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 Maintaining tree growth and fruit production during periods of drought stress are 

important issues for apple producers.  Apple trees were subjected to five irrigation treatments 

including three rates based on evapotranspiration, a commercial rate of 25.4 mm/week (positive 

control), and a rain-fed treatment (untreated).  Irrigation treatments did not significantly affect 

marketable yield, fruit size, or trunk cross-sectional area (TCSA).  In 2013 fruit quality was 

unaffected by irrigation; however, in 2014 the rain-fed treatment delayed maturity and increased 

the colour intensity of harvested fruit.  When four rootstocks were evaluated for drought 

tolerance Vineland 3 (V.3) was observed to be unique for several physiological traits related to 

drought tolerance, including a greater retention of biomass and TCSA compared to the other 

genotypes, and stability in its leaf area:TCSA ratio and root:shoot ratios.  The critical relative 

soil water contents of the four genotypes were also determined but there were no genotypic 

differences.
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CHAPTER 1 – GENERAL INTRODUCTION 

 

Apples (Malus x domestica Borkh.) are the most important tree fruit crop in Ontario with 

a farm value of approximately $71M in 2014 (Mailvaganam, 2015).  In 2013 there was 6316 ha 

of apple orchards in Ontario, the largest of any Canadian province, and in 2010 Ontario held 38% 

of the marketed production (in tonnes) of apples in Canada (Anonymous, 2014, 2012).  Apple 

producers in Ontario face many challenges including competition with imports as a consequence 

of global oversupply, disease and insect pressures, increasing costs of production, and abiotic 

stressors such as drought (Anonymous, 2012).  To combat these challenges producers have 

intensified their cultivation methods through greater adoption of high density apple orchards, and 

size controlling rootstocks (O’Rourke, 2003; Robinson et al., 2007).  

 High density orchards are advantageous because they optimize light penetration, 

improving fruit quality, and they produce higher yields much earlier after planting than low 

density orchards (Corelli-Grappadelli, 2003; Robinson, 2003).  The increased susceptibility of 

higher density orchards to water stress compared to lower densities is a disadvantage primarily 

caused by increased root to root competition, and rapid soil water depletion due to higher root 

densities (Atkinson, 1981, 1978).  The amount of roots produced by individual apple trees is also 

reduced at higher densities (Atkinson, 1978), implying that a smaller volume of soil is occupied 

by the roots of an individual tree.  Ontario experiences adequate annual precipitation to support 

fruit growth.  For example, the 30-year annual precipitation normal for the Kingsville, ON 

Ministry of the Environment weather station is ~814 mm (Anonymous, 2015a).  Although 

annual precipitation is adequate its seasonal distribution is uneven, and regions in the province 

commonly experience soil water deficits in the middle of summer (de Jong and Bootsma, 1997; 
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Kottek et al., 2006; Statistics Canada, 2012).  In the future drought events in Ontario are 

predicted to increase in duration and frequency as a result of climate change (Collins et al., 2013; 

Easterling et al., 2007).  Irrigation can be used to combat the negative effects of drought on apple 

production; however, the competition between agricultural, industrial, recreational, and 

residential sectors, as well as ecological processes, is predicted to decrease the availability of 

water resources (Nair et al., 2013; Seckler, 1996).   

Current irrigation scheduling methods in Ontario consist of: 1) the ‘feel test’ for soil 

moisture, 2) use of tensiometers and soil water potential thresholds, and 3) a water budget 

approach (Tan and Layne, 1990).  These methods do not account for tree water use, are prone to 

errors, or involve a complex series of calculations that are not easily or conveniently 

implemented.  Irrigation scheduling in apple orchards based on replacement of 

evapotranspiration (ET) has gained attention recently; it is both site specific and based on 

estimates of tree water use.  Several authors have observed ET-based irrigation scheduling to be 

advantageous in semi-arid climates, optimizing both yield and fruit quality (Ebel et al., 1995, 

1993; Fallahi et al., 2010; Neilsen et al., 2010).  Deficit irrigation is an application strategy that 

can be used in conjunction with ET-based scheduling to reduce consumption of water, but in 

certain cases deficit irrigation reduces yields, and diminishes fruit quality (Ebel et al., 1995; 

Fallahi et al., 2010; Neilsen et al., 2010).  An ET-based irrigation scheduling method has yet to 

be investigated empirically in Ontario.  

Incorporating drought tolerant rootstocks into an orchard at planting is another option to 

help mitigate the effects of seasonal drought, and could be used in conjunction with efficient 

irrigation systems to further conserve water.  Dwarfing rootstocks are generally regarded as less 

drought tolerant than their more vigorous counterparts (Webster and Wertheim, 2003).  Two 
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mechanisms have been proposed to alleviate drought stress i) continued accumulation of biomass 

during a soil water deficit, and ii) a larger proportion of biomass allocated to root growth 

(Atkinson et al., 1999; Ferree and Carlson, 1987; Psarras and Merwin, 2000).  The rootstock 

clone Malling-Merton 111 (MM.111) is often cited as being highly drought tolerant (Atkinson et 

al., 1999; Bauerle et al., 2011; Ferree and Carlson, 1987), and MM.111 has been used as a 

‘standard’ drought tolerant genotype in numerous comparison studies.  However, there have been 

inconsistencies in the literature, and the dwarfing rootstock Malling 9 (M.9) has demonstrated a 

greater tolerance to drought than MM.111 (Fernandez et al., 1997; Psarras and Merwin, 2000).  

Regardless, drought tolerant rootstocks will be in greater demand as producers continue to adopt 

plantings that are based on dwarfing rootstocks, and intensive orchard cultivation practices 

spaced at higher densities.  With this in mind Webster and Wertheim (2003) called attention to 

the shortage of drought tolerant dwarfing apple rootstocks, and/or the lack of research into the 

drought tolerance of newly released dwarfing genotypes.  

The Vineland rootstock series, originating out of the Horticultural Research Institute of 

Ontario, Vineland Station, Ontario (Elfving et al., 1993) has gained interest in recent years due to 

their cold hardiness, and fire blight resistance (Cline et al., 2001).  The Vineland 1 (V.1) and 

Vineland 3 (V.3) genotypes are semi-vigorous and dwarfing rootstocks, respectively; their 

tolerance to water (drought) stress is unknown.   

The purpose of this thesis research was to: i) investigate the applicability of an ET-based 

irrigation scheduling system in Ontario apple orchards, and ii) investigate the drought tolerance 

of V.1 and V.3 apple rootstocks, and compare them with the industry standards M.9 and 

MM.111.  The hypotheses tested were: i) an ET-based irrigation scheduling method optimizes 

yield, increases fruit quality, and improves tree health in high density apple orchards while 
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reducing water consumption compared to calendar irrigation, and ii) apple rootstocks vary in 

their response to water stress, and dwarfing genotypes are more negatively affected 

physiologically by water stress than vigorous genotypes.
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CHAPTER 2 – LITERATURE REVIEW 

 

2.1  Apples: history, economic importance, evolution of production practices, and the 

increasing need for irrigation 

 The modern apple tree (Malus x domestica Borkh.) originated in the steppe region of 

Asia, centred in what is now Kazakhstan, and it is believed to be one of the earliest fruits 

cultivated by humans (Harris et al., 2002; Janick et al., 1996; Luby, 2003).  M. domestica is now 

grown in temperate climates and at high elevations in equatorial regions, on all continents except 

Antarctica (Luby, 2003).  Malus sieversii (Ledeb.) Roem. is believed to have been a species 

integral in the domestication of M. domestica; however, the ancestry of M. domestica is complex 

and not fully understood (Juniper et al., 1999; Luby, 2003).  Confirming the ancestry of M. 

domestica is difficult due to the large diversity, occurrence of interspecific hybridization events, 

high incidence of polyploidy and a large number of apomictic species within the Malus genus 

(Luby, 2003).  Collectively there are approximately 6000 cultivars and landraces of apple 

worldwide; however, only 15 cultivars account for over 90% of global production (Bassett et al., 

2011; Hancock et al., 2008).  

In terms of yield (tonnes), apples are the fourth most important fruit crop worldwide, and 

are only surpassed in production by bananas, citrus, and grapes (Gardiner et al., 2007).  The six 

largest producing countries, by total yield (tonnes), in 2012 were: China, The United States of 

America, Turkey, Poland, India, and Italy (FAO, 2013).  In 2012 worldwide production was 

approximately 76.4M tonnes (~$32.4 billion USD), and China accounted for approximately 37M 

tonnes, or almost half of total production (FAO, 2013).  Apples are a major contributor to 

Canadian overall fruit production; in 2010 the farm gate value of apples was $148.5M and 
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Ontario held 41% of the national farm gate value (Anonymous, 2012).  In 2014 the farm value of 

Ontario apples was $71M, the highest valued fruit crop (Mailvaganam, 2015).  The United States 

is the most important export destination for Canadian apples; however, imports of fresh apples 

exceed exports by approximately 35% for Ontario and British Columbia, which are the top two 

importing provinces (Anonymous, 2012; Mailvaganam, 2007).  

The intensification of apple cultural methods in recent years has led to the increased 

adoption of high density planting systems (O’Rourke, 2003; Robinson et al., 2007).  High 

density plantings afford increased light penetration leading to increased precocity and higher 

yields during the initial years after planting, compared to traditional low density systems 

(Corelli-Grappadelli, 2003).  However, in high density orchards water stress can occur more 

quickly and to a greater severity than low density systems (Atkinson, 1981).  On an individual 

tree basis this is caused by a greater root density in the soil, increasing the rate at which soil 

water is depleted, resulting in reduced access for soil moisture (Atkinson, 1978).  The increase in 

leaf area index (LAI) that occurs in high density plantings has also been linked to their 

susceptibility to water stress because a greater interception of photosynthetically active radiation 

contributes to increased transpiration rates and a subsequent decline in soil moisture (Atkinson, 

1981).  Unexpectedly the use of irrigation can actually increase the susceptibility of a high 

density orchard to water stress because supplemental irrigation alters the root distribution of 

apple trees (Sokalska et al., 2009).   In an intensive irrigation treatment the percentage of roots 

with diameters between 1-3 mm decreased from 0 to 100 cm with the largest percentage in the 

top 40 cm of soil and no roots were recorded between the depths of 80-100 cm (Sokalska et al., 

2009).  In a non-irrigated treatment there were a larger percentage of roots with diameters 

between 1-3 mm at greater depths, including ten percent of roots between the depths of 80-100 
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cm (Sokalska et al., 2009).  A shallower root system in orchards with irrigation could subject the 

trees to more intense fluctuations in soil moisture, causing stress injury to occur more quickly if 

the availability of supplemental irrigation is variable.  Although irrigation can be used to avoid 

drought stress, it should be managed in such a way so that it does not encourage the development 

of a shallow root system.  

In humid temperate climates such as Ontario, total annual precipitation is adequate for 

fruit production; however, unequal distribution during the growing season commonly results in 

deficit periods during the summer months leaving plants vulnerable to water stress (de Jong and 

Bootsma, 1997; Kottek et al., 2006; Statistics Canada, 2012).  Depending on location, seasonal 

precipitation deficits (from 1 May to 30 Sept.) are quite common; for example, at the Ministry of 

the Environment’s Kingsville and Delhi weather stations 47% and 57% of years had below 

average precipitation during this five month period, respectively (Figures 2.2, 2.3).  Due to 

changing climate patterns these deficit periods are predicted to intensify in the future, and the 

number of years with below average rainfall may increase in frequency, as well as the severity of 

drought periods (Collins et al., 2013; Easterling et al., 2007). The availability of water for 

agricultural purposes is predicted to decrease in most regions, as competition for water increases 

between industrial, residential, and commercial sectors (Nair et al., 2013; Seckler, 1996).  The 

increased demand for fresh water, uncertainty in seasonal availability for agricultural uses, and 

increased susceptibility of orchards to drought induced stress, warrants further investigation into 

efficient irrigation systems and other mitigation strategies such as drought tolerant rootstocks.  
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2.2  Drought tolerance in apple rootstocks 

2.2.1 Introduction  

The use of rootstocks in apple cultivation provides a unique opportunity in crop 

production, where the root system can be selected for tolerance to biotic and abiotic stressors, 

while the scion cultivar can be chosen for productivity, and fruit quality (Gregory et al., 2013).  

Most importantly rootstocks impart size control onto grafted scions, a characteristic that is 

essential for high density plantings (Webster and Wertheim, 2003).  Rootstocks that reduce tree 

size from a standard reference are referred to as dwarfing rootstocks and clones that do not 

provide size control are described as vigorous.  Rootstocks differ in many physiological traits, 

and despite decades of research the mechanisms by which rootstocks influence their scion 

cultivars are still not well understood (Gregory et al., 2013; Webster, 1997).  No one apple 

rootstock is perfect for all production regions of the world, and every rootstock clone has its own 

advantages, disadvantages, and popularity in specific locations (Ferree and Carlson, 1987).  

Dwarfing, drought tolerant rootstocks will be advantageous in the future because drought events 

are predicated to increase in duration and frequency, along with a reduction in the availability of 

water for agricultural use (Collins et al., 2013; Nair et al., 2013).  It is important to evaluate 

newly released dwarfing rootstocks, or untested local genotypes, for their response to stressors 

such as drought, so that interested producers can make informed decisions about rootstocks 

selection.  A summary of the current literature on the drought tolerance of apple rootstocks is 

presented below; a gravimetric method for imposing water stress and allometric models are also 

discussed. 
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2.2.2 Drought tolerance of grafted and non-grafted apple rootstocks, and the role of biomass 

Dwarfing rootstocks are generally regarded as less tolerant of drought conditions 

compared to their vigorous counterparts (Ferree and Carlson, 1987; Webster and Wertheim, 

2003).  While rootstocks differ in their drought tolerance, there is conjecture as to the degree to 

which a rootstock can impart its drought tolerance onto its scion cultivar (Fernandez et al., 1997).  

There is also no consensus on the mechanisms by which rootstocks impart their characteristics, 

such as size control or drought tolerance, onto their scion cultivars (Gregory et al., 2013; 

Webster, 1997).  Webster and Wertheim (2003) have called attention to the low number of 

commercially available drought resistant rootstocks.  Although there has been extensive 

investigation into how apple rootstocks respond to drought conditions, reports have been 

inconsistent, and investigations have been limited to a relatively small number clones.  Over the 

past decade a number of rootstock clones have been released, and their potential tolerance to 

water stress is unknown. 

 A majority of previous investigations have focussed on the response of high vigour 

(vigorous) and low vigour (dwarfing) rootstocks to drought conditions.  The majority of 

investigations into drought tolerance have occurred in controlled environments, with a few 

experiments performed in orchard conditions.  The vigorous clone (further referred to as 

genotype) Malling-Merton 111 (MM.111) has received a large amount of attention, and it is 

often cited as markedly more drought tolerant than other genotypes when non-grafted and 

grafted trees were assessed (Atkinson et al., 1999; Bauerle et al., 2011; Ferree and Carlson, 

1987).  However, others have reported that the dwarfing rootstock Malling 9 (M.9) is more 

drought tolerant than MM.111 when both genotypes were grafted to a common scion cultivar 

(Fernandez et al., 1997; Psarras and Merwin, 2000).  The continued accumulation of root 
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biomass and a greater proportion of biomass in the root system are the proposed mechanisms 

responsible for the drought tolerances of MM.111 (Atkinson et al., 1999; Ferree and Carlson, 

1987) and M.9 rootstocks (Psarras and Merwin, 2000).  

Plant biomass (total or partitioned into shoot and root fractions) is commonly assessed in 

rootstock drought trials.  When water stress was imposed by stopping irrigation, total coarse and 

fine root biomass did not differ between nine rootstocks (Atkinson et al., 1999).  However, 

dwarfing genotypes including M.9 had longer fine roots when exposed to water stress compared 

to vigorous rootstocks such as MM.111 and Malling 26 (M.26) under the same conditions 

(Atkinson et al., 1999).  In multiple experiments dry biomass has been reduced by water stress, 

regardless of rootstock vigour (Atkinson et al., 1999; Fernandez et al., 1997; Liu et al., 2012a; Lo 

Bianco et al., 2012).  Genotype M.9 was observed to have lower shoot biomass than MM.111 

during water stress, but it was difficult to conclude whether the differences were caused only by 

water stress, or if the inherent size differences, due to vigour, influenced this effect (Psarras and 

Merwin, 2000).  Bauerle et al. (2011) avoided this complication by calculating a tolerance to 

water deficit index, which normalized the biomass response of the water stress treatment to that 

of the water-replete controls.  This technique is useful as it removes the influence of vigour and 

initial tree size, and the physiological response to water stress can be directly compared between 

genotypes (Bauerle et al., 2011).  With this method MM.111 was concluded to have a higher 

drought tolerance than the dwarfing genotype Bud 9 (B.9) (Bauerle et al., 2011).   

In addition to reductions in biomass, the trunk cross-sectional area (TCSA), or trunk 

diameter (TD) of apple rootstocks has been reduced in response to water stress (Atkinson et al., 

1999; Fernandez et al., 1997; Liu et al., 2012a, 2012b).  Vigorous rootstocks have demonstrated 

larger TCSA during water stress compared to dwarfing genotypes; however, M.9 retained a 
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larger percentage of its non-stressed TCSA than did MM.111 (Atkinson et al., 1999; Fernandez 

et al., 1997).  Water stress has also reduced the leaf area of apple rootstocks (Liu et al., 2012a, 

2012b; Psarras and Merwin, 2000).  Psarras and Merwin (2000) observed a smaller leaf area for 

M.9 than MM.111 during moderate drought stress, a difference that did not occur in a severe 

water stress treatment.  In comparison Fernandez et al. (1997) found no differences in the leaf 

areas of M.9, MM.111 or Mark (dwarfing) genotypes in field conditions, but leaf development 

was slowed by water stress in all three genotypes.  Although normalized indices of biomass, 

TCSA, and leaf area can be effective indicators of drought tolerance, functional responses 

(mechanisms the plant can alter to cope with water stress) of the plant should also be observed to 

attain more robust conclusions. 

 

2.2.3 Functional physiological responses 

Whole plant water use is a physiological trait that changes in response to varying soil 

water contents; when whole plant water use is normalized to plant size and evaporative demand 

it is referred to as the normalized transpiration ratio (NTR) (Hufstetler et al., 2007).  In soybean 

(Glycine max) and cotton (Gossypium hirsutum), reductions in stomatal conductance of water 

vapour and leaf net CO2 assimilation were associated with decreases in NTR (Earl, 2003).  There 

is a soil water content threshold at which whole plant water use (NTR) begins to decline and it is 

referred to as the critical relative soil water content (RSWCC), or more often it is expressed as a 

fraction of transpirable soil water (FTSWC) (Hufstetler et al., 2007; Ray and Sinclair, 1997).  

Above the FTSWC whole plant water use is not limited by soil water availability; however, 

below this threshold whole plant water use declines as soil water content decreases (Ray and 

Sinclair, 1997; Sinclair and Ludlow, 1986).  Genotypic differences in FTSWC have been reported 



 

 

12 

 

for maize (Zea mays) (Ray and Sinclair, 1997), soybean (Hufstetler et al., 2007), turf-grass 

species (Cathey et al., 2013), millet (Pennisetum glaucum) (Kholová et al., 2010), peanut 

(Arachis hypogaea) (Devi et al., 2009), and cowpea (Vigna unguiculata) (Belko et al., 2012).  

The range in FTSWC is large, from 0.13 to 0.71 depending on the species evaluated, and FTSWC 

has yet to be evaluated in apples. 

There is conjecture in the literature as to whether a low FTSWC indicates a sensitivity, or 

tolerance to water stress. Cathey et al. (2013) concluded that turf-grass species with low FTSWC 

aggressively use available soil water to maintain high rates of transpiration; therefore not 

conserving soil water, and succumbing to drought injury more quickly.  Cathey et al. (2011) 

simulated water stress by subjecting three grass species to a specific NTR over several days; the 

species with a low FTSWC experienced a significant decline in turf quality compared to species 

with higher FTSWC.  However, after a recovery period all species did not differ in their visual 

quality (Cathey et al., 2011).  In millet and cowpea drought tolerant cultivars demonstrated a 

significantly lower FTSWC compared to drought sensitive cultivars (Belko et al., 2012; Kholová 

et al., 2010).  Hufstetler et al. (2007) suggested a low FTSWC would be an advantage during 

short periods of water stress, and a disadvantage during long periods of water stress.  Many of 

the reports examining FTSWC have not subjected plants to long-term water stress, and doing so 

might clarify some of the inconsistencies in the literature. 

Total leaf area to sapwood cross-sectional area has an approximate linear relationship and 

is known as the AL:AS ratio, and it has been described as a component of the hydraulic 

architecture of trees (Mencuccini and Bonosi, 2001; White et al., 1998).  The majority of reports 

investigating the AL:AS ratio have been performed in coniferous species, and these investigations 

have observed reductions in the AL:AS ratio in desert climates, or in regions where trees 
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experience a high transpiration demand (Callaway et al., 1994; Coyea and Margolis, 1992; 

Mencuccini and Grace, 1994).  During a six year experiment two Eucalyptus spp. experienced a 

significant decrease in their AL:AS ratio in response to water stress (White et al., 1998).  It was 

suggested by White et al. (1998) that the large AL:AS ratio for irrigated trees could be explained 

by the complementary increase in stem hydraulic conductivity but this was inferred from 

conceptual mathematical models as opposed to direct measurement.  The study by Atkinson et al. 

(1999) is the only report in the literature where the AL:AS ratio has been investigated for apple 

rootstocks.  Water stress reduced the AL:AS ratio compared to water-replete conditions, and 

during water stress some vigorous rootstocks demonstrated larger AL:AS ratios than dwarfing 

genotypes (Atkinson et al., 1999).  Atkinson et al. (1999) postulated that a lower AL:AS ratio is 

related to an increase in the number of xylem embolisms resulting a reduced efficiency to 

transport water.  Therefore avoiding xylem embolisms by maintaining a large AL:AS ratio may 

be an advantage during water stress conditions (Atkinson et al., 1999). 

Water use efficiency (WUE) is defined as the amount of biomass accumulated per unit of 

water transpired (Manavalan and Nguyen, 2012).  In several studies the WUE of seedling apple 

rootstocks has increased for trees exposed to a water stress treatment (Liu et al., 2012a, 2012b; 

Ma et al., 2010).  When vegetative tissue was evaluated in a field experiment, WUE was 17% 

higher for the vigorous genotype Malling-Merton 106 (MM.106) compared to M.9, and water 

stress increased the WUE of both genotypes (Lo Bianco et al., 2012).  Similarly in a controlled 

environment experiment, the more vigorous MM.111 was found to have a higher WUE 

compared to the dwarfing rootstock B.9 (Bauerle et al., 2011).  The same observations have been 

reported between two Malus spp. which differed in root system vigour; that which was more 

vigorous had a higher WUE compared to the low vigour species (Liu et al., 2012b).  It is clear 
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from the literature that WUE is positively correlated with rootstock vigour, and WUE increases 

during water stress. 

Hydraulic conductivity (K) is defined as “water flow rate (kg s
-1

) per unit pressure drop 

(MPa) driving flow” (Tyree et al., 1998).  Drought conditions are believed to induce xylem 

cavitations which can disrupt hydraulic flow contributing to drought stress symptomologies 

(Jones, 1992).  The related parameter, root hydraulic conductance (Kroot) is defined as “water 

flow rate (kg s
-1

) per unit pressure (MPa), driving flow through a root system”, and Kroot should 

be normalized by some characteristic to scale for plant size (Tyree et al., 1998).  Regardless of 

vigour, exposure to water stress reduced Kroot responses for un-worked citrus and apple 

rootstocks (Bauerle et al., 2011; Levy et al., 1983).  In another study Kroot demonstrated a 

negative relationship with vigour in citrus rootstocks (Syvertsen, 1981).  Scaling Kroot to 

supported leaf area is known as leaf specific root conductivity (KRL) and is common parameter 

(Atkinson et al., 2003; Ladjal et al., 2005; Tyree et al., 1998).  Atkinson et al. (2003) observed 

the dwarfing rootstock Malling 27 (M.27) to have a lower Kroot and KRL compared to the 

vigorous genotype MM.106.  Besides the report by Atkinson et al. (2003) few investigations 

have evaluated the interaction between rootstock vigour and KRL in apple rootstocks.  Cohen et al. 

(2007) evaluated the hydraulic resistances of several apple rootstocks, and observed leaf specific 

resistance (RL) to be larger in two vigorous genotypes (CG.30, CG.934) compared to dwarfing 

genotypes (M.9, CG.202); however, M.9 had a larger RL than MM.111.  The experiment by 

Bauerle et al. (2011) is the only report in the literature that examined the interaction between 

rootstock vigour, water stress, and hydraulic properties.  Bauerle et al. (2011) did not observe a 

significant water stress effect, when evaluating root hydraulic resistance (R), and genotypes B.9 

and MM.111 did not differ for R.  Hydraulic resistance is the reciprocal of conductance, and we 
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can infer from Bauerle et al. (2011) that Kroot (reciprocal of R) would not have differed between 

B.9 and MM.111; and from Cohen et al. (2007) that KRL (reciprocal of RL) would have been 

lower for M.9 compared to MM.111.   

The responses of Kroot and KRL to water stress conditions have been evaluated in other 

species.  The KRL of Licania platypus (a tropical tree species) decreased in response to severe 

water stress (Tyree, 2002).  Decreases in Kroot have also been observed in peach (Prunus persica), 

soybean, and rubber (Hevea brasiliensis) during water stress (Feng et al., 2011; Rieger and 

Litvin, 1999).  Ecucalyptus and Salix spp. have demonstrated the opposite effect, and the KRL of 

these trees increased in response to water stress (Mokotedi, 2013; Wikberg and Ögren, 2007).  

Therefore the response of root hydraulic conductivities/resistances to water stress may differ 

between species, and additional investigations could help resolve the relationships between KRL, 

water stress, and vigour, in apple rootstocks. 

 

2.2.4 Methods for imposing water stress 

The majority of controlled environment studies investigating the response of apple 

rootstocks to drought have imposed water stress by suspending irrigation, applying different 

volumes or rates of water, or using soil water potential thresholds (Alleyne et al., 1989; Atkinson 

et al., 1999; Bauerle et al., 2011; Psarras and Merwin, 2000).  Issues arise with these methods 

because simply stopping irrigation, or applying different volumes of water can cause pots to dry 

down at inconsistent rates (Earl, 2003).  A non-uniform dry down rate can cause the 

physiological responses of individual plants to differ from one another, and confound the 

response of each plant to the rate of dry down it experienced (Babu et al. 1999; Farrant et al. 

1999).  Earl (2003) described a method in which the relative soil water content (RSWC: water in 
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the soil medium as a percentage of the total water held at pot capacity) of the pot is maintained 

by replacing water used by the plant (estimated gravimetrically), and allows for the dry down 

period to be at a gradual and uniform rate.  When this gravimetric method was evaluated no 

significant differences in RSWC were observed at multiple sampled depths in potted plants of 

cotton and soybean (Earl, 2003).  These non-significant differences confirmed that there was a 

uniform soil water content throughout the pot.  This gravimetric method is advantageous as it 

allows for a field like drought to be simulated using relatively small pots, and thereby less space, 

permitting a large number of genotypes to be assessed at any one time (Earl, 2003). 

 

2.2.5 Allometric models 

 Allometric models are mathematical equations that relate tree/plant biomass to measured 

morphological variables such as tree height and trunk diameter (Picard et al., 2012).  Allometric 

models can be used to quantify the accumulation of plant biomass over time, without the need to 

destructively harvest all experimental plants (Li, 2013).  Allometric models have been used 

successfully to estimate plant biomass in maize (Cicchino et al., 2010; Echarte and Tollenaar, 

2006), soybean (Vega et al., 2001), and oil palm (Elaeis guineensis) (Aholoukpè et al., 2013) to 

name a few species and it is commonly used in forestry research to estimate individual tree, and 

stand biomasses (Picard et al., 2012).  Estimating biomass, by allometry, for angiosperm trees is 

more difficult than in gymnosperms, due to the greater complexity in branch architecture, and 

reduced apical dominance in angiosperms (Cole and Ewel, 2006).  Despite the difficulties, 

allometric models have been successfully parameterized for many angiosperm tree species, and 

species-specific models have demonstrated greater accuracy in predicting biomass than species-

combined models (Cole and Ewel, 2006).  Investigations in maize have found it necessary to 
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parameterize allometric models for each genotype and/or genotype by treatment group, in order 

to accurately predict biomass accumulation (Cicchino et al., 2010; Echarte and Tollenaar, 2006).    

 

2.2.6 Vineland rootstock series 

 The Vineland series of apple rootstocks is a group of related genotypes that originated at 

the Horticultural Research Institute of Ontario, Vineland Station, Ontario (Elfving et al., 1993).  

Interest in this group of rootstocks has increased recently due to their considerable winter 

hardiness, and in the cases of Vineland 1 (V.1) and Vineland 3 (V.3) genotypes, the ability to 

control tree size and have yield efficiencies similar to M.9 (Elfving et al., 1993).  Genotypes V.1 

and V.3 have also demonstrated considerable resistance to fire blight, both exhibiting a greater 

resistance than the highly susceptible M.26, and V.1 demonstrating a greater resistance than M.9 

(Cline et al., 2001).  More recently V.3 was observed to have the highest tolerance to 

waterlogging and resistance to infection by Phytophora spp., causing crown and rot root, 

compared to six other rootstock genotypes including the highly susceptible MM.106 (Hampson 

et al., 2012).  In the same study V.1 demonstrated a lower resistance than V.3 but it was more 

tolerant than MM.106 and M.9 (Hampson et al., 2012).  Genotypes V.1 and V.3 represent 

slightly different size classifications; Elfving et al. (1993) characterized V.3 as slightly more 

dwarfing than M.9, and V.1 as slightly more vigorous than M.9; however, there was little 

experimental evidence for these classifications at the time of that report.  More recently Russo et 

al. (2007)  used the Cornell Rootstock Breeding Program classification system to assign 

rootstock vigour, during a field experiment on fire blight resistance, and V.1 was designated a 

relative value of six and V.3 was designated a value of three.  To put these values into 

perspective MM.111 was assigned a value of seven, and M.9 was assigned a four (Russo et al., 
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2007).  Therefore MM.111 and V.1 could be grouped together as vigorous rootstocks, and M.9 

and V.3 could be grouped together as dwarfing.  No investigations regarding the drought 

tolerance of V.1 and V.3 have been reported in the literature. 

 

2.3 Current state of irrigation practices: an area for improvement 

2.3.1 Introduction  

Over the past century the amount of irrigated cropland has more than doubled, and it now 

accounts for 40% of food and fibre production; irrigated land is also responsible for over 80% of 

total freshwater use worldwide (Fereres and Evans, 2006; Seckler, 1996).  Increased limitations 

in water availability have been a driver for more efficient water use; expectations are that the 

scarcity of this resource will increase as population growth continues, and demand for 

agricultural products rises (Nair et al., 2013; Shankar et al., 2013).  Irrigation is often necessary 

in Ontario apple orchards because of the unequal distribution of precipitation throughout the year 

and in many years the precipitation from the 1 May and 30 Sept. is below average (Figures 2.1, 

2.2).  Irrigation use and the recommended methods for scheduling irrigation in Canadian 

orchards are discussed below.  

 

2.3.2 Irrigation use and scheduling in Canadian fruit production 

In 2010, 7685 farms across Canada used 828M cubic metres of irrigation water 

collectively, and fruit crop production accounted for 17% of this total (Statistics Canada, 2012).  

