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ABSTRACT 

 The use of elepidote rhododendrons [Rhododendron subg. Hymenanthes (Blume) 

K. Koch] in the landscape of the upper Midwest of the United States is primarily limited 

by their cold-hardiness.  Rhododendron ssp. tigerstedtii Nitz. derived cultivars developed 

in Finland are some of the hardiest rhododendrons available, and have proven to survive 

in Minnesota’s cold, continental climate. 

 However, when these Finnish cultivars are grown at latitudes south of Finland, 

such as areas in the northern continental United States, vegetative growth often occurs 

before or during flowering, effectively obscuring the inflorescence.  This process, which 

reduces the plant’s ornamental value, has been termed ‘vegetative bypassing’.  The 

objectives of this thesis are 1) to identify if environmental factors such as temperature 

and photoperiod affect vegetative bypassing, 2) to assess the incidence of vegetative 

bypassing in a diverse germplasm collection of elepidote rhododendrons, and 3) to 

determine if there is an association between auxin and vegetative bypassing.  In all 

experiments, the Finnish cultivar Haaga was compared to ‘Catawbiense Album’, a 

cultivar derived from the North American native species Rhododendron catawbiense 

Michx. that is not known to show vegetative bypassing when grown in the U.S. 

 Cultivars did not vary in bypassing when placed in growth chambers that had 

temperature and photoperiod conditions representative of St. Paul, MN and Helsinki 

during budbreak.  Substantial bypassing was observed on both cultivars in all 

photoperiod-temperature treatment combinations, suggesting environmental conditions 
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before forcing into flower may have conditioned plants to show the trait upon placement 

in growth chambers.  Preliminary experiments suggested extended periods of warm 

temperatures or high soil fertility during bud development may promote vegetative 

bypassing during budbreak.  We also observed that vegetative bypassing was more likely 

to occur under partially or fully aborted (damaged) flower buds than flower buds that 

open to full inflorescences. 

 The bypassing trait occurred infrequently in the 40 genotypes evaluated in 2009 

and the 55 genotypes evaluated in 2010 at Holden Arboretum (Kirtland, OH).  ‘Maud 

Corning’ was the only cultivar to show bypassing in both 2009 and 2010, but fewer 

flowering (reproductive) shoots exhibited vegetative bypassing in 2010 (10%) than in 

2009 (30%) on that cultivar.  In general, less bypassing was observed in 2010 following a 

milder winter than in 2009, further supporting a correlation between damaged flower 

buds and an increased incidence of vegetative bypassing. 

 The applications of indole-3-acetic acid (IAA) and naphthalene-acetic acid 

(NAA) to decapitated shoot tips after flower bud removal limited lateral vegetative 

growth.  The results of our exogenous auxin work support the hypothesis that subtending 

vegetative buds are inhibited from growing by auxin produced in the flower bud that is 

transported basipetally.  However, quantification of endogenous levels of free IAA 

revealed higher levels in shoot segments in the region of lateral buds from reproductive 

shoots with vegetative bypassing compared to shoots not exhibiting the trait for both 

cultivars.  Furthermore, ‘Haaga’ had higher levels of IAA in shoot tissue below the 
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terminal flower bud than ‘Catawbiense Album’ when both showed no bypassing.  The 

results from our auxin work highlight the multi-functionality of this plant hormone.  

Application of auxin to decapitated shoot tips inhibited lateral budbreak, but the 

endogenous auxin study found lateral bud growth was associated with higher IAA levels 

in shoot regions proximal to lateral buds, implicating the role of auxin in vegetative 

growth in rhododendron.  Methods used here may lack the precision to isolate auxin’s 

role in specific plant growth and development processes, and therefore, multiple 

analytical and molecular methods are needed.  
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LITERATURE REVIEW 

 

Rhododendron 

Taxon overview 

 Broad-leaved evergreen or elepidote rhododendrons [Ericaceae, genus 

Rhododendron subg. Hymenanthes (Blume) K. Koch] are popular ornamental plants in 

landscapes around the world.  The diversity in flower color, habit, and foliage make 

rhododendrons a sought after choice for many garden enthusiasts and landscapers.  In 

fact, Rhododendron was voted as the favorite shrub by gardeners in an informal survey 

(Dirr, 2009).  Appreciation and enthusiasm for the genus is evident by publications and 

societies dedicated to the genus, including the American Rhododendron Society (ARS) 

which includes 68 chapters totaling 4,000 members in the United States, Canada, and 

other countries (www.rhododendron.org/locations.htm). 

 Rhododendrons are indigenous to mountainous areas characterized by acidic, 

well-drained soil, cool summer temperatures, and regular precipitation (Reiley, 1992).  

The majority of the nearly 1,000 species of Rhododendron are clustered around two 

centers of distribution in western China and Southeast Asia.  Species belonging to 

Rhododendron subg. Rhododendron section Vireya are indigenous to the subtropical and 

tropical regions of Southeast Asia.  In contrast, the majority of the genus prefers the 

cooler temperatures found in more moderate climates including the subgenus 
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Hymenanthes.  This subgenus contains 240 species in one section divided into 23 

subsections.  Only one of these subsections (Pontica) is native to areas outside the center 

of distribution in western China and includes areas of Europe, eastern China, Japan, 

North America, and Russia (Chamberlain and Tian-Lu, 1985).  The most cold-hardy 

elepidote rhododendron cultivars are derived from species of this subsection including 

Rhododendron brachycarpum D. Don ex G. Don, Rhododendron catawbiense Michx., 

Rhododendron maximum L., Rhododendron smirnowii Trautv., and Rhododendron 

yakushimanum Nak.    

 Due to the extensive genetic diversity and relative ease of hybridization within R. 

subg. Hymenanthes, approximately 10,500 cultivars have been named as of 2011, 

according to Dr. Alan Leslie, the author of the International Rhododendron Register and 

Checklist published by the Royal Horticultural Society (personal communication).  Many 

of these cultivars are more stress resistant and vigorous than wild species when grown in 

a landscape setting (Cox and Cox, 1988; Reiley, 1992).   

 Rhododendrons have lower nutritional requirements for optimal growth compared 

to many other woody ornamental crops.  However, nitrogen (N) and iron (Fe) 

deficiencies can be observed in field-grown Rhododendron as well as toxicities to nitrate-

N, calcium (Ca) (via lime-induce chlorosis), and boron (B) (Hale, 1986).  Nitrogen 

deficiency is characterized by stunted growth and pale green leaves; nitrate-N toxicity 

manifests as chlorosis and leaf drop of young leaves.  Interveinal chlorosis is often 
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indicative of Fe deficiency (or Ca toxicity) while B toxicity is typically expressed as 

marginal chlorosis (Hale, 1986). 

