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 Micropropagation of hybrid hazelnuts (Corylus avellana L. X C. americana 

Marshall) commercially has been limited due to their poor rooting ability plus low 

survival and slow growth within the greenhouse. The objective of this study was to 

develop an efficient and cost-effective commercial in vitro rooting and acclimation 

protocol. Rooting hazelnuts in vitro within a Temporary Immersion System (TIS) induced 

a higher rooting (91.7%) than semi-solid rooting (27.2%) after 3 weeks. The TIS rooting 

technique was found to support a high in vitro density of 36 explants/vessel and 

plantlets exhibited a >90% survival in the greenhouse. Plantlets transplanted into a high 

organic matter growth medium, grown under low light (100 µmol/m2/s) and repotted 

after 9 weeks allowed a greater shoot growth (145.4 mm) after 12 weeks than plantlets 

repotted and grown under 250 µmol/m2/s (80.5 mm). This study allows for the rapid 

production of high quality hazelnut trees year round. 
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Chapter 1: Introduction and Review of Literature 

1.1 Introduction  

 The global production of hazelnuts currently ranges from 700,000-1,000,000 

tonnes per year making it the fifth most economically important tree nut species in the 

world (FAOSTAT, 2014). As of 2017, more than 672,000 ha of land around the world 

has been dedicated to the cultivation of hazelnuts (FAOSTAT, 2017). Turkey is the 

leading producer of hazelnuts contributing to approximately 64% of the world's total 

production (FAOSTAT, 2017). Other important countries that contribute to the global 

production include Italy (13%), USA (4%), Azerbaijan (4%), Georgia (4%) and China 

(3%) (FAOSTAT, 2017). The global hazelnut industry is a very lucrative market with an 

estimated value of $7.2 billion USD and is continuing to grow as the demand for 

hazelnuts increases. Germany is the top hazelnut importing country (30.6% of total 

world imports) followed by Italy (18.6%), France (10.2%), Canada (5.1%) and 

Switzerland (5.0%) (Aydoğan et al., 2018).  

 In 2014 the vulnerability of the hazelnut industry was exposed when a poor 

growing season in Turkey led to a significant reduction in the global supply of hazelnuts. 

This led to a major shortage of hazelnuts causing the price of available hazelnuts 

exported from Turkey to increase by approximately 61% (from $2658.20 USD/tonne to 

$4256.70 USD/tonne), 75% in Italy ($2960.70 USD/tonne to $5191.50 USD/tonne) and 

34% in the United States ($2817 USD/tonne to $3784 USD/tonne) (FAOSTAT, 2014). 

Consequently, the global confectionary industry (which consumes 90% of the world's 

hazelnut) was greatly impacted by this shortage and rise in prices (Molnar, 2011; 
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Mehlenbacher, 1991). To prevent major fluctuations in prices many researchers have 

been working to expand the production of hazelnuts into new countries, thus reducing 

the market’s large dependency for hazelnuts from Turkey alone. Countries that are 

currently being evaluated for their potential to commercially produce hazelnuts include 

Australia, Canada, Chile and South Africa (Molnar and Capik, 2012; Baldwin and 

Guisard, 2014; Ellena et al., 2014; Owen, 2014). The expansion of the United States' 

current hazelnut industry is also another country of great interest to increase hazelnut 

production within (Molnar and Capik, 2012).  

1.2 Hazelnut Products 

 Corylus avellana (L.) is an economically important crop species that is primarily 

cultivated for its edible nuts. Approximately 90% of the nuts produced globally each year 

are husked and their kernels are used by the confectionary industry while the remaining 

10% are consumed within the in-shell market (Molnar, 2011; Mehlenbacher, 1991). The 

confectionary industry consists largely of commercial candy makers and bakers that 

require hazelnuts for their use in chocolates (e.g. praline, chocolate bars, truffles), 

spreads (e.g. Nutella®, Chokella®), ice cream, pastries, cakes and many other 

hazelnut-based baked goods (Sullivan et al., 2014). Even though hazelnuts are mainly 

used for the production of confectionary goods the nuts, stems, roots, leaves and husks 

have shown to have additional uses. C. avellana can be used to make health care 

products, industrial chemicals, pharmaceuticals, cooking oil, alcoholic beverages, 

biofuel, animal husbandry and fertilizer (Sullivan et al., 2014).  
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1.3 Taxonomy of Corylus 

 The genus Corylus is found within the birch family (Betulaceae) and is estimated 

to be composed of approximately 15-20 species (FNA, 1997; WCSP, 2019; FOC, 

2008). The genus is distributed across the Northern Hemisphere in the temperate zones 

of North American, Europe and Asia. The greatest species diversity is found in Eurasia 

with approximately 10 species found in China, 1 in Korea and Japan, 1 in the Himalayas 

and 2 Europe, while only 3 species are found across North America (Yang et al., 2018). 

Species within the Corylus genus can range from small, multi-stemmed shrubs 1 m or 

greater in height, to large trees that can reach upwards to 40 m in size (Molnar, 2011). 

All Corylus species are deciduous, have simple, alternative leaves, undergo flowering 

during the winter months before leaves develop in the spring, and produce edible nuts 

(Molnar, 2011).  

 The most important species within Corylus is C. avellana (known as the common 

hazel, or simply referred to as hazelnuts) due to the shrubs economically valuable nuts. 

C. avellana is a multi-stemmed shrub species that can grow to 3-10 m in height (Molnar, 

2011). The species can be identified by its broadly ovate to broadly elliptic leaf shape 

that has a narrowly cordate to narrowly round base, doubly serrated margin and is 

moderately pubescent (FNA, 1997). C. avellana is commonly found as an understory 

shrub or along the edges of deciduous forests (Molnar, 2011). It can be natively found 

all across Europe spanning northward as far was Norway and Finland down southwards 

towards Morocco, and ranges from the Atlantic Coast of Western Europe, East towards 

Russia (Molnar, 2011).  
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 C. americana is a Corylus species native to North America that can be found 

across the eastern United States (from Maine to Oklahoma and northwards from 

Minnesota to Northern Florida) and within the southern provinces of Saskatchewan, 

Manitoba and Ontario in Canada (FNA,1997b; Molnar, 2011). C. americana is similar in 

habit, leaf morphology and nut characteristics to C. avellana, however it is much smaller 

in size (1-3 m in height) and its nuts are also smaller with thicker shells (FNA,1997b; 

Molnar, 2011). The species is commonly found along roadsides, forest edges, hillsides, 

fencerows, waste places, ravines, streams and mid and tall grass environments found 

within the prairies (FNA, 1997b; Molnar, 2011). C. avellana and C. americana exhibit 

good cross compatibility in both directions when subjected to hybridization with each 

other (Erdogan and Mehlenbacher, 2000). 

1.4 Nut Characteristics 

  The hazelnut's kernel within the nut is a rich source of energy (628 kcal per 100 

g), unsaturated fats, α-tocopherol (Vitamin E), phystosterols and macro- and 

micronutrients. The kernel consists of approximately 61% lipid, 15% protein and 17% 

carbohydrate (w/w), however the composition will vary based on genotype (USDA, 

2018). The lipid content within the kernel largely consists of the monounsaturated fatty 

acid oleic acid (~80% total content), followed by the polyunsaturated linoleic acid (~10% 

total content) (Bacchetta et al., 2013). The nuts provide consumers with an excellent 

source of copper and manganese, as well as a good source of iron, magnesium, 

phosphorus and zinc (Alasalvar et al., 2009).   
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 The shape of the nut can be defined as oblate, globular, conical, ovoid, short 

subcylindrical or long subcylindrical, while the shape taken as a cross section is 

described as either transversally elliptical, circular, triangular or rectangular (Bioversity, 

FAO and CIHEAM, 2008). The round shape of the nuts is a highly selected trait within 

breeding programs since roundness allows for the shell of the nut to be cracked much 

easier during processing when the kernel is extracted (Mehlenbacher, 1991). This is 

important since approximately 90% of hazelnuts harvested are sold as kernels, while 

the other 10% of hazelnuts are used within the in-shell market (e.g. hazelnuts for raw 

consumption or roasting) (Ciarmiello et al., 2014). Large nuts (>3.2 g) typically supply 

the in-shell hazelnut market since their bigger sizes are more aesthetically pleasing for 

the consumers of raw and roasted hazelnuts (Mehlenbacher, 1991). Small to medium 

nuts (<3.2 g) supply the shelled market since the smaller sized nuts offer a much crisper 

kernel which is a desirable characteristic of the nut within the confectionary industry 

(Mehlenbacher, 1991). 

 Nuts from hybrid hazelnut trees (C. avellana X C. americana) are typically 

smaller in size than the nuts produced by C. avellana L. A study by Ciarmiello et al. 

(2014) determined that the average mass of the nut across 29 cultivars of C. avellana 

was 2.33 g. For hybrid hazelnuts, Xu and Hanna (2010) report that the average mass of 

the nuts across 20 genotypes was 1.68 g. The nuts also had a slightly different 

composition than C. avellana, exhibiting a 58% lipid (still high in oleic and linoleic acid), 

17% protein and 21% carbohydrate content (Xu and Hanna, 2010). Regardless of the 

differences in size and composition, many hybrid hazelnut genotypes are still capable of 
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producing nuts with high quality kernels that meet the requirements of the processed 

nut market (Braun et al., 2018).  

1.5 Climatic Conditions 

 Hazelnuts thrive in environments with mild, humid winters, cool summers and 

high rainfalls. Cool summers and high rainfall are especially important for hazelnuts 

since they are particularly sensitive to water stress (Girona et al., 1994). Mild, humid 

winters are also essential for hazelnut plants since they can also be sensitive to injuries 

due to winter freezing or damaged by a spring frost. To reduce cold temperature related 

injuries commercial production of hazelnuts are commonly established next to a large 

body of water (OMAFRA, 2012a; Mehlenbacher, 1991). Plants prefer moist loam to 

sandy loam soils that exhibit good aeration and are well-drained, plus provide the fertile 

conditions necessary to suit their nutritional demands (OMAFRA, 2012a). Hazelnuts can 

also grow in clay-loam soils as long as it possesses adequate drainage (OMAFRA, 

2012a). The optimal soil pH for hazelnut ranges from a slightly acid soil of pH 6 to a 

neutral soil of pH 7 (OMAFRA, 2012a).  

1.6 Hazelnut Production in North America 

  The cultivation of hazelnuts in North American first began in the latter part of the 

19th century with the establishment of small nurseries and orchards on the West Coast 

of the United States (Janick and Moore, 1996; Hummer, 2001). The number and size of 

orchards began to steadily grow in the coastal valleys of Oregon and Washington due to 

their favorable maritime climates (Janick and Moore, 1996; Olsen, 2013). By the late 
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1960s, the growth of the hazelnut industry on the West Coast began to slow with the 

introduction of the deadly disease Eastern Filbert Blight (EFB) in the southwest of 

Washington (Davison and Davidson, 1973). The disease devastated most orchards in 

Washington and eventually spread southwards to Oregon (Molnar, 2011; Julian et al., 

2009). EFB can be managed within commercial orchards however it is very costly and 

the control methods do not fully eradicate the disease (Johnson et al., 1996; Julian et 

al., 2009). EFB has therefore been considered one of the main reasons for the limited 

expansion of hazelnuts within North America (Johnson et al., 1996).  

 Currently, the United States produces on average of 34,000 tonnes of hazelnuts 

per year with 99% of the production coming from the Willamette Valley in Oregon and 

the remaining 1% from Washington (Molnar and Capik, 2012; Olsen, 2013; FAOSTAT, 

2017). The cultivation of hazelnuts within the eastern United States and Canada has 

been of great interest, however the presence of EFB and the lack of cold hardiness 

within varieties has limited its success (Molnar et al., 2005). 

1.6.1 Eastern Filbert Blight 

 Traditionally, the hazelnut industry in North America had been severely limited 

due to the spread of EFB (Johnson et al., 1996; OMAFRA, 2012b). EFB is an infectious 

disease caused by the fungi Anisogramma anomala (Peck) E. Müll which produces 

large cankers on the trunks and branches of hazelnut trees (Johnson et al., 1996). EFB 

greatly affects the commercial production of hazelnuts since the large cankers cause 

canopy dieback and potential death of trees within 5-12 years if the disease is not 

properly managed (Johnson et al., 1996). The effects of the disease can be reduced by 
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a combination of regular scouting, therapeutic pruning and applying large amounts of 

fungicides (Johnson et al., 1996). However, these management practices have shown 

to be expensive, labour intensive and only offer a short-term solution for controlling the 

disease (Johnson et al., 1996; Julian et al., 2009). Recent advances in hazelnut 

breeding have led to a cost-effective, long-term solution for EFB through the 

development of new elite varieties that are EFB resistant (Molnar and Capik, 2012; 

Julian et al., 2009). 

1.6.2 Cold Tolerance 

 Another major factor that has constrained the commercial production of 

hazelnuts within North America was the lack of cold hardiness within varieties 

(OMAFRA, 2012b; Molnar et al, 2005). Hazelnuts are monoecious, dichogamous trees 

that produce male catkins and female flowers at different times during the midwinter 

months. Cold temperatures are required for hazelnuts since the flowers need to 

experience a chilling period of 0 to -7oC for approximately 100-860 hours to stimulate 

pollen production within the catkins and 290-1550 hours for the female flowers to break 

dormancy (Mehlenbacher, 1990). Female flowers are very cold hardy and on average 

can withstand temperatures ranging from -30oC in December to -40oC in January 

(Hummer et al., 1986). Dormant catkins and vegetative buds also exhibit cold hardiness 

that ranges based on the cultivar from -23 to -27oC and -10 to -40oC, respectively 

(Chozinski, 1994).  

 Low temperatures outside of their cold hardiness thresholds can be devastating 

for hazelnuts and will present injuries to, or kill, the stem tissue, vegetative buds, female 
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flower buds and catkins (OMAFRA, 2012b; Chozinski, 1994; Mehlenbacher, 1990). The 

male catkins are especially sensitive to damage or death caused by low temperatures, 

as the catkins undergo elongation during the midwinter months (an essential process for 

pollen production) making them significantly less cold hardy than female reproductive 

structures (OMAFRA, 2012b; Chozinski, 1994). Controlled freezing tests by Hummer et 

al. (1986) revealed that when catkins are undergoing elongation they can be killed by 

temperatures ranging from as high as -15oC in the variety 'Tonda Gentile Romana' to -

35oC in 'Gasaway'. Furthermore, Chozinski (1994) reviewed 37 genotypes of hazelnuts 

and found that the average temperature across genotypes that caused a 50% loss of 

catkins was less than - 20oC when they underwent elongation in the month of 

December. Catkin death is a serious issue for hazelnut growers since losing the male 

flower results in a reduction in available pollen to fertilize female flowers, thus leading to 

a reduction in nut set.  

 Frost during the spring can also have devastating effects on the hazelnut's nut 

set. In the spring the vegetative buds break and the shoots emerge from the buds and 

begin to grow. The emerging shoots are not cold hardy and therefore are very 

susceptible to damage from cold weather. Consequently, since the cluster of nuts form 

on the apex of these shoots the damage to the shoots can greatly reduce the tree's nut 

set. Tombesi and Cartechini (1975) found that once the buds break in spring they 

became prone to damage at temperatures as low as -4oC in the cultivars 'Tonda Gentile 

Romana' and 'Tonda di Giffoni'. 
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1.7 Demand for Hazelnuts in Ontario 

 In 2006 a global confectionary company built a large, brand new hazelnut 

processing plant in Brantford, Ontario, Canada that currently requires approximately 

6,000 tonnes of hazelnuts per year for the production of its products destined to be sold 

across all of North America and Australia (OMAFRA, 2012b). The huge quantity of 

hazelnuts required by the facility is supplied largely by imported hazelnuts from the 

United States and Turkey (Molnar and Capik, 2012). An expansion of the hazelnut 

industry in Ontario is of great interest as it is believed that the processing plant's 

requirements, in addition to the demands from other local consumers, could all be 

produced by Ontario farmers. Local production of hazelnuts would be beneficial to the 

facility as it would reduce shipping costs associated with importing the nuts. It is 

estimated that the current demand could be met by cultivating approximately 5,000-

6,000 ha (12,000-15,000 acres) of hazelnut crops across Southern Ontario (OMAFRA, 

2012b). Furthermore, regions of land located next to the Great Lakes or in areas that 

have been shown to support the production of tender fruit crops (e.g. peaches, 

nectarines, plums, etc) in Ontario offer the ideal climatic conditions for the commercial 

cultivation of hazelnuts (OMAFRA, 2012a).  

 Growing hazelnuts could also be highly desirable for Ontario farmers since 

hazelnuts are a low input, long-term sustainable crop species (Molnar and Capik, 2012). 

Additionally, hazelnuts are a high value crop shown to produce on average 3144 kg/ha 

(~1273 kg/acre) in Oregon, USA when the trees reach full maturity in 12 years, which 



 

 

11 

 

based off 2017 US producer prices would equate to nearly $8000 USD/ha (~$3227 

USD/acre) (Julian et al., 2009; USDA, 2017). 

1.7.1 Issues Limiting Hazelnut Production in Ontario 

 The two major factors limiting hazelnut production in Ontario is the susceptibility 

of Corylus avellana to EFB and the lack of cold hardness of its catkins (OMAFRA, 

2012b; Taghavi et al., 2018). However, recent advancements in breeding have lead to 

the develop of cultivars and selections that are immune ('Delta', 'Epsilon', 'Gamma', 

'Geneva', 'Jefferson', 'Santiam', 'Slate', 'Theta' and 'Zeta'), resistant/possibly immune 

('Norfolk', 'C-28', 'C-409', 'G-19', and 'Grimo 186M'), resistant ('Clark', 'Gem', 'Lewis', 

'Mortarella' and 'Skinner') and highly resistant ('Sacajawea' and 'Tonda di Giffoni) to 

EFB (OMAFRA, 2012b). Cold hardness of the catkins is now being tested to determine 

which of these cultivars and/or selection will perform best in Ontario. The flowering time 

and stages of 'Clark' and 'Lewis' (EFB resistant cultivars from Oregon) plus 'Norfolk', 'C-

28', 'C-409', 'Geneva' and 'Grimo 186M' (resistant/possibly immune Ontario selections) 

are currently being evaluated to determine when possible catkin freezing events will 

occur in Ontario (Taghavi et al., 2018). Understanding the flower phenology and the 

occurrence of catkin freezing events is of great importance to predict when production 

practices (e.g. artificial pollination) should be applied if a high number of catkins are lost 

due to freezing temperatures in Ontario (Taghavi et al., 2018). This data, along with the 

development of EFB resistant cultivars and selections, is essential to the successful 

expansion of commercial hazelnut cultivation in Ontario. 
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1.8 Vegetative and Seed Propagation of Hazelnuts 

 Vegetative propagation is a form of asexual reproduction in which a stem, root, 

leaf, tuber, bulb, rhizome, corm, stolon or sucker from a mother plant is utilized to 

produce a new clonal offspring plant. Plants can also be propagated via seed which 

differs from vegetative propagation since seeds are a form of sexual reproduction. 

Hazelnut trees can be propagated by i) seed and vegetatively via ii) grafting, iii) layering 

and iv) rooted cuttings. Each method of propagation presents itself with advantages 

and/or disadvantages that ultimately determine whether it can be used to commercially 

produce hazelnut trees.  

1.8.1 Seed 

 Seed propagation of hazelnuts is not a desired method for mass production of 

plant material for establishing commercial hazelnut orchards. Seeds are produced via 

sexual reproduction and therefore will not be true-to-type to the parental tree from which 

the seed originates. Desirable traits such as large nuts and kernels, high yield, 

resistance to disease (e.g. EFB), drought tolerance, cold hardiness and precocious 

(plants produce nuts at an earlier age) may not be expressed within all the offspring of 

seed-based plants. Uniform plants that are guaranteed to contain desirable traits are 

essential to the success of commercial hazelnut orchards (Wilkinson, 2005).   

1.8.2 Grafting 

 Hazelnut trees suitable for commercial production can be propagated through 

grafting a C. avellana scion to a rootstock of the Turkish hazelnut species C. colurna L. 

C. colurna is used as a rootstock for C. avellana since it is long-living, adaptable to a 
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wide range of soil types, has a deep rooting system (important in dry regions to prevent 

drought stress), and it is resistant to frost damage (Ninić-Todorović et al., 2009; Cerović 

et al., 2009). Additionally, the Turkish hazelnut does not produce suckers which is a 

very valuable trait since suckers interfere with processes such as tilling and can make 

collecting the nuts much more difficult (Korac et al., 1997). Suckers can be removed by 

hand, machinery or chemical sprays, however these methods are less desirable for 

growers since they must be applied multiple times per year, thus increasing production 

costs.  

 Propagation through grafting is not considered a commercially feasible technique 

to mass produce clonal hazelnut trees due to C. colurna's low rates of seed 

germination, transplant survival and grafting success with C. avellana (Lagerstedt, 

1976). However, recent improvements in graft techniques have increased the grafting 

success of C. avellana and C. colurna. Ninić-Todorović et al. (2009) report achieving 

graft taking rates of 82% with the hazelnut cultivar scions 'Atropurpurea' and 92.79% in 

'Rimski' with C. colurna using tongue grafting (English grafting). Similarly, Cerović et al. 