The average volume of irrigation applied to fruit crops is 3213 cubic metres ha
-1

 which is almost 

twice the amount of any other crop type grown in Canada (Statistics Canada, 2012).  The two 

most popular application methods are overhead sprinkler and micro-irrigation (Statistics Canada, 
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2012).  There is the possibility to improve the efficiency of irrigation in fruit orchards through 

the development of novel scheduling methods that are simple to use. 

Numerous methods have been used to determine irrigation requirements in orchard crops. 

These include i) calendar-based methods, ii) water budgets, iii) soil-moisture monitoring, iv) 

plant-based monitoring, and v) replacing estimated tree water use by evapotranspiration.  

Scheduling irrigation by calendar date is the easiest and consequently the most widely used 

method.  It works by applying a predetermined water volume at regular intervals (Fereres and 

Evans, 2006; Hill and Allen, 1995).  A drawback for calendar scheduling is that water may be 

under, or over applied during certain times of the growing season, wasting both water and 

financial resources.  Soil-moisture-based monitoring can be as simplistic as digging a pit and 

observing the soil profile, or with the use of tensiometers to monitor changes in soil water 

potential.  Soil-moisture-based scheduling works by the selection of thresholds, such as a 

specific soil water potential, and once those thresholds are reached irrigation would be activated 

(Mpelasoka et al., 2001b; Sokalska et al., 2009).  Soil-moisture-based monitoring with 

tensiometers can be problematic as they lose accuracy, or stop functioning under dry soil 

conditions and in soil types with large clay fractions (Tan and Layne, 1990).  Plant-based 

monitoring, similar to soil-moisture-based monitoring, involves the quantification and selection 

of thresholds for stress indicators such as leaf water potential, sap-flow, or stomatal conductance 

(Jones, 2004; Shackel et al., 1997).  There are several impediments for plant-based monitoring; 

leaf water potential is labour intensive because it requires a large number of samples to 

accurately represent the water status of an orchard (Girona et al., 2006).  Other methods of plant-

based monitoring are expensive, require special scientific equipment, and/or require large 

amounts of expertise and training for data collection and interpretation (Jones, 2004).  
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Evapotranspiration (ET) scheduling calculates water requirements by mathematical or physical 

means, and it represents the water used by an orchard canopy due to ET processes (Fallahi et al., 

2010).  Water requirements based on evapotranspiration are highly site specific because local 

weather conditions are the driving force behind the process (Allen et al., 1998).  ET methods are 

not as labour intensive as soil-moisture-based or plant-based monitoring, and could be adapted to 

a user-friendly forecasting system.   

After water requirements are determined there are a few strategies for irrigation 

application.  Two common strategies are non-deficit, and deficit irrigation.  For non-deficit the 

full amount of required water that is recommended by the monitoring efforts is applied to the 

crop (Behboudian et al., 2011; Fallahi et al., 2010).  For deficit irrigation the amount of water 

applied is reduced during drought tolerant stages of the crop (regulated deficit), or it can be 

continuously implemented at a reduced rate which does not negatively affect the productivity, or 

health of the trees (Fereres and Evans, 2006).   

 In Ontario there are currently three methods recommended for scheduling irrigation in 

tree fruit: i) the soil moisture ‘feel’ test, ii) soil-moisture-based monitoring with tensiometers, 

and iii) using a water budget approach (Tan and Layne, 1990).  The feel test is inaccurate as the 

soil moisture content is subjective to what an individual thinks is the appropriate level of 

moisture, and, as previously mentioned, tensiometers can be inaccurate in certain soil types and 

conditions (Tan and Layne, 1990).  Soil water budgets use precipitation values and empirically 

derived coefficients to determine soil water availability, and then irrigation is recommended after 

surpassing a critical threshold (Tan and Layne, 1990).  Recommendations from soil water 

budgets can be imprecise because only precipitation is considered in the calculations.  A site 
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specific model for orchard irrigation such as one based on evapotranspiration would be best for 

scheduling irrigation requirements.     

 

2.4 What is evapotranspiration?   

2.4.1 Introduction 

 Evapotranspiration is the combination of water lost through evaporation from the soil 

surface and losses from the process of transpiration occurring in crop canopies (Allen et al., 1998; 

Sentelhas et al., 2010).  These two processes cannot be easily separated but over time the major 

contributor to ET changes from evaporation to transpiration as the crop canopy develops and 

shades the soil surface (Allen et al., 1998).  Methods for the estimation of ET are presented 

below, along with the suitability of these methods for certain climatic regions. 

 

2.4.2 Methods of ET estimation 

The various methods used to estimate ET include values from pan evaporators, 

atmometers, and mathematical models.  Pan-evaporators and atmometers attempt to physically 

reproduce the conditions and processes of ET to arrive at an estimate known as reference 

evapotranspiration (ETO) (Allen et al., 1998; Broner and Law, 1991).  ETO is indicative of the 

ET that occurs from a uniform vegetative surface (grass) with a height of 0.12 cm from the 

ground, a surface resistance of 0.70 s m-1 and an albedo of 0.23 (Allen et al., 1998).  For 

mathematical models such as the FAO-Penman-Monteith (FAO-PM), and the Priestly-Taylor 

(PT) equations, several meteorological parameters are used to calculate ETO (see FAO-PM 

below). 
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𝐸𝑇𝑜 =  
0.408∆(𝑅𝑛 − 𝐺) +  𝛾

900
𝑇 + 273 𝑢2(𝑒𝑠 − 𝑒𝑎)

∆ +  𝛾(1 + 0.34𝑢2)
 

ETO    reference evapotranspiration (mm day
-1

) 

Rn   net radiation at the crop surface (MJ m
-2

 day
-1

) 

G   soil heat flux density (MJ m
-2

 day
-1

) 

T   mean daily air temperature at 2 m height (
o
C) 

u2   mean daily wind speed at 2 m height (m s
-1

) 

es  saturation vapour pressure [difference of daily max. and min 

temperatures] (kPa) 

ea   actual vapour pressure [from daily mean relative humidity] (kPa) 

es-ea   saturation vapour pressure deficit (kPa) 

Δ   slope vapour pressure curve [at T] (kPa 
o
C

-1
) 

γ   psychometric constant [at specific altitude] (kPa 
o
C

-1
) 

(FAO-PM equation from: Allen et al., 1998) 

When used in orchard crops, ETO must be converted to crop evapotranspiration (ETC) 

using a crop coefficient (KC) which accounts for how the interaction between an orchard crop 

and the atmosphere differs compared to the interaction experienced by a uniform vegetative 

surface (Allen et al., 1998).  

Use of class-A pan evaporation to estimate ETO has been most common in regions which 

lack the resources to collect the large amounts of weather data necessary for the mathematical 

models (Antônio and Conceição, 2002; Cobaner, 2013).  Pan evaporation data must be adjusted 

by a coefficient to calculate ETO because the evaporation values are often greater than ET 

occurring from a vegetative canopy (Chiew and Mcmahon, 1992).  Due to the simplicity of the 

pan evaporation coefficient and the large variation it is used to explain, there can be inaccuracies 

with this method (Chiew and Mcmahon, 1992).  When compared to lysimeter data ETO values 
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calculated from class-A-pan evaporation were less accurate than values estimated by 

mathematical models (Chiew et al., 1995).  Atmometers have been used in previous irrigation 

studies with apples to estimate ETO; however, no comparisons to other estimation methods were 

made in these studies (Neilsen et al., 2010; Yao et al., 2001).  When compared with the FAO-PM 

model, atmometer-derived ETO values were within an acceptable range of error during the 

majority of the growing season in Colorado, USA (Broner and Law, 1991).   

The FAO-PM equation is considered the standard method for estimating ETO (Cobaner, 

2013; Sentelhas et al., 2010).  The FAO-PM equation corresponds well to data collected from 

weighing lysimeters in short grass studies in the semi-arid environment of Spain (López-Urrea et 

al., 2006).  The PT equation, a variation of the Penman-Monteith equation, is an acceptable 

method for calculating ETO in most climates, including some humid regions (McAneney and 

Itier, 1996).  However, the PT equation is not valid for all humid climates; in a weighing 

lysimeter study performed in eastern Kentucky, the PT equation overestimated ET whereas the 

FAO-PM equation had a smaller error range (Yoder et al., 2005).  In southern Ontario the PT 

equation was considered a good replacement for the FAO-PM when average wind speed, and 

actual vapour pressure data were missing with the caveat that the PT coefficients must first be 

calibrated to local conditions using the FAO-PM equation (Sentelhas et al., 2010).   

 

2.5 Crop coefficients (KC), estimated ETC, and actual tree water use 

2.5.1 Introduction 

 Appropriate crop coefficients are vital for accurate estimations of ETC and the majority of 

reports investigating KC were performed in semi-arid climates. The suitability of a KC is often 

verified with actual tree water use calculated from weighing, or drainage lysimeters and less 
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often with sap flow measurements.  In the following section the estimation methods for crop 

coefficients and actual tree water use of apples will be discussed. 

 

2.5.2 Crop coefficients 

 Crop coefficients are important components for calculating ETC but determining KC is 

often difficult because it is dependent upon multiple factors such as cultivar, orchard orientation, 

tree spacing, and local climate (Girona et al., 2011; Marsal et al., 2012).  Recently the inclusion 

of tree height and covered ground area (Allen and Pereira, 2009), as well as the porosity of a tree 

canopy (Marsal et al., 2012) have improved the KC for apples when compared to lysimeter data.  

However, KC are highly site specific and should be calibrated to each new region (Girona et al., 

2011; Marsal et al., 2012).  Dragoni et al. (2005) reported lower KC values for apple trees in the 

humid region of New York, USA compared to KC calculated in semi-arid climates, supporting 

the theory that local KC values should be used.  Dragoni and Lakso (2011) took this a step further 

and proposed a new mathematical model (based on FAO-PM) that had greater dependence on 

vapour pressure deficit and stomatal conductance.  The new method explained 90% of the 

variability in transpiration when compared with actual transpiration measured by sap-flow 

gauges (Dragoni and Lakso, 2011); however, it was not directly compared with other ETC 

estimation methods, and therefore requires additional investigation. 

 

2.5.3 Actual tree water use 

 There are only a few experiments that have calculated actual water use in apple trees, and 

related it to vegetative growth and/or fruit production, as opposed to calculating tree water use 

for comparisons with ET models.  In South Korea, Ro (2001) subjected ‘Fuji’ apple trees, 
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growing in drainage lysimeters, to three different irrigation treatments, and observed the highest 

water use in the non-deficit irrigation treatment.  In the same study, tree water use was highest in 

the month of August for all treatments, and significant reductions in leaf water potential occurred 

for the two deficit treatments (Ro, 2001).  In a recent four-year drainage lysimeter study the 

water use per TCSA was 7% higher and the water use per leaf area was 19% higher for the 

cultivar ‘Galaxy Gala’ than ‘Granny Smith’ (González-Talice et al., 2012).  During four years of 

growth the apple cultivars ‘Galaxy Gala’, ‘Granny Smith’ and ‘Fuji Raku’ demonstrated an 

exponential increase in tree water use during the fruiting stage, whereas tree water use increased 

linearly during the vegetative growth phases (González-Talice et al., 2012).  

The study by Mpelasoka et al. (2001) has provided the most substantial information 

regarding actual tree water use, and how it relates to fruit productivity and quality.  ‘Braeburn’ 

apple trees were planted in drainage lysimeters and subjected to non-deficit and deficit (40% of 

pot capacity) treatments, as well as heavy and light crop load treatments (Mpelasoka et al., 

2001a).  Deficit irrigation reduced tree water use by 19% and the light crop load treatment used 

15% less water than heavily cropped trees (Mpelasoka et al., 2001a).  The lower water use by 

deficit-irrigated trees caused negative impacts on fruit growth rate and fruit quality, which are 

discussed in section 2.7.  

 

2.6 Plant water status  

2.6.1 Introduction 

 Plant water status is an important characteristic in irrigation studies because it can be 

used to determine whether a tree is experiencing water stress (Mccutchan and Shackel, 1992).  

Measuring the water potential of leaves at various times of the day and/or during certain 
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conditions are the most common methods for monitoring plant water status, and will be 

discussed below.  

 

2.6.2 Midday leaf, predawn leaf, and midday stem water potentials  

Water potential is defined as “the chemical potential of water, as related to the change in 

Gibbs free energy, as water is added or removed from a system while other environmental 

conditions remain constant” (Jones, 1992).  Leaf water potentials (ΨL) are measured by excision 

of a leaf followed by its insertion into a pressure chamber.  Pressure around the leaf is then 

increased until xylem sap is exuded from the petiole, and it is at this point where ΨL is equal to 

the negative value of the pressure applied, measured in units of MPa (Jones, 1992).  Midday leaf 

water potential (ΨMD), predawn leaf water potential (ΨPD), and midday stem water potential (ΨS) 

are three of the most common indicators for plant water status (Jones, 1992).   

Midday leaf, predawn leaf, and midday stem water potentials differ in their sampling 

methodologies.  For ΨMD transpiring leaves from the outer canopy, exposed to incident radiation 

are excised and immediately inserted into a pressure chamber for measurement (Marsal and 

Girona, 1997; Williams and Araujo, 2002).  For ΨPD measurements, leaves located in the outer 

canopy are selected and excised before dawn, and they represent available soil water because the 

tree has equilibrated with the soil water content overnight (Williams and Araujo, 2002).  Midday 

stem water potential is measured by removal of leaves located near main scaffold branches or the 

trunk, previously covered with an aluminum foil covered plastic bag for 90-120 minutes (during 

solar noon) to allow the leaf potential to equilibrate with the stem potential before excision 

(Mccutchan and Shackel, 1992; Naor and Cohen, 2003). 
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Numerous studies have compared the three sampling methods.  Overall, ΨS is more 

representative of actual plant water status for fruit trees subjected to irrigation compared to ΨMD 

or ΨPD.  Midday stem water potential is also a more stable measurement than ΨMD and ΨPD 

because ΨS is influenced by all the tissues the branch, from which the leaf originated, supports 

(Mccutchan and Shackel, 1992; Olien and Lakso, 1984; Shackel et al., 1997).  As well the leaves 

selected for ΨS are not subjected to the same rapid changes in radiation and transpiration demand 

that occurs in leaves sampled from the outer canopy for ΨMD (Mccutchan and Shackel, 1992; 

Turner and Long, 1980).  Under irrigated conditions ΨPD corresponds to the wettest region of the 

soil in contact with the roots, and it does not represent the stress experienced by above ground 

tissues at midday when demand for water is the greatest (Williams and Araujo, 2002).  Shackel 

et al. (1997) concluded that ΨS is particularly sensitive for evaluating the differences between the 

water status of fruit trees exposed to non-deficit and deficit irrigation treatments.  Midday stem 

water potential has been positively correlated with irrigation additions in peach, and positively 

correlated with total yield in apple production (Garnier and Berger, 1985; Naor et al., 1995).  A 

comprehensive review by Behboudian et al. (2011) suggested that ΨS is currently the best 

method to measure water status of irrigated fruit trees.  A recent experiment observed reduced 

stem growth of potted apple trees in response to water stress, when ΨS was approximately -1.5 

MPa (de Swaef et al., 2009).  In another study a ΨS equal to -2.5 MPa was correlated with 

stomatal closure of apple trees in field conditions, suggesting -2.5 MPa as a potential threshold 

for water stress (Naor et al., 2008).  The ΨS threshold observed by Naor et al. (2008), in field 

conditions and from mature trees, may be more accurate than the range suggested by de Swaef et 

al. (2009).  Considering these two studies, a ΨS within the range of -1.5 to -2.5 MPa could be 

used to indicate water stress in apples.  
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2.7 Effects of non-deficit and deficit irrigation on tree growth, yield, and fruit quality 

2.7.1 Introduction 

 There is a considerable amount of information regarding the effect of non-deficit and 

deficit irrigation strategies on apple production, but there are many contradictory reports in the 

literature (Table 2.1, 2.2).  According to Behboudian et al. (2011) the specific method of deficit 

irrigation, cultivar, tree age, climate, and production practices have contributed to the 

inconsistent results.  The impact of non-deficit and deficit irrigation on tree health, yield and fruit 

quality will be discussed in the following section.   

 

2.7.2 Vegetative growth and leaf nutrient content 

 Irrigation can have a substantial impact on tree growth, and the nutrient composition of 

leaves.  The review of leaf nutrients will focus on magnesium (Mg) and calcium (Ca) because 

these nutrients primarily move by mass flow in plants (Neilsen and Neilsen, 2003) and therefore 

should be affected the most by irrigation.  In several studies leaf Ca and Mg has been unaffected 

by deficit irrigation (Campi and Garcia, 2011; Nakajima et al., 2004; Neilsen et al., 2010) 

whereas Atkinson et al. (1998) observed increases for leaf Ca and Mg in response to non-deficit 

irrigation.  During a three year study Zegbe et al. (2011) observed variable results over 12 

sampling dates; at three sampling dates leaf Ca was significantly lower in the non-deficit 

treatment, at one sampling date leaf Ca was higher in the non-deficit treatment, and at eight 

sampling dates there was no significant difference between deficit and non-deficit treatments.  

Concentrations of nitrogen (N), potassium (K), and phosphorous (P) in leaves are often 

unaffected by deficit irrigation (Fallahi et al., 2010; Nakajima et al., 2004; Zegbe et al., 2011).  
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However, Campi and Garcia (2011) observed lower concentrations of N, P, and K in deficit 

treatments and Atkinson et al. (1998) demonstrated variable results for the concentrations of N, P, 

and K depending on cultivar.  

Vegetative growth of apple trees is more sensitive to drought stress than fruit 

development (Mills et al., 1996).  In multiple experiments deficit irrigation, scheduled by ET or 

calendar-based, reduced extension shoot growth of apple trees between 15-41% compared to 

non-deficit (Ebel et al., 1995; Mills et al., 1996; Mpelasoka et al., 2001b) (Table 2.2).  The 

sensitivity of vegetative growth, in apple trees, to deficit irrigation has also been supported by a 

34% reduction in TCSA compared to non-deficit (Fallahi et al., 2011). While vegetative growth 

is considered to be more sensitive to drought conditions than fruit development, yield can still be 

negatively affected (Table 2.2).   

 

2.7.3 Yield and fruit size 

 In two field studies apple yield was 10% and 29% higher for non-deficit compared to 

deficit treatments, scheduled by ET (Fallahi et al., 2010; Leib et al., 2006).  However, trees in the 

deficit treatment came into bearing earlier than those in the non-deficit treatment, but due to the 

severity of stress for deficit-irrigated trees their yield declined rapidly while the yield of non-

deficit-irrigated trees remained stable (Fallahi et al., 2010).  Experiments with deficit irrigation in 

grape production have also demonstrated greater yields for non-deficit treatments compared to 

deficit (Girona et al., 2006; Hamman and Dami, 2000; Reynolds et al., 2009).  The results from 

Reynolds et al. (2009) are particularly relevant because they applied non-deficit treatments as 

100% and 150% replacement of ET, and observed yield increases in Ontario table grapes.  Other 

authors investigating non-deficit and deficit irrigation treatments in apple trees have reported no 
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differences in yield (Ebel et al., 1995; Mpelasoka et al., 2001b; Neilsen et al., 2010).  Mean fruit 

weight (MFW) has also been responsive to deficit treatments with 11-18% smaller fruit from 

trees exposed to deficit irrigation treatments, scheduled by various methods (Table 2.2) (Ebel et 

al., 1993; Leib et al., 2006; Mpelasoka et al., 2001b; Neilsen et al., 2010).  

 

2.7.4 Fruit Quality  

 The reported interactions between non-deficit irrigation, deficit irrigation, and fruit 

quality have been inconsistent in the literature.  The nutrient composition of apple fruit provides 

a clear example of these inconsistencies.  Nakajima et al. (2004) found no differences in the N, P, 

K, Ca, or Mg of ‘Pacific Rose
TM

’ apples exposed to non-deficit and deficit irrigation, whereas in 

the UK Atkinson et al. (1998) observed a reduction in all five macronutrients for ‘Queen Cox’ 

trees exposed to deficit irrigation.  Results for ‘Cox Orange Pippin’ (Atkinson et al., 1998) were 

more inconsistent than ‘Queen Cox’; deficit irrigation increased concentrations of K and Mg, 

while decreasing N and not affecting P, or Ca in ‘Cox Orange Pippin’ fruit.  Fruit Mg 

concentrations were also higher from deficit-irrigated ‘Ambrosia’ trees while N, P, K, and Ca 

concentrations where unaffected (Neilsen et al., 2010).  Crop load appears to play a more 

important role in the nutrient composition of apple fruit; Neilsen et al. (2010) found a greater 

magnitude in the differences between nutrient concentrations in different crop load treatments, 

compared to the differences in their irrigation treatments.  Calcium in particular is largely 

affected by crop load and fruit size, with smaller fruit having a higher Ca concentration than 

larger fruit (Neilsen and Neilsen, 2003).  Therefore the effect of irrigation on the nutrient 

concentrations of apple fruit may have been confounded by cultivar and crop load in the 

examples previously discussed. 
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Soluble solids concentration (SSC) is associated with the sweetness of apples, and it is 

one of the few parameters with a consistent response to deficit irrigation.  In a majority of studies 

the SSC of apple fruit was between 0.7-1.5 
o
Brix higher in deficit compared to non-deficit 

treatments (Ebel et al., 1993; Fallahi et al., 2010; Leib et al., 2006; Mills et al., 1996, 1994; 

Neilsen et al., 2010).  Although increases in SSC have been significant for deficit irrigation, 

Harker et al. (2002) concluded that a one degree change in 
o
Brix was required for sensory 

panelists to register a perceived change in apple sweetness.  Titratable acid (TA) is a measure of 

the malic acid concentration of apple fruit, and it is associated with apple flavour and tartness 

(Harker et al., 2002b).  The response of TA to deficit irrigation has been highly variable; in some 

cases TA has been unaffected by deficit irrigation (Neilsen et al., 2010) while in other studies TA 

was significantly lower in deficit than non-deficit treatments during one season, and higher for 

deficit than non-deficit treatments in the following season (Leib et al., 2006).  Reynolds et al. 

(2009) found TA was significantly higher in table grapes subjected to a non-irrigated control 

than in two non-deficit treatments (Table 2.2).  Therefore TA may be influenced by factors other 

than irrigation, and the climatic differences in the above studies may have influenced the 

variability of TA as well.  

 The response of fruit firmness to deficit irrigation has also been inconsistent.  Deficit 

irrigation has increased firmness (Ebel et al., 1993; Mpelasoka et al., 2001c), reduced firmness 

(Leib et al., 2006; Mills et al., 1994), or firmness was unaffected by irrigation treatments (Fallahi 

et al., 2010; Neilsen et al., 2010).  Fruit firmness is negatively correlated with increases in fruit 

size, and advancement in maturity (Behboudian et al., 2011; Ebel et al., 1993).  Therefore other 

factors that influence fruit size, such as crop load (Mpelasoka et al., 2001b), or factors that 

influence maturity, could contribute to discrepancies reported in the literature. 
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 Starch hydrolysis, measured by starch index (SI), and ethylene evolution are two methods 

used for evaluating the maturity of apple fruit.  The response of SI and ethylene evolution to 

irrigation has been underexplored.  The methodology for SI involves the application of an iodine 

solution to cut halves of fruit, and a dark stain is produced (from a reaction with starch granules). 

As an apple continues to mature the dark staining is gradually reduced as the starch is converted 

to sugar (Blanpied and Silsby, 1992).  A common method for measuring ethylene evolution is 

the headspace method with gas chromatography, and higher concentrations of ethylene are 

associated with fruit ripening (Sharma et al., 2012).  In three reports investigating the effects of 

irrigation on SI, one study observed no treatment differences, the second observed a higher SI in 

the deficit treatment, and the third demonstrated lower SI in the deficit treatment compared to the 

non-deficit suggesting no clear effect of deficit irrigation on fruit maturity (Ebel et al., 1993; 

Fallahi et al., 2010; Mpelasoka et al., 2001c).  Ethylene concentrations from apple fruit have 

increased in response to deficit irrigation (Leib et al., 2006; Mpelasoka et al., 2001c) suggesting 

that deficit irrigation may in fact accelerate ripening.  The contrasting results for SI between Ebel 

et al. (1993) and Fallahi et al. (2010) are peculiar because both authors employed a scheduling 

method based on ET, and both experiments were located in the state of Washington, USA.  The 

deficit rates differed slightly between all studies; Ebel et al. (1993) started deficit irrigation at 50% 

of ET, and then reduced it midseason to 25% of ET, whereas Leib and Caspari (2006) initiated 

deficit irrigation at 50% ET from mid-June until harvest, while Fallahi et al. (2010) imposed DI 

at 65% of the ET measured during the entire growing season.  Mpelasoka et al. (2001c) did not 

base their deficit treatments on ET, and this may have contributed the unique SI response 

observed in their experiment.  The variability in fruit maturity may be explained by differences 

in treatment methodologies such as when deficit irrigation was applied and at what rate.  
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 Fruit colour in apples is a quality parameter sought after, and as such, is used in grading 

and packing of fruit.  A higher grade (size and colour) can lead to larger returns and profits for 

the producer (Shafiq et al., 2011; Whale and Singh, 2007).  Fruit colour can be measured by 

various methods including visually by estimating percent blush coverage, or through the use of 

colour charts created for specific cultivars.  A more robust method of colour determination is the 

use of the CIE 1976 (L*, a*, b*) colour space system (Anonymous, 2008).  The L* value 

represents lightness and it is associated with the brightness of a colour, whereas a* and b* are 

colour components (Anonymous, 2008).  Negative and positive values for a* represent green and 

red, respectively; while negative and positive values for b* represent blue and yellow, 

respectively (Anonymous, 2008).  The parameters chroma (C*) and hue angle (H
o
) can be 

calculated from a* and b*; C* represents the perceived colourfulness of the object, and H
o
 is 

associated with the purity of colour, a value of zero representing pure red (Anonymous, 2008).  

Previous irrigation studies have assessed visual colour based on percent blush (red) coverage of 

fruit and no treatment differences were found (Fallahi et al., 2010; Leib et al., 2006; Neilsen et 

al., 2010).  The inability to detect differences between irrigation treatments may be a limitation 

of using visual ratings.  In a field study Mills et al. (1994) observed the fruit from irrigated 

‘Braeburn’ trees to have significantly larger H
o
 and L* values, compared to fruit from non-

irrigated trees (Table 2.2).  In a similar field experiment there was no significant difference in H
o
 

between deficit and non-deficit treatments for ‘Braeburn’ apples, growing in lysimeters 

(Mpelasoka et al., 2001a).  The contrasting methods of deficit irrigation may have contributed to 

the different results observed by Mills et al. (1994) and Mpelasoka et al. (2001) (Table 2.1).  The 

two studies were also limited to one season in duration, which is a weakness for drawing any 

broad conclusions for the response of apple colour to deficit irrigation. 
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The majority of experiments investigating ET-based irrigation scheduling for apple 

orchards have occurred in arid and semi-arid climates (Ebel et al., 1995, 1993; Fallahi et al., 

2010; Leib et al., 2006; Naor et al., 1997; Neilsen et al., 2010).  Studies that have evaluated 

deficit irrigation strategies (not ET-based) in humid temperate climates have used rainout 

shelters to create artificial drought conditions during the growing season (Mpelasoka et al., 

2001a, 2001b, 2001c; Powell, 1974).  The use of rainout shelters raises questions about the 

external validity of these experiments, and the general conclusions drawn from these studies.  As 

well, one can question the validity of accepting the results and conclusions from experiments 

performed in semi-arid climates, and applying them to Ontario which has a humid continental 

climate (Kottek et al., 2006).  The study by Reynolds et al. (2009) investigating table grapes is 

the only reported example in the literature where an ET-based irrigation system was evaluated in 

a humid temperate climate without rainout shelters.  ET-based irrigation would be advantageous 

because it has the possibility to increase the efficiency of irrigation application, and minimize the 

overconsumption of local water resources.  To the author’s knowledge ET-based irrigation 

scheduling, with non-deficit and deficit applications, has yet to be empirically tested in Ontario 

apple orchards. 

 

2.8 Summary and research objectives 

 Ontario is arguably the most important region for growing apples in Canada, and the 

apple industry contributes heavily to the overall value of Canadian fruit production.  The current 

recommendation strategies for irrigation application in Ontario apple orchards are out-dated, 

subject to an individual’s interpretation, and are not based on tree water use.  Ontario apple 

growers would benefit from an improved scheduling method, which is both efficient and easily 
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implemented.  The number of commercially available rootstocks that are both dwarfing and 

drought tolerant is low, and growers would benefit from a larger diversity of options.  This niche 

for drought tolerant rootstocks could be filled by newly released genotypes from rootstock 

breeding programs.  The objectives of this thesis research are to investigate the potential utility 

of an ET-based irrigation scheduling system in Ontario apple orchards, and to evaluate the 

drought tolerance of two Vineland series apple rootstocks.  



 Table 2.1 Summary of methods for studies investigating non-deficit and deficit irrigation treatments in apple (Malus x domestica) 

and grape (Vitis vinifera). 

Irrigation 

scheduling
 

Application 

strategy 

Climatic region
z 

Barriers
x 

Crop type 

‘Cultivar’ 
Treatments Adverse 

events 

Study 

duration 

Reference 

ET-based 

(PM
z
 and Kc) 

Non-deficit 

Deficit 

Semi-arid 

(~294 mm) 

No Apple 

‘Fuji’ 

ND = 100% ET 

DI = 65% ET 

None Four years Fallahi et al., 

2010 

ET-based 

(Atmometer) 

Non-deficit  

Deficit 

Semi-arid (~261 

mm) 

No Apple 

‘Ambrosia’ 

ND = 100% ET 

DI = 50% ET 

Heavy rainfall 

events 

One year Neilsen et al., 

2010 

ET-based 

(Pan evaporation) 

Non-deficit 

RDI 

Semi-arid 

(50 mm avg.) 

No Apple 

‘Delicious’ 

ND = 100% ET 

DI = 50%, 25% ET 

None one year 

two years 
Ebel et al., 

1993, 1995 

Lysimeter 

(VWC) 

Non-deficit 

Deficit 

Cool-humid  

(New Zealand) 

Yes Apple 

‘Braeburn’ 

ND = pot capacity  

DI = 40% of C 

None One year Mpelasoka et 

al., 2001a 

Calendar Non-deficit 

RDI 

Cool-humid 

(~187 mm) 

No Apple 

‘Braeburn’ 

ND = field capacity 

DI = half frequency 

of ND 

None One year Mpelasoka et 

al., 2001b 

Soil monitoring Non-deficit  

Deficit 

Semi-arid No Apple 

‘Fuji’ 

ND = field 

capacity. 

DI = 50% of C 

None Three 

years 
Leib and 

Caspari, 2006 

Calendar Non-deficit 

Deficit  

Greenhouse 

 

Yes 

 

Apple 

‘Braeburn’ 

ND = daily 

irrigation 

DIa = every 2
nd

 day 

DIb= ND then DIa 

None One year Mills et al., 

1996 

Calendar Non-deficit 

Deficit 

Cool-humid 

temperate 

Yes 

 

Apple 

‘Braeburn’ 

I = field capacity 

NI (barrier) 

None One year Mills et al., 

1994 

ΨMD thresholds Non-deficit  

RDI 

Semi-arid 

(~379, ~340, 

~601mm) 

No Grape 

‘Pinot Noir’ 

ND= ΨMD<-0.6MPa 

DI = rotation (lower 

than ND) 

Heavy rainfall 

601mm (2003) 

Three 

years 
Girona et al., 

2006 

ET based  

(PM and Kc) 

No irrigation 

Non-deficit 

Cool-humid 

temperate 

(Ontario) 

No Grape 

‘Sovereign 

Coronation’ 

NI 

NDa = 100% ET 

NDb = 150% ET 

Heavy rainfall 

(2004) 

Three 

years 
Reynolds et 

al., 2009 

z
Calendar = water withheld or applied at reduced volumes; ET = evapotranspiration; Kc = crop coefficient; PM = Penman-Monteith; 

ND = non-deficit irrigation; DI = deficit irrigation; RDI = regulated deficit irrigation, I = irrigated; NI = not irrigated; ΨMD = midday 

leaf water potential; VWC = volumetric soil water content. 
x
Parentheses contain either precipitation values (when given), or location (country or state). 
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Table 2.2 Comparison of yield and fruit quality parameters for irrigation studies involving deficit and non-deficit treatments for apple 

(Malus x domestica) and grape (Vitis vinifera), studies are presented in the same order as in Table 2.1.
 

