ABA + 75 mg·L-1 6-BA 80.7 abcde 1.51 5.3 0.56 10.8 0.333 27.6 cd 1.11 NA NA
300 mg·L-1 ABA + 75 mg·L-1 6-BA 77.3 de 1.50 6.2 0.56 11.4 0.331 31.1 abcd 1.10 NA NA
450 mg·L-1 ABA + 75 mg·L-1 6-BA 83.6 ab 1.58 4.7 0.62 10.9 0.366 32.9 abc 1.23 0.83 0.224
150 mg·L-1 ACC 82.5 abc 1.50 4.8 0.56 10.5 0.328 26.3 d 1.10 NA NA
300 mg·L-1 ACC 76.4 e 1.50 6.5 0.56 11.7 0.331 34.6 a 1.11 NA NA
450 mg·L-1 ACC 83.6 a 1.50 4.7 0.56 11.2 0.335 33.6 ab 1.12 0.76 0.215
P value <0.0001 0.0913 0.0828 <0.0001 0.6861

Regression
NAA + 6-BA Q w Q NS NS NA
ABA + 6-BA Q Q NS NS NA
ACC Q Q NS Q NA

Contrasts
Carbaryl + 6-BA vs NAA + 6-BA 0.1041 0.1408 0.1537 0.6288 NA
Carbaryl + 6-BA vs ABA + 6-BA 0.1885 0.2938 0.5060 0.7511 NA
Carbaryl + 6-BA vs ACC 0.1104 0.2307 0.7115 0.2876 NA

Titratable acidity
(mg malic 

acid·100 ml-1)

Fruit firmness

(N)

z 1-naphthyl methylcarbamate (carbaryl), 6-benzyladenine (6-BA), naphthaleneacetic acid (NAA), abscisic acid (ABA), 1-aminocyclopropane-1-carboxylic acid (ACC).
y Treatments were applied when the average king fruit diameter was 17 mm.  Hand thinning treatments were applied at 33 mm fruit diameter.
x Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=5.
w NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.
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Table 3.10 Effects of chemical thinning treatments on international standard CIELAB colour coordinates: L* (lightness), C* 
(chroma), and H0 (hue angle) of 'Imperial Gala' fruit skin blush and ground colour. Treatments were applied during 2015 at a 
commercial orchard in Blenheim, Ontario, Canada.z 

Thinning treatment yx L* se C* se H0 se L* se C* se H0 se
Hand thinned at June drop 49.6 1.93 42.3 1.18 33.4 3.27 75.1 1.52 35.4 1.07 82.5 5.22
1000 mg·L-1 carbaryl + 75 mg·L-1 6-BA 49.8 1.93 41.7 1.18 32.7 3.27 74.5 1.52 33.9 1.07 79.5 5.22
5 mg·L-1 NAA + 75 mg·L-1 6-BA 45.4 1.93 41.2 1.18 26.5 3.27 69.4 1.52 35.1 1.07 67.0 5.22
10 mg·L-1 NAA + 75 mg·L-1 6-BA 49.4 1.93 38.2 1.18 34.5 3.27 74.7 1.52 32.6 1.07 84.7 5.22
20 mg·L-1 NAA + 75 mg·L-1 6-BA 49.0 1.93 40.4 1.18 31.6 3.27 73.5 1.52 32.9 1.07 79.3 5.22
150 mg·L-1 ABA + 75 mg·L-1 6-BA 47.7 1.93 41.8 1.18 31.5 3.27 74.3 1.52 32.7 1.07 78.0 5.23
300 mg·L-1 ABA + 75 mg·L-1 6-BA 46.2 1.93 43.3 1.18 28.3 3.27 72.4 1.52 34.6 1.07 71.4 5.22
450 mg·L-1 ABA + 75 mg·L-1 6-BA 51.2 2.20 40.4 1.31 37.2 3.62 72.8 1.69 34.1 1.20 77.2 5.78
150 mg·L-1 ACC 48.9 1.93 41.2 1.18 29.7 3.27 75.6 1.52 32.3 1.07 81.7 5.22
300 mg·L-1 ACC 47.1 1.93 43.0 1.18 29.7 3.27 70.5 1.52 37.1 1.07 70.7 5.22
450 mg·L-1 ACC 49.5 1.93 40.1 1.18 33.3 3.27 72.2 1.52 35.3 1.07 75.1 5.22
P value 0.6062 0.1041 0.5155 0.0907 0.0587 0.2709

Regression
NAA + 6-BA Q w Q Q Q Q Q
ABA + 6-BA Q Q Q NS NS NS
ACC NS NS Q Q Q Q

Contrasts
Carbaryl + 6-BA vs NAA + 6-BA 0.3904 0.1624 0.5924 0.2459 0.7681 0.6576
Carbaryl + 6-BA vs ABA + 6-BA 0.5090 0.95 0.9061 0.4247 0.9550 0.4914
Carbaryl + 6-BA vs ACC 0.5554 0.8251 0.6071 0.3000 0.3992 0.5188
z Lightness (L*) defined as the intensity of an area from black to white (0-100), chroma (C*) defined as the purity of a colour (low is washed out, high is vivid), and hue (H0) defined 
as similarity to red (0), yellow (60), and green (120).

w L, Q, NS denote linear, quadratic and non-significant relationships at α = 0.05, respectively. N=5

Blush Ground

y 1-naphthyl methylcarbamate (carbaryl), 6-benzyladenine (6-BA), naphthaleneacetic acid (NAA), abscisic acid (ABA), 1-aminocyclopropane-1-carboxylic acid (ACC).
x Treatments were applied when the average king fruit diameter was 17 mm.  Hand thinning treatments were applied at 33 mm fruit diameter.
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Table 3.11 Effects of chemical thinning treatments on commercial weight grade distribution of 'Imperial Gala' apple fruit. Treatments 
were applied during 2015 at a commercial orchard in Blenheim, Ontario, Canada. 

0-107 g 108-116 g 117-126 g 127-138 g 139-152 g 153-170 g 171-193 g 194-228 g 229-276 g 277-339 g
Thinning treatment zy <178 178 164 149 137 123 109 94 79 64
Hand thinned at June drop 2.7 c w 6.0 ab 12.9 15.8 20.0 ab 22.6 a 14.5 5.1 0.6 0.0
1000 mg·L-1 carbaryl + 75 mg·L-1 6-BA 4.8 bc 5.4 ab 10.1 15.5 17.8 ab 24.4 a 17.5 4.2 0.3 0.0
5 mg·L-1 NAA + 75 mg·L-1 6-BA 8.4 abc 6.8 ab 11.7 16.5 20.2 ab 18.2 a 13.5 4.4 0.3 0.0
10 mg·L-1 NAA + 75 mg·L-1 6-BA 25.9 a 13.6 a 11.1 13.7 16.6 ab 11.6 a 5.8 1.5 0.0 0.0
20 mg·L-1 NAA + 75 mg·L-1 6-BA 21.4 ab 10.2 ab 10.8 18.0 14.4 b 15.3 a 7.2 2.4 0.3 0.0
150 mg·L-1 ABA + 75 mg·L-1 6-BA 9.5 abc 7.3 ab 17.1 14.5 19.4 ab 19.6 a 9.6 2.4 0.6 0.0
300 mg·L-1 ABA + 75 mg·L-1 6-BA 5.9 bc 5.1 ab 11.4 13.7 14.6 b 23.5 a 16.6 8.4 0.9 0.0
450 mg·L-1 ABA + 75 mg·L-1 6-BA 11.1 abc 5.6 ab 6.3 11.4 17.9 ab 18.6 a 19.2 9.0 0.5 0.0
150 mg·L-1 ACC 14.1 abc 11.4 a 13.3 17.8 19.1 ab 15.2 a 8.3 0.9 0.0 0.0
300 mg·L-1 ACC 12.9 abc 0.1 b 7.1 13.9 29.4 a 8.9 a 21.3 5.9 0.8 0.0
450 mg·L-1 ACC 2.9 abc 6.5 ab 8.5 15.6 24.9 ab 18.9 a 17.4 5.8 0.0 0.0
P value 0.0016 0.0136 0.1770 0.8527 0.0430 0.0328 0.0775 0.1294 0.7527 NA v

Contrasts
Carbaryl + 6-BA vs NAA + 6-BA 0.0026 0.0430 0.6812 0.8431 0.7833 0.0089 0.0388 0.5392 0.8236 NA
Carbaryl + 6-BA vs ABA + 6-BA 0.3506 0.7849 0.5735 0.4450 0.8490 0.2661 0.5606 0.2949 0.3851 NA
Carbaryl + 6-BA vs ACC 0.2686 0.8090 0.8576 0.9336 0.0360 0.0100 0.6710 0.9991 0.9722 NA

v NA denotes not applicable.

z 1-naphthyl methylcarbamate (carbaryl), 6-benzyladenine (6-BA), naphthaleneacetic acid (NAA), abscisic acid (ABA), 1-aminocyclopropane-1-carboxylic acid (ACC).

Distribution of fruit by weight and count size (%) x

y Treatments were applied when the average king fruit diameter was 17 mm.  Hand thinning treatments were applied at 33 mm fruit diameter.

w Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=5.

x For each treatment, 70 harvested fruit were sorted into categories according to their weight. Count size category was the number of apples in a 20 kg box.
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Table 3.12 Effects of chemical thinning treatments on fruit set, fruit per cluster, cluster removal, percentage of clusters with 1-2 fruit, 
and return bloom of 'Royal Gala' apple trees. Treatments were applied during 2014 at the University of Guelph Simcoe Research 
Station, Simcoe, Ontario, Canada. 

Fruit diameter 
during 

treatment se se se se
Return bloom 
spring 2015 se

Thinning treatment zy (mm) (rating 0-5) u

960 mg·L-1 carbaryl 10 13.3 abc s 1.85 1.2 ab 0.064 59.5 c 4.72 9.8 (95.7) t ab 0.086 3.8 0.38
Carbaryl + hand thinning 31 11.8 bcd 1.73 1.0 b 0.059 52.1 bc 4.35 10.0 (99.7) a 0.079 3.6 0.42
Carbaryl + 400 mg·L-1 ACC 15 5.0 d 1.76 1.1 ab 0.061 82.5 a 4.43 10.0 (100.0) a 0.082 4.0 0.38
Carbaryl + 400 mg·L-1 ACC 21 8.5 cd 1.76 1.2 ab 0.061 73.1 ab 4.43 9.9 (99.0) a 0.082 3.7 0.38
Carbaryl + 400 mg·L-1 ACC 25 12.7 bcd 1.72 1.2 ab 0.059 60.1 bc 4.33 9.8 (95.3) ab 0.079 3.9 0.41
Carbaryl + 300 mg·L-1 ethephon 15 17.0 ab 1.72 1.3 a 0.059 53.1 bc 4.33 9.6 (91.9) b 0.079 3.4 0.38
Carbaryl + 300 mg·L-1 ethephon 21 16.7 abc 1.75 1.2 ab 0.060 52.2 c 4.41 9.8 (95.5) ab 0.080 4.3 0.39
Carbaryl + 300 mg·L-1 ethephon 25 18.4 ab 1.78 1.2 ab 0.061 46.1 c 4.49 9.9 (97.8) ab 0.082 4.1 0.39
P value <0.0001 0.0046 <0.0001 0.0061 0.7068

Regression
Carbaryl + ACC L r NS L L NS
Carbaryl + ethephon NS NS NS NS NS

Contrasts
Carbaryl vs carbaryl + ACC (3 timings) 0.0291 0.1357 0.0268 0.1992 0.8456
Carbaryl vs carbaryl + ethephon (3 timings) 0.1046 0.7248 0.1199 0.7418 0.7654

s Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.
r NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.               

u Visual five-point rating scale of bloom observed in 2015 (where 0=none; 1=light, 3=moderate, 5=heavy).

z 1-naphthyl methylcarbamate (carbaryl), 1-aminocyclopropane-1-carboxylic acid (ACC), 2-chloroethylphosphonic acid (ethephon).
y 960 mg·L-1 carbaryl was applied to all treatments at 10 mm fruit diameter.

t Data were square root transformed. The means in brackets are the untransformed values.

(n)

Spurs which were 
defruited v

(%)

Clusters with 1-2 
fruit
(%)

Fruit set x

(%)
Fruit per cluster w

x Final fruit set was the percent of initial fruit pre-treatment at 10 days after full bloom (DAFB) that persisted at 35 DAFB. This final count followed physiological and treatment-induced fruit drop.
w Fruit per cluster was the average number of persisting fruit in each cluster at 35 DAFB.            
v Spurs which were defruited was the proportion of initial fruiting spurs that abscised all fruit by 35 DAFB, following physiological- and treatment-induced fruit drop.
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Table 3.13 Effects of chemical thinning treatments on marketable yield, number of fruit, weight and crop load of 'Royal Gala' apple 
trees. Treatments were applied during 2014 at the University of Guelph Simcoe Research Station, Simcoe, Ontario, Canada. 

Fruit diameter 
during 

treatment
Total 
yield se

Marketable 
yield se

Fruit per 
tree se se se

Thinning treatment zy (mm) (kg·tree-1) (kg·tree-1) (n)
960 mg·L-1 carbaryl 10 58.0 6.27 44.6 4.72 376 46.5 157 a w 6.7 5.9 a 0.61
Carbaryl + hand thinning 31 50.8 5.82 44.0 4.37 293 43.3 176 a 6.2 3.8 ab 0.61
Carbaryl + 400 mg·L-1 ACC 15 42.9 5.78 37.7 4.35 278 43.0 158 a 6.2 3.3 b 0.61
Carbaryl + 400 mg·L-1 ACC 21 47.5 6.19 40.4 4.66 278 46.0 177 a 6.7 3.5 ab 0.65
Carbaryl + 400 mg·L-1 ACC 25 43.2 6.19 35.7 4.66 273 46.0 162 a 6.7 3.4 b 0.65
Carbaryl + 300 mg·L-1 ethephon 15 51.5 5.79 38.4 4.36 344 43.1 151 a 6.2 4.5 ab 0.61
Carbaryl + 300 mg·L-1 ethephon 21 55.5 5.84 45.0 4.39 340 43.5 164 a 6.3 3.7 ab 0.61
Carbaryl + 300 mg·L-1 ethephon 25 58.5 6.01 39.2 4.52 399 44.7 150 a 6.5 4.1 ab 0.61
P value 0.2634 0.6503 0.1615 0.0169 0.0244

Regression
Carbaryl + ACC NS v NS NS NS NS
Carbaryl + ethephon NS NS NS NS NS

Contrasts
Carbaryl vs carbaryl + ACC (3 timings) 0.0483 0.1900 0.0432 0.2156 0.0002
Carbaryl vs carbaryl + ethephon (3 timings) 0.6879 0.4809 0.7682 0.8331 0.0046

v NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.

z 1-naphthyl methylcarbamate (carbaryl), 1-aminocyclopropane-1-carboxylic acid (ACC), 2-chloroethylphosphonic acid (ethephon).

w Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.

y 960 mg·L-1 carbaryl was applied to all treatments at 10 mm fruit diameter.
x Trunk cross sectional area (TCSA).

Crop load
(fruit·cm-2 TCSA) x

Fruit weight
(g)
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Table 3.14 Effects of chemical thinning treatments on fruit set, fruit per cluster, cluster removal, and percentage of clusters with 1-2 
fruit, and return bloom of 'Imperial Gala' apple trees. Treatments were applied during 2015 at a commercial orchard in Windham 
Centre, Ontario, Canada. 

Fruit diameter 
during 

treatment se se se
Clusters with 

1-2 fruit se
Return bloom 
spring 2016 se se

Thinning treatment zy (mm) (%) (rating 0-5) u

960 mg·L-1 carbaryl 10 53.0 ab s 4.75 1.1 (1.2) r abc 0.045 3.6 (16.1) r b 0.61 9.9 (98.67) r 0.054 3.5 0.31 57 ab 4.7
Carbaryl + hand thinning 38 46.0 ab 4.84 1.1 (1.2) abc 0.045 3.8 (19.0) b 0.61 9.9 (99.8) 0.054 3.5 0.31 54 b 4.6
Carbaryl + 400 mg·L-1 ACC 16 17.5 c 4.75 1.0 (1.1) bc 0.046 8.2 (68.1) a 0.60 10.0 (100.0) 0.056 4.5 0.31 77 a 4.6
Carbaryl + 400 mg·L-1 ACC 22 49.2 ab 4.77 1.1 (1.2) ab 0.045 3.9 (20.6) b 0.61 9.9 (98.5) 0.054 3.8 0.31 64 ab 4.6
Carbaryl + 400 mg·L-1 ACC 25 53.9 a 4.75 1.2 (1.4) a 0.045 3.4 (17.0) b 0.61 9.8 (95.8) 0.056 3.8 0.31 58 ab 4.6
Carbaryl + 300 mg·L-1 ethephon 16 40.3 abc 4.91 1.1 (1.2) abc 0.046 5.1 (29.8) b 0.61 9.9 (98.3) 0.055 3.8 0.32 64 ab 4.7
Carbaryl + 300 mg·L-1 ethephon 25 48.4 ab 5.00 1.1 (1.3) ab 0.047 3.7 (18.4) b 0.64 10.0 (99.8) 0.057 3.0 0.32 47 b 4.8
P value <0.0001 0.0006 <0.0001 0.1625 0.0701 0.0014

Regression
Carbaryl + ACC Q q L Q Q NS L
Carbaryl + ethephon NA NA NA NA NA NA

Contrasts
Carbaryl vs carbaryl + ACC (3 timings) 0.0294 0.9233 0.0564 0.6507 0.9814 0.6114
Carbaryl vs carbaryl + ethephon (3 timings) 0.1372 0.9720 0.7522 0.6968 0.8238 0.7887

t The total number of spurs was counted for the presence or absence of flower clusters, which was expressed as the percentage of spurs that are floral.
s Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.

u Visual five-point rating scale of bloom observed in 2016 (where 0=none; 1=light, 3=moderate, 5=heavy).

z 1-naphthyl methylcarbamate (carbaryl), 1-aminocyclopropane-1-carboxylic acid (ACC), 2-chloroethylphosphonic acid (ethephon).
y 960 mg·L-1 carbaryl was applied to all treatments at 10 mm fruit diameter.

q NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.               

(n)

Spurs which were 
defruited v

(%)
Fruit set x

(%)
Fruit per cluster w

Return bloom 
spring 2016

(% floral spurs) t

x Final fruit set was the percent of initial fruit pre-treatment at 21 days after full bloom (DAFB) that persisted at 45 DAFB. This final count followed physiological and treatment-induced fruit drop.
w Fruit per cluster was the average number of persisting fruit in each cluster at 45 DAFB.
v Spurs which were defruited was the proportion of initial fruiting spurs that abscised all fruit by 45 DAFB, following physiological- and treatment-induced fruit drop.

r Data were square root transformed.  The means in brackets are the untransformed values.
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Table 3.15 Effects of chemical thinning treatments on total and marketable yield, number of fruit, weight and crop load of 'Imperial 
Gala' apple trees. Treatments were applied during 2015 at a commercial orchard in Windham Centre, Ontario, Canada. 