(2009) found that the technique of tongue grafting resulted in high grafting success 

rates of 98.7% for 'Tonda Gentile Romana', moderate success rates of 69.3% in 'Halls 

Giant' and low success rates of 55.1% in the ornamental cultivar 'Contorta'. Hybrid 

cultivars of C. avellana X C. colurna such as 'Newberg' and 'Dundee' have also been 

evaluated for their use as rootstocks in hazelnut grafting. Both 'Newberg' and 'Dundee' 

grew much larger than their self-rooted trees when they were grafted with 'Ennis' Scions 

and produced consistently high yields (Lagerstedt, 1990).  
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 Regardless of the benefits of grafted hazelnut trees, little research has been 

done to evaluate their long-term performance and yield consistency in the field, and 

therefore many growers are resistant to planting grafted trees until more research is 

available (Smith and Erdogan, 2001). Rovira et al. (2014) found that after 11 years, 

'Negret N-9' scions that were grafted to 'Newberg' and 'Dundee' rootstocks resulted in 

trees that exhibited a greater growth (shoot height, shoot diameter and canopy volume), 

a reduced number of suckers and a higher yield than self-rooted 'Negret N-9'. However, 

the kernel quality (weight, size and inner kernel cavity) was reduced in all grafted trees 

when compared to the self-rooted trees (Rovira et al., 2014). 

1.8.3 Layering 

 Currently, propagation of hazelnut trees by layering is the primary method used 

to mass produce clonal plant material for commercial hazelnut orchards (Solar et al., 

1994; Revord, 2016; Tombesi et al., 2018). Layering is a very desirable method to mass 

propagate plant material since it can be a relatively simple and low cost technique. The 

layering techniques commonly used for hazelnuts include simple layering and stool 

layering (mound-layering). Simple layering consists of bending a shoot directly to the 

ground and burying the middle portion to simulate it to root, whereas stool layering 

consists of bending the shoot into a mound of growth medium that surrounds the plant 

to promote rooting. Simple layering has been shown to be an effective method for 

inducing high rooting rate of approximately 90% in suckers originating from the hazelnut 

cultivars 'Valcea 22', 'White Lambert' and 'Hall's Giant' (Achim et al., 2001). However, 

simple layering for hazelnuts is not a desirable practice within nurseries since this 
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method can cause plant losses as high as 35-50% due to trees having crooked shoots 

(which is an unwanted feature in commercial orchards), shoots being severely damaged 

when they are first bent into the soil, and shoots breaking when the layered trees are 

harvested (Erdogan and Smith, 2005). Furthermore, simple layering is a less efficient 

method for mass producing clonal trees resulting in 26,000 to 29,600 layers/ha, 

whereas stool layering with girdling can achieve propagation rates of 46,400 to 66,800 

layers/ha (Achim et al., 2001).  

 Stool layering has been widely adopted as the preferred layering technique not 

only for its higher propagation efficiency but also for its advantages of producing trees 

that will be straighter, subjected to less bending stress (reducing potential shoot 

damage) and are easier to harvest, thus decreasing the number of trees lost during 

layering propagation (Erdogan and Smith, 2005). This technique has traditionally 

presented itself with some disadvantages when compared to simple layering, such as 

lower sucker rooting rates and trees with a less developed rooting system (Achim et al., 

2001). Due to their weaker rooting systems many trees produced by stool layering must 

remain within a nursery for an additional year before they can be transplanted into an 

orchard (Achim et al., 2001). The hazelnut cultivars 'Valcea 22', 'White Lambert' and 

'Hall's Giant' exhibited sucker rooting rates of 55.6%, 50.6%, and 45.2% when trees 

where propagated by stool layering, respectively (Achim et al., 2001). However, 

Malvicini et al. (2009) report improving the rooting rate of the suckers in the genotype 

'Tonda Gentile delle Langhe' from 55.67% to 78.29% by girdling the suckers, applying 

3000 ppm IBA-K (indole-3-butyric acid potassium salt) to the girdling point and using 
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Agriperlite as the substrate for mounding. It was also found that applying either 

mycorrhizae or Hydroretenteur® (a product which help retain soil moisture) to the 

mounding soil instead of using Agriperlite also improved the rooting rate of suckers to 

73.05% and 72.07%, respectively (Malvicini et al., 2009). Similar results obtained by 

Erdogan and Smith (2005) also suggest that girdling the suckers and then applying 750 

ppm IBA (indole-3-butyric acid) to the genotype 'Barcelona' allowed for sucker rooting 

rates to exceed 90% , as well as produce strong, well rooted plants. Furthermore it was 

found that the stronger rooting system produced by girdling and an application of IBA 

allowed for the majority of plants propagated (67-75% of layers) to be directly 

transplanted into an orchard within the same year of their production (Erdogan and 

Smith, 2005; Malvicini et al., 2009).   

 Regardless of these recent improvements in layering techniques this method is 

still considered to be too expensive due to its high labour input and relatively low 

production of trees (Ercisli and Read, 2001). Furthermore, the time required to set-up a 

nursery full of mother plants used for layering is a long process which can delay the 

commercial availability of new genotypes and also prevents the possibility of a rapid 

shift to newer cultivars as demanded by the market (Tombesi et al., 2018). These 

disadvantages associated with layering have greatly limited the commercial availability 

of desirable genotypes and therefore have recently led researchers to explore 

alternative methods to mass propagate hazelnuts more efficiently.  
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1.8.4  Rooted Suckers  

 Rooted suckers is another common propagation method that is widely used 

within Italy as an alternative to layering (Cristofori et al., 2010). Using rooted suckers to 

propagate hazelnuts is a desirable method since it has the potential to feasibly produce 

a large amount of trees rapidly, but is currently limited due to low rooting rates, bud 

abscission and poor survival of the cuttings (Contessa et al., 2014). The technique 

commonly used consists of using softwood or semi-hardwood cuttings and dipping the 

basal ends into a genotype specific IBA (indole-3-butyric acid) solution ranging in 

concentration from 500 to 3000 ppm (Revord, 2018; Cristofori et al., 2010; Contessa et 

al., 2014; Özdemir and Dumanoğlu, 2018; Contessa et al., 2011). This method has 

been shown to induce rooting rates as high as 43.3% in 'Tombul', 60% in 'Nocchione', 

40% in 'Tonda di Giffoni' and 95% in the C. avellana X C. americana hybrid genotype '9-

15' (Özdemir and Dumanoğlu, 2018; Cristofori et al., 2010; Ercisli and Read, 2001). The 

rooting response using this method has been shown to have satisfactory to high 

success rates in some genotypes but has also resulted in rooting rates as low as 5-25% 

in other genotypes (Ercisli and Read, 2001). Cristofori et al. (2010) report that the 

addition of putrescine (1,4-diaminobutane) at a concentration of 1600 ppm to the IBA 

solution can enhance the rooting rate of newly formed leafy cuttings from 0% to 76.7% 

in 'Tonda Gentile Romana'. However, Contessa et al. (2011) found that 1600 ppm 

putrescine within the IBA solution did not significantly improve the rooting rate of semi-

hardwood cuttings from 'Tonda Gentile Romana', as well as in the cultivars 'Tonda di 

Giffoni', 'Tonda Gentile delle Langhe' and 'Darla'.  
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 Other compounds that have been used in combination with IBA solutions include 

the ethylene inhibitor compounds 1-MCP (1-methylcyclopropene) and silver nitrate 

(AgNO3). Contessa et al. (2014) report that dipping semi-hardwood cuttings in 1000ppm 

IBA for 1 minute then spraying the cuttings with 250 mg/L AgNO3 improved the amount 

of cuttings able to retain their vegetative buds from 30% to 45% in 'Tonda Gentile delle 

Langhe' when compared to cuttings only treated with the IBA solution. Additionally, 

exposing semi-hardwood cuttings from 'Tonda Gentile delle Langhe' to 500 ppb 1-MCP 

for 6 hours within a gastight cabinet then dipping them into a 1000 ppm IBA solution for 

1 minute helped enhance bud retention from 31.3% to 43.8% when compared to 

cuttings only treated with the IBA solution (Contessa et al., 2014). Improving bud 

retention is of great importance for the commercial propagation of hazelnuts by cuttings 

since bud abscission will reduce the cuttings ability to grow.  

 The use of hardwood cuttings has also shown to be a potential method to 

propagate hazelnuts trees. Ughini and Roversi (2005) achieved rooting rates of 66.43% 

in 'Tonda Gentile delle Langhe’ by dipping the bottom ends of the apical or basal half of 

a hardwood cutting in a 2500 ppm IBA-K solution and then placing them into a rooting 

bed bottom heated to 27 oC. A rooting rate of 66.43% was also achieved when only the 

basal half of the 'Tonda Gentile delle Langhe’ cuttings was dipped into a 2500 ppm IBA-

Cyclodestrine solution and then placed in the rooting bed at 21oC (Ughini and Roversi, 

2005). Alternatively, Özdemir and Dumanoğlu (2018) found that using hardwood 

cuttings for 'Tombul' was an unsuccessful method that achieved no rooting when 

cuttings were dipped into an IBA solution of either 0, 1000, 2000, 3000, 6000, 8000 or 
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10,000 ppm for 5 seconds, and also achieved no rooting when the cuttings where 

treated with either 0, 1000, 2000 or 3000 ppm IBA for 5 seconds and then inserted into 

a perlite medium soaked with 0, 1, 2 or 3 g/L of polyvinyl alcohol.  

1.9 Micropropagation 

 Micropropagation has shown to be a cost effective technique to rapidly multiply 

genetically identical and disease-free plants on a commercial scale (Chandra et al., 

2010). The technique consists of propagating sterilized plant material within a laboratory 

environment using an aseptic growth medium containing a species or genotype specific 

concentration of sugar, basal salts (i.e. macro- and micronutrients) and/or plant growth 

regulators. Micropropagation is a multistep process that can be defined by 4 distinct 

phases of i) explant induction, ii) multiplication, iii) rooting and iv) acclimation. 

Optimization of each phase is essential to develop an economically feasible 

micropropagation protocol that can produce a large quantity of high quality plants on a 

commercial scale. 

 Using micropropagation to commercially produce hazelnuts has traditionally been 

limited due its recalcitrant and varying genotype-dependent behaviour in vitro, low 

multiplication rates, high explant contamination rates, as well as its poor rooting ability 

and low survival rates when acclimating within the greenhouse (Bacchetta et al., 2008; 

Pincelli-Souza et al., 2018; Ellena et al., 2018; Hand et al., 2016). Recent 

advancements in micropropagation of hazelnut has led to the development of new 

protocols that have shown to be effective and feasible methods to mass multiply many 

commercially important hazelnut and hybrid hazelnut genotypes (Latawa et al., 2015; 
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Caboni et al., 2009; Ellena et al., 2018). Improvements in the rooting ability and 

acclimation in the greenhouse has also been reported for various commercial 

genotypes (Yu and Reed, 1995; Damiano et al., 2005a; Nas and Read, 2004b; Caboni 

et al., 2009). 

1.9.1 Explant Induction 

 Choosing the appropriate plant material to sterilize and induct in vitro is important 

since each tissue type has its own unique and varying species and genotype dependent 

regeneration response when brought into an in vitro environment. The explant material 

commonly used to induct hazelnuts in vitro are single-nodal shoot segments containing 

an axillary bud (Latawa et al., 2015; Yu and Reed, 1995). The nodal segments can be 

obtained from a shoot derived from either a seedling or from a juvenile and mature tree. 

Induction of hazelnuts to aseptic in vitro conditions has shown to be difficult due to the 

presence of many endophytic bacterial microorganisms within the plant's tissues (Reed 

et al., 1998). These bacterial microorganisms can express themselves immediately 

during the culture establishing phase or after a couple subcultures of the explants (Reed 

et al., 1998). Bacterial contamination can pose a serious problem for micropropagation 

since their presence in the media can adversely affect the explant's ability to grow and 

survive, and therefore they must be eliminated from plant tissue cultures (Sohi and 

Randhawa, 2016). Reed et al. (1998) found that endophytic bacteria could be 

eliminated from hazelnut cultures by applying two or more antibiotics in combination 

with each other to the media. Furthermore, Hand et al. (2016) determined that the 

bacterial and fungal contamination rates increased with the distance from the shoot tip, 
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and therefore recommend to use only the first 3 nodes below a shoot apical meristem 

as explants for hazelnut induction.   

 The collection time, the age of the explant material and collection source are also 

important factors that need to be considered when inducting hazelnuts. Yu and Reed 

(1995) found that shoot nodal explants collected from either grafted greenhouse grown 

hazelnut trees in the spring to early summer (March to July) or from suckers of mature 

field grown tress collected in July exhibited the best growth when inducted into culture. 

Furthermore, applying a cold treatment of 5oC to hazelnut shoots for 3 weeks before 

inducting explants into culture was also shown to be a successful method to reduce the 

number of explants expressing contamination from 70% to 50% (Bacchetta et al., 2008). 

1.9.2 Medium Composition 

 Once plant material is initiated in vitro the next step is determine which basal salt 

combination of macro- and micronutrients must be provided to stimulate healthy explant 

growth. The effect of various basal salt combinations have been evaluated for hazelnuts 

(C. avellana) and hybrid hazelnuts (C. avellana X C. americana) to determine which 

medium composition provides hazelnut explants with the optimal nutrition needed for 

enhanced growth, proliferation and/or root induction. NCGR-COR is a growth medium 

that has been commonly used in the multiplication and rooting media for many 

hazelnuts and hybrid hazelnut genotypes (Yu and Reed, 1993; Yu and Reed, 1995; 

Garrison et al., 2013; Hand et al., 2014). NCGR-COR medium consists of a modified 

DKW medium (Driver and Kuniyuki, 1984) containing 200 mg/L Fe-EDTA 

(ethylenediamine tetraacetic acid). Other basal salts that have been used in hazelnuts 
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and hybrid hazelnuts medias include DKW, K(h), Woody Plant Medium, Nitsch and 

Nitsch, MOLT (a combination of DKW and Woody Plant Medium) , Knoxfield2, Nas and 

Read medium (based on the concentrations of the minerals and organic substances 

found within a hazelnut kernel) and HM medium (Pérez et al., 1985; Cheng, 1975; Lloyd 

and McCown, 1980; Nitsch and Nitsch, 1969; Damiano et al, 2005a; Nas and Reed, 

2001; Thomson and Deering, 2011; Nas and Read, 2004; Bacchetta et al., 2008; Ellena 

et al., 2018). Hazelnuts and hybrid hazelnuts media are further supplemented to contain 

either 30 g/L of sucrose, glucose or fructose (Yu and Reed, 1993; Ellena et al., 2018). 

Additional supplementations that have been report for hazelnut media include replacing 

Fe-EDTA for Fe-EDDHA (ethylenediamine di-2-hydroxy-phenylacetic acid) and adding 

in various vitamins (Nas and Read, 2001; Garrison et al., 2013; Yu and Reed, 1993; 

Latawa et al., 2015). Furthermore, Akin et al. (2018) suggest that the hazelnut medium 

requires a further modification in its minor nutrients by increasing the amount of boron 

(2.3x the amount present in DKW), copper (0.5x), manganese (0.5x), molybdenum (2x) 

and zinc (2x) within it. 

1.9.3 Multiplication Phase 

 To stimulate explant proliferation in the multiplication phase various plant growth 

regulators are commonly added to the growth medium in concentrations that are 

species or genotype dependent. The multiplication medium used for hazelnut shoot 

explants widely consists of the cytokinin BA (6-Benzylaminopurine) in various 

concentrations that are genotype dependent and a small amount of the auxin IBA. 

Thomson and Deering (2011) found that BA was a more effective cytokinin than kinetin, 
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zeatin and IPA (indole-3-propionic acid) to increase the shoot proliferation rate in 

'Daviana'. The optimal medium and hormone concentration for 'Daviana' was 

determined to be Knoxfield2 medium with 22.2 µM BA which resulted in 3.8 new shoots 

per explant (Thomson and Deering, 2011). Hand et al.(2014) reported using NCGR-

COR medium with 22.2 µM BA and 0.049 µM IBA to multiply the genotypes 'Dorris', 

'Felix', 'Jefferson', 'OSU' and 'Sacajawea'. Similarly, Damiano et al. (2005a) also 

reported using BA and IBA within MOLT medium for the cultivar 'Montebello' at 6.66 µM 

and 0.049 µM, respectively. However, Damiano et al. (2005a) also added an additional 

plant growth regulator of gibberellic acid (GA3) to the growth medium at a concentration 

of 0.29 µM. The multiplication rate achieved in 'Montebello' using this medium was 4.83 

(±0.19) (Damiano et al., 2005a). 

 Similar growth media containing various concentrations of BA, IBA and GA3 have 

also shown to be successful in stimulating high shoot multiplication rates in hybrid 

hazelnuts. Nas and Read (2001) report achieving a shoot proliferation rate of 2.83 

shoots per explant using WPM medium with 22.2 µM BA and 0.049 µM IBA in the 

hybrid hazelnut genotype 'G-029-N'. Similarly, Latawa et al. (2015) achieved shoot 

proliferation rates of 3.3 (±0.2) shoots per explant for the hybrid genotype 'Norfolk' using 

modified DKW liquid medium containing 460 µM Fe-EDDHA with 17.6 µM BA, 0.29 µM 

GA3 and 0.14 µM IBA in a temporary immersion system.  

1.9.3.1 Temporary Immersion System 

 Temporary Immersion System's (TIS) have shown to be an effective tissue 

culture technique to mass multiply plant material, enhance rooting and stimulate 
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somatic embryogenesis for many plant species in vitro (Ascough et al., 2004). The 

technique consists of temporarily submerging explants periodically in and out of a liquid 

medium at intervals that is species specific. The submersion of explants fully into liquid 

media maximizes the interaction between the media and the plant's cell to improve the 

explant's ability to absorb water, nutrients and plant growth regulators for enhanced 

growth and development (Ascough et al., 2004). The temporal removal of the explants 

from the liquid media further improves its growth and development since it facilitates a 

greater gas exchange of CO2 and O2 with the explant to improve its ability to perform 

cellular respiration and photosynthesis (McAlister et al., 2005; Jackson, 2005). 

Furthermore, the use of a TIS is considered to be a highly cost effective technique since 

the liquid media can be changed quickly by automation or hand, thus reducing labour 

costs for subculturing.  

 The use of a TIS to improve the multiplication rate of hazelnut and hybrid 

hazelnut genotypes has shown to be a very effective technique to mass multiply shoot 

explants. Caboni et al. (2009) report successfully obtaining multiplication rates of 5.4 

(±0.7) using a bottle-based TIS (as described by Damiano et al., 2005b) and 5.2 (±0.4) 

using a RITA ® (Recipient for Automated Temporary Immersion) TIS (as described by 

Teisson and Alvard, 1995) in 'Montebello' by submerging the explants into liquid 

multiplication media for 30 minutes per day. Similarly, Ellena et al. (2018) found that the 

multiplication rates of 'TGL-18' (a selection of 'Tonda Gentile delle Langhe') and 

'Barcelona' was significantly increased from 2.0 to 5.97 and 1.8 to 6.42 using a TIS by 

periodically submerging the explants into multiplication media for 120 seconds and then 
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removing them for 60 seconds. Furthermore, Latawa et al. (2015) found that shoot 

proliferation, shoot length and number of nodes on developing shoots was significantly 

increased compared to plants grown in semi-solid media for the hybrid hazelnut (C. 

avellana X C. americana) genotypes 'Geneva', 'C-16' ('Norfolk'), 'Epsilon' and 'Jefferson' 

using a Liquid Lab® rocker TIS with an immersion interval of 25 seconds. 

1.9.4 Rooting Phase 

 Once a large quantity of plant material is produced in vitro the next step is to 

stimulate the explants to root either in vitro within a laboratory environment or ex vitro 

within a greenhouse or field environment. For micropropagated hazelnuts and hybrid 

hazelnuts the technique of in vitro rooting has been widely reported to successfully 

induce rooting efficiently within various cultivars. The rooting medium commonly used 

for hazelnuts and hybrid hazelnuts cultivars consists of a full strength or reduced 

strength basal salt medium in combination with 20 g/L or 30 g/L sucrose and the auxin 

IBA at a concentration that is genotype dependent. Pérez et al. (1985) reports achieving 

80% rooting when hazelnut shoot explants were placed in liquid 1/2 K(h) medium with 

30 g/L sucrose and 50 µM IBA for 5 days then transferred to full fresh 1/2 strength K(h) 

semi-solid medium without IBA for 15 more days. Similarly, Yu and Reed (1995) 

achieved moderate to high explant rooting rates of 64% for the cultivar 'Willamette', 78% 

for 'Newberg' and 100% for 'Dundee' by placing shoot explants in a semi-solid rooting 

medium containing a reduced basal salt concentration of 1/2 NCGR-COR medium in 

combination with 4.9 µM IBA for 4 weeks. A slightly different approach was taken by 

Caboni et al. (2009) who placed hazelnut shoot explants into a liquid solution containing 
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20 g/L sucrose and 393.6 µM IBA for 1 day in darkness, followed by transferring the 

shoots into fresh growth regulator-free medium that consists of a combination of 

vermiculite (1 g:1 mL of medium) with agar. After 30 days, this technique resulted in 

shoot explant rooting rates of 100% and 80% in the Italian cultivars 'Montebello' and 

'Tonda Gentile Romana', respectively.  

 Similar in vitro rooting techniques have been applied to various hybrid hazelnut 

genotype to induce high rates of rooting in shoot explants. Nas and Read (2003) report 

obtaining high rooting rates of 100% for the hybrid hazelnut genotype 'E-295-S' and 

78% for 'G-029-N' within 2 weeks by dipping the basal shoot end into a 1000 ppm IBA 

solution for 5 or 10 seconds and then transferring them onto plant growth regulator-free 

WPM medium. This technique proved to be successful for 'E-295-S' and 'G-029-N', but 

when applied to the genotype 'S-182' it resulted in a poor rooting rate of 26% of the 

shoot explants. However, Nas and Read (2004b) report that by changing the growth 

regulator-free medium from WPM to Nas and Read medium, the rooting rate for shoot 

explants increased to 98% in both 'G-029-N' and 'S-182'.  