 The ARS recommends one early spring application of a complete fertilizer 

specialized for acid-loving plants if rhododendrons are growing in suboptimal soil 

fertility conditions (http://www.rhododendron.org/fertilizing.htm).  The largest 

rhododendron production nursery in North America incorporates a complete, slow-

release fertilizer (23N-2.6P-10K) at 8.9 kg·m-3 at the time of planting (Kila Benge, 

personal communication).  However, root uptake of N is not continuous throughout the 

growing season.  A study with the container-grown deciduous azalea ‘Cannon’s Double’ 

(Rhododendron subg. Pentanthera) and the lepidote rhododendron ‘H-1 P.J.M’ 

(Rhododendron subg. Rhododendron) found maximum N uptake from soluble fertilizer 

did not occur until July and August, respectively, and flowering and early vegetative 

growth in the spring relied upon stored N reserves (Bi et al., 2007).   The highest N 

uptake for the elepidote rhododendron ‘English Roseum’ was in August and September 

with N stored in mature leaves during the winter (Scagel et al., 2007).  However, Pasche 

et al. (2002) found mature leaves do not contribute as a net source of N for new growth in 

the lepidote species R. ferrugineum L.  The authors suggested woody stems and roots 

were a source.  Karlsson (1994) determined internal cycling provided 83% of the N and 

64% of the phosphorus (P) requirements for new growth on non-reproductive branches in 

the lepidote species Rhododendron lapponicum (L.) Walhenb.  For branches with 

http://www.rhododendron.org/fertilizing.htm�
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terminal flower buds, old tissue provided slightly less mineral nutrients (50% N and 32% 

P of total), but still a substantial portion for optimal growth (Karlsson, 1994).   

 

Sources of cold-hardiness in Rhododendron subg. Hymenanthes 

 In cold continental climates, the use of elepidote rhododendrons in the landscape 

is primarily limited by cold hardiness. Only eight cultivars are recommended by the ARS 

for landscape use in the Midwest United States:  ‘Catawbiense Album’, ‘English 

Roseum’, ‘Nova Zembla’, ‘Haaga’, ‘Helsinki University’, ‘Mikelli’, ‘Peter Tigerstedt’, 

and ‘Pohjola’s Daughter’ (American Rhododendron Society, 2006).    Most cultivars sold 

in the Midwest such as ‘Catawbiense Album’, ‘English Roseum’, and ‘Nova Zembla’ are 

derived from the North American native species R. catawbiense which provides adequate 

flower bud cold hardiness (-32°C).  In addition, the North American native R. maximum 

and the Eurasian native R. smirnowii have also been used in breeding programs to 

increase cold hardiness of progeny.  A cold-hardy species from Korea used in breeding 

programs is R. brachycarpum, but this species exhibits considerable variation in stature 

and vigor which has limited its use as a parent.   Rhododendron brachycarpum ssp. 

tigerstedtii Nitz. found in the Kongo San Mountains of Korea is reportedly the most cold-

hardy rhododendron species known and has survived temperatures as low as -43.5°C with 

no flower bud damage (Uosukainen, 1992).   
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In the 1970s a Finnish breeding program began using it and subsequently 

introduced the most cold-hardy cultivars on the market (Uosukainen and Tigerstedt, 

1988; Uosukainen, 1992).  Crosses with 23 species and 48 hybrids yielded approximately 

22,000 seedlings (Uosukainen and Tigerstedt, 1988).  During this breeding effort, Finland 

experienced two winters (1984-85 and 1986-87) when temperatures dropped to -38°C 

and 70% of the seedlings in the program died (Uosukainen and Tigerstedt, 1988).  Nine 

selections that survived those winters and exhibited good ornamental attributes were 

introduced into the market by 1994 (Table 1).  Since then, eight additional cultivars were 

released from the program but have not proven to be as cold hardy as the initial 

introductions (Table 1) (Theqvist, 2009).  Five of the eight cultivars recommended by the 

ARS for gardeners in the upper Midwest include the hardiest of these Finnish hybrids. 

 Along with cold hardiness, most Finnish cultivars have a compact growth habit, 

glossy long-lived foliage, and flower color ranging from white through various shades of 

pink.  However, when grown at latitudes south of Helsinki, Finland (60°N) such as in 

Minnesota (approximately 45°N), vegetative buds subtending flower buds break 

dormancy and shoots often elongate simultaneously with flowers so that they can become 

obscured by shoots and foliage.  These ‘bypass shoots’ have also been noted with R. 

brachycarpum ssp. tigerstedtii (Cox and Cox, 1997).     

 The cultivars derived from R. catawbiense that are typically grown in the United 

States are not known to exhibit synchronous vegetative and reproductive budbreak, but 
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most tend to have an open, sprawling habit which can be undesirable.  There is a need to 

develop elepidote rhododendrons that will survive and bloom reliably in United States 

Department of Agriculture (USDA) Plant Hardiness Zone 4 continental climates, and 

possess desirable ornamental qualities including full inflorescences, an expanded color 

range, and no vegetative bypassing. 

 

Rhododendron growth and development 

Flower bud initiation and development 

 Flower initiation in Rhododendron encompasses the formation of all four floral 

primordia.  Flower development includes the fusion of carpels and stylar elongation and 

may require an additional 8-10 weeks after flower initiation (Purohit and Dunham, 1979).  

Further flower bud changes from early fall until the onset of dormancy include 

accumulation of anthocyanins in petals and enlargement of floral parts (Arisumi et al., 

1976).  Ovule development (megasporogenesis) does not proceed until dormancy is 

broken after sufficient exposure to cool temperatures in the spring (Arisumi et al., 1976).  

In a study performed in Beltsville, Maryland, flower buds of ‘Roseum Elegans’ (R. subg. 

Hymenanthes) were initiated by the first two weeks of June with all four floral primordia 

macroscopically visible by 9 Aug.  Megasporogenesis did not proceed until 25 April 
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through 2 May, one to two weeks before flower budbreak the following spring (Arisumi 

et al., 1976).   

Environmental influences on growth and development 

 Most studies concerning the effects of environmental factors on flowering and 

growth in Rhododendron have focused on evergreen azaleas (Rhododendron subg. 

Tsutsusi (Sweet) Pojarkova) as they are often forced out of season as potted plants.  

Pettersen (1972) suggested a 12-h photoperiod was optimal for flower development for 

evergreen azaleas and can be accelerated at higher temperatures.  Long days (LD) or low 

temperatures were detrimental for flower initiation and development in two evergreen 

azalea cultivars (Brown and Box, 1971).   Pettersen (1972) proposed some evergreen 

azaleas could be considered ‘day neutral’ (photoperiod insensitive) at 15-16°C with 

respect to flower bud initiation but function as facultative short day plants (SDP) when 

temperatures are above 20°C.  Criley (1964) also noted some R. subg. Hymenanthes 

cultivars formed terminal flower buds under LD (21°C) whereas others failed to form 

flower buds. 

Variations in the degree of sensitivity to factors influencing floral initiation in 

evergreen azaleas have been noted between American and European cultivars (Criley, 

1985).  Floral initiation in the “American” cultivar Red Wing occurred sooner than the 

“European” cultivar Reinold Ambrosius under SD (Pettersen and Kristoffersen, 1969).  
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However, Pettersen (1972) later found no critical daylength for flower initiation in 

several American and European azalea cultivars.   