SSC
z 

Titratable acid Starch 

Index 

Vegetative 

growth 

Yield MFW
y 

Firmness Colour Reference 

ND < DI 

[3%]
x 

NA ND = DI
 

ND > DI 

[34%] 

ND > DI 

[29%] 

ND > DI 

[17%] 

ND = DI ND = DI* Fallahi et al., 

2010 

ND = DI ND = DI NA NA ND = DI ND > DI 

[8%] 

ND = DI ND = DI* Neilsen et al., 

2010 

ND < DI 

[12-16%] 

ND > DI 

[7-14%] 

ND > DI 

[21%] 

ND > DI 

[22%] 

ND = DI ND > DI  

[14-18%] 

ND < DI 

[3-8%] 

ND = DI Ebel et al., 1993, 

1995 

ND < DI 

[9%] 

ND=DI C < DI 

[9%] 

NA ND = DI ND > DI 

[12%] 

ND <  DI 

[6%] 

C = DI 

(H
o
) 

Mpelasoka et 

al., 2001a 

ND < DI 

[7-11%] 

ND < DI 

[12%] 

ND < DI 

[7%] 

ND > DI  

[15%] 

NA NA ND < DI 

[19-27%] 

NA Mpelasoka et 

al., 2001c 

ND < DI 

[6-11%] 

ND > DI (2001) 

[11%] 

ND < DI (2002) [7%] 

ND = DI NA ND > DI (2002) 

[15%] 

ND = DI  ND < DI (2002) 

[6%] 

ND = DI* Leib and 

Caspari 2006 

DIa = DIb > C 

 

NA NA ND > DIa 

[29-41%] 

NA C = DIb > DIa 

 

NA NA Mills et al., 1996 

I < NI 

[6-8%] 

I < NI 

[5%] 

NA NA NA I > NI  

[15%]  

I > NI 

[2%] 

 

I > NI 

(L* and H
o
) 

[4%, 15%] 

Mills et al., 1994 

ND = DI 

 

ND = DI NA NA ND > DI 

[15-43%] 

ND > DI 

[13-31%] 

NA NA Girona et al., 

2006 

NDa,b > NI  

inconsistent  

[3-6%] 

NDa,b < NI  

(2 of 3 years) 

[3-7%] 

NA NA NDa,b > NI 

[10-30%] 

NDa,b > NI 

[12-14%] 

NA 

 

NDa,b > NI  

(L* and H
o
) 

[12%, 13%] 

Reynolds et al., 

2009 

z
 Abbreviations are as follows: ND = non-deficit irrigation; DI = deficit irrigation; I = irrigated; NI = not irrigated; DIa = severe deficit; 

DIb = mild deficit; NDa = 100% ET replacement; NDb = 150% ET replacement; H
o
 = hue angle; L* = lightness; NA = measurement 

not recorded; MFW = mean fruit weight; SSC = soluble solids concentration; PE = percentage of export size fruit. 
y
For grape studies MFW is for average berry weight. 

x
Values in square brackets represent the percent difference between treatments, calculated when raw data was available. 

*Indicates colour was assessed visually. 
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Figure 2.1 Precipitation totals from 1 May to 30 Sept. for the Kingsville Ministry of the 

Environment weather station, Kingsville, ON. Solid line represents 30 year precipitation average 

for the period of 1 May to 30 Sept., and the dashed line represents water requirements for apple 

trees based on 25.4 mm per week. 
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Figure 2.2 Precipitation totals from 1 May to 30 Sept. for the Delhi Ministry of the Environment 

weather station, Delhi, ON. Solid line represents 30 year precipitation average for the period of 1 

May to 30 Sept., and the dashed line represents water requirements for apple trees based on 25.4 

mm per week. 
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CHAPTER 3 – AN EVAPOTRANSPIRATION-BASED SCHEUDLING 

METHOD FOR TRICKLE IRRIGATION OF HIGH DENSITY APPLE 

ORCHARDS 

 

3.1 Abstract 

  In recent years apple orchards have intensified in density which has increased their 

susceptibility to stress during drought periods.  Therefore efficient irrigation systems will be 

advantageous in the future.  There are several methods for scheduling irrigation in fruit orchards: 

i) calendar application, ii) soil-moisture, and iii) plant-based monitoring.  These methods are 

either inefficient, labour intensive, cost prohibitive, or involve complex methodologies not 

conducive to commercial orchard operations.  There is increasing interest in evapotranspiration 

(ET)-based irrigation scheduling.  Apple trees grown at high density were subjected to five 

irrigation treatments: i) rain-fed (untreated), ii) commercial irrigation (25.4 mm/week), iii) 100% 

ET, iv) 75% ET v) 50% ET replaced twice weekly.  The experiment was conducted at one 

orchard located in Kingsville, ON and a second in Simcoe, ON, for a two year period beginning 

in 2013.  In 2013 and 2014 both orchards experienced above-average precipitation during the 

growing season, and consequently there were no treatment differences in the yield parameters 

measured.  Soil moisture was influenced by irrigation at the Kingsville orchard in 2013 and 2014, 

but the duration of these differences were limited.  Tree growth and fruit quality were unaffected 

by irrigation in 2013, but in 2014 maturity, extension shoot growth, and chroma values were 

affected by the irrigation treatments.  
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3.2 Introduction 

 The apple (Malus x domestica Borkh.) is a temperature fruit species cultivated on all 

continents except Antarctica (Luby, 2003), and it is the most important tree fruit crop in Ontario 

with a farm value of approximately $71M in 2014 (Mailvaganam, 2015).  Apple orchards have 

intensified in both density and training systems with greater producer adoption of size-

controlling rootstocks and a desire to improve yield and quality (O’Rourke, 2003; Robinson et al., 

2007).  While high density planting systems are considered to be more productive than 

traditional low density planting systems, they are also more prone to drought-induced stress 

(Atkinson, 1981).  The increased susceptibility to drought is primarily due to a higher root 

density and a larger leaf area index, both of which increases the rate of soil water depletion and 

intensifies tree-to-tree competition (Atkinson, 1981, 1978).  The volume of soil occupied by the 

roots of an individual tree is also reduced in high density plantings because a smaller root mass 

per tree is produced (Atkinson, 1978).  Therefore drought stress would occur more quickly at 

high densities because of the limited soil volume that the roots can access to extract soil water.   

Ontario generally receives adequate annual precipitation to support crop growth; for 

example, the 30-year precipitation normal for the Ministry of Environment’s weather station at 

Kingsville, ON is ~814 mm (Anonymous, 2015a).  Although annual precipitation is adequate the 

distribution is unequal during the growing season, and Ontario orchards commonly experience 

deficit periods during the middle of summer (de Jong and Bootsma, 1997; Kottek et al., 2006).  

These drought periods are predicted to intensify in Ontario as precipitation events become more 

intense but less frequent (Collins et al., 2013; Easterling et al., 2007).  The competition between 

residential, commercial, industrial, recreational, and agricultural sectors, as well as ecological 

processes, for fresh water is also predicted to intensify as future climate patterns reduce 
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availability, or alter distribution (Nair et al., 2013; Seckler, 1996).  The increased demand for 

fresh water, seasonal drought and greater susceptibility of high density orchards to drought stress 

warrant further investigation into efficient irrigation scheduling systems.   

 A number of methods for scheduling irrigation in orchards have been investigated: i) 

calendar application, ii) soil-moisture, and iii) plant-based monitoring, and iv) ET-based 

replacement.  Scheduling by calendar date is both easy and flexible, and consequently the most 

widely adopted scheduling method (Fereres and Evans, 2006).  When irrigating by calendar date 

there is a high probability of under or over-applying water during certain periods of crop growth, 

wasting both water and financial resources, but also increasing the possibility of nutrient 

leaching.  Scheduling irrigation based on soil moisture involves the selection of thresholds, and 

once those specific thresholds are surpassed irrigation would be activated (Mpelasoka et al., 

2001b; Sokalska et al., 2009).  Tensiometers, which measure soil water potential, and 

instrumentation that determines volumetric soil water content, are common tools for analysing 

soil moisture.  However, instruments such as tensiometers can be problematic as they can be 

inaccurate in clay-based soils, and stop functioning in dry soils (Tan and Layne, 1990).  Plant-

based monitoring is similar to soil-moisture-based monitoring as it involves the selection of 

thresholds for stress indicators such as stem water potential, sap-flow, or stomatal conductance 

(Jones, 2004; Shackel et al., 1997).  There are many drawbacks to plant-based monitoring as 

certain methods can be labour-intensive (Girona et al., 2006), expensive, require special 

scientific equipment, and/or require a substantial amount of expertise and training for data 

collection and interpretation (Jones, 2004).  Scheduling irrigation based on water use via ET 

involves the calculation or physical measurement of ET, using mathematical equations, 

atmometers, or class-A-pan evaporators (Allen et al., 1998; Fallahi et al., 2010).  Irrigation 
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requirements based on ET are advantageous because they are site-specific (Allen et al., 1998), 

can be automated, and are relatively low cost, especially if an atmometer is used to estimate ET. 

Evapotranspiration is the combination of water lost through evaporation from the soil 

surface and losses from crop transpiration (Allen et al., 1998; Sentelhas et al., 2010).  Although 

the two processes are highly coupled, during the growing season the major contributing 

component changes from evaporation to transpiration as a crop canopy develops (Allen et al., 

1998).  Reference evapotranspiration (ETO) refers to the ET that occurs from a uniform 

vegetative canopy (grass) with a height of 0.12 cm from the ground, a surface resistance of 0.70 s 

m
-1

 and an albedo of 0.23 (Allen et al., 1998).  Mathematical models are commonly used to 

estimate ETO using meteorological data (Allen et al., 1998).  Atmometers are instruments 

designed to physically reproduce the processes of ET to arrive at an ETO estimate (Broner and 

Law, 1991), and the modified Bellani plate atmometer is one of the most commonly used models 

(Irmak et al., 2005).  The FAO-Penman-Monteith evapotranspiration model (FAO-PM)  is 

considered the standard method for estimating ETO (Cobaner, 2013), and there is a high 

correlation with ETO estimates from the FAO-PM and data collected from weighing lysimeter 

studies, on short grass and alfalfa crops, in various regions (Sentelhas et al., 2010).  When 

compared with the FAO-PM model, Bellani atmometer derived ETO values were within an 

acceptable range of error during the majority of the growing season in Colorado, USA (Broner 

and Law, 1991).  However, in humid climates ETO estimations from Bellani atmometers have 

commonly underestimated actual ETO, particularly on rainy or humid days, and correction 

factors are often required to adjust these estimates (Irmak et al., 2005).  When used with 

cropping systems, ETO must be converted to crop evapotranspiration (ETC) by using a crop 

coefficient (KC) (Allen et al., 1998).  A KC accounts for how the interaction between an orchard 
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crop and the atmosphere differs compared to the interaction experienced by a uniform vegetative 

surface (Allen et al., 1998).   

 After a scheduling method has been chosen, non-deficit and deficit are two common 

strategies used to regulate the application of irrigation water.  For non-deficit, the full amount of 

irrigation water that is recommended by the scheduling method is applied to the crop 

(Behboudian et al., 2011; Fallahi et al., 2010).  For deficit, a fraction of the total irrigation water 

recommended by the scheduling method is supplied during drought tolerant stages of the crop 

(regulated-deficit) or deficit can be continuously implemented at the reduced rate which ideally 

does not negatively affect tree productivity or health (Fereres and Evans, 2006). 

Several studies have evaluated ET-based irrigation scheduling methods in apple orchards 

(Ebel et al., 1995, 1993; Fallahi et al., 2013, 2010; Leib et al., 2006; Naor et al., 1997; Neilsen et 

al., 2010); however, all of these studies have occurred in arid or semi-arid climates.  Other 

irrigation scheduling studies using non-deficit and deficit application strategies, but not ET-based, 

have been performed in humid temperate climates (New Zealand); however, these studies used 

rainout shelters to artificially create drought conditions (Mills et al., 1994; Mpelasoka et al., 

2001a, 2001b, 2001c; Powell, 1974).  ET models for apple orchards have been evaluated in the 

state of New York, USA, but these models only evaluated the accuracy of current KC; irrigation 

treatments based on these models were not investigated (Dragoni and Lakso, 2011; Dragoni et al., 

2005).  In the context of Ontario apple orchards one should be cautious when relying on the 

results and conclusions from the above two groups of studies, as they were performed under 

different climatic or artificial conditions.  A study by Reynolds et al. (2009), using table grapes, 

is the only reported example in the literature where an ET-based irrigation system was evaluated 

in a humid temperate climate without rainout shelters.  There have been no reports in the 
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literature of an ET-based irrigation scheduling system used in apple orchards in cool-humid 

climates, such as Ontario (Kottek et al., 2006).  A direct comparison between a calendar-based 

and ET-based scheduling method is also lacking in the literature.   

Irrigation can have a substantial impact on the growth and yield of apple trees, as well as 

fruit quality, but this can vary depending on the scheduling method and application strategy.  

Deficit irrigation has reduced the growth of extension shoots in apples by 15% (Mpelasoka et al., 

2001b) (New Zealand), 22% (Ebel et al., 1995) (Washington, USA) and 29-41% (Mills et al., 

1996) (New Zealand).  The TCSA of ‘Autumn Rose Fuji’ trees exposed to deficit irrigation has 

also been reduced by 34% compared to non-deficit-irrigated, in the state of Idaho, USA (Fallahi 

et al., 2011).  Yield of apple fruit has also been reduced between 10-29% under deficit irrigation 

(Fallahi et al., 2010; Neilsen et al., 2010) or it has been unaffected (Ebel et al., 1995; Mpelasoka 

et al., 2001a, 2001b).  In one experiment deficit irrigation of apple trees induced earlier fruiting 

compared with non-deficit irrigation (Fallahi et al., 2010).  However, over multiple years yield 

declined for deficit-irrigated trees, whereas the yield of non-deficit-irrigated trees remained 

stable, but the latter came into bearing later (Fallahi et al., 2010).  Mean fruit weight (MFW) of 

apples has also demonstrated sensitivity to deficit irrigation with 11-18% smaller fruit than non-

deficit, in various locations (Ebel et al., 1993; Leib et al., 2006; Mpelasoka et al., 2001b; Neilsen 

et al., 2010). 

The effect of irrigation on the quality of apple fruit is less clear as there are many 

contradictory reports in the literature.  The soluble solids concentration (SSC) and fruit surface 

colour are the only parameters with consistent results when apple trees have been exposed to 

different irrigation strategies.  Apple fruit from trees exposed to deficit irrigation treatments had 

a higher SSC compared to those from non-deficit treatments (Ebel et al., 1993; Leib et al., 2006; 
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Mpelasoka et al., 2001c).  When percent blush was assessed visually there have been no 

differences between non-deficit and deficit irrigation (Ebel et al., 1993; Fallahi et al., 2010; Leib 

et al., 2006).  However, when surface colour was evaluated using a colorimeter, fruit from a non-

deficit treatment had greater lightness (L*) and hue angle (H
o
) values, indicating the blush of the 

fruit was darker but had a less intense red colouration (Mills et al., 1994).  In apples fruit 

firmness has also demonstrated considerable variability, it has increased under deficit irrigation 

(Ebel et al., 1993; Mpelasoka et al., 2001c), increased under non-deficit irrigation (Leib et al., 

2006; Mills et al., 1994), or it has been unaffected (Fallahi et al., 2010; Neilsen et al., 2010).  In 

apples there is also little consensus regarding the effect of irrigation on titratable acidity (TA) or 

fruit maturity, when measured using starch hydrolysis (Ebel et al., 1993; Fallahi et al., 2010; 

Mills et al., 1994; Mpelasoka et al., 2001c; Reynolds et al., 2009).  The ethylene evolution of 

apple fruit, another parameter used to measure maturity, has increased in response to deficit 

irrigation (Leib et al., 2006), but ethylene concentrations have also remained unaffected by 

irrigation (Mpelasoka et al., 2001c).  Therefore additional research may help to clarify some of 

these contradictory reports. 

We hypothesize that an ET-based irrigation scheduling method, with ET estimated using 

the FAO-PM model, optimizes yield, increases fruit quality and improves tree health in high 

density apple orchards while reducing water consumption compared to calendar irrigation.  The 

objectives of this experiment were to: i) design and develop an ET-based irrigation scheduling 

system for Ontario tree fruit orchards, and ii) evaluate tree growth and productivity of intensive 

apple orchards in response to this irrigation scheduling method. 
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3.3 Materials and Methods 

3.3.1 Experimental Orchards and Layout 

A two-year experiment was conducted at the University of Guelph Simcoe Research 

Station, Simcoe, Ontario, Canada (42
o
51’27.50”N, 80

o
16’06.09”W) and at a commercial orchard 

in Kingsville, Ontario, Canada (42
o
3’3.03”N, 82

o
42’16.94”W).  Trees were grown in a vertical 

axis training systems with rows oriented in a north/south direction.  At the Simcoe Research 

Station (Simcoe orchard) 3.0 m tall and 2.0 m wide eight-year-old ‘Ambrosia’/ ‘Bud.9’ trees 

spaced 2.0 m within-row and 4.5 m between-rows (1111 trees ha
-1

) were used.  At the Kingsville 

orchard 2.5 m tall and 1.4 m wide four-year-old ‘Imperial Gala’/‘Bud.9’ trees spaced 1.2 m 

within-row and 3.7 m between-rows (2302 trees ha
-1

) were used.  The soil at Simcoe orchard 

consisted of a mixture of Fox and Wattford soil series comprised mainly of glaciolacustrine 

sands and glaciolacustrine sands modified by wind sorting with good to rapid drainage (Hohner 

and Presant, n.d.).  The soil at the Kingsville orchard consisted of Brookston Clay Loam series, 

almost level with poor natural drainage (Richards et al., 1949).  A 1.0 m wide strip down the row 

of the trees was kept weed free using 1% (v/v) glyphosate herbicide.  Crop load was managed 

using chemical thinning sprays followed by hand thinning after physiological drop, 28 June 2013 

and 24 June 2014 at the Simcoe orchard (data not available for the Kingsville orchard); the target 

crop load was 6 fruit cm
-2 

(TCSA).  All orchard maintenance and pest management procedures 

followed provincial recommendations (OMAFRA, 2014). 

The experiment was arranged in a randomized complete block design and consisted of 

five treatments with four replications.  Each experimental unit contained five trees with one or 

two guard trees between each experimental unit.  The number of guard trees depended upon the 

number of available trees within each row, but there was a minimum of one guard tree between 
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each experimental unit.  Treatments consisted of five different irrigation regimes: A) a rain-fed 

control (which received only precipitation), B) a volume equivalent of 25.4 mm of irrigation per 

week minus precipitation (subsequently referred to as commercial irrigation [CI]), C) 100% 

replacement of ET, minus precipitation, (100% ET), D) 75% of the value calculated for 

treatment C (75% ET) and E) 50% of the value calculated for treatment C (50% ET).  The CI and 

100% ET treatments were considered non-deficit irrigation strategies, and the rain-fed, 75% ET, 

and 50% ET treatments were considered to be continuous deficit irrigation strategies.  In both 

experimental years the same trees were used and the treatments were not re-randomized, 

treatments were not re-randomized because we wanted to measure any potential carry over 

effects from year to year.  Irrigation was supplied to the trees via two independent irrigation lines 

which were controlled by two electronic timers (Model 179139; Rain Bird Corporation, CA, 

USA) and were activated twice weekly as required by the irrigation protocol and as a result 

irrigation events were three and four days apart.  The CI treatment line contained pressure 

compensating emitters (Model PJC; Netafim Ltd., Tel Aviv, Israel) with a flow rate of 4 L h
-1

 

and two emitters per tree, placed 20.0 cm from either side of the trunk.  The ET irrigation 

treatment line contained three different pressure compensating emitters with flow rates of 4, 3, 

and 2 L
 
h

-1
 corresponding to the 100%, 75%, and 50% ET treatments, respectively.  Emitters for 

the ET line were placed on either side of the trunks in the same manner as described for the CI 

line.  Using emitters with different flow rates allowed the system to be simplified and avoided 

the use of separate irrigation lines for each treatment, while still applying the correct amount of 

water to each tree at the designated times.  Flow meters (Model T-MINOL 130; Minol, 

Leinfelden-Echterdingen, Germany) coupled with a HOBO 4-Channel Pulse Data Logger 

(Model UX120-017; ONSET Computer Corp., MA, USA) were attached to each irrigation line 
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positioned between the timer and the first emitter; to record the total water flow during each 

irrigation event.  From these data the total water received by each tree was calculated.  

 

3.3.2 Irrigation Protocol    

Treatments 100%, 75%, and 50% ET were all based on replacing water used from crop 

evapotranspiration (ETC) and the methods for calculating ETC were as follows (see appendix A 

for an example calculation).  Meteorological data were collected from two weather stations 

(Weather Innovations Consulting LP, Chatham, ON, Canada), one station located at each orchard.  

Crop evapotranspiration was calculated daily using the following formula:  

ETC = ETO x KC x M                            [Eq. 1] 

Where ETO (mm day
-1

) is the reference evapotranspiration, calculated for a grass crop by 

the Penman-Monteith equation (Allen et al., 1998), KC is the crop coefficient used to modify the 

ET estimate for apple trees, M is percent canopy maturity, a current estimate based on tree size at 

full maturity; and M is a unit-less scaling factor.  During both seasons the KC was calculated 

using an empirically derived formula beginning 1 May of each growing season (Neilsen, 2012, 

personal communication).  To account for precipitation the protocol made use of net ETC (mm 

day
-1

) which was calculated by subtracting the daily precipitation values from daily ETC values.  

The volume of water to be applied to each tree was then calculated from net ETC with the 

following formula: 

Litres tree
-1

 = Net ETC x 0.623 x 3.785 x GC  [Eq. 2, (Reynolds et al., 2009)] 

 Where 0.623 (gallon acre-inch
-1

/sq. ft. acre
-1

) is a conversion factor for the gallon equivalent of 

one inch of precipitation per acre, 3.785 is the conversion factor from gallons to litres, and GC 
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(sq. ft.) is the area of ground covered by the tree (Reynolds et al., 2009).  Litres tree
-1

 was then 

converted to the number of hours to run the irrigation using the flow rate of the two pressure 

compensating emitters located at each tree.  At the Kingsville orchard irrigation began on 23 

May 2013 and 2 June 2014.  At the Simcoe orchard irrigation began on 16 May 2013 and 2 June 

2014.  

 

3.3.3 Soil Moisture 

 Soil moisture was measured at 10 cm, 20 cm, 30 cm and 40 cm using the PR2 profile 

probe (Delta-T Devices, Cambridge, United Kingdom), which operates via electrical capacitance 

to determine soil water content on a volumetric basis.  Access tubes for the PR2 probe were 

located at the third treatment tree and situated 20 cm away from the trunk and in-line with one of 

the drip emitters.  To reduce variability between measurements, soil moisture was recorded 

between 0900-1100 HR and before irrigation was turned on.  Measurements were made weekly 

during the 2013 season and twice weekly during 2014.  Due to equipment failure soil moisture 

could not be measured twice weekly at the Kingsville orchard in June and July of 2014.  Every 

attempt was made to take readings once weekly during this period; however, data are missing for 

the weeks of 9 June, 30 June, 7 July, and 14 July. 

 

3.3.4 Fruit set 

Fruit set was evaluated by tagging two scaffold limbs per tree and counting the number 

blossoms on each limb, this occurred on 9 May 2013 and 15 May
 
2014.  After physiological drop, 

the number of fruitlets remaining on each branch was counted on 24 June 2013 and 19 June 2014.  
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Fruit set was expressed as a percent of the number of blossom clusters which developed into 

fruitlets.  Due to time constraints these data were only collected for trees at the Simcoe orchard.  

 

3.3.5 Leaf and fruit nutrient concentrations  

 Nutrient analyses were performed to determine the influence of irrigation on leaf 

concentrations of nitrogen (N), phosphorus (P), potassium (K), magnesium (Mg) and calcium 

(Ca).  In mid-July, 30 leaves were sampled from each tree.  Leaves were collected from the 

middle of current season’s extension shoots.  To achieve a representative sample, leaves were 

removed from shoots located on all sides of the tree, and at heights between 1-2 m above the 

ground; damaged leaves were avoided for collection (OMAFRA, 2014).  Leaf samples were 

dried at 60
o
C in a forced air oven for four days and subsequently ground using a sample mill 

(Thomas Scientific, Swedesboro, NJ, USA).  Percent N was determined using the combustion 

method (AOAC 990.03) and mineral percentages were quantified through dry ashing followed 

by inductively coupled plasma optical emission spectrometry (AOAC 985.01). 

 A composite sample of 10 fruit was collected from each plot, immediately prior to 

harvest, to measure the concentrations of P, K, Mg, within the fruit.  The sample was brought to 

the laboratory and four slices of skin were removed on opposite sides of each fruit.  

Subsequently 2-4 mm of fruit flesh was removed from each of the ‘bare’ sections using a 

mandolin slicer, for a total of four slices per fruit.  Then a cork borer with a diameter of 15.4 mm 

was used to stamp out a sample and then the 40 fruit discs, from the composite sample, were 

weighed and frozen until chemical analysis.  Fruit N was not analyzed and mineral percentages 

were quantified through dry ashing followed by inductively coupled plasma optical emission 

spectrometry (AOAC 985.01).  The leaf and fruit nutrient analyses were performed by a 
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provincially accredited commercial laboratory (SGS Agri-Food Laboratories, Guelph, ON, 

Canada). 

 

3.3.6 Extension shoot growth, trunk cross-sectional area  

 To determine the impact of irrigation on extension shoot growth, current season 

extension shoots were measured six times from May until September in 2013 and 2014.  Five to 

six extension shoots located 1.0-2.0 m above the orchard floor were randomly selected and 

damaged shoots were avoided.  These shoots were tagged and numbered to reduce variability 

between measurements.  A flexible measuring tape (Lufkin, Sparks, MD, USA) was used to 

record shoot length beginning at the terminal bud scar and continuing to the apex.  Shoot 

measurements began on 22 May 2013 and 2 June 2014 at the Simcoe orchard, and 23 May 2013 

and 4 June 2014 at the Kingsville orchard.  Recordings ceased after the terminal bud had set for 

the shoots which occurred on 7 Sept. 2013 and 2 Sept. 2014 at the Simcoe orchard, and 28 Aug. 

2013 and 29 Aug. 2014 at the Kingsville orchard. 

Trunk cross-sectional area (TCSA) was calculated for two purposes; first it was used to 

determine the appropriate crop load, and secondly it was used to assess tree vigour in response to 

the irrigation treatments.  Trunk circumference was measured using a flexible tape measure by 

wrapping it around the bark positioned 20 cm above the graft union (Fallahi et al., 2012).  The 

radius was derived from the circumference and then used to calculate the trunk area.   

 

3.3.7 Stem Water Potential 

 Midday stem water potential (ΨS) measurements were made at various calendar dates 

throughout the growing season but due to the large number of precipitation events during 2013 
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and 2014 ΨS was not measured at regular intervals.  The pressure chamber method described by 

Mccutchan and Shackel (1992) was followed with several modifications.  Two leaves located on 

main scaffold branches close to the trunk and on the east side of the tree were selected for 

sampling.  The leaves were individually covered with 76.2 mm x 127 mm re-sealable aluminized 

plastic bags (Uline Canada, Brampton, ON, Canada).  The leaves were covered with the bags 

120 minutes prior to solar noon (Naor and Cohen, 2003) and at solar noon the leaves were 

excised at the base of the petiole using a razor blade and placed in an insulated box for transport 

to the laboratory (Mielke et al., 2000).  Each leaf was placed in a Scholander pressure chamber 

(Scholander et al. 1965) (Model 1000; PMS Instruments, Albany, NY, USA) and pressurized at a 

rate of 0.1 MPa per 2-3s (Mielke et al., 2000).  ΨS was recorded at the point when xylem sap was 

exuded from the end of the petiole, and all leaf samples were processed within an hour of 

excision.    

 

3.3.8 Fruit Yield and Quality 

 At the end of each growing season the yield and quality of the fruit were assessed by 

measuring total marketable yield per tree, yield efficiency, mean fruit size, ethylene evolution, 

fruit colour, firmness, SSC and TA.  Fruit from the Kingsville orchard were harvested on 10 Sept. 

2013 and 23 Sept. 2014 and fruit from the Simcoe orchard were harvested on 3 Oct. 2013 and 7 

Oct. 2014.  Total marketable yield (kg tree
-1

) was determined by harvesting all the fruit from the 

middle three trees in each experimental unit (referred to as ‘record trees’), and weighing the 

marketable fruit from each tree.  Yield efficiency (kgfruit TCSA
-1

) was calculated by dividing the 

total marketable yield by the TCSA of each tree.  Mean fruit weight was calculated by dividing 

total marketable yield by the number of marketable fruit picked from each tree.  For quality 



 

 

54 

 

assessment five apples from each record tree were picked for a total composite of 15 fruit per 

experimental unit and brought to the laboratory for processing.  The sampled fruit were weighed 

and included in the yield measurements.  Crop load was determined by dividing the total number 

of fruit harvested per tree (marketable and unmarketable) by its TCSA. 

 

3.3.9 Ethylene Evolution 

 Ethylene evolution was evaluated with the static headspace method (Sharma et al., 2012).  

The 15-fruit samples were placed in 11-L plastic pails with air tight lids (Model 61996; IPL, 

Saint-Damien, Quebec, Canada).  Each of the sealable lids (Model 63475; IPL, Saint-Damien, 

Quebec, Canada) contained a hole with a 10-mm rubber septum allowing air from within the 

pails to be sampled using a syringe when required.  The 15 fruit were allowed to respire in the 

pails for 24 hours before a 2.0-mL sample was drawn from the pail using a 25 gauge hypodermic 

needle.  The 2.0-ml sample was then injected into a gas chromatograph and prior to use, the gas 

chromatograph was calibrated with 5 ppm standard ethylene gas (Linde Industrial Gases Canada, 

Mississauga, ON, Canada).  The gas chromatograph (Model 8610C; SRI Instruments, Torrance, 

CA, USA) contained a 2-m 80-100 mesh HayeSep D pack column (70
o
C) and a flame ionization 

detector (150
o
C).  Hydrogen was used as the carrier gas with a flow rate of 5 ml min

-1
, and air 

and hydrogen were used as the combustion gases with flow rates of 5 ml min
-1

 and 10 ml min
-1

,
 

respectively.  The rate of ethylene evolution was represented as nl (C2H4) g (fruit fresh weight)
-1

 

hr
-1

.  Due to equipment failure ethylene evolution was not measured for fruit harvested from the 

Kingsville orchard in 2013.  
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3.3.10 Fruit colour, firmness, starch index, SSC and TA 

 Following the ethylene measurements, fruit were assessed for surface colour, first 

visually by estimating the percent blush coverage for fruit from both orchards, and values were 

estimated to the nearest 5%.  A standard colour chart for ‘Ambrosia’ (B.C Fruit Growers 

Association, Kelowna, BC, Canada) was also used as a secondary visual assessment tool for fruit 

harvested from the Simcoe orchard.  The chart consisted of a colour wheel with four distinct 

categories for ground tissue (1, 2, 3, and 4) and three categories for blush tissue (5, 6, and 7).  