Fruit diameter 
during 

treatment se se se se se
Thinning treatment zy (mm)
960 mg·L-1 carbaryl 10 53.2 a w 2.98 38.6 ab 2.61 487 a 29.5 112 c 4.4 18.6 ab 1.38
Carbaryl + hand thinning 38 51.0 a 3.03 44.9 a 2.66 377 a 30.1 136 b 4.4 14.4 b 1.38
Carbaryl + 400 mg·L-1 ACC 16 32.3 b 2.98 30.3 b 2.61 195 b 29.5 166 a 4.4 7.5 c 1.38
Carbaryl + 400 mg·L-1 ACC 22 49.9 a 2.99 37.6 ab 2.62 453 a 29.6 110 c 4.4 18.1 ab 1.38
Carbaryl + 400 mg·L-1 ACC 25 49.9 a 2.98 32.7 b 2.61 472 a 29.5 106 c 4.4 18.6 ab 1.38
Carbaryl + 300 mg·L-1 ethephon 16 45.7 ab 3.08 33.1 b 2.70 430 a 30.5 107 c 4.5 16.4 ab 1.38
Carbaryl + 300 mg·L-1 ethephon 25 49.9 a 3.14 29.3 b 2.75 485 a 31.1 100 c 4.6 21.2 a 1.38
P value <0.0001 0.0151 <0.0001 <0.0001 <0.0001

Regression
Carbaryl + ACC L v NS Q Q Q
Carbaryl + ethephon NA NA NA NA NA

Contrasts
Carbaryl vs carbaryl + ACC (3 timings) 0.0579 0.0009 0.9171 0.0714 0.8398
Carbaryl vs carbaryl + ethephon (3 timings) 0.4033 0.0002 0.0363 <0.0001 0.0144

v NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.

z 1-naphthyl methylcarbamate (carbaryl), 1-aminocyclopropane-1-carboxylic acid (ACC), 2-chloroethylphosphonic acid (ethephon).
y 960 mg·L-1 carbaryl was applied to all treatments at 10 mm fruit diameter.
x Trunk cross sectional area (TCSA).
w Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.

Crop load
(fruit·cm-2 TCSA) x

Total yield
(kg·tree-1)

Marketable 
yield

(kg·tree-1)
Fruit weight

(g)
Fruit per tree

(n)
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Table 3.16 Effects of chemical thinning treatments on ethylene evolution of 'Royal Gala' king 
fruitlets. Measurements were taken at 24 hrs and 7 days following treatment during 2014 at the 
University of Guelph Simcoe Research Station, Simcoe, Ontario, Canada. 

  

Fruit diameter 
during 

treatment se se

Thinning treatment zy (mm)

960 mg·L-1 carbaryl 10 0.54 c v 0.450 0.23 b 0.0990
Carbaryl + 400 mg·L-1 ACC 15 13.24 a 0.450 0.80 a 0.0990
Carbaryl + 300 mg·L-1 ethephon 15 3.50 b 0.450 1.11 a 0.0990
P value <0.0001 <0.0001

960 mg·L-1 carbaryl 10 0.38 (0.23) w c 0.087 0.34 (0.17) w b 0.0818
Carbaryl + 400 mg·L-1 ACC 21 2.65 (7.03) a 0.087 0.57 (0.33) ab 0.0818
Carbaryl + 300 mg·L-1 ethephon 21 1.71 (2.93) b 0.093 0.85 (0.77) a 0.0818
P value <0.0001 0.0011

960 mg·L-1 carbaryl 10 0.39 (0.20) w c 0.065 0.06 c 0.090
Carbaryl + 400 mg·L-1 ACC 25 1.46 (2.10) a 0.065 0.39 b 0.090
Carbaryl + 300 mg·L-1 ethephon 25 1.04 (1.10) b 0.065 1.46 a 0.090
P value <0.0001 <0.0001

Regression over time
Carbaryl + ACC L u Q
Carbaryl + ethephon L Q

Contrast over time
Carbaryl vs carbaryl + ACC (3 timings) <0.0001 <0.0001
Carbaryl vs carbaryl + ethephon (3 timings) <0.0001 <0.0001

17 DAFB x

24 DAFB

27 DAFB

24 DAFB

29 DAFB

34 DAFB

u NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.

z 1-naphthyl methylcarbamate (carbaryl), 1-aminocyclopropane-1-carboxylic acid (ACC), 2-chloroethylphosphonic acid (ethephon).
y 960 mg·L-1 carbaryl was applied to all treatments at 10 mm fruit diameter.

v Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.

Rate of ethylene evolution 
(24 hours post-spray)

(nl ethylene·g fruit-1·hr-1)

Rate of ethylene evolution 
(7 days post-spray)

(nl ethylene·g fruit-1·hr-1)

w Data were square root transformed.  The means in brackets are the untransformed values.

x Days after full bloom (DAFB).
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Table 3.17 Effects of chemical thinning treatments on ethylene evolution of 'Imperial Gala' king 
fruitlets. Measurements were taken at 24 hrs and 7 days following treatment during 2014 at a 
commercial orchard in Windham Centre, Ontario, Canada. 

Fruit diameter 
during 

treatment se se

Thinning treatment zy (mm)

960 mg·L-1 carbaryl 10 0.09 (0.0084) w c v 0.0825 0.17 b 0.119
Carbaryl + 400 mg·L-1 ACC 16 3.35 (11.34) a 0.0825 0.003 b 0.119
Carbaryl + 300 mg·L-1 ethephon 16 1.40 (1.98) b 0.0825 0.70 a 0.119
P value <0.0001 0.0048

960 mg·L-1 carbaryl 10 0.21 (0.17) w b 0.117 0.001 NA 0.0629
Carbaryl + 400 mg·L-1 ACC 22 1.16 (1.36) a 0.117 0.10 NA 0.0629
P value <0.0001 0.5020

960 mg·L-1 carbaryl 10 0.14 (0.063) w c 0.0757 0.05 b 0.0646
Carbaryl + 400 mg·L-1 ACC 25 0.92 (0.84) b 0.0757 0.05 b 0.0646
Carbaryl + 300 mg·L-1 ethephon 25 1.92 (3.72) a 0.0757 1.60 a 0.0646
P value <0.0001 <0.0001

Regression over time
Carbaryl + ACC Q u NS
Carbaryl + ethephon Q Q

Contrast over time
Carbaryl vs carbaryl + ACC (3 timings) <0.0001 <0.0001
Carbaryl vs carbaryl + ethephon (2 timings) 0.1024 <0.0001

v Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.
u NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.

22 DAFB x 29 DAFB

29 DAFB 35 DAFB

34 DAFB 40 DAFB

z 1-naphthyl methylcarbamate (carbaryl), 1-aminocyclopropane-1-carboxylic acid (ACC), 2-chloroethylphosphonic acid (ethephon).
y 960 mg·L-1 carbaryl was applied to all treatments at 10 mm fruit diameter.
x Days after full bloom (DAFB).
w Data were square root transformed.  The means in brackets are the untransformed values.

Rate of ethylene 
evolution                     

(24 hours post-spray)

(nl ethylene·g fruit-1·hr-1)

Rate of ethylene 
evolution                             

(7 days post-spray)

(nl ethylene·g fruit-1·hr-1)
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Table 3.18 Effects of chemical thinning treatments on fruit firmness, starch index, soluble solids, titratable acidity, and the rate of 
ethylene evolution of 'Royal Gala' apples. Treatments were applied during 2014 at the University of Guelph Simcoe Research Station, 
Simcoe, Ontario, Canada. 

 
 

Fruit diameter 
during 

treatment se Starch index se
Soluble 
solids se se

Rate of ethylene 
evolution se

Thinning treatment zy (mm)
(Rating 1-8: high-

low starch) (% BRIX)
(nl ethylene·g 

fruit-1·hr-1)
960 mg·L-1 carbaryl 10 76.1 a w 1.36 5.8 0.34 10.5 0.22 32.26 a 0.012 0.72 (0.48) x 0.0646
Carbaryl + hand thinning 31 78.8 a 1.36 5.7 0.34 10.5 0.21 36.39 a 0.011 0.66 (0.54) 0.0713
Carbaryl + 400 mg·L-1 ACC 15 79.0 a 1.46 5.7 0.34 10.5 0.21 36.99 a 0.011 0.72 (0.53) 0.0649
Carbaryl + 400 mg·L-1 ACC 21 77.8 a 1.46 5.2 0.34 10.9 0.22 36.67 a 0.012 0.77 (0.62) 0.0645
Carbaryl + 400 mg·L-1 ACC 25 77.0 a 1.57 6.2 0.34 10.5 0.22 34.86 a 0.012 0.77 (0.59) 0.0718
Carbaryl + 300 mg·L-1 ethephon 15 74.8 a 1.46 6.2 0.34 10.6 0.21 32.70 a 0.011 0.76 (0.59) 0.0650
Carbaryl + 300 mg·L-1 ethephon 21 74.5 a 1.46 6.2 0.34 10.8 0.21 34.50 a 0.011 0.75 (0.57) 0.0663
Carbaryl + 300 mg·L-1 ethephon 25 74.8 a 1.46 5.6 0.34 10.8 0.22 33.74 a 0.011 0.66 (0.47) 0.0657
P value 0.0484 0.3680 0.7813 0.0105 0.8406

Regression
Carbaryl + ACC L v L NS NS NS
Carbaryl + ethephon NS Q NS NS NS

Contrasts
Carbaryl vs carbaryl + ACC (3 timings) 0.0958 0.9874 0.4664 0.0039 0.2548
Carbaryl vs carbaryl + ethephon (3 timings) 0.4271 0.4310 0.3063 0.3067 0.4225
z 1-naphthyl methylcarbamate (carbaryl), 1-aminocyclopropane-1-carboxylic acid (ACC), 2-chloroethylphosphonic acid (ethephon).

v NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.

w Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.

y 960 mg·L-1 carbaryl was applied to all treatments at 10 mm fruit diameter.

Fruit firmness

(N)

Titratable 
acidity

(mg malic 
acid·100 ml-1)

x Data were square root transformed.  The means in brackets are the untransformed values.
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Table 3.19 Effects of chemical thinning treatments on international standard CIELAB colour coordinates: L* (lightness), C* 
(chroma), and H0 (hue angle) of 'Royal Gala' fruit skin blush and ground colour. Treatments were applied during 2014 at the 
University of Guelph Simcoe Research Station, Simcoe, Ontario, Canada.z 

 
 

Fruit diameter 
during 

treatment L* se C* se H0 se se C* se H0 se
Thinning treatment yx (mm)
960 mg·L-1 carbaryl 10 46.0 1.00 41.0 0.67 3.4 (29.8) w 0.042 78.8 ab v 0.53 35.5 0.63 103.2 a 1.07
Carbaryl + hand thinning 31 46.6 1.00 42.9 0.67 3.4 (30.7) 0.042 76.7 b 0.53 35.8 0.63 97.2 b 1.07
Carbaryl + 400 mg·L-1 ACC 15 46.3 1.00 43.2 0.67 3.4 (29.2) 0.042 79.0 ab 0.54 36.1 0.64 99.7 ab 1.08
Carbaryl + 400 mg·L-1 ACC 21 46.5 1.07 43.1 0.73 3.4 (30.1) 0.045 78.4 ab 0.57 35.0 0.68 100.2 ab 1.16
Carbaryl + 400 mg·L-1 ACC 25 48.9 1.06 42.2 0.72 3.5 (33.6) 0.045 78.7 ab 0.57 35.9 0.68 101.1 ab 1.16
Carbaryl + 300 mg·L-1 ethephon 15 47.0 1.00 41.9 0.67 3.4 (31.7) 0.042 79.8 a 0.52 34.4 0.63 102.0 a 1.06
Carbaryl + 300 mg·L-1 ethephon 21 47.6 1.00 42.9 0.67 3.4 (31.0) 0.042 78.9 ab 0.52 35.7 0.63 100.7 ab 1.06
Carbaryl + 300 mg·L-1 ethephon 25 48.4 1.00 41.1 0.67 3.5 (34.1) 0.042 79.5 a 0.53 35.7 0.63 102.4 a 1.07
P value 0.306 0.083 0.1299 0.011 0.524 0.0092

Regression
Carbaryl + ACC L u NS L NS Q NS
Carbaryl + ethephon NS Q NS NS L Q

Contrasts
Carbaryl vs carbaryl + ACC (3 timings) 0.243 0.018 0.3921 0.913 0.854 0.0220
Carbaryl vs carbaryl + ethephon (3 timings) 0.1130 0.198 0.0761 0.353 0.661 0.2015

v Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.

Blush

u NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.

L*

Ground

y 1-naphthyl methylcarbamate (carbaryl), 1-aminocyclopropane-1-carboxylic acid (ACC), 2-chloroethylphosphonic acid (ethephon).
x 960 mg·L-1 carbaryl was applied to all treatments at 10 mm fruit diameter.

z Lightness (L*) defined as the intensity of an area from black to white (0-100), chroma (C*) defined as the purity of a colour (low is washed out, high is vivid), and hue (H0) defined as similarity to 
red (0), yellow (60), and green (120).

w Data were log transformed.  The means in brackets are the untransformed values.
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Table 3.20 Effects of chemical thinning treatments on commercial weight grade distribution of 'Royal Gala' apple fruit. Treatments 
were applied during 2014 at the University of Guelph Simcoe Research Station, Simcoe, Ontario, Canada. 

Fruit diameter 
during 

treatment 0-107 g 108-116 g 117-126 g 127-138 g 139-152 g 153-170 g 171-193 g 194-228 g 229-276 g 277-339 g
Thinning treatment zy (mm) <178 178 164 149 137 123 109 94 79 64
960 mg·L-1 carbaryl 10 14.7 8.8 12.4 15.5 16.2 19.3 8.7 4.1 bw 0.2 0.0
Carbaryl + hand thinning 31 2.6 0.9 2.8 8.4 14.4 21.8 27.2 20.6 a 1.4 0.0
Carbaryl + 400 mg·L-1 ACC 15 7.2 3.1 7.2 9.9 19.0 20.2 19.5 12.2 ab 1.8 0.0
Carbaryl + 400 mg·L-1 ACC 21 7.5 2.3 8.5 11.0 14.5 20.5 23.8 10.9 ab 1.3 0.0
Carbaryl + 400 mg·L-1 ACC 25 4.1 5.0 7.7 11.1 19.9 22.0 19.9 8.7 ab 1.6 0.0
Carbaryl + 300 mg·L-1 ethephon 15 10.1 3.8 6.3 14.9 22.5 22.1 16.2 4.1 b 0.0 0.0
Carbaryl + 300 mg·L-1 ethephon 21 3.7 3.0 8.0 11.7 17.8 26.5 22.0 7.3 ab 0.0 0.0
Carbaryl + 300 mg·L-1 ethephon 25 9.0 5.6 9.0 14.2 21.3 19.0 17.5 4.3 b 0.2 0.0
P value 0.2942 0.1672 0.0918 0.2164 0.1283 0.8490 0.1078 0.0056 0.1552 NA v

Contrasts
Carbaryl vs carbaryl + ACC (3 timings) 0.0474 0.0209 0.0493 0.0542 0.5585 0.6914 0.0132 0.0718 0.0632 NA
Carbaryl vs carbaryl + ethephon (3 timings) 0.0878 0.0394 0.0451 0.4304 0.1043 0.4252 0.0424 0.7376 0.8303 NA

y 960 mg·L-1 carbaryl was applied to all treatments at 10 mm fruit diameter.
x For each treatment, 70 harvested fruit were sorted into categories according to their weight. Count size category was the number of apples in a 20 kg box.
w Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.
v NA denotes not applicable

Distribution of fruit by weight and count size (%) x

z 1-naphthyl methylcarbamate (carbaryl), 1-aminocyclopropane-1-carboxylic acid (ACC), 2-chloroethylphosphonic acid (ethephon).
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Table 3.21 Effects of chemical thinning treatments on fruit firmness, starch index, soluble solids, titratable acidity, and the rate of 
ethylene evolution of 'Imperial Gala' apples. Treatments were applied during 2015 at a commercial orchard in Windham Centre, 
Ontario, Canada. 

Fruit diameter 
during 

treatment
Fruit 

firmness se Starch index se se se se

Thinning treatment zy (mm) (N)
(Rating 1-8: high-

low starch)
960 mg·L-1 carbaryl 10 71.5 1.45 7.8 0.077 11.1 b x 0.15 21.8 ab 0.78 0.74 b 0.286
Carbaryl + hand thinning 38 73.1 1.45 7.7 0.077 11.7 b 0.16 24.3 bc 0.76 0.89 ab 0.291
Carbaryl + 400 mg·L-1 ACC 16 71.4 1.45 7.7 0.078 12.8 a 0.15 26.3 a 0.76 2.11 a 0.286
Carbaryl + 400 mg·L-1 ACC 22 71.9 1.45 7.8 0.077 11.5 b 0.15 22.6 bc 0.77 1.04 ab 0.287
Carbaryl + 400 mg·L-1 ACC 25 72.0 1.45 7.9 0.077 11.0 b 0.15 22.2 bc 0.76 0.83 b 0.286
Carbaryl + 300 mg·L-1 ethephon 16 73.1 1.45 7.6 0.766 11.3 b 0.16 23.3 abc 0.79 1.09 ab 0.295
Carbaryl + 300 mg·L-1 ethephon 25 67.8 1.45 7.8 0.077 11.0 b 0.16 20.6 c 0.80 1.70 ab 0.301
P value 0.0993 0.2168 <0.0001 0.0005 0.0035

Regression
Carbaryl + ACC NS w NS L L L
Carbaryl + ethephon NA NS NA NA NA

Contrasts
Carbaryl vs carbaryl + ACC (3 timings) 0.8290 0.9768 0.0002 0.0406 0.0435
Carbaryl vs carbaryl + ethephon (3 timings) 0.5254 0.4789 0.5728 0.8665 0.0639
z 1-naphthyl methylcarbamate (carbaryl), 1-aminocyclopropane-1-carboxylic acid (ACC), 2-chloroethylphosphonic acid (ethephon).
y 960 mg·L-1 carbaryl was applied to all treatments at 10 mm fruit diameter.
x Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.
w NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.