 In perennial woody plants, a period of low temperature exposure is often required 

to overcome flower and vegetative bud dormancy.  The optimal temperature to overcome 

dormancy and the duration of that exposure can vary with genotype and with the 

environment prior to the cool temperature exposure (Fuchigami and Nee, 1987).  In 

general, plants native to temperate zones require longer cool temperature duration to 

overcome dormancy than those native to tropical and subtropical environments.  

However, some plants native to high latitudes or altitudes may have short chilling 

requirements (Westwood, 1978).  Plants native to these areas have adapted to a short 

growing season and exhibit a quick release from dormancy upon spring warming.  Reiley 

(1992) reported Rhododendron flower buds require a cool period of approximately 320 

hours at temperatures between -2°C to 6°C and a 10-h photoperiod.  Criley (1985) 

suggested 8-10 weeks (1344-1680 hours) at temperatures below 13°C with a 12-h 

photoperiod were needed to break dormancy.  For commercially produced evergreen 

azaleas, six weeks at 7.8°C to 10°C with a 12-h photoperiod was used (Larson, 1975).     

Flower buds of peach and nectarine [Prunus persica (L.) Batsch] cultivars 

required less chilling than vegetative buds to attain maximum budbreak (Gariglio et al., 

2006).  In addition, as the length of chilling increased, the proportion of flowering 

(reproductive) shoots with simultaneous vegetative budbreak increased.   The authors 
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speculated cultivars have critical chill accumulations below which flower budbreak 

occurs earlier but above which vegetative budbreak occurs first (Gariglio et al., 2006).   

 Photoperiod can affect aspects of vegetative growth.   Shoot length and shoot dry 

weight were greatest when evergreen azalea cultivars Kingfisher and Red Wing were 

given continuous light versus 8, 9, 12, or 14-h photoperiods, but the number of new 

lateral shoots was greatest on plants given an 8-h photoperiod (Barrick and Sanderson, 

1973).  Long days promoted shoot elongation in evergreen azalea cultivars (Ballantyne, 

1995; Pettersen, 1972), and in elepidote rhododendrons (Cathey, 1965; Skinner, 1939; 

Vainola and Juntilla, 1998).  Long days also increased the number of flushes of 

vegetative growth in elepidote rhododendrons (Vainola and Juntilla, 1998).   

Rhododendron catawbiense grown under a 16-h photoperiod produced up to three flushes 

of vegetative growth (Davidson and Hamner, 1957).  In contrast, only 1 to 2 flushes of 

growth resulted when exposed to natural or an 8-hr photoperiod (Davidson and Hamner, 

1957).   

 High temperatures can also promote shoot elongation in Rhododendron.  Initial 

vegetative shoot growth increased linearly with temperatures of 16, 20, 24, and 28°C in 

the evergreen azalea ‘Ambrosiana’ (Pettersen, 1972).  Shoot elongation in Rhododendron 

ponticum L. and R. catawbiense ‘Roseum Elegans’ were nearly twice as much when 

plants were grown under 23°C than plants under 10°C (Skinner, 1939).  However, 

Barrick and Sanderson (1973) found evergreen azalea cultivars Kingfisher and Red Wing 
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grown at 18-24°C had greater increases in stem length and more shoots than plants grown 

at 24-29°C.   

 Photoperiodic effects on Rhododendron shoot elongation can be modified by 

temperature. Barrick and Sanderson (1973) found plants with the most shoots were 

produced under 8-h photoperiod at 18-24°C while the plants with the fewest shoots were 

grown under high temperatures (24-29°C) regardless of photoperiod.  For R. subg. 

Hymenanthes rhododendron cultivars, Pohjola’s Daughter and Helsinki University, the 

prior continued vegetative growth under LD or high temperatures while the later ceased 

growth under short days (SD) regardless of temperature (Vainola and Juntilla, 1998).  

Skinner (1939) found temperature and photoperiod affected shoot elongation to the same 

degree in R. ponticum but photoperiod increased stem elongation more than temperature 

in ‘Roseum Elegans’.   

 

Vegetative bypass shoot development 

 Vegetative bypassing occurs in Rhododendron when vegetative buds subtending a 

terminal flower bud elongate before flowering is complete (Criley, 1964). Bypass shoot 

development in evergreen azaleas increased when plants were exposed to six weeks or 

more of temperatures greater than 7°C following flower bud development (Dole and 

Wilkins, 2005).  Criley (1964) speculated high temperatures during flower bud initiation 

enhanced vegetative shoot growth which caused the flower bud to abort.  Cathey (1965) 
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noted vegetative bypassing was promoted on the elepidote rhododendron ‘Roseum 

Elegans’ when continuous light or LD was given after flower initiation.  Terminal flower 

buds that were bypassed did not open after dormancy-breaking cold exposure (Cathey, 

1965).  Several flower abnormalities including some or all bracts reverting to leaves was 

noted when plants were exposed to continuous light during flower bud development 

(Criley, 1964).    Brown and Box (1971) observed when less than six weeks of SD was 

given to evergreen azalea plants to stimulate flower bud development, an increase in 

number and length of vegetative laterals as well as delayed and reduced flowering 

resulted.   

   The ability of plant growth regulators to control vegetative bypassing in evergreen 

azaleas has been studied extensively (Criley, 1964; Keever and Foster, 1989; 1991; 

Stuart, 1961; 1962; Whealy et al., 1988).  Early work showed the gibberellic acid (GA) 

inhibitors tributyl-2,4-dichlorobenzylphosphonium chloride (Phosphon) and chlormequat 

(Cycocel) suppressed vegetative growth and enhanced flower initiation (Stuart, 1961).  

The growth inhibitor N-dimethylaminomaleamic acid (CO11) also reduced but did not 

prevent vegetative growth when applied to azaleas at the beginning of cool temperature 

exposure to overcome dormancy (Stuart, 1962).  Later work revealed chlormequat 

application caused delayed flowering and daminozide (B-Nine) application promoted 

vegetative bypassing and delayed flowering (Keever and Foster, 1989).  Cathey (1964) 

also noted increased bypassing with daminozide application.  The conflicting results for 
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chlormequat application may be due to differences in concentration, developmental stage 

at the time of application, environmental conditions during the experiment, and/or 

differences in cultivar/varieties used.  Uniconazole (Sumagic), another early GA 

synthesis inhibitor, had the greatest affect on suppression of vegetative growth with little 

adverse effect on flower initiation and development (Keever and Foster, 1991).  

 Criley (1964) determined GA synthesis inhibitors, irradiance, or photoperiod  

during forcing did not have an effect on vegetative bypass shoot number of ‘Hexe’ 

azalea.  However, chlormequat and daminozide as well as high light intensity limited the 

extent of shoot length (Criley, 1964).   

 While this body of research has developed ways to control vegetative bypassing 

in commercial evergreen azalea production, little work has been devoted to understanding 

the underlying physiological mechanisms leading to synchronous budbreak observed in 

Rhododendron when used in the landscape.  Understanding the physiology and genetics 

of this phenomenon would help to predict growth responses of Rhododendron grown in 

various natural and controlled environments and allow for the breeding of cultivars that 

do not exhibit the trait.   