Each apple was held up to the colour wheel and matched to a category.  A colorimeter (Model 

CR-400; Konica-Minolta, Tokyo, Japan) was then used to measure fruit surface colour in an 

objective manner and the most colour intense regions of the blush and ground were selected for 

measurement (Solomakhin and Blanke, 2010).  The data obtained from the colorimeter were 

used to calculate hue angle (H
o
), chroma (C*) and lightness (L*) using the CIE 1976 L*a*b* 

colour space system (Anonymous, 2008).   

 Fruit firmness was measured with a Fruit Texture Analyzer (Model GS-14; GUSS, Strand, 

South Africa) following the methods of Harker et al. (2002a) and Lachapelle et al. (2013) with 

the following modifications.  Tangential sections of the apple peel were removed at two 

positions opposite each other on the fruit.  An 11-mm stainless steel blunt probe was inserted 

into the apple flesh at a rate of 10 mm s
-1

 to a depth of 8.9 mm and the peak force was recorded.  

Following the firmness measurements the apples were cut in cross sections and one half was 

dipped into an iodine solution for measuring starch hydrolysis (via staining).  The iodine solution 

was prepared by mixing 8.8 g of potassium iodide into 30 ml of water, followed by dissolving 

2.2 g of iodine crystals and then diluting to a total volume of 1.0 L (Blanpied and Silsby, 1992).  

The staining pattern was compared to a standard starch index (SI) where 1 represented high 
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starch levels and no conversion to sugar, and 8 represented no starch content and a high sugar 

conversion (Blanpied and Silsby, 1992).  The remaining half of the fruit was cut into quarters 

and frozen at -30
o
C for later analysis. 

 To measure SSC and TA the frozen fruit were thawed in a water bath for one to two 

hours and then the samples were juiced using an Omega Juicer (Model 8006; Omega Products 

Inc., Harrisburg, USA).  Approximately 200 ml of juice was produced from the composite fruit 

sample and between each sample the juicer was washed in warm soapy water and thoroughly 

rinsed.  SSC was measured by placing a small amount of juice in the sample well of a 

temperature-compensating digital refractometer (Model Palette PR-32x; Atago, Tokyo, Japan).  

The refractometer was washed with distilled water and wiped dry between samples with a Kim 

wipe (Kimberly-Clark Professional, Irving, TX, USA), and SSC was recorded in 
o
Brix.  

Titratable acidity was measured by diluting a 5.0-ml juice sample with 45 ml of distilled water, 

this solution was then titrated to an endpoint of pH = 8.1 (Harker et al., 2002b), with 0.1 N 

NaOH (Fisher Scientific, Ottawa, ON, Canada) using an automatic titrator (Model G20; Mettler-

Toledo, Columbus, OH, USA) equipped with a pH meter (Model DGi115-SC; Mettler-Toledo, 

Columbus, OH, USA).  TA was expressed as the concentration of malic acid in a 100-ml juice 

sample using the following formula: 

TA= (ml NaOH x N(NaOH) x acid meq. Factor x 100) / (ml juice titrated)  [Eq. 3] 

(Wrolstad et al., 2005) 
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3.3.11 Statistical Analysis 

The total amount of water received by each tree was calculated by summing the quantity 

of precipitation with the volume of water applied using the irrigation system, converted to 

millimeters based on the area of ground covered by the tree, using the following formula. 

Irrigation (mm) = Litres tree
-1

 / tree area (m
2
)  [Eq. 4] 

Only the quantity of precipitation that fell during the irrigation period was included in this 

calculation.  Data were presented on a monthly and yearly basis, the number of irrigation events 

were also tabulated for each orchard.  The volume of irrigation received by each treatment, on a 

monthly basis, was also calculated for both orchards; the number of monthly irrigation events 

was also tabulated. 

Analysis of variance was conducted to test the main irrigation effect for the yield and 

fruit quality parameters, using proc mixed statements in the SAS 9.3 software (SAS Institute Inc., 

Cary, North Carolina).  Leaf and fruit nutrients, yield, fruit size, colour, SSC and TA, starch 

index, ethylene generation, ΨS, and fruit calcium were partitioned into the fixed treatment effect 

and the random block and treatment x block effects.  Before analyzing blush coverage, the 

percent values were arcsine square root transformed (Bowley, 2008) to normalize the residuals.  

The results were then back-transformed for presentation purposes.  

Soil moisture was analyzed using a repeated measures over date with block x date x 

depth as the subject.  Soil moisture was partitioned into fixed effects of treatment, date, depth, 

treatment x date, treatment x depth, treatment x date x depth and random effects of block, 

treatment x block, date x block and depth x block.  Multiple covariance structures were fit to the 

repeated measures analysis and the autoregressive heterogeneous type 1 [arh(1)] was selected 

based on fit statistics and plots of residuals.  Fixed effects and interaction means were computed 
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using least square means and pairwise comparisons were adjusted using Tukey’s test (Bowley, 

2008).  Significance was determined from the F-value for the fixed effects and the Z-value was 

used for the random and random by fixed effects.  All partitions were considered significant at a 

type one error rate of α=0.05. 

The rate of extension shoot growth was analyzed using proc nlin statements.  A logistic 

regression with the following form was used to model the data: 

Shoot length = a + b(1-e
-cx

)
d
   [Eq. 5](Bowley, 2008) 

where parameters a, b and c were estimated and d=date of measurement.  Regression estimates 

were calculated for each experimental unit.  A sum of squares reduction test was used to identify 

if there was a significant difference between the parameters among the treatment groups 

(Schabenberger, n.d.).  If a significant difference was indicated by the sum of squares test then an 

analysis of variance was performed with a pairwise comparison to separate parameter means.    

Assumptions for the analysis of variance included: errors were random, independent and 

normally distributed, the data fit a linear additive model and the errors were homogenous 

(Bowley, 2008).  The Shapiro-Wilk test was used to test for residual normality and homogeneity 

of error was verified visually with plots of residuals against predicted values for all fixed effects.  

Extreme data points were identified according to Lund’s test of outliers and observations were 

removed if studentized residuals surpassed a value of 3.41 (Bowley, 2008).  All statistical 

procedures were performed using S.A.S. version 9.3 (S.A.S. Institute, Cary, NC, USA) and plots 

were created using Sigma Plot 11.0 (SyStat Software Inc., San Jose, CA, USA). 
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3.4 Results 

3.4.1 Evapotranspiration, precipitation, irrigation, soil moisture and fruit set 

 In 2013 cumulative precipitation at the Kingsville orchard was below cumulative ETO 

calculated by the FAO-PM model, further referred to as ETO, from the beginning of May until 

the end of June (Figure 3.1a).  From the beginning of July until harvest, cumulative precipitation 

continually surpassed ETO at the Kingsville orchard.  In 2014 cumulative precipitation at the 

Kingsville orchard was lower than ETO during the middle of June, and during July; however, 

from the beginning of August until harvest there was a surplus of precipitation (Figure 3.1b).  At 

the Simcoe orchard in 2013, cumulative precipitation was lower than ETO only during May and 

precipitation remained higher than ETO for the rest of the season (Figure 3.1c).  During 2014, 

cumulative precipitation at the Simcoe orchard remained slightly lower than ETO during all 

months, except for May where they were about equal (Figure 3.1d).   

The Kingsville orchard received 539 mm and 534 mm of precipitation from 1 May to 30 

Sept. in 2013 and 2014, respectively (Table 3.1).  The Simcoe orchard received 537 mm and 476 

mm of precipitation from 1 May to 30 Sept. in 2013 and 2014, respectively (Table 3.1).  During 

both years the amount of water received by each treatment, from least to most, was the rain-fed 

followed by 50%, 75%, 100% ET and CI treatments (Table 3.2).  The monthly distribution of 

irrigation was highly variable at both orchards in 2013 and 2014 (Table 3.3).  At the Simcoe 

orchard trees in all treatments received the largest volume of irrigation water in July 2013, 

August 2013, and June 2014, which were among the driest months during the experiments (Table 

3.1).  At the Kingsville orchard trees were supplied with the largest volume of irrigation from all 

treatments in June 2013, August 2013, and June 2014.  Although May 2013 was the driest month 
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of that year, the volume of irrigation in all treatments was relatively low compared to the other 

four months (Tables 3.1, 3.2).  

 Soil moisture at both orchards in 2013 and 2014 was highly influenced by precipitation.  

At both orchards there were larger variations in soil moisture between precipitation events at 

depths of 10 cm and 20 cm, but at depths of 30 cm and 40 cm the variation in soil moisture was 

less than it was at the surface (Figures 3.2-3.5).   

 

3.4.1.1 Soil moisture at the Kingsville orchard 

In 2013 there was no significant treatment effect (P=0.13) and the three-way interaction 

between treatment, date, and depth was not significant in 2013 as well (Table 3.4).  However, 

there was a significant date by treatment interaction (P<0.0001), in which the rain-fed treatment 

had a lower soil moisture content on 13 Aug., 3 and 9 Sept. 2013, compared to the CI treatment.  

In 2013 there was a significant depth by treatment interaction, where the soil moisture was 

significantly lower in the rain-fed treatment compared to the CI, 100% ET and 50% ET 

treatments at a depth of 20 cm (Figure 3.2).  Soil moisture was also significantly lower in the 75% 

ET treatment compared to the 100% ET and 50% ET treatments at a depth of 20 cm (Figure 3.2).  

In 2013 at a depth of 30 cm the 100% ET treatment had significantly lower soil moisture than the 

CI treatment (Figure 3.2).  No significant treatment differences occurred at depths of 10 or 40 cm 

in 2013.  At the Kingsville orchard in 2014 there was no significant treatment effect (P=0.23) 

and the three-way interaction was not significant as well (Table 3.4).  Again there was a 

significant date by treatment interaction (P<0.0001); the rain-fed treatment had a significantly 

lower soil moisture content (at all four depths) compared to the 75% ET and CI treatments on 18 

June 2014, while soil moisture in the 100% ET and 50% ET did not differ from any other 

treatment.  On 18 and 21 July 2014 soil moisture in the rain-fed treatment was also lower 
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compared to the CI, 100% ET, and 75% ET treatments whereas the 50% ET did not differ from 

any other treatment.  There was also a significant depth by treatment interaction in 2014 

(P=0.003).  At a depth of 20 cm soil moisture decreased in the rain-fed treatment compared to 

the other four treatments (Figure 3.3); however, treatments did not differ in soil moisture at 

depths of 10, 30 or 40 cm.  At the Kingsville orchard in 2013 and 2014 there were also 

significant date, depth and date by depth effects for soil moisture (Table 3.4), resulting in higher 

moisture at greater depths.     

 

3.4.1.2 Soil moisture at the Simcoe orchard 

 At the Simcoe orchard there was no significant treatment effect for soil moisture in 2013 

or 2014 (Table 3.4).  There was no significant three-way interaction in 2013 or depth by 

treatment interaction in 2013 or 2014 (Table 3.4).  In 2014 there was a significant three-way 

interaction (P=0.01); however, when pairwise comparisons were made on specific date by depth 

combinations treatment means could not be separated using Tukey’s adjustment.  Although there 

was a significant date by treatment interaction in both years, a pairwise comparison could not 

separate treatment means using Tukey’s adjustment as well.  In 2013 and 2014 there were 

significant date, depth, and date by depth effects, resulting in higher soil moisture at increased 

depths (Table 3.4). 

 

3.4.2 Fruit set, leaf and fruit nutrients, extension shoot growth and ΨS 

 Irrigation did not have a significant effect on fruit set for trees at the Simcoe orchard in 

either 2013 (P=0.86) or 2014 (P=0.71) (data not shown).  Irrigation had a significant effect on 

leaf Ca (P=0.0001) and Mg (P=0.0015) levels for trees at the Simcoe orchard in 2013.  The 100% 

ET treatment had a significantly higher concentration of Ca compared to all other treatments, and 
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Ca in the 50% ET treatment was higher than in the rain-fed treatment (Table 3.5).  Magnesium 

levels for 100% ET and 50% ET were greater than the rain-fed, whereas the CI and 75% ET did 

not differ from any other treatments (Table 3.5).  There were no significant differences among 

treatments for leaf N (P=0.39), or K (P=0.14), but there was a significant difference for P 

(P=0.04); however, a pairwise comparison did not separate the means using a Tukey’s 

adjustment (Table 3.5).  In 2014 only the Ca concentration of leaves at the Simcoe orchard were 

significantly affected by irrigation (P=0.02), and the CI treatment had a lower concentration 

compared to all other treatments.  Irrigation did not affect any leaf nutrient concentrations for the 

apple trees at the Kingsville orchard in 2013 or 2014 (Table 3.5).   

The irrigation treatments did not significantly affect the concentrations of P, K, Mg or Ca 

in fruit from the Kingsville orchard in 2013 or 2014 (Table 3.6).  Irrigation had a significant 

effect on the Ca concentration of fruit at the Simcoe orchard, but the treatments did not affect P, 

K or Mg concentrations.  The 100% ET had significantly larger Ca level compared to the rain-

fed treatment, while the CI, 75% and 50% ET did not differ from any other treatment (Table 3.6).   

 According to a sum of squares reductions test, the treatments did not have a significant 

effect on extension shoot growth for trees at the Kingsville orchard in 2013 (P=0.13), but there 

were significant differences between treatments in 2014 (P=0.0018).  In 2013 growth of 

extension shoots was minimal for trees at the Kingsville orchard, with the majority of shoots 

achieving 11-18 cm of growth by the end of the season, and there was no clear visual difference 

in growth over time (Figure 3.6).  In 2014 the growth of extension shoots, at the Kingsville 

orchard, was more representative of typical shoot growth (Figure 3.7).  The b regression 

parameter of the rain-fed treatment was lower than the 75% ET treatment for trees at the 

Kingsville orchard in 2014 (Table 3.7).  Extension shoot growth was typical at the Simcoe 
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orchard (Figures 3.8, 3.9) and treatments differed in 2013 (P=0.0006) and 2014 (P=0.005) 

according to a sum of squares reduction test.  However, when an analysis of variance was 

performed on the individual regression parameters, there were no significant differences except 

for the c parameter in 2014; but a pairwise comparison did not separate the means with Tukey’s 

adjustment.     

 Irrigation had a significant effect on ΨS of apple trees at the Simcoe orchard on 20 June 

2013 (P=0.03).  The CI and 100% ET treatments did not differ from each other, but the CI had a 

significantly higher ΨS compared to the rain-fed, 75% ET, and 50% ET.  ΨS was not measured 

on any other dates in 2013 at the Simcoe orchard, and there was no significant treatment effect 

on ΨS in trees at the Kingsville orchard in 2013 (Table 3.8).  In 2014 ΨS measured in trees at the 

Simcoe orchard on 9 July was larger for the 75% ET compared to the rain-fed treatment 

(P=0.02), while all other treatments did not differ from each other (Table 3.8).  Again in 2014 

the treatments did not significantly affect the ΨS in trees at the Kingsville orchard (Table 3.8).    

 

3.4.3 Yield, crop load, TCSA, and fruit quality 

 The irrigation treatments did not influence marketable yield per tree at the Kingsville and 

Simcoe orchards in 2013 (P=0.61, and 0.91), or in 2014 (P=0.06, and 0.33). Yield efficiency was 

also unaffected by treatment (Table 3.9).  The TCSA, crop load, and MFW did not significantly 

differ between treatments for trees at Kingsville and Simcoe orchards in 2013 or 2014 (Table 

3.9).   

 The colour parameters L*, C* and H
o
 were unaffected by treatment for the blush and 

ground of fruit from trees at the Kingsville orchard in 2013 and 2014 (Tables 3.10, 3.11).  In 

2013, the irrigation treatments did not influence the L*, C* or H
o
 for the blush or ground of fruit 
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from the Simcoe orchard.  In 2014, the C* value for the ground surface of fruit harvested at the 

Simcoe orchard was significantly lower in the rain-fed treatment compared to the 50% ET 

treatment (P=0.02).  At the Simcoe orchard all other fruit surface colour attributes for the blush 

and ground did not significantly differ between treatments in 2014 (Table 3.11).  The percent 

blush coverage, assessed visually, was not significantly different between treatments for fruit 

harvested from the Simcoe orchard in 2013 (P=0.95) or 2014 (P=0.08), or fruit harvested from 

the Kingsville orchard in 2014 (P=0.41).  Irrigation treatments did not influence the blush and 

ground tissue for fruit harvested from the Simcoe orchard when graded visually using the 

industry colour charts (Table 3.12).  

 At the Kingsville and Simcoe orchards the irrigation treatments did not significantly 

affect fruit SSC, TA, ethylene evolution, or firmness in 2013 (Table 3.13).  In 2014 the SSC of 

fruit harvested from the Simcoe orchard were significantly affected by the irrigation treatments 

(P=0.04); however, a pairwise comparison did not separate treatment means using Tukey’s 

adjustment.  At the Kingsville orchard the SI of fruit in 2014 was the only fruit quality parameter 

with a significant effect that could be statistically separated.  The rain-fed treatment had a 

significantly lower SI value compared to the CI (P=0.02), and the other three treatments not 

differ from the rain-fed or CI treatments. 

 

3.5 Discussion 

3.5.1 Precipitation, irrigation additions, evapotranspiration and soil moisture 

 According to the 1981-2010 Canadian climate normals, the Kingsville orchard and 

Simcoe orchard both experienced above-average precipitation during 1 May to 30 Sept in 2013 

and 2014.  The Ministry of the Environment’s Kingsville weather station is located 
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approximately 2.4 km from the Kingsville orchard and it is the closest station with 30-year 

averages.  The average cumulative precipitation for the Kingsville weather station from 1 May to 

30 Sept. was 411 mm (Anonymous, 2015a).  In 2013 and 2014 the Kingsville orchard received 

an additional 128 mm and 123 mm above this average, respectively.  The majority of the surplus 

precipitation occurred in June and July 2013 or July and August 2014 (Table 3.1). The Ministry 

of the Environment’s Delhi weather station is the closest long term station to the Simcoe orchard, 

at approximately 22 km away, and its 30 year cumulative precipitation average from 1 May to 30 

Sept. is 457 mm (Anonymous, 2015b).  In 2013 and 2014 the Simcoe orchard received an 

additional 80 mm and 19 mm of precipitation above this average (Table 3.1).  June and Sept. 

2013, and July and Sept. 2014 received the majority of this surplus precipitation.  To put 2013 

and 2014 into perspective, 30 years of weather station data suggest that 47% (at Kingsville) and 

57% (at Delhi) of years’ experience below average precipitation during the period from 1 May to 

30 Sept. (Anonymous, 2015c, 2015d).  Therefore both regions where the experimental orchards 

were located commonly experience seasonal water deficits, and it would have been beneficial to 

evaluate this ET-based irrigation system in a year with a water deficit. 

 Irrigation was not activated until 23 May 2013 at the Kingsville orchard and this can help 

explain the low volume of irrigation that was applied in May 2013 (Table 3.3), despite it being 

the driest month of that year (Table 3.1).  June 2013 received the second largest amount of 

precipitation of any month at the Kingsville orchard in 2013; however, a relatively large volume 

of irrigation was still applied to all treatments (Tables 3.1, 3.3).  Although June 2013 received a 

large amount of precipitation it mainly occurred during two large rainfall events (Figure 3.3), and 

since the protocol calculated irrigation requirements twice weekly there would have been ‘dry’ 

weeks with a large ET demand inflating the volume of water to be applied. 
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Water deficit periods in which cumulative ETO surpassed cumulative precipitation were 

infrequent at both locations in 2013 and 2014 (Figure 3.1). When deficits did occurred it was 

either for a short period of time (Figure 3.1a, c), or they were marginal (Figure 3.1b, d).  When 

de Jong and Bootsma (1997) evaluated soil water deficits at multiple locations across Ontario, 

they observed lower evapotranspirational deficits in years which experienced above-average 

precipitation, such as that observed in this experiment.  Therefore it is likely that the apple trees 

at the Kingsville and Simcoe orchards in 2013 and 2014 did not experience a water deficit period 

long enough to significantly impact tree growth or production.   

Studies that have investigated deficit irrigation scheduling based on ET or other 

scheduling methods have mainly occurred in arid and semi-arid regions.  These locations 

experienced annual precipitation totals within the range of ~150-600 mm (Ebel et al., 1995, 1993; 

Fallahi et al., 2010; Girona et al., 2006; Neilsen et al., 2010); and a year with 600 mm of 

precipitation was regarded as largely atypical (Girona et al., 2006).  A few field studies have 

investigated deficit irrigation in New Zealand with a cool humid climate similar to Ontario, but 

they used rainout shelters to artificially induce drought conditions (Mills et al., 1994; Mpelasoka 

et al., 2001a, 2001b, 2001c).  Only one experiment reported in the literature implemented an ET-

based irrigation scheduling system without rainout shelters in a humid climate and observed 

treatments differences (Reynolds et al., 2009).  We did not use rainout shelters in this experiment 

because we wanted to maintain as much external validity as possible.  If we had used season long 

rainout shelters we might have produced an artificial drought that was too long and not 

representative of the seasonal deficits commonly experienced in Ontario.  There was also the 

possibility that rainout shelters could have altered the local soil environment, confounding the 

irrigation treatments.  However, strategic use of rainout shelters such as deploying them during 
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the months of July and August may have increased the effectiveness of our irrigation treatments.  

The amounts of precipitation observed during the growing season at both the Kingsville and 

Simcoe orchards surpassed the annual precipitation observed in other studies.  This may help 

explain why the irrigation treatments in this experiment did not cause greater differences in the 

measured plant responses.    

There were no consistent treatment effects on soil moisture at both orchards in 2013 and 

2014 (Table 3.1) and the above-average precipitation could have contributed to this outcome.  

Even though there was a significant date by treatment effect for the Kingsville orchard in 2013, 

the lower soil moisture content for the rain-fed treatment only developed late in the season (13 

Aug., 3 and 9 Sept. 2013) and it is doubtful that this short period would have negatively affected 

the trees.  Although the rain-fed and 75% ET treatments had significantly lower soil moisture at 

a depth of 20 cm in 2013; the trees still had access to adequate moisture at depths of 30 and 40 

cm (Figure 3.2).  At the Kingsville orchard in 2014 the significantly lower soil moisture in the 

rain-fed treatment at a depth of 20 cm would have also been ineffective at producing a stress due 

to the sufficient amount of moisture found at the other three depths.  In 2014 there were also 

three dates (18 June, 18 and 21 July) when soil moisture was significantly lower at all four 

depths for the rain-fed treatment compared to the CI, 100% ET, and 75% ET treatments.  These 

periods of reduced soil moisture were brief and flanked by periods of high moisture (Figure 3.3) 

suggesting that the lower soil moisture in the rain-fed treatment on 18 June, 18 and 21 July 

would not have affected the trees physiologically.   

Although there was a significant date by treatment interaction at the Simcoe orchard in 

both years, treatment means could not be separated.  Similarly, treatment means could not be 

separated for the significant three-way interaction (treatment by date by depth) that occurred in 
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2014.  The inability to separate treatment means may be the result of two combined factors, 

specifically the small F-values associated with the above mentioned interactions and the large 

sample sizes in the soil moisture data sets.  The sample size could have been large enough to 

cause an overall significance for the interactions, despite the small F-value, but due to the 

conservative nature of Tukey’s adjustment (Bowley, 2008) treatment means could not be 

statistically separated.  At both orchards the significant date and depth effects as well as the date 

by depth interaction did not provide insight into how the irrigation treatments affected the apple 

trees.  Soil moisture could be expected to change on different dates in response to precipitation 

and soil moisture should increase at greater depths.  The results from this experiment contrast 

those from previous studies which have found that soil moisture declined for deficit irrigation 

treatments compared to non-deficit treatments in wine vineyards (Hamman and Dami, 2000) and 

apple orchards (Leib et al., 2006; Mpelasoka et al., 2001a); including one study with ET-based 

irrigation scheduling (Ebel et al., 1993).  The majority of these studies occurred in semi-arid 

regions except for that conducted in New Zealand by Mpelasoka et al. (2001a), where rain-out 

shelters were used.   

The soil composition at each orchard may have indirectly influenced the soil moisture 

measurements.  One could expect that the sandy-loam soil at the Simcoe orchard would have 

resulted in more pronounced treatment differences compared to the clay-loam soil at the 

Kingsville orchard; however, the opposite was observed in this experiment.  There were almost 

twice as many trees at the Kingsville orchard (2302 trees ha
-1

) compared to the Simcoe orchard 

(1111 trees ha
-1

) and the higher tree density at the former orchard may have increased the rate of 

soil water depletion.  This may help explain why we observed significant differences in soil 

moisture at the Kingsville orchard but not at the Simcoe orchard.   
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3.5.2 Leaf and fruit nutrients, extension shoot growth, and ΨS    

 At the Simcoe orchard in 2013 trees exposed to the 100% and 50% ET treatments had 

significantly higher concentrations of Ca in their leaf tissue compared to all other treatments.  

The Mg concentrations in leaf tissue were also higher for 100% ET and 50% ET treatments 

compared to the rain-fed treatment (Table 3.5).  In 2014 only leaf Ca in the CI treatment was 

significantly lower than the other four treatments at the Simcoe orchard.  Ca and Mg uptake is 

primarily through mass flow (Neilsen and Neilsen, 2003), therefore the non-deficit treatments, 

CI and 100% ET, were predicted to have the highest Ca and Mg concentrations in their leaves.  

However, this was not observed as the CI treatment received the largest amount of supplemental 

irrigation (Table 3.2) but it had among the lowest concentrations of these two nutrients in both 

years (Table 3.5).  The 50% ET treatment also experienced similar concentrations of leaf Ca and 

Mg compared to the 100% ET treatment, while the former treatment received half the amount of 

supplemental irrigation as the latter.  Therefore it is unlikely that the differences observed were 

due to mass flow and it is difficult to determine if the differences in leaf Ca and Mg were 

actually caused by the irrigation treatments.  No significant treatment differences in leaf nutrients 

were observed at the Kingsville orchard in 2013 or 2014 (Table 3.5). 

There is little consensus in the literature regarding the effect of deficit irrigation on leaf 

Ca and Mg concentrations.  In some studies there has been no effect (Campi and Garcia, 2011; 

Nakajima et al., 2004; Neilsen et al., 2010) while Atkinson et al. (1998) observed increases in 

leaf Ca concentrations due to non-deficit irrigation.  Leaf Ca concentrations have even been 

inconsistent within the same study; during a three year experiment Zegbe et al. (2011) observed a 

significant increase in leaf Ca due to non-deficit irrigation at one sampling date, a decrease in 

leaf Ca for non-deficit at three sampling dates, and no effect from irrigation at another eight 
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sampling dates.  Mg concentrations have been less variable, with multiple studies reporting no 

effect of deficit irrigation (Campi and Garcia, 2011; Nakajima et al., 2004; Neilsen et al., 2010; 

Zegbe et al., 2011), while one study found that non-deficit irrigation significantly lowered leaf 

Mg (Atkinson et al., 1998).  In this experiment the inconsistent results in leaf Ca and Mg may be 

a result of tree-to-tree variation or differences in the availability of these nutrients within the 

orchard soils. 

In the present study only Ca concentrations from fruit harvested at the Simcoe orchard 

were significantly affected by irrigation treatment (P = 0.04), and fruit from the 100% ET 

treatment had significantly higher Ca concentration than the rain-fed treatment.  The P, K, Mg, 

and Ca concentrations in fruit from the Kingsville orchard were all unaffected by the irrigation 

treatments (Table 3.6).  In the literature fruit nutrients have responded variably to deficit 

irrigation, and no consistent pattern is apparent.  In a previous study irrigation did not affect the 

concentrations of P, K, Mg, or Ca in ‘Pacific Rose
TM

’ apple fruit (Nakajima et al., 2004); 

whereas Neilsen et al. (2010) observed the levels of Mg to increase for ‘Ambrosia’ fruit in a 

deficit treatment, while N, P, K, and Ca concentrations remained unaffected.  In an experiment 

conducted by Atkinson et al. (1998) the nutrient composition of the apple cultivars ‘Cox Orange 

Pippin’ and ‘Queen Cox’ responded differently to irrigation treatments.  The concentrations of N, 

P, K, Ca, and Mg were all reduced by non-deficit irrigation compared to deficit irrigation in 

‘Queen Cox’(Atkinson et al., 1998).  ‘Cox Orange Pippin’ responded much more variably; non-

deficit irrigation increased fruit N, decreased K and Mg concentrations, while P and Ca were 

unaffected (Atkinson et al., 1998).   

Cropload and fruit size are factors that could have influenced the nutrient composition of 

the fruit in this research.  Cropload played a more important role than irrigation in the nutrient 



 

 

71 

 

composition of ‘Ambrosia’ fruit, and a high crop load reduced the concentrations of N, P, K, and 

Mg but not Ca (Neilsen et al., 2010).  Despite the previously mentioned study, it is has been 

proposed that fruit Ca in apples is highly sensitive to cropload and fruit size, with small fruit 

having larger Ca concentrations than large fruit (Neilsen and Neilsen, 2003).  However, fruit size 

and cropload were unaffected by the irrigation treatments in the present research (Table 3.9), and 

therefore could not have contributed to the significantly higher Ca concentration for fruit in the 

100% ET treatment at the Simcoe orchard.   

This experiment was not designed to detect significant varietal/cultivar differences in 

response to the irrigation treatments.  However, cultivar may have influenced the fruit nutrient 

results to some extent.  The cultivar ‘Ambrosia’ may be inherently more sensitive to Ca than 

‘Imperial Gala’ and this could explain why we observed differences in fruit Ca at the Simcoe 

orchard but not at the Kingsville orchard.   

At both orchards there were no significant differences in the regression parameters for 

apple trees in 2013.  In 2014 the b regression parameter was significantly lower for the rain-fed 

compared to the 75% ET treatment at the Kingsville orchard, and the c parameter was 

significantly different for trees at the Simcoe orchard (Table 3.7).  At the Kingsville orchard, 

extension shoot growth was sub-optimal in 2013 as shoot growth did not exceed 18 cm over the 

season.  In 2012 a heavy frost resulted in a near crop loss at the Kingsville orchard, and one 

possibility is that the heavy return bloom and fruit-set in 2013 was, in part, responsible for the 

reduced vegetative growth.  The reduced extension shoot growth was observed throughout the 

whole planting block at the Kingsville orchard and not just in the experimental row.  At the 

Simcoe orchard there were no clearly identifiable environmental factors that may have indirectly 

influenced extension growth, such as the frost event that affected the Kingsville orchard.  In both 
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years the variability between shoot measurements was high at the Simcoe orchard (Figures 3.8, 

3.9).  Despite using tagged shoots, this variability would have influenced our ability separate the 

random error from the treatment effects.  Vegetative growth of apple trees or other fruit species 

decreases under deficit irrigation compared to non-deficit (Durand, 1990; Ebel et al., 1995; 

Hamman and Dami, 2000; Mills et al., 1996; Mpelasoka et al., 2001b).  High precipitation levels 

and tree-too-tree variability likely contributed to the contradictory results observed in this 

experiment.  