 The findings by Damiano et al. (2005a) suggest that IBA is the most effective 

auxin for inducing in vitro rooting when compared to IAA (Indole-3-acetic acid) or NAA 

(Naphthaleneacetic acid). The researchers determined that 1/3 strength semi-solid 

MOLT medium with 20 g/L sucrose in combination with 9.8 µM IBA induced the highest 

rooting rate (79%) in the shoot explants of the Italian cultivar 'Montebello' within 30 days 

(Damiano et al., 2005a). However, Bacchetta et al. (2008) found that the Italian cultivars 

'Tonda Gentile Romana', 'Tonda di Giffoni', 'Mortarella', 'Ghirara', 'Napoletanedda' and 
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'Avellana Speciale' all responded poorly using a similar technique to Damiano et al. 

(2005a). When shoots from these cultivars were placed in 1/3 strength semi-solid HM 

medium with 9.8 µM IBA it resulted in a low root induction rate of 10-30% and no roots 

induced in the cultivars 'Napoletanedda' and 'Avellana Speciale' (Bacchetta et al., 

2008). These contradicting results shows the difficulty of developing a universal rooting 

protocol for hazelnuts since each genotype will express its own unique response to a 

given rooting treatment. 

1.10 Greenhouse Acclimation of Micropropagated Plantlets 

 Micropropagation is an effective method to rapidly multiply desired genotypes, 

however the commercial use of this method has been limited for many species due to 

the high percentage of plants lost or damaged when transferring them from an in vitro 

environment to ex vitro conditions (i.e. from the laboratory to the greenhouse or field) 

(Pospíšilová et al., 1999). This fragile period for in vitro plants is referred to as the 

acclimation phase and it is considered one of the most important steps towards 

developing a successful commercial micropropagation protocol (Chandra et al., 2010). 

Acclimation survival rates of 78% to 100% have been achieved in the hazelnut cultivars 

'Willamette', 'Dundee' and 'Newberg' by placed in vitro rooted or in vitro shoots dipped in 

IBA (ex vitro rooted) into a mist bed for 2-3 weeks (to maintain plants at a high humidity) 

and then transferring them onto a greenhouse bench for 2 weeks (Yu and Reed, 1995). 

Similarly, Latawa et al. (2015) also achieved a high survival rate of 80% for the hybrid 

hazelnut cultivar 'Geneva' by acclimating transplanted plantlets in a mist bed for 2 

weeks and then transferring them to the greenhouse for 4 weeks. Caboni et al. (2009) 
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reported obtaining an acclimation survival rate of 100% for the cultivar 'Montebello' 

using a similar technique of by placing transplanted plantlets under a plastic tunnel with 

80% humidity for 2 weeks, then slowly reducing the humidity to 60% over another 2 

weeks. The hazelnut plants where then transferred to the greenhouse and the survival 

rate was recorded after 60 days in ex vitro conditions (Caboni et al., 2009). 

Alternatively, Nas and Read (2004) reported survival rates of 73% with in vitro rooted 

plantlets and 97% with in vitro shoots dipped in IBA ex vitro for hybrid hazelnuts. Their 

technique consisted of putting plants from both methods into water saturated Jiffy® peat 

plugs (No. 9) within sundae cups containing a small amount of water and then placing 

them on a bench in the greenhouse that is shaded with cheesecloth (Nas and Read, 

2004). The plants are then transplanted into pots covered with a clear plastic sundae 

cup lid once the roots grow through the walls of the plug (Nas and Read, 2004). After 1 

week the sundae cup is removed, and then 3 weeks later the shade cloth is removed to 

subject the plants to ambient greenhouse conditions for 3 months before survival rates 

were recorded (Nas and Read , 2004).  

 The second major step in commercial micropropagation after the acclimation 

phase is optimizing the ex vitro growth of the plants within the greenhouse or field 

environment (Nas and Read , 2004). Bare-root hazelnuts produced by conventional 

propagation methods should be at least 1.3 cm in diameter and 15.2 cm in height above 

the soil line before being transplanted into the field (Olsen and Smith, 2013). Since 

micropropagated hazelnut trees grown in pots are generally smaller in both shoot 

diameter and height than conventionally propagated trees they can be transplanted into 
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the field slightly smaller than the requirements, but they must have a well developed 

root ball as compensation (Olsen and Smith, 2013). Having a proper protocol to rapidly 

produce micropropagated hazelnut trees to suitable heights and rooting for the field is 

essential to enhance the efficiency of available trees to commercial orchards. Nas and 

Read (2004) found that their ex vitro acclimation protocol allowed micropropagated 

hybrid hazelnut trees to reach heights ranging from 38 to 50 cm within 3 months, and 

therefore their method could potentially be utilized to commercially produce field quality 

hazelnut trees. 

1.10.1 Light Intensity 

 Wild hazelnuts are largely found within forests as understory shrubs growing in 

low light, however they can also be occasionally seen thriving in direct sunlight within 

clearings in the forest canopy (Kull and Niinemets, 1993). Uniquely, hazelnuts are both 

a sun and shade tolerant species that have the ability to change their morphology, 

anatomy and physiology to adapt to different light conditions (Catoni et al., 2015; 

Hampson et al., 1996). In field conditions, adult hazelnut trees grown in full sunlight 

have shown to reach their maximum net photosynthetic rate (light saturation point) at 

800-1000 µmol/m2/s, while shade adapted trees exhibited a maximum rate at 

approximately 600 µmol/m2/s (Hampson et al., 1996). However, young hazelnut trees 

originating from micropropagation or cuttings grown in the greenhouse cannot be 

subjected to their light saturation intensities immediately since they are extremely 

sensitive to water loss in their early stages (Tombesi et al., 2018; Tombesi et al., 2015). 

High light intensities are avoided since they are known to increase the temperature and 



 

 

30 

 

leaf transpiration rates within the greenhouse. Therefore it is very important to keep the 

light intensity low during the acclimation phase to prevent these harsh conditions that 

can lead to excessive water loss. Tombesi et al. (2018) reported that young hazelnut 

trees originating from cuttings exhibited an improved photosynthetic and greenhouse 

survival rate, as well as a greater number of cuttings with roots plus a better root quality 

when an intensity of 300 µmol/m2/s was used within the greenhouse (compared to using 

30-70 µmol/m2/s and 100 µmol/m2/s). Alternatively, Nas and Read (2004) suggest using 

a lower light intensity of 125-145 µmol/m2/s in the greenhouse for micropropagated 

hazelnut plants acclimating, followed by increasing the intensity to 300-420 µmol/m2/s 

after 4 weeks for the best plantlet survival and growth. 

1.10.2  Growth Medium 

 The growing medium hazelnuts are commonly transplanted into during cutting 

propagation includes full perlite , 1:1 ratio of perlite to vermiculite (v/v) and perlite and 

loam (1.4:1) (Cristofori et al., 2010; Ercisli and Read, 2001; Contessa et al., 2011; 

Contessa et al., 2014; Revord, 2016). For micropropagated hazelnuts, the growing 

media reported to be used consists of a 1:1 ratio of perlite to vermiculite (v/v), 2:1:1 mix 

of peat to hemlock bark to perlite, Sunshine® Grow Mix #4 (peat and perlite), Jiffy® peat 

plugs (No. 9) and a mix of 60% peat and 40% perlite (Yu and Reed, 1995; Latawa et al., 

2015; Mirabelli et al., 2009; Nas and Read, 2004; Caboni et al., 2009). Other growth 

substrates that have been utilized to grow hazelnuts from seed include Pro-Mix® BX 

and A.M.A® Grow Mix (both a mixture of peat, vermiculite and perlite) (Revord, 2016; 

Wu, 2013). These growth substrates used for hazelnut seedlings were also used in 
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combination with a application of slow release fertilizer to enhance substrate nutrition 

(e.g. Osmocote® or Polyon® nursery plus minors) (Revord, 2016; Wu, 2013).  

 Determining the optimal substrate used for transplanting hazelnut is important 

since it has been shown to have a great effect on its growth and rooting potential. 

Contessa et al. (2014) determined that hazelnut cuttings that were transplanted into a 

perlite and loam substrate (1.4:1) mix resulted in a lower percentage of rooting (55%) 

and a reduced number of roots per rooted cutting (7.4 roots) when compared to cuttings 

grown in a perlite and vermiculite (1:1) mix (81.2% rooting and 13.4 roots per rooted 

cutting).   

1.11 Hypotheses  

 It is hypothesized that: 

(1) Using bioreactor vessels with Oasis® IVE foam in the 'Culture Shift' TIS will improve 

the rooting efficiency of in vitro hybrid hazelnut shoot explants in comparison to semi-

solid based rooting. 

(2) Bioreactor vessels with Oasis® IVE foam in the 'Culture Shift' TIS can support a high 

in vitro plant density of shoot explants that will exhibit a similar in vitro rooting efficiency 

as a low in vitro plant density.  

(3) Using a growth medium high in organic matter will enhance shoot and root growth, 

as well as improve plant vigour of micropropagated hybrid hazelnut plants grown within 

a greenhouse in comparison to plants grown in a peat-based growth medium. 
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(4) The survival rate of micropropagated hybrid hazelnuts transplanted into a growth 

medium high in organic matter will be improved and these plants will experience greater 

shoot and root growth as well as leaf development than plantlets transplanted into a 

peat-based growth medium. Furthermore, plantlets from low, medium and high in vitro 

density treatments will have similar survival rates after transplanting and a similar 

growth potential in ex vitro conditions.  

(5) Micropropagated plantlets grown in low light conditions will exhibit a greater ex vitro 

survival rate and an enhanced shoot, root and leaf growth compared to plants grown 

under medium and high intensities. Plants under all light intensities will show greater 

shoot and root growth as well as leaf development when repotted into larger pots after 9 

weeks of growth. 

1.12 Objectives 

 The main objective of this research is to develop a time efficient and 

economically feasible protocol that is suitable for the commercial production of 

micropropagated hybrid hazelnuts. To achieve this goal the objectives of this research 

are: 

(1) To improve the rooting efficiency and plant vigour of in vitro hazelnut plantlets to 

enhance plantlet survival when transplanted into ex vitro conditions. 

(2) To enhance the growth rate of ex vitro acclimated hazelnut plantlets to improve the 

production efficiency of plants ready to be transplanted into field conditions.  
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2 Chapter 2: Improving the In Vitro Rooting Efficiency of Hybrid 
Hazelnuts (Corylus avellana X Corylus americana) Using a 
Temporary Immersion System  

Abstract 

 Micropropagation on a commercial scale can be largely limited due to: i) high 

plant mortality rates when plantlets are transferred from the laboratory to the 

greenhouse or field and ii) the high production costs associated with labour and 

materials. Commercial micropropagation of difficult-to-root species, such as hybrid 

hazelnuts (Corylus avellana X Corylus americana), are particularly affected by high 

mortality rates in the greenhouse due to the lack of or poor development of a rooting 

system in vitro or ex vitro. The use of a temporary immersion system (TIS) in 

combination with the inert substrate Oasis® In Vitro Express (IVE) significantly 

improved the in vitro rooting efficiency and plantlet vigour of hybrid hazelnut shoot 

explants (100% rooting and 100% of plantlets greater than 2 cm after 4 weeks) 

compared to the traditional method of semi-solid based rooting (27% rooting and 35% of 

plantlets greater than 2 cm after 4 weeks). To further improve upon the Oasis® IVE 

foam in a TIS rooting technique in terms of labour and media use efficiency the 

densities of 12, 24 and 36 shoot explants per culture vessel was evaluated. Shoot 

explants rooted in vitro for 3 weeks with a density of 36 resulted in plantlets with a 

significantly greater shoot height, chlorophyll content and longest root length, as well as 

a similar rooting rate and number of primary roots when compared to the lowest density 

treatment. These results suggest that the rooting technique developed can be utilized to 

efficiently micropropagate hybrid hazelnuts on a commercial scale. 
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2.1 Introduction 

 Micropropagation has been shown to be an effective method to rapidly produce a 

large number of high quality plants that are genetically identical and disease-free 

(Chandra et al., 2010). The success of using micropropagation to mass produce a given 

plant species on a commercial scale can often be severely limited due to the high plant 

mortality rate caused when plantlets are transferred from their in vitro laboratory 

environment to ex vitro greenhouse or field conditions (Pospíšilová et al., 1999; 

Chandra et al., 2010). This transition from in vitro to ex vitro is particularly stressful for 

plantlets since their unique in vitro environment (high relative humidity, low light 

irradiance, reduced gas-exchange and sugar within the media) can cause plantlets to 

develop an abnormal morphology, anatomy and physiology (Pospóšilová et al., 1999). 

Abnormalities developed in vitro by plantlets include nonfunctional stomata, a reduced 

photosynthetic capacity, poorly developed cuticles and/or a weak rooting system 

(Sudhersan et al., 2013; Fuentes et al., 2007; Mathur et al., 2008). The plantlets must 

therefore overcome these adverse abnormalities during the acclimation phase to 

survive within ex vitro conditions. To improve a plantlets survival during the acclimation 

phase plantlets can be hardened in vitro to provide them with a greater vigour for an 

enhanced ability to acclimate to ex vitro conditions. Common in vitro hardening 

techniques include reducing the sugar and/or basal salt concentration within the media, 

increasing the light irradiance, improving gas-exchange, altering the media state (i.e. 

use semi-solid or liquid media), adding additional hormones to the media, increasing the 

vessel container size and/or using an inert substrate or a temporary immersion when 
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rooting in vitro (Pospíšilová et al., 1999; Shin et al., 2013; McClelland and Smith,1990; 

Economou, 2013; Rezali et al., 2017; Ayenew et al., 2013).  

  Previous research on in vitro rooting of hazelnut shoot explants has shown that 

plantlets can be hardened by reducing the sugar and basal salt concentration in the 

media, as well as by adding a genotype dependent concentration of IBA to induce in 

vitro rooting (Damiano et al., 2005a; Yu and Reed, 1995). Furthermore, Caboni et al. 

(2009) found that adding an inert substrate of vermiculite in combination with agar into 

the rooting medium had a positive effect on the rooting ability in the hazelnut cultivars 

'Montebello' and 'Tonda Gentile Romana'. Using all these factors in combination, in this 

study the use of the inert substrate Oasis® IVE foam with or without a TIS for in vitro 

rooting will be evaluated to determine whether this technique can harden plantlets to 

further enhance in vitro plantlet vigour. The rooting medium will be composed of a 

reduced basal salt and sugar concentration containing IBA during the hardening stage. 

It is hypothesized that the use of the liquid rooting medium in combination with Oasis® 

IVE foam in a TIS will produce plantlets with a greater vigour than plantlets rooted using 

the traditional method of a semi-solid medium.  

 Another major limiting factor affecting the success of micropropagation on a 

commercial scale is the high production costs and labour-intensive work associated with 

the technique. Thus, a simple method to reduce costs associated with media 

preparation, culture room lighting and culture storage, as well as improve labour 

efficiency is to optimize the in vitro plant density within the culture vessel (Chen, 2016; 

Guranna and Sathyanarayana, 2017). Optimizing the in vitro plant density within the 



 

 

36 

 

culture vessel has shown to be an effective technique to reduce costs and improve the 

labour efficiency during the commercial production of banana (Musa spp.), globe 

artichoke (Cynara cardunculus L.) and Hosta L. (Guranna and Sathyanarayana, 2017; 

El Boullani et al., 2017; Adelberg, 2005). In this study the plant density for hybrid 

hazelnuts rooting in Oasis® IVE foam in a TIS was evaluated at 12, 24 and 36 shoot 

explants per bioreactor vessel to determine the optimal density suitable for commercial 

means. It was hypothesized that the highest density of 36 shoot explants per bioreactor 

vessel will produce plantlets of the same quality and vigour as the lower density 

treatments. The main objective of the experiments was to determine which in vitro 

rooting technique was the most efficient to induce a high rate of rooting the quickest and 

then further improve upon the rooting technique for its commercial use by evaluating 

increasing the in vitro shoot explant density.  

2.2 Materials and Methods 

2.2.1 Plant Material 

 Pre-inducted and established hybrid hazelnut (Corylus avellana L. X Corylus 

americana Marshall) cultures of the variety 'Norfolk' were provided from GRIPP's 

(Gosling Research Institute for Plant Preservation) collection and were used for in vitro 

experiments. Plant material was multiplied to increase the number of shoots by 

subculturing 10-15 hazelnut shoot explants per bioreactor vessel containing 50 mL of 

liquid medium. The dimensions of the bioreactor vessel (We Vitro, ON, Canada) was 85 

mm width X 235 mm length and 80 mm height with a lid that was 12 mm height X 85 

mm width and 235 mm length. The multiplication medium consisted of modified DKW 
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with vitamins (Driver and Kuniyuki, 1984) and 460 µM Fe-EDDHA, 17.6 µM BA, 0.29 µM 

GA3, 0.14 µM IBA, 3% glucose and 2 mL/L Plant Preservative Mixture (PPMTM) with a 

pH of 5.7 (Latawa et al., 2015) (PhytoTechnology Laboratories®, KS, USA). Liquid 

cultures were placed on a 'Culture Shift' Temporary Immersion System (VRE®, ON, 

Canada) with an immersion interval of 25 seconds and a 7 second transfer time in 

between the immersion and removal periods. Plantlets were grown under cool white 

fluorescent lamps (EiKO®, KS, USA) with an intensity of 40 µmol/m2/s at 22oC with a 16 

hour photoperiod. After 3 weeks hazelnut explants were subcultured into new bioreactor 

vessels containing 50 mL of fresh multiplication medium. Hazelnut cultures were 

subcultured repeatedly until a sufficient number of hazelnut shoots were produced for 

the experiments. All shoots with 5-6 nodes were used for in vitro rooting experiments. 

2.2.2 Comparison of Stationary and TIS In Vitro Rooting with Oasis® IVE Foam 
and Semi-Solid Based Rooting for Hybrid Hazelnuts 

 In this experiment the in vitro rooting efficiency for the hazelnut variety 'Norfolk' 

was compared among three different vessel treatments. The three treatments consisted 

of bioreactor vessels containing either a: i) liquid rooting medium with Oasis® IVE foam 

(Oasis® Grower Solutions, OH, USA) placed stationary, ii) liquid rooting medium with 

Oasis® IVE foam placed onto the 'Culture Shift' Temporary Immersion System and iii) 

semi-solid medium (control). The rooting medium used consisted of 2% sucrose, 1/2 

strength DKW with vitamins, 10 µM IBA, a pH of 5.7 and 2.2 g/L PhytagelTM (excluded 

for liquid medium treatments) (Jyoti, 2013). Both Oasis® IVE treatments contained two 

pieces of foam (each with 25 cells/foam) placed into each bioreactor vessel and 250 mL 

of the liquid medium was applied to the foam pieces (i.e. 125 mL/foam) before 
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autoclaving. After autoclaving the bioreactor vessels with Oasis® IVE foam fully 

absorbed all the liquid medium so an additional 25 mL of the medium was added to the 

vessels. This was done to ensure that there was a sufficient amount of stagnant liquid 

medium that could be slowly absorbed over time in the stationary treatment as well as 

to provide a surplus of media to fully immerse the Oasis® IVE foam in the TIS 

treatment. The 'Culture Shift' (Fig. 2.1a) was the TIS used to immerse the basal ends of 

shoot explants in the liquid rooting medium at intervals of 25 seconds with a 7 second 

transfer time in between the immersion and removal periods. After one week 10 mL of 

the liquid rooting medium was added to both the Oasis® IVE foam treatments to restore 

the depleted surplus supply of the liquid medium within the vessels. For the semi-solid 

treatment each bioreactor vessel contained 250 mL of the rooting medium. 

 For each treatment 12 shoot explants were placed into the bioreactor vessels (6 

explants/foam for the Oasis® IVE foam treatments) and were evenly spaced apart from 

each other. All treatments were grown on the 'Culture Shift' by placing the TIS treatment 

on the rocker (Fig. 2.1a) and the stationary and semi-solid treatment on a flat, non-

moving surface on the bottom of the rocker (Fig. 2.1b). This was done to ensure that all 

treatments were subjected to uniform in vitro conditions. All plantlets were grown under 

cool white fluorescent lamps with a light intensity of 40 µmol/m2/s at 22oC with a 16 hour 

photoperiod. Each bioreactor vessel was considered one replicate and each treatment 

contained four vessels that were randomly placed under the cool white fluorescent 

lamps.  
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 The number of shoot explants with roots was recorded after 3, 4, 5 and 6 weeks 

in vitro for each treatment to determine the rooting rate. Plantlets from each treatment 

that formed roots, had a shoot longer than 2 cm and healthy green leaves with minimal 

browning were considered vigorous enough to be transplanted to the greenhouse and 

were removed from their vessel at either weeks 3, 4 or 5. At week 6 all remaining 

plantlets from a given treatment were transplanted to the greenhouse. The percentage 

of plantlets deemed greenhouse ready were recorded each harvest week and their 

survival rate (% of plantlets alive) was recorded after 8 weeks ex vitro (i.e. 2 weeks 

within a mist bed followed by 6 weeks within the greenhouse). The shoot height (mm), 

number of primary roots and longest root (mm) was recorded for all plantlets from each 

treatment before being transplanted in the greenhouse. Plantlets were transplanted into 

5x10 cell (each cell is 4.83 cm length X 4.83 cm width X 6.06 cm height) plug trays (T.O 

Plastics®, MN, USA) containing Sunshine® Mix #4 growth medium (Sungro® 

Horticulture, MA, USA). The ex vitro greenhouse conditions consisted of an average 

day temperature of 23oC and night temperature of 18oC, a 16 hour photoperiod and a 

shade cloth to provide plants with a light intensity of 250 µmol/m2/s.  
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Figure 2.1 Experimental setup of the 'Culture Shift' temporary immersion system used to 
compare 'Norfolk' hybrid hazelnut in vitro rooting methods of (a) bioreactor vessels with 
Oasis® IVE foam placed in a 'Culture Shift' TIS rocker (b) bioreactor vessels with 
Oasis® IVE foam or semi-solid medium placed stationary.  
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2.2.3 Effect of Plant Density on In Vitro Rooting with Oasis® IVE Foam in a TIS  

 The effect of the plant density on the in vitro growth and rooting ability of 'Norfolk' 

shoot explants placed in Oasis® In Vitro Express foam within a 'Culture Shift' TIS was 

evaluated in this experiment. All bioreactor vessels used in the experiment contained 

two pieces of Oasis® IVE foam (containing 25 cells/foam) and were applied with 250 

mL of the liquid rooting medium (125 mL/foam) before autoclaving. The liquid rooting 

medium consisted of 2% sucrose,1/2 strength DKW with vitamins,10 µM IBA and a pH 

of 5.7 (Jyoti, 2013). After autoclaving the Oasis® IVE foam fully absorbed all the liquid 

medium within the vessel, so an additional 25 mL of medium was added. This was done 

to ensure that there was a sufficient amount of surplus liquid rooting medium in the 

vessel to fully immerse the basal ends of shoot explants in the Oasis® IVE foam when 

placed on the 'Culture Shift' TIS. The 'Culture Shift' immersed and removed plantlets in 

and out of the liquid medium at intervals of 25 seconds with a 7 second transfer time in 

between the immersion and removal periods. After one week 10 mL of the liquid rooting 

medium was added to the bioreactor vessels to restore the depleted surplus supply of 

the liquid medium within the vessel. 