 The inheritance of relatively few traits aside from cold hardiness has been studied 

extensively in Rhododendron, and no genetic analysis of the bypassing trait has been 

done.  However, timing of reproductive and vegetative budbreak as it relates to cold 

temperature requirement in apple (Malus x domestica Borkh.) bud dormancy has been 
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investigated.  Molecular marker analysis determined timing of vegetative budbreak 

correlated with a different linkage group than the isozyme marker segregating for 

reproductive budbreak, implying these traits may be controlled independently (Lawson et 

al., 1995).  Hauagge and Cummins (1991) determined additive genetic variance 

accounted for 66 to 69% of total variation in length of vegetative bud dormancy in 43 

apple clones.   

 

Apical dominance 

Overview 

 Apical dominance, or correlative inhibition, controls the relationship among plant 

structures and results in characteristic forms for plant species.  It includes 1) the 

inhibition of growth of axillary or lateral buds by the presence of an apical bud (floral or 

vegetative), 2) the inhibition of growth of a shoot by the presence of another dominant 

shoot, and 3) the effects of the apical portion of stem on the orientation and development 

of lateral organs (Phillips, 1969).   Numerous reviews have been written on the topic of 

apical dominance (Brown et al., 1967; Cline, 1991; Hillman, 1984; Leyser, 2005; Martin, 

1987; Phillips, 1975; Rubinstein and Nagao, 1976) which attests to the importance of this 

phenomenon in plant growth and development.  In tomato (Lycopersicon esculentum L.), 

apical dominance is desirable because a strong central leader facilitates harvesting and 
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the ability to bear larger fruit.  In contrast, in many cereal crops, tillering, the growth of 

many stems from the plant base, is desirable to increase yield.  Compact plants in 

ornamental horticulture are stimulated by pruning stems to promote lateral bud growth.   

 In elepidote rhododendrons, vegetative buds are initiated directly below the 

terminal flower bud and could likely be affected by apical buds.  While lateral vegetative 

buds may be suppressed before and during flowering due to apical dominance exerted by 

the terminal flower bud, the previously mentioned studies indicate environmental effects 

may modify this relationship and lead to simultaneous reproductive and vegetative 

budbreak. 

 The transition of a plant from a juvenile to a reproductive state can be associated 

with a drastic change in plant structure and morphology.  The level of apical dominance 

is reduced upon flower induction in Perilla frutescens (L.) Britt. (Beever and Woolhouse, 

1975) and oat (Avena sativa L.) (Harrison and Kaufman, 1980), but strong apical 

dominance is maintained upon flowering in common bean (Phaseolus vulgaris L.) 

(Tamas et al., 1979).  Criley believed apical dominance per se is lost upon flower 

initiation in azalea, but inhibitory effectors such as transportable auxin may still be 

present to suppress outgrowth of lateral vegetative buds (Criley, personal 

communication).  
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Auxin 

 The role of auxin has been investigated in studies of apical dominance since the 

early 20th century.  Early work suggested a direct involvement of the hormone (Jacobs 

and Case, 1965; Thimann and Skoog, 1933; 1934), but now it is generally accepted that 

auxin plays an indirect role in apical dominance as auxin derived from the apex does not 

enter lateral buds (Hall and Hillman, 1975).  The regulation of apical dominance may be 

associated with tissue sensitivity, transport, synthesis, and/or degradation rate of auxin.  

Because of the complexity in identifying a causal relationship between these factors and 

apical dominance, the role of auxin, particularly in regards to woody species, has yet to 

be concisely expounded.  

 Indole-acetic acid (IAA) is the most abundant, naturally occurring auxin (Davies, 

2010). It is synthesized in rapidly dividing tissue of meristematic regions including leaf 

primordia and those associated with flower bud development.  Within a flower, anthers 

are reported to be the primary source of auxin early in bud development but appear to be 

replaced by auxin production in the ovary in later stages of flower development (Lang, 

1961).   

The ability of auxin applied to decapitated shoots to inhibit lateral budbreak was 

first successfully demonstrated in broad bean (Vicia faba L.) (Thimann and Skoog, 1933; 

1934).  The application of such an auxin replacement test in woody species is 

complicated due to the complexity of a perennial growth habit, woody vascular tissue and 
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endodormancy (Cline, 2000).  However, auxin replacement studies with several woody 

species demonstrated partial to complete inhibition of lateral growth when auxin was 

applied to a decapitated shoot apex.  Short lateral shoots of ginkgo (Ginkgo biloba L.) 

were prevented from growing into longer shoots when 1% α-naphthalene acetic acid 

(NAA), a synthetic auxin, was applied to the cut surface (Gunckel et al., 1949).  A similar 

study showed IAA (5-20 mg·g-1 lanolin) repressed an increase in growth in white pine 

(Pinus strobus L.) (Little, 1969).  IAA injected into decapitated shoot tips of apple 

inhibited lateral bud growth (Wang et al., 1994) while IAA and NAA both reduced 

vegetative budbreak and shoot elongation in privet (Ligustrum vulgare L.) (Yang and 

Read, 1991).  House et al. (1998) demonstrated NAA, IAA, and indole-3-butyric acid 

(IBA) application delayed shoot elongation after decapitation of hoop pine (Araucaria 

cunninghamii Sweet).  Application of NAA and IAA suppressed additional growth in 

green ash (Fraxinus pennsylvanica Marsh.) and white ash (F. americana L.), although the 

synthetic auxin NAA appeared more effective than IAA (Cline, 2000).  Cline’s study also 

included red oak (Quercus rubra L.) although the repressive effect of IAA application 

was negligible.  Cline attributed the disparity to the plant architecture as lateral buds of 

oak are more distal to the terminal apex and further removed from the primary auxin 

source. 

Decapitations in Cline’s work were done on the second or third node under the 

terminal bud because previous work suggested large lateral buds immediately below a 
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terminal bud were irrepressible as they often grow in the absence of decapitation.  Brown 

(1971) stated upper buds on the previous year’s wood are not under auxin inhibition after 

they completed winter dormancy.  He believed this to be true for temperate zone 

decurrent trees as well as excurrent angiosperms such as sweetgum (Liquidambar 

styracuflua L.) and yellow poplar (Liriodendron tulipfera L.) (Brown, 1971). 

 Chen et al. (1997) measured endogenous IAA levels in shoot segments of the 

evergreen azalea ‘Siji’ at 0, 4, 8, 12, 24, and 48 h after decapitation of the terminal flower 

bud.  Significantly lower levels of IAA were found in decapitated shoots than intact 

control shoots at 4 through 48 h.  Decapitated shoots also exhibited substantial lateral 

vegetative growth while no lateral budbreak occurred on intact (control) shoots five 

weeks after treatment.  This study provides strong evidence that auxin derived from the 

terminal flower bud of Rhododendron inhibits lateral budbreak.   