Titratable 
acidity

(mg malic 
acid·100 ml-1)

Soluble solids

(% BRIX)

Rate of ethylene 
evolution

(nl ethylene·g 
fruit-1·hr-1)
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Table 3.22 Effects of chemical thinning treatments on international standard CIELAB colour coordinates: L* (lightness), C* 
(chroma), and H0 (hue angle) of 'Imperial Gala' fruit skin blush and ground colour. Treatments were applied during 2015 at a 
commercial orchard in Windham Centre, Ontario, Canada.x 

Fruit diameter 
during 

treatment L* se C* se H0 se se se H0 se
Thinning treatment zy (mm)
960 mg·L-1 carbaryl 10 0.00012 (45.2) w <0.0001 43.8 0.60 26.8 1.06 75.8 b v 1.20 0.13 (34.3) w a 0.0019 1223.85 (86.8) w a 66.17
Carbaryl + hand thinning 38 0.00013 (43.0) <0.0001 44.0 0.60 25.6 1.06 70.2 a 1.20 0.13 (34.8) a 0.0019 959.35 (73.7) a 66.17
Carbaryl + 400 mg·L-1 ACC 16 0.00013 (42.4) <0.0001 43.2 0.60 25.5 1.06 70.3 b 1.24 0.12 (42.3) b 0.0019 941.62 (73.5) a 68.29
Carbaryl + 400 mg·L-1 ACC 22 0.00014 (42.3) <0.0001 43.3 0.60 24.9 1.05 72.9 ab 1.20 0.14 (33.4) a 0.0019 1064.97 (79.1) a 66.17
Carbaryl + 400 mg·L-1 ACC 25 0.00013 (42.5) <0.0001 43.3 0.60 25.8 1.06 74.4 ab 1.24 0.13 (34.6) a 0.0019 1172.10 (84.2) a 68.25
Carbaryl + 300 mg·L-1 ethephon 16 0.00012 (44.1) <0.0001 44.0 0.60 26.0 1.06 73.2 ab 1.20 0.13 (34.0) a 0.0019 1103.23 (81.1) a 66.17
Carbaryl + 300 mg·L-1 ethephon 25 0.00013 (44.3) <0.0001 43.6 0.60 26.5 1.06 75.0 ab 1.20 0.13 (36.2) a 0.0019 1148.43 (83.5) a 66.17
P value 0.6736 0.9452 0.8840 0.0142 <0.0001 0.0428

Regression
Carbaryl + ACC NS u NS NS L Q L
Carbaryl + ethephon NA NA NA NA NA NA

Contrasts
Carbaryl vs carbaryl + ACC (3 timings) 0.0918 0.5620 0.2436 0.0256 0.0316 0.0407
Carbaryl vs carbaryl + ethephon (3 timings) 0.4220 0.9610 0.6607 0.2480 0.4381 0.2359

Blush

L* C*

Ground

z 1-naphthyl methylcarbamate (carbaryl), 1-aminocyclopropane-1-carboxylic acid (ACC), 2-chloroethylphosphonic acid (ethephon).
y 960 mg·L-1 carbaryl was applied to all treatments at 10 mm fruit diameter.

w Data were Box-Cox transformed.  The means in brackets are the untransformed values.
v Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.
u NA, L, Q, NS denote not applicable, linear, quadratic and non-significant relationships at α = 0.05, respectively.

x Lightness (L*) defined as the intensity of an area from black to white (0-100), chroma (C*) defined as the purity of a colour (low is washed out, high is vivid), and hue (H0) defined as similarity to red (0), yellow (60), and 
green (120).
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Table 3.23 Effects of chemical thinning treatments on commercial weight grade distribution of 'Imperial Gala' apple fruit. Treatments 
were applied during 2015 at a commercial orchard in Windham Centre, Ontario, Canada. 

Fruit diameter 
during 

treatment 0-107 g 108-116 g 117-126 g 127-138 g 139-152 g 153-170 g 171-193 g 194-228 g 229-276 g 277-339 g
Thinning treatment zy (mm) <178 178 164 149 137 123 109 94 79 64
960 mg·L-1 carbaryl 10 29.0 abw 16.2 a 14.7 a 18.0 a 14.2 6.2 b 1.5 bc 0.3 b 0.0 0.0
Carbaryl + hand thinning 38 10.3 bc 7.5 bc 14.2 a 18.7 a 17.5 20.1 a 9.6 b 2.1 b 0.0 0.0
Carbaryl + 400 mg·L-1 ACC 16 2.1 c 3.2 c 4.2 b 11.2 a 10.6 27.2 a 26.0 a 15.6 a 0.0 0.0
Carbaryl + 400 mg·L-1 ACC 22 32.0 ab 15.9 a 18.9 a 14.7 a 9.6 7.5 b 1.5 bc 0.0 b 0.0 0.0
Carbaryl + 400 mg·L-1 ACC 25 38.8 a 15.5 ab 13.4 a 16.0 a 9.6 5.5 b 1.2 bc 0.0 b 0.0 0.0
Carbaryl + 300 mg·L-1 ethephon 16 42.6 a 12.3 ab 14.9 a 14.8 a 10.5 4.5 b 0.5 c 0.0 b 0.0 0.0
Carbaryl + 300 mg·L-1 ethephon 25 48.2 a 13.1 ab 16.1 a 9.7 a 8.0 3.0 b 2.0 bc 0.0 b 0.0 0.0
P value <0.0001 <0.0001 0.0009 0.0396 0.2959 <0.0001 <0.0001 <0.0001 NA NA

Contrasts
Carbaryl vs carbaryl + ACC (3 timings) 0.4996 0.0336 0.2862 0.1038 0.2126 0.0084 0.0009 0.0025 NA NA
Carbaryl vs carbaryl + ethephon (3 timings) 0.0338 0.1262 0.7541 0.0318 0.1752 0.3642 0.9153 0.8728 NA NA

w Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=7.
v NA denotes not applicable

Distribution of fruit by weight and count size (%) x

z 1-naphthyl methylcarbamate (carbaryl), 1-aminocyclopropane-1-carboxylic acid (ACC), 2-chloroethylphosphonic acid (ethephon).
y 960 mg·L-1 carbaryl was applied to all treatments at 10 mm fruit diameter.
x For each treatment, 70 harvested fruit were sorted into categories according to their weight. Count size category was the number of apples in a 20 kg box.
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Figure 3.1 Location of water sensitive paper (WSP) within the tree canopy to investigate cross 
contamination spray drift of treatments separated by one guard tree. On each tree, a total of eight 
WSP targets (26 x 76 mm) were stapled to leaves. Each tree had a single WSP each at the height 
of 1 m (low) and 2 m (high), both outside and 0.3 to 0.4 m inside the tree canopy. The WSP was 
positioned on north and south sides of the tree to represent the leading and trailing spray drift 
associated with sprayer travel. Water sensitive papers are not to-scale. (Figure by M. Arseneault 
and B. Cortens.) 
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Figure 3.2 Fruit set of ‘Royal Gala’/B.9 apple trees with treatments of 6-BA combined with 
NAA or ABA, and ACC alone, in 2014 at the University of Guelph Research Station in Simcoe, 
Ontario, Canada. Spray treatments were applied when the average king fruitlet diameter was 9 
mm while hand thinning treatments were applied at 30 mm fruitlet diameter. Final fruit set was 
calculated as the percentage of the initial number of fruit set at 12 days after full bloom (DAFB) 
that persisted at 39 DAFB. Vertical bars represent the standard error of the mean. Means with the 
same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.
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Figure 3.3 Fruit set of ‘Imperial Gala’/M.9 apple trees with treatments of 6-BA combined with 
NAA or ABA, and ACC alone, in 2015 at a commercial orchard in Blenheim, ON. Spray 
treatments were applied when the average king fruitlet diameter was 17 mm while hand thinning 
treatments were applied at 33 mm fruitlet diameter. Final fruit set was the percentage of the initial 
number of fruit at 25 days after full bloom (DAFB) that persisted at 43 DAFB. Vertical bars 
represent the standard error of the mean. Means with the same letter are not significantly different 
according to a Tukey's test (α = 0.05). N=5. 
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Figure 3.4 Crop load at harvest of ‘Imperial Gala’/M.9 apple trees with treatments of 6-BA 
combined with NAA or ABA, and ACC alone, in 2015 at a commercial orchard in Blenheim, 
ON. Spray treatments were applied when the average king fruitlet diameter was 17 mm while 
hand thinning treatments were applied at 33 mm fruitlet diameter. Vertical bars represent the 
standard error of the mean. Means with the same letter are not significantly different according to 
a Tukey's test (α = 0.05). N=5. 
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Figure 3.5 ‘Pygmy’ fruit development of ‘Gala’ apple due to the fruitlet thinning treatment 20 
mg∙L-1 NAA plus 75 mg∙L-1 6-BA. Photos were taken 133 days after full bloom during 
commercial harvest (23 Sept). (A) Arrows demonstrate pygmy fruit dimensions of ~4.6 cm in 
length and ~5.0 cm in diameter, whereas an average fruit (data not shown) is ~7.2 cm in length 
and ~7.0 cm in diameter. (B) Many pygmy fruit persisted on the tree until harvest but failed to 
reach a marketable size. (Photos by M. Arseneault). 
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Figure 3.6 Size distribution of fruit on ‘Royal Gala’/B.9 apple trees with treatments of 6-BA 
combined with NAA or ABA, and ACC alone, in 2014 at the University of Guelph Research 
Station in Simcoe, Ontario, Canada. Treatments were applied when the average king fruitlet 
diameter was 9 mm while hand thinning treatments were applied at 30 mm fruitlet diameter. N=6 
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Figure 3.7 Size distribution of fruit on ‘Imperial Gala’/M.9 apple trees with treatments of 6-BA 
combined with NAA or ABA, and ACC alone, in 2015 at a commercial orchard in Blenheim, 
ON. Treatments were applied when the average king fruitlet diameter was 17 mm while hand 
thinning treatments were applied at 33 mm fruitlet diameter. N=5
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Figure 3.8 Fruit set of ‘Royal Gala’/M.9 apple trees with treatments of 400 mg∙L-1 ACC and 300 
mg∙L-1 ethephon applied during delayed thinning (15, 21, and 25 mm fruitlet diameter), in 2014 at 
the University of Guelph Research Station in Simcoe, Ontario, Canada. Hand thinning treatments 
were applied at 31 mm fruitlet diameter. Final fruit set was the percentage of the initial number of 
fruit at 10 days after full bloom (DAFB) that persisted at 35 DAFB. Vertical bars represent the 
standard error of the mean. Means with the same letter are not significantly different according to 
a Tukey's test (α = 0.05). N=6.
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Figure 3.9 Crop load at harvest of ‘Royal Gala’/M.9 apple trees with treatments of 400 mg∙L-1 

ACC and 300 mg∙L-1 ethephon applied during delayed thinning (15, 21, and 25 mm fruitlet 
diameter), in 2014 at the University of Guelph Research Station in Simcoe, Ontario, Canada. 
Hand thinning treatments were applied at 31 mm fruitlet diameter. Vertical bars represent the 
standard error of the mean. Means with the same letter are not significantly different according to 
a Tukey's test (α = 0.05). N=6.
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Figure 3.10 Fruit set of ‘Imperial Gala’/B.9 apple trees with treatments of 400 mg∙L-1 ACC and 
300 mg∙L-1 ethephon applied during delayed thinning (16, 22, and 25 mm fruitlet diameter), in 
2015 at a commercial orchard in Windham Centre, Ontario, Canada. Hand thinning treatments 
were applied at 38 mm fruitlet diameter. Final fruit set was the percentage of the initial number of 
fruit at 21 days after full bloom (DAFB) that persisted at 45 DAFB. Vertical bars represent the 
standard error of the mean. Means with the same letter are not significantly different according to 
a Tukey's test (α = 0.05). N=6.
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Figure 3.11 Crop load at harvest of ‘Imperial Gala’/B.9 apple trees with treatments of 400 mg∙L-1 

ACC and 300 mg∙L-1 ethephon applied during delayed thinning (16, 22, and 25 mm fruitlet 
diameter), in 2015 at a commercial orchard in Windham Centre, Ontario, Canada. Hand thinning 
treatments were applied at 38 mm fruitlet diameter. Vertical bars represent the standard error of 
the mean. Means with the same letter are not significantly different according to a Tukey's test (α 
= 0.05). N=6. 
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Figure 3.12 Leaf phytotoxicity of ‘Gala’ apple due to 400 mg∙L-1 ACC applied at 25 mm. 
Phytotoxicity was observed seven days post-spray as (A) leaf yellowing and (B) abscission of 
some yellow and green leaves. (Photos by M. Arseneault).
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Figure 3.13 Size distribution of fruit on ‘Royal Gala’/M.9 apple trees with treatments of 400 
mg∙L-1 ACC and 300 mg∙L-1 ethephon applied during delayed thinning (15, 21, and 25 mm fruitlet 
diameter), in 2014 at the University of Guelph Research Station in Simcoe, Ontario, Canada. 
Hand thinning treatments were applied at 31 mm fruitlet diameter. N=6
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Figure 3.14 Size distribution of fruit on ‘Imperial Gala’/B.9 apple trees with treatments of 400 
mg· L-1 ACC and 300 mg· L-1 ethephon applied during delayed thinning (16, 22, and 25 mm 
fruitlet diameter), in 2015 at a commercial orchard in Windham Centre, Ontario, Canada. Hand 
thinning treatments were applied at 38 mm fruitlet diameter. N=6. 
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CHAPTER 4 – MANAGEMENT OF ‘HONEYCRISP’ APPLE 

PREHARVEST FRUIT DROP AND QUALITY USING AVG OR NAA, AND 

LOW XYLEM FUNCTION OF ‘MCINTOSH’ 
 

4.1 Abstract 
Preharvest fruit drop (PFD) of apple (M. domestica) reduces marketable yield by up to 

50% in some years. Plant bioregulators can be used to reduce PFD. The mechanisms that regulate 

abscission during PFD are undetermined, however, there may be a relationship between cultivar 

propensity to drop and xylem function in the fruit. In a two-year study, ‘Honeycrisp’ trees were 

treated with naphthaleneacetic acid (NAA), aminoethoxyvinylglycine (AVG), AVG plus NAA, 

boron, and magnesium, to evaluate their efficacy in managing PFD. Another experiment 

investigated the xylem function in the fruit during growth and development of ‘McIntosh’ and 

‘Gala’, which are prone and not prone to PFD, respectively. During a year with high PFD, AVG 

reduced PFD by up to 35% and NAA reduced PFD by up to 27%, compared with the control, 

while the combination AVG and NAA was similar to AVG alone and B and Mg were similar to 

the control. Aminoethoxyvinylglycine delayed starch degradation, ethylene evolution, and skin 

red colour development. Xylem function of ‘McIntosh’ apple fruit was lower relative to ‘Gala’, 

demonstrating a relationship with PFD susceptibility. This study supports the use of AVG 4 

weeks before anticipated harvest (WBAH) and NAA 2 WBAH as effective compounds to 

manage ‘Honeycrisp’ PFD. 
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4.2 Introduction 

Preharvest fruit drop (PFD) of apple (Malus domestica Borkh.) begins approximately four 

weeks before harvest. Fruit drop occurs prior to horticultural maturity and can reduce yields by 

up to 50% in some years (Greene and Schupp, 2004). Cultivars differ in their susceptibility to 

abscission and they are categorized as: less, intermediate, and more prone (Irish-Brown et al., 

2011).  A commercially important cultivar ‘Honeycrisp’ is relatively more prone to PFD, 

compared with other cultivars (Irish-Brown et al., 2011). Apples are commonly not picked early 

prior to horticultural maturity, when colour and flavour develop, as a way to avoid PFD. 

Immature fruit do not have acceptable flavour or colour properties (Baugher and Schupp, 2010; 

Wills et al., 2007).  

Plant bioregulators (PBRs) are substances that act on the plant’s physiology to alter 

development such as delay PFD or delay maturity. A commonly used synthetic auxin, 1-

naphthaleneacetic acid (NAA), appears to down-regulate genes involved in cell separation 

(Greene, 2010; Li and Yuan, 2008; OMAFRA, 2014). In a study on ‘Bisbee Delicious’, PFD was 

delayed using NAA and fruit firmness retention decreased and starch index increased over time 

(Yuan and Li, 2008). Results of using NAA for PFD management are variable (Robinson et al., 

2010; Yildiz et al., 2012). Aminoethoxyvinylglycine (AVG), an ethylene biosynthesis inhibitor, 

is effective at delaying PFD (Robinson et al., 2010; Yuan and Li, 2008). The use of AVG also 

maintains firmness, slows starch degradation, and slows red colour development (Yildiz et al., 

2012). Delaying or impeding fruit colour reduces marketability but can be minimized by 

lowering the rate (concentration) of application or by delaying the harvest period (Byers and Eno, 

2002; Greene and Schupp, 2004). A combination treatment of AVG plus NAA may be desirable 

since there is evidence on ‘McIntosh’ and ‘Delicious’ that indicates a combination of AVG plus 

NAA 1, 2, or 3 WBAH reduces PFD more than either bioregulator applied alone (Robinson et al., 

2010; Yuan and Carbaugh, 2007). Plant bioregulators have been the focus of research to delay 

PFD on specific cultivars by determining effective application timing and rates. 

The nutrients magnesium (Mg) and boron (B) are also of interest because nutrient 

deficiency is a stress factor that may lead to PFD (Addicott, 1982; Wooldridge, 2002). Boron 

deficiency of pome fruit is associated with fruit abscission (Wooldridge, 2002) likely because B 

deficiency causes cell deterioration and reduces carbohydrate distribution (Addicott, 1982). 

When foliar B (8% B as boric acid) was applied during bud break and flowering, fruit set was 
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improved yet the influence on PFD has not been investigated (Wojcik et al., 2008; Wojcik and 

Treder, 2006). Further, Mg deficiency reduces photosynthesis and may promote abscission (Vágó 

et al., 2007; Yuan and Greene, 2000). Foliar sprays of magnesium sulphate reduced PFD of 

‘Tydeman’s Late Orange’ apples (Ford, 1968). Foliar nutrient sprays may be a promising 

approach to reduce PFD, particularly when nutrient levels are deficient.  

The mechanism that precedes cell separation to induce fruit abscission is unknown 

(Estornell et al., 2013b; Taylor and Whitelaw, 2001). Separation occurs at the abscission zone 

(AZ), the anatomical area at the pedicel-spur junction (Figure 4.1). There is evidence that 

abscission is continually inhibited by metabolic factors ‘sensed’ by the AZ, and when these 

factors weaken, abscission proceeds (Beruter and Droz, 1991; Taylor and Whitelaw, 2001). A 

common theory is that adequate flow of auxin to the AZ inhibits abscission (Taylor and 

Whitelaw, 2001). Less widely considered metabolic factors include: supply of nutrients that are 

necessary for biochemical reactions (Addicott, 1982), pre-abscission changes in protein synthesis 

(Addicott, 1982; Ma et al., 2015), and moisture levels that affect hormone levels (Addicott, 

1982). Addicott (1982) suggested in a review of abscission, that the AZ is influenced by changes 

in the type and quantity of hormones exported from the subtending organ. Therefore, there is 

evidence that abscission is related to the supply of several resources by the xylem and it is 

possible that a mechanism of abscission impairs xylem function. 

Apple fruit vasculature consists of major vascular bundles nearest the centre of the fruit, 

in which there are 10 primary bundles, five dorsal bundles, and 10 ventral bundles (Drazeta et al., 

2004; Zhang et al., 2004)(Figure 4.2A-B). Minor bundles are finer and spread laterally across the 

cortex toward the perimeter of the fruit (Drazeta et al., 2004; Zhang et al., 2004)(Figure 4.2A-B). 

The xylem is the vascular tissue that conducts water, and previous research indicates that xylem 

function declines over the growing season while the phloem remains functional (Lang and Ryan, 

1994). Xylem function can be monitored in detached fruit by passive absorption of acid fuchsin 

dye through the pedicel and sampling repeatedly over time (Drazeta et al., 2004; Miqueloto et al., 

2014). Fruit are then sectioned laterally and rated for dye intensity or the number of stained 

bundles are counted (Drazeta et al., 2004; Miqueloto et al., 2014). A dysfunction in xylem flow is 

postulated to limit the movement of hormones, nutrients, and proteins into fruits, triggering fruit 

abscission.  