  Three plant density treatments of 12 shoot explants/vessel (6 explants/foam), 24 

shoot explants/vessel (12 explants/foam) and 36 shoot explants/vessel (18 

explants/foam) were evaluated. There were 5 bioreactor vessels per treatment with 

each vessel representing a replicate. After 3 weeks of in vitro rooting all treatments 

were harvested. Three bioreactor vessels were randomly selected to evaluate their in 

vitro growth for each treatment. Twelve plantlets were then randomly selected from 
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each bioreactor vessel and the shoot height (mm), longest root length (mm) and number 

of primary roots was recorded. The chlorophyll content (mg/m2) of the 3 uppermost 

leaves from all 12 selected plantlets from the 3 bioreactors was measured using a 

CCM-300 Chlorophyll Content Meter (Opti-Sciences® Inc, NH, USA) for each treatment. 

Additionally, the percentage of explants with roots was recorded for all five bioreactor 

vessels for each treatment. Measuring the rooting percentage, root length and primary 

roots required the Oasis® IVE foam to be completely removed from each plantlet before 

transplanting to accurately assess their rooting ability. All the parameters measured in 

this experiment were selected to provide an overall evaluation of the plantlets vigour 

under each density treatment.  

2.2.4 Statistic Analyses 

 All experiments were subjected to an analysis of variance (one-way ANOVA test) 

using a generalized linear mixed model (PROC GLIMMIX) procedure in SAS software 

version 9.4. Each experiment was designed with a randomized complete block design. 

All ANOVA results that were significant were subjected to a Tukey-Kramer Honest 

Significant Test to determine which means were significantly different from each other. 

Different letters or asterisks in the figures indicated a significant difference at P<0.05 

and all the data are presented as means ± the standard error of the mean.  
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2.3 Results 

2.3.1 Comparison of Stationary and TIS In Vitro Rooting with Oasis® IVE Foam 
and Semi-Solid Based Rooting for Hybrid Hazelnuts 

 The highest and fastest root induction rate of shoot explants was seen in the 

Oasis® IVE foam treatment within a TIS (Fig. 2.2a,d) inducing roots in 91.7% (±8.9) of 

shoot explants after 3 weeks of in vitro rooting and then 100% (±8.9) after 4 weeks (Fig. 

2.3). The stationary Oasis® IVE foam treatment induced a relatively fast and high 

rooting (Fig. 2.2b,e) of 81.3% (±8.9) after 3 weeks of in vitro rooting, 93.8% (±8.9) after 

4 weeks and then 100% (±8.9) at week 5 (Fig. 2.3). The poorest and slowest rooting 

after 3, 4, 5 and 6 weeks of in vitro rooting was seen in the semi-solid medium treatment 

(Fig.2.2c,f) inducing roots in 27.2% (±8.9), 50.0% (±8.9), 60.4% (±8.9) and 62.5% (±8.9) 

of the shoot explants on each week, respectively (Fig. 2.3). The rooting percentage of 

shoot explants was significantly greater in both the Oasis® IVE foam TIS and stationary 

treatments than the semi-solid rooting treatment on week 3, 4 and 5, however there was 

no significant difference after 6 weeks of in vitro rooting. There was no significant 

difference in the shoot explant rooting percentage between the Oasis® IVE foam TIS 

and stationary treatments on weeks 3, 4, 5 and 6. The amount of plantlets deemed 

greenhouse ready was also the most time efficient in the Oasis® IVE foam treatment 

within a TIS allowing 66.7% and 100% of plants to be transplanted into the greenhouse 

after 3 and 4 weeks, respectively (Fig. 2.4). The number of plantlets transplanted to the 

greenhouse was slightly reduced for the stationary treatment (60.4% after 3 weeks of in 

vitro rooting, 91.7% after 4 weeks and 100% after 5 weeks) and greatly reduced for the 

semi-solid treatment (0% after 3 weeks, 35.4% after 4 weeks and 54.2% after 5 weeks) 
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(Fig. 2.4). The semi-solid rooting treatment had a significantly lower number of plantlets 

ready for the greenhouse than the Oasis® IVE foam TIS and stationary treatment on 

weeks 3, 4 and 5. There was no significant difference for the number of plantlets 

deemed ready for the greenhouse between the Oasis® IVE foam TIS and stationary 

treatments on weeks 3, 4 and 5. No plantlets from the semi-solid medium treatment 

were transplanted to the greenhouse after 3 weeks of in vitro rooting since the majority 

of plantlets did not have roots formed yet and rooted plants had pale green leaves with 

extensive browning on them. Therefore, at week 3 these plantlets were not considered 

vigorous enough to survive transplanting to ex vitro conditions. Rooted plantlets from 

the TIS treatment appeared to have healthy, dark green leaves at week 3, while leaves 

from the stationary treatment were a light, pale green colour with some signs of 

browning at week 3 and leaves from the semi-solid treatment after 4 weeks of rooting 

were light green with browning on them (Fig. 2.2a-f). 
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Figure 2.2 Hybrid Hazelnut 'Norfolk' shoot explants within bioreactor vessels containing 
(a) Oasis® IVE foam in a TIS (b) Oasis® IVE foam placed stationary (c) semi-solid 
medium placed stationary (d) Oasis® IVE foam after 3 weeks in a TIS (e) Oasis® IVE 
foam after 3 weeks placed stationary (f) semi-solid medium after 4 weeks placed 
stationary. 
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Figure 2.3 In vitro rooting rates of hybrid hazelnut 'Norfolk' shoot explants over 6 weeks 
for plantlets rooted in bioreactor vessels containing semi-solid media (control), Oasis® 
IVE foam containing liquid media placed stationary, and Oasis® IVE foam containing 
liquid media placed in a TIS. Asterisks indicate a significant difference (P<0.05) only on 
the week it was placed. 
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 The mean shoot height, number of primary roots and longest root for plantlets 

deemed greenhouse ready after 3 weeks in vitro was 29.8 mm, 7.3 and 25.7 mm for the 

TIS treatment and 27.9 mm, 8.4 and 21.4 mm in the stationary treatment, respectively. 

Greenhouse ready plantlets harvested at 4 weeks of in vitro rooting had a mean shoot 

height, number of primary roots and longest root of 26.4 mm, 6.8 and 27.2 mm for the 

TIS treatment, 30.5 mm, 7.5 and 22.2 mm for the stationary treatment and 24.3 mm, 6.7 

and 29.1 mm for the semi-solid medium treatment, respectively. Greenhouse ready 

plantlets harvested at 5 weeks of in vitro rooting had a mean shoot height, number of 

primary roots and longest root of 27.8 mm, 4.1 and 17.5 mm for the stationary treatment 

and 28.6 mm, 4.8 and 21.4 mm for the semi-solid media treatment, respectively. 

Greenhouse ready plantlets harvested at 6 weeks of in vitro rooting had a mean shoot 

height, number of primary roots and longest root of 26.5 mm, 0.3 and 0.8 mm for the 

semi-solid media treatment. 8 weeks after transplanting the survival rate of plantlets 

deemed ready for the greenhouse from the TIS treatment was 96.9% for plantlets ready 

after 3 weeks and 87.5% for plantlets ready after 4 weeks. For the stationary treatment 

the survival rates of plantlets deemed greenhouse ready was 100%, 93.3% and 100% 

for weeks 3, 4 and 5, respectively. For the semi-solid rooting treatment the survival rate 

of plantlets transferred to the greenhouse on weeks 4, 5 and 6 was 70.6%, 44.4% and 

59.1%, respectively.  
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Figure 2.4 Number of hybrid hazelnut 'Norfolk' rooted plantlets with a high vigour 
transplanted to the greenhouse over 5 weeks using the in vitro rooting methods of 
bioreactor vessels containing semi-solid media (control), Oasis® IVE foam containing 
liquid media placed stationary, and Oasis® IVE foam containing liquid media placed in a 
TIS. Asterisks indicate a significant difference (P<0.05) only on the week it was placed. 
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2.3.2 Effect of Plant Density on In Vitro Rooting with Oasis® IVE Foam in a TIS 

 Shoot explants from bioreactor vessels containing Oasis® IVE foam in a TIS with 

in vitro densities of 12 shoot explants/vessel, 24 shoot explants/vessel and 36 shoot 

explants/vessel (Fig. 2.5) all exhibited a high rooting ability that did not significantly 

differ after 3 weeks of in vitro rooting. Plantlets grown with 12 shoot explants/vessel 

exhibited a rooting of 80.0% (62.1 - 97.9%), 93.4% (82.4 - 100%) for 24 shoot 

explants/vessel and 88.9% (74.8 - 100%) for 36 shoot explants/vessel (Fig. 2.6e). 

However, the rooting vigour of plantlets varied among the density treatments (Fig. 2.6b-

c). Plantlets from a density of 12 produced roots with a longest mean length of 14.5 mm 

(± 2.01) and a mean of 5.28 primary roots. Plantlets from densities of 24 and 36 both 

produced roots that were significantly greater in longest root length than plantlets from a 

density of 12 (21.7 mm ± 1.95 and 20.5 mm ± 1.99, respectively). The 24 density 

produced a significantly greater number of primary roots (9.39 ± 0.96) than the 12 

density, but the number of primary roots from a 36 plantlet density (6.78 ± 0.73) did not 

significantly differ from either the 12 or 24 density treatments. The shoot height of 

plantlets from the 36 density (28.2 mm ± 1.37) was found to be significantly greater than 

both the 12 density (24.7 mm ± 1.31) and 24 density (24.7 mm ± 1.30) which did not 

significantly differ from each other (Fig. 2.6a). Plantlets leaves from the 36 density 

treatment visually appeared to be a dark green colour, while the 24 density treatment 

appeared a slightly lighter dark green, whereas the 12 density treatment appeared to be 

a paler green (Fig. 2.5a-b). Leaves from the 12 density treatment also exhibited 

browning on many of them and as the density increased the degree of browning 
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appeared to decrease (Fig. 2.5a-b). When the chlorophyll content was measured in the 

leaves it was found that the 12 density had the lowest content at 275.2 mg/m2 (± 12.8), 

followed by the 24 density at 322.5 mg/m2 (± 12.8) and the greatest chlorophyll content 

was seen in 36 density at 354.9 mg/m2 (± 12.8) (Fig. 2.6d). The chlorophyll content in 

the leaves was significantly different across all treatments. The 36 density treatment 

appeared to produce the most vigorous plantlets among the treatments after 3 weeks of 

in vitro rooting (Fig. 2.7). 
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Figure 2.5 Hybrid hazelnut 'Norfolk' plantlets rooted after 3 weeks in vitro at densities of 
12, 24 and 36 shoot explants per bioreactor vessels using Oasis® IVE foam placed in a 
TIS (a) top view of rooted plantlets from all density treatments in bioreactor vessels (b) 
frontal view of rooted plantlets from all density treatments removed from the bioreactor 
vessel. 
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Figure 2.6 Comparison of the (a) shoot height (b) number of primary roots (c) longest 
root (d) leaf chlorophyll content (e) number of rooted shoot explants after 3 weeks of in 
vitro rooting in bioreactor vessels containing Oasis® IVE foam placed in a TIS with 
densities of 12, 24 or 36 shoot explants per bioreactor vessel. Columns with the same 
letter indicate no significant difference (P<0.05). 
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Figure 2.7 Hybrid hazelnut 'Norfolk' plantlets after 3 weeks of in vitro rooting in a 
bioreactor vessel containing Oasis® IVE foam placed in a TIS with a density of 36 shoot 
explants per vessel. 
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2.4 Discussion 

 Micropropagation is an effective technique to rapidly produce genetically identical 

plant material, however its use on a commercial scale can be severely limited for 

difficult-to-root species such as hazelnuts and hybrid hazelnuts. Micropropagated 

plantlets that do not form roots or develop a weak rooting system while in vitro or within 

ex vitro conditions are often less vigorous during the acclimation phase, thus resulting in 

a poor survival rate ex vitro. The use of micropropagation on a commercial scale can 

furthermore be limited due to the high production costs and labour-intensive work 

associated with the technique. The objective of this study was to develop an in vitro 

rooting protocol that meets both the commercial requirements of: i) inducing a high 

rooting rate and providing plantlets with a well developed rooting system for better 

acclimation and ii) being cost-effective and time efficient. In vitro and ex vitro rooting 

protocols for hazelnuts and hybrid hazelnuts have been reported by many researchers, 

however the use of a liquid medium in a TIS in combination with an inert foam substrate 

to enhance its rooting had yet to be evaluated.  

 Both the TIS and stationary based rooting treatments containing the liquid rooting 

medium and Oasis® IVE foam showed to be effective methods to induce a high number 

of rooted plantlets in a much shorter period when compared to the traditional technique 

of semi-solid based rooting (Fig 2.3). The improvements in the in vitro rooting ability 

seen in both treatments can be attributed to the use of the inert substrate Oasis® IVE 

foam. Oasis® IVE foam is a specially designed block of inert, phenolic foam that has 

been ecthed and grooved into multiple cube blocks that shoot explants can be inserted 
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into (Naylor-Adelberg et al., 2016). The foam is applied with a liquid medium and can 

hold shoot explants in an upright position during the rooting stage. The main advantage 

of Oasis® IVE foam is that it allows the shoot explants to easily interact with the liquid 

rooting medium while also acting as a well aerated substrate to enhance oxygen 

availability to the roots developing by cellular respiration (Adelberg, 2017). Therefore 

both the TIS and stationary treatments with Oasis® IVE foam are thought to have 

benefited from this improved interaction of rooting medium and oxygen with the hybrid 

hazelnut shoot explants resulting in an enhanced and faster rooting rate.  

 The use of inert substrates (e.g. foam, rockwool, vermiculite and perlite) to 

enhance aeration has been reported to be a very effective technique for improving in 

vitro rooting in many woody species compared to semi-solid based rooting (Economou, 

2013). The use of wide pore phenol resin foam for in vitro rooting in red raspberry 

(Rubus idaeus cv. ‘Gigant’) shoots resulted in plants with a more vigorous root system 

and greater shoot growth (Gebhardt, 1985). Alternatively, using vermiculite containing 

1/4 strength DKW, 24.6 µM IBA and gelrite improved the rooting rate and number of 

primary roots in hybrid walnuts (Jay-Allemand et al., 1992). Similarly, the use of 

vermiculite in combination with 1/2 strength DKW, 50 µM IBA and Phytagel™ also 

helped improve rooting in Black Walnut (Juglans nigra L.) shoot explants (Stevens and 

Pijut, 2018). This technique has shown to be successful in the hazelnut cultivars 

'Montebello' and 'Tonda Gentile Romana' (inducing 100% and 80% rooting, 

respectively) when basal shoot tips were placed in 80 ppm IBA for 1 day in darkness 



 

 

58 

 

and then transferred to an in vitro rooting medium consisting of vermiculite and agar 

(Caboni et al., 2009). 

 Even though hybrid hazelnut shoot explants rooted in Oasis® IVE foam placed 

either stationary or within a TIS both exhibited a similar enhanced rooting efficiency and 

high explant rooting rate, the TIS treatment was considered to be a more effective 

technique for rooting than the stationary treatment. The TIS treatment allowed for the 

highest mean rooting rate (100% of explants with roots) the quickest (within 4 weeks), 

the greatest mean number of vigorous plantlets ready for the greenhouse (100% of 

plantlets) the fastest (within 4 weeks) and produced plantlets with leaves that visually 

appeared a healthier darker green colour than the stationary and semi-solid treatments 

(Fig. 2.2a-f, Fig. 2.3, Fig. 2.4). The TIS treatment with Oasis® IVE foam performing the 

best is contributed to the TIS's ability to further improve upon the aeration and liquid 

medium interaction potential with shoot explants within the bioreactor vessels. TIS's are 

utilized within micropropagation to improve the explants growth and development by 

periodically submerging them partially into liquid media to maximize their interaction 

with the media. This improved media interaction enhances the explant's ability to uptake 

water, nutrients and plant growth regulators (Ascough et al., 2004). The TIS then 

removes the explants from the liquid medium for a given period to increase the gas 

exchange potential of CO2 and O2 with the explant to further improves its growth and 

development. Improving the gas exchange potential in vitro is important as it helps 

improve the explant's ability to perform cellular respiration and photosynthesis 

(McAlister et al., 2005; Jackson, 2005). It is believed that the combination of the 'Culture 
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Shift' with the Oasis® IVE foam allowed for a more intense aeration and liquid medium 

interaction with the shoot explants than that achieved by the Oasis® IVE foam placed 

stationary, thus resulting in hybrid hazelnut plantlets with a more efficient rooting rate 

and greater vigour.  

 Once it was determined that using Oasis® IVE foam in combination with a TIS 

was an effective method for in vitro rooting the system was further optimized to satisfy 

commercial interests. The highest density of 36 shoot explants/vessel resulted in a 

efficient rooting rate of approximately 89% of explants in 3 weeks, as well as a 

significantly greater shoot height and chlorophyll content than the 12 and 24 density 

treatment, a significantly greater longest root length than the 12 density treatment and a 

similar number of primary roots compared to both the 12 and 24 density treatments (Fig. 

2.6a-e). These results revealed that the medium in bioreactor vessels with Oasis® IVE 

foam can effectively support a high density of 36 explants/vessel for 3 weeks and 

increasing the density does not compromise plantlet quality. Optimizing the medium use 

efficiency is important since the medium components (sugar, basal salts, distilled water, 

and plant growth regulators) can make up 5-35% of the total production costs 

associated with commercial micropropagation (Prakash et al., 2002; Chen, 2016; 

Guranna and Sathyanarayana, 2017). Guranna and Sathyanarayana (2017) found that 

the cost per plantlet during the in vitro rooting phase could be reduced by 50% by 

increasing the rooting density in Musa spp. from 6 to 12 shoot explants/vessel. 

Increasing the in vitro density could also increase the pace that shoot explants could be 

placed into culture vessels during the rooting phase, thus improving the labour 
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efficiency. Reducing labour costs is also an important factor to consider to reduce input 

costs since labour can count for 35% of the total production cost in developing countries 

and 60-70% in developed countries (Tomar et al., 2008; Savangikar, 2002). Adelberg 

(2005) reviewed the labour efficiency of 22 technicians micropropagating 40 varieties of 

Hosta over 6 months and found that when the number of explants per vessel was 

increased the number of plants harvested from the vessel per hour by the technicians 

was greatly increased, thus improving the work efficiency. The labour efficiency is 

further improved using this technique of a high density of 36 plantlets within Oasis® IVE 

foam since the foam has shown to effectively improve the transplanting speed and 

growth rate of rooted plantlets in the greenhouse (Adelberg et al., 2017). Adelberg et al. 

(2017) found that Oasis® IVE foam greatly reduced the time it takes to unwrap, rinse 

the medium off and plant Echinacea x Sombrero® 'Salsa Red' rooted plantlets in the 

greenhouse by approximately 66% when compared to plantlets rooted in agar. 

Furthermore, Adelberg et al. (2015) determined that an additional advantage of using 

Oasis® IVE foam is that it allowed Hydrangea quercifolia ‘Sikes Dwarf’ plants to exhibit 

a greater growth rate in the greenhouse than agar rooted plantlets since the foam 

produced higher quality plantlets (due to an improved availability of medium and oxygen 

in vitro) and also helped preserve a strong root system by protecting the embedded 

roots from transplanted-related damage. Therefore, by using Oasis® IVE foam and 

optimizing the in vitro rooting density the entire process from the laboratory to the 

greenhouse can be greatly improved to produce high quality hybrid hazelnut plants at a 

reduced labour and supply cost than traditional micropropagation methods.  
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 The exact mechanism behind why a higher shoot explant density per vessel 

resulted in rooted plantlets with a greater in vitro vigour than plantlets rooted with a 

lower density is not known but various reasons describing why can be speculated. One 

such reason for an improved vigour within in vitro hybrid hazelnuts at a higher explant 

density is that an increase in density could have had a positive effect on an unknown 

imbalance found within the growth medium. Suboptimal concentrations of sugar and 

macro- and micronutrients within the basal salts (particularly nitrogen) can lead to toxic 

and/or deficient nutrient imbalances that will limit explants growth and development 

(Desjardins et al., 2009; Adelberg et al., 2013). Therefore the action of increasing or 

decreasing the explant density within the culture vessel will ultimately positively or 

negatively affect the optimal concentration of the nutrients required by the explant. Even 

though increasing the density of shoot explants for hybrid hazelnuts had a positive 

effect on their growth and development this effect would greatly vary based on the 

medium's composition and the species or genotype from which the explant material is 

derived. El Boullani et al. (2017) found that increasing the density of globe artichoke 

(Cynara cardunculus L.) from 3 to 7 shoot explants per vessel reduced both their in vitro 

multiplication rate and ex vitro survival rate in the greenhouse. It was concluded that a 

lower density treatment of 3-4 shoot explants had a higher multiplication rate and 

survival rate since the explants benefitted from a greater availability of nutrients in the 

medium (El Boullani et al., 2017). Another explanation for the increase in plantlet vigour 

when explants are cultured at a greater density is the potential release of some 

unknown growth promoting compounds at a higher concentration due to the larger 
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number of explants within the culture vessel. This positive effect of a higher explant 

density on plantlet vigour in vitro was also seen during the micropropagation of potato 

(Solanum tuberosum L.) and Banana (Musa spp.), however more research on the 

mechanisms behind this phenomenon is needed (Sarkar et al., 1997; Guranna and 

Sathyanarayana, 2017). 