 The auxin transport inhibitor 2,3,5-triiodobenzoic acid (TIBA) has also been used 

to reduce apical dominance and promote lateral branching in evergreen azalea.  When a 

foliar spray of 1000 ppm TIBA was applied to ‘Triumph’ azaleas after two weeks of cold 

temperature storage (7.2°C), an increase in vegetative shoot development was observed 

(Ballantyne and Link, 1961).  The TIBA application also decreased multiple flower bud 

formation, and apical dominance did not return on these plants until a year after the 

treatment was applied (Ballantyne and Link, 1961). 
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Blind shoot formation (abortion of a terminal flower bud before stamen and carpel 

initiation) in the hybrid tea rose ‘Baccara’ (Rosa hybrida L.) also suggested a possible 

role of auxin.  When the terminal flower bud was aborted, the subtending vegetative 

growth grew.  Low air temperature (12-15°C) during specific stages of rose flower bud 

development increased blind shoot incidence, and low temperature also correlated with 

lower auxin levels in the shoots (Moe, 1971).  The author speculated low temperature 

decreased endogenous auxin concentration and this may contribute to flower bud 

abortion.  Low night temperature, low soil temperature, and low irradiance also 

correlated with greater flower bud atrophy and shoot blindness in rose (Zieslin and 

Halevy, 1975).  These results with roses suggest vegetative growth commenced once the 

terminal flower bud was aborted.  However, in Rhododendron, complete flower bud 

abortion is not a prerequisite for subtending vegetative bud breaking and subsequent 

growth as vegetative bypassing under full inflorescences if often observed on the Finnish 

cultivars. 

 Additional evidence suggests the environment influences auxin regulation. Higher 

levels of free IAA were observed in Arabidopsis seedlings grown at 29°C (Gray et al., 

1998) or 26°C (Zhao et al., 2002) than in plants grown at 20°C.  Turnover rate 

(degradation rate) of IAA tended to increase in Lemna gibba L. (duckweed) as 

temperature increased from 5 to 35°C, but the slowest rate, and thus most favorable 

temperature for auxin stability in vivo, was 25°C, which was also reported as optimal for 
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growth for these L. gibba lines (Rapparini et al., 2002).  Furthermore, temperature did not 

affect the degree of apical dominance in P. vulgaris, but fluctuating temperatures 

appeared to decrease the efficacy of exogenous IAA applied to decapitated plants (White 

and Mansfield, 1978).   

 Although most work regarding environmental control of auxin levels in plants has 

focused on temperature, light has also been demonstrated to alter IAA metabolism.  

Lemna gibba grown under continuous light showed slower IAA turnover rates compared 

to plants grown in complete darkness (Tam et al., 1998). 

Cytokinin 

  Cytokinins are plant hormones shown to directly promote cell division.  

Cytokinins are primarily produced in the roots but can also be produced in the vascular 

cambium and actively dividing tissue.  While auxin is primarily produced in apical 

regions and transported basipetally, cytokinins move acropetally from the roots via the 

xylem, into lateral buds, and promote bud outgrowth (Bangerth, 1994).   

 Evidence exists for an antagonistic interaction between auxin and cytokinin in 

their effects on lateral budbreak.  Decapitation or application of an IAA transport 

inhibitor to P. vulgaris increased cytokinin concentration in the xylem (Bangerth, 2008).     

Recently, molecular work using Northern blot analysis showed auxin repressed genes 

involved in the first step of the cytokinin biosynthesis in nodal stem tissue in pea (Pisum 

sativum L.) (Tanaka et al., 2006).  Furthermore, a mutation in a graft-transmissible shoot 
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branching inhibitor called ‘shoot multiplication signal’ (SMS), originating in the roots, 

was found in highly branched pea mutants and was regulated by auxin (Beveridge, 2000; 

Foo et al., 2005).   

 Terminal flower bud decapitation or application of the synthetic cytokinin 6-

benzyl amino purine (6-BA) to intact flower buds of the evergreen azalea ‘Siji’ increased 

the concentration of several endogenous cytokinins in shoot segments 0.5 cm below the 

terminal bud 4, 8, 12, 24, and 48 h after treatment (Chen et al., 1997).  Application of 6-

BA to intact flower buds also correlated with a decrease of IAA in shoot segments but an 

increase of IAA in the treated terminal bud compared to untreated shoots.  The number 

and length of new lateral shoots developing on plants treated with exogenous cytokinin 

was greater than untreated control plants.  The authors postulated auxin derived from the 

terminal bud typically inhibit cytokinin synthesis, but decapitation or cytokinin 

application decreased the auxin:cytokinin ratio which favored lateral bud growth (Chen et 

al., 1997). 

 

Other plant hormones 

 As mentioned previously, applications of exogenous GA inhibitors can decrease 

vegetative bypassing in evergreen azalea (Keever and Foster, 1991; Stuart, 1961; 1962).  

Gibberellins are known to affect a host of plant processes including shoot and root 

elongation, but no direct role of this hormone on apical dominance has been implicated 
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(see Martin, 1987; Cline, 1991).  GA may enhance growth of lateral buds after loss of 

apical dominance but does not trigger the release (Brian et al., 1955).  Although GA 

concentration in shoot segments of ‘Siji’ azalea increased after terminal flower bud 

decapitation or application of exogenous cytokinin compared to untreated shoots, the 

authors speculated the response likely exerted its effects on stem elongation and not 

release from apical dominance (Chen et al., 1997). 

 Abscisic acid (ABA) is generally a plant growth inhibitor, and levels have been 

shown to decrease in axillary buds of azalea after decapitation (Chen et al., 1997).  

However, other studies did not find a decrease in ABA after decapitation (Dorffling, 

1976; Knox and Wareing, 1984; White and Mansfield, 1977).  Lateral bud growth 

inhibition due to ABA regulated by IAA was proposed (Tamas, 1987), but Chatfield et al. 

(2000) showed IAA alone could prevent lateral bud outgrowth in Arabidopsis. 

Inorganic nutrients and carbohydrates 

 The availability of inorganic nutrients may contribute to the degree of apical 

dominance observed.  Went (1939) suggested growth promoting substances move to 

areas with high auxin levels, and since apical shoots are the sites of auxin production, 

growth promoting substances were diverted from lateral buds to apical shoots. The 

‘nutritive theory’ originally stated that because the apical bud developed prior to lateral 

buds, it became the most dominant sink compared to organs formed later (Gregory and 

Veale, 1957).  The authors also noted apical dominance was lost in flax (Linum 
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usitatissimum L.) when fed with high N concentrations.  Based on the strong evidence for 

the involvement of auxin in maintaining apical dominance, the theory has since been 

termed the ‘hormone-directed transport’ theory (Seth and Wareing, 1967).  IAA applied 

to decapitated P. vulgaris shoots resulted in an accumulation of labeled P and 

photosynthates; the addition of GA and cytokinin with IAA enhanced accumulation at the 

site of application (Seth and Wareing, 1967).  However, the elucidation of the mechanism 

remains incomplete due to difficulty in distinguishing sink strength from the auxin 

source. 

 Intact P. vulgaris plants fertilized with increasing concentrations of N (0.4 to 15 

mM) showed a correlation between N and lateral bud elongation (McIntyre, 1973).  An 

increase in growth with 30 mM N was only observed when water was not limiting 

(McIntyre, 1973).  This study demonstrated an increase in shoot elongation with 

increasing N, but did not directly measure the number of lateral buds released from apical 

dominance.  Other studies have found levels of N-P-K, amino acids, and carbohydrates 

are not lower in inhibited buds compared to buds released from apical dominance 

(Phillips, 1969; Wardlaw and Mortimer, 1970). 