A cultivar’s xylem function in relation to the onset of PFD is of interest. Approaching 
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maturity, the level of xylem function differs by cultivar, likely due to their respective growth 

dynamics (Drazeta et al., 2001; Lang and Ryan, 1994; Miqueloto et al., 2014). A loss or 

reduction in xylem function may occur when xylem tissue is damaged by growth-induced 

compression in the fruit (Drazeta et al., 2004). According to Drazeta et al. (2004) and Miqueloto 

et al. (2014), early failure of xylem conducting tissues may relate to development of the 

physiological disorder bitter pit, by limiting calcium supply to fruit. The scientific literature 

indicates a relationship between apple cultivar predisposition to abscission and xylem function, 

presented within research that is unrelated to PFD. ‘Granny Smith,’ a cultivar with minimal PFD, 

has longer lasting xylem function relative to ‘Braeburn,’ a cultivar with moderate PFD (Drazeta 

et al., 2004).  Furthermore, ‘Fuji’ is not prone to PFD and has longer lasting xylem function 

compared with ‘Catarina,’ which is prone to PFD (Miqueloto et al., 2014).  ‘Cox’s Orange 

Pippin’ has longer lasting xylem function than ‘Royal Gala,’ the latter of which has low 

susceptibility to PFD. This indicates that the relationship between PFD susceptibility and xylem 

function warrants further investigation. 

It is unknown whether abscission can proceed after fruit are removed, leaving only the 

pedicel, or alternatively if fruit must be attached for the process to proceed. Previous research has 

shown that abscission occurred after defruiting apple fruitlets (Beruter and Droz, 1991) and after 

removal of tomato flowers (Meir et al., 2010). These studies support the theory that depletion of 

metabolite supply from the fruit toward the AZ may be a plausible activation mechanism for 

abscission. Defruiting has not yet been investigated late in the season to study PFD. If abscission 

proceeds after fruit are removed, it supports the theory that abscission can occur in the absence of 

xylem connection between the AZ and fruit cortex. 

The objectives of this study were to: 1) evaluate the efficacy of NAA, AVG, AVG plus 

NAA, B, and Mg to reduce preharvest fruit drop on ‘Honeycrisp’, 2) compare the xylem function 

of apple fruit pedicels and cortex during the growing season for ‘McIntosh’ and ‘Gala’ that are 

prone and not prone to PFD, respectively, and 3) assess the effect of defruiting on the activation 

of abscission. 
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4.3 Materials and Methods 

4.3.1 Experiment One: Influence of PBRs (AVG, NAA, AVG plus NAA), and nutrients (B 
and Mg) on Preharvest Fruit Drop of ‘Honeycrisp’ 

4.3.1.1 Experimental Design 

A two-year investigation was conducted to evaluate the effect of several PBRs and foliar 

nutrients on PFD.  During 2014, six-year old ‘Honeycrisp’/M.26 trees trained to a slender spindle 

orchard system were used at ‘Site A’ the University of Guelph Research Station in Simcoe, 

Ontario, Canada.  During 2015, fruit set was poor as a result of frost damage, therefore, another 

commercial orchard in Windham Centre, ON, ‘Site B’ was chosen (42°55'54.7"N 80°23'43.5"W). 

Eleven-year old ‘Honeycrisp’/M.9 trees were trained to a vertical axis orchard system. Trees used 

during both years were approximately 3.0 m tall and spaced 1.2 m in-row and 4.0 m between-

rows (2,083 trees· ha-1). Treatment trees were selected with uniform canopies and fruit density. 

The soil was a well-drained coarse sand to sandy loam. Each treatment plot consisted of two 

trees; one tree was used for monitoring fruit drop and the other was used to sample fruit for 

quality and yield (Unrath et al., 2009). 

Trees were managed according to standard Ontario orchard practices for ‘Honeycrisp,’ 

including foliar sprays of calcium chloride to decrease bitter pit and improve storage potential 

(OMAFRA, 2014). In 2015, the commercial orchard received broadcast ground application of 

calcium nitrate 224 kg· ha-1 applied pre-bloom within the herbicide strip and two foliar 

applications of “Magical Max” 2.5 kg· ha-1 (5.5% Ca, 2.0% Mg, 0.5% B) (NutriAg, Toronto, 

ON) during the growing season. Fruit were thinned by singling cluster and spacing fruit 10 cm 

apart, to reduce the likelihood that when there were more than one per cluster, they would not 

‘push’ the other off the spur causing PFD. During fruit set in 2014, each tree was hand-thinned to 

one fruit per cluster. In 2015, trees were chemical thinned using a tank mix of 1500 mg· L-1 

carbaryl (Sevin XLR Plus; Bayer CropScience, Research Triangle Park, NC) and 5 mg· L-1 NAA 

(Fruitone L; AMVAC Chemical Corp., Los Angeles, CA).  

 

4.3.1.2 Chemical Fruit Drop Management Treatments and Cumulative Fruit Drop 

The following six foliar treatments were applied in a randomized complete block design with six 

replications: 1) untreated control; 2) 125 mg· L-1 AVG (ReTain; Valent BioSciences, 

Libertyville, IL) applied four weeks before the anticipated harvest (BAH); 3) 20 mg· L-1 NAA 
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applied two weeks BAH; 4) 125 mg· L-1 AVG tank mixed with 20 mg· L-1 NAA applied two 

weeks BAH; 5) 200 mg· L-1 B (Solubor 20.5% B; 20 Mule Team, Greenwood Village, 

Colorado); and 6) 2000 mg· L-1 Mg (Epsom salt 10% Mg; Pestell Minerals & Ingredients, New 

Hamburg, Ontario). In 2014, B was applied as three repeat foliar sprays 48, 61, 78 days after full 

bloom (DAFB) and Mg in four repeat sprays at 48, 61, 78 and 93 DAFB.  In 2015, both B and 

Mg were applied in two repeat sprays at 53 and 67 DAFB. The number of repeat sprays was 

reduced in 2015 to account for additional nutrient sprays that had been applied at the commercial 

orchard. The anticipated harvest dates used to base spray timing were 7 Sept 2014 (108 DAFB) 

and 9 Sept 2015 (117 DAFB). At least one guard tree separated adjacent two-tree plots, to 

prevent treatment cross-contamination due to spray drift (Unrath et al., 2009). Treatments were 

applied using a commercial airblast sprayer (GB Irrorazione Diserbo, Model Laser P7, Italy) at 

1379 kPa, ~1000 L ha-1. All treatments included 500 mL∙L-1 Regulaid surfactant (KALO, Inc.; 

Overland Park, KS) and 0.5-1.0 mL of ‘Halt’ (Dow AgroSciences; Calgary, Alberta), a neutral 

antifoaming agent. Treatments were applied in the morning or early afternoon when no rain was 

forecasted for 24 hours. The application of nutrients in 2014 was an exception as it rained ~8 mm 

on the day following one of the three treatments. In 2015, ~22 mm of rain fell after one of the 

two foliar nutrient sprays.  

When PFD began in late August, dropped fruit from the ‘monitor’ tree were counted and 

discarded three days each week. Fruit were categorized according to the cause of fruit drop, 

where a jagged tear-like appearance of the pedicel indicated a broken pedicel and smooth 

indicated separation at the AZ (abscission) (Figure 4.3A-B). Only fruit affected by the 

physiological process of abscission can be delayed from drop using PBRs.  

 

4.3.1.3 Leaf Nutrients 

The effect of foliar nutrient treatments on leaf B and Mg nutrient concentration was 

determined by plant tissue analyses from the control, B, and Mg treatments only. In mid-August 

at 96 and 84 DAFB in 2014 and 2015, respectively, twenty-five healthy leaves were sampled 1.5 

m from the ground from around each tree in the experimental plot (OMAFRA, 2014). Only 

extension shoot leaves from the middle of the current season’s growth were included in the 

sample (OMAFRA, 2014). Leaf samples were rinsed three times in distilled water to remove any 

spray residue, then placed in a paper bag and dried in a forced air oven at 60°C for one week. 
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Samples were ground for analysis in a pulverizing mill using a 2 mm mesh (Thomas Scientific, 

Swedesboro, NJ, USA), and analyzed at a commercial laboratory by following internationally 

accepted methods of analysis determined by the Association of Analytical Communities 

(AOAC).  

 

4.3.1.4 Fruit Yield and Quality 

All ‘Honeycrisp’ fruit from the sample tree were harvested to determine yield  

(kgfruit∙tree-1). Total yield included dropped fruit, while all measurements of marketable yield 

excluded dropped fruit. At Site A all fruit were harvested, counted, and weighed during a single 

harvest on 24 Sept 2014, as fruit maturity was relatively uniform. At Site B the maturity was 

more variable, thus fruit were harvested over two picking dates. During the first harvest on 24 

Sept 2015, the number of fruit per tree was calculated by dividing the total fruit weight per tree 

by the average fruit weight from 10 representative fruit. Because of commercial picking 

operations, it was not possible to count fruit during harvest. On 7 Oct 2015, all remaining fruit 

were counted and weighed, and were included in the total and marketable yield for each tree. 

Harvest was delayed beyond the usual harvest date both years to allow fruit red colour to reach 

acceptable industry standards.  

Trunk cross sectional area (TCSA) was calculated based on trunk diameter measurements 

taken in the spring, 30 cm above the graft union using a flexible measuring tape (Eq. 1). Crop 

load was calculated by dividing the total number of fruit per tree by TCSA (Marini, 2004). 

Fruit quality was evaluated on 10 fruit selected from all sides of the sample tree and from 

the interior and exterior area. These fruit were used for quality analyses to indicate fruit 

marketability using the same methods as described in Chapter 3.0 (Experiment One). The rate of 

ethylene production was determined on the headspace of an enclosed pail containing fruit, which 

was analyzed using gas chromatograph with an active alumina column and a flame ionization 

detector, and running at 70°C. Fruit blush and ground colour was measured using a Minolta 

colorimeter to determine lightness (L*), chroma (C*) and hue (H0). Fruit firmness was measured 

on opposite sides of the fruit, on peeled flesh, using an electronic penetrometer. By dipping a 

fruit sliced laterally, in iodine solution, a starch-iodine index value was determined based on the 

intensity and pattern of staining. Soluble solids concentration was analyzed using a digital 

refractometer while titratable acidity was measured by diluting 5.0 mL of juice with 45.0 mL of 
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water and then titrating with NaOH to a pH end point of 8.2. 

 

4.3.1.5 Statistical Analysis 

The treatments were arranged in a randomized complete block design and each 

experimental unit was a tree, which was replicated six times at both locations. The error variance 

for yield and fruit quality parameters was analyzed using a mixed-model ANOVA ‘Proc Mixed’ 

(SAS v9.3; SAS Institute, Cary, North Carolina), with treatments as fixed effects, and blocks as 

random effects. An initial difference in tree size between experimental units was considered 

using TCSA as a covariance adjustment, to increase the precision by removing an independent 

covariable. 

The assumptions of ANOVA were tested using a Shapiro-Wilk test to identify if residuals 

were normally distributed and scatterplots of studentized residuals to test for homogeneity of 

error. Lund’s test of outliers was used to determine if outliers were present (Bowley, 2008). If the 

data deviated from the assumptions, the appropriate transformations were performed prior to 

analysis and the untransformed means were reported in brackets. Tukey’s multiple means 

comparison test was used to consider all possible pairwise differences of means between 

treatments. The significance of treatment effects was determined using a Type I error rate of µ= 

0.05. Graphs were generated using SigmaPlot v.11.0 (Systat Software Inc., San Jose, CA, USA). 

 

4.3.2 Experiment Two: Seasonal Changes in Fruit Xylem Function for ‘McIntosh’ and 

‘Gala’ 

4.3.2.1 Experimental Design 

In 2015, fruit were compared for xylem function during the growing season for 

‘Brookfield Gala’/M.106 and ‘McIntosh/unknown rootstock’ that are not prone and are prone to 

PFD, respectively. Neither cultivar is susceptible to bitter pit which has been associated with 

early xylem failure and calcium deficiency in the fruit (Drazeta et al., 2004). Trees were selected 

on a commercial orchard in Simcoe, Ontario, Canada (Gala: 42°52'30.4"N 80°16'59.6"W and 

McIntosh: 42°50'37.3"N 80°16'50.5"W). Treatments consisted of two cultivars, ‘McIntosh’ and 

‘Gala’, replicated four times, and experimental units consisted of single tree and five-tree plots, 

respectively. 

Three year-old ‘Brookfield Gala’ and a mature ‘McIntosh’ planting (mature trees of 
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unknown age) were managed according to standard Ontario orchard practices (OMAFRA, 2014). 

Although the age of the selected trees differed, it was assumed that this would not have markedly 

affected xylem development in fruit (Aloni, 2010; Dražeta et al., 2004). Both cultivars were at 

similar stages of development, as indicated by their same date of full bloom (13 May 2015). 

 

4.3.2.2 Temporal Changes in Dye Accumulation as an Indicator of Xylem Function 

On each sample date, 10 unblemished fruit of representative size were collected from 

experimental units of each cultivar at ~2-3 m height. Samples were taken twice each week, 

beginning 60 DAFB and ending at 119 DAFB, coinciding with commercial harvest 120 DAFB. 

A delay to begin sampling was incurred due to frost damage that initiated unpredictable fruit 

drop, and sampling was delayed to target only viable fruit.  

Samples were collected in the morning when fruit transpiration was low, to reduce the 

chance of trapping an air bubble in the pedicel (Miqueloto et al., 2014).  A single fruit was 

sampled by cutting the spur with pruning shears, removing the leaves, then sealing in an airtight 

plastic bag for one hour, pending transfer to the laboratory (Drazeta et al., 2004).  In the 

laboratory, the spur was submerged in distilled water at 20°C and then cut again using a razor 

blade to remove approximately 1 cm of the spur (Drazeta et al., 2004; Miqueloto et al., 2014).  

The combined length of the spur and pedicel was approximately 3 cm to ensure spur contact with 

dye in a beaker (Figure 4.4A). 

The spur was immediately transferred to a 20 mL glass beaker filled with 20 mL 0.5% 

(w/w) aqueous acid fuchsin dye (Product F8129; Sigma-Aldrich Co., St. Louis, MO, 

USA)(Drazeta et al., 2004; Miqueloto et al., 2014). Acid fuchsin has been reported to travel twice 

as far as basic fuchsin and safranin dyes when used to measure water conduction during similar 

dye exposure time (Umebayashi et al., 2007). The fast rate of acid fuchsin travel has been 

attributed to its negative charge, and less adherence to the cell wall, in contrast to positively 

charged basic fuchsin and safranin (Sano et al., 2005).  In a study on the evergreen tree, Pieris 

japonica D. Don., acid fuchsin at a concentration of 0.1% to 0.5% was used effectively to stain 

the path of water movement in living trees (Umebayashi et al., 2007). The distance travelled by 

the dye was not affected by concentrations ranging from 0.05 to 0.5% since the viscosity of the 

dye was largely unaltered (Umebayashi et al., 2007).  Therefore, acid fuchsin is the preferred dye 

for visualizing the water-conducting pathway at a concentration of 0.1 to 0.5%.  
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Fruit were exposed to dye for two hours at 25°C. A small fan directed toward the fruit 

was used to minimized boundary layer effects and encourage fruit transpiration (Drazeta et al., 

2004)(Figure 4.4B).  Each beaker was sealed with film (Parafilm; American National Can., 

Chicago, IL) to limit evaporation.  The weight of dye for each fruit sample was recorded before 

and after the two-hour uptake period. However, gravimetric differences in the weight due to dye 

uptake were too variable to be considered as a method for measuring dye uptake in the current 

study.  

Fruit were examined for xylem function in the 10 primary and five dorsal vascular 

bundles (Drazeta et al., 2004) by sectioning transversely at the equator and then rating for dye 

intensity using a scale where 0=none, 1=trace, 2=medium and 3=high (Drazeta et al., 2004).  The 

intensity rating indicated the ability of the fruit to conduct the dye, and hence indicated the 

conductance of functional bundles. In addition, the number of stained bundles was recorded to 

demonstrate the number and location of functional channels supplying resources to the fruit 

(Miqueloto et al., 2014). A mean value of intensity and number for each cultivar was calculated 

for the primary and dorsal vascular bundles on each sample date. Ventral bundles were not 

measured because these bundles stopped accumulating dye at ~67 DAFB in the current study, 

which is much sooner than the onset of PFD. 

Furthermore, the following general observations were used to understand shifts in 

function between early- and late-season fruit. The intensity of the diffuse network of minor 

vascular bundles was visually monitored using transverse sections. The same fruit were sectioned 

longitudinally to visually assess the distance that dye travelled from the pedicel to the calyx end.  

 

4.3.2.3 Sample Selection and Preliminary Determination of Dye Exposure Time 

Fruit that are prone to PFD do not show any visible distinguishing features different from 

those that do not drop (Greene et al., 2014; Ward, 2004), and therefore could not be pre-selected 

during sampling. Representative fruit were chosen from both east and west sides of the tree. A 

representative size was chosen during each sample date, as a precaution, to compare fruit with 

low variability of size, although current evidence indicates that fruit size is not likely related to 

fruit drop (Greene et al., 2014). 

Preliminary staining experiments were conducted 53 DAFB to determine an appropriate 

duration for dye uptake.  Using 10 ‘McIntosh’ fruit for each of half, one, and two hours, the 
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intensity of the dye and the presence or absence of dye in the calyx end was recorded.  The 

uptake time of two hours was satisfactory since functional vessels allowed the dye to travel to the 

calyx end of the fruit within this time period and stained with high intensity. This time period was 

consistent with others (Drazeta et al., 2004).  In addition, since acid fuchsin moves in the 

horizontal direction as a consequence of capillary action and diffusion, previous research has 

indicated that exposure to dye beyond two hours results in ‘bleeding’ and a decline in the 

precision of the method (Umebayashi et al., 2007).  Therefore, apple fruit were exposed to dye 

for two hours followed by tissue examination. 

Due to increases in fruit size and changes in xylem function over the season that may alter 

the time required for dye uptake, a preliminary study was also conducted to investigate the effect 

of an extended dye exposure time. At 116 DAFB, 10 fruit of ‘McIntosh,’ the cultivar displaying 

lowest xylem function, were exposed to dye for two or six hours. Fruit were sectioned 

transversely at the equator and at the calyx end. The intensity and number of stained bundles in 

each section were rated on the scale from 0 to 3. An extended dye infusion period of six hours 

indicated similar dye accumulation as the two-hour dye infusion. Observations confirmed that the 

dye exposure period of six hours contributed to diffuse and less precise staining. Therefore, the 

two-hour exposure period was used at all sample dates. 

 

4.3.2.4 Cumulative Preharvest Fruit Drop of ‘Gala’ and ‘McIntosh’ 

‘Gala’ and ‘McIntosh’ trees were monitored for PFD to determine their susceptibility to 

fruit drop.  Two trees of ‘McIntosh’ with five flagged branches and five trees of ‘Brookfield 

Gala’ with two flagged branches were used. Branches with at least 10 fruit were monitored for 

fruit drop on two days each week, beginning 84 DAFB and ending 152 DAFB, after commercial 

harvest 120 DAFB. Each chosen branch was thinned to one fruit per cluster to prevent fruit drop 

due to broken pedicels or fruit ‘pushing’ each other off the spur.  Additionally, branches were 

chosen to avoid unwanted contact with orchard equipment. Cumulative fruit drop was expressed 

as a percentage of fruit on the tree over time, relative to the initial fruit count at 84 DAFB. 