The ΨS of the trees were unaffected by the irrigation treatments at the Kingsville orchard 

in 2013 and 2014.  In 2013 the ΨS measured at the Simcoe orchard on 20 June was significantly 

lower in the rain-fed compared to the CI treatment, indicating that the rain-fed trees were 

experiencing reduced water content and greater drought stress.  A similar result occurred at the 

Simcoe orchard on 9 July 2014 when trees exposed to the rain-fed treatment had a lower ΨS 

compared to the 75% ET treatment.  According to Williams and Araujo (2002), ΨS is correlated 

with soil water content and both of the previously mentioned sampling dates occurred during 

relatively dry periods when volumetric soil water content was beginning to decrease for the rain-

fed treatment (Figures 3.4, 3.5).  Although deficit irrigation has reduced ΨS in other studies (Ebel 

et al., 1995; Marsal and Girona, 1997; Naor and Cohen, 2003; Naor et al., 1995) a typical ΨS 

threshold for indicating water stress in apple trees is approximately -1.5 to -2.5 MPa (de Swaef et 

al., 2009; Naor et al., 1995).  According to this criterion, no treatments experienced water stress 

during the ΨS sampling periods (Table 3.8), and based on the volumetric soil water contents 

observed on other dates it is unlikely that any of the trees experienced drought stress during this 

experiment.  
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3.5.3 Trunk cross-sectional area, yield, and fruit quality 

 At the Kingsville and Simcoe orchards the TCSA was similar for all irrigation treatments 

in 2013 and 2014 (Table 3.9).  Previous research has found TCSA or similar measures of tree 

vigour to decrease when apple or citrus trees were exposed to three or more years of deficit 

irrigation with ET-based scheduling (Ballester et al., 2011; Fallahi et al., 2010).  Therefore the 

two-year duration of this study may have been insufficient to influence tree vigour, as indicated 

by TCSA.  Yield per tree, yield efficiency, MFW, and crop load were all unaffected by the 

treatments in both experimental years and at both orchards (Table 3.9).  In two previous studies 

yield per tree was reduced by deficit irrigation (Fallahi et al., 2010; Leib et al., 2006), and in 

several other studies yield was unaffected (Mpelasoka et al., 2001a, 2001b; Neilsen et al., 2010).  

A similar trend has also occurred in grape production where non-deficit irrigation treatments 

have resulted in greater yields (Girona et al., 2006; Hamman and Dami, 2000; Reynolds et al., 

2009).  The experiment conducted by Reynolds et al. (2009) is particularly relevant; as it was 

conducted in Ontario, the deficit treatment was rain-fed, and the two non-deficit treatments were 

ET-based.  In Reynolds et al. (2009) two of the three experimental years experienced average or 

below average precipitation.  This may explain why increased yield occurred with the 100% and 

150% ET replacement treatments in Reynolds et al. (2009), though it did not occur in our study.   

Mean fruit weight has also been reduced when apple trees were exposed to deficit 

irrigation in several previous experiments (Fallahi et al., 2010; Leib et al., 2006; Mills et al., 

1996, 1994; Mpelasoka et al., 2001b; Neilsen et al., 2010), and the same results occurred for 

berry weight in grapes (Reynolds et al., 2009).  It was important that crop load did not differ 

between treatments in our study, because it can have influential and confounding effects on yield 

and MFW, compared to the effect of deficit irrigation (Ebel et al., 1993; Leib et al., 2006; 
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Mpelasoka et al., 2001b; Naor et al., 1997; Neilsen et al., 2010).  With no differences in crop 

load, it is unclear why deficit irrigation did not reduce MFW in our study, but the abundance of 

precipitation was a probable cause.   

In 2013 the irrigation treatments did not affect fruit surface colour determined by the 

colorimeter (Table 3.10).  In both years irrigation did not affect percent blush coverage, or colour 

chart assessments (Tables 3.12).  In 2014 the only significant effects on fruit surface colour 

occurred at the Simcoe orchard, where the C* value for ground tissue was larger in fruit exposed 

to the rain-fed treatment compared to the 50% ET (Table 3.11).  This higher C* indicated that 

the ground tissue of rain-fed fruit had a greater perceived colour intensity than fruit exposed to 

the 50% ET treatment.  It is unexpected that these two treatments would have differed 

significantly because they represented the most extreme and second most extreme deficit 

irrigation treatments.  In the literature there are many conflicting reports regarding the influence 

of irrigation on fruit surface colour.  Percent blush coverage is often unaffected by irrigation 

treatments (Fallahi et al., 2010; Leib et al., 2006; Neilsen et al., 2010) and the results from our 

study agree with this conclusion.  When assessed by colorimeter, Mills et al. (1994) found that 

L* and H
o
 were significantly reduced in a rain-fed (deficit) treatment compared to a non-deficit 

treatment. However, when Mpelasoka et al. (2001) measured blush they observed no differences 

in H
o
 between deficit and non-deficit treatments.  Few other studies have examined the effect of 

deficit irrigation on fruit surface colour, measured with a colorimeter; however, for table grapes 

in Ontario, L* and H
o
 increased under non-deficit compared to deficit irrigation (Reynolds et al., 

2009).  We found no such trend for L* or H
o
 our study.  Numerous studies have investigated the 

development of colour in apple skin.  Solar radiation and temperature have been indicated as the 

predominant environmental factors driving anthocyanin production and colour development 
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(Iglesias et al., 2008; Ju, 1998; Marais et al., 2001).  Therefore in this experiment solar radiation 

and temperature may have contributed to colour development more so than tree water status 

The irrigation treatments did not affect any of the internal fruit quality characteristics, 

except for starch hydrolysis at the Kingsville orchard and SCC at the Simcoe orchard, both in 

2014 (Table 3.13).  While the SSC was significantly affected by irrigation in 2014 for fruit 

harvested from the Simcoe orchard (P= 0.04), a pairwise comparison using Tukey’s adjustment 

could not separate treatment means.  In the literature many studies have reported SSC of apple 

fruit to increase in response to deficit irrigation while there have been no consistent observations 

for TA (Fallahi et al., 2010; Leib et al., 2006; Mills et al., 1994; Mpelasoka et al., 2001b).   

There were no significant differences in fruit firmness in our study and this observation is 

in agreement with two previous studies in apples (Fallahi et al., 2010; Neilsen et al., 2010).  

However, a majority of experiments have demonstrated that deficit irrigation increases apple 

firmness in contrast to non-deficit irrigation (Ebel et al., 1993; Leib et al., 2006; Mpelasoka et al., 

2001a, 2001c) whereas one study has observed a reduction in fruit firmness caused by deficit 

irrigation (Mills et al., 1994).  Other factors that consistently affect firmness are fruit size and 

maturity (Behboudian et al., 2011; Ebel et al., 1993), but irrigation did not affect fruit size in our 

experiment, and therefore did not indirectly influence firmness.  Fruit maturity very likely did 

not influence firmness as well, and will be discussed subsequently. 

At the Kingsville orchard the SI in 2014 was significantly lower in the rain-fed treatment 

compared to the CI treatment, indicating the CI fruit were more advanced in maturity.  This 

result is in agreement with Ebel et al. (1993), but other studies have found no impact on SI from 

irrigation (Fallahi et al., 2010), or an increase in SI for fruit exposed to deficit treatments 

(Behboudian et al., 2011; Mpelasoka et al., 2001c).  Ethylene evolution of fruit is another 
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indicator of maturity.  Previous studies have demonstrated an increase under deficit irrigation 

(Ebel et al., 1993; Leib et al., 2006; Mpelasoka et al., 2001c), but this was not observed in the 

present experiment.  The data collected from the Kingsville orchard in 2014 were intriguing 

because the SI values were significantly different and one would expect the results from the 

ethylene evolution to mirror the SI values; however, this was not the case.       

 

3.6 Conclusions 

Irrigation is often necessary in high density apple orchards under intensive management, 

because trees are more prone to drought-induced stress when planted at high densities (Atkinson, 

1981).  Due to greater demands on fresh-water availability and more variable future water 

supplies (Easterling et al., 2007), efficient irrigation practices must be adopted by agricultural 

communities.  The results from this two year study were inconclusive as to the benefits of non-

deficit and deficit irrigation treatments using an ET-based scheduling method.  These results 

could be attributed to the above-average precipitation that occurred during 2013 and 2014 at both 

experimental orchards.  Behboudian and Mills (1997) suggested that deficit irrigation 

experiments are often less successful in humid temperate regions, such as Ontario, due to the 

regularity of precipitation events.  The frequency of precipitation prevents the occurrence of 

prolonged plant stress a characteristic which makes these strategies less successful than in semi-

arid environments (Behboudian and Mills, 1997).   

In addition to the data analyzed in this experiment, details on the depth of water tables at 

both experimental orchards would have been beneficial because the position of water tables can 

play an important role in soil water deficits (de Jong and Bootsma, 1997).  Improvements in data 

collection methodologies to reduce variability in measured responses, such as extension shoot 
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growth, would have improved our ability to observe treatment differences.  The conclusions 

from this two-year experiment should be interpreted with caution due to its brevity and the 

above-average precipitation that occurred at both orchards in 2013 and 2014.   
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Table 3.1 Monthly precipiation totals (mm) during the growing season for the Simcoe orchard, 

Simcoe, ON, Canada and the Kingsville orchard, Kingsville, ON, Canada in 2013 and 2014. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Month

May

June

July

August

September

Total

2013 2014

Kingsville Simcoe Kingsville Simcoe

40 99 94 95

173 189 96 55

53 109 160

52 87 129 52

539 537 534 476

76 110 106 113

198



 

 

79 

 

Table 3.2 Total amount of water received by 'Imperial Gala' apple trees planted at the Kingsville 

orchard, Kingsville, ON, Canada and 'Ambrosia' apple trees planted at the Simcoe orchard, 

Simcoe, ON, Canada in 2013 and 2014. Totals are the combined precipitation and irrigation 

received by each tree, calculated from 1 May to 30 Sept.  Values are in millimetres. 

 

 

 

Treatment Kingsville Simcoe Kingsville Simcoe

Rain-fed 539 537 534 476

CI 738 (199)
z

887 (350) 705 (172) 752 (276)

100% ET 700 (161) 706 (169) 661 (127) 606 (131)

75% ET 660 (121) 664 (127) 629 (95) 574 (98)

50% ET 619  (81) 621 (84) 597 (64) 541 (65)
z
values in parentheses indicate the amount of water received by irrigation additions, in millimetres.

2013 2014
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Table 3.3 Monthly totals of water received by individual trees (litres tree
-1

), totals include volume from both precipitation and 

irrigation and the number of irrigation events per month is presented. Calculations began on 16 May 2013, 2 June 2014 for trees at the 

Simcoe Research Station, Simcoe, ON, Canada and 23 May 2013; and 2 June 2014 for trees at the Kingsville orchard, Kingsville, ON, 

Canada.  

Treatment

Rain-fed 145
z

694 759 779 211 225 349 3 434

CI 226
y

910 969 859 422 508 850 144 772

100% ET 259 834 922 853 396 505 508 125 532

75% ET 284 799 881 835 350 435 468 95 508

50% ET 300 764 841 816 304 365 428 64 483

Irrigation Events 2 4 5 5 2 8/6
x

7 7 3 5

Rain-fed -
w - 388 221 439 644 518 209 338 381

CI - - 612 444 633 948 679 629 448 597

100% ET - - 497 428 620 735 673 336 404 526

75% ET - - 470 376 575 712 634 304 387 490

50% ET - - 442 324 530 689 595 272 371 454

Irrigation Events - - 5/4 8/7 6 4/5 4 6 4/3 7/5

441

423

2013

404

2014

May June July August September

z
Rain-fed was calculated from precipitation that fell from date when irrigation began at each orchard until the fruit were harvested.

w
Irrigation totals were not calculated for May 2014 because treatments did not begin until June at both orchards.

x
Number of irrigation events for CI / number of irrigation events for ET-based treatments, no bracket indicates same number for all 

treatments.

y
Values represent the volume of water received by each trees from irrigation alone, and does not account for the additional volume of 

water from precipitation.

Simcoe Kingsville Simcoe Kingsville SimcoeKingsville Simcoe Kingsville Simcoe Kingsville

367

513
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Table 3.4 Analysis of variance summary for the effect of five irrigation treatments on the 

surrounding soil moisture of 'Imperial Gala' apple trees planted at the Kingsville orchard, 

Kingsville, ON, Canada and 'Ambrosia' apple trees planted the Simcoe orchard, Simcoe, ON, 

Canada in 2013 and 2014. 

 

 

Fixed Effects Num. df 
z

Den. df F  value P  value Num. df Den. df F  value P  value

Treatment 4 12 2.64 0.0862 4 12 0.05 0.9942

Date 19 57 57.58 <0.0001 18 54 74.18 <0.0001

Date*treatment 76 1109 3.48 <0.0001 72 1043 2.60 <0.0001

Depth 3 9 30.92 <0.0001 3 9 38.81 <0.0001

Date*depth 57 1109 21.12 <0.0001 54 1043 20.02 <0.0001

Depth*treatment 12 1109 2.23 0.0088 12 1043 0.23 0.9968

Treatment*date*depth 228 1109 1.11 0.1504 216 1043 0.87 0.8965

Random Effects Estimate se
y

F  value P  value Estimate se F  value P  value

Block 5.8 8.019 0.72 0.2347 2.0 7.297 0.27 0.3929

Treatment*block 1.0 0.930 1.09 0.1372 28.4 12.682 2.24 0.0126

Date*block 0.3 0.118 2.45 0.0072 0.0 0.013 2.34 0.0096

Depth*block 13.3 6.792 1.95 0.0254 0.9 1.088 0.85 0.1973

arh(1) covariance
x

0.8 0.023 34.22 <0.0001 1.0 0.006 175.12 <0.0001

Fixed Effects Num. df Den. df F  value P  value Num. df Den. df F  value P  value

Treatment 4 12 1.6 0.2364 4 12 0.47 0.7540

Date 22 66 37.3 <0.0001 33 99 29.99 <0.0001

Date*treatment 88 1275 4.89 <0.0001 132 1906 1.92 <0.0001

Depth 3 9 34.6 <0.0001 3 9 22.87 0.0002

Date*depth 66 1275 13.67 <0.0001 99 1906 16.48 <0.0001

Depth*treatment 12 1275 2.49 0.0031 12 1906 1.08 0.3766

Treatment*date*depth 264 1275 0.94 0.7432 396 1906 1.18 0.0150

Random Effects Estimate se F  value P  value Estimate se F  value P  value

Block 1.7 3.920 0.43 0.3342 1.0 10.425 0.1 0.4608

Treatment*block 6.7 2.982 2.25 0.0121 10.7 15.221 0.7 0.2411

Date*block 0.2 0.085 2.45 0.0072 0.0 0.021 2.29 0.0109

Depth*block 6.0 3.043 1.97 0.0243 8.7 3.735 2.34 0.0098

arh(1) covariance 0.7 0.020 35.36 <0.0001 0.9 0.005 171.29 <0.0001

Kingsville Simcoe

z
Abbreviations: Num. df = numerator degrees of freedom, Dem. Df = demoninator degrees of freedom.

y
se  = standard error.

x
Covariance structure was selected based on fit statistics and plots of residuals.

Kingsville Simcoe

2013

2014
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Table 3.5 The effect of irrigation on leaf nutrient concentrations (%) for 'Ambrosia' apple trees at the Simcoe orchard, Simcoe, ON, 

Canada and for 'Imperial Gala' apples trees at the Kingsville orchard, Kingsville, ON, Canada in 2013 and 2014. 

 

 

 

 

 

Treatment

Rain-fed 2.37 2.40 1.60 0.92 c
y

0.15 0.13 a 0.94 1.44 0.28 0.14 b

CI 2.43 2.50 1.49 1.02 bc 0.14 0.15 a 0.99 1.57 0.25 0.17 ab

100% ET 2.34 2.43 1.54 1.29 a 0.15 0.15 a 0.99 1.32 0.26 0.19 a

75% ET 2.31 2.35 1.42 1.00 bc 0.16 0.13 a 1.02 1.44 0.24 0.17 ab

50% ET 2.34 2.48 1.47 1.14 ab 0.15 0.15 a 0.88 1.46 0.25 0.20 a

Statistical significance
x

ns ns

P -value

Rain-fed 2.32 2.56 1.36 1.13 ab 0.18 0.17 1.38 1.47 0.25 0.19

CI 2.29 2.55 1.19 1.10 b 0.18 0.18 1.54 1.57 0.22 0.19

100% ET 2.35 2.61 1.26 1.35 a 0.18 0.18 1.42 1.51 0.23 0.21

75% ET 2.26 2.55 1.21 1.13 ab 0.19 0.17 1.48 1.51 0.22 0.20

50% ET 2.29 2.68 1.20 1.22 ab 0.17 0.18 1.39 1.53 0.22 0.20

Statistical significance

P -value

y
Average values with the same letters are not significantly different within a column and year according to a Tukey's test at α=0.05.

x
ns, *, **, ***, indicates not significant, and significant differences at P= 0.05, P=0.01, and P=0.001 respectively.

z
Percent dry weight.

0.2182 0.1015 0.5917 0.1166 0.42520.7237 0.3613 0.1425 0.0248 0.1325

2014

ns ns ns * ns ns ns ns ns ns

0.0472 0.3062 0.1490 0.1120 0.00150.5518 0.3900 0.4000 0.0001 0.6604

Kingsville Simcoe Kingsville Simcoe

ns *** ns * ns ns

Simcoe

ns **

Kingsville Simcoe Kingsville Simcoe Kingsville

2013

N
z

Ca P K Mg
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Table 3.6 The effect of irrigation on the macronutrient composition (mg 100
 
g

-1 
[FW]) of fruit from 'Ambrosia' apple trees 

at the Simcoe orchard, Simcoe, ON, Canada and for 'Imperial Gala' apples trees at the Kingsville orchard, Kingsville, ON, 

Canada in 2014. 

 

 

 

 

 

 

 

  

 

Treatment

Rain-fed 6.1 8.7 86.9 96.4 4.0 4.0 2.8 4.0 b
y

CI 6.6 8.5 95.2 92.6 4.0 3.8 2.6 4.8 ab

100% ET 5.8 7.6 85.7 93.7 4.0 4.0 2.6 5.4 a

75% ET 5.8 9.3 87.2 98.7 3.8 4.0 2.8 4.6 ab

50% ET 5.5 9.0 91.0 102.1 4.0 4.0 2.5 4.9 ab

Statistical significance
x

P -value
z
Abbreviations: P = phosphorus, K= potassium, Mg = magnesium, Ca = calcium.

y
Average values with the same letters are not significantly different within a column according to a Tukey's test at 

α=0.05.
x
ns, *, **, ***, indicates not significant, and significant differences at P= 0.05, P=0.01, and P=0.001 respectively.

*

0.5754 0.5130 0.1845 0.5498 0.4810 0.9054 0.8739 0.0413

Simcoe Kingsville Simcoe

ns ns ns ns ns ns ns

Kingsville Simcoe Kingsville Simcoe Kingsville

P
z 

K Mg Ca
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Table 3.7 The effect of irrigation on the parameters of a logistic non-linear regression model for extension shoot 

growth of 'Ambrosia' apple trees planted at the Simcoe orchard, Simcoe, ON, Canada and 'Imperial Gala' trees 

planted at the Kingsville orchard, Kingsville, ON, Canada, in 2013 and 2014. 

 

 

Treatment

Rain-fed -
z

2.8 - 39.9 - 0.03

CI - 2.6 - 53.7 - 0.03

100% ET - 2.5 - 33.8 - 0.04

75% ET - 3.2 - 47.7 - 0.03

50% ET - 2.9 - 38.5 - 0.03

Statistical significance
y

- ns - ns - ns

P -value - - -

Rain-fed 12.9 8.4 11.4 b
x

21.0 0.14 0.07

CI 12.8 9.5 15.8 ab 25.3 0.09 0.06

100% ET 13.3 8.1 12.4 ab 18.3 0.12 0.09

75% ET 13.2 9.0 18.0 a 24.5 0.10 0.06

50% ET 13.0 8.3 16.5 ab 18.9 0.11 0.09

Statistical significance ns ns ** ns ns *

P -value

a-value b-value c-vlaue

Kingsville Simcoe Kingsville Simcoe Kingsville Simcoe

x
Average values with the same letters are not significantly different within a column and year according to a 

Tukey's test at α=0.05.

y
ns, *, **, ***, indicates not significant, and significant differences at P= 0.05, P=0.01, and P=0.001 respectively.

2013

0.7361 0.0613 0.2012

2014

0.1341 0.6745 0.0015 0.1341 0.1197
z
Parameters for trees at the Kingsville orcahrd, in 2013, were not subjected to an ANOVA because their sum of 

squares reduction test was not significant

0.0403
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Table 3.8 The effect of irrigation on stem water potentials (MPa), measured at three dates 

in 2013 and 2014 for 'Ambrosia' apple trees at the Simcoe orchard, Simcoe, ON, Canada 

and 'Imperial Gala' trees at the Kingsville orchard, Kingsville, ON, Canada. 

 

Treatment

Rain-fed - -1.3 b
z

-1.4 - -1.2 -

CI - -1.0 a -1.5 - -1.0 -

100% ET - -1.2 ab -1.4 - -0.9 -

75% ET - -1.2 b -1.3 - -1.0 -

50% ET - -1.3 b -1.3 - -1.1 -

Statistical significance
y

- * ns - ns -

P -value - - -

Rain-fed -1.4 -1.0 a - -1.1 -1.0 -

CI -1.4 -0.7 ab - -1.0 -1.1 -

100% ET -1.4 -0.7 ab - -1.0 -1.0 -

75% ET -1.3 -0.6 b - -1.0 -1.1 -

50% ET -1.4 -0.7 ab - -1.2 -1.0 -

Statistical significance ns * - ns ns -

P -value - -
z
Average values with the same letters are not significantly different within a column and year 

according to a Tukey's test at α=0.05.
y
ns, *, **, ***, indicates not significant, and significant differences at P= 0.05, P=0.01, and 

P=0.001 respectively.

Simcoe

0.0315 0.2574 0.0776

2014

July 7/9 Aug 19 Aug 28

Kingsville Simcoe Kingsville Simcoe Kingsville

0.8464 0.0218

2013

June 20 June 21 Sept 3

0.6972 0.6670
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Table 3.9 The effect of irrigation on yield, yield efficiency, mean fruit weight, cropload, and TCSA of 'Ambrosia' apple trees planted 

at the Simcoe orchard, Simcoe, ON, Canada and 'Imperial Gala' trees planted at the Kingsville orchard, Kingsville, ON, Canada in 

2013 and 2014.  

 

 

 

 

 

Treatment

Rain-fed 11.2 7.5 1.05 0.45 154 182 6.8 2.6 10.6 17.0

CI 11.6 6.8 1.14 0.36 157 185 7.2 2.0 10.4 20.6

100% ET 10.8 7.3 1.08 0.51 155 182 6.9 2.8 9.9 15.1

75% ET 10.4 8.7 1.10 0.47 164 180 6.7 2.6 9.7 19.6

50% ET 9.9 8.2 1.09 0.48 154 185 7.1 2.6 9.4 16.6

Statistical significance
y

ns ns ns ns ns ns ns ns ns ns

P -value

Rain-fed 12.1 11.7 0.99 0.60 169 172 5.9 3.7 12.2 20.1

CI 10.4 12.9 0.86 0.53 180 187 4.9 3.1 12.6 25.3

100% ET 11.9 10.4 1.02 0.60 173 170 5.9 3.8 11.7 17.8

75% ET 10.8 14.3 0.99 0.63 185 171 5.4 4.2 11.3 24.1

50% ET 9.7 14.7 0.90 0.74 181 173 5.0 4.6 11.1 19.9

Statistical significance ns ns ns ns ns ns ns ns ns ns

P -value

Simcoe

Yield (kg tree
-1

)

Yield efficiency             

(kg TCSA
-1

)
z

MFW
z
 (g)

Cropload                  

(fruit cm
-2 

TCSA) TCSA (cm
2
)

2014

Kingsville Simcoe Kingsville Simcoe

2013

0.6144 0.9103 0.9163 0.7978 0.5117

Kingsville Simcoe Kingsville Simcoe Kingsville

0.9912 0.8959 0.7875 0.5871 0.0893

y
ns, *, **, ***, indicates not significant, and significant differences at P= 0.05, P=0.01, and P=0.001 respectively.

0.0612 0.3355 0.3019 0.5095 0.1366 0.3882 0.2074 0.4519 0.5028 0.0591
z
Abbreviations: MFW = mean fruit weight, TCSA = trunk cross-sectional area.
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Table 3.10 The effect of irrigation on fruit surface colour attributes of 'Ambrosia' and 'Imperial Gala' fruit harvested from trees at the 

Simcoe orchard, Simcoe, ON, Canada and trees at the Kingsville orchard, Kingsville, ON, Canada in 2013 

 

 

 

 

 

 

Treatment

Rain-fed 46.0 78.2 38.0 -9.7 20.9 41.7 43.2 42.8 28.9 103.0

CI 45.3 78.4 38.8 -9.1 20.8 42.5 43.9 43.5 27.9 102.0

100% ET 46.1 77.9 37.3 -9.9 20.8 41.8 42.7 42.9 28.9 103.2

75% ET 46.6 78.5 38.1 -9.2 20.9 42.1 43.5 43.0 28.4 102.5

50% ET 45.4 78.2 37.7 -10.1 20.5 42.1 42.8 43.3 28.4 103.4

Statistical significance
y

ns ns ns ns ns ns ns ns ns ns

P -value

Rain-fed 43.2 64.7 41.2 15.4 21.0 30.8 46.3 36.2 26.9 64.8

CI 42.2 65.0 41.3 14.1 19.8 31.6 45.7 37.0 25.6 67.4

100% ET 42.2 64.1 41.3 18.1 20.0 31.3 45.9 38.5 25.8 61.7

75% ET 43.1 63.1 41.6 16.9 21.2 30.1 45.7 37.4 26.3 62.8

50% ET 43.4 62.7 41.5 24.1 22.0 30.9 44.9 41.6 26.1 53.6

Statistical significance ns ns ns ns ns ns ns ns ns ns

P -value

Ground

L *
z

a* b* C * H
o

Kingsville

Blush Ground Blush Ground

Simcoe

0.3913 0.8845 0.6587 0.1371 0.9367

Blush Ground Blush Ground Blush

0.7640 0.5976 0.8465 0.8430 0.1392

0.7400 0.0962 0.2231 0.3296

y
ns, *, **, ***, indicates not significant, and significant differences at P= 0.05, P=0.01, and P=0.001 respectively.

0.6883 0.9227 0.9551 0.2855 0.3085 0.8060
z
Abbreviations: L * = lightness, C * = chroma, H

o
 = hue angle.
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Table 3.11 The effect of irrigation on fruit surface colour attributes of 'Ambrosia' and 'Imperial Gala' fruit harvested from trees at the 

Simcoe orchard, Simcoe, ON, Canada and trees at the Kingsville orchard, Kingsville, ON, Canada in 2014. 

Treatment

Rain-fed 43.6 76.2 35.9 -10.9 19.3 40.8 a
y

40.8 42.4 a 28.1 104.8

CI 44.0 77.4 37.2 -9.9 19.4 40.0 ab 42.0 41.4 ab 27.7 103.8

100% ET 44.4 76.1 34.9 -12.0 19.6 40.2 ab 40.1 42.0 ab 29.5 106.5

75% ET 44.2 76.7 37.2 -9.6 19.9 40.6 a 41.9 41.5 ab 28.5 103.3

50% ET 43.5 76.9 36.7 -10.2 19.1 39.2 b 41.5 40.6 b 27.6 104.5

Statistical significance
x

ns ns ns ns ns * ns * ns ns

P -value

Rain-fed 43.8 70.9 38.2 5.1 18.7 34.5 42.6 37.0 26.1 81.2

CI 43.1 69.4 39.7 10.2 18.7 34.1 43.9 37.8 25.0 73.3

100% ET 43.4 71.5 38.7 5.5 18.7 34.8 42.9 37.0 25.7 80.3

75% ET 43.3 71.0 38.8 8.0 18.0 34.7 42.8 37.2 24.8 77.0

50% ET 42.5 69.8 39.4 7.9 18.2 35.0 43.4 38.8 24.7 77.6

Statistical significance ns ns ns ns ns ns ns ns ns ns

P -value

x
ns, *, **, ***, indicates not significant, and significant differences at P= 0.05, P=0.01, and P=0.001 respectively.

Blush Ground Blush

L *
z

a* b* C * H
o

GroundGround Blush Ground Blush Ground Blush

Simcoe

0.8003 0.4543 0.5034 0.1732 0.4656 0.0216 0.5700 0.0279 0.4759 0.2046

y
Average values with the same letters are not significantly different within a column and year according to a Tukey's test at α=0.05.

Kingsville

0.8612 0.8578 0.3889 0.4756 0.6063 0.9467 0.6512 0.3317 0.1522 0.5304
z
Abbreviations: L * = lightness, C * = chroma, H

o
 = hue angle.
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Table 3.12 The effect of irrigation on percent red blush coverage and colour rating for 

'Ambrosia' trees at the Simcoe orchard, and for 'Imperial Gala' trees at the Kingsville orchard in 

2013 and 2014. Data were arcsine square root transformed prior to statistical analysis. 

 

 

Treatment

Rain-fed 0.96 (66.7)
z

CI 0.95 (65.8)

100% ET 0.96 (67.0)

75% ET 0.94 (65.3)

50% ET 0.97 (68.3)

Statistical significance
y

P -value

Rain-fed 1.12 (81.0) 1.14 (82.4)

CI 1.21 (87.7) 1.09 (78.7)

100% ET 1.22 (88.0) 1.09 (78.3)

75% ET 1.27 (91.1) 1.09 (79.0)

50% ET 1.23 (88.6) 1.15 (83.2)

Statistical significance

P -value

y
ns, *, **, ***, indicates not significant, and significant differences at P= 0.05, P=0.01, and P=0.001 

z
Values in parentheses are mean values back-transformed to the orginal percentage scale.

5.8 2.4

ns ns ns ns

0.4093 0.0878 0.7137 0.2079

5.7 2.4

5.6 1.7

5.3 2.5

5.4 1.9

- 5.3 2.8

- ns ns ns

- 0.9497 0.3024 0.1211

2014

- 4.9 2.8

- 5.1 3.2

2013

- 5.0 2.8

- 5.4 3.0

Percent blush Ambrosia colour charts

Kingsville Simcoe Blush Ground
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Table 3.13 The effect of irrigation on soluble solids concentration, titratable acidity, ethylene evolution, starch hydrolysis (index), and 

firmness of 'Ambrosia' and 'Imperial Gala' fruit, harvested from trees at the Simcoe orchard, Simcoe, ON, Canada and from trees at the 

Kingsville orchard, Kingsville, ON, Canada in 2013 and 2014. 

 

Treatment

Rain-fed 13.0 13.8 34.2 28.6 - 2.64 6.1 2.4 80.8 86.0

CI 12.7 13.2 35.9 28.6 - 2.70 6.1 3.7 79.4 85.1

100% ET 12.6 14.1 34.9 30.7 - 2.20 6.2 2.7 83.4 85.7

75% ET 12.7 13.4 35.4 28.5 - 2.08 6.0 2.6 81.5 86.0

50% ET 13.2 12.9 34.4 25.8 - 2.43 6.8 2.8 80.2 84.6

Statistical significance
y

-

P -value -

Treatment Kingsville

Rain-fed 11.9 12.6 a 33.8 24.5 0.80 0.19 4.6 b
x

5.2 79.1 72.7

CI 12.5 12.9 a 35.4 27.3 1.15 0.24 6.1 a 4.8 77.0 72.7

100% ET 12.2 12.0 a 33.2 22.8 0.95 0.16 5.5 ab 6.0 79.1 73.7

75% ET 12.5 13.0 a 35.2 26.2 1.18 0.23 5.5 ab 4.7 78.1 74.4

50% ET 12.3 12.1 a 34.7 23.3 1.08 0.18 5.6 ab 4.8 79.7 73.5

Statistical significance ns

P -value

x
Average values with the same letters are not significantly different within a coloumn and year according to a Tukey's test at α=0.05.