Other environmental effects on apical dominance 

 Photoperiod may also influence the degree of apical dominance exhibited in 

plants.  Cultivars of petunia (Petunia hybrida) exhibited more basal branching when 

grown under photoperiods of 10 h or less (Piringer and Cathey, 1960).  The authors 
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suggested the increased branching was due to delayed main-stem development under 

shorter photoperiods.  Phillips (1969) stated, in general, photoperiod-sensitive plants 

display strong apical dominance under long photoperiods while shorter photoperiods 

enhance lateral bud outgrowth.   

 A greater degree of apical dominance was observed when plants were grown 

under low as compared to high irradiance (Thimann et al., 1971; McIntyre, 1977; White 

and Mansfield, 1978).  These results have been interpreted as resulting from increased 

carbohydrate metabolism under high irradiance levels that result in an increase in the 

carbohydrate availability to all sinks, including lateral buds (McIntyre, 1977).  However, 

no increase in total carbohydrate was found in lateral buds after decapitation of the 

terminal apex in pea (Wardlaw and Mortimer, 1970).  Furthermore, many species do not 

exhibit lateral bud growth even under optimal environmental conditions. 

 Several factors can contribute to the maintenance and release of apical dominance 

and relative importance of these factors may differ depending on developmental stage of 

the plant (Clutter, 1972).  While light, water, and nutrients are essential for plant growth, 

the mechanism of apical dominance may involve the hormone-mediated control of 

nutrient distribution (Hillman, 1984). 
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Table 1.  Elepidote rhododendron cultivars released from the University of Helsinki 
breeding program from 1987 to 2006.   The table includes flower color, height in ten 
years, and flower bud hardiness for each cultivar. 

Cultivar

  
introductio

n Flower color
Height in 10 

years (m)

  
hardiness 

(°C)
Elviira 1987 cherry red 0.5 -32 NV

Kullervo 1992 pinkish white 1.0 -34
Pohjola's Daughte 1992 pink fading to white 1.0 -34
Haaga 1994 fuchsine pink 1.4 -36
Hellikki 1994 purplish-red 1.2 -34
Helsinki Universit 1994 pink 1.5 -39
Mikkeli 1994 light pink 1.8 -37
P.M.A. Tigerstedt 1996 white with red blotch 1.6 -36
Pekka 1999 light pink 1.8 -34
Axel Tigerstedt 2002 rose 1.5 -32
Eino 2003 purplish-pink 1.2 -30 NV

Raisa 2003 purplish-red 0.7 -30 NV

Marketta 2005 purplish-pink 1.4 -32 NV

Mauritz 2005 cherry red 0.8 -30 NV

Kaino 2006 light pink 0.6 -23 NV

Venla 2006 rose pink 0.6 -23 NV

Vieno 2006 yellowish pink 0.6 -23 NV

Source:  Theqvist (2009). 
NVFlower bud hardiness has not been verified. 
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CHAPTER 1:  Influence of photoperiod and temperature on 
simultaneous reproductive and vegetative budbreak in 
Rhododendron subg. Hymenanthes 
 

Introduction 

 Rhododendron cultivars [Rhododendron subg. Hymenanthes (Blume) K. Koch] 

developed at the University of Helsinki in Finland are some of the most cold-hardy 

rhododendron cultivars available.  These cultivars were derived from R. brachycarpum 

ssp. tigerstedtii Nitz., the most cold-hardy elepidote rhododendron species known, 

capable of surviving temperatures as low -43.5°C without flower bud damage 

(Uosukainen, 1992).  When these cultivars are grown in Finland, flower buds typically 

open before vegetative buds initiate growth.  However, when they are grown at locations 

south of Helsinki (including Minnesota), vegetative growth can occur simultaneously 

with flowering.   The phenomenon of ‘vegetative bypassing’ occurs when vegetative 

buds break and the shoots elongate during flowering.  Bypass shoots were previously 

noted in R. brachycarpum ssp. tigerstedtii-derived cultivars (Cox and Cox, 1997).  Such 

vegetative bypassing reduces the plant’s ornamental value in the landscape and 

marketability in a retail setting.  

 The formation of vegetative bypass shoots on Finnish cultivars when grown in 

lower latitudes may be due to differences in photoperiod and/or temperature.  When these 

cold-hardy rhododendrons flower, typically in late May through June, the photoperiods in 
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Helsinki and St. Paul are approximately 18 and 15 h, respectively, and mean daily 

temperatures are 15°C and 20°C, respectively.  Although previous studies related to 

photoperiod and temperature effects on Rhododendron did not include the collection of 

data on flower versus vegetative budbreak, these studies indicated genetic variability 

among cultivars in environmental effects on development (Skinner, 1939; Pettersen, 

1972; Criley, 1985; Vainola and Juntilla, 1998).   

 In perennial woody plants, low temperature exposure is often needed to overcome 

reproductive and vegetative bud dormancy.  The optimal temperature to overcome 

dormancy and the duration of that exposure varies with genotype and environmental 

conditions prior to the cool temperature exposure (Fuchigami and Nee, 1987).  In general, 

plants native to temperate zones require a longer cool temperature exposure than plants 

native to tropical and subtropical environments.  Some plants native to high latitudes or 

altitudes have shorter chilling requirements (Westwood, 1978).  Plants native to these 

areas have likely adapted to a short growing season by having a quick release from 

dormancy upon spring warming.   

Variation in cool temperature exposure necessary for rapid and uniform flowering 

in Rhododendron had been documented.  Reiley (1992) reported Rhododendron flower 

buds require a cool temperature period of roughly 320 h at -2°C to 6°C with a 10-h 

photoperiod while Criley (1985) reported 8-10 weeks (1344-1680 hours) at temperatures 

below 13°C with a 12-h photoperiod was required to overcome dormancy for evergreen 
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azaleas (Rhododendron subg. Tsutsui).  However, Larson (1975) suggested evergreen 

azaleas required only six weeks at 7.8 to 10°C with a 12-h photoperiod.   

 The objective of this study was to determine the effect of photoperiod and 

temperature parameters typical of Helsinki, Finland and St. Paul, MN on reproductive 

and vegetative budbreak on selected elepidote rhododendron cultivars.  The Finnish 

cultivar Haaga was compared to ‘Catawbiense Album’, a cultivar derived from a North 

American native rhododendron species, Rhododendron catawbiense (Michx.), which 

does not typically show the bypassing trait.   We hypothesized vegetative and 

reproductive budbreak are under genetic control and are affected by photoperiod and 

temperature. Since Minnesota typically experiences warmer temperatures and shorter 

photoperiods than Finland during dormancy release, we predicted one or both of these 

factors will be correlated with increased incidence of vegetative bypassing.  Furthermore, 

we performed a preliminary experiment including a range of cooling durations to 

determine the optimal duration for rapid and uniform flower budbreak for the cultivars 

used in this study.  