Several ‘Gala’ fruit that dropped in this experiment had a physiological disorder known as ‘stem-

end splitting’. 
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4.3.2.5 Statistical Analysis 

The experiment was arranged as a completely randomized design with trees nested within 

cultivar. For each cultivar there were four replications from which 10 samples of apples were 

taken at each observation time. The error variance for the intensity of dye stain and the number of 

stained primary and dorsal vascular bundles was analyzed using a repeated measures model in 

‘Proc Mixed’ (SAS v9.3), with cultivar as the fixed effect, with sample date by cultivar as the 

repeated effect, and with replications within cultivar as the random effect. A covariance structure 

for repeated measurements at 18 sample dates was chosen based on the lowest AIC fit statistic, as 

a measure of the relative quality of the candidate statistical structures.  The Kenward-Roger 

correction was used to adjust F-statistics and denominator degrees of freedom due to the 

complexity of the covariance structure.  

A Shapiro-Wilk test was used to verify that the residuals were normally distributed and 

scatterplots of studentized residuals were used to verify that the errors were not heterogeneous. 

Lund’s test of outliers was used to determine if outliers were present. Statistical significance was 

reported at a Type I error rate of µ= 0.05.  

Regression analysis was conducted for primary and dorsal vascular bundles to model 

separately the mean intensity of dye stain and mean quantity of vascular bundles associated with 

each cultivar over time. The equation was created using the ‘Proc Mixed’ solution for fixed 

effects by specifying in the model statement the intercept, linear, quadratic, and cubic terms, 

which were developed using orthogonal polynomials. For each relationship, a regression analysis 

was chosen when it represented the relationship between the recorded means and time. A 

scatterplot of the data was used to identify the appropriate non-linear equation and a regression 

was fit using the function ‘Fit Curve’ in SigmaPlot v.11.0 (Systat Software Inc., San Jose, CA, 

USA). Each non-linear regression was analyzed using the ‘Proc Nlin’ statement and the linear 

regression was analyzed using the ‘Proc Reg’ statement (SAS). Efron’s Pseudo R2 was calculated 

for each non-linear regression and R2 for the linear regression to describe the intensity of the 

association between the regression and the data (SAS). 
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4.3.3 Experiment Three: Influence of Defruiting on PFD Abscission 

4.3.3.1 Experimental Design 

In 2015, ‘McIntosh’ trees that are prone to PFD were selected to monitor fruit abscission. 

Two trees were chosen on a commercial orchard in Simcoe, Ontario, Canada (42°50'37.3"N 

80°16'50.5"W). The mature ‘McIntosh’ trees of unknown age were growing on sand to sandy 

loam soil and they were managed according to standard Ontario orchard practices (OMAFRA, 

2014). Full bloom of ‘McIntosh’ occurred on 13 May 2015. 

 

4.3.3.2 Defruiting Treatments and Cumulative Abscission 

The following three treatments were imposed at 81 DAFB, prior to PFD: 1) untreated, 2) 

defruited leaving pedicel intact, and 3) pedicel injured with the fruit intact. Treatments were 

applied to 10 fruit in single fruit clusters on two representative sample branches on each tree. 

These branches were located where they were unlikely to come into contact with orchard 

equipment. Defruiting was imposed by cutting the junction between the fruit and the pedicel 

using pruning shears (FELCO; PYGAR Sales Canada Ltd., Vancouver, BC). For the pedicel 

injury treatment, the epidermis (dermal tissue) and cortex (ground tissue) were removed on one 

side of the pedicel.  The pedicel injury was not extensive in order to avoid damaging the 

structural integrity; yet, the damage was expected to elicit a wound response. The injured area of 

tissue was gently wrapped with Parafilm to seal the wound, and prevent exposure to disease-

causing pathogens. Each AZ was visually assessed after treatment to confirm that the force of 

applying treatments did not result in separation. Fruit and pedicel drop was monitored on sample 

branches two days each week beginning on 84 DAFB and ending on 155 DAFB. 

 

4.3.3.3 Statistical Analysis 

The experimental unit was a tree, replicated two times. From each tree, two sample 

branches with 10 fruit were monitored repeatedly to determine cumulative abscission. Analysis of 

variance was conducted using a repeated measures analysis in ‘Proc Mixed’ (SAS v9.3; SAS 

Institute), where the fixed effects were treatments and time, and the random effects were 

replications.  A heterogeneous autoregressive order one covariance structure for repeated 

measurements over 18 sample dates was chosen based on the lowest AIC fit statistic, with the 

repeated effect as cumulative abscission and the tree as the subject. The analysis was performed 
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using the Kenward-Roger correction to fit the complex covariance structure. Assumptions of 

normality and heterogeneity were confirmed using the same method as in Experiment One. 

Regression analysis was used to demonstrate the relationship of the cumulative abscission 

associated with each treatment over time as described in Experiment One. The graph was created 

using SigmaPlot v.11.0 (Systat Software Inc., San Jose, CA, USA) and the non-linear equation 

was graphed using the function ‘Fit Curve’. Statistical significance was reported at a Type I error 

rate of µ= 0.05 and data was analyzed in SAS v9.3 using ‘Proc Nlin’ (S.A.S. Institute, Cary, NC, 

USA).  

 

4.4 Results 

4.4.1 Experiment One: Influence of PBRs (AVG, NAA, AVG plus NAA), and nutrients (B 
and Mg) on Preharvest Fruit Drop of ‘Honeycrisp’ 

4.4.1.1 Site A: Fruit Drop 

In 2014, PFD from the untreated control trees was 4% by 24 Sept when harvest began and 

increased to 11% on 2 Oct when the commercial harvest period ended (Figure 4.5). The 

maximum fruit drop on untreated controls was 16% by 22 Oct. The trend of cumulative fruit drop 

on untreated trees was a rapid increase from 24 Sept to 6 Oct, and then constant thereafter. 

Magnesium treatments had fruit drop similar to the untreated control. Boron treatments had up to 

7% higher fruit drop compared with the untreated control. The treatments AVG, NAA, and the 

combination of AVG plus NAA all reduced PFD to a similar level, which did not exceed ~4% 

fruit drop. Trees treated with NAA, AVG, or AVG plus NAA did not display a period of rapid 

fruit drop during the monitoring period. Fruit drop due to broken pedicels contributed an 

additional 5% fruit drop on the untreated control by 2 Oct (Figure 4.6). The intensity of fruit drop 

due to broken pedicels damage was similar for all treatments.  

 

4.4.1.2 Site B: Fruit Drop 

In 2015, cumulative PFD from the untreated control trees was 27% by 25 Sept at the 

beginning of the commercial harvest period and increased to 43% on 7 Oct when the harvest 

period ended (Figure 4.7). Cumulative PFD on untreated controls reached 55% by 21 Oct. Fruit 

drop on untreated control trees increased rapidly from 16 Sept to 28 Sept, and then increased at a 

constant rate thereafter. Magnesium reduced fruit drop by up to 6% while B increased fruit drop 



 

 124 

by up to 8%, compared with the untreated control at the end of the harvest period. Fruit drop on 

trees treated with NAA ranged from 20 to 27% less than the untreated control during the harvest 

period. Trees treated with AVG had 24 and 35% lower fruit drop at the beginning and end of 

harvest, respectively. The combination of AVG plus NAA had similar PFD levels to AVG alone. 

Trees treated with NAA, AVG, or AVG plus NAA did not display a rapid increase in fruit drop. 

Fruit drop by broken pedicels resulted in 2% fruit drop on the untreated control by 7 Oct (Figure 

4.8). All treatments demonstrated a similar magnitude of fruit drop due to broken pedicels.  

 

4.4.1.3 Site A: Leaf Nutrient Analyses 

Untreated control trees used in 2014 had a leaf B concentration of 22 μg∙g-1 (dry weight), 

which was low according to the sufficiency range of B for apples that is between 20 and 60 μg∙g-1 

(OMAFRA, 2014)(Table 4.1). Application of 200 mg· L-1 B as three repeat foliar sprays 

significantly increased leaf B concentration by ~54.2 μg∙g-1, compared with the untreated control, 

a level considered excessive (P<0.0001). Untreated control trees had low leaf Mg concentration 

at 0.22% (dry weight) according to the sufficiency range of Mg for apples, which is between 0.25 

to 0.40% (OMAFRA, 2014). Application of 2000 mg· L-1 Mg as four repeat sprays significantly 

increased leaf Mg concentration by ~0.19%, compared with the untreated control (P<0.0001). 

Magnesium treatment resulted in leaves with Mg levels considered slightly excessive at 0.41%. 

 

4.4.1.4 Site B: Leaf Nutrients 

In 2015, the untreated control trees had a leaf B concentration of 34 μg∙g-1, which was in 

the sufficiency range (OMAFRA, 2014)(Table 4.2). Treatment with 200 mg· L-1 B applied as 

two repeat sprays significantly increased leaf B concentration by ~5.3 μg∙g-1, compared with the 

untreated control (P=0.0123). Untreated control trees were deficient in Mg at 0.19% (OMAFRA, 

2014). Application of 2000 mg· L-1 Mg as two repeat sprays significantly increased leaf Mg 

concentration by ~0.08%, compared with the untreated control (P=0.0015). Magnesium treatment 

increased leaf Mg concentration from deficient to a low sufficiency level at 0.27%. 

 

4.4.1.5 Site A: Fruit Yield and Quality at Harvest 

At harvest in 2014, no significant treatment effects were observed for marketable yield, 

marketable fruit number, marketable fruit weight, and marketable crop load (Table 4.3). Fruit 
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firmness was similar between treatments and the untreated control with the exception that fruit 

firmness from the NAA treatment was significantly lower by ~4 N compared with treatments of 

AVG and AVG plus NAA (P<0.0001)(Table 4.4). The starch index when AVG was applied 

alone was lower at 5.3 and when AVG was combined with NAA the starch index was 

significantly higher at 6.9 (Figure 4.9). Starch indices for fruit from the treatments AVG and 

AVG plus NAA were significantly lower compared with the untreated control by 2.5 and 0.9, 

respectively (P<0.0001). The rate of ethylene evolution of fruit at harvest was significantly lower 

for the AVG treatment at 0.2 nl ethylene· g fruit-1· hr-1 and AVG plus NAA that was below the 

detectible limit, compared with the untreated control that produced 12.2 nl ethylene· g fruit-1· hr-1 

(Figure 4.10). Titratable acidity (P=0.6278) and soluble solids (P=0.0026) were similar between 

treatments and the control (Table 4.4).  

Fruit skin blush colour when treated with AVG and AVG plus NAA resulted in 

significantly higher lightness (L*), lower chroma (C*), and higher hue (H0) values compared with 

the untreated control; indicating that AVG treatments had skin blush colour that was lighter, 

faded, and less similar to red, respectively (Table 4.5). Fruit ground colour when treated with 

AVG and AVG plus NAA resulted in significantly higher chroma (C*), and higher hue (H0) 

values compared with the untreated control; indicating that AVG treatments had skin ground 

colour that was more vivid and more similar to green.  

 

4.4.1.6 Site B: Fruit Yield and Quality at Harvest 

At harvest in 2015, there were no significant differences between treatments and the 

control with respect to total yield, marketable fruit weight, marketable fruit number, and 

marketable crop load (Table 4.6). Marketable yield for the treatments AVG and NAA was 

significantly higher compared with the untreated control by 7.6 and 8.4 kg· tree-1 (44% and 48% 

greater than the control), respectively (P=0.0003). 

The starch index was significantly lower for AVG and AVG plus NAA treatments at ~5.0 

and 6.1, respectively, compared with the untreated control at 7.7 (Table 4.7 and Figure 4.11). 

Titratable acidity was significantly higher for the AVG treatment compared with NAA 

(P=0.0144), yet there was no difference between the control and any treatment (Table 4.7). The 

rate of ethylene evolution of fruit treated with AVG was 0.2 nl ethylene· g fruit-1· hr-1 and AVG 

plus NAA was below the detectible limit, which were both significantly lower compared with the 
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untreated control that produced 14.3 nl ethylene· g fruit-1· hr-1 (Table 4.7 and Figure 4.12) 

(P<0.0001). There were no significant treatment effects on fruit firmness (P=0.1585) and soluble 

solids (P=0.4590).  

Fruit skin blush colour was significantly affected by AVG, indicated by higher lightness 

(L*), and higher hue (H0) values, compared with the untreated control (Table 4.8). Therefore, 

fruit blush colour from the AVG treatment was lighter and less similar to red compared with 

untreated fruit. Similarly, fruit from the AVG plus NAA treatment had higher lightness (L*), 

lower chroma (C*), and higher hue (H0) values, compared with the untreated control. Fruit 

ground colour of AVG and Mg treatments had lower lightness, compared with the untreated 

control.  

 

4.4.2 Experiment Two: Seasonal Changes in Fruit Xylem Function for ‘McIntosh’ and 
‘Gala’ 

4.4.2.1 Temporal Changes in Dye Accumulation as an Indicator of Xylem Function 

The dense network of minor vascular bundles was the first location where a reduction in 

dye accumulation was observed (data not shown). Early in the season, in an equatorial transverse 

section of the fruit, dye radiated from the centre to the perimeter (Figure 4.13A-B). As time 

progressed, dye movement within minor vascular bundles in both cultivars was less (data not 

shown). By 98 DAFB, qualitative observations indicated that dye staining in ‘McIntosh’ minor 

bundles was generally low, while in ‘Gala’ dye staining in the minor vascular bundles was 

moderate (Figure 4.13 C-D). The minor vascular bundles of ‘Gala’ remained minimally stained at 

119 DAFB. On any sample date, there were wide variations in the functioning of minor and 

major vascular bundles between individual fruit (data not shown). 

The maximum dye intensity level (DIL) in ‘McIntosh’ primary bundles was 2.4 and it 

occurred at 81 DAFB, after which it decreased with time (P<0.0001)(Figure 4.14A). The DIL in 

‘Gala’ was 1.9 to 1.5 and it was relatively unchanged throughout the growing season 

(P=0.5168)(Figure 4.14A). For both cultivars, the relationship between DIL in primary bundles 

and time (DAFB) yielded a curvilinear pattern described by the quadratic equation: 

 

Primary bundle, DIL = y0 + ax + bx2     [Eq. 1] 

where parameters y0, a, and b were estimated and x=DAFB.  
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For ‘McIntosh’ the decrease in the average DIL of primary bundles over time was 

significant (P<0.0001). By harvest, ‘McIntosh’ DIL was reduced to ~68% of its maximum DIL of 

2.4. ‘Gala’ DIL was unchanged with a value of 1.7, by harvest (P=0.5168). Relative to the 

maximum possible DIL value of 3, ‘McIntosh’ was 24% functional while ‘Gala’ was 57% 

functional. At each sample date following 111 DAFB, the DIL of primary xylem in ‘McIntosh’ 

was less than ‘Gala’. 

The DIL of dorsal bundles followed a quadratic relationship as well (Figure 4.14B)(Eq.1). 

The DIL of ‘McIntosh’ dorsal bundles increased to 2.1 by 70 DAFB, and then decreased to 0.4, 

representing 81% reduction by harvest. The DIL of ‘Gala’ increased to 1.7 by 84 DAFB, and then 

decreased to 0.8, representing 49% reduction by harvest. For both cultivars, the decrease in the 

average DIL of dorsal bundles over time was significant (‘McIntosh’ P=0.0214; ‘Gala’ 

P<0.0001). Relative to the maximum possible DIL value of 3, ‘McIntosh’ represented 13% while 

‘Gala’ represented 28%. 

For ‘McIntosh’ the relationship between the number of stained bundles (NSB) in primary 

bundles and DAFB followed an exponential relationship described by the logistic equation: 

 

Primary bundle, NSB = a           [Eq. 2] 

 1 + (x/x0)b  

where parameters x0, a, and b were estimated and x=DAFB.  

 

For ‘Gala’ the relationship between NSB in primary bundles and DAFB followed a linear 

relationship: 

 

Primary bundle, NSB = y0 +ax    [Eq. 3] 

where parameters y0 and a were estimated and x=DAFB.  

 

For both cultivars, the decrease in the average NSB of primary bundles over time was 

significant (P<0.0001)(Figure 4.15A). By harvest, the average NSB of ‘McIntosh’ was reduced 

84% from 9.1 and ‘Gala’ was reduced 59% from 7.8. Following 91 DAFB, ‘McIntosh’ had 

consistently fewer NSB compared with ‘Gala’. Relative to the maximum possible NSB value of 
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10, ‘McIntosh’ was 13% functional while ‘Gala’ was 37% functional. 

The NSB in dorsal bundles of both cultivars followed a quadratic relationship (Figure 

4.15B)(Eq.1). The decrease in the average NSB of dorsal bundles was significant over time for 

‘McIntosh’ (P=0.0036) and ‘Gala’ (P<0.0001). By harvest, the NSB of ‘McIntosh’ was reduced 

69% from 4.1 and ‘Gala’ was reduced 57% from 3.3. Relative to the maximum possible NSB 

value of 5, ‘McIntosh’ was 25% functional while ‘Gala’ was 28% functional. 

Longitudinal sections of fruit also indicated a loss of xylem function toward the calyx end 

of the fruit (data not shown). At points along the major bundle the dye uptake abruptly stopped 

(Figure 4.16). Interruption of dye occurred in localized areas within the fruit cortex rather than 

within the AZ or the pedicel (data not shown). 

 

4.4.2.2 Cumulative Preharvest Fruit Drop of ‘Gala’ and ‘McIntosh’ 

Fruit drop began approximately 125 DAFB for both cultivars and increased thereafter 

(Figure 4.14C). For ‘Gala’ the relationship between cumulative fruit drop and time followed a 

logistic equation (Eq. 2). For ‘McIntosh’ the relationship between cumulative fruit drop and 

DAFB was modeled by Chapman’s logistic model: 

 

Cumulative fruit drop = y0 + a(1-e-bx)c    [Eq. 4] 

where parameters y0, a, b, and c were estimated and x=DAFB.  

 

For both cultivars, the cumulative fruit drop was significantly different over time 

(P<0.0001). The maximum cumulative fruit drop of ‘McIntosh’ was 98%, which was three times 

greater than ‘Gala’ fruit drop of 33%. ‘McIntosh’ fruit drop occurred over 32 days from 120 to 

152 DAFB. ‘Gala’ fruit drop occurred over 17 days from 120 to 137 DAFB. 

 

4.4.3 Experiment Three: Influence of Defruiting on PFD Abscission 

4.4.3.1 Cumulative Abscission 

The investigation began when treatments were applied at 81 DAFB. Abscission of fruit on 

untreated control branches was low until 133 DAFB (52 days after beginning the investigation) 

(Figure 4.17). Defruiting resulted in abscission of pedicels beginning at 13 days (Figure 4.18A-

B). Pedicel injury resulted in abscission by 45 days. 
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The relationship between mean abscission and DAFB followed Chapman’s logistic 

equation for each treatment (Eq. 4). Abscission during any treatment indicated that pedicel 

abscission occurred over a period of time, in which individual fruit abscised over several days. 