Conclusion 

 This study offers a time efficient and highly effective protocol for in vitro rooting of 

hybrid hazelnuts. Hybrid hazelnuts placed in Oasis® IVE foam within a TIS resulted in 

the fastest rooting rate and produced the healthiest, most vigorous plantlets the quickest 

when compared to stationary Oasis® IVE foam and semi-solid rooting. The technique 

was found to support a high density of 36 shoot explants/vessel, and thus has been 

optimized to reduce medium costs and improve the labor efficiency during the in vitro 

rooting stage. This in vitro rooting protocol has been designed to meet commercial 

micropropagation requirements and therefore can be utilized to efficiently mass produce 

high quality hybrid hazelnut trees destine for the field. 
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3 Chapter 3: Improving the Ex Vitro Acclimation Efficiency of Hybrid 
Hazelnuts (Corylus avellana X Corylus americana) 

Abstract 

 Commercial micropropagation is often limited due to the low survival rate of 

plantlets during the transfer phase from in vitro to ex vitro conditions and the slow 

growth of plants once established ex vitro. To overcome these limitations 

micropropagated plants must be provided with the proper ex vitro conditions to minimize 

plantlet stress in the greenhouse to promote optimal growth. In this study, 

micropropagated hybrid hazelnuts (Corylus avellana X Corylus americana) transplanted 

into a growth medium containing high organic matter and placed into a mist bed for 4 

weeks led to a survival rate of >90%. Plants grown under a low light intensity (100 and 

175 µmol/m2/s) exhibited a significantly greater shoot height and leaf area, as well as a 

shoot girth that was not significantly different than plants grown under a high light 

intensity (250 µmol/m2/s) after 9 weeks of growth. Plants grown under 250 µmol/m2/s 

exhibited a significantly greater root system length than the 100 µmol/m2/s treatment, 

however exhibited no significant difference between the 175 µmol/m2/s treatment after 9 

weeks. Plants grown under the lowest intensity repotted into larger pots after 9 weeks of 

growth exhibited a significantly greater shoot height and leaf area compared to plants in 

smaller pots on week 12 of growth. Furthermore, it was found that hazelnuts do not 

cease growth in the greenhouse during the winter. The results from this study provide a 

complete ex vitro acclimation and post-acclimation protocol to efficiently growth 

hazelnuts on a commercial scale. 
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3.1 Introduction 

 Plantlets derived from micropropagation often exhibit an abnormal morphology, 

anatomy and physiology that must be corrected for the plantlets to survive and grow 

within ex vitro conditions (Pospóšilová et al., 1999). This period when the plantlets are 

correcting the abnormalities is referred to as the acclimation phase and during this 

phase plantlets slowly establish themselves in ex vitro conditions. Once acclimatized, 

micropropagated plants often exhibit a slow growth post-acclimation in the greenhouse 

or field (Rodrigues et al., 2015; Fuentes et al., 2007). To overcome the slow 

establishment and limited growth phases micropropagated plantlets must be provided 

with the appropriate macro- and micronutrients, light intensity, relative humidity and 

growth medium pH and aeration to minimize plantlet stress in ex vitro conditions and 

promote its optimal growth. Choosing the appropriate growth medium to transplant in 

vitro plantlets into is therefore extremely important since each medium will provide 

plantlets with their own unique nutrient profiles, pH, water drainage and aeration that 

may or may not meet the species specific requirements needed for optimal growth 

(Rohr et al., 2003). Furthermore, since in vitro plantlets are initially sensitive to water 

loss caused by the higher light intensity and lower relative humidity found within ex vitro 

conditions it is also important to provide the plantlets with the appropriate light intensity 

and relative humidity to maximize plantlet survival and growth (Economou, 2013). One 

of the main objectives of this study was to determine which growth medium type and 

light intensity will promote the fastest growth of hybrid hazelnuts within a greenhouse 

and growth chamber environment. It was hypothesized that hybrid hazelnuts 
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transplanted into a high organic growth medium will provide plantlets with a richer 

availability of macro- and micronutrients for enhanced growth and a low irradiance will 

reduce light-related stress and water loss for a greater survival and growth.  

 The second main objective of this study was to determine if hybrid hazelnut will 

resume growth in the greenhouse during the winter months or whether they required a 

cold storage treatment to stimulate growth post-winter. The growth rate exhibited by 

hazelnut trees in the greenhouse during the summer months has been reported to 

cease during the winter months in the greenhouse due to the shortening day length, 

regardless of remaining under a favorable temperature (Thompson et al., 1985). 

Thompson et al. (1985) found that hazelnuts overwintered in the greenhouse exhibited 

an atypical dormancy where plants maintained their leaves and the shoot tips formed a 

tight cluster of overlapping small leaves instead of abscising. Furthermore, Thompson et 

al. (1985) also reported that hazelnuts in the greenhouse ceased growth in the winter 

and only a small number of plants were able to recover from this non-growing state in 

the following summer. To overcome this non-growing state it was recommended to 

apply a chilling period to stimulate hazelnut growth post-winter (Thompson et al., 1985). 

It was hypothesized that hybrid hazelnuts will also require a chilling period over the 

winter months to promote a vigorous growth in the spring and summer months.  

3.2 Materials and Methods 

3.2.1 Plant Material 

 All 'Norfolk' hybrid hazelnut (Corylus avellana L. X Corylus americana Marshall) 

plants used for ex vitro experiments were derived from micropropagated plantlets rooted 
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in vitro. Plants rooted in vitro for ex vitro experiments were largely produced using the 

Oasis® IVE foam in a TIS rooting technique. However, well rooted plant material that 

were uniform in height to foam derived plants that was rooted in vitro in semi-solid or 

stationary placed Oasis® IVE foam within bioreactor vessels from previous experiments 

were also utilized in some ex vitro experiments. All in vitro plantlets were placed into a 

mist bed for 2 weeks (80% relative humidity, sprayed with water for 15 seconds every 

35 minutes during the day or every 4 hours at night) immediately after transplanting to 

acclimate them to ex vitro conditions before their use in greenhouse or controlled 

growth chamber experiments (Fig. 3.1).  
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Figure 3.1 In vitro 'Norfolk' hybrid hazelnut plantlets acclimating to ex vitro conditions 
within a mist bed for 2 weeks 
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3.2.2 The Effect of Organic Matter and Peat-Based Growth Media on the Growth 
of Acclimated Hybrid Hazelnuts within the Greenhouse 

 Eight week old hazelnut plants (2 weeks in a mist bed and 6 weeks under a 

shade cloth in the greenhouse at 250 µmol/m2/s with an average day temperature of 

23oC and night temperature of 18oC) grown in 5x10 cell T.O Plastics® plug trays (each 

cell is 4.83 cm length X 4.83 cm width X 6.06 cm height) containing Sunshine® Mix #4 

were transplanted into T.O Plastics® large square pots (8.68 cm length X 8.68 cm width 

X 12.47 cm height) containing a treatment of fresh Sunshine® Mix #4 or Pro-Mix® 

Organic Soil Moisture Mix (Pro-Mix®, QC, Canada). The plants were then placed back 

into the greenhouse for 6 weeks, and were watered until saturation with tap water 1-2 

times a week and once a week with fertilizer water (20:8:20 NPK). A total of 30 plants 

were transferred into fresh Sunshine® Mix #4 and Pro-Mix® Organic Soil Moisture Mix. 

The experiment was replicated two times and observations were recorded weekly for six 

weeks. On each week the shoot height (mm) and shoot girth (mm) at 50 mm above the 

growth medium on the stem (using a caliper) was recorded for all plants. The 

chlorophyll content (mg/m2) was measured using a CCM-300 Chlorophyll Content Meter 

(Opti-Sciences® Inc, NH, USA) on three uppermost leaves that were fully expanded on 

15 randomly selected plants each week. Photographs of the three uppermost leaves 

from 10 randomly selected plants were taken each week and the leaf area (cm2) was 

calculated using the imaging software ImageJ version 1.48. On the sixth week 15 

random plants/treatment were carefully removed from their flats and the length of the 

rooting system was measured. Plants from both treatments were randomly placed back 
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in the greenhouse after each weekly measurement to reduce any potential positional 

effects.    

3.2.3 The Effect of the Transplanting Growth Medium and the In Vitro Plant 
Density on the Acclimation Efficiency of Hybrid Hazelnuts within a 
Controlled Growth Chamber 

 To determine the effect of the in vitro plant density and transplant growth medium 

has on the acclimation efficiency of hybrid hazelnuts to ex vitro conditions a 2x3 factorial 

experiment was conducted. Plantlets rooted in vitro within 2 pieces of Oasis® IVE foam 

per vessel with densities of either 12 shoots/bioreactor vessel (6 shoots per foam), 24 

shoots/bioreactor vessel (12 shoots per foam), 36 shoots/bioreactor vessel (18 

shoots/foam) were removed from the foam and transplanted directly into 5x10 cell T.O 

Plastics® plug trays containing Sunshine® Mix #4 or Pro-Mix® Organic Soil Moisture 

Mix. 30 plants per in vitro density treatment were transplanted into both growth media 

and placed within a mist bed for 2 weeks (80% relative humidity, sprayed with water for 

15 seconds every 35 minutes during the day or every 4 hours at night). After 2 weeks, 

the 30 plants were divided so 15 plants per density treatment per growth medium type 

were placed into two Conviron® E8 (Conviron®, MB, Canada) controlled growth 

chambers (each chamber representing a replication) (Fig. 3.2). The controlled growth 

chambers were programmed to provide plants with ex vitro conditions similar to the 

greenhouse. The chambers were programmed to have a constant temperature of 23oC 

during the day and 18oC at night with a photoperiod of 16 hour days, 70% relative 

humidity and a light intensity of 250 µmol/m2/s. However, to mimic the changes in light 

intensity during the day the chambers were set to started at 0 µmol/m2/s at the start of 
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the day photoperiod and slowly increase at a steady rate to 250 µmol/m2/s over 7 hours, 

plateau for 2 hour and then steady decrease to 0 µmol/m2/s over the remaining 7 hours. 

Plants within the chambers were covered with a plastic dome to further maintain 

moisture within the 5x10 cell T.O Plastics® plug trays but were removed after 6 weeks 

once the plant height begin to exceed the roof of the dome (Fig. 3.2). Plants were grown 

in the growth chambers for 9 weeks, and growth measurements were taken on weeks 3, 

6 and 9 to compare which in vitro plant density treatment exhibited the best overall 

acclimation efficiency and growth. The transplanting growth medium was also compared 

across all the treatments to determine which medium was also the most efficient during 

the acclimation and post-acclimation growth phases. Plants were systematically rotated 

within the growth chambers every 2 weeks to reduce any potential positional effects.  

 On weeks 3, 6 and 9 (post-mist bed) the shoot height was measured as well as 

the girth (mm) at 15 mm above the growth medium on the stem using a caliper. The 

chlorophyll content (mg/m2) was also measure every 3 weeks using a CCM-300 

Chlorophyll Content Meter on the 3 uppermost leaves that were fully expanded on 10 

randomly selected plants per density treatment per growth medium type for each growth 

chamber. Photographs of the 3 uppermost leaves that were fully expanded were taken 

every 3 weeks on 10 randomly selected plants from each density and growth medium 

treatment in each chamber and the leaf area (cm2) was measured using the imaging 

software ImageJ version 1.48. On the ninth week all plants in both chambers for each 

treatment were carefully removed from their flats and the length of the root system was 
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measured (mm). The survival rate (% of plants alive) of the plants was also recorded for 

all treatments on weeks 3,6 and 9 in the growth chambers.  
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Figure 3.2 'Norfolk' hybrid hazelnut plants transplanted into plug trays containing a high 
organic matter or peat-based growth medium placed into a E8 Conviron® controlled 
growth chamber. After 6 weeks the plastic domes covering the plants were removed 
from the plug trays. 

  

 

 

 



 

 

73 

 

3.2.4 The Effect of Light Intensity, Transplant Growth Medium and Re-Potting on 
the Acclimation and Post-Acclimation Growth Efficiency of Hybrid 
Hazelnuts within a Controlled Growth Chamber 

 In this experiment the effect of the light intensity, growth medium and pot size 

during the acclimation and/or post-acclimation growth phases was evaluated. All hybrid 

hazelnut plant material used in the experiment was derived from micropropagated 

plantlets rooted in vitro within bioreactor vessels containing 2 pieces of Oasis® IVE 

foam with a plant density of 36 plantlets (18 plantlets/foam) in a 'Culture Shift' TIS. 180 

plantlets each were transplanted into 5x10 cell T.O Plastics® plug trays containing 

Sunshine® Mix #4 or Pro-Mix® Organic Soil Moisture Mix and placed into a mist bed for 

2 weeks (80% relative humidity, sprayed with water for 15 seconds every 35 minutes 

during the day or every 4 hours at night). After the mist bed, all plantlets were 

transferred into controlled growth chambers. Three light intensities treatments of 100 

µmol/m2/s, 175 µmol/m2/s and 250 µmol/m2/s were assessed using the controlled 

growth chamber. For each light intensity treatment two chambers were used and each 

chamber was considered 1 replication. Thirty plantlets transplanted into Sunshine® Mix 

#4 and Pro-Mix® Organic Soil Moisture Mix and were placed into each chamber. The 

chambers were programmed to have a constant temperature of 23oC during the day 

and 18oC at night with a photoperiod of 16 hour days and 70% relative humidity. Plants 

within the chambers were covered with a plastic dome to further maintain moisture 

within the 5x10 cell T.O Plastics® plug trays but were removed after 6 weeks once the 

plant height begin to exceed the roof of the dome. Plants were grown in the growth 
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chambers for 9 weeks, and growth measurements were taken on weeks 3, 6, and 9 

post removal from the mist bed.  

 Every 3 weeks the shoot height was measured as well as shoot girth (mm) at 15 

mm above the growth medium on the stem using a caliper. The chlorophyll content 

(mg/m2) was also measured every 3 weeks using a CCM-300 Chlorophyll Content 

Meter on the 3 uppermost leaves that were fully expanded on 10 randomly selected 

plants per light intensity treatment per soil type for each growth chamber. Photographs 

of the 3 uppermost leaves that were fully expanded were taken every 3 weeks on 10 

randomly selected plants from both growth medium treatments in each chamber and the 

leaf area (cm2) was measured using the imaging software ImageJ version 1.48. On the 

ninth week all 30 plants in both chambers for each light intensity treatment were 

carefully removed from their flats and the length of the root system was measured 

(mm). Furthermore, on the ninth week the 30 plants in the Sunshine® Mix #4 and Pro-

Mix® Organic Soil Moisture Mix in each chamber for all light conditions were split into 2 

potting treatments. 15 plants from both growth medium types were replanted back into 

the 5x10 cell T.O Plastics® plug trays with fresh medium while the other 15 plants were 

repotted into bigger T.O Plastics® large square pots. Since the experiment was 

replicated twice a total of 30 plants were transplanted into either the same 5x10 cell T.O 

Plastics® plug trays or repotted into a bigger container containing the same growth 

medium the plant was originally grown in for each light intensity treatment. After 3 

weeks the shoot height, shoot girth, leaf area and chlorophyll content were recorded for 
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both the small and bigger container treatments containing the two growth media for 

each light intensity.  

3.2.5 The Effect of Iron, Zinc and Potassium Nutrient Solutions in a Peat-Based 
Growth Medium on the Leaf Development of Hybrid Hazelnuts 

 Three-four month old hybrid hazelnuts that have been grown in a peat-based 

growth medium (Sunshine® Mix #4) were used for this experiment. All these plants 

exhibited symptoms of stunted leaf development which appeared as small, curled 

inward leaves with browning around the leaf margin (Fig. 3.3). To determine if these 

symptoms were a result of a nutrient deficiency a 7 mg/L zinc chloride (ZnCl2) or 900 

mg/L potassium sulfate (K2SO4) solution was applied once a week for 6 weeks to the 

growth medium of plants until saturation. Plants were additionally irrigated until 

saturation with water 1-2 times a week whenever the growth medium begin to dry. The 

concentration chosen for the zinc and potassium nutrient solutions were based on a 

growth medium chemical analysis report of marco- and micronutrients within Pro-Mix® 

Organic Soil Moisture Mix and Organic 4 Greens INC© Garden Shines Grass and 

Flowers (Organic 4 Greens INC©, ON, Canada) in comparison with Sunshine® Mix #4. 

Additionally, a 5 g/L iron solution in the form of ferric sodium ethylenediamine-N,N′-

bis(2-hydroxyphenylacetic acid) (FeNa-EDDHA) was also applied to the growth medium 

until saturation weekly for 6 weeks (PhytoTechnology Laboratories®, KS, USA). Plants 

were additionally irrigated until saturation with water 1-2 times a week whenever the 

growth medium begin to dry. A high concentration of 5 g/L was chosen for the FeNa-

EDDHA nutrient solution since in vitro plantlets responded well to a high concentration 

of iron (200 mg/L) and also since the iron would readily leach out of the growth medium 
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(easily visible due to its red colour) whenever irrigated with water. A treatment of plants 

grown in Sunshine® Mix #4 irrigated 1-2 times of week with water and once a week with 

fertilizer water (20:8:20 NPK) was used as a control treatment. Twelve plants/treatment 

were applied with one of the nutrient solutions and the number of plants exhibiting leaf 

recovery (i.e. plants no longer exhibiting the stunted leaf disorder) was recorded each 

week. On the end of the sixth week plants from the control treatment were completely 

flushed with distilled water and irrigated weekly with only distilled water for 6 more 

weeks. This was done to determine if the stunted leaf development was due to a salt 

stress caused by a high salinity within the tap water used to irrigate plants.   
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Figure 3.3 Three-four month old 'Norfolk' hybrid hazelnut plants grown in a peat-based 
growth medium (a) exhibiting stunted leaf development and (b) the experimental setup 
of disordered plants applied with a nutrient solution of 7 mg/L ZnCl2, 900 mg/L K2SO4, 5 
g/L FeNa-EDDHA or fertilizer water only (control). 
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3.2.6 Evaluation of Winter Storage Conditions for Hybrid Hazelnuts 

 In this experiment 90 healthy and well established 'Norfolk' hybrid hazelnut were 

randomly selected from the greenhouse and were utilized to evaluate winter storage 

conditions. Thirty plants were irrigated with solutions of either 200 ppm tryptophan, 200 

ppm paclobutrazol [(2R,3R)-1-(4-chlorophenyl)-4,4-dimethyl-2-(1,2,4-triazol-1-yl)-

pentan-3-ol] or only water (control treatment) once a week for 4 weeks before winter 

storage (PhytoTechnology Laboratories®, KS, USA). Plants from all treatments were 

further irrigated with water again once a week to ensure the growth medium (Pro-Mix® 

Organic Soil Moisture Mix) was fully saturated. After 4 weeks,15 plants from each 

treatment were subjected to either direct storage within an E8 Conviron® controlled 

growth chamber or storage within a cold chamber at 4oC for 10 weeks followed by 

storage in the controlled growth chamber. The treatment of placing plants directly into 

the controlled growth chamber was designed to mimic continually growing the hybrid 

hazelnut trees within a greenhouse during the winter months. The controlled growth 

chamber was therefore programmed to provide the plants short days (8 hours of light 

followed by 16 hours of darkness), 70% humidity, 23oC day temperature, 18oC night 

temperature and a reduced light intensity of 175 µmol/m2/s. For the cold storage 

treatment all plants were placed into a 23oC chamber that was gradually cooled to 4oC 

over 2 weeks (Fig. 3.4). The plants then remained at 4oC for 10 weeks to induce 

dormancy and were watered once a month to maintain moisture within the growth 

medium. After 10 weeks of cold storage all plants were then placed into a controlled 

growth chamber also set with the same parameters as the direct storage treatment to 
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mimic winter conditions. After 2 weeks in the controlled growth chamber the buds begin 

to break within the plants, and measurements were taken after 2 and 4 weeks post-bud 

break to evaluate growth. For plants stored directly in the controlled growth chamber 

they were encouraged to not enter dormancy by irrigating them with both water and 

fertilizer water (20:8:20 NPK) every week. The growth of these plants was evaluated 

after 2 and 4 weeks in the controlled growth chamber. The shoot height (mm), shoot 

girth at 50 mm above the growth medium on the stem (using a caliper), and the number 

of nodes were recorded on each measurement time period for each treatment from both 

storage conditions.     
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Figure 3.4 Experimental setup of healthy, well established 'Norfolk' hybrid hazelnut 
plants placed into a storage chamber at 23oC that gradually cooled to 4oC over 2 weeks. 
Plants were then stored for 10 weeks at 4oC within the chamber.  
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3.2.7 Statistical Analyses 

 All experiments were subjected to an analysis of variance (one-way ANOVA test 

and a two-way ANOVA test for 2x3 factorial experiments) using a generalized linear 

mixed model (PROC GLIMMIX) procedure in SAS software version 9.4. Each 

experiment was designed with a randomized complete block design. All ANOVA results 

that were significant were subjected to a Tukey-Kramer Honest Significant Test to 

determine which means were significantly different from each other. Different letters in 

the figures indicate a significant difference at P<0.05 and all the data was presented as 

means ± the standard error.  