   

 

Materials and Methods  

 Winter 2008-09.  The effects of cooling duration prior to forcing and photoperiod 

during forcing were studied in this preliminary experiment.  On 1 Oct. 2008, 3.8-L potted 
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plants of ‘Haaga’ and ‘Catawbiense Album’ were received from Briggs Nursery (Elma, 

WA).  Plants entered dormancy in a greenhouse under natural daylength conditions in St. 

Paul, MN during the fall.   The greenhouse temperature was dropped from ambient 

temperature to 4.4°C on 13 Oct. 2008 although the temperature increased to 23°C during 

several warm days in early November.  Cooling accumulation was calculated here 

similarly to a chill-unit model proposed by Richardson et al. (1974) for peach (Prunus 

persica (L.) Batsch) and further modified by Anderson et al. (1986) for sour cherry 

(Prunus cerasus L.).  The optimal temperature used to promote budbreak of peach was 4-

8°C.  For every hour in this temperature range, one chill unit was accumulated.  Hours 

with mean temperatures above and below this range resulted in partial chill units based 

on the following scale derived from Seeley (1996):  

 -2 to 0°C: 0.25 h 
 0 to 2°C: 0.50 h 
 2 to 4°C: 0.75 h 
 4 to 8°C: 1.0 h 
 8 to 10°C: 0.75 h 
 10 to 12°C: 0.50 h 
 12 to 14°C: 0.25 h 
 

Based on this model, no effective chilling accumulation was recorded for temperatures 

greater than 14°C or below -2°C.  Mean hourly temperatures during the cool temperature 

exposure were recorded using an environmental control computer (Argus Control 

Systems, White Rock, British Columbia, Canada). 
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 Four plants of each cultivar were randomly assigned to one of seven cooling 

durations (6, 7, 8, 9, 10, 11, or 12 weeks) and either long day (LD) or short day (SD) 

photoperiod.  On 11 Dec. 2008, when six weeks (approximately 1000 h) of cooling 

accumulation was fulfilled, plants in the six-week cooling duration treatment were moved 

to a warm temperature greenhouse (22°C day/18°C night) for budbreak.   Thereafter, 

when each group’s predicted cooling accumulation was attained, that group of plants was 

moved into the warm greenhouse as well.  Long days were provided by growing plants 

under natural daylength plus night interruption (NI) lighting by lighting plants from 

2200-0200 HR daily (4.7 μmol m-2 s-1) with incandescent lamps.  Short days were 

obtained by pulling an opaque cloth over plants from 1600-0800 HR daily.  Daily light 

integral in the warm temperature greenhouse under SD and LD during the forcing period 

was 4.2 mol·d-1 and 4.5 mol·d-1, respectively.  Plants were fertilized once weekly with 

17.9 mM N using 21.0N-3.1P-5.8K fertilizer (21-7-7 Acid Special, Peter’s Professional, 

Scotts Co., Marysville, OH).  Plants were watered as needed and to avoid the build-up of 

salts, plants were leached once a week with tap water until a steady stream of water 

flowed out of the drainage holes on the base of each pot. 

 Data collection was terminated 16 weeks after the start of forcing for each cooling 

duration treatment. Days to vegetative budbreak, days to reproductive (flower) budbreak, 

and whether vegetative bypass shoots were present were collected on all reproductive 

shoots.  Means for each variable were calculated for each plant.  The date of vegetative 
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budbreak was recorded when bud scales separated to reveal the light green tissue beneath 

outer scales.  The date of reproductive budbreak was recorded when petal color showed 

between bud scales during the progression to flowering.  The presence of bypassing was 

recorded at full flowering (all flowers within the inflorescence open) if the length of the 

subtending vegetative shoot was longer than the top of the inflorescence.  ‘Terminal 

shoot status’ data were also collected and was noted as the following categories:  no 

terminal flower bud (vegetative shoot), flower bud (reproductive shoot) partially or fully 

aborted (25-100% flowers dead or damaged), and flower bud open and essentially fully 

viable (≤ 25% flowers dead).    

Analysis of variance was performed to assess the effect of cool temperature 

duration on reproductive budbreak.  The data were used to determine the amount of 

cooling accumulation necessary for rapid and uniform flowering for both cultivars 

studied.  Analysis of variance was also performed to assess the effects of cool 

temperature duration, cultivar, and photoperiod on vegetative bypassing.  Bypassing data 

were arcsin-transformed prior to analysis of variance to meet the assumption of variance 

homogeneity required for parametric testing.  A third analysis of variance was conducted 

to evaluate the effect of terminal shoot status on the timing of vegetative budbreak.  All 

factors in analyses of variance were treated as fixed effects using general linear model 

(GLM) in PASW Statistics 18 software (SPSS, Inc., Chicago, Illinois) at significance of 

α = 0.05.   
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Winter 2009-10.  To fully elucidate the effects of photoperiod and temperature on 

vegetative bypassing observed on Finnish cultivars, growth chamber experiments were 

conducted with treatments that reflected temperature and photoperiod conditions similar 

to Helsinki and St. Paul.  Specifically, ‘Catawbiense Album’ and ‘Haaga’ were tested in a 

completely randomized statistical design in a factorial arrangement with photoperiod and 

temperature conditions representative of Helsinki and St. Paul from mid-April through 

June (Table 1).      

In May 2009, ‘Catawbiense Album’ and ‘Haaga’ plants from the previous 

winter’s forcing experiment were potted into 7.8-L pots with 3:1 pine bark to peat media.  

Plants were grown in an outdoor structure under a 60% shade fabric at the Horticultural 

Research Center (Chanhassen, MN; 44.85°N and 93.55°W) from April through mid-

October.  Plants were fertilized biweekly with 28.6 mM N using 21.0N-3.1P-5.8K 

fertilizer (21-7-7 Acid Special, Peter’s Professional, Scotts Co., Marysville, OH) through 

July.  Plants were watered with 2% sulfuric acid solution twice during the summer to 

reduce media pH to 5.5.  A preventative fungicide drench (Banrot 40WP, Scotts Co., 

Marysville, OH) was also applied in June and October to prevent root rot diseases.   

 On 1 Nov. 2009, plants were placed in a cooler (5.6 ± 0.8°C) with a 12-h 

photoperiod supplied by two 400-W metal halide lamps (Sunlight Supply, Inc., 

Vancouver, WA; 10-60 μmol·m-2·s-1).  Including 11 days of cooling accumulation 
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received under natural conditions prior to entering cold storage (based on the method 

previously described), a total of 1573 h (65 d) of cooling accumulation was fulfilled on 1 

Jan. 2010.  Six plants of each cultivar were then placed in one of four growth chambers 

(GC Series Walk-in, Environmental Growth Chambers, Chagrin Falls, OH) set to 

photoperiod and temperature conditions found in Helsinki or St. Paul.  Daily mean 

temperatures for Helsinki were derived from historical climate data (2005-09) received 

from the Finnish Meteorological Institute (www.fmi.fi), while daily mean temperatures 

for St. Paul were derived from historical climate data (2005-09) received from the 

University of Minnesota’s Department of Climatology (www.climate.umn.edu).   Mean 

weekly temperatures were calculated beginning the week of 19 April for both locations.  