Pedicel abscission after defruiting lasted for ~14 days, while pedicel abscission on the untreated 

control lasted for 27 days, from the period of maximum pedicels to complete pedicel abscission. 

All treatments resulted in high pedicel abscission by the end of the investigation. 

 

4.5 Discussion 

4.5.1 Experiment One: Influence of PBRs (AVG, NAA, AVG plus NAA), and nutrients (B 
and Mg) on Preharvest Fruit Drop of ‘Honeycrisp’ 

4.5.1.1 Cumulative Fruit Drop 

The propensity for ‘Honeycrisp’ PFD can be managed to some extent by foliar PBR 

sprays applied prior to harvest (Hoying and Robinson, 2010). In the current study, application of 

AVG 4 WBAH delayed fruit drop. Previous research indicates that AVG delays PFD by reducing 

ethylene synthesis in fruit (Boller et al., 1979; Yuan and Li, 2008).  The current study where 

AVG delayed PFD on ‘Honeycrisp’ is consistent with studies of ‘McIntosh’ (Robinson et al., 

2010), ‘Golden Supreme’ (Yuan and Carbaugh, 2007), and ‘Bisbee Delicious’ (Yuan and Li, 

2008).  

Application of NAA 2 WBAH reduced fruit drop by up to ~27%. This reduction is 

thought to be a response of NAA down-regulating genes involved in cell separation (Li and 

Yuan, 2008). The results of the current study are consistent with previous studies using NAA on 

‘Red Chief Red Delicious’ (Marini et al., 1993), ‘Golden Supreme’ and ‘Golden Delicious’ 

(Yuan and Carbaugh, 2007). However, previous research on ‘McIntosh’ indicates that NAA is 

not always effective at delaying PFD (Schupp and Greene, 2004). In 2015 when fruit drop was 

high, AVG was superior to NAA at delaying PFD, which is consistent with the study by Yuan 

and Carbaugh (2007). The current study indicates that single applications of AVG 4 WBAH and 

NAA 2 WBAH are effective treatments for delaying PFD on ‘Honeycrisp’.  

During both years of the current study, NAA combined with AVG applied 2 WBAH 

resulted in similar PFD management compared with AVG applied alone. Previous studies 

indicate that the PFD response while using NAA and AVG are additive when combined 

(Robinson et al., 2010; Yuan and Carbaugh, 2007; Yuan and Li, 2008). Yuan and Li (2008) 
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concluded that the combination treatment is additive using 125 mg· L-1 AVG plus 20 mg· L-1 

NAA but those drop measurements were made beyond the commercial harvest window in which 

drop control is no longer useful. Using the same concentrations, the current study suggested there 

was no benefit to combining AVG with NAA for reducing fruit drop of ‘Honeycrisp’ 

specifically. Future research on ‘Honeycrisp’ is warranted to investigate whether the combination 

AVG plus NAA is effective at lower rates of AVG, compared with the full rate of AVG alone, to 

reduce the cost of application. 

Nutrient spray treatments in 2014 indicated that Mg did not reduce fruit drop while in 

2015 it reduced fruit drop by 6%. Ford (1968) demonstrated reduced PFD of ‘Tydeman’s Late 

Orange’ apples when they were treated with foliar sprays of magnesium sulphate (i.e., Epsom 

salts). In both years, B application resulted in higher fruit drop compared with the untreated 

control. Previous studies demonstrated that B application hastened fruit maturity at harvest 

(Wójcik et al., 1999), and fruit that are advanced in maturity are more likely to drop compared 

with less mature fruit (Greene et al., 2014; Poapst et al., 1959). Therefore, preventative foliar 

nutrient sprays of Mg and B were relatively ineffective for management of PFD, and B may have 

inadvertently increased fruit drop. 

The level of fruit drop varied between both years of this study. In 2014, fruit drop on the 

untreated control was low, ranging from 4 to 11% during the harvest period. In 2015, fruit drop 

was higher on the untreated control, ranging from 27 to 43% during the harvest period. 

Preharvest fruit drop of ‘Honeycrisp’ is reportedly as severe as ‘McIntosh,’ the latter of which is 

well known to drop (Rosenberger et al., 2001). Previous research on ‘McIntosh’ showed that fruit 

drop varied among years, ranging from 20 to 75% (Robinson et al., 2010). Factors that vary 

between years and may affect fruit drop include: wind speed, moisture stress, sunlight levels, air 

temperature, and nutrient availability. These factors may promote fruit abscission if they cause 

stress and deprive the plant of energy (Roberts et al., 2002). In addition, factors that differed 

between both sites may explain the variation in PFD in the current study including: tree age, tree 

health, and soil type. 

There are reports that external forces cause fruit drop, and yearly variations in the 

intensity of these forces may contribute to variation of PFD (Poapst et al., 1959; Ward et al., 

2001). The forces include: wind, orchard equipment coming in contact with fruit, and fruit in 

close proximity to each other exerting pressure on one another. In the current study, broken 
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pedicels were responsible for 5% fruit drop in 2014 and 2% fruit drop in 2015, which was not 

considerably large or variable. In 2015, ‘Honeycrisp’ was not thinned to one fruit per cluster and 

when fruit remained crowded in clusters there was a similar quantity of fruit drop due to broken 

pedicels compared with trees used in 2014 that were thinned to single fruit. The study by Ward et 

al. (2001) excluded apple fruit without an attached pedicel while monitoring fruit drop; however, 

the current study is the first to quantify fruit drop associated with broken pedicels. Fruit drop by 

broken pedicels caused predictable fruit drop each year and plant bioregulators did not reduce the 

propensity of these fruit to drop. 

 

4.5.1.2 Leaf Nutrients 

In 2014, leaf B and Mg concentration of the control treatment was low, and foliar 

treatments of 200 mg· L-1 B and 2000 mg· L-1 Mg increased the corresponding leaf nutrients to 

an excessive level in their respective treatment trees. Previous research indicated an increase in 

leaf B of ~2 to 10 μg∙g-1 using early-season sprays on sweet cherry, pear and the apple cultivars 

‘Gala’, ‘Jonagold’, and ‘Golden Delicious’ (Peryea et al., 2003; Wojcik et al., 2008; Wojcik and 

Wojcik, 2006; Wooldridge, 2002). The increase in leaf B concentration of 54.2 μg∙g-1 in the 

current study was relatively high in consideration of previous research, yet was similar to 39 

μg∙g-1 uptake in apple treated with 500 mg· L-1 B (Hanson, 1991). In the current study, the 

concentration of B was equal to that of Wooldridge (2002) and it was approximately half the 

concentration used by Hanson (1991). In terms of Mg, Ford (1968) applied five sprays of 2% 

MgSO4 (20,000 mg· L-1 Mg) and leaf Mg concentration increased by 0.10% dry weight, lower 

than the 0.19% increase in the current study. Several factors may explain the relatively high 

increase in leaf B and Mg during 2014 of the current study. A surfactant was applied, similar to 

Ullah et al. (2012), which was expected to increase uptake. Leaves were sampled within two 

weeks after the final spray, which may not have allowed time for B to translocate from leaves to 

other plant tissues (Hanson, 1991).  

The limited increase in leaf B in 2015 did not appear to be due to differences in 

translocation between stage of development, as nutrients were measured at similar times in the 

growing season each year when the metabolic demand for nutrients from plant tissues was 

expected to be relatively consistent. Two foliar sprays were applied in 2015, compared with three 

in 2014, and consequently this likely led to less nutrient uptake in 2015. Furthermore, Wojcik et 
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al. (2008) reported a similar minor effect of foliar B on leaf tissues and attributed the low effect 

to poor absorption by leaves. Nutrient absorption may have been less in 2015 due to 22 mm of 

rain that fell the day after the first foliar spray, potentially reducing the treatment effect. 

 

4.5.1.3 Fruit Yield and Quality at Harvest 

In 2015, AVG and NAA treatments had higher marketable yields compared with the 

control. This is consistent with lower PFD associated with AVG (Greene, 2006; Yuan and Li, 

2008) and NAA (Yuan and Carbaugh, 2007). There were no differences in marketable fruit 

weight among treatments. Other studies have indicated that fruit weight can increase when fruit 

remain on the tree during a delayed harvest (Byers and Eno, 2002). However, treatments during 

the current study were harvested on the same date, explaining why no differences in fruit weight 

were observed. 

It is important for orchardists to understand whether delaying PFD affects fruit firmness 

(Harb et al., 2012; Johnston et al., 2002). There were no treatment differences on fruit firmness in 

either year of the current study. Previous research reported that AVG did not affect fruit firmness 

of ‘McIntosh’ (Robinson et al., 2006), and ‘Delicious’ (R. E. Byers, 1997; Greene, 2002b) at the 

usual harvest period. In contrast, studies have also shown that AVG delayed the loss of fruit 

firmness on ‘Red Chief’ (Yildiz et al., 2012), and ‘McIntosh’ (Greene, 2005). In the current 

study, NAA did not influence the firmness of ‘Honeycrisp’ apples relative to the untreated 

control. These results are in agreement with studies that reported NAA was not associated with 

loss of firmness at harvest for ‘Red Chief’ (Yildiz et al., 2012) and ‘Starkrimson Delicious’ (R. E. 

Byers, 1997). However, NAA was associated with a loss of fruit firmness in ‘Golden Supreme’, 

‘Golden Delicious’ (Yuan and Carbaugh, 2007), ‘Bisbee Delicious’ (Yuan and Li, 2008), and 

‘Macspur McIntosh’ (Schupp and Greene, 2004). Several factors may explain these 

inconsistencies of fruit firmness between years and studies, including: fruit size, number and size 

of cells, maturity at harvest, and enzyme activity (Link, 2000). ‘Honeycrisp’ flesh is not prone to 

rapid loss of firmness, as previous research indicated that apples maintained firmness over 10 

days at 20°C, likely due to low enzyme activity (Harb et al., 2012). There was no improvement in 

fruit firmness using AVG or NAA compared with the control, because ‘Honeycrisp’ maintained 

firmness. The effect of an extended harvest on fruit firmness in ‘Honeycrisp’ is an area for further 

research. 
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In both years of this study AVG treatments had lower starch index values and lower rates 

of ethylene evolution, and hence delayed fruit maturity, consistent with other studies (Byers et 

al., 2005; Greene, 2005; Yuan and Carbaugh, 2007; Yuan and Li, 2008). These results are 

consistent with those by Greene (2006) that found 90 mg· L-1 AVG markedly delayed ripening of 

the low ethylene producing ‘Gala’ and suggested a similar influence on ‘Honeycrisp,’ although 

data was not shown. Starch index was similar between the treatments AVG plus NAA and AVG 

alone, which is similar to the study by Yuan and Li (2008). The treatment NAA had higher starch 

index values compared with AVG. Other studies have suggested that NAA hastens starch 

degradation (Schupp and Greene, 2004; Yuan and Li, 2008). The current study could not discern 

if NAA hastened starch degradation compared with the control, because fruit from treatments 

were harvested with high starch index when most starch hydrolysis to sugar had occurred. In 

terms of ethylene evolution, previous studies indicated that AVG delayed ethylene biosynthesis 

in apple fruit (Robinson et al., 2010; Schupp and Greene, 2004). Similarly, results from this 

investigation demonstrated that the rate of ethylene evolution of fruit was low for all treatments 

containing AVG. 

This two-year study indicated that for ‘Honeycrisp’ the use of AVG or NAA had no clear 

relationship with soluble solids and titratable acidity. Other studies reported conflicting results on 

the effect of drop management compounds on soluble solids and titratable acidity, but the effects 

appear to be minor (Greene, 2002b; Yildiz et al., 2012).  

Consumers prefer bicoloured fruit cultivars such as ‘Gala’ or ‘Honeycrisp’ with red blush 

colour of high coverage and intensity (Iglesias et al., 2008; Rosenberger et al., 2001). In the 

current study, AVG and AVG plus NAA treatments led to fruit that were lighter, and less red 

compared with the untreated control. Red colour development is often slowed or impaired by 

AVG, likely because of a delay in maturity rather than a direct chemical effect on colour (Dal Cin 

et al., 2008; Greene, 2006; Greene and Schupp, 2004; Ozkan, 2012; Yildiz et al., 2012). In 2014 

of the current study, AVG and AVG plus NAA treatments resulted in greener fruit skin ground 

colour indicative of delayed maturity, which was also reported by Dal Cin et al. (2008). When 

AVG is used, and depending on concentration, harvest may need to be delayed to allow 

acceptable colour development for horticultural maturity (Schupp and Greene, 2004; Yildiz et al., 

2012).  
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4.5.2 Experiment Two: Seasonal Changes in Fruit Xylem Function for ‘McIntosh’ and 

‘Gala’ 
4.5.2.1 Temporal Changes in Dye Accumulation as an Indicator of Xylem Function 

The current study demonstrated the greatest number of xylem bundles stained with dye at 

the beginning of the season which is in agreement with previous research on several apple 

cultivars (Drazeta et al., 2004; Lang and Ryan, 1994; Miqueloto et al., 2014). The decline in 

xylem function with fruit development observed for ‘McIntosh’ and ‘Gala’ appears to be a 

common feature of apple fruit development (Drazeta et al., 2004; Lang and Ryan, 1994; 

Miqueloto et al., 2014). This relationship agrees with reports of other fruit species such as 

kiwifruit (Dichio et al., 2003), grape (Tyerman et al., 2004), and tomato (Ho et al., 1987), which 

lose xylem function by harvest.  

The number of stained primary bundles of ‘McIntosh’ began declining ~60 DAFB and the 

intensity of the stain began declining at 81 DAFB. This may have been associated with the 

termination of vessel differentiation, which reportedly occurs by 48 DAFB in ‘York Imperial’ 

apples and it is unknown for ‘Gala’ and ‘McIntosh’ (Barden and Thompson, 1963). In the 

absence of ongoing differentiation of xylem vessels, the conducting capacity was at a maximum. 

If growth-induced damage occurred it was expected to decrease function (Lang and Ryan, 1994). 

Lengthening the dye infusion period to six hours did not improve accumulation of dye; thus, lack 

of staining over the season was not likely a consequence of inadequate dye exposure time but was 

more likely a consequence of compromised conducting capacity of the bundles. The observed 

cultivar differences raise questions about why xylem function was cultivar-dependent, and 

highlight the need to understand mechanisms of the seasonal loss of function. 
‘McIntosh’ demonstrated an initial increase in the intensity and number of stained dorsal 

bundles, which was more pronounced relative to ‘Gala’. This may have been due to ‘Gala’ 

exhibiting slower development of xylem and initially less number of conductive vascular 

bundles. Drazeta et al. (2004) also indicated a substantial loss of dorsal xylem function in fruit 

from ‘Braeburn’ and ‘Granny Smith’ and similar to the current study the dorsal function did not 

differ substantially for cultivars.  

During peak conductance, ‘McIntosh’ tended to have higher function compared with 

‘Gala’. In a separate study, ‘Cox’s Orange Pippin’ fruit had higher xylem function compared with 

‘Gala’, which was attributed to a higher number and larger diameter of xylem vessels (Lang and 
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Ryan, 1994). Further research is needed to determine if the high peak of ‘McIntosh’ function may 

be attributed to the number and diameter of vessels, which determines a fruit’s maximum 

capacity to conduct water.  

At harvest, the cultivar differences in xylem function were consistent with previous 

research that showed cultivar differences while using dye-infusion on ‘Braeburn,’ ‘Granny 

Smith,’ ‘Fuji,’ and ‘Catarina,’ and using a pressure-bomb on ‘Cox’s Orange Pippin’ and ‘Royal 

Gala,’ where ‘Royal Gala’ has reportedly maintained some xylem function by harvest (Drazeta et 

al., 2004; Lang and Ryan, 1994; Miqueloto et al., 2014). Presented herein, low ‘McIntosh’ fruit 

xylem function represented an increasing proportion of fruit that were non-conducting. The 

likelihood of one apple cultivar to maintain xylem function over another may be related to a 

higher number of vascular precursor cells known as procambial cells (Miqueloto et al., 2014). 

Procambial cells are necessary for the formation of xylem tissue that withstand elongation in 

expanding tissues (Schuetz et al., 2012). Further research is needed to determine if xylem 

function of ‘Gala’ extends further in the season due to a greater number of active procambial 

cells, offering a higher regenerative capacity of the vascular bundles compared with ‘McIntosh’. 

 

4.5.2.2 Cumulative Preharvest Fruit Drop of ‘Gala’ and ‘McIntosh’ 

‘McIntosh’ fruit drop was more severe compared with ‘Gala’. ‘McIntosh’ fruit drop 

measured beyond harvest resulted in 98% fruit drop, similar to previous research (Greene and 

Schupp, 2004; Hoying and Robinson, 2010). The current study observed ‘Gala’ fruit drop of 

33%, which was higher than expected according to reports that ‘Gala’ are not prone to PFD 

(Byers, 1997a; Irish-Brown et al., 2011). The ‘Gala’ fruit drop in this experiment may have 

resulted from a physiological disorder known as ‘stem-end splitting’ that was observed in 

dropped fruit (data not shown). ‘Gala’ is a cultivar that is susceptible to stem-end splitting and 

the affected fruit decay rapidly (Byers, 1990; Opara et al., 2000), during which fruit drop may 

occur. 

 

4.5.2.3 Relationship between Xylem Function and Preharvest Fruit Drop 

Fruit drop coincided with the period when dye stain measurements indicated xylem 

function was at a seasonal low. Low xylem function implied a reduction in supply of resources to 

the fruit and from the fruit to the AZ (Aloni, 2010), which may promote abscission. The current 
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study is the first to measure the occurrence of xylem function relative to the time and intensity of 

fruit drop, and to theorize that the events may be related. The current study indicated that 

obstruction occurred within the fruit, demonstrating the loss of xylem function in the fruit cortex 

preceded the separation of vascular tissues in the pedicel during abscission. Therefore, it is 

possible that loss of xylem function preceded and perhaps contributed to abscission events. 

Furthermore, ‘McIntosh’ and ‘Gala’ fruit drop occurred over 32 and 17 days, respectively, 

demonstrating the susceptibility of individual fruit to abscission varied and this coincided with 

variable states of xylem dysfunction. 

At this time, no definitive cue that initiates abscission has been identified by researchers 

(Addicott, 1982; Estornell et al., 2013b). Previous research has identified several factors that are 

related to abscission induction, but few theories are adequately comprehensive to consider several 

factors together (Addicott, 1982). The current research proposes a theory that loss of xylem 

function contributes to the induction of abscission events by causing a gradual shift in 

developmental metabolism. In the current study, a greater proportion of ‘McIntosh’ fruit with 

non-conducting xylem may have exceeded a hypothetical ‘minimum threshold’ of metabolites 

transported between the fruit and the AZ, after which abscission was promoted. This theory that 

loss of xylem function is associated with the induction of abscission is consistent with a high 

abscission susceptibility of ‘McIntosh’ and low susceptibility of ‘Gala’. The theory is also 

consistent with the randomness of fruit abscission because loss of xylem function differs among 

fruit as they follow their own developmental trajectory. However, xylem function does not 

completely account for cultivar differences in abscission, thus other physiologic factors are also 

likely involved in the complex induction of abscission. 