* ns ns ns

y
ns, *, **, ***, indicates not significant, and significant differences at P= 0.05, P=0.01, and P=0.001 respectively.

0.1739 0.0452 0.4880 0.167 0.2242 0.4678
z
Abbreviations: SSC = soluble solids concentration; TA = titratable acidity.

0.0266 0.5337 0.4693 0.2207

ns * ns ns ns

2014

Kingsville Simcoe Kingsville Simcoe Kingsville Simcoe Kingsville Simcoe Simcoe

ns ns

0.3716 0.3772 0.6750 0.096 0.6072 0.2873 0.2325 0.4821

ns

0.8400

Kingsville Simcoe Kingsville Simcoe

ns ns ns ns ns ns

Kingsville Simcoe Kingsville Simcoe Kingsville Simcoe

2013

SSC
z
 (

o
Brix) TA (mg ml

-1
) Ethylene  (nl g

-1
 hr

-1
) Starch Index (1-8) Firmness (N)
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Figure 3.1 Cumulative reference evapotranspiration (ETO), calculated using the Penman-

Monteith equation (solid line), compared to cumulative precipitation (dashed line).  The 

calculation period were Kingsville 2013: 23 May – 10 Sept.; Kingsville 2014: 2 June – 23 Sept.; 

Simcoe 2013: 16 May – 3 Oct.; Simcoe 2014: 2 June – 7 Oct. 

 

 

Kingsville 2013 

Simcoe 2014 Simcoe 2013 

Kingsville 2014 
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Figure 3.2 Volumetric soil moisture content (%) at four depths: 10 cm (A), 20 cm (B), 30 cm 

(C), and 40 cm (D), for the Kingsville orchard in 2013. Precipitation totals for the period 

between soil moisture measurements are presented in plot ‘A’. Symbols represent treatments and 

include: rain-fed (●), CI (▼), 100% ET (■), 75% ET (♦), 50% ET (▲). The arrow indicates the 

date when irrigation began in each season. 
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Figure 3.3 Plots of volumetric soil moisture content (%) at four depths: 10 cm (A), 20 cm (B), 

30 cm (C), and 40 cm (D) for the Kingsville Orchard in 2014. Precipitation totals for the period 

between soil moisture measurements are presented in plot ‘A’. Symbols represent treatments and 

include: rain-fed (●), CI (▼), 100% ET (■), 75% ET (♦), 50% ET (▲). The arrow indicates the 

date when irrigation began in each season. 
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Figure 3.4 Plots of volumetric soil moisture content (%) at four depths: 10 cm (A), 20 cm (B), 

30 cm (C), and 40 cm (D) for the Simcoe orchard in 2013. Precipitation totals for the period 

between soil moisture measurements are presented in plot ‘A’. Symbols represent treatments and 

include: rain-fed (●), CI (▼), 100% ET (■), 75% ET (♦), 50% ET (▲). The arrow indicates the 

date when irrigation began in each season. 
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Figure 3.5 Plots of volumetric soil moisture content (%) at four depths: 10 cm (A), 20 cm (B), 

30 cm (C), and 40 cm (D) for the Simcoe orchard in 2014. Precipitation totals for the period 

between soil moisture measurements are presented in plot ‘A’. Symbols represent treatments and 

include: rain-fed (●), CI (▼), 100% ET (■), 75% ET (♦), 50% ET (▲). The arrow indicates the 

date when irrigation began in each season. 
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Figure 3.6 The effect of irrigation on the rate of extension shoot growth for ‘Imperial Gala’ 

apple trees planted at the Kingsville orchard, Kingsville, ON, Canada in 2013. Symbols represent 

different treatments: rain-fed (●), CI (▼), 100% ET (■), 75% ET (♦), 50% ET (▲).  Lines are 

designated as follows: rain-fed (solid black line), CI (grey long dash), 100% ET (dark grey 

medium dash), 75% ET (light grey medium dash), and 50% ET (dotted line).  DAFB = days after 

full bloom and error bars represent the standard error of the mean. 
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Figure 3.7 The effect of irrigation on the rate of extension shoot growth for ‘Imperial Gala’ 

apple trees planted at the Kingsville orchard, Kingsville, ON, Canada in 2014. Symbols represent 

different treatments: rain-fed (●), CI (▼), 100% ET (■), 75% ET (♦), 50% ET (▲).  Lines are 

designated as follows: rain-fed (solid black line), CI (grey long dash), 100% ET (dark grey 

medium dash), 75% ET (light grey medium dash), and 50% ET (dotted line).  DAFB = days after 

full bloom and error bars represent the standard error of the mean. 
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Figure 3.8 Effect of irrigation on the rate of extension shoot growth for ‘Ambrosia’ apple trees 

planted at the Simcoe orchard, Simcoe, ON, Canada in 2013. Symbols represent different 

treatments: rain-fed (●), CI (▼), 100% ET (■), 75% ET (♦), 50% ET (▲).  Lines are designated 

as follows: rain-fed (solid black line), CI (grey long dash), 100% ET (dark grey medium dash), 

75% ET (light grey medium dash), and 50% ET (dotted line).  DAFB = days after full bloom and 

error bars represent the standard error of the mean. 
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Figure 3.9 Effect of irrigation on the rate of extension shoot growth for ‘Ambrosia’ apple trees 

planted at the Simcoe orchard, Simcoe, ON, Canada in 2014. Symbols represent different 

treatments: rain-fed (●), CI (▼), 100% ET (■), 75% ET (♦), 50% ET (▲).  Lines are designated 

as follows: rain-fed (solid black line), CI (grey long dash), 100% ET (dark grey medium dash), 

75% (light grey medium dash), and 50% (dotted line).  DAFB = days after full bloom and error 

bars represent the standard error of the mean.
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CHAPTER 4 – PHYSIOLOGICAL RESPONSES OF FOUR APPLE 

ROOTSTOCK GENOTYPES (M.9, MM.111, V.1, AND V.3) TO SOIL 

WATER DEFICIT 

 

4.1 Abstract 

 Due to the ever increasing need to conserve water resources drought tolerant rootstocks 

will be an important tool to maintain orchard productivity in the coming the decades.  While a 

majority of newly released rootstocks are evaluated for disease resistance, size control, and 

productivity, there is little information regarding their drought tolerance.  The drought tolerance 

of two new genotypes: Vineland 1 (V.1) and Vineland 3 (V.3) were assessed, along with industry 

standards, in the following experiment.  One-year-old, non-grafted nursery liners of M.9, 

MM.111, V.1, and V.3 were grown in a controlled environment experiment.  The design was a 

randomized complete block with six replications.  In each replicate one plant of each genotype 

was maintained water-replete, and two were subjected to a nine-day controlled dry down and 

then maintained under water stress conditions for 55 days.  During the experimental period soil 

water contents of individual pots were regulated gravimetrically on a daily basis.  Water stress 

reduced biomass accumulation and trunk cross-sectional area of all four genotypes.  The two 

vigorous genotypes, MM.111 and V.1, increased their root:shoot ratios in response to water 

stress, whereas the root:shoot ratios of M.9 and V.3 remained unchanged from their water-replete 

controls.  Genotype V.3 maintained its transpiration at a significantly lower relative soil water 

content compared to M.9, MM.111 and V.1.  Of the four genotypes V.3 demonstrated a high 

tolerance to water stress conditions, and it deserves further investigation. 
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4.2 Introduction 

 The intensification of apple production, through increased planting density, has resulted 

in orchards being more prone to drought stress compared to traditional low density orchards 

(Atkinson, 1981, 1978).  The number and length of drought periods are predicted to intensify in 

response to climate change (Collins et al., 2013), and competition for fresh water is also 

predicted to increase, potentially limiting its availability for agricultural use (Nair et al., 2013).  

In the future, drought tolerant apple rootstocks will help mitigate negative impacts on orchards 

from reduced availability and distribution of water resources.  However, the relatively low 

number of commercially available drought tolerant apple rootstocks has been regarded as 

impetus for further improvement (Webster and Wertheim, 2003; Webster, 1997). 

 The impact of water stress has been studied extensively in several apple rootstocks, with 

the main focus on controlled environment studies, and a few experiments performed under 

orchard conditions.  The majority of investigations evaluating drought tolerance have focussed 

on examining the differences between high vigour (vigorous), and low vigour (dwarfing) 

rootstocks.  To date, the diversity of genotypes assessed for drought tolerance has been minimal, 

and reports are inconsistent whether dwarfing or vigorous rootstocks are more tolerant of water 

stress conditions.  A few reports have observed the dwarfing M.9 rootstock to be more drought 

tolerant than the vigorous MM.111 (Fernandez et al., 1997; Psarras and Merwin, 2000), while a 

majority of reports have suggested that MM.111 is more drought tolerant than M.9 (Alleyne et 

al., 1989; Atkinson et al., 1999; Bauerle et al., 2011; Ferree and Carlson, 1987).  The continued 

accumulation of biomass and greater partitioning of that biomass into root structures have been 

the proposed mechanisms of drought tolerance in several rootstock genotypes (Ferree and 

Carlson, 1987; Psarras and Merwin, 2000). 
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 Whole plant biomass has commonly been used to assess drought tolerance and water 

stress has decreased dry biomass of apple rootstocks regardless of vigour but the extent to which 

biomass is reduced is genotype dependent (Atkinson et al., 1999; Fernandez et al., 1997; Liu et 

al., 2012b; Lo Bianco et al., 2012).  When Bauerle et al. (2011) evaluated the drought tolerance 

of B.9 and MM.111 they calculated a tolerance to water deficit index that normalized the 

biomass response under water stress conditions to that of the water-replete controls.  This 

normalization technique is useful as it removes the influence of vigour, and the physiological 

response to water stress can be directly compared between genotypes (Bauerle et al., 2011).   

 In response to water stress, vigorous rootstocks have demonstrated a larger trunk cross 

sectional area (TCSA) and leaf area compared to dwarfing genotypes (Atkinson et al., 1999; 

Fernandez et al., 1997; Liu et al., 2012a, 2012b; Psarras and Merwin, 2000); however, this is 

likely due vigorous genotypes inherently producing trees of a larger size and is not a true 

reflection of drought tolerance.  Although changes in biomass, TCSA, leaf area, and normalized 

indices of these responses can be useful for assessing drought tolerance, observations of 

functional physiological responses are critical to attain more robust conclusions and these 

responses can provide insight into the mechanisms underlying drought tolerance. 

Whole plant water use is a physiological trait that changes in response to varying soil 

water contents.  When whole plant water use is normalized to plant size and evaporative demand 

it is referred to as the normalized transpiration ratio (NTR) (Hufstetler et al., 2007). There is a 

soil water content threshold at which whole plant water use begins to decline, and is referred to 

as the critical relative soil water content (RSWCC), or more often it is expressed as a critical 

fraction of transpirable soil water (FTSWC) (Hufstetler et al., 2007; Ray and Sinclair, 1997).  

Differences in FTSWC have been observed between different plant genera, species within a 
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genus, and between commercial crop hybrids (Belko et al., 2012; Cathey et al., 2013; Devi et al., 

2009; Hufstetler et al., 2007).  Currently there is debate as to whether a low FTSWC confers an 

advantage or disadvantage during water stress.  Several authors have proposed that a low FTSWC 

would be detrimental under prolonged water stress (Cathey et al., 2013; Hufstetler et al., 2007), 

whereas others have observed low FTSWC in drought tolerant genotypes, and high FTSWC in 

drought sensitive genotypes (sensitivity was classified empirically) (Belko et al., 2012; Kholová 

et al., 2010).  

The AL:AS ratio is defined as the ratio of total leaf area to sapwood cross-sectional area, 

and it has been described as a component of the hydraulic system in trees (Mencuccini and 

Bonosi, 2001).  Several reports have investigated the interaction between the AL:AS ratio and 

environmental conditions in coniferous species whereas the AL:AS ratio has not been evaluated 

extensively in horticultural crops.  However, Atkinson et al. (1999) found that water stress 

decreased the AL:AS ratio in apples, and under the same stress conditions some vigorous 

rootstocks demonstrated larger AL:AS ratios compared to dwarfing genotypes.  Larger AL:AS 

ratios have been linked to greater efficiency in the transportation of water within a plant and 

maintaining a stable AL:AS ratio in response to water stress may be an indicator of drought 

tolerance (Atkinson et al., 1999). 

 Water use efficiency (WUE) is another functional response and it is defined as the unit of 

biomass accumulated per unit of water transpired (Manavalan and Nguyen, 2012).  When grafted 

to the same scion cultivars, the vigorous rootstocks MM.106 and MM.111 were observed to have 

a higher WUE compared to the dwarfing genotypes M.9 and B.9 (Bauerle et al., 2011; Lo Bianco 

et al., 2012).  Similar studies in seedling apple rootstocks demonstrated differences between 

species for WUE, and trees exposed to water stress experienced an increase in their WUE (Liu et 
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al., 2012a, 2012b; Ma et al., 2010).  Therefore, in apple rootstocks WUE increases in response to 

water stress, and vigorous genotypes have larger WUE than dwarfing genotypes.  The relative 

growth rate (RGR) is another useful response and it is defined as the change in plant biomass 

relative to the plant biomass at the beginning of initial measurement (Hoffmann and Poorter, 

2002).  The RGR of apple rootstocks, rarely reported in the literature, has consistently decreased 

in response to water stress but it has varied widely between genotypes and there is no clear effect 

by vigour (Liu et al., 2012a; Ma et al., 2010).  

 Root hydraulic conductance (Kroot) is defined as “water flow rate (kg s
-1

) per unit pressure 

(MPa), driving flow through a root system” and it is commonly normalized to supported leaf area, 

known as leaf specific root conductivity (KRL) (Atkinson et al., 2003; Ladjal et al., 2005; Tyree 

et al., 1998).  However, Kroot has been reported as an un-scaled value, and regardless of vigour, 

Kroot decreased in response to water stress in non-grafted citrus rootstocks (Levy et al., 1983; 

Syvertsen, 1981).  Atkinson et al. (2003) observed the dwarfing apple rootstock M.27 to have a 

lower KRL than the vigorous genotype MM.106.  Bauerle et al. (2011) investigated a related 

characteristic, root hydraulic resistance (R), under water stress conditions and observed no 

significant difference between genotypes MM.111 and B.9.  Additional investigations could 

resolve the relationships between KRL, water stress, and vigour, in apple rootstocks. 

 In experiments evaluating drought tolerance a plant’s physiological responses can be 

affected by the method of water application and the rate of dry down it experiences (Babu et al., 

1999; Farrent et al., 1999; Lo Bianco et al. 2012).  It has been suggested that abruptly stopping 

additions of water to simulate drought in potted studies does not reflect the dry down rate that 

would naturally occur in field conditions (Earl, 2003).  Earl (2003) proposed a method where the 

relative soil water content (RSWC) of a potted plant is maintained by replacing water used by the 
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plant, estimated gravimetrically, imposing a dry down that is both controlled and gradual.  This 

method is advantageous as drought can be simulated in relatively small pots, increasing the 

number of genotypes that can be investigated at any one time (Earl, 2003).  

 The Vineland series of apple rootstocks is a group of related genotypes and due to their 

crab apple parentage (‘Kerr’) are considered to be very winter hardy (Elfving et al., 1993).  The 

genotypes V.1 and V.3 have demonstrated size control and yield efficiencies comparable to M.9 

(Elfving et al., 1993) and Cline et al. (2001) observed greater fire blight resistance in V.1 and 

V.3 compared to M.26.  In a more recent report V.1 and V.3 demonstrated tolerance to 

waterlogging and both had greater resistances to crown and rot root, compared to the highly 

susceptible MM.106 (Hampson et al., 2012).  According to the Cornell Rootstock Breeding 

Program size classification, which assigns a number to represent relative vigour, V.1 = 6 and V.3 

= 3, and are comparable to the industry standards, MM.111 = 7 and M.9 = 4.  To the author’s 

knowledge there are no reports in the literature evaluating the drought tolerance of V.1 or V.3 

rootstocks.  

 We hypothesize that apple rootstocks vary in their response to water stress, and dwarfing 

genotypes are more negatively affected physiologically by water stress than vigorous genotypes.  

The objectives of this experiment were to: i) adapt a method used in field crops for evaluating 

tolerance to water stress, for use with woody apple rootstocks, and ii) evaluate the drought 

tolerance of two new Vineland series apple rootstocks, V.1 and V.3, and compare them to 

industry standards, M.9 and MM.111.    
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4.3 Materials and Methods 

4.3.1 Plant material and environmental conditions 

 A controlled environment study was initiated in 2014 at the Crop Science facility, 

University of Guelph, Guelph, Ontario, Canada.  Non-grafted apple rootstocks with stem 

diameters ranging from 6-12 mm (genotype dependent) were evaluated for drought tolerance.  

Four genotypes were investigated: Malling-Merton 111 (MM.111), Malling 9 - T.337 (M.9), 

Vineland 1 (V.1), and Vineland 3 (V.3).  Genotypes MM.111 and V.1 were categorized as 

vigorous, and M.9 and V.3 were categorized as dwarfing based on the Cornell Breeding Program 

Size Classification (Russo et al., 2007).  Dormant rootstocks were planted in 2.5-L plastic 

containers with interior dimensions of 14, 10.5, and 19.2 cm (top diameter, bottom diameter, and 

height, respectively) (Model T038; Container & Packaging Supply Inc., Eagle, ID, USA) without 

drainage holes.  The growth medium contained a mixture of 2:1 granitic sand (“B sand”; 

Hutcheson Sand and Mixes, Huntsville, ON, Canada): Pro-mix PGX peat-based potting mix 

(Premier Tech, Riviere-du-Loup, QC, Canada) [v/v] (Visser, 2014) with slow release Nutricote 

18-6-8 type 100 fertilizer (Plant Products Co. Ltd., Haifa, Israel) incorporated at a rate of 4 kg m
-

3
 of media (Atkinson et al., 1999). The plants were grown under controlled environment 

conditions, and growth room temperatures were maintained at 23
o
C (16 h day/8 h night) with a 

relative humidity of 65%.  A combination of fluorescent and incandescent lighting provided 300 

µmol m
-2

 s
-1

 of photosynthetically-active radiation at canopy level.  A visual comparison of the 

cultivars revealed that M.M. 111, V.1 and V.3 had much larger root masses at the beginning of 

the experiment compared to M.9 (Figure 4.1).   

The experimental design was a randomized complete block design with each of the four 

rootstocks exposed to three irrigation treatments, replicated six times.  The pots were 
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systematically rotated throughout the experiment to reduce positional effects caused by 

differences in micro-climate.  Drought treatments were based on relative soil water content 

(RSWC; water in the soil as a percentage of the maximum water held at pot capacity). They were 

i) water-replete (control): 50-75% RSWC; ii) moderate drought stress: 20% RSWC; and iii) the 

severe stress: 15% RSWC.  The rootstocks were planted on April 27, 2014 and were allowed to 

establish for 40 days during which all rootstocks were maintained at 50-80% RSWC.  Lids 

(Model T080; Container & Packaging Supply Inc., Eagle, ID, USA) with a hole cut for the trunk 

were positioned over the pots mid-way through the establishment period.  Soil evaporation was 

negligible due to the lids, allowing us to assume that all water loss from each pot was through 

transpiration (Earl, 2003).  

 

4.3.2 Water requirements and lysimeter design 

 Treatments were applied gravimetrically on a daily basis by using a weighing lysimeter.  

The semi-automated lysimeter design and calculations followed the methods outlined by 

Walden-Coleman et al. (2013), with a few modifications.  In brief, 2850 g of growing media was 

oven dried at 80
o
C for one week to determine the dry weight of the soil per pot (WD).  Secondly 

drainage holes were drilled into the bottom of two of the 2.5-L containers, and a mesh screening 

was placed over the holes to prevent the loss of potting medium.  Then 2850 g of media was 

placed into these pots and watered to excess. Once gravitational water had drained the saturated 

weight of the growing medium was recorded (WW).  Before each rootstock was planted, its 

weight was recorded to estimate the initial plant fresh weight (WP).  The weight of the plastic pot 

and lid were included in the WW and WD weights as they contributed to the total pot weight.  

These values were input into the following formula to calculate the target pot weight (WT):  
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WT = WD + WP + RSWC (WW – WD)   (Earl, 2003) (Eq. 1) 

RSWC was expressed as a fraction between 0 and 1.  The experimental period began 40 days 

after planting (DAP).  Drought was imposed on the experimental plants in a progressive manner.  

All pots began at 75% RSWC; the mild stress treatment was allowed to decrease by 15% over 

the first two days and then by 10% per day until it reached 30% RSWC, after which it was 

allowed to decrease by 5% per day until it reached 20%.  The severe treatment descended in the 

same order but decreased to 15% RSWC at the completion of the dry down period.  The 

experimental plants were maintained at 75, 20 and 15% RSWC from 49 DAP until they were 

destructively harvested, beginning 11 Aug. 2014 (103 DAP).  The pots were manually placed on 

the balance for each application of water; the initial pot weight, mass of water added, and the 

final pot weight were recorded during each session.  During the establishment period watering 

events occurred every 2-3 days and once the dry-down period began water was applied daily.  

Early signs of nutrient deficiency were noted prior to the dry down period, and on 6 June 2014 

100 ml of a 1% solution of water soluble 20-20-20 fertilizer was added to all experimental plants.  

The 100 ml solution was accounted for in the total water use of each plant.    

 

4.3.3 Developing allometric biomass equations 

4.3.3.1 Models and statistical procedures 

 At 40 DAP, an extra replication was harvested in order to create allometric models to be 

used for estimating the change in plant fresh weight that would occur over the experimental 

period and influence the calculated target pot weights.  Three plants represented each genotype, 

and all plants had been subjected to water-replete conditions up to that point.  Three 

morphological characteristics were measured: basal stem diameter using digital calipers, shoot 
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height, and the number of secondary branches.  Plants were then destructively harvested, the 

roots were washed free of soil, blotted dry with paper towel, and the fresh weight was 

immediately recorded, separately for roots and shoots.  Dry biomass was measured after the plant 

material was dried at 80
o
C for four days to a constant weight in a forced air dryer, and the dry 

mass of roots and shoots were also recorded separately.  To parameterize the allometric 

equations single, and stepwise multiple regressions were performed using the proc reg procedure 

in S.A.S. version 9.3 (S.A.S. Institute, Cary, NC, USA).  The following equation was used to 

model biomass: 

ln(B) = a0 + a1ln(D) + a2ln(H) + ε   (Picard et al. 2012)(Eq. 2) 

where B is biomass in grams, D is basal trunk diameter in centimeters, and H is shoot height in 

centimeters.  The parameters a0, a1, and a2 were coefficients whose values were determined by 

the regression procedure.  A second equation proposed by Cole and Ewel (2006) was evaluated 

and took the following form with modifications: 

    ln(B) = a0 + a1ln(D
2
HS) + ε     (Eq. 3) 

where S was the number of secondary branches each plant had.  Entry into the model was set at a 

P-value< 0.35; this cut off value was high because the objective was to predict biomass with as 

little error as possible rather than perform a statistical comparison between model parameters.  

Due to the small sample size (n=12) and the limited variation in plant size the regressions did not 

produce usable equations.  Therefore the average fresh weights from the three samples per 

genotype were used to adjust the target pot weight for the lysimeter, rather than individual plant 

estimations based on allometrics.  Due to the method of fresh weight estimation, the target pot 



 

 

110 

 

weights could only be adjusted once for the change in fresh weight rather than multiple times 

throughout the experimental period.   

 

4.3.3.2 Destructive harvests and allometric model selection 

Basal stem diameter, shoot height, and the numbers of secondary branches were 

measured every two weeks from the beginning of the dry-down period 40 DAP.  At 103 DAP the 

final morphological measurements were made, and the plants were destructively harvested at 104 

DAP.  Fresh weight was immediately recorded after washing the roots free of soil and blotting 

dry with paper towel.  The dry biomass was recorded after drying for four days at 80
o
C to a 

constant weight.  The sample size from the destructive harvest was of sufficient size to produce 

allometric models that estimated fresh weight and dry biomass on an individual plant basis.  

Equations two and three were parameterized in the same manner as previously stated using the 

same entry criteria for the regressions.  Models for dry biomass were assessed, and initially all 

genotypes were combined in a common model with the same parameter estimates. This data set 

also included the 12 samples harvested at 40 DAP to maintain a high resolution for plants in the 

low biomass range.  Equation three was not significant at α=0.35 and was discarded as a 

potential model.  Both the diameter (P<0.0001) and shoot height (P<0.0001) were significant for 

equation two and the model was subsequently analyzed for bias by plotting the observed vs. 

predicted values and an ANOVA was performed on the residuals.  The observed vs. predicted 

plot (Figure 4.2) demonstrated that the model consistently underestimated the dry biomass of the 

V.3 rootstock.  The residuals from V.3 rootstock were significantly different (P<0.0003) from 

those of the other three rootstocks (Table 4.1).  These two pieces of evidence were used to justify 

the calculation of a distinct set of parameter estimates for the V.3 rootstock, and a common set of 

estimates for M.9, MM. 111, and V.1.  The basal diameter and shoot height parameters were 
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significant for both the common and V.3 equations (P<0.0003).  These two models were then 

subjected to the same bias analysis.  The observed vs. predicated plot demonstrated the bias for 

V.3 had been corrected (Figure 4.3) and the residuals were not significantly different using the 

two equations (Table 4.1).   

The fresh weight allometric models were produced in the same manner as the dry 

biomass models; however, only equation two was evaluated for fit. Similar to the dry biomass 

equation a common set of parameters for all genotypes was estimated first. For the common 

model basal diameter (P<0.0001) and shoot height (P<0.33) parameters were significant.  

However, when the observed vs. predicted plot was examined, fresh weights for M.9 and V.3 

were underestimated, and MM. 111 was overestimated (Figure 4.4). This observation was 

supported by the significant difference in the residuals between genotypes (P<0.0001) (Table 

4.1).  Since three of the four genotypes were biased when a common model was applied, distinct 

parameter estimates were calculated for each genotype.  Using distinct parameters corrected the 

bias demonstrated in the observed vs. predicted plot (Figure 4.5) and there was no significant 

difference between the residuals for the four genotypes (P=0.98) (Table 4.1).  

 

4.3.4 Moderate and severe stress RSWC assessment 

Without an allometric model to estimate the change in plant fresh weight over the 

experimental period the target pot weights were adjusted only once at the beginning of the dry 

down period.  Using this method there was the possibility that as the plants continued to grow 

they would significantly contribute to the overall pot weight, and materially reduce the actual 

RSWC of the stress treatments over the course of the experiment.  Therefore the post-hoc fresh 

weight allometric models were used to check the target RSWC for all treatments, and to 
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determine if they were affected differently by each genotype. The fresh weights of individual 

plants were calculated for each day that the allometric measurements were recorded: 40, 57, 70 

and 84 DAP.  Equation one was used to calculate the RSWC on every experimental day, and the 

WP estimates for each plant were adjusted after each of the four measurement days previously 

mentioned (Figures 4.6-4.9).  The RSWC was then averaged from 49-103 DAP for individual 

plants within each stress treatment. The averaged data, for each plant, were then subjected to an 

ANOVA with Tukey’s separation.  The actual RSWC of the water-replete treatment (RSWC = 

0.60) was significantly higher compared to the moderate stress (RSWC = 0.17) and the severe 

stress (RSWC = 0.16).  However, the moderate and severe stress treatments did not significantly 

differ (P=0.12) and there were significant differences between genotypes (P=0.0003), indicating 

that V.3 was exposed to a significantly lower RSWC compared to the other three genotypes.  In 

the water-replete treatment the actual RSWC of MM.111 (0.53) was significantly lower 

(P=0.0012) compared to M.9 (RSWC = 0.60), V.1 (RSWC = 0.60) and V.3 (RSWC = 0.64).   

 

4.3.5 Physiological responses to water stress  

4.3.5.1 Normalized transpiration ratio (NTR) and critical soil water content 

 The normalized transpiration ratio (NTR) was calculated daily for individual plants 

during the dry down period (40-49 DAP); the methods for the calculation followed those 

described by Hufstetler et al. (2007).  In short, the daily water used by each experimental plant 

was calculated by subtracting the previous day’s final pot weight from the present day’s initial 

pot weight, giving a water use in grams.  The transpiration ratio (TR) was calculated by dividing 

the present day’s water use by the average daily water use between DAP 33 and 36, when the pot 

was at 75% RSWC.  The TR accounted for differences in plant size prior to the beginning of the 

dry-down period.  The NTR was calculated by dividing the daily TR value for each plant by the 
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average TR (n=6) for the water-replete (control) plants of genotype V.3, on that day.  The 

normalization procedure accounts for changes in daily evaporative demand, and a plant does not 

necessary have to be normalized to its own genotype (Hufstetler et al., 2007).  If we had 

normalized each genotype to their respective water-replete treatments bias could have been 

introduced for MM.111 due to its significantly lower RSWC in the water-replete treatment, 

compared to the other three genotypes.  The critical soil water content (RSWCC) at which 

transpiration began to decrease was determined from segmented non-linear regressions between 

an individual plant’s NTR and its RSWC over the nine-day dry down period.  RSWC estimates 

where NTR = 0.5 or 0.1 were also interpolated from the regressions.  RSWCC is often expressed 

in terms of the fraction of transpirable soil water (FTSW) which is based on the total transpirable 

water in the soil medium; total transpirable water is determined by calculating the difference 

between the weight at pot capacity and the weight when the plant reaches a NTR equal to 0.1 

(Sinclair and Ludlow, 1986).  To make comparisons with previous reports easier, the RSWCC 

was converted to the critical fraction of transpirable soil water (FTSWC) according to the 

following formula: 

FTSWC = (RSWCC - RSWC10) / (1 - RSWC10) (Hufstetler et al., 2007) (Eq. 4) 

 

 

4.3.5.2 Destructive harvests, hydraulic conductance, leaf area, AL:AS: 

 Beginning 104 DAP the experimental plants were destructively harvested by replication; 

one replication per day for six days.  Prior to any destructive measurements the final basal stem 

diameters and shoot heights were recorded for use in the allometric models. Whole root system 

hydraulic conductance (Kroot) was measured using a hydraulic conductance flow meter (HCFM) 

(Model Gen 3 HCFM-XP; Dynamax Inc., Houston, TX, USA) described by Tyree et al. (1995).  
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The twelve plants in each replication were watered to 75% RSWC the night before 

measurements, and moved into the laboratory to equilibrate with the temperature of the HCFM 

(Bauerle et al., 2011; Hernández et al., 2009).  Shoots were excised while submerged in water 

leaving 10-15 cm of stem intact (Tyree et al., 1998), and the bark and cambial tissues were 

removed with a razor blade, allowing for a tight connection with the HCFM apparatus (Alsina et 

al., 2011).  The root systems were perfused with degassed water using the HCFM at a 

pressurization rate of 5-10 kPa s
-1

 over a range of 0-550kPa in accordance with manufacturer’s 

guidelines.  The transient method was followed in which the increase in pressure (ΔP) is 

regressed against the change in flow (ΔF), and the slope of this regression represents the 

conductivity value of the root system (Kroot) (Tyree et al., 1995).  For each plant, 3-6 

conductivity measurements were recorded and the most stable measurement was used for data 

analysis (Nardini and Pitt, 1999).  Prior to statistical analysis, the Kroot was scaled by the leaf area 

of the rootstock, and expressed as leaf specific root conductivity (KRL) (Tyree et al., 1998).   