3.3 Results 

3.3.1 The Effect of Organic Matter and Peat-Based Growth Media on the Growth 
of Acclimated Hybrid Hazelnuts within the Greenhouse 

 Eight week old hybrid hazelnuts transplanted into a high organic matter growth 

medium (Pro-Mix® Organic Soil Moisture Mix) and a peat-based growth medium 

(Sunshine® Mix #4) exhibited no significant difference in shoot growth over weeks 1, 2, 

3, 4 and 5. The mean shoot heights for plants grown in Sunshine® Mix #4 for weeks 1 

to 5 was 101.5 mm (± 26.3), 114.8 mm (± 26.3), 137.0 mm (± 26.3), 156.4 mm (± 26.3) 

and 168.8 mm (± 26.3), respectively. The mean shoot heights for plants grown in Pro-

Mix® Organic Soil Moisture Mix for weeks 1 to 5 was 103.8 mm (± 26.3), 112.8 mm (± 

26.3), 135.7 mm (± 26.3), 161.9 mm (± 26.3) and 192.3 mm (± 26.3), respectively. 

However on week 6 the mean shoot height for plants grown in Pro-Mix® Organic Soil 

Moisture Mix was significantly greater (225.5 mm ± 26.3) than plants grown in 

Sunshine® Mix #4 (178.1 mm ± 26.3) (Fig. 3.5a). For the shoot girth no significant 
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difference was found between the two growth medium treatments on each week (Fig. 

3.5b). Since the plant material used in this experiment was grown in Sunshine® Mix #4 

for 8 weeks before being transplanted into fresh Sunshine® Mix #4 or Pro-Mix® Organic 

Soil Moisture Mix the leaf growth in both treatment was severely stunted (i.e. all new 

emerging leaves above the bottom 2-3 leaves were small and curled inwards) for the 

first 4 weeks. However, on weeks 5 and 6 plants grown in Pro-Mix® Organic Soil 

Moisture Mix were able to recover from being stunted and the leaves grew significantly 

bigger (21.7 cm2 ± 6.79 on week 5 and 23.0 cm2 ± 7.19 on week 6) than the leaves from 

plants grown in Sunshine® Mix #4 (13.1 cm2 ± 4.11 on week 5 and 14.3 cm2 ± 4.47 on 

week 6) (Fig. 3.5d). The chlorophyll content in the leaves was not significantly different 

between treatments on weeks 1 to 4, however plants from the Pro-Mix® Organic Soil 

Moisture Mix treatment had a significantly greater chlorophyll content also on weeks 5 

(474.1 mg/m2 ± 8.40) and 6 (495.1 mg/m2 ± 8.60) when compared to plants from the 

Sunshine® Mix #4 treatment on the same weeks (442.2 mg/m2 ± 8.13 on week 5 and 

450.6 mg/m2 ± 8.27 on week 6) (Fig. 3.5c). The mean length of the rooting system on 

week 6 was greater in the Sunshine® Mix #4 treatment (212.4 mm ± 26.0) when 

compared to the Pro-Mix® Organic Soil Moisture Mix treatment (208.0 mm ± 26.0), 

however there was no significant difference between the root system lengths (Fig. 3.6 

and 3.7).  
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Figure 3.5 Comparison of the (a) shoot height (b) shoot girth (c) chlorophyll content (d) 
leaf area of 8 week old 'Norfolk' hybrid hazelnuts transplanted into a peat-based 
(control) or a high organic matter growth medium over 6 weeks of growth within the 
greenhouse. Asterisks indicate a significant difference (P<0.05) on the week it was 
placed. 
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Figure 3.6 Comparison of the root system of  8 week old 'Norfolk' hybrid hazelnut plants 
after 6 weeks of grown in a peat-based or high organic matter growth medium within the 
greenhouse. Columns with the same letter indicate no significant difference (P<0.05). 

 

Figure 3.7 Comparison of the rooting system of 8 week old 'Norfolk' hybrid hazelnut 
plants after 6 weeks of grown within the greenhouse in (a) a high organic matter growth 
medium (b) a peat-based growth medium. 
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3.3.2 The Effect of the Transplanting Growth Medium and the In Vitro Plant 
Density on the Acclimation Efficiency of Hybrid Hazelnuts within a 
Controlled Growth Chamber 

 Plantlets transplanted into a high organic matter growth medium exhibited the 

lowest survival rate in the 12 density treatment (77%) after 3 weeks within a controlled 

growth chamber, but exhibited a higher survival rate in the 24 density (92%) and 36 

density treatments (87%). After 9 weeks the survival rate of plantlets grown in the high 

organic matter growth medium was 70%, 87% and 83% for the 12, 24 and 36 density 

treatments, respectively. Plantlets transplanted into the peat-based growth medium 

exhibited high survival rates of 90%, 92% and 84% after 3 weeks acclimating in the 

density treatments 12, 24 and 36, respectively. After 9 weeks within the controlled 

growth chamber the survival rate of plantlets grown in the peat-based growth medium 

was 81%, 87% and 84%. The survival rates reported were based on acclimating the 

plantlets during the spring and summer months, since it was found that plantlets 

acclimated during the winter months had a drastically reduced survival rate of below 

50%. A >90% survival rate was later achieved for plantlets transplanted during the 

spring and summer into either growth medium by extending the time spent in the mist 

bed from 2 weeks to 4 weeks.  

 After 3 weeks of growth no significant differences in the mean shoot height, shoot 

girth, leaf chlorophyll content and leaf area were found between all treatment 

combinations of in vitro plantlet density and growth medium type (Fig. 3.8a-d). The 

mean shoot height after 3 weeks for plants from in vitro densities of 12, 24 and 36 was 

32.3 mm (±3.18), 30.8 mm (±2.97) and 33.1 mm (±3.10) for plants grown in a high 
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organic matter growth medium and 30.9 mm (±3.02), 32.5 mm (±3.01) and 36.9 mm 

(±3.15) for plants grown in the peat-based growth medium, respectively. The mean 

shoot girth for plants from in vitro densities of 12, 24 and 36 was 0.82 mm (±0.04), 0.87 

mm (±0.04) and 0.85 mm (±0.04) for plants grown in high organic matter and 0.85 mm 

(±0.04), 0.85 mm (±0.03) and 0.87 mm (±0.04) for plants grown in peat, respectively. 

The mean chlorophyll content within plants derived from the in vitro densities 12, 24 and 

36 was 306.5 mg/m2 (±12.4), 298.6 mg/m2 (±12.2) and 315.5 mg/m2 (±12.2) for plants 

transplanted in high organic matter and 310.4 mg/m2 (±12.2), 292.6 mg/m2 (±12.2) and 

312.3 mg/m2 (±12.2) for plants grown in peat, respectively. The mean leaf area for the in 

vitro plantlet densities 12, 24 and 36 was 2.36 cm2 (±0.42), 1.93 cm2 (±0.35) and 3.07 

cm2 for plants grown in high organic matter and 3.89 cm2 (±0.65), 3.71 cm2 (±0.63) and 

3.69 cm2 (±0.62) for plants grown in peat, respectively.  

 After 6 weeks of growth no significant differences in the mean shoot height, shoot 

girth, and leaf chlorophyll content were found between all treatment combinations of in 

vitro plantlet density and growth medium type (Fig. 3.9a-c). The mean shoot height after 

6 weeks for plants from in vitro densities of 12, 24 and 36 was 36.3 mm (±3.31), 33.5 

mm (±3.01) and 37.8 mm (±3.25) for plantlets transplanted into the high organic matter 

growth medium and 39.1 mm (±3.25), 42.9 mm (±3.37) and 42.7 mm (±3.31) for 

plantlets transplanted into the peat-based growth medium, respectively. The mean 

shoot girth for the in vitro plantlet densities 12, 24 and 36 was 0.94 mm (±0.04), 0.90 

mm (±0.04) and 0.92 mm (±0.04) for plants grown in high organic matter and 0.88 mm 

(±0.04), 0.93 mm (±0.04) and 0.94 mm (±0.04) for plants grown in peat, respectively. 
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The mean chlorophyll content girth for the in vitro plantlet densities 12, 24 and 36 was 

226.2 mg/m2 (±12.2), 213.3 mg/m2 (±12.2) and 224.9 mg/m2 (±12.2) for plants grown in 

high organic matter and 261.1 mg/m2 (±12.2), 257.8 mg/m2 (±12.2) and 228.3 mg/m2 

(±12.2) for plants grown in peat, respectively. After 6 weeks of growth plants from the 24 

in vitro density treatment transplanted into the high organic matter growth medium (3.28 

cm2 ±0.56) exhibited a significantly lower mean leaf area than plants from the 12 and 36 

in vitro density transplanted into the peat-based growth medium (8.23 cm2 ±1.33 and 

7.86 cm2 ±1.27, respectively) (Fig. 3.9d). Plants from an in vitro density of 12 and 36 

transplanted into high organic matter (4.53 cm2 ±0.76 and 5.34 cm2 ±0.88, respectively) 

and plants from an in vitro density of 24 transplanted into peat (7.13 cm2 ±1.27) 

exhibited a leaf area that was not significantly different across all in vitro density and 

growth medium treatment combinations (Fig. 3.9d).  

 After 9 weeks of growth, the mean shoot height of plantlets transplanted into the 

peat-based growth medium was greater in all density treatments (51.3 mm ± 3.68 for 

the 12 density, 56.2 mm ± 3.79 for the 24 density and 55.8 mm ± 3.73 for the 36 

density) than plantlets grown in the high organic matter growth medium (45.8 mm ± 3.61 

for the 12 density, 40.7 mm ± 3.33 for the 24 density and 48.0 mm ± 3.55 for the 36 

density), however there was no significant difference in shoot height across all 

treatments (Fig. 3.10a). The mean shoot girth after 9 weeks for plantlets transplanted 

into the high organic matter growth medium was 1.13 mm (±0.04), 1.12 mm (±0.04) and 

1.21 mm (±0.04) for the 12, 24 and 36 density treatments, respectively. The mean shoot 

girth after 9 weeks for plantlets transplanted into the peat-based growth medium was 
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1.15 mm (± 0.04), 1.21 mm (±0.04) and 1.28 mm (±0.04) for the 12, 24 and 36 density 

treatments, respectively. The shoot girth was not significantly different cross all density 

and growth medium treatment combinations (Fig. 3.10b). 

 Plantlets transplanted into the peat-based growth medium also exhibited a 

greater mean leaf area at all densities after 9 weeks within a controlled growth chamber 

when compared to plantlets grown in the high organic matter growth medium (Fig. 

3.11). The mean leaf area for plantlets grown in the peat-based growth medium was 

7.63 cm2 (±1.23) for the 12 density, 8.28 cm2 (±1.34) for the 24 density and 7.38 cm2 

(±1.20) for the 36 density treatment. For plantlets grown in the high organic matter 

growth medium the mean leaf area was 4.42 cm2 (±0.74) for the 12 density, 2.96 cm2 

(±0.51) for the 24 density and 3.91 cm2 (±0.66) for the 36 density treatment. The 

variation in leaf area was however only significantly different between the 24 density 

treatment grown in the high organic matter growth medium and all the density 

treatments (12, 24 and 36) grown in a peat-based growth medium (Fig. 3.10d). There 

was no significant difference in the leaf area among the remaining density and growth 

medium treatment combinations (Fig. 3.10d). The mean chlorophyll content in the leafs 

was greater in plants grown in the high organic matter growth medium than plantlets 

grown in the peat-based growth medium after 9 weeks in the controlled growth 

chamber. Plantlets grown in the high organic matter growth medium exhibited a mean 

leaf chlorophyll content of 354.9 mg/m2 (±12.4) for the 12 density, 320.1 mg/m2 (±12.2) 

for the 24 density and 335.7 mg/m2 (±12.2) for the 36 density treatment. Plantlets grown 

in the peat-based growth medium exhibited a mean leaf chlorophyll content of 296.0 



 

 

91 

 

mg/m2 (±12.2) for the 12 density, 288.6 mg/m2 (±12.3) for the 24 density and 317.3 

mg/m2 (±12.2) for the 36 density treatment. The chlorophyll content was however only 

significantly greater between the 12 density treatment grown in the high organic matter 

growth medium and the two plantlet densities of 12 and 24 grown in the peat-based 

growth medium (Fig. 3.10c). There was no significant difference between all the 

remaining density and growth medium combinations (Fig. 3.10c). 

 The mean length of the rooting system of plantlets grown in a high organic matter 

growth medium was 112.2 mm (±6.53) for the 12 density, 98.9 mm (±6.40) for the 24 

density and 113.8 mm (±6.40) for the 36 density treatment. For plantlets grown in the 

peat-based growth medium the mean root system length was 128.0 mm (±6.53) for the 

12 density, 107.9 mm (±6.28) for the 24 density and 122.9 mm (±6.07) for the 36 

density treatment. Only plantlets from a 12 density grown in the peat-based had a 

significantly greater mean root system length than plantlets from a 24 density grown in a 

high organic matter growth medium (Fig. 3.10e). All remaining density and growth 

medium treatment combinations had mean root systems that were not significantly 

different in length (Fig. 3.10e). 
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Figure 3.8 Comparison of the (a) shoot height (b) shoot girth (c) chlorophyll content (d) 
leaf area of micropropagated 'Norfolk' hybrid hazelnut plantlets rooted with an vitro 
density of 12, 24 or 36 shoot explants/vessel transplanted ex vitro into a peat-based 
(control) or high organic matter growth medium after 3 weeks growth within a controlled 
growth chamber. Columns with the same letter indicate no significant difference 
(P<0.05). 
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Figure 3.9 Comparison of the (a) shoot height (b) shoot girth (c) chlorophyll content (d) 
leaf area of micropropagated 'Norfolk' hybrid hazelnut plantlets rooted with an vitro 
density of 12, 24 or 36 shoot explants/vessel transplanted ex vitro into a peat-based 
(control) or high organic matter growth medium after 6 weeks growth within a controlled 
growth chamber. Columns with the same letter indicate no significant difference 
(P<0.05). 
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Figure 3.10 Comparison of the (a) shoot height (b) shoot girth (c) chlorophyll content (d) 
leaf area (e) root system length of micropropagated 'Norfolk' hybrid hazelnut plantlets 
rooted with an vitro density of 12, 24 or 36 shoot explants/vessel transplanted ex vitro 
into a peat-based (control) or high organic matter growth medium after 9 weeks growth 
within a controlled growth chamber. Columns with the same letter indicate no significant 
difference (P<0.05). 

 

 

Figure 3.11 Micropropagated 'Norfolk' hybrid hazelnut plants rooted in vitro with a 
density of 12, 24 or 36 shoot explants/vessel after 9 weeks of growth ex vitro in a (a) 
high organic matter growth medium (b) peat-based growth medium within a controlled 
growth chamber. 

 



 

 

96 

 

3.3.3 The Effect of Light Intensity, Transplant Growth Medium and Re-Potting on 
the Acclimation Efficiency within a Controlled Growth Chamber 

 Hazelnut plantlets transplanted into the high organic matter or peat-based growth 

media and subjected to either 100 µmol/m2/s, 175 µmol/m2/s and 250 µmol/m2/s 

exhibited a similar mean shoot height that was not significantly different after 3 weeks of 

growth in the growth chamber (Fig. 3.12a). The mean shoot height at 3 weeks for 

plantlets transplanted into the high organic matter growth medium was 28.4 mm (±1.64), 

33.4 mm (±1.90) and 31.9 mm (±1.86) for the 100 µmol/m2/s, 175 µmol/m2/s and 250 

µmol/m2/s treatments, respectively. The mean shoot height at 3 weeks for plantlets 

transplanted into the peat-based growth medium was 36.1 mm (±2.09), 28.7 mm 

(±1.78) and 34.6 mm (±1.99) for the 100 µmol/m2/s, 175 µmol/m2/s and 250 µmol/m2/s 

treatments, respectively. After 6 weeks of growth the mean shoot height of plants 

subjected to 100 µmol/m2/s, 175 µmol/m2/s and 250 µmol/m2/s was 46.7 mm (±2.61), 

50.1 mm (±2.77) and 35.7 mm (±2.11) for plants grown in a high organic matter growth 

medium and 48.2 mm (±2.75), 43.4 mm (±2.61) and 42.9 mm (±2.46) for plants grown in 

the peat-based growth medium, respectively. Plants grown at 250 µmol/m2/s in the 

organic matter growth medium exhibited a significantly lower shoot height than plants 

grown in both growth medias subjected to 100 µmol/m2/s and plants grown in the 

organic matter growth medium subjected to 175 µmol/m2/s at week 6 (Fig. 3.13a). After 

9 weeks of growth the mean shoot height of plants subjected to 100 µmol/m2/s, 175 

µmol/m2/s and 250 µmol/m2/s was 75.5 mm (±4.11), 100.6 mm (±5.51) and 44.4 (±2.61) 

for plants grown in a high organic matter growth medium and 82.1 mm (±4.55), 83.5 mm 

(±4.97) and 56.0 mm (±3.17) for plants grown in the peat-based growth medium, 
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respectively. Plants grown at 175 µmol/m2/s in organic matter had a significantly greater 

mean shoot length than all treatments except for plants grown in peat subjected to 100 

and 175 µmol/m2/s at week 9. The mean shoot height of plants grown in peat subjected 

to 100 and 175 µmol/m2/s was not significantly different from each other, and was not 

significantly different from plants grown in organic matter subjected to 100 µmol/m2/s at 

week 9 (Fig. 3.14a). Plants grown in both growth media and subjected to 250 µmol/m2/s 

resulted in a mean shoot height that was significantly smaller than all treatments, 

however the mean shoot height among the treatments was not significantly difference 

from each other (Fig. 3.14a). The mean shoot girth after 3 weeks of plants subjected to 

100 µmol/m2/s, 175 µmol/m2/s and 250 µmol/m2/s was 0.70 mm (±0.11), 0.76 mm 

(±0.11) and 0.86 mm (±0.13) for plants grown in a high organic matter growth medium 

and 0.72 mm (±0.11), 0.72 mm (±0.12) and 0.86 mm (±0.12) for plants grown in the 

peat-based growth medium, respectively. The mean shoot girth after 6 weeks of plants 

subjected to 100 µmol/m2/s, 175 µmol/m2/s and 250 µmol/m2/s was 0.87 mm (±0.12), 

1.00 mm (±0.13) and 0.91 mm (±0.13) for plants grown in a high organic matter growth 

medium and 0.94 mm (±0.13), 0.91 mm (±0.14) and 0.94 mm (±0.13) for plants grown in 

the peat-based growth medium, respectively. After 9 weeks, the mean shoot girth of 

plants subjected to 100 µmol/m2/s, 175 µmol/m2/s and 250 µmol/m2/s was 1.21 mm 

(±0.14), 1.54 mm (±0.17) and 1.16 mm (±0.15) for plants grown in a high organic matter 

growth medium and 1.26 mm (±0.15), 1.36 mm (±0.18) and 1.25 mm (±0.15) for plants 

grown in the peat-based growth medium, respectively. There was no significant 
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difference in the mean shoot girth across all the treatments on weeks 3, 6 and 9 (Fig. 

3.12b, Fig. 3.13b, Fig. 3.14b).  

 The mean leaf area of plants grown in both growth media at all light intensities 

was not significantly different after 3 weeks in the growth chamber (Fig. 3.12c). The 

mean leaf area after 3 weeks of plants subjected to 100 µmol/m2/s, 175 µmol/m2/s and 

250 µmol/m2/s was 2.44 cm2 (±0.77), 2.73 cm2 (±0.83) and 3.38 cm2 (±0.84) for plants 

grown in a high organic matter growth medium and 4.12 cm2 (±0.91), 2.62 cm2 (±0.78) 

and 3.49 cm2 (±0.85) for plants grown in the peat-based growth medium, respectively. 