Other conclusions may also be plausible. Abscission phenomena occur during ripening, 

therefore factors associated with fruit ripening (Janssen et al., 2008) could be mistaken for 

abscission. Current evidence also demonstrated a relatively sudden increase in fruit drop, which 

could indicate a more immediate physiological event than a gradual loss of xylem function. 

Furthermore, while comparing cultivars that differ in PFD propensity, the current study assumes 

that ‘McIntosh’ and ‘Gala’ are equally able to respond to abscission induction by producing 

hydrolytic enzymes in the AZ. Alternatively, it may be possible that abscission is induced in a 

cultivar but that separation does not occur due to a lack of functional enzymes to dissolve cell 

walls. Finally, the current study assumes that cultivar differences in xylem function are large 
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enough to have physiological significance.  

Nevertheless, evidence from previous research of several different research angles (i.e., 

developmental, morphological, physiological, hormonal, and anatomical) suggests a relationship 

between xylem function and abscission. From a developmental perspective, the xylem vascular 

tissues are associated with regeneration and adaptation to the environment (Aloni, 2010); thus, 

loss of xylem function does not support longevity of fruit. Accordingly, PFD occurs late in 

development (Greene, 2005; Li and Yuan, 2008; Robinson et al., 2010; Sun et al., 2009), after 

physiological maturity when xylem function is low. While previous research did not draw the 

relationship, they, along with the current study, demonstrated morphological evidence that 

cultivars prone to fruit drop have minor xylem function relative to cultivars that are not prone to 

fruit drop (Drazeta et al., 2004; Lang and Ryan, 1994). The physiological reason for these 

cultivar differences may relate to a reduction of xylem transport of resources (Aloni, 2010), 

which affect abscission (Addicott, 1982).  

With respect to hormones, abscission is associated with minimal transport of auxin from 

the subtending organ to the AZ, according to the widely purported theory for apple fruitlet 

abscission by Bangerth (2000) and general reviews of abscission (Taylor and Whitelaw, 2001). 

Xylem failure could be one factor that interrupts auxin transport because xylem parenchyma are a 

transport route for auxin (Aloni, 2010). However, this assumes that auxin transport is not 

elevated in other auxin transport routes and currently auxin transport flow is poorly understood 

(Aloni, 2010). Abscission also occurs under high ethylene (Greene et al., 2014), a hormone 

which is known to reduce vessel diameter and impede fibre development (Aloni, 2010); 

suggesting that ethylene may be associated with decline in xylem function.  

Anatomical evidence in grapevine (Vitis vinifera) and kidney bean (Phaseolus vulgaris) 

suggests xylem outgrowths (tyloses) develop and obstruct xylem function during wounding and 

ethylene evolution (Scott et al., 1967; Sun et al., 2007) or during natural senescence (Scott et al., 

1967), and each situation is associated with abscission. Tyloses respond differently to different 

chemical compounds and stressors (Sun et al., 2007), which could account for some yearly 

variation in abscission. No cause-and-effect relationship has been shown, but there is strong 

evidence to suggest there is a role for xylem function in abscission that should be investigated 

further. 

 



 

 138 

4.5.3 Experiment Three: Influence of Defruiting on PFD Abscission 

4.5.3.1 Defruiting Treatments and Cumulative Abscission 

Abscission of the fruit pedicel occurred 94 DAFB, indicating that abscission in apple can 

occur prior to the usual period of PFD that began at 133 DAFB. At 94 DAFB, the AZ is 

developmentally prepared to abscise. Defruiting apples 81 DAFB accelerated separation at the 

AZ. Similarly, previous research has found that defruiting ‘Golden Delicious’ apple fruitlets at 

15, 28, and 49 DAFB resulted in abscission (Beruter and Droz, 1991). This indicates that even 

though fruit were removed, the AZ of ‘McIntosh’ apple fruit was competent to perceive and 

respond to abscission induction. 

A limitation of the current study was that defruiting injured plant tissues, which may have 

initiated wound response mechanisms. Wound response mechanisms generally activate gene 

expression to repair damaged tissues or promote abscission (León et al., 2001). In a separate 

study, abscission occurred after cutting the calyx end of apple fruitlets as well as after cutting 

apple fruit in half through the seed cavity (Beruter and Droz, 1991; Ward et al., 1999). In 

contrast, previous research demonstrated that apple fruit that was wounded by removing seeds or 

the calyx 49 DAFB failed to trigger abscission early (Beruter and Droz, 1991). The current study 

attempted to consider wound response mechanisms by injuring the pedicel while leaving the fruit 

intact, although, injury to the pedicel was not likely adequate to limit viability of the organ. It is 

apparent that wounding is interconnected with abscission but defruiting also interrupts the 

transport of metabolites from the fruit to the AZ, which is anticipated to influence abscission 

apart from wound response. 

The mechanism that induces fruit abscission is unknown and it is unclear from which 

organ the metabolic change(s) arise (Taylor and Whitelaw, 2001). The current study indicated 

that abscission by defruiting may have been due to a reduction in metabolites supplied by the 

fruit that inhibit the activation of the AZ. This agrees with the theory that a decline in inhibitory 

metabolites that travel from the fruit toward the AZ may initiate abscission (Bangerth, 2000; 

Beruter and Droz, 1991; Blanusa et al., 2005; Taylor and Whitelaw, 2001). One inhibitory signal 

may be auxin, which notably delays abscission and reduces the sensitivity of tissues to ethylene 

that would lead to abscission (Taylor and Whitelaw, 2001). Auxin transport associated with 

abscission is directional from the fruit to the AZ – known as polar auxin transport (Else et al., 

2004; Pierik, 1977). Research using polar auxin transport inhibitors in cherry and apple pedicels 
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indicated that continuation of polar auxin transport in pedicels supported fruit retention (Blanusa 

et al., 2005; Dražeta et al., 2004). The loss of polar auxin transport did not cause all fruit to 

abscise; thus, additional metabolites are likely involved. Nonetheless, defruiting reduced auxin 

transport and transport of other unidentified metabolites to the AZ, which allowed abscission to 

proceed. 

 

4.6 Conclusions 
Aminoethoxyvinylglycine and NAA are effective tools to delay fruit drop of 

‘Honeycrisp’. However, combining NAA with AVG did not delay PFD any more than using 

AVG alone. Foliar sprays of B and Mg did not adequately reduce fruit drop. Fruit drop by pedicel 

breakage was responsible for ~5% fruit drop. AVG delayed fruit maturity indicated by lower 

starch index values, lower rates of ethylene evolution, and reduced skin blush red colour.  
Xylem function declined until harvest implying a reduced capacity to conduct resources 

or compounds, such as auxin, that inhibit activation of the AZ. Rapid fruit drop began around 125 

DAFB, at which time dye stain measurements indicated seasonally low xylem function. 

‘McIntosh’ may be more susceptible to fruit drop compared with ‘Gala’, because ‘McIntosh’ 

apple fruit had lower xylem function. This is the first suggestion in the literature of a theory that 

low xylem function of apple fruit is related to PFD. Abscission that occurred following defruiting 

supported the theory that abscission is promoted by a reduction of inhibitory metabolites 

originating from the fruit. One mechanism suggested in this study was the loss of xylem function.   
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Table 4.1 Effects of foliar nutrient sprays on 'Honeycrisp' tree leaf Mg and B concentration. 
Treatments were applied during 2014 at the University of Guelph Simcoe Research Station, 
Simcoe, Ontario, Canada.z 

 
 
 
 
Table 4.2 Effects of foliar nutrient sprays on 'Honeycrisp' tree leaf Mg and B concentration. 
Treatments were applied during 2015 at a commercial orchard in Windham Centre, Ontario, 
Canada.z 

se se
Nutrient treatment
Untreated Control 22 b w 2.4 0.22 b 0.0164
200 mg·L-1 B (Solubor) 76 a 2.4 0.24 b 0.0164
2000 mg·L-1 Mg (MgSO4) 25 b 2.4 0.41 a 0.0164
P value <0.0001 <0.0001

y B nutrient concentration sufficiency range for apples is 20-60 ppm (OMAFRA, 2014).
x Mg nutrient concentration sufficiency range for apples is 0.25-0.40% (OMAFRA, 2014).

z Two repeat sprays separated by 2 weeks.

w Means within the same column followed by the same letter are not significantly different according 
to a Tukey's test (α = 0.05). N=6.

B y

(µg·g-1 )(dry weight)
Mg x

(%) (dry weight)

se se
Nutrient treatment
Untreated Control 34 b w 1.3 0.19 b 0.0183
200 mg·L-1 B (Solubor) 39 a 1.3 0.19 b 0.0183
2000 mg·L-1 Mg (MgSO4) 35 ab 1.3 0.27 a 0.0183
P value 0.0123 0.0015
z Three repeat sprays separated by 2 weeks.

x Mg nutrient concentration sufficiency range for apples is 0.25-0.40% (OMAFRA, 2014).

y B nutrient concentration sufficiency range for apples is 20-60 ppm (OMAFRA, 2014).

w Means within the same column followed by the same letter are not significantly different according to 
a Tukey's test (α = 0.05). N=6.

Mg x

(%) (dry weight)
B y

(µg·g-1 )(dry weight)
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Table 4.3 Effects of plant bioregulator, and B and Mg sprays on marketable yield, fruit number, fruit weight, and crop load of 
'Honeycrisp' apple trees. Treatments were applied during 2014 at the University of Guelph Simcoe Research Station, Simcoe, Ontario, 
Canada. 

Time of 
application

Marketable 
yield y se

 Marketable 
fruit number y se

Marketable 
fruit weight y se Marketable crop load y se

Drop management 
treatment z (kg·tree-1) (n) (g) (marketable fruit·cm-2 

TCSA) x

Untreated Control NA v 13.1 1.08 62 7.5 230 13.7 4.0 0.53
125 mg·L-1 AVG 4 weeks BAH y 14.3 1.08 65 7.5 231 13.7 4.0 0.53
20 mg·L-1 NAA 2 weeks BAH 14.3 1.09 64 7.6 230 13.9 4.3 0.53
125 mg·L-1 AVG +        
20 mg·L-1 NAA

2 weeks BAH 13.2 1.1 54 7.7 246 13.9 3.7 0.53

200 mg·L-1 B 3 repeat sprays, 
2 weeks apart

12.5 1.13 55 7.9 234 14.3 3.2 0.53

2000 mg·L-1 Mg 4 repeat sprays, 
2 weeks apart

11.7 1.08 45 7.5 263 13.7 2.7 0.53

P value 0.4953 0.4239 0.4804 0.3364
z Naphthaleneacetic acid (NAA), aminoethoxyvinylglycine (AVG), boron (B), magnesium (Mg).

x Before anticipated harvest (BAH).
w Trunk cross sectional area (TCSA).
v NA denotes not applicable.

y Total fruit, excluding preharvest fruit drop.
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Table 4.4 Effects of plant bioregulator, and B and Mg sprays on fruit firmness, starch index, soluble solids, titratable acidity, and the 
rate of ethylene evolution of 'Honeycrisp' apples. Treatments were applied during 2014 at the University of Guelph Simcoe Research 
Station, Simcoe, Ontario, Canada. 

 
 
  

Time of 
application se se se

Titratable 
acidity se se

Drop management 
treatment z

(mg malic 
acid·100 ml-1)

Untreated Control NA v 60.1 ab w 0.94 7.8 a 0.23 10.8 ab 0.21 42.8 2.05 12.2 a 1.82
125 mg·L-1 AVG 4 weeks BAH x 63.4 a 0.94 5.3 c 0.23 10.5 b 0.21 43.9 2.06 0.2 b 1.83
20 mg·L-1 NAA 2 weeks BAH 59.2 b 1.00 7.8 ab 0.23 10.9 ab 0.21 41.5 2.08 11.1 a 1.85
125 mg·L-1 AVG +         
20 mg·L-1 NAA

2 weeks BAH 63.1 ab 0.94 6.9 b 0.23 11.0 ab 0.21 45.0 2.09 ND v b 1.85

200 mg·L-1 B 3 repeat sprays, 
2 weeks apart

63.5 a 0.94 7.9 a 0.23 11.5 a 0.21 44.8 2.15 11.8 a 1.89

2000 mg·L-1 Mg 4 repeat sprays, 
2 weeks apart

61.9 ab 0.94 7.5 ab 0.23 11.4 a 0.21 46.5 2.06 8.3 a 1.83

P value <0.0001 <0.0001 0.0026 0.6278 <0.0001
z Naphthaleneacetic acid (NAA), aminoethoxyvinylglycine (AVG), boron (B), magnesium (Mg).

x Before anticipated harvest (BAH).
w Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.
v NA and ND denotes not applicable and not detectible, respectively.

Fruit 
firmness

(N)

Soluble solids

(% BRIX)

Starch index

(Rating 1-8: high-
low starch) y

Rate of 
ethylene 

evolution

(nl ethylene·g 
fruit-1·hr-1)

y Blanpied and Silsby (1992)
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Table 4.5 Effects of plant bioregulator, and B and Mg sprays on international standard CIELAB colour coordinates: L* (lightness), C* 
(chroma), and H0 (hue angle) of 'Royal Gala' fruit skin blush and ground colour. Treatments were applied during 2014 at the 
University of Guelph Simcoe Research Station, Simcoe, Ontario, Canada.z 

 
  

Time of 
application

Drop management 
treatment z se se se L* se se se

Untreated Control NA v 42.0 b w 0.70 39.8 b 0.73 28.7 b 1.47 70.4 0.69 40.4 c 0.47 104.9 b 1.22
125 mg·L-1 AVG 4 weeks BAH x 48.1 a 0.70 34.3 a 0.73 42.1 a 1.47 70.8 0.69 44.2 a 0.45 111.3 a 1.19
20 mg·L-1 NAA 2 weeks BAH 43.1 b 0.70 38.4 b 0.73 31.9 b 1.47 71.3 0.69 41.5 c 0.45 106.8 ab 1.19
125 mg·L-1 AVG +         
20 mg·L-1 NAA

2 weeks BAH 47.9 a 0.70 34.2 a 0.73 41.3 a 1.47 71.4 0.69 43.7 ab 0.45 110.8 a 1.19

200 mg·L-1 B 3 repeat sprays, 
2 weeks apart

41.4 b 0.70 40.5 b 0.73 28.8 b 1.47 72.7 0.69 40.8 c 0.45 102.6 b 1.2

2000 mg·L-1 Mg 4 repeat sprays, 
2 weeks apart

42.1 b 0.70 40.6 b 0.73 29.4 b 1.47 71.3 0.69 41.8 bc 0.45 104.5 b 1.2

P value <0.0001 <0.0001 <0.0001 0.1541 <0.0001 <0.0001

y Naphthaleneacetic acid (NAA), aminoethoxyvinylglycine (AVG), boron (B), magnesium (Mg).
x Before anticipated harvest (BAH).
w Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.

GroundBlush

v NA denotes not applicable.

C* H0L* C* H0

z Lightness (L*) defined as the intensity of an area from black to white (0-100), chroma (C*) defined as the purity of a colour (low is washed out, high is vivid), and hue (H0) defined as 
similarity to red (0), yellow (60), and green (120).
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Table 4.6 Effects of plant bioregulator, and B and Mg sprays marketable yield, fruit number, fruit weight, and crop load of 
'Honeycrisp' apple trees. Treatments were applied during 2015 at a commercial orchard in Windham Centre, Ontario, Canada. 

 
 
 
 
  

Time of 
application Total yield se se se

Marketable fruit 
weight y se se

Drop management 
treatment z (kg·tree-1) (g)

Untreated Control NA v 27.7 2.11 17.2 cd 1.77 81 ab 10.4 215 12.0 3.9 ab 0.51
125 mg·L-1 AVG 4 weeks BAH y 28.0 2.13 24.8 ab 1.79 108 ab 10.5 239 12.1 4.9 ab 0.51
20 mg·L-1 NAA 2 weeks BAH 31.9 2.11 25.6 a 1.77 124 a 10.3 206 12.0 6.0 a 0.51
125 mg·L-1 AVG +        
20 mg·L-1 NAA

2 weeks BAH 26.7 2.11 23.7 abc 1.78 104 ab 10.4 229 12.0 5.1 ab 0.51

200 mg·L-1 B 2 repeat sprays, 
2 weeks apart

28.1 2.11 14.6 d 1.77 73 b 10.3 204 12.0 3.6 b 0.51

2000 mg·L-1 Mg 2 repeat sprays, 
2 weeks apart

26.0 2.11 18.1 bcd 1.77 82 ab 10.3 225 12.0 3.9 ab 0.51

P value 0.4582 0.0003 0.0134 0.2786 0.0190

Marketable yield y

(kg·tree-1)

u NA denotes not applicable.

z Naphthaleneacetic acid (NAA), aminoethoxyvinylglycine (AVG), boron (B), magnesium (Mg).
y Total fruit, excluding preharvest fruit drop.
x Before anticipated harvest (BAH).
w Trunk cross sectional area (TCSA).
v Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.

 Marketable fruit 
number y

(n)

Marketable crop load y

(fruit·cm-2 TCSA) x
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Table 4.7 Effects of plant bioregulator, and B and Mg sprays on fruit firmness, starch index, soluble solids, titratable acidity, and the 
rate of ethylene evolution of 'Honeycrisp' apples. Treatments were applied during 2015 at a commercial orchard in Windham Centre, 
Ontario, Canada. 

 
  

Time of 
application

Fruit 
firmness se se

Soluble 
solids se se se

Drop management 
treatment z (N) (% BRIX)

Untreated Control NA u 61.6 0.602 2.8 (7.7) w a v 0.069 11.1 0.180 35.8 ab 1.52 14.3 ab 1.74
125 mg·L-1 AVG 4 weeks BAH x 63.7 0.602 2.2 (5.0) c 0.069 11.0 0.182 42.0 a 1.54 0.2 c 1.76
20 mg·L-1 NAA 2 weeks BAH 61.8 0.602 2.8 (7.6) a 0.069 11.0 0.180 34.3 b 1.52 19.2 a 1.74
125 mg·L-1 AVG +        
20 mg·L-1 NAA

2 weeks BAH 62.2 0.602 2.4 (6.1) bc 0.069 10.6 0.181 39.7 ab 1.53 ND u c 1.75

200 mg·L-1 B 2 repeat sprays, 
2 weeks apart

62.8 0.602 2.8 (7.8) a 0.069 11.1 0.180 35.6 ab 1.52 17.2 ab 1.74

2000 mg·L-1 Mg 2 repeat sprays, 
2 weeks apart

61.9 0.602 2.7 (7.5) ab 0.069 11.0 0.180 37.3 ab 1.52 11.1 b 1.74

P value 0.1585 <0.0001 0.4590 0.0144 <0.0001

u NA and ND denote not applicable and not detectible, respectively.

Starch index
(Rating 1-8: high-low 

starch) y

Rate of ethylene 
evolution

(nl ethylene·g 
fruit-1·hr-1)

Titratable acidity
(mg malic 

acid·100 ml-1)

y Blanpied and Silsby (1992)

z Naphthaleneacetic acid (NAA), aminoethoxyvinylglycine (AVG), boron (B), magnesium (Mg).

x Before anticipated harvest (BAH).
w Data were square root transformed.  The means in brackets are the untransformed values.
v Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.