After the conductivity measurements were completed each plant was completely 

defoliated, and the leaf area was measured using a leaf area meter (Model 3100; Li-Cor, Lincoln, 

NE, USA).  The leaf area:trunk cross-sectional area ratio (AL:AS) was calculated by dividing the 

leaf area by the TCSA (White et al., 1998).  The final dry biomass measurements for the roots 

and shoots were used to calculate the root:shoot ratios for each plant.  

Water use efficiency (WUE) was calculated as the change in plant biomass per unit 

transpired water. Transpired water (TW) was calculated for individual plants according to the 

following formula: 

TW = Water added – [(final pot weight – initial pot weight) + (final fresh weight – initial fresh 

weight)] (Eq. 5) 
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Water added was the total amount of water added to each pot over the entire 62-day experimental 

period, and the initial fresh weight was estimated using the allometric models discussed 

previously.  The change in biomass for individual plants was calculated by subtracting the 

estimated dry biomasses at 40 DAP (determined using the allometric models) from their final dry 

biomasses measured after the destructive harvest. The relative growth rate (RGR) of each plant 

was calculated with the following formula: 

RGR = (B2 – B1) / [(B1 + B2) / 2] (Eq. 6) 

Where B1 is the estimated dry biomasses at 40 DAP and B2 is the total dry biomass at destructive 

harvest.  The following formula was used to calculate the water content (WC) of each plant: 

WC = (FW – TDB) / (FW) (Eq. 7) 

Where FW is the final plant fresh weight at destructive harvest (combining roots and shoot), and 

TDB is the total dry biomass.  

 

4.3.6 Statistical Analysis 

 The response of the NTR to changes in RSWC was analyzed using proc nlin in SAS 9.3 

by modeling a non-linear segmented regression. Methods for the regression followed those 

outlined by Hufstetler et al. (2007), where it was assumed that the NTR was equal to 1 until 

RSWC reached a critical point (RSWCC) between 0.3 and 0.5, at which point NTR began to 

decline in a linear manner. Regressions were performed on individual plants in both the 

moderate and severe stress treatments.  Any NTR values below 0.1 were removed from the 

regression analysis as values within this range can contribute to a non-linear tail section, which 

can negatively affect the analysis (Hufstetler et al., 2007).  Visual plots of NTR vs. RSWC 
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revealed that NTR values above 1.2 were extreme outliers, and they were excluded from the 

regression analysis. An analysis of variance was performed on the estimates for RSWCC, the x-

intercept of the regression, and the RSWC at which NTR equalled 0.5 or 0.1 using proc mixed 

statements.  Only genotype was included as a fixed effect in the model, and block was included 

as a random effect.  Treatment was not considered a fixed effect because the stress treatments did 

not differ significantly, as mentioned previously, and therefore could not be used as a class 

variable. Fixed effect means were calculated using least square means and pairwise comparisons 

were adjusted using Tukey’s test (Bowley, 2008).  

 The physiological responses of the water-replete (control) plants were compared with an 

analysis of variance, where genotype was a fixed effect and block was a random effect.  Means 

were calculated using least square means and pairwise comparisons were adjusted using Tukey’s 

test (Bowley, 2008).  Due to the variability in RSWC, the physiological responses of the stress 

plants could not be analyzed using a standard ANOVA with genotype and treatment as fixed 

effects.  However, all stress plants experienced an average RSWC between 0.1 and 0.22 during 

the stress period (DAP 49-104), and this allowed RSWC to be used as a covariate.  All 

physiological responses for individual plants were first expressed as a proportion (ratio) of the 

average (n=6) of the water-replete plants for their respective genotype.  For example the 

proportional stress response for TDB was calculated by dividing the TDB from a plant in the 

water stress treatment, by the mean TDB for the six water-replete plants.  These proportional 

responses were compared using an ANOVA with genotype as a fixed effect, and RSWC and 

RSWC x genotype as covariates.  Means were calculated using least square means, and pairwise 

comparisons were adjusted using Tukey’s test (Bowley, 2008).  A contrast statement was 
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constructed to compare the effects between high vigour (HV) rootstocks (MM.111, V.1), and 

dwarfing (LV) rootstocks (M.9, V.3).   

Assumptions for the ANOVA included that errors were random, independent, and 

normally distributed, and the data fit a linear additive model and the errors were homogenous. A 

Shapiro-Wilke test was used to test for residual normality, and plots of studentized residuals 

against predicated values for the genotype effect were used to evaluate homogeneity of error. All 

proportional physiological responses failed to meet the assumption for homogeneity of error, and 

an alternative covariance structure was applied to account for heterogeneity of error, by 

estimating a unique standard error for each genotype group (Bowley, personal communication, 

2014). To compare the responses between water stress and water-replete plants, the proportional 

physiological responses (i.e. the ratio of the stress plant value to the mean value for water-replete 

plants of the same genotype) were subjected to a t-test.  Each genotype mean for the stress plants 

were compared to a value of 1, which represented the mean response of the water-replete plants, 

for all physiological responses.  All partitions were considered significant at a type one error rate 

of α = 0.05 and all statistical procedures were performed using S.A.S. version 9.3 (S.A.S. 

Institute, Cary, NC, USA).  All plots were created using Sigma Plot 11.0 (SyStat Software Inc., 

San Jose, CA, USA  

 

4.4 Results 

4.4.1 NTR (whole plant water use) and critical relative soil water content (RSWCC) 

 Genotypes were not significantly different for RSWCC and FTSWC (Table 4.2); however, 

there was a numerical trend with M.9 and V.3 reducing their whole plant water use at lower 

RSWC than MM.111 and V.1 (Figures 4.10-4.13).  The RSWC values were significantly lower 
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for V.3, compared to the other three genotypes, for the xintercept, RSWC10, and RSWC50 

parameters (Table 4.2).  

 

4.4.2 Physiological responses under water-replete conditions 

 Under water-replete conditions, genotype had a significant effect on the TDB of the apple 

rootstocks (P=0.01).  The high-vigor genotypes MM.111 and V.1 accumulated the largest 

amounts of biomass, while M.9 and V.3 accumulated less biomass (Table 4.3).  The contrast 

between high vigour (HV) and low vigour (LV) rootstocks was significant for TDB (P<0.0001).  

TCSA was also affected by genotype (P<0.0001), with larger TCSA for MM.111 and V.1 

compared to M.9 and V.3 (Table 4.3).  High vigour rootstocks as a class also had larger TCSA 

than LV rootstocks (P<0.0001).  The genotypes did not significantly differ in the AL:As ratio 

under water-replete conditions (P=0.05), and the contrast was not significant between HV and 

LV rootstocks (P=0.23).  Both dry biomass (DB) root:shoot and fresh weight (FW) root:shoot 

ratios differed significantly between genotypes (Table 4.3).  Genotype V.3 had a larger DB 

root:shoot ratio compared to M.9, and MM.111 but it was not significantly different from V.1.  

The FW root:shoot ratio revealed a similar trend to the DB ratio, but V.3 had a greater FW ratio 

than the other three genotypes (Table 4.3).  The FW root:shoot ratio was significantly larger in 

LV rootstocks compared to HV rootstocks (P=0.006). 

 KRL was not affected by genotype under water-replete conditions (Table 4.4).  However, 

KRL was larger in LV rootstocks compared to HV rootstocks (P=0.03).  WUE was not affected 

by genotype, and there was no significant difference between HV and LV rootstock classes.  

Genotype had a significant effect on the RGR, leaf area, and WC under water-replete conditions 

(Table 4.4).  Genotype V.3 had a lower RGR compared to MM.111, while M.9 and V.1 were not 
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different from any other genotype.  Leaf area was significantly larger for MM.111 compared to 

the other three genotypes, but MM.111 had a lower WC compared to M.9, V.1 and V.3 (Table 

4.4).  While rootstock vigour did not affect RGR, leaf area was significantly larger for HV 

rootstocks, and WC was higher for LV rootstocks under water replete conditions (P = 0.001).   

 

4.4.3 Physiological responses to water stress (raw data) 

 When the physiological responses to water stress were analyzed as raw data, TDB and 

AL:AS ratio were not significantly affected by genotype (Table 4.3).  The TCSA of M.9 was 

smallest among the four genotypes in the water stress treatment (Table 4.3).  The DB root:shoot 

and FW root:shoot ratios responded similarly to each other in response to water stress; genotype 

V.1 was larger for both DB/FW root:shoot ratios compared to the other three genotypes.  

Genotype V.3 had numerically high DB/FW root:shoot ratios, but these ratios did not 

significantly differ from the other three genotypes (Table 4.3).  Total dry biomass, TCSA, AL:As 

ratio, and DB/FW root:shoot ratios were not significantly different between HV and LV 

rootstock classes during water stress, and the RSWC covariate was only significant for TCSA 

(Table 4.3).  

 Under water stress conditions, KRL, WUE, RGR and leaf area were not significantly 

different between genotypes (Table 4.4).  The WC was lower for MM.111 compared to V.3, 

while M.9 and V.1 were not significantly different from either of the previous two genotypes 

(Table 4.4).  The RSWC covariate was not significant for KRL, WUE, RGR, leaf area, or for 

FWC, but KRL was significantly larger in LV rootstocks compared to HV rootstocks (P=0.01).  
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4.4.4 Proportional physiological responses under water stress conditions  

 The effects of water stress on the physiological responses were made more directly 

comparable between genotypes by calculating a proportion (water stress value as a ratio of the 

water-replete value) which removed the confounding effect of rootstock vigour.  When the 

physiological responses of stressed plants were analyzed as a proportion (ratio) of the water-

replete plants TDB, TCSA, and FW root:shoot ratio were significantly affected by genotype.  

Genotype M.9 had a lower proportional TDB compared to V.3, while MM.111 and V.1 did not 

differ from any of the genotypes (Table 4.3).  Genotypes V.3 and V.1 had smaller reductions in 

TCSA than MM.111, while M.9 did not differ from MM.111 or V.1, but M.9’s proportional 

TCSA was smaller than that of V.3 (Table 4.3).  The proportional FW root:shoot ratio was 

significantly larger for MM.111 and V.1 compared to V.3, while M.9 did not differ from the 

other three genotypes (Table 4.3).  The AL:AS ratio and DB root:shoot ratio did not differ 

between genotypes when analyzed as a proportion of the water-replete.  The RSWC covariate 

was significant for TDB and TCSA when proportional data were analyzed; however, there was 

no difference between HV and LV rootstock classes for the proportional stress responses of TDB, 

TCSA, AL:AS, or DB/FW root:shoot (Table 4.3).      

 Proportional stress responses for KRL, WUE, RGR, and WC were not significantly 

affected by genotype.  The proportional leaf areas were lowest for M.9 and MM.111, while V.1 

and V.3 did not differ from each other, but V.3’s leaf area was larger than M.9 and MM.111 

(Table 4.4).  The RSWC covariate was not significant for KRL, WUE, RGR, leaf area, or WC, but 

KRL was lower in HV than in LV rootstocks (P=0.005). 
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4.4.5 Comparisons between proportional stress responses and water-replete (controls) 

 Water stress significantly reduced: TDB, TCSA, RGR, and leaf area for all genotypes 

when compared to the response of the water-replete controls (Tables 4.5, 4.6).  Water stress 

reduced the AL:AS ratio for M.9, MM.111, and V.1, but the AL:AS of V.3 remained constant in 

water-replete or stress conditions (P=0.36).  The DB root:shoot ratio increased for M.9, MM.111, 

and V.1 in response to water stress, but the ratio for V.3 was unaffected by the reduced 

availability of water (P=0.31).  The FW root:shoot ratio increased for MM.111 and V.1 under 

water stress, but M.9, and V.3 did not differ between treatments (Table 4.5).  Water stress 

increased KRL for M.9 and MM.111 genotypes, whereas the KRL of V.1 and V.3 were unaffected 

by water stress (Table 4.6).  Only the WUE of V.1 was increased by water stress (P=0.02), while 

the other three genotypes were unaffected.  Water stress reduced the WC of MM.111 and V.1, 

whereas the WC of M.9 and V.3 were not significantly different from their water-replete controls 

(Table 4.6).   

 

4.5 Discussion 

4.5.1 Normalized transpiration ratio and critical relative soil water content (RSWCC) 

For ease of comparison with previous experiments, RSWCC will be further discussed as 

FTSWC.  In the present study, the magnitude of FTSWC for the rootstocks (Table 4.2) was 

consistent with reports for soybean (Hufstetler et al., 2007), turf-grass species (Cathey et al., 

2013), millet (Kholová et al., 2010), peanut (Devi et al., 2009), and cowpea (Belko et al., 2012).  

Cathey et al. (2013) have suggested that turf-grass species with low FTSWC are sensitive to 

drought because they aggressively seek water to maintain transpiration rates, and consequently 

deplete soil water at a more rapid rate.  However, it is uncertain if this conclusion would hold 
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true in apple rootstocks, as grass crops and apple trees differ greatly in morphology.  Others have 

suggested that a low FTSWC can be both an advantage in short term droughts and a disadvantage 

in long term droughts (Devi et al., 2009; Hufstetler et al., 2007).  When drought tolerant and 

sensitive cultivars of millet and cowpea were investigated, the drought tolerant cultivars had 

lower FTSWC compared to the drought sensitive lines (Belko et al., 2012; Kholová et al., 2010).  

Therefore a low FTSWC does not necessarily indicate a susceptibility to injury from long-term 

drought stress.  It is difficult to speculate whether a low FTSWC is advantageous in perennial 

plants because the majority of studies that have investigated NTR and FTSWC have occurred in 

annual species.  It is possible that the advantage conferred by a low FTSWC during short term 

droughts may only apply to an annual-based cropping system because the plants have only one 

season to successfully reproduce.  Whereas in perennial systems, such as apples, it is not as 

important to remain highly productive during short term droughts because the loss or reduction 

of seed production in one year does not negatively affect reproduction in the long term.  

However, a low FTSWC in perennial plants might actually be an advantage during both short and 

long term drought periods because in the event they can no longer transpire and assimilate 

carbon perennials can rely on stored carbohydrates.   

  The xintercept and the RSWC10 were significantly lower for V.3 compared to the other 

three genotypes, and V.3 also had a significantly lower RSWC50 than MM.111 and V.1 (Table 

4.2).  The xintercept is the predicted RSWC at which point the plant can no longer transpire.  The 

significantly lower RSWC10 and RSWC50 for V.3 suggest it can maintain transpiration at a lower 

RSWC than the other three genotypes.  These results may imply that there is potential bias in our 

FTSWC because the amount of total transpirable soil water (used to calculate FTSW) is 

dependent on how much of the soil a plant can “dry” by the time it reaches NTR = 0.1 
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(Hufstetler et al., 2007; Sinclair and Ludlow, 1986).  The significantly lower xintercept and 

RSWC10 of V.3 implies that it dried the soil medium to a greater extent than the other three 

genotypes, and therefore the total transpirable soil water of V.3 is larger.  It is difficult to 

determine in which direction this bias would have affected the FTSWC value for V.3.  Regardless, 

Hufstetler et al. (2007) suggested that when genotypes differed in the extent to which they dried 

the soil medium, FTSWC is no longer an accurate method to evaluate genotypic differences in 

whole plant water use and RSWCC is more appropriate.  To our knowledge this is the first time 

RSWCC (FTSWC) estimates have been reported in apple rootstocks. 

 

4.5.2 Physiological responses under water-replete and drought conditions 

 Water stress significantly reduced TDB and TCSA for all genotypes compared to their 

water-replete controls (Table 4.5). This response to water stress has been well-established in 

other apple rootstocks previously (Fernandez et al., 1997; Liu et al., 2012a, 2012b; Ma et al., 

2010; Psarras and Merwin, 2000).  Although all genotypes experienced a reduction in TDB and 

TCSA, certain genotypes experienced less severe reductions.  Genotypes MM.111 and V.1 had 

larger TDB and TCSA compared to M.9 and V.3 under water-replete conditions, but the 

proportional TDB responses were similar between M.9, MM.111, and V.1 (Table 4.3).  In 

previous experiments MM.111 accumulated larger amounts of biomass compared to M.9 under 

water-replete conditions (Fernandez et al., 1997; Psarras and Merwin, 2000).  This was expected 

because MM.111 is a more vigorous rootstock compared to M.9 and the plants were not limited 

by water availability.  In this experiment the similar reduction in TDB between M.9, MM.111, 

and V.1 caused by water stress (Table 4.3), is contrary to Fernandez et al. (1997), who observed 

a greater reduction in biomass for MM.111 than M.9.  However, Psarras and Merwin (2000) 
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observed no differences in final biomasses between M.9 and MM.111 in a severe water stress 

treatment, but their study was limited to only above ground biomass.  In the present experiment 

M.9 experienced leaf drop shortly after the dry down period, visually more so than the other 

genotypes. The leaf drop occurred before the target pot weights were adjusted for the increase in 

plant fresh weight.  This loss of leaf mass for M.9 may have contributed to the similar 

proportional change in biomass between M.9 and MM.111.  Genotype V.3 maintained a large 

percentage of its TDB and TCSA under water stress conditions, suggesting it may be more 

drought tolerant than M.9 or MM.111.  

 The AL:AS ratio did not differ between genotypes under water-replete or water stress 

conditions (Table 4.3).  However, the AL:AS ratio of V.3 was not reduced by water stress, while 

the AL:AS ratio of M.9, MM.111, and V.1 were significantly reduced by water stress (Table 4.5).  

Results from the present study agree with observations in Eucalyptus, and apple (rootstocks) 

where the AL:AS ratio was reduced by water stress (Atkinson et al., 1999; White et al., 1998).  

The non-significant change in the AL:AS ratio for V.3, a dwarfing rootstock, contrasts the 

genotypic differences found by Atkinson et al. (1999) where the vigorous rootstock M.26 

maintained a higher AL:AS compared to a majority of other genotypes during water stress.  The 

similar AL:AS ratio between the two treatments for V.3 could have been caused by the 

comparatively small reduction in TCSA and leaf area for V.3 (Tables 4.3, 4.4) in the water stress 

treatment.  According to White et al. (1998), maintaining a high AL:AS ratio is advantageous 

under drought conditions because it does not limit plant growth rate.  Maintaining a high AL:AS 

ratio, would aid in the recovery from water stress because the amount of leaf area supported by 

conducting tissue would remain intact allowing a tree to rapidly resume normal transpiration 

rates once water replete conditions return.  Maintaining AL:AS may also be advantageous during 
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recovery from water stress because plants would not have to expend energy into the production 

of new leaves.  Therefore V.3 has an advantage over the other three genotypes during water 

stress, by maintaining a stable AL:AS ratio. 

 The higher DB root:shoot ratio of V.1 and V.3, compared to M.9 and MM.111, in the 

water-replete treatment suggests that V.1 and V.3 inherently partition more biomass to their roots 

than MM.111 and M.9.  A larger root mass is advantageous during drought events because a 

greater volume of soil is occupied, which increases the likelihood of the roots coming into 

contact with water or extracting available water.  Genotypes V.1 and V.3 had larger DB 

root:shoot in the water stress treatment, but for the proportional stress response there were no 

significant differences between genotypes (Table 4.3).  Water stress increased the DB root:shoot 

ratio, compared to water-replete, for all genotypes except for V.3 (Table 4.5).  This is in 

agreement with observations from two previous reports observing larger root:shoot ratios in 

rootstocks exposed to water stress (Fernandez et al., 1997; Psarras and Merwin, 2000).  Psarras 

and Merwin (2000) also observed a larger DB root:shoot ratio for M.9 compared to MM.111 

during water replete conditions whereas in the present study we found no difference between 

M.9 and MM.111 exposed to similar conditions.  Fernandez et al. (1997) demonstrated, in a field 

study, a larger DB root:shoot ratio for M.9 compared to MM.111 in water-replete conditions, but 

these differences did not remain when the trees were exposed to water stress.  However, 

genotypic differences in DB root:shoot ratios have also occurred between nine species of 

seedling apple rootstocks during water stress, but no effect from vigour could be inferred from 

this study (Liu et al., 2012a).  The lack of reported differences in the DB root:shoot ratios of 

clonal apple rootstocks is probably a result of the limited number of studies that have evaluated 

this response.  The difficulty in harvesting and separating roots from the soil, particularly in 
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perennial systems such as apple, may contribute to the lack of investigation for this response.  

The non-significant change in DB root:shoot for V.3 during water stress could have been the 

result of an already high ratio under water-replete conditions; regardless, the stability of V.3’s 

DB root:shoot ratio suggests it is tolerant of drought conditions. 

 The FW root:shoot ratio demonstrated similar trends to the DB root:shoot ratio; however, 

V.3 had a significantly lower proportional stress responses than MM.111 or V.1 (Table 4.3).  The 

FW root:shoot ratios of M.9 and V.3 did not differ between the water-replete and water stress 

treatments (Table 4.5).  The inherently large FW root:shoot ratio of V.3, and its high WC in the 

stress treatment (Table 4.4) may have contributed to V.3’s significantly lower proportional FW 

root:shoot ratio.  The large FW root:shoot ratios of MM.111 and V.1 reflect their increase in DB 

root:shoot ratio.  In the water-replete treatment LV rootstocks had significantly larger FW 

root:shoot ratios; however, this is likely an artifact of the very high ratio of V.3 because M.9’s 

FW root:shoot ratio is comparatively low (Table 4.3).  

 There were no significant differences between genotypes for KRL in any treatment, but as 

a group HV rootstocks had a significantly lower KRL in both the water-replete and stress 

treatments (Table 4.4).  Our results are in contrast to those of a previous report where the highly 

dwarfing rootstock M.27 demonstrated a significantly lower KRL compared to the vigorous 

genotype MM.106 in water-replete conditions (Atkinson et al., 2003).  In peach and grape, 

vigorous rootstocks also demonstrated a larger KRL than less vigorous genotypes (Alsina et al., 

2011; Basile et al., 2003).  Cohen et al. (2007) evaluated the leaf specific resistance (RL) of 

several apple rootstock genotypes, and the two vigorous rootstocks (CG.30, CG.934) were 

observed to have a larger RL than dwarfing rootstocks except for M.9 which demonstrated a 

larger RL than MM.111.  Hydraulic resistance is the reciprocal of conductance, and we can infer 
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from Cohen et al. (2007) that in some cases dwarfing rootstocks would have demonstrated a 

larger KRL (lower RL) than vigorous genotypes such as we observed between LV and HV 

rootstocks in this experiment.   

Bauerle et al. (2011) is the only example in the literature where the response of R (or any 

other measure of hydraulic conductance/resistance) to water stress was measured in apple 

rootstocks.  Although they did not observe a significant effect of water stress on R, only two 

genotypes, MM.111 and B.9, were evaluated.  The hydraulic properties of roots have responded 

to water stress in other species.  In an experiment with Licania platypus (a tropical tree species) 

the KRL decreased for trees in a water stress treatment, which was based on visible plant wilting 

(Tyree, 2002).  Feng et al. (2011), and Rieger and Litvin (1999) observed reductions in Kroot (not 

scaled by leaf area), in peach, soybean, and rubber (Hevea brasiliensis) during water stress as 

well.  However, in Eucalyptus and Salix spp. the opposite trend occurred, and the KRL increased 

in response to water stress (Mokotedi, 2013; Wikberg and Ögren, 2007).  In the present study, 

water stress resulted in a significant increase in KRL for M.9 and MM.111, compared to their 

water-replete controls (Table 4.6).  The KRL observed for M.9 and MM.111 in the present 

research is in contrast to the results of Bauerle et al. (2011), Feng et al. (2011), Rieger and Litvin 

(1999) and Tyree (2002), but agrees with Mokotedi (2013) and Wikberg and Ögren (2007). 

The discrepancy between the KRL responses reported in the present experiment and those 

reported in the literature could have been caused by several factors: contrasting methods of 

imposing water stress, inconsistent methods for measuring hydraulic conductance, variability 

between species, and the leaf drop from M.9 that occurred in the present experiment.  As 

discussed earlier, the dry down procedure used in this experiment mimics the slow rate of 

reduced water availability that would occur in field conditions.  Several reports in the literature 
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induced water stress by stopping irrigation (Rieger and Litvin, 1999; Tyree, 2002), or by using 

chemicals to artificially simulate drought (Feng et al., 2011) which may have caused an extreme 

rate of dry down, influencing the response to water stress.  Also in the present study a HCFM 

was used to measure hydraulic conductance, whereas Atkinson et al. (2003) used a gravity-fed 

method, and Rieger and Litvin (1999) used a gas-chamber method.  As discussed previously KRL 

can respond differently to water stress in various species, and the typical response of KRL to 

water stress in apple rootstocks is unclear given the limited number of investigations.  Lastly, the 

leaf drop in M.9 may have artificially increased its KRL because dividing Kroot by the smaller leaf 

area of M.9 may have inflated its KRL value.    

 Water use efficiency was not affected by genotype in the water-replete or stress 

treatments.  The range in WUE values was 5.5-6.2 mg g
-1

 under water-replete conditions and 

5.2-7.6 mg g
-1

 during water stress (Table 4.4).  Genotype V.1 was the only rootstock to 

experience a significant increase in WUE as a result of water stress (Table 4.6).  Therefore V.1 

could have some advantage for conserving applied water.  These results contrast multiple reports 

demonstrating an increase in WUE for apple trees and rootstocks exposed to drought stress (Liu 

et al., 2012a, 2012b; Lo Bianco et al., 2012; Ma et al., 2010). The lack of response for WUE to 

water stress conditions could have been caused by tree-to-tree variability; for example, the 

standard errors for the comparisons between the water-replete and stress treatments were 

relatively large for M.9, MM.111, and V.3 (Table 4.6).    

 In the water-replete treatment the RGR did not differ between M.9, MM.111, and V.1; 

however, the RGR of V.3 was significantly lower than MM.111 (Table 4.4).  This was an 

expected outcome as V.3 is highly dwarfing compared to MM.111.  The RGR was lower for all 

genotypes in the stress treatment compared to the water-replete controls (Table 4.6), but there 
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were no genotypic differences within the water stress treatment.  Several studies have observed a 

decrease in the RGR of apple trees exposed to water stress, and genotypic differences were 

reported during these conditions (Liu et al., 2012a, 2012b; Ma et al., 2010).  Again tree-to-tree 

variability could have affected our ability to separate genotype differences in the RGR for trees 

in the stress treatment.  Although not statistically significant the numerically large proportional 

RGR response of V.3 suggests it has a greater resilience to water stress.  

 Genotypes M.9, V.1, and V.3 all had smaller leaf areas compared to MM.111 in the 

water-replete treatments (Table 4.4), but these differences were not maintained during water 

stress.  Despite large numerical differences in leaf area the non-significant difference between 

genotypes in the water stress treatment may have been the result of tree-to-tree variability.  The 

proportional stress response of leaf area for V.3 was significantly larger than M.9 and MM.111, 

while V.1 did not differ from the other three genotypes (Table 4.4); however, leaf area 

significantly decreased for all genotypes in the water stress treatment (Table 4.6).  Previous 

reports have demonstrated a reduction in leaf area for apple rootstocks exposed to water stress 

(Liu et al., 2012a, 2012b; Ma et al., 2010).  In the water-replete treatment leaf area was larger for 

HV rootstocks as a group compared to LV rootstocks (P=0.0004).  With regard to apples trees 

few other studies have related leaf area to rootstock vigour.  While total leaf dry weight has been 

lower for dwarfing apple rootstocks compared to vigorous ones (Lo Bianco et al., 2012), 

Fernandez et al. (1997) observed no differences in leaf area between rootstocks with contrasting 

vigour.  The retention of leaf area for V.1 and V.3 suggests an advantage over M.9 and MM.111 

during drought conditions because a larger leaf area would continue to support carbon 

assimilation.  Retention of leaf area may be less important for a rootstock since the scion will be 
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producing the leaf area; however, the ability to retain leaf area may be imparted onto its grafted 

scion.     

 The WC of MM.111 was significantly lower than the other three genotypes in the water-

replete treatment, and V.3 maintained a higher WC after water stress than MM.111 (Table 4.4).  

Only MM.111 and V.1 had significant reductions in WC after exposure to water stress (Table 4.6) 

but there were no genotypic differences in the proportional stress response for WC (Table 4.4).  

Water content measured by this method is generally not reported in the literature, but the main 

purpose for calculating this response was to determine if water stress caused any long term 

changes to the internal water contents of the plants, such as affecting the xylem tissue.  Under 

water limited conditions xylem vessels can undergo cavitation events resulting in embolisms that 

prevent hydraulic flow (Jones, 1992).  Xylem embolisms can often refill; however, this can be 

prevented if air completely diffuses into the xylem vessels inducing the formation of tyloses 

(Jones, 1992).  The WC of plants may change in response to water stress if it induces permanent 

xylem vessel dysfunction, because those vessels will not be able to re-fill once plants are 

returned to water-replete conditions.  The non-significant difference in WC responses between 

the water-replete and water stress treatments for M.9 and V.3 suggests they may have avoided 

damage to xylem vessels during the exposure to water stress.  MM.111 and V.1 may have 

experienced damage to xylem vessels during water stress because after re-watering the WC of 

MM.111 and V.1 remained significantly lower than their water-replete controls.  The non-

significant difference in proportional WC implies that the genotypes did not experience relative 

differences in internal water content after re-watering.  If there had been such differences in the 

proportional WC, it would have been difficult to determine if the WC differences were from 

tissue damage caused by the water stress, or if the WC differences had been inherently different 
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between genotypes.  In the water-replete treatment the significant contrast for WC between HV 

and LV rootstocks classes was likely an artifact caused by the significantly lower WC of 

MM.111.  

 

4.5.3 Potential bias in MM.111 responses 

 On a daily basis the RSWC of MM.111plants in the water-replete treatment decreased 

below MM.111’s RSWCC of 0.47 (Figure 4.7), even though its average RSWC remained at 0.53 

during the experiment.  This implies that the water-replete treatment for MM.111 was “slightly 

stressed” and the water-replete responses were lower than what should have actually occurred; it 

was one of the reasons why all of the genotypes were normalized to V.3 for the NTR calculation.  

The normalization to V.3 avoided the introduction of bias into the NTR calculations for MM.111, 

bias that would have occurred if MM.111 had been normalized to its water-replete treatment.  

However, we could not perform a similar correction for the proportional stress responses and 

bias may have been introduced in the values presented for MM.111.  Therefore we were actually 

calculating water stress divided by slightly stressed to arrive at MM.111’s proportional stress 

responses; this calculation should have biased the values high for MM.111.  Consequently 

MM.111’s stress to water-replete ratios presented in this experiment are biased higher than what 

the actual ratios of MM.111 would have been if its water-replete treatment had consistently 

remained above MM.111’s RSWCC. 

 

4.6 Conclusion 

 Of the four genotypes, V.3 was found to be unique for several traits related to drought 

tolerance.  Genotypes V.3 maintained transpiration at a lower RSWC compared to the other three 
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genotypes as indicated by V.3’s significantly lower RSWC10.  The RSWC at which transpiration 

ceased (xintercept) was also significantly lower for V.3 compared to M.9, MM.111 and V.1.  

Although some authors have suggested that maintaining transpiration at very low RSWC/FTSW 

reduces a genotype’s ability to tolerate long-term water stress (Cathey et al., 2013), in this case 

V.3’s low RSWC10 was not associated with any negative effects in its physiological responses 

during the 55 days of water stress.  However, V.3 didn’t have the opportunity to deplete soil 

water more quickly than the other genotypes due to the daily water additions (to maintain the 

specified RSWC).  If V.3 had been allowed to deplete soil water more quickly its physiological 

responses may have been negatively affected.  Several proportional physiological responses such 

as, AL:AS ratio, DB and FW root:shoot ratios, KRL and WC were unaffected by water stress for 

V.3. Genotype V.3 demonstrated a high tolerance to water stress conditions, and its 

incorporation as a rootstock in apple cultivation systems prone to drought should be further 

investigated. 