After 6 weeks of growth the mean leaf area of plants from the 100 µmol/m2/s, 175 

µmol/m2/s and 250 µmol/m2/s treatments was 7.08 cm2 (±1.22), 8.99 cm2 (±1.45) and 

5.55 cm2 (±1.05) for plants grown in a high organic matter growth medium and 9.71 cm2 

(±1.54), 7.52 cm2 (±1.28) and 7.36 cm2 (±1.25) for plants grown in the peat-based 

growth medium, respectively. The mean leaf area of plants grown in a organic growth 

medium at 250 µmol/m2/s was significantly smaller than plants grown in peat at 100 

µmol/m2/s, however there was no significant difference in mean leaf area among the 

remaining treatments at week 6 (Fig. 3.13c). At 9 weeks, the mean leaf area of plants 

subjected to 100 µmol/m2/s, 175 µmol/m2/s and 250 µmol/m2/s was 19.73 cm2 (±2.88), 

24.52 cm2 (±3.55) and 3.81 cm2 (±0.88) for plants grown in a high organic matter growth 

medium and 21.2 cm2 (±3.09), 19.2 cm2 (±2.81) and 6.92 cm2 (±1.20) for plants grown 

in the peat-based growth medium, respectively. Plants grown in an organic matter 

growth medium at 175 µmol/m2/s had a significantly higher mean leaf area than all 

treatments except plants grown in peat at 100 µmol/m2/s (Fig. 3.14c). There was no 
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significant difference in mean leaf area between plants grown at 100 µmol/m2/s and 175 

µmol/m2/s in peat, as well as plants grown at 100 µmol/m2/s in an organic matter growth 

medium (Fig. 3.14c). There was no significant difference in the mean leaf area in plants 

grown in the two growth medium at 250 µmol/m2/s, however the mean leaf area for 

these treatments was significantly smaller than all the other light intensity and growth 

medium combinations (Fig. 3.14c). The mean chlorophyll content of the leaves of plants 

subjected to 100 µmol/m2/s, 175 µmol/m2/s and 250 µmol/m2/s after 3 weeks of growth 

was 283.8 mg/m2 (±11.3), 298.9 mg/m2 (±11.4) and 315.5 mg/m2 (±11.5) for plants 

grown in a high organic matter growth medium and 326.6 mg/m2 (±11.6), 326.5 mg/m2 

(±11.6) and 312.3 mg/m2 (±11.5) for plants grown in the peat-based growth medium, 

respectively. At week 3 there was no significant difference in mean chlorophyll content 

across all treatments (Fig. 3.12d). After 6 weeks of growth the mean chlorophyll content 

found within the leaves of plants subjected to 100 µmol/m2/s, 175 µmol/m2/s and 250 

µmol/m2/s was 326.8 mg/m2 (±11.6), 346.6 mg/m2 (±11.8) and 224.6 mg/m2 (±10.9) for 

plants grown in a high organic matter growth medium and 332.4 mg/m2 (±11.7), 326.5 

mg/m2 (±11.6) and 222.1 mg/m2 (±11.0) for plants grown in the peat-based growth 

medium, respectively. The mean chlorophyll content within the plant's leaves from both 

growth media treatments subjected to 250 µmol/m2/s was significantly less than plants 

grown in either growth medium subjected to 100 µmol/m2/s and 175 µmol/m2/s, however 

there was no significant difference in mean chlorophyll content among the lower light 

intensity and growth medium combination treatments at week 6 (Fig. 3.13d). After 9 

weeks, the mean chlorophyll content found within the leaves of plants subjected to 100 
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µmol/m2/s, 175 µmol/m2/s and 250 µmol/m2/s was 394.4 mg/m2 (±12.3), 337.3 mg/m2 

(±11.7) and 336.0 mg/m2 (±11.7) for plants grown in a high organic matter growth 

medium and 374.9 mg/m2 (±12.1), 314.5 mg/m2 (±11.5) and 317.2 mg/m2 (±11.5) for 

plants grown in the peat-based growth medium, respectively. Plants grown in the high 

organic matter at 100 µmol/m2/s resulted in leaves with a significantly higher mean 

chlorophyll content than plants from all the other treatments, except plants grown at the 

same light intensity but grown in the peat-based growth medium (Fig. 3.14d). Plants 

grown in peat and subjected to 100 µmol/m2/s had a significantly greater mean 

chlorophyll content than plants grown in peat and subjected to 175 µmol/m2/s and 250 

µmol/m2/s, however there was no significant difference at these same light intensities 

when plants were grown in the high organic matter growth medium (Fig. 3.14d). There 

was no significant difference in mean chlorophyll content in the leaves between plants 

grown in peat at 175 µmol/m2/s and 250 µmol/m2/s and plants grown in the high organic 

matter at the same light intensities (Fig. 3.14d). When the root system length was 

recorded after 9 weeks of growth, the mean length from plants subjected to 100 

µmol/m2/s, 175 µmol/m2/s and 250 µmol/m2/s was 83.7 mm (±8.15), 100.0 mm (±8.73) 

and 104.9 mm (±9.18) for plants grown in a high organic matter growth medium and 

92.8 mm (±8.64), 90.8 mm (±8.37) and 114.7 mm (±9.72) for plants grown in the peat-

based growth medium, respectively. Plants grown in peat at 250 µmol/m2/s had a 

significantly greater mean root system length than plants grown in peat at 100 

µmol/m2/s and 175 µmol/m2/s, as well as plants grown in organic matter at 100 

µmol/m2/s (Fig. 3.14e, Fig. 3.15). However, there was no significant difference between 
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plants grown in peat at 250 µmol/m2/s and plants grown in organic matter at 175 

µmol/m2/s and 250 µmol/m2/s (Fig. 3.14e, Fig. 3.15). There was no significant difference 

in mean root system length between plants grown in peat at 100 µmol/m2/s and 175 

µmol/m2/s and plants grown in organic matter at 175 µmol/m2/s and 250 µmol/m2/s (Fig. 

3.14e, Fig. 3.15).There was no significant difference in mean root system length 

between plants grown in either peat or organic matter at 100 µmol/m2/s and 175 

µmol/m2/s (Fig. 3.14e, Fig. 3.15). Plants grown at 250 µmol/m2/s in organic matter did 

however have a significantly greater mean root system length than plants grown in the 

same growth medium at 100 µmol/m2/s (Fig. 3.14e, Fig. 3.15).  

 Plants grown under 100 µmol/m2/s that were transplanted into a large pot 

containing peat on the ninth week exhibited a mean shoot height of 125.5 mm (±9.96), 

shoot girth of 1.70 mm (±0.19), chlorophyll content of 387.9 mg/m2 (±18.7) and leaf area 

of 24.2 cm2 (±1.75), while plants transplanted into a large pot containing high organic 

matter exhibited a mean shoot height of 145.4 mm (±11.5), shoot girth of 1.58 mm 

(±0.18), chlorophyll content of 402.8 mg/m2 (±19.4) and leaf area of 34.0 cm2 (±2.42). 

Plants grown under 100 µmol/m2/s that were transplanted back into a small pot 

containing peat exhibited a mean shoot height of 106.6 mm (±8.53), shoot girth of 1.70 

mm (±0.19), chlorophyll content of 387.4 mg/m2 (±18.7) and leaf area of 19.62 cm2 

(±1.45), while plants transplanted into a small pot containing high organic matter 

exhibited a mean shoot height of 87.3 mm (±6.98), shoot girth of 1.33 mm (±0.15), 

chlorophyll content of 427.1 mg/m2 (±20.6) and leaf area of 21.0 cm2 (±1.55). Plants 

grown under 100 µmol/m2/s that were repotted into larger pots containing peat exhibited 
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a mean shoot height and leaf area that was significantly bigger than plants grown than 

plants transplanted back into small pots after 3 weeks of growth (Fig. 3.16a,c). Plants 

grown under 100 µmol/m2/s that were repotted into larger pots containing high organic 

matter exhibited a mean shoot height and leaf area that was significantly bigger than 

plants grown than plants transplanted back into small pots after 3 weeks of growth (Fig. 

3.16a,c, Fig. 3.19a). Plants grown under 175 µmol/m2/s that were transplanted into a 

large pot containing peat on the ninth week exhibited a mean shoot height of 111.4 mm 

(±8.95), shoot girth of 1.92 mm (±0.21), chlorophyll content of 364.0 mg/m2 (±18.0) and 

leaf area of 22.8 cm2 (±1.68), while plants transplanted into a large pot containing high 

organic matter exhibited a mean shoot height of 109.6 mm (±8.72), shoot girth of 1.94 

mm (±0.18), chlorophyll content of 383.5 mg/m2 (±18.5) and leaf area of 23.8 cm2 

(±1.73). Plants grown under 175 µmol/m2/s that were transplanted back into a small pot 

containing peat exhibited a mean shoot height of 80.1 mm (±6.50), shoot girth of 1.53 

mm (±0.18), chlorophyll content of 347.2 mg/m2 (±17.0) and leaf area of 18.4 cm2 

(±1.41), while plants transplanted into a small pot containing high organic matter 

exhibited a mean shoot height of 108.1 mm (±8.62), shoot girth of 1.93 mm (±0.21), 

chlorophyll content of 372.4 mg/m2 (±18.0) and leaf area of 25.9 cm2 (±1.88). Plants 

grown under 175 µmol/m2/s that were repotted into larger pots containing peat exhibited 

a significantly greater mean shoot height and leaf area than plants transplanted back 

into small pots after 3 weeks of growth (Fig. 3.17a,c). Plants grown under 175 

µmol/m2/s that were repotted into larger pots containing high organic matter exhibited a 

mean shoot height, shoot girth, chlorophyll content and leaf area that was not 
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significantly different than plants transplanted back into small pots after 3 weeks of 

growth (Fig. 3.17, Fig. 3.19). Plants grown under 250 µmol/m2/s that were transplanted 

into a large pot containing the peat-based growth medium on the ninth week exhibited a 

mean shoot height of 79.4 mm (±6.36), shoot girth of 1.66 mm (±0.18), chlorophyll 

content of 442.7 mg/m2 (±21.3) and leaf area of 12.6 cm2 (±0.97), while plants 

transplanted into a large pot containing the high organic matter growth medium 

exhibited a mean shoot height of 80.5 mm (±6.45), shoot girth of 1.55 mm (±0.17), 

chlorophyll content of 419.6 mg/m2 (±20.2) and leaf area of 16.8 cm2 (±1.26). Plants 

grown under 250 µmol/m2/s that were transplanted back into a small pot containing peat 

exhibited a mean shoot height of 77.4 mm (±6.22), shoot girth of 1.76 mm (±0.19), 

chlorophyll content of 445.0 mg/m2 (±21.4) and leaf area of 10.6 cm2 (±0.83), while 

plants transplanted into a small pot containing high organic matter exhibited a mean 

shoot height of 66.8 mm (±5.40), shoot girth of 1.55 (±0.17), chlorophyll content of 433.9 

mg/m2 (±20.9) and leaf area of 11.0 cm2 (±0.87). When pot size was compared across 

plants grown at 250 µmol/m2/s in the different growth media it was found that there was 

no significant difference in the shoot height, shoot girth, chlorophyll content or leaf area 

among all treatments (Fig. 3.18, Fig. 3.19). 
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Figure 3.12 Comparison of the (a) shoot height (b) shoot girth (c) leaf area (d) 
chlorophyll content of micropropagated plantlets transplanted ex vitro into a peat-based 
(control) or high organic matter growth medium grown under a light intensity of 100, 175 
or 250 µmol/m2/s for 3 weeks within a controlled growth chamber. Columns with the 
same letter indicate no significant difference (P<0.05). 
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Figure 3.13 Comparison of the (a) shoot height (b) shoot girth (c) leaf area (d) 
chlorophyll content of micropropagated plantlets transplanted ex vitro into a peat-based 
(control) or high organic matter growth medium grown under a light intensity of 100, 175 
or 250 µmol/m2/s for 6 weeks within a controlled growth chamber. Columns with the 
same letter indicate no significant difference (P<0.05). 
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Figure 3.14 Comparison of the (a) shoot height (b) shoot girth (c) leaf area (d) 
chlorophyll content (e) root system length of micropropagated plantlets transplanted ex 
vitro into a peat-based (control) or high organic matter growth medium grown under a 
light intensity of 100, 175 or 250 µmol/m2/s for 9 weeks within a controlled growth 
chamber. Columns with the same letter indicate no significant difference (P<0.05). 

 

 

 



 

 

108 

 

Figure 3.15 Micropropagated 'Norfolk' hybrid hazelnut plants grown ex vitro for 9 weeks 
within a controlled growth chamber in a (a) high organic matter growth medium at 100 
µmol/m2/s (b) peat-based growth medium at 100 µmol/m2/s (c) high organic matter 
growth medium at 175 µmol/m2/s (d) peat-based growth medium at 175 µmol/m2/s (e) 
high organic matter growth medium at 250 µmol/m2/s (f) peat-based growth medium at 
250 µmol/m2/s. 
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Figure 3.16 Comparison of the (a) shoot height (b) shoot girth (c) chlorophyll content (d) 
leaf area of 'Norfolk' hazelnuts grown for 12 weeks within a controlled growth chamber 
under 100 µmol/m2/s and were transplanted into a small or large pot containing a peat-
based (control) or high organic matter growth medium grown on the ninth week. 
Columns with the same letter indicate no significant difference (P<0.05). 
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Figure 3.17 Comparison of the (a) shoot height (b) shoot girth (c) chlorophyll content (d) 
leaf area of 'Norfolk' hazelnuts grown for 12 weeks within a controlled growth chamber 
under 175 µmol/m2/s and were transplanted into a small or large pot containing a peat-
based (control) or high organic matter growth medium grown on the ninth week. 
Columns with the same letter indicate no significant difference (P<0.05). 
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Figure 3.18 Comparison of the (a) shoot height (b) shoot girth (c) chlorophyll content (d) 
leaf area of 'Norfolk' hazelnuts grown for 12 weeks within a controlled growth chamber 
under 250 µmol/m2/s and were transplanted into a small or large pot containing a peat-
based (control) or high organic matter growth medium grown on the ninth week. 
Columns with the same letter indicate no significant difference (P<0.05). 
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Figure 3.19 Comparison of 12 week old 'Norfolk' hazelnuts repotted on the ninth week 
into small or large pots containing a high organic matter growth medium under (a) 100 
µmol/m2/s (b) 175 µmol/m2/s and (c) 250 µmol/m2/s. 
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3.3.4 The Effect of Iron, Zinc and Potassium Nutrient Solutions in a Peat-Based 
Growth Medium on the Leaf Development of Hybrid Hazelnuts 

 No recovery in leaf development was observed over the 6 week period in any of 

the nutrient solution treatments. The control treatment that was irrigated weekly with 

fertilizer water also showed no signs of leaf recovery after 6 weeks. No plants died or 

visually appeared more stressed than the control following the application of any of the 

nutrient solutions. All new emerging leaves across all the treatments were deformed, 

small and curled inwards. By the end of the sixth week many plants across all the 

treatments exhibited browning on the shoot apical meristem or a complete termination 

of the meristem. Furthermore all plants appeared extremely stunted in height exhibiting 

little growth over the 6 weeks. Control plants that were completely flushed and irrigated 

with distilled water also showed no signs of leaf recovery or improvement in shoot 

growth after 6 weeks.  

3.3.5 Evaluation of Winter Storage Conditions for Hybrid Hazelnuts 

 Hybrid hazelnuts applied with only water (control) placed in the greenhouse-

mimic treatment exhibited a mean shoot height of 269.3 mm (±3.67), 296.1 mm (±3.85) 

and 311.3 mm (±3.95) after weeks 0, 2 and 4 of growth respectively. Non-pretreated 

plants placed into 4oC cold storage exhibited a mean shoot height of 264.3 mm (±3.83), 

277.8 mm (±4.45), and 312.2 mm (±4.56) after weeks 0 (initial), 2 and 4 of growth post 

cold storage, respectively. Plants applied with paclobutrazol placed in the greenhouse-

mimic treatment exhibited a mean shoot height of 218.2 mm (±4.67), 221.3 mm (±4.70) 

and 221.4 mm (±4.71) after weeks 0, 2 and 4 of growth, respectively. Paclobutrazol 

treated plants placed into 4oC cold storage exhibited a mean shoot height of 205.0 mm 
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(±3.70), 205.1 mm (±3.70) and 208.4 mm (±3.86) after weeks 0, 2 and 4 of growth post 

cold storage, respectively. Plants applied with tryptophan placed in the greenhouse-

mimic treatment exhibited a mean shoot height of 285.4 mm (±5.34), 347.3 mm (±5.89) 

and 367.8 mm (±6.07) after weeks 0, 2 and 4 of growth, respectively. Tryptophan 

treated plants placed into 4oC cold storage exhibited a mean shoot height of 281.4 mm 

(±5.34), 291.6 mm (±5.15), and 338.3 mm (±5.55) after weeks 0, 2 and 4 of growth post 

cold storage, respectively. There was no significant difference in mean shoot height 

when plants with the same pretreatment were placed in either the greenhouse-mimic or 

cold storage across all weeks (Fig. 3.20a, Fig. 3.21a, Fig. 3.22a). The only exception 

was seen on week 4 of growth when plants applied with tryptophan placed into the 

greenhouse-mimic storage had a significantly greater mean shoot height than 

tryptophan plants placed into cold storage (Fig. 3.22a). Plants applied with tryptophan 

placed into both the greenhouse-mimic and cold storage treatments also exhibited a 

significantly greater mean shoot height after 4 weeks of growth when compared to the 

control treatment placed in both storage treatments (Fig. 3.22a). Plants applied with 

paclobutrazol placed in the greenhouse-mimic and cold storage both had a significantly 

shorter mean shoot height than the control and tryptophan treated plants placed in 

either storage treatment across all weeks (Fig. 3.20a, Fig. 3.21a, Fig. 3.22a).  

 The mean shoot girth of plants placed in the greenhouse-mimic storage 

treatment at weeks 0, 2 and 4 was 2.45 mm (±0.35), 2.69 mm (±0.37) and 2.97 mm 

(±0.39) for the control treatment, 2.37 mm (±0.49), 2.50 mm (±0.50) and 2.48 mm 

(±0.50) for the paclobutrazol treatment and 2.38 mm (±0.48), 2.68 mm (±0.52) and 3.00 
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(±0.58) for tryptophan treatment, respectively. The mean shoot girth of plants post-

removal from cold storage at weeks 0, 2 and 4 was 2.25 mm (±0.34), 2.46 mm (±0.42) 

and 2.69 mm (±0.42) for the control treatment, 2.06 mm (±0.37), 2.28 mm (±0.39) and 

2.43 mm (±0.42) for the paclobutrazol treatment and 2.36 mm (±0.40), 2.57 mm (±0.48) 

and 2.89 mm (±0.51) for the tryptophan treatment, respectively. There was no 

significant difference in the shoot girth in plants from either storage treatment and 

pretreatment across all weeks of growth (Fig. 3.20b, Fig. 3.21b, Fig. 3.22b). The mean 

number of nodes on the shoot of plants placed in the greenhouse-mimic storage 

treatment at weeks 0, 2 and 4 was 14.1 (±0.84), 16.6 (±0.91) and 18.0 (±0.95) for the 

control treatment, 14.5 (±1.20), 14.5 (±1.20) and 16.1 (±1.27) for the paclobutrazol 

treatment and 13.5 (±1.16), 15.9 (±1.26) and 17.6 (±1.33) for tryptophan treatment, 

respectively. The mean number of nodes on the shoot of plants post-removal from cold 

storage at weeks 0, 2 and 4 was 13.2 (±0.83), 16.2 (±1.08) and 17.8 (±1.27) for the 

control treatment,12.5 (±0.91), 13.5 (±0.95) and 14.1 (±1.00) for the paclobutrazol 

treatment and 13.4 (±0.95), 16.0 (±1.21) and 17.8 (±1.27) for the tryptophan treatment, 

respectively. There was no significant difference in the number of nodes on the plant's 

shoot across the storage treatments and pretreatments on each week of growth (Fig. 

3.20c, Fig. 3.21c, Fig. 3.22c). In both storage treatments plants applied with 

paclobutrazol appeared to exhibited a stunted shoot growth, as well as developed 

malformed, small leaves (Fig. 3.23, Fig. 3.24). Plants from the control, tryptophan and 

paclobutrazol placed in the greenhouse-mimic treatment all exhibited leaf browning on 

many of the leaves lower in its canopy (Fig. 3.23). No leaf browning was seen in the 
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control, tryptophan and paclobutrazol treated plants placed in the cold storage treatment 

across the 4 weeks of growth recorded (Fig. 3.24).  
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Figure 3.20 Comparison of the initial (a) shoot height (b) shoot girth (c) number of nodes 
of 'Norfolk' hybrid hazelnuts pretreated with water (control), 200 ppm paclobutrazol or 
200 ppm tryptophan for 4 weeks before being placed in a greenhouse-mimicking growth 
chamber or cold storage. Columns with the same letter indicate no significant difference 
(P<0.05). 
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Figure 3.21 Comparison of the (a) shoot height (b) shoot girth (c) number of nodes of 
'Norfolk' hazelnuts pretreated with water (control), 200 ppm paclobutrazol or 200 ppm 
tryptophan after being placed directly (greenhouse storage) or post- cold storage (4oC) 
in the greenhouse-mimicking controlled growth chamber after 2 weeks of growth. 
Columns with the same letter indicate no significant difference (P<0.05). 
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Figure 3.22 Comparison of the (a) shoot height (b) shoot girth (c) number of nodes of 
'Norfolk' hazelnuts pretreated with water (control), 200 ppm paclobutrazol or 200 ppm 
tryptophan placed directly (greenhouse storage) or post- cold storage (4oC) in the 
greenhouse-mimicking controlled growth chamber after 4 weeks of growth. Columns 
with the same letter indicate no significant difference (P<0.05). 
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Figure 3.23 'Norfolk' hazelnuts pretreated with 200 ppm tryptophan, water (control) and 
200 ppm paclobutrazol after being directly stored in the overwintering greenhouse-
mimic growth chamber for 4 weeks. 

                 

Figure 3.24 'Norfolk' hazelnuts pretreated with water (control), 200 ppm tryptophan and 
200 ppm paclobutrazol stored for 10 weeks at 4oC then placed into in the overwintering 
greenhouse-mimic growth chamber after 4 weeks of growth post-bud break. 
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3.4 Discussion 

 The hybrid hazelnut 'Norfolk' was chosen as the main focus within this study due 

to its desirable traits that make it a potential commercial variety for Ontario, Canada. 

'Norfolk' hybrid hazelnuts are desirable for Ontario, Canada since this variety offers 

Eastern Filbert Blight resistance, high catkin survival in the winter, good pollen 

production, and weak suckering as well as during processing of the nut the skin 

surrounding the kernel can be easily removed when roasted (CFIA, 2019). To rapidly 

increase the availability of this desirable variety the technique of micropropagation is 

being utilized to mass produce plant material within a laboratory environment. A major 

problem for hazelnuts produced via micropropagation is that the plants often exhibit a 

poor ability to acclimate from their in vitro laboratory environment to ex vitro conditions, 

thus resulting in a high plant mortality when transferred to the greenhouse (Pincelli-

Souza et al., 2018; Ellena et al., 2018). Furthermore, micropropagated plants that are 

not provided with the appropriate ex vitro conditions may then experience an additional 

problem of a limited growth phase post-acclimation. A common method to improve the 

acclimation efficiency of micropropagated plantlets is to harden them while in vitro to 

prepare them for ex vitro conditions (Pospíšilová et al., 1999). Using the in vitro harden 

technique of rooting plantlets in Oasis® In Vitro Express (IVE) foam within a Temporary 

Immersion System (TIS) to improve their root system vigour has shown to be an 

effective method to enhance the acclimation efficiency for hybrid hazelnuts. This 

method's effect on the acclimation efficiency of hazelnuts produced at high in vitro 

densities (12, 24 or 36 shoot explants/vessel) preferred within commercial 
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micropropagation had yet to be evaluated. Furthermore, the effect of the growth 

medium used during the transplanting phase, light intensity, re-potting and the winter 

storage technique was also evaluated to determine whether it had an effect on the 

plantlets' acclimation efficiency and post-acclimation growth.  