 

 146 

Table 4.8 Effects of plant bioregulator, and B and Mg sprays on international standard CIELAB colour coordinates: L* (lightness), C* 
(chroma), and H0 (hue angle) of 'Honeycrisp' fruit skin blush and ground colour. Treatments were applied during 2015 at a commercial 
orchard in Windham Centre, Ontario, Canada.z 

 
 
 
 
 
 
 
 

Time of 
application

Drop management 
treatment z se se se se se se

Untreated Control NA u 45.8 b v 1.37 37.9 ab 0.84 34.5 b 3.47 72.8 a 0.51 40.3 ab 0.60 4.7 (108.5) w ab 0.013
125 mg·L-1 AVG 4 weeks BAH x 52.9 a 1.37 34.3 bc 0.84 51.6 a 3.47 70.6 b 0.51 41.9 a 0.60 4.7 (110.3) a 0.013
20 mg·L-1 NAA 2 weeks BAH 45.7 b 1.37 37.6 ab 0.84 35.4 b 3.47 72.7 ab 0.51 40.3 ab 0.60 4.7 (107.4) ab 0.013
125 mg·L-1 AVG +         
20 mg·L-1 NAA

2 weeks BAH 53.7 a 1.37 33.4 c 0.84 53.4 a 3.47 71.0 ab 0.51 42.4 a 0.60 4.7 (110.3) a 0.013

200 mg·L-1 B 2 repeat sprays, 
2 weeks apart

45.7 b 1.37 38.2 a 0.84 33.4 b 3.47 72.1 ab 0.51 39.2 b 0.60 4.7 (105.8) ab 0.013

2000 mg·L-1 Mg 2 repeat sprays, 
2 weeks apart

45.6 b 1.37 37.9 ab 0.84 35.3 b 3.47 70.5 b 0.51 39.0 b 0.60 4.6 (103.8) b 0.013

P value 0.0001 0.0006 0.0002 0.0061 0.0018 0.0061
z Lightness (L*) defined as the intensity of an area from black to white (0-100), chroma (C*) defined as the purity of a colour (low is washed out, high is vivid), and hue  (H0) defined as similarity to 
red (0), yellow (60), and green (120).
y Naphthaleneacetic acid (NAA), aminoethoxyvinylglycine (AVG), boron (B), magnesium (Mg).
x Before anticipated harvest (BAH).
w Data were log transformed.  The means in brackets are the untransformed values.
v Means within the same column followed by the same letter are not significantly different according to a Tukey's test (α = 0.05). N=6.
u NA denotes not applicable.

C* H0

Blush

L* C* H0 L*

Ground
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Figure 4.1 ‘McIntosh’ apple fruit at 77 days after full bloom, with an attached abscission zone. 
Separation of fruit from the spur occurs at the abscission zone (AZ), which is located at the 
junction between the pedicel (PD) and the spur (SP). (Photo by M. Arseneault.) 
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Figure 4.2 Anatomy of apple fruit vasculature stained with acid fuchsin dye. Photo shows path of 
dye uptake.  A fruit sectioned A) transversely, and B) longitudinally, black circles showing 
vascular bundles that are primary (1), grey circles showing dorsal (2), and an arrow showing 
minor (3). (Photos by M. Arseneault.) 
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Figure 4.3 Pedicel of apple fruit following separation from the tree. While monitoring fruit drop, 
fruit were categorized based on the appearance of the abscission zone, where A) a smooth 
abscission zone indicated abscission and B) a jagged and irregular break in the pedicel indicated 
broken pedicels or failure caused by external force. (Photos by M. Arseneault.) 
 

 

 

 
Figure 4.4 Dye infusion of ‘McIntosh’ and ‘Gala’ apple fruit, with A) the spur and pedicel 
submerged in 20 mL 0.5% acid fuchsin dye in a 20 mL beaker covered with parafilm, and B) 
airflow from a fan for a two-hour period of dye infusion. (Photos by M. Arseneault.) 
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Figure 4.5 Cumulative fruit drop, by abscission, of 'Honeycrisp' apple fruit in response to PBR 
and nutrient sprays during 2014 at the University of Guelph Simcoe Research Station, Simcoe, 
Ontario, Canada. A horizontal arrow indicates the commercial harvest window between 24 Sept 
and 2 Oct. Vertical bars represent the standard error of the mean. N=6 
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Figure 4.6 Cumulative fruit drop, by broken pedicels, of 'Honeycrisp' apple fruit in response to 
PBR and nutrient sprays during 2014 at the University of Guelph Simcoe Research Station, 
Simcoe, Ontario, Canada. A horizontal arrow indicates the commercial harvest window between 
24 Sept and 2 Oct. Vertical bars represent the standard error of the mean. N=6 
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Figure 4.7 Cumulative fruit drop, by abscission, of 'Honeycrisp' apple fruit in response to PBR 
and nutrient sprays during 2015 at a commercial orchard in Windham Centre, Ontario, Canada. A 
horizontal arrow indicates the commercial harvest window between 25 Sept and 2 Oct. Vertical 
bars represent the standard error of the mean. N=6 
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Figure 4.8 Cumulative fruit drop, by broken pedicels, of 'Honeycrisp' apple fruit in response to 
PBR and nutrient sprays during 2015 at a commercial orchard in Windham Centre, Ontario, 
Canada. A horizontal arrow indicates the commercial harvest window between 25 Sept and 2 
Oct. Vertical bars represent the standard error of the mean. N=6 
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Figure 4.9 Starch index of 'Honeycrisp' apple fruit in response to PBR and nutrient sprays during 
2014 at the University of Guelph Simcoe Research Station, Simcoe, Ontario, Canada. Vertical 
bars represent the standard error of the mean and means with the same letter are not significantly 
different according to Tukey's test (α = 0.05). N=6. 
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Figure 4.10 Rate of ethylene evolution of 'Honeycrisp' apple fruit in response to PBR and 
nutrient sprays during 2014 at the University of Guelph Simcoe Research Station, Simcoe, 
Ontario, Canada. Vertical bars represent the standard error of the mean and means with the same 
letter are not significantly different according to Tukey's test (α = 0.05). N=6. 
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Figure 4.11 Starch index of 'Honeycrisp' apple fruit in response to PBR and nutrient sprays 
during 2015 at a commercial orchard in Windham Centre, Ontario, Canada. Data were square 
root transformed and means in brackets are the untransformed values. Vertical bars represent the 
standard error of the mean and means with the same letter are not significantly different 
according to Tukey's test (α = 0.05). N=6. 
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Figure 4.12 Rate of ethylene evolution of 'Honeycrisp' apple fruit in response to PBR and 
nutrient sprays during 2015 at a commercial orchard in Windham Centre, Ontario, Canada. 
Vertical bars represent the standard error of the mean and means with the same letter are not 
significantly different according to Tukey's test (α = 0.05). N=6. 
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Figure 4.13 Apple fruit sectioned transversely following exposure to acid fuchsin dye. Dye 
uptake is shown in major and minor vascular bundles of ‘McIntosh’ at A) 77 days after full 
bloom (DAFB) and B) 98 DAFB and ‘Gala’ at C) 77 DAFB and D) 98 DAFB. At any sample 
date there were wide variations in the uptake of dye by major and minor vascular bundles 
between fruit, thus, the chosen figure shows representative fruit. ‘McIntosh’ is considered prone 
to PFD while ‘Brookfield Gala’ is not. Apples are not to-scale. (Photos by M. Arseneault.) 
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Figure 4.14 Dye staining intensity in (A) primary and (B) dorsal vascular bundles, and (C) 
cumulative preharvest fruit drop of ‘McIntosh’ (¢) and ‘Brookfield Gala’ (● ) fruit during 2015. 
‘McIntosh’ and ‘Brookfield Gala’ fruit are prone and are not prone to preharvest fruit drop, 
respectively. Lines represent best fit regressions of mean values for each cultivar, plotted over 
time: ‘McIntosh’ (  )(Efron’s pseudo R2 = (A) 0.90, (B) 0.69, (C) 0.99) and ‘Brookfield Gala’ 
( )(Efron’s pseudo R2 = (A) 0.93, (B) 0.70, (C) 0.99). The arrow indicates the commercial 
harvest period beginning at 120 DAFB. Vertical bars represent the standard error of the mean. 
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Figure 4.15 Number of (A) primary and (B) dorsal vascular bundles stained with dye, and (C) 
cumulative preharvest fruit drop of ‘McIntosh’ (¢) and ‘Brookfield Gala’ (● ) fruit during 2015. 
‘McIntosh’ and ‘Brookfield Gala’ fruit are prone and are not prone to preharvest fruit drop, 
respectively. Lines represent best fit regressions of mean values for each cultivar, plotted over 
time: ‘McIntosh’ (  )(Efron’s pseudo R2 = (A) 0.95, (B) 0.87, (C) 0.99) and ‘Brookfield Gala’ 
( )(R2 = (A) 0.88, Efron’s pseudo R2 = (B) 0.87, (C) 0.99). The arrow indicates the commercial 
harvest period beginning at 120 DAFB. Vertical bars represent the standard error of the mean. 
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Figure 4.16 ‘McIntosh’ apple fruit sectioned longitudinally following exposure to acid fuchsin 
dye. The arrow indicates the location in the primary vascular bundle of the fruit cortex where dye 
movement stopped, indicating a reduction in xylem transport. (Photo by M. Arseneault.) 
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Figure 4.17 Cumulative abscission of ‘McIntosh’ apple pedicels during 2015, with treatments 
beginning 81 days after full bloom. Data points represent the mean from 40 abscission zones 
sampled from two trees (N=2). Treatments are untreated control with fruit attached to the pedicel 
(● ), pedicel injured with fruit attached (�), and pedicel without fruit (¢). Lines represent best fit 
regressions of mean values for each treatment, plotted over time: untreated control with fruit 
attached to the pedicel (- -)(Efron’s pseudo R2= 0.99), pedicel injured with fruit attached  
( (Efron’s pseudo R2= 0.99), and pedicel without fruit ( (Efron’s pseudo R2= 0.99). Vertical 
bars represent the standard error of the mean. 
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Figure 4.18 ‘McIntosh’ apple pedicel following defruiting. The pedicel is shown, A) with an 
intact abscission zone when fruit was removed at 81 days after full bloom (DAFB), and B) 
following abscission at 91 DAFB with a smooth plane of fracture at the abscission zone. (Photos 
by M. Arseneault.) 
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CHAPTER 5 – GENERAL DISCUSSION AND CONCLUSIONS 
 

The purpose of this research was to determine whether the crop load management of 

popular apple cultivars could be improved during abscission including the stages of fruitlet 

thinning and preharvest fruit drop, and to enhance our understanding of the physiology of 

abscission. The objectives were to determine the post-bloom thinning efficacy of several new and 

existing PBRs on ‘Gala’ trees as an alternative to the industry thinning standard carbaryl and 

during late thinning from 15 to 25 mm fruitlet diameter to determine the effect on fruit set, return 

bloom, yield and fruit quality. Another objective was to determine the influence of PBRs on 

‘Honeycrisp’ preharvest fruit drop and fruit quality. Finally, xylem function of apple fruit was 

investigated in relation to cultivar propensity to drop and the effect defruiting on the activation of 

abscission was assessed. 

Thinning ‘Gala’ apple fruitlets in one out of two years (at 17 mm fruitlet diameter), using 

150 and 300 mg∙L-1 ABA plus 6-BA and 150 mg∙L-1 ACC alone demonstrated acceptable fruit set 

and crop load as an alternative to carbaryl. Previous research similarly indicated that ABA plus 6-

BA (concentration of ABA was 150 to 1000 mg∙L-1) reduced fruit set of ‘Fuji’ and ‘McIntosh’ 

(Greene et al., 2011). Previous research using 400 mg.L-1 ACC was also effective at thinning 

‘Gale Gala’ when applied between 18 and 27 mm (McArtney and Obermiller, 2012). In 2015, 

when 300 mg∙L-1 ACC reduced fruit set there was an improvement in return bloom the following 

year, which was anticipated (Meland, 2009; Robinson and Lopez, 2010). The treatments 150 and 

300 mg∙L-1 ABA plus 6-BA and 150 mg∙L-1 ACC would be acceptable thinners to replace 

carbaryl, because they effectively balanced fruit quality with crop load. The thinning chemicals 

ABA plus 6-BA and ACC warrant further investigation, particularly during large fruitlet 

diameters (15-20 mm), to define the optimal application time and to understand if the thinning 

agents are reliable. Furthermore, another treatment NAA plus 6-BA caused ‘pygmy’ fruit 

development in one out of two years of this study, in contrast to previous reports (Bukovac et al., 

2008; Robinson, 2006), thus it is not a recommended crop load management treatment for ‘Gala’. 

The use of ACC and ethephon was investigated for thinning when the fruitlet 

development stage was between 15 and 25 mm diameter, which was outside the recommended 

thinning period. Fruit set was reduced during both years when ACC was applied at the earliest 

time (15 and 16 mm in 2014 and 2015, respectively), which coincided with high fruitlet ethylene 
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production. The current study is consistent with research by McArtney and Obermiller (2012) in 

which ACC thinned when applied between 11 and 17 mm, but was ineffective at 23 mm. 

Ethephon was ineffective at thinning ‘Gala,’ a result that is inconsistent with reduced fruit set on 

‘Delicious’ when applied between 16 and 22 mm (Marini, 1996) and on ‘Golden Delicious’ at 20 

mm (Yuan, 2007). Perhaps the rate of ethephon was too low for thinning ‘Gala’ even though a 

similar rate of 400 mg∙L-1 was used by Marini (1996) and Yuan (2007).  Fruit quality was not 

directly affected by ACC and ethephon but ACC caused leaf phytotoxicity. The current study 

supports the use of ACC for thinning ‘Gala’ trees when applied at ~15 mm diameter. Future 

research is required to identify environmental conditions associated with leaf phytotoxicity and to 

recommend safe concentrations of ACC on ‘Gala’.  

Preharvest fruit drop of ‘Honeycrisp’ was delayed using AVG 4 WBAH and using NAA 

or AVG plus NAA 2 WBAH, during both years of study. The delay was greater during 2015 

when 43% PFD occurred. Previous research demonstrated that AVG delayed PFD on ‘McIntosh’ 

(Robinson et al., 2010), ‘Golden Supreme’ (Yuan and Carbaugh, 2007), and ‘Bisbee Delicious’ 

(Yuan and Li, 2008) in a similar fashion. Although Schupp and Greene (2004) demonstrated that 

NAA was ineffective at delaying ‘McIntosh’ PFD, the current study supports previous research 

that NAA delayed PFD on ‘Red Chief Red Delicious’ (Marini et al., 1993), and ‘Golden 

Supreme’ (Yuan and Carbaugh, 2007). Yuan and Carbaugh (2007) indicated that AVG delayed 

PFD more effectively than NAA, consistent with the 2015 results of the current study. There was 

no additional reduction of PFD of ‘Honeycrisp’ by using NAA plus AVG compared with AVG 

alone. Yuan and Li (2008) indicated greatest reduction of PFD using NAA plus AVG, however, 

the benefit was only observed after the commercial harvest period when drop control is not 

necessary. Applying B or Mg as foliar sprays to trees deficient in these nutrients did not delay 

PFD, thus they were not useful for the management of PFD.  

The use of AVG 4 WBAH reduced fruit ethylene evolution and skin blush red colour 

development relative to the control. Other investigations using AVG demonstrated a similar 

delay in horticultural maturity (Robinson et al., 2010; Schupp and Greene, 2004). The drop 

management chemicals AVG and NAA are promising for providing orchardists with a tool to 

delay ripening and reduce PFD of ‘Honeycrisp.’ The influence of lower rates of AVG on PFD 

and fruit quality on ‘Honeycrisp’ is also of interest, to potentially reduce the cost of application 

and minimize delay to fruit maturity.  
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There is a need for insight into the events that precede cell separation to improve crop 

load management, since these events are involved with the induction of abscission. Evidence 

suggests there is a relationship between propensity of cultivar PFD and fruit xylem function.  

Uptake of acid fuchsin dye indicated that xylem function of ‘McIntosh’ and ‘Gala’ declined until 

harvest, consistent with previous research (Drazeta et al., 2004; Miqueloto et al. 2014). Fruit drop 

began 125 DAFB, when dye uptake indicated seasonally low xylem function. By harvest at 120 

DAFB, fruit from the drop-prone cultivar ‘McIntosh’ had lower xylem function compared with 

‘Gala’ a cultivar not prone to PFD. The relative xylem function of apple cultivars has also been 

reported in previous research, albeit in relation to the physiological disorder bitter pit. Longer-

lasting xylem function was associated with cultivars that likely have a lower cultivar-specific 

propensity for PFD (Drazeta et al., 2004; Irish-Brown et al., 2011; Lang and Ryan, 1994; 

Miqueloto et al., 2014). Lower xylem function is purported to interfere with transport of 

resources to the fruit, leading to shifts in developmental metabolism and changes in the 

metabolites communicated from the fruit to the AZ. These results suggest that ‘McIntosh’ may 

have a greater propensity for PFD relative to ‘Gala,’ because it demonstrated comparatively 

lower xylem function. No prior mention of this theory, in which low xylem function of apple fruit 

is related to PFD, has been made in the literature. The influence of PBRs, such as AVG and 

NAA, on xylem function should be evaluated while the relationship between PFD and xylem 

function is also investigated further.  

The influence of fruit in the activation of the AZ at the pedicel was assessed through 

defruiting ‘McIntosh,’ leaving pedicels intact. Abscission of the defruited pedicel occurred 94 

DAFB, which was prior to abscission of the control pedicel 133 DAFB. Therefore, the AZ was 

receptive to the induction of abscission prior to the development stage when PFD occurs 

naturally. Abscission occurred at the pedicel AZ within 13 days of defruiting, demonstrating that 

apple abscission was accelerated by removal of the fruit. Beruter and Droz (1991) indicated that 

defruiting ‘Golden Delicious’ apple fruitlets at 15, 28, and 49 DAFB induced abscission. 

Artificially induced abscission, reduces the supply of metabolites by the fruit, which supports the 

hypothesis that abscission is induced when the supply of metabolites from the fruit is weakened. 

Further research is warranted to determine which metabolites applied to the end of the defruited 

pedicel inhibit abscission.  

This research demonstrated the efficacy of several PBRs for the crop load management of 
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popular apple cultivars to improve fruitlet thinning and delay preharvest fruit drop. The research 

supported the use of 6-BA plus ABA and ACC alone for thinning in the event that the popular 

thinner carbaryl becomes unavailable. Similar to previous research, the study supported the use of 

ACC later in fruitlet development, particularly at 15 mm fruitlet diameter. Research that increases 

fruitlet thinning may improve fruit quality, return bloom, and protect trees from the damaging 

weight of a fruit load. The study also supported the use of AVG and NAA to delay fruit drop of 

‘Honeycrisp’. Research that reduces apple PFD may improve the profitability of drop-prone 

apple cultivars, and reduce crop loss and food waste. Investigations of PFD abscission 

physiology may lead to the discovery of new compounds to manage fruit drop. This research 

offered suggestions to improve apple crop load management that may improve the profitability of 

growing popular apple cultivars in Ontario while supplying consumers with high quality fruit. 
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