We can reject our hypothesis that vigorous apple rootstocks are more tolerant to water 

stress than dwarfing genotypes.  By analyzing proportional (normalized) responses to water 

stress, we removed the confounding effect of vigour, and the direct comparisons between 

genotypes were made more robust.  Reducing available soil water in a progressive manner by 

manipulating RSWC produced a water stress that was both gradual and representative of field 

conditions.  This method avoided differential physiological responses that can occur if the rate of 

dry down is not controlled (Babu et al., 1999; Earl, 2003; Farrant et al., 1999).  This experiment 

is unique as it is the first time NTR (whole plant water use), and the associated RSWCC (FTSWC) 

estimates have been reported in apple rootstocks.  
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Table 4.1 Comparison of the residuals between four apple rootstock genotypes for an allometric 

model with a common set of parameters or estimated individually. 

 

 

 

 

 

 

 

 

 

 

 

Genotype

M.9 -0.5 b
z

-0.4 10.1 ab -1.78

MM.111 -2.1 b 0.7 -18.7 c -4.98

V.3 -2.8 b 3.0 -6.8 bc 9.43

V.1 10.0 a 0.5 29.7 a -3.05

Statistical significance
y

*** ns ns

P  value
z
Average values with the same letters are not significantly different within the columns according to a

Tukey's test at α=0.05.
y
ns, *, **, ***, indicates not significant, and significant differences at P= 0.05, P=0.01, and P=0.001

respectively.
x
M.9, MM.111, and V.1 dry biomass was estimated from a common model, V.3 dry biomass was

estimated using a separate model.
w
Fresh weight was estimated using an individual model for each genotype.

Pooled All separate
w

0.0003 0.7228 <0.0001 0.5758

***

Mean model residual (dry biomass) Mean model residual (fresh weight)

Pooled V.3 separate
x
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Table 4.2 The effect of rootstock genotype on the normalized transpiration ratio (NTR) regressed against relative 

soil water content (RSWC) for four apple rootstocks exposed to gradual decrease in available soil water. 

Genotype

M.9 0.41 b
y 0.12 a 0.15 a 0.26 a 0.31 b

MM.111 0.48 a 0.13 a 0.16 a 0.30 a 0.38 a

V.1 0.47 a 0.10 a 0.14 a 0.29 a 0.38 a

V.3 0.40 b 0.04 b 0.08 b 0.22 b 0.35 b

Statistical significance
x

P  value

RSWCC
z x intercept RSWC10 RSWC50 FTSWC

z
Abreviations: RSWCc = critical soil water content at which NTR began to decline below 1.0; x intercept =

RSWC at which NTR equals 0; RSWC10 = the RSWC at which NTR equals 0.1; RSWC50 = the RSWC at

which NTR equals 0.5; FTSWC = critical fraction of soil water at which NTR began to decline below 1.0. 

y
Average values with the same letters are not significantly different within the columns according to a Tukey's

test at α=0.05.
x
ns, *, **, ***, indicates not significant, and significant differences at P = 0.05, P =0.01, and P =0.001 

respectively.

** *** *** *** **

0.0015 <0.0001 <0.0001 <0.0001 0.0015
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Table 4.3 The effect of genotype on various physiological responses for four apple rootstocks 

grown under water-replete conditions (controls), or under water stress where the RSWC of their 

pots were maintained between 0.1 and 0.22. 

 

 

 

 

 

Genotype

M.9 93.7 bc
y

99.8 b 0.20 0.50 b 0.88 b

MM.111 124.6 a 132.9 a 0.20 0.55 b 0.81 b

V.1 105.4 ab 123.9 a 0.16 0.67 ab 1.07 b

V.3 83.6 c 97.0 b 0.18 0.83 a 1.50 a

P value

Contrast

   HV vs. LV
x

M.9 45.8 64.0 b 0.09 0.65 b 1.00 b

MM.111 62.4 83.3 a 0.10 0.75 b 1.14 b

V.1 63.9 89.6 a 0.12 0.89 a 1.52 a

V.3 64.9 83.0 ab 0.16 0.91 ab 1.54 ab

Covariate
w

   RSWC

Contrast

   HV vs. LV

M.9 0.40 b 0.64 bc 0.44
u

1.26 1.13 ab

MM.111 0.51 ab 0.63 c 0.50 1.38 1.41 a

V.1 0.58 ab 0.72 ab 0.73 1.34 1.42 a

V.3 0.77 a 0.86 a 0.86 1.10 1.03 b

Covariate

   RSWC

Contrast

   HV vs. LV

TDB (g) TCSA
z
 (mm

2
) AL:AS (m

2
 cm

-2
) DB root:shoot FW root:shoot

Stress raw data

Control data

0.0165 <0.0001 0.0582 0.0003 <0.0001

<0.0001 <0.0001 0.2317 0.2147 0.0069

0.7481 0.7813 0.7806 0.3112 0.1943

0.1211 0.0483 0.8757 0.8219 0.8907

z
Abbreviations are as follows: TDB = total dry biomass, TCSA = trunk cross-sectional area, AL:AS = leaf

area:trunk cross-sectional area, DB = dry biomass, FW = fresh weight.

Proportional stress response
v

0.0146 0.0475 0.8114 0.8242 0.7187

0.2539 0.4220 0.9265 0.2749 0.4044

y
Average values with the same letters are not significantly different within the columns according to a

Tukey's test at α=0.05.
x
HV = high vigor rootstock, LV = low vigor (dwarfing) rootstock.

w
RSWC was used as a covariate adjustment for the genotype effect, it adjusted the physiological responses 

influenced by the differences in RSWC, that each experimental plant experienced.
v
Values analyzed and presented, as a ratio of the average of the control plants.

u
Proportional values are unitless.
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Table 4.4 The effect of genotype on various physiological responses for four apple rootstocks 

grown under water-replete conditions (controls) or under water stress where the RSWC of their 

pots were maintained between 0.1 and 0.22. 

 

 

 

Genotype

M.9 1.1 6.0 0.80 ab
y

1959 b 0.56 a

MM.111 0.5 5.5 0.95 a 2623 a 0.53 b

V.1 0.7 6.2 0.73 ab 1961 b 0.56 a

V.3 1.1 5.9 0.64 b 1774 b 0.58 a

P value

Contrast

   HV vs. LV
x

M.9 4.9 7.1 0.18 588 0.44 ab

MM.111 1.2 6.0 0.28 838 0.44 b

V.1 2.1 7.6 0.33 1072 0.51 ab

V.3 1.1 5.2 0.37 1281 0.55 a

Covariate
w

   RSWC

Contrast

   HV vs. LV

M.9 4.64
u

1.18 0.23 0.30 b 0.78

MM.111 2.58 1.09 0.31 0.32 b 0.83

V.1 1.59 1.24 0.45 0.55 ab 0.91

V.3 1.05 0.88 0.58 0.72 a 0.95

Covariate

   RSWC

Contrast

   HV vs. LV

K RL                                      

(10
-5 

kg s
-1 

m
-2

 MPa
-1

) WUE
z
 (mg g

-1
) RGR Leaf Area (cm

2
) WC (%)

Stress raw data

Control data

0.0323 0.5405 0.0182 0.0004 0.0009

0.0065 0.7543 0.0655 0.0015 0.0016

0.0152 0.9311 0.3859 0.8484 0.5186

0.3409 0.4523 0.4403 0.5168 0.3716

z
Abbreviations: K RL = leaf specific conductivity; WUE = water use efficiency; RGR = relative growth rate;

WC = water content.

Proportional stress response
v

0.8450 0.4001 0.3065 0.4391 0.3872

0.0058 0.8391 0.4266 0.7119 0.5784

y
Average values with the same letters are not significantly different within the columns according to a

Tukey's test at α=0.05.
x
HV = high vigor rootstock, LV = low vigor (dwarfing) rootstock.

w
RSWC was used as a covariate adjustment for the genotype effect, it adjusted the physiological responses 

influenced by the differences in RSWC, that each experimental plant experienced.
v
Values analyzed and presented, as a ratio of the average of the control plants.

u
Proportional values are unitless.



 

 

137 

 

Table 4.5 Comparisons for several physiological responses between plants grown under 

water stress conditions and water-replete conditions.  Comparisons were made between the 

proportional stress response, and a value of 1.0 representing the water-replete response. 

 

 

 

 

 

Stress/control
z se df t-statistic P -value

M.9 0.40 0.08 38 7.17 <0.0001

MM.111 0.51 0.03 38 16.21 <0.0001

V.1 0.58 0.04 38 11.93 <0.0001

V.3 0.77 0.09 38 2.51 0.0165

M.9 0.64 0.06 37 6.06 <0.0001

MM.111 0.63 0.02 37 20.03 <0.0001

V.1 0.72 0.03 37 9.17 <0.0001

V.3 0.86 0.05 37 2.88 0.0066

M.9 0.44 0.16 37 3.58 0.0010

MM.111 0.50 0.05 37 9.20 <0.0001

V.1 0.73 0.11 37 2.50 0.0171

V.3 0.86 0.15 37 0.93 0.3609

M.9 1.3 0.12 38 -2.55 0.0148

MM.111 1.4 0.05 38 -8.18 <0.0001

V.1 1.3 0.04 38 -8.16 <0.0001

V.3 1.1 0.10 38 -1.02 0.3155

FW root:shoot

M.9 1.13 0.19 37 -0.70 0.4913

MM.111 1.41 0.06 37 -6.92 <0.0001

V.1 1.42 0.06 37 -6.61 <0.0001

V.3 1.03 0.09 37 -0.30 0.7663

A L :A S

DB root:shoot

TDB
y

TCSA

y
Abbreviations: TDB = total dry biomass, TCSA = trunk cross-sectional area, AL:AS = leaf 

area:trunk cross-sectional area ratio, DB = dry biomass, FW = fresh weight.

z
Values presented are the means of the stress responses represented as a ratio of the water-

replete (controls).
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Table 4.6 Comparisons for several physiological responses between plants grown under 

water stress conditions and water-replete conditions.  Comparisons were made between the 

proportional stress response, and a value of 1.0 representing the water-replete response. 

 

 

 

Stress/control
z se df t-statistic P -value

M.9 4.64 1.65 34 -2.20 0.0345

MM.111 2.58 0.64 34 -2.48 0.0183

V.1 1.59 0.55 34 -1.09 0.2840

V.3 1.05 0.21 34 -0.26 0.7947

WUE

M.9 1.18 0.40 35 -0.44 0.6629

MM.111 1.09 0.25 35 -0.35 0.7269

V.1 1.24 0.10 35 -2.32 0.0263

V.3 0.88 0.22 35 0.52 0.6036

M.9 0.23 0.20 38 3.82 0.0005

MM.111 0.31 0.07 38 9.52 <0.0001

V.1 0.45 0.09 38 5.96 <0.0001

V.3 0.58 0.11 38 3.76 0.0006

M.9 0.30 0.11 38 6.13 <0.0001

MM.111 0.32 0.04 38 17.48 <0.0001

V.1 0.55 0.09 38 5.30 <0.0001

V.3 0.72 0.11 38 2.44 0.0193

Water content

M.9 0.78 0.17 37 1.29 0.2063

MM.111 0.83 0.04 37 3.93 0.0004

V.1 0.91 0.04 37 2.12 0.0404

V.3 0.95 0.04 37 1.40 0.1684

RGR

Leaf area

K RL
y

y
Abbreviationss: K RL = leaf specific conductivity, WUE = water use efficiency, RGR =

relative growth rate.

z
Values presented are the means of the stress responses represented as a ratio of the water-

replete (controls).
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Figure 4.1 Visual comparison of root structures for M.9 (A), MM.111 (B), V.1 (C), and V.3 (D) 

rootstocks prior to planting. 
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Figure 4.2 Estimated dry biomass plotted against actual dry biomass.  Values above the 1:1 line 

are over-estimations of biomass and values below the 1:1 line are underestimated.  Estimated 

values were calculated using equation two with the same set of parameter estimates for all 

genotypes.  Symbols are shaded differently to represent each genotype and include M.9 (white), 

MM. 111 (light grey), V.1 (dark grey), and V.3 (black).  Symbol shapes represent different 

treatment categories and include the following: water-replete at destructive harvest (●), water-

replete at 40 DAP (▼), moderate drought stress (■), and severe stress (♦). 

 

 

 



 

 

141 

 

Actual dry biomass (g)

0 20 40 60 80 100 120 140

E
st

im
at

ed
 d

ry
 b

io
m

as
s 

(g
)

0

20

40

60

80

100

120

140

 
 

Figure 4.3 Estimated dry biomass plotted against actual dry biomass.  Values above the 1:1 line 

are over-estimations of biomass and values below the 1:1 line are underestimated.  Estimated 

values were calculated using equation two with distinct set of parameter estimates for V.3 and a 

common set of parameter estimates for M.9, MM. 111 and V.1 rootstocks.  Symbols are shaded 

differently to represent each genotype and include M.9 (white), MM. 111 (light grey), V.1 (dark 

grey), and V.3 (black).  Symbol shapes represent different treatment categories and include the 

following: water-replete at destructive harvest (●),water-replete at 40 DAP (▼), moderate 

drought stress (■), and severe stress (♦). 
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Figure 4.4 Estimated fresh weight plotted against actual fresh weight.  Values above the 1:1 line 

are over-estimations of biomass and values below the 1:1 line are underestimated.  Estimated 

values were calculated using equation two with the same set of parameter estimates for all 

genotypes. Symbols are shaded differently to represent each genotype and include M.9 (white), 

MM. 111 (light grey), V.1 (dark grey), and V.3 (black).  Symbol shapes represent different 

treatment categories and include the following: water-replete at destructive harvest (●),water-

replete at 40 DAP (▼), moderate drought stress (■), and severe stress (♦). 
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Figure 4.5 Estimated fresh weight plotted against actual fresh weight.  Values above the 1:1 line 

are over-estimations of biomass and values below the 1:1 line are underestimated.  Estimated 

values were calculated using equation two with a distinct set of parameter estimates for each 

genotype. Symbols are shaded differently to represent each genotype and include M.9 (white), 

MM. 111 (light grey), V.1 (dark grey), and V.3 (black).  Symbol shapes represent different 

treatment categories and include the following: water-replete at destructive harvest (●),water-

replete at 40 DAP (▼), moderate drought stress (■), and severe stress (♦). 
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Figure 4.6 The average (n=6) daily RSWC for M.9 plants in the water-replete treatment (black 

line), moderate stress (light grey) and severe stress (dark grey). DAP = days after planting.  The 

dashed line represents the critical relative soil water content (RSWCC). 
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Figure 4.7 The average (n=6) daily RSWC for MM. 111 plants in the water-replete treatment 

(black line), moderate stress (light grey) and severe stress (dark grey).  DAP = days after planting.  

The dashed line represents the critical relative soil water content (RSWCC). 
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Figure 4.8 The average (n=6) daily RSWC for V.1 plants in the water-replete treatment (black 

line), moderate stress (light grey) and severe stress (dark grey).  DAP = days after planting.  The 

dashed line represents the critical relative soil water content (RSWCC). 
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Figure 4.9 The average (n=6) daily RSWC for V.3 plants in the water-replete treatment (black 

line), moderate stress (light grey) and severe stress (dark grey).  DAP = days after planting. The 

dashed line represents the critical relative soil water content (RSWCC). 
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Figure 4.10 NTR regressed against RSWC for genotype M.9.  Each data point represents an 

NTR at its associated RSWC, on that day for one experimental unit. The dashed line references 

the RSWC10  (the RSWC at which NTR = 0.1). 
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Figure 4.11 NTR regressed against RSWC for genotype MM.111.  Each data point represents an 

NTR at its associated RSWC, on that day for one experimental unit.  The dashed line references 

the RSWC10 (RSWC at which NTR = 0.1). 
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Figure 4.12 NTR regressed against RSWC for genotype V.1.  Each data point represents an 

NTR at its associated RSWC, on that day for one experimental unit.  The dashed line references 

the RSWC10 (RSWC at which NTR = 0.1). 
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Figure 4.13 NTR regressed against RSWC for genotype V.3.  Each data point represents an 

NTR at its associated RSWC, on that day for one experimental unit.  The dashed line references 

the RSWC10 (RSWC at which NTR = 0.1). 
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CHAPTER FIVE – GENERAL DISCUSSION AND CONCLUSIONS 

 

 Managing irrigation in an efficient manner is paramount, given the uncertainty in the 

future availability of water and rising demand for this resource (Collins et al., 2013; Seckler, 

1996).  Seasonal water deficits commonly occur in humid temperate climates such as Ontario (de 

Jong and Bootsma, 1997; Kottek et al., 2006), placing apple production in need of supplemental 

water during these periods.  Deficit irrigation based on crop demand can reduce agricultural 

water use, but ideally must be done without negatively affecting yield and fruit quality - essential 

attributes of high value crops such as apples (Behboudian et al., 2011).  Strategies to cope with 

moisture stress should focus on adopting drought tolerant rootstocks and using efficient irrigation 

systems to mitigate drought risk in the long term and reduce water use.  The objectives of this 

research were to i) develop an ET-based irrigation scheduling system for Ontario tree fruit 

orchards, ii) evaluate apple tree growth and productivity in response to this scheduling method 

with deficit, and non-deficit application strategies, and iii) evaluate the drought tolerance of two 

new rootstocks (V.1 and V.3), and compare them with industry standards.  

 In a two-year orchard experiment five rates of irrigation did not affect total marketable 

yield, and only slightly influenced fruit quality in apple trees planted at two research locations in 

Ontario.  At the Kingsville orchard shoot growth was reduced in the rain-fed treatment but only 

in 2013.  At the Simcoe orchard tree water status, assessed by midday stem water potential (ΨS), 

was significantly reduced in the rain-fed treatment, but only on a limited number of dates in 2013 

and 2014.  Leaf calcium and magnesium concentrations were highest in the 100% ET and 50% 

ET treatments, representing one of the non-deficit and the most extreme deficit treatments, 

respectively.  The majority of fruit quality parameters were unaffected by the amount of 
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irrigation applied, except starch hydrolysis at the Kingsville orchard and the chroma response for 

ground colour at the Simcoe orchard, both in 2014.  The inconsistent results in the present study 

were likely a result of the above-average precipitation that occurred in both years and the large 

tree-to-tree variability for some of the responses evaluated. 

 Deficit irrigation generally decreases yield in apples (Behboudian et al., 2011), however, 

even in semi-arid regions yields between deficit and non-deficit treatments were not significantly 

different two out of three years (Leib et al., 2006).  Yield was also unaffected by non-deficit and 

deficit irrigation treatments in the humid temperate climate of New Zealand, despite attempts to 

reduce soil moisture using rainout shelters (Mpelasoka et al., 2001b).  The wide variability 

between climates, cultivars chosen, tree age, and contrasting intensities of orchard management 

have hindered the ability to draw general conclusions from deficit irrigation research 

(Behboudian et al., 2011).  The inconsistent methods used for estimating ETC (class-A-pan 

evaporation, FAO-PM and atmometers) may also confound the results between studies that have 

based deficit and non-deficit irrigation treatments on ETC, including results from this thesis.  

 There are multiple barriers preventing producers from adopting irrigation systems that are 

more efficient than conventional techniques, however few reports in the literature explore this 

issue.  In two southern Australian counties, Boland et al. (2006) investigated the barriers for 

adopting novel irrigation methods by pome and stone fruit producers.  Neither increased yields 

and water use efficiency were primary drivers for the adoption of improved irrigation methods, 

nor was producer knowledge (Boland et al., 2006).  Planting high density orchards, labour 

savings, orchard redevelopment, and the flexibility of management were highlighted as primary 

motivators for the adoption of efficient irrigation techniques (Boland et al., 2006).  An idea not 

examined by Boland et al. (2006) was the possible savings in water costs for those producers 
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who do not have irrigation ponds or on-farm water sources for irrigation, and use municipal 

water sources instead.  The economic savings not only in the reduced costs of water, but the 

energy savings for running water pumps and other irrigation equipment, may also be significant 

incentives for producers to adopt more efficient irrigation methods. Cost savings may be a 

particularly relevant motive in regions such as the Okanagan valley, where producers must 

purchase water ‘rights’ in order to access water resources (Anonymous, 2013).   

 The ET-based irrigation system demonstrated in this thesis research has several benefits 

that might make it desirable for adoption by producers.  It provides real time recommendations, 

and it is location/site specific.  The calculations involved for determining the amount of 

irrigation could be easily incorporated into computer software, or a smartphone app.  The system 

is relatively low cost, especially if an electronic atmometer is used to generate the ET estimates.  

During 2013 and 2014 neither orchard experienced a seasonal water deficit and one must be 

careful before drawing any broad conclusions about the benefits of one treatment over another.  

In the controlled environment experiment, all four genotypes experienced reductions in 

TDB, TCSA, RGR, and leaf area in response to water stress.  Genotypes M.9 and V.3 had 

numerically lower RSWCC than MM.111 and V.1.  Genotype V.3 also maintained positive 

transpiration rates at lower RSWC compared to the other three genotypes.  Several physiological 

responses of V.3 remained stable during water stress including, AL:AS ratio, DB/FW root:shoot 

ratios, and WC.  Genotype V.3 also retained a larger proportion of its water-replete TDB, TCSA, 

leaf area, and WC in response to water stress, compared to some or all three of the other 

genotypes.  The unique response of V.3 to water stress suggests it may be more drought tolerant 

than the other three genotypes.  
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Genotype MM.111 is often regarded as highly drought tolerant (Atkinson et al., 1999; 

Bauerle et al., 2011; Ferree and Carlson, 1987), but performed relatively poorly in this research.  

Ferree and Carlson (1987) have suggested that MM.111 is slow to establish, and the short 

duration of the present experiment may have put MM.111 at a disadvantage.  Regardless, 

MM.111 was included in this study as a ‘standard’ genotype that has demonstrated a tolerance to 

water stress, and it was to be used primarily for comparison purposes.  With the rapid adoption 

of high density orchards and intensive management practices, vigorous rootstocks such as 

MM.111 will become less relevant.  In the future, breeding and evaluating dwarfing rootstocks 

for drought tolerance will be more important than investigations into vigorous rootstocks due to 

the increased adoption of high density orchards.   

While we did not investigate the response of whole plant water use to multiple stress 

events, Hufstetler et al. (2007) observed genotypic differences in the rate of recovery for whole 

plant water use of soybeans, after water-replete conditions were restored.  The rate of recovery 

from water stress is an important characteristic, as genotypes with a rapid recovery could resume 

normal growth functions earlier than genotypes with a slower recovery (Hufstetler et al., 2007).  

However, differences in the rate of recovery could not be explained by or correlated with other 

traits associated with drought tolerance such as high FTSWC, or reduced stomatal conductance 

(Hufstetler et al., 2007).    

Comparisons between studies for the response of apple rootstocks to water stress (in 

potted plants) have been difficult because of differences in the rates of soil water depletion 

(Lakso, 2003).  Soil or plant water status was rarely reported in these studies but would help 

determine if the response to water stress was caused by differences in plant size and biomass 

partitioning, or caused by internal mechanisms such as hydraulic properties (Lakso, 2003).  
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Although we did not measure plant water status in the rootstock experiment, we did measure soil 

water content for all experimental plants.  If the rootstock experiment were to be repeated in the 

future, assessing plant water status would be beneficial, and ΨS was suggested as the optimal 

response to be measured (Behboudian et al., 2011; Lakso, 2003).  

There is no ‘universal’ apple rootstock that performs well in all production regions 

throughout the world; each rootstock has its own advantages, disadvantages and popularity in 

specific regions (Ferree and Carlson, 1987).  With this in mind it is important that rootstocks 

from all regions be examined for tolerance to biotic and abiotic stresses, including drought.  

Evaluating newly released genotypes from local breeding programs would help with producer 

acceptance of these potentially beneficial rootstocks. 

Based on the results from this thesis research, ET-based irrigation systems in Ontario 

should be evaluated further.  Only two cultivars, ‘Imperial Gala’ and ‘Ambrosia’, were 

investigated and other cultivars should be examined, continuing with those cultivars that have an 

inherently/genetically small fruit size.  It would be beneficial to confirm the results in a drought 

year, or a year which experiences a seasonal water deficit, because this was a limitation for the 

conclusions presented in this thesis.   

Our inability to use allometric models to estimate the change in fresh weight was a major 

limitation in the rootstock experiment.  Future experiments using this method for imposing water 

stress should ensure that a sufficient number of replications are included so allometric equations 

can be produced enabling the change in fresh weight to be estimated.  The diversity of rootstocks 

evaluated in this research was limited and a larger number should be investigated.  Lastly, the 

recovery of whole plant water use for apple rootstocks following relief of a water stress should 

be examined in future studies.  
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APPENDIX A 

An example calculation for the Penman-Monteith equation and irrigation protocol on 17 July 2013. 

Meteorological data set 

Average Daily 

Temp. (
o
C) 

Min. Daily 

Temp. 

(
o
C) 

Max. Daily 

Temp. 

(
o
C) 

Daily 

Precipitation 

(mm) 

Mean Relative 

Humidity (%) 

Mean Wind 

Speed (m/s) 

Rn  

(MJ m
-2

 day
-1

) 

26.8 22.7 31.7 6.4 89.8 0.556 14.56 

 

ETo= 
0.408∆(Rn-G)+ γ

900
T+273 u2(es-ea)

∆+ γ(1+0.34u2)
 

(FAO-PM from Allen et al., 1998) 

Data Calculations: Variables for the FAO-PM equation 

Δ Slope of saturation vapour pressure curve at mean air temperature: 

 

Δ =  
4098[0.6108 𝑒𝑥𝑝(

17.27 × 𝑇

𝑇+237.3
)]

(𝑇+237.3)2
 

 

Δ =  
4098[0.6108 𝑒𝑥𝑝(

17.27 ×26.8

26.8+237.3
)]

(26.8+237.3)2
 

 

= 0.207 kPa 
o
C

-1
 

 

Rn Net solar radiation: 

= 14.56 MJ m
-2

 day
-1 

G Assume value of zero because daily soil heat flux is negligible (Allen et al., 1998) 
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γ 

 

Psychometric constant  

 Constant at specified elevation  

 Kingsville Orchard was at 285 m 

γ = 0.658 kPa 
o
C

-1
 (Allen et al., 1998) 

 

T Mean daily temperature:  

= 26.8 
o
C 

 

u2 Mean daily wind speed at 2 m height: 

= 0.556 m s
-1 

 

es Average daily saturation vapour pressure: 

es =  
𝑒𝑜𝑇𝑚𝑎𝑥

𝑒𝑜𝑇𝑚𝑖𝑛
                                    e

o
 = saturation vapour pressure at T          

e
o
 = 0.6108𝑒𝑥𝑝(

17.27 × T

T +237.3
)
 

e
o
 (T max.) = 0.6108𝑒𝑥𝑝(

17.27 × 31.7

31.7+237.3
)
  

= 4.675 kPa 

e
o
 (T min.) = 0.6108𝑒𝑥𝑝(

17.27 × 22.7

22.7+237.3
)
  

= 2.759 kPa 

 

es =  
4.675

2.759
  

 

=3.717 kPa 

 

ea Actual vapour pressure: 

ea =  𝑒𝑠 (
(𝑅𝐻𝑚𝑒𝑎𝑛)

100
) 

 

ea = 3.717 (
89.8

100
) 

 

= 3.338 kPa 
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𝐸𝑇𝑜 =  

(0.408∗) (0.207  
𝑘𝑃𝑎
℃ ) (14.564 

𝑀𝐽
𝑚2

𝑑𝑎𝑦
) + (0.658

𝑘𝑃𝑎
℃ )

900
26.8 + 273 (0.556

𝑚
𝑠 )(3.717 − 3.338 𝑘𝑃𝑎)

0.207
𝑘𝑃𝑎
℃ +  0.658

𝑘𝑃𝑎
℃  ×  (1 + 0.34 ×  0.556

𝑚
𝑠 )

 

𝐸𝑇𝑂  = 4.46 mm day
-1

 

*0.408 is a conversion factor for MJ m
-2

 day
-1

 to mm day
-1

 (Allen et al., 1998). 

Irrigation protocol calculations 

 ETC = 𝐸𝑇𝑂 × 𝐾𝐶  × 𝑀 

=4.46 
𝑚𝑚

𝑑𝑎𝑦
 × 0.98 × 0.9112 

= 3.98 mm day
-1

 

Net ETC = 3.98
𝑚𝑚

𝑑𝑎𝑦
− 6.4 

𝑚𝑚

𝑑𝑎𝑦
 

   = −2.42 
𝑚𝑚

𝑑𝑎𝑦
 × 0.0393 

𝑖𝑛𝑐ℎ

𝑚𝑚
 

   = −0.0951 inches day
-1

 

Litres tree
-1

 = 𝑁𝑒𝑡 𝐸𝑇𝐶  × 0.623 × 3.785 × 𝐺𝐶    GC = area of ground covered by the tree 

                   = −0.0951 
𝑖𝑛𝑐ℎ𝑒𝑠

𝑑𝑎𝑦
 × 0.623 × 3.785 × 43.4 𝑠𝑞. 𝑓𝑡.    0.623 = 

𝐺𝑎𝑙𝑙𝑜𝑛
𝑎𝑐𝑟𝑒 𝑖𝑛𝑐ℎ⁄

𝑠𝑞.  𝑓𝑡.
𝑎𝑐𝑟𝑒⁄

 

                   = −9.73 Litres tree
-1

        3.785 = 3.785 L gallon
-1 
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Therefore irrigation would not have been applied on this day because of the negative litres tree
-1

. 

If rainfall had equaled zero 

Net ETC = 3.98
𝑚𝑚

𝑑𝑎𝑦
 ×  0.0393 

𝑖𝑛𝑐ℎ

𝑚𝑚
 

    = 0.1564 inches day
-1

 

Litres tree
-1

 = 𝑁𝑒𝑡 𝐸𝑇𝐶  × 0.623 × 3.785 × 𝐺𝐶 

         = 0.1564 
𝑖𝑛𝑐ℎ𝑒𝑠

𝑑𝑎𝑦
 × 0.623 × 3.785 × 43.4 𝑠𝑞. 𝑓𝑡.  

         = 16.0 Litres tree
-1

 

Length of time to irrigate for 100% ET treatment 

 Time = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 (
𝐿𝑖𝑡𝑟𝑒𝑠

𝑡𝑟𝑒𝑒
)  ÷  𝐸𝑚𝑖𝑡𝑡𝑒𝑟 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (

𝐿

ℎ𝑟
)  ÷ 𝑁𝑢𝑚𝑏𝑒 𝑜𝑓 𝑒𝑚𝑖𝑡𝑡𝑒𝑟 𝑝𝑒𝑟 𝑡𝑟𝑒𝑒 

Time = 16.0
𝐿𝑖𝑡𝑟𝑒𝑠

𝑡𝑟𝑒𝑒
 ÷  4

𝐿

ℎ𝑟
 ÷ 2

𝑒𝑚𝑖𝑡𝑡𝑒𝑟𝑠

𝑡𝑟𝑒𝑒
 

 = 2 hrs 

Therefore two hours of irrigation would have been required to replace the evapotranspiration on 17 July 2013 (if 6.4 mm of 

precipitation had not fallen).  The daily hours to run the irrigation were summed on Mondays and Thursdays and applied on the same 

day. 