 Choosing the appropriate growth medium to transplant in vitro plantlets into is 

important since the medium must provide the plant with a sufficient amount of water, 

nutrients and oxygen to promote growth (Raviv, 2005). After 9 weeks of growth within a 

growth chamber plantlets rooted in vitro with a density of 12, 24 or 36 shoot 

explants/vessel that were transplanted into a peat-based growth medium exhibited a 

mean shoot height, shoot girth, chlorophyll content, leaf area and root system length 

that was not significantly different across all the densities (Fig. 3.10a-e). Plantlets rooted 

in vitro with a density of 12, 24 or 36 shoot explants/vessel and transplanted into a high 

organic matter growth medium exhibited a mean shoot height, shoot girth, chlorophyll 

content, leaf area and root system length that also was not significantly different across 

all the densities (Fig. 3.10). These findings suggest that increasing the in vitro density 

during the rooting stage did not have a negative effect on the plants overall acclimation 

and post-acclimation growth. However, when the densities were compared across 

growth media after 9 weeks of growth all the plantlets transplanted into a high organic 

medium had a shorter mean shoot height, shoot girth, leaf area and root system length 

than plantlets transplanted into the peat-based growth medium (Fig. 3.10a,b,d,e). Only 

the mean chlorophyll content after 9 weeks was greater in all density treatments 

transplanted into a high organic matter growth medium when compared to the same 
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density transplanted into the peat-based growth medium (Fig. 3.10c). Even though there 

was no significant difference across all parameters when the 12 and 36 density where 

compared across growth media, the 24 density treatment grown in high organic matter 

had a significantly shorter root system length than plants with a 12 density grown in peat 

and also had a significantly smaller mean leaf area than all densities grown in peat. 

These results suggest that transplanting plantlets into a high organic matter medium 

during the initial stages of the acclimation phase may be impeding the optimal growth 

ability of the plantlets when compared to the peat-based growth medium. It is believed 

that the differences in hazelnut growth seen across the growth media can be 

contributed to the varying water holding capacity and aeration of the media. Sunshine® 

Mix #4 is composed largely of peat whereas the Pro-Mix® Organic Soil Moisture Mix is 

largely composed of coir. Growth media high in coir have been found to have a reduced 

amount of air filled pore space was well as a greater water-holding capacity than growth 

media composed of a high peat content (Evans and Stamps, 1996; Raviv, 2005). The 

ability to drain excess water and maintain a greater amount of air filled pore space 

would be particularly important while the plantlets are being continuously sprayed with 

water during the mist bed stage. Therefore it is believed the greater availability of 

oxygen in the pore spaces of the peat growth medium enhanced the root growth 

potential earlier than the high organic matter growth medium composed of coir, thus 

allowing for a more efficient acclimation and quicker growth post-acclimation. The 

growth medium's water holding capacity and aeration during the mist bed stage is 

believed to be the main reason for the variation in growth since the opposite effect in 
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growth between the media was observed when acclimated eight week old hazelnut 

plants were transplanted into peat and high organic matter. Eight week old hazelnut 

plants grown in high organic matter significantly increased the shoot height and leaf 

area, as well as produced a root system length that was not significantly different when 

compared to plants grown in peat for 6 weeks (Fig. 3.5a,d, Fig. 3.6). Therefore the use 

of the high organic growth medium does improve the post-acclimation growth efficiency 

in hazelnuts, however it is not a more efficient medium than peat to stimulate ex vitro 

growth during the acclimation period.  

 The organic matter content within a growth medium consists of various types of 

plant and animal residues (i.e. compost) at different stages of decompositions and is 

commonly added to a medium to increase the plant-available nutrients, alter the nutrient 

relationships and pH, suppress disease and promote microorganisms and mycorrhizae 

development (Cong et al., 2015; Pascual et al., 2018; Masciandaro et al., 2013; Shah et 

al., 2016). These benefits associated with a high organic matter growth medium is 

thought to have improved the growth of hazelnuts, as well as played a very important 

role in preventing the plants from experiencing stunted shoot and malformed leaf growth 

seen in plants grown in peat within the greenhouse. Zinc, potassium and iron nutrient 

solutions based on the nutrient profile of Pro-Mix® Organic Soil Moisture Mix were 

applied to stunted and deformed hazelnut plants grown in peat, however the individual 

application of these solutions did not alleviate the abnormal growth symptoms. These 

results suggest that the peat-based growth medium is deficient in a different essential 

nutrient, or a more complex deficiency relationship among multiple nutrients exists that 
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is preventing normal growth. A nutrient deficiency is further believed to be the main 

factor contributing to the abnormal growth of plants in peat due to its lower mean 

chlorophyll content in the leaves when compared to the mean leave chlorophyll content 

in plants grown in high organic matter (Fig. 3.5c, Fig. 3.10c). Nutrient deficiencies have 

been shown to impact the photosynthetic apparatus in plants by disrupting the 

biosynthesis and function of key photosynthetic components (e.g. proteins, enzymes), 

thus affecting chlorophyll synthesis (Kalaji et al., 2014). Kalaji et al. (2017) found that 

tomato (Solanum lycopersicum L.) and maize (Zea mays L.) plants deficient in Ca, Mg, 

N, K and Fe all exhibited a decrease in chlorophyll content within their leaves when 

compared to leaves from plants without a nutrient deficiency. It is therefore believed that 

the higher mean leaf chlorophyll content achieved in plants grown in high organic matter 

is a result of its richer macro and micro-nutrient profile than the peat. Interestingly, many 

authors have reported successfully growing hazelnuts in a peat-based growth medium 

with no mention of the stunted or malformed leaf abnormalities seen within this study 

(Yu and Reed, 1995; Mirabelli et al., 2009; Nas and Read, 2004; Caboni et al., 2009). 

Even though the exact mechanism behind the abnormal growth seen in hybrid hazelnut 

plants grown in the peat-based growth medium has not been determined the use of a 

high organic growth medium offers an effective solution to grow healthy hazelnut plants 

within the greenhouse.   

 The light intensity that hazelnut plants are subjected to was also shown to have 

important effect on the plant's morphology and growth potential during the acclimation 

and post-acclimation growth phases. Plants grown in both a high organic matter and 
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peat-based growth medium at 100 µmol/m2/s and 175 µmol/m2/s exhibited a 

significantly greater mean shoot height and leaf area and also a shoot girth that was not 

significantly different than plants transplanted into both growth media at 250 µmol/m2/s 

after 9 weeks of growth (Fig. 3.14a,b,c, Fig. 3.15a,c,e) . These results suggest that 

hazelnut plants exhibit a more efficient aboveground growth at a low light intensity 

during the acclimation and post-acclimation phase. Furthermore, plants grown in high 

organic matter at 175 µmol/m2/s exhibited a root system length that was not significantly 

different than plants grown in the same medium at 100 µmol/m2/s and 250 µmol/m2/s 

(Fig. 3.14e). These results suggest that reducing the light intensity from 250 µmol/m2/s 

to 175 µmol/m2/s does not impede root development. However plants grown in high 

organic matter at 100 µmol/m2/s exhibited a significantly shorter root system length than 

plants grown in the same growth medium at 250 µmol/m2/s which suggest that further 

reducing the light intensity from 175 µmol/m2/s decreases the growth of the root system 

(Fig. 3.14e). Overall, these findings were not surprising since hazelnuts are shade 

tolerant plants and the application of shade to many plant species often results in an 

allocation of resources towards shoot and leaf elongation and an increase in leaf area, 

while consequently decreasing resource allocation to the rooting system (Hees and 

Clerkx, 2003; Catoni et al., 2015).  

 The high plasticity of the hazelnut's morphology due to variations in the light 

irradiance has been previously reported in the literature, however utilizing it to improve 

the acclimation efficiency and/or growth rate of plants within the greenhouse has 

resulted in contradicting results (Catoni et al., 2015; Hampson et al., 1996). Nas and 
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Read (2004) also recommend using a lower light intensity of 125-145 µmol/m2/s during 

the acclimation phase, but after 4 weeks suggest to increase the light intensity to 300-

420 µmol/m2/s to stimulate the greatest growth for micropropagated hazelnuts. 

Alternatively, Tombesi et al. (2018) suggest that young hazelnut cuttings exhibited an 

improved photosynthetic rate and better root quality when plants were grown under a 

high light intensity of 300 µmol/m2/s instead of a low intensity of 30-70 µmol/m2/s and 

100 µmol/m2/s. Even though the low light intensity of 100 µmol/m2/s significantly 

reduced the root system length it is still the light intensity recommended to grow 

hazelnuts under within the greenhouse. It is believed that the small reduction in the root 

system length would not greatly impact the plants when transplanted to the field and 

therefore does not outweigh the importance of quickly growing hazelnuts to field 

suitable heights in the greenhouse in a cost-effective manner. 

 Repotting hazelnuts after 9 weeks of growth post-mist bed was shown to be an 

effective technique to improve the post-acclimation growth efficiency. Small pots are 

typically used within commercial plant production since they reduce the amount of 

space and growth medium required to grow plants in, thus increasing the production 

capability in the greenhouse and maximizing profits (Poorter et al., 2012). However, 

using small pots can reduce the amount of water, light and nutrients available to the 

plant, as well as impede root development, thus limiting the plant's optimum growth 

potential (Poorter at al., 2012). Hazelnuts grown under 100 µmol/m2/s repotted after 9 

weeks into larger pots containing high organic matter allowed plants to exhibit the 

greatest mean shoot height across all light, growth medium and pot size combination 
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treatments (Fig. 3.19). Hazelnuts grown in high organic matter under 100 µmol/m2/s 

repotted into a large pot also exhibited a significantly greater mean shoot height and 

leaf area than plants repotted back into a small pot (Fig. 3.16a,d). Plants grown in high 

organic matter at 175 µmol/m2/s and 250 µmol/m2/s did not exhibit a significant 

difference in shoot height, shoot girth, chlorophyll content and leaf area when plants 

from the same light intensity was compared across pot size, thus suggesting that plants 

grown under these light intensities do not require to be transplanted immediately after 9 

weeks of growth (Fig. 3.17, Fig. 3.18). However, since hazelnuts must remain in the 

greenhouse for 3-4 months before being transplanted to the field the plants grown under 

175 µmol/m2/s and 250 µmol/m2/s will eventually out grow the small pots and will require 

repotting to a larger pot. Other plant species that have exhibited an improved growth 

from repotting into larger pots include English walnut (Juglans regia L.), English oak 

(Quercus robur L.) and oil palm (Elaeis guineensis Jacq.) (Mariotti et al., 2015; Akpo et 

al., 2014). 

 Another major focus of this study was to determine whether overwintering 

hazelnut plants in the greenhouse or place them into cold storage was the most 

effective method to grow hazelnuts over the winter months. Hazelnut plants stored over 

the winter at warm temperatures in the greenhouse exhibit a unique, abnormal 

dormancy where plants retain their leaves and the shoot buds remain green (Thompson 

et al., 1985). Thompson et al. (1985) suggest that when hazelnuts are in this dormant 

state they cease to growth and require a chilling period to resume growth. The goal of 

this study was to determine if hazelnuts exhibit endodormancy (i.e. no growth can be 
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stimulated until a chilling period is applied) or ecodormancy (i.e. the ceased growth is 

controlled by environmental factors, such as temperature). Plants stored in the 

greenhouse-mimic growth chamber during the winter did not cease growth and the 

shoot height, shoot girth and number of nodes increased after 4 weeks of growth (Fig. 

3.23). However, plants placed into cold storage for 10 weeks also exhibited a similar 

growth post-bud break in the shoot height, shoot girth and number of nodes that was 

not significantly different than the greenhouse grown plant treatment after 4 weeks of 

growth (Fig. 3.22, Fig. 3.24). Interestingly, these results suggest that hazelnut plants 

exhibit an ecodormancy. Browning on the lower leaves of plants grown in the 

greenhouse mimic treatment would suggest that the plants were under stress and 

therefore were not provided with the optimal environmental conditions to promote 

growth during the winter (Fig. 3.23). Future research to manipulate the greenhouse 

conditions to potentially alter the ecodormancy of hazelnuts may be beneficial to 

accelerate its growth during the winter.   

 Pre-storage treatments of 200 ppm tryptophan and 200 ppm paclobutrazol were 

also evaluated to determine whether they helped improve the growth of hazelnuts under 

both overwintering storage treatments. Paclobutrazol is a growth retardant known to 

reduce cell division rates that consequently slow vegetative growth and has also shown 

to reduce the amount of time it takes to onset bud endodormancy (Tekalign and 

Hammes, 2004; Macdonald, 2017). Tryptophan is an amino acid that is involved in 

biosynthesis pathways to produce auxin within plants and can be applied directly to the 

soil (Zhao, 2012; Mustafa et al., 2018). Exogenous applied tryptophan is either taken up 
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directly from the soil or is metabolized to auxin by soil microorganisms and then 

absorbed into the rooting system (Mustafa et al., 2018). These compounds were 

selected to determine if they had a beneficial effect of promoting hazelnut growth either 

in the greenhouse over the winter or after post-cold storage. Paclobutrazol applied to 

hazelnuts for overwintering led to stunted growth and caused no significant difference in 

growth between the greenhouse and cold storage treatments after 4 weeks of growth 

(Fig.3.22, Fig. 3.23, Fig. 3.24). Plants applied with paclobutrazol and subjected to both 

storage treatments exhibited a significantly shorter mean shoot height than both the 

control and tryptophan treated plants subjected to either storage technique (Fig. 3.22a). 

Interestingly, plants applied with tryptophan subjected to both storage techniques 

exhibited a significantly higher mean shoot height than the control plants under either 

storage technique after 4 weeks of growth (Fig. 3.22a). Furthermore, tryptophan applied 

plants stored in the greenhouse-mimic treatment for overwintering exhibited a 

significantly greater shoot height than plants subjected to cold storage after 4 weeks of 

growth, thus suggesting that the greenhouse-mimic treatment was the optimal storage 

technique (Fig. 3.22, Fig. 3.23, Fig. 3.24). This study provides a small insight on the 

effects of applying tryptophan to hazelnuts to enhance their growth, however more 

research exploring this phenomenon is required.   

Conclusion 

 This study offered a time efficient and highly effective protocol to acclimatize and 

grow hybrid hazelnuts post-acclimation within the greenhouse. Hazelnuts transplanted 

into a high organic matter growth medium and acclimatized in a mist bed for 4 weeks 
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allowed for a high survival rate of plantlets within ex vitro conditions. Growing hazelnuts 

in a high organic matter growth medium under a low light intensity of 100 µmol/m2/s for 

9 weeks post-mist bed and then repotting the plants into larger pots allowed the plants 

to grow much more efficiently. It was also determined that hazelnuts can be 

continuously grown in the greenhouse over the winter and do not require cold storage to 

resume growth post-winter. Furthermore, it was found that tryptophan applied 

exogenous to the growth medium may further promote hazelnut growth in the 

greenhouse. This ex vitro acclimation and post-acclimation protocol has been designed 

to meet commercial micropropagation requirements and therefore can be utilized to 

efficiently mass produce high quality hybrid hazelnut trees in the greenhouse that can 

be rapidly transferred to the field. 
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4 Chapter 4: Summary and General Conclusion 

4.1 Summary 

 Hazelnuts are an economically important crop species that's global production 

ranges from 700,000-1,000,000 tonnes per year, making it the fifth most economically 

important tree nut species in the world (FAOSTAT, 2014). The largest consumer of 

hazelnuts is the confectionary industry which uses more than 90% of the global supply 

of hazelnuts to make their hazelnut-based products (Mehlenbacher,1991). The 

confectionary industry immensely relies on Turkey for an adequate supply of hazelnuts 

each year since approximately 64% of the world's hazelnuts are produced in this region. 

In 2014, the global supply of hazelnuts was greatly reduced due to a poor growing 

season in Turkey, which lead to a major shortage of hazelnuts and a large increase in 

the price for available nuts. Consequently, the confectionary industry was greatly 

impacted by the hazelnut shortage and rise in price. To prevent a future disruption in the 

hazelnut supply many researchers have been working to expand the commercial 

production of hazelnuts into Australia, Canada, Chile, South Africa and the United 

States to reduce the market’s large dependency for hazelnuts from Turkey alone 

(Molnar and Capik, 2012; Baldwin and Guisard, 2014; Ellena et al., 2014; Owen, 2014).  

 The expansion of the hazelnut industry in North America had been severely 

limited due to the spread of Eastern Filbert Blight (EFB) and the lack of cold hardiness 

within varieties (Johnson et al., 1996; OMAFRA, 2012b). However, recent advances in 

hazelnut breeding has led to the development of EFB resistant and cold hardy hybrid 

hazelnut (Corylus avellana X Corylus americana) varieties suitable for North America 
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(Molnar and Capik, 2012). To provide North American growers with these new elite 

varieties hazelnuts can be vegetatively propagated via layering, grafting or rooted 

suckers to mass produce trees for commercial orchards. Unfortunately, these methods 

of propagation often result in a low production of tress at a high cost and therefore they 

are not considered to be economically feasible methods to commercially produce 

hazelnut trees (Ercisli and Read, 2001). Micropropagation offers an economically 

feasible alternative method to rapidly mass propagate hazelnuts on a commercial scale. 

Multiplying plant material in vitro using a Temporary Immersion System (TIS) has shown 

to be an effective technique to rapidly mass produce hazelnut and hybrid hazelnuts 

plant material (Caboni et al., 2009; Ellena et al., 2018; Latawa et al., 2015). However, a 

major problem for the commercial production of hazelnuts via micropropagation is that 

the plants often exhibit a poor ability to acclimate from their in vitro laboratory 

environment to ex vitro conditions, thus resulting in a high plant mortality rate when 

transferred to the greenhouse (Pincelli-Souza et al., 2018; Ellena et al., 2018). 

Furthermore, micropropagated plants that exhibit a poor acclimation efficiency and are 

not provided with the appropriate ex vitro conditions may then experience an additional 

problem of a limited growth phase post-acclimation, thus prolonging the time plants 

must remain in the greenhouse before they can be transplanted to the field. The focus 

of this study was to develop an efficient and cost-effective in vitro rooting and ex vitro 

greenhouse acclimation and post-acclimation protocol to rapidly mass produce high 

quality hazelnut trees destine for the field.  
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 Using Oasis® IVE foam in combination with a TIS was found to be a more 

efficient and effective method to induce a high in vitro rooting rate in hybrid hazelnut 

shoot explants within a shorter period than using the traditional method of semi-solid 

based rooting. This method also produced more plantlets in a shorter period with a 

greater in vitro vigour that were ready to be transplanted into the greenhouse than 

plantlets rooted in semi-solid medium. The technique is believed to have stimulated a 

more efficient rooting and greater growth in hazelnuts due to the TIS and Oasis® IVE 

foam improving the aeration and liquid medium interaction with the shoot explants, thus 

increasing the availability of oxygen, CO2, plant growth regulators, sugar, water and 

nutrients to the explants. Once it was determined that using Oasis® IVE foam in 

combination with a TIS was an effective in vitro rooting technique it was further 

optimized to be more cost-effective and labour efficient to satisfy commercial interests. 

Increasing the in vitro rooting density from 12 to 36 shoot explants/bioreactor vessel 

was found to improve the mean shoot height, chlorophyll content and longest root in 

plantlets, as well as had no negative effect on the rooting ability of shoot explants. 

Furthermore, increasing the in vitro density during the rooting phase offered the 

additional benefits of reducing medium waste and improving the efficiency that explants 

can be placed into the vessel. When plantlets rooted with a density of 36 shoot 

explants/ bioreactor vessel were transferred ex vitro it was determined that increasing 

the in vitro density had no adverse effects on the plantlets performance within the 

greenhouse  
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 Once an efficient and effective in vitro rooting technique was established the next 

focus of the study was to improve the survival rate of plants during acclimation and 

enhance the post-acclimation growth of established plants. It was found that hybrid 

hazelnut plantlets transplanted into a peat-based or high organic matter growth medium 

and placed into a mist bed for 4 weeks resulted in a high survival rate of plantlets. 

Transplanting plantlets into a high organic matter growth medium was revealed to be 

more beneficial than peat to stimulate growth. Furthermore, hazelnuts transplanted into 

peat begin to develop abnormal, tiny leaves after 12 weeks of growth and eventually 

exhibited a stunted growth. The high organic matter growth medium provided the plants 

with a richer availability of nutrients which allowed plants to develop normally and 

exhibit a vigorous growth. The technique of growing hazelnuts in high organic matter 

under a low light intensity of 100 µmol/m2/s for 9 weeks and then repotting into a larger 

pot was found to be an effective technique to promote a more efficient growth than 

plants grown under a high light intensity of 250 µmol/m2/s and repotted at 9 weeks. 

 Hazelnuts were also found to exhibit an ecodormancy and therefore could be 

grown continuously over the winter when provided with the appropriate conditions within 

the greenhouse. Thus, placing plants into cold storage is not required to re-promote 

hazelnuts to grow after winter. Applying paclobutrazol to plants overwintered in the 

greenhouse and cold chamber caused stunted plant growth, however plants applied 

with tryptophan and overwintered under both storage conditions exhibited an improved 

growth. These results suggested tryptophan had a positive effect on hazelnut growth 

and its effects should be further evaluated. Overall, the results from this study offer an 
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efficient and effective micropropagation rooting and acclimation protocol to rapidly 

produce high quality hazelnut trees for the field (Fig. 4.1).  
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Figure 4.1 Overview of the step-by-step protocol to improve the efficiency of the in vitro 
rooting stage (1-3), acclimation phase (4-5) and post-acclimation growth period within 
the greenhouse (6-8) to produce high quality hybrid hazelnut trees destine for the field 
(9). 
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