The length of day beginning 19 April and for every seven days through 21 June for the 

two locations was obtained from the website maintained by the U.S. Naval Observatory 

(2009).  Chamber photoperiod and temperature settings were adjusted weekly through the 

end of the experiment to simulate respective environments (Table 1).  Dataloggers 

(HOBO Pro v2 U23-003, Onset Computer Corporation, Bourne, MA) were used to 

record actual air temperature in each chamber every 30 minutes.  Actual mean daily 

temperatures did not vary by more than 0.5°C from any set temperature.  Irradiance at the 

top of plants was 240-340 μmol·m-2·s-1 during the experiment.  Plants were fertilized 

weekly with 17.9 mM N using 21.0N-3.1P-5.8K (21-7-7 acid Peter’s Professional, Scotts 



33 

 

 

Co., Marysville, OH).  Plants were watered as needed and were leached weekly with tap 

water as described above. 

 The experiment was terminated 11 weeks after plants were placed in the growth 

chambers.  Data collection included days to flower budbreak, days to vegetative 

budbreak, and presence or absence of vegetative bypassing as described in the Winter 

2008-09 experiment.  The difference between days to flower budbreak and days to 

vegetative budbreak (FB-VB) was calculated for each flowering shoot and was used as a 

proxy for bypassing to test a correlation between vegetative bypassing and flower 

viability.  Flower bud viability was calculated as the proportion of viable flowers within 

each inflorescence at the time of full flowering.  Total flower number included all dead 

and viable flowers macroscopically visible.     

Analysis of variance was performed to test the effect of cultivar, photoperiod, and 

temperature on bypassing with the dependent variable arcsin-transformed to meet the 

assumption of variance homogeneity required for parametric testing.  All factors in 

analysis of variance were treated as fixed effects using general linear model (GLM) in 

PASW Statistics 18 software (SPSS, Inc., Chicago, Illinois) with significance of α = 0.05.   

 

 Winter 2010-11.  The experimental design for the Winter 2010-11 investigation of 

the effects of photoperiod and temperature on vegetative bypassing was essentially 

identical to the Winter 2009-10 experiments.  Temperature settings were set to reflect 
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mean day and night temperatures rather than a constant daily temperature mean (Table 2).  

Photoperiod and temperature settings were adjusted weekly as in the Winter 2009-10 

growth chamber study. 

On 11 Oct. 2010, 11.4-L pots of ‘Catawbiense Album’ and ‘Haaga’ were received 

from Rosebay Nursery (Saugatuck, MI) and entered dormancy under natural fall outdoor 

conditions in St. Paul, MN.  New vegetative growth under some unopened flower buds 

had developed during late summer on both cultivars.  Upon receiving the plants, the 

proportion of reproductive shoots with bypassing under unopened flower buds for 

‘Catawbiense Album’ and ‘Haaga’ was 22% and 8%, respectively.  These shoots were 

excluded from the experiment.   

Plants were moved to a cooler on 25 Oct. under temperature and lighting 

conditions previously described.  After nine weeks (63 d) of cooling, five plants of each 

cultivar were moved to each of four growth chambers programmed with Helsinki or St. 

Paul photoperiod and temperature parameters beginning with simulated 15 April 

conditions (Table 2).  Actual mean day and night temperatures did not vary by more than 

0.5°C from set points.  Irradiance at the top of the plants was 250-350 μmol·m-2·s-1 during 

the experiment.  Plants were fertilized weekly with 17.9 mM N using 21.0N-3.1P-5.8K 

(21-7-7 acid Peter’s Professional, Scotts Co., Marysville, OH).  Plants were watered as 

needed and leached weekly with tap water as previously described. 
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The experiment was terminated 11 weeks after the plants were placed in growth 

chambers.  Data collection and statistical analysis were identical to those described for 

the Winter 2009-10 growth chamber experiment. 

 

Results and Discussion 

 Winter 2008-09.  Analysis of variance of the effects of cooling duration and 

cultivar on timing of reproductive budbreak revealed both main effects were significant.  

However, a conservative comparison of means test (Tukey’s HSD(P ≤ 0.05))  revealed no 

significant difference in the number of days to flower budbreak based on cooling duration 

for each cultivar (Fig. 1).  Days to flower budbreak from initiation of forcing decreased 

as cooling duration increased to 12 weeks for both cultivars.  ‘Haaga’ required more days 

to reach flower budbreak than ‘Catawbiense Album’ for each cooling duration treatment 

(Table 3).  Since timing of flower budbreak did not significantly decrease for either 

cultivar as cooling duration increased from six to twelve weeks, any of the tested cooling 

durations could be used in subsequent forcing experiments. 

 Cultivar was the only main factor or interaction term to be significant in an 

analysis of variance for the effect of cultivar, photoperiod, and cooling duration on 

vegetative bypassing (Table 4).  No bypassing occurred on ‘Catawbiense Album’ plants 

in any cooling duration or photoperiod treatment tested (Fig. 2).  Approximately 20% of 
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flowering shoots of ‘Haaga’ had bypassing across all cooling duration and photoperiod 

treatments.  

 Observations were also made on the tendency of vegetative growth to occur 

earlier on non-reproductive shoots and reproductive shoots with damaged flower buds 

(partially to fully aborted) compared to reproductive shoots that were essentially fully 

viable.  Analysis of variance confirmed these observations that shoots differed in the days 

to vegetative budbreak with non-reproductive shoots initiating vegetative growth earlier 

than reproductive shoots (Fig. 3).  Furthermore, reproductive shoots with flower buds 

containing more than 25% dead flowers exhibited vegetative budbreak earlier than 

reproductive shoots with greater flower bud viability (Fig. 3).  These results suggested 

fully or partially aborted flower buds were less likely to suppress subtending vegetative 

growth than fully viable flower buds.   Cultivars were combined for this analysis and 

were not equally distributed across all three shoot terminal categories.  ‘Catawbiense 

Album’ contributed to nearly all viable reproductive shoots while ‘Haaga’ plants 

exhibited mostly aborted flower buds.  Both cultivars contributed to the non-reproductive 

shoot category.  This unequal distribution in cultivars across terminal shoot categories 

may have biased the results but the potential relationship between flower viability and 

vegetative bypassing warrants further exploration.  It is unclear what caused the flower 

bud abortion in ‘Haaga’, but may have been due to high temperature (Criley, 1969) or 

low irradiance (Bodson, 1983) during bud development. 
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Winter 2009-10.  Previous field and greenhouse observations suggested a possible 

correlation between flower viability and vegetative bypassing.  The continuous variable 

FB-VB was used as a proxy for the binomial variable vegetative bypassing for correlation 

analysis.  Values equal to or greater than zero days for FB-VB indicated flowering 

occurred after vegetative budbreak, meaning vegetative bypassing had taken place.  If 

decreased flower viability increased the likelihood of subtending vegetative growth to 

occur before flowering, then we expected to find a negative correlation between flower 

viability and bypass shoot formation.  Pearson’s correlation coefficient (r) between 

flower viability and FB-VB was significant for ‘Haaga’ (P = 0.036) but not for 

‘Catawbiense Album’ (P = 0.066) (Table 5).  However, the correlation for ‘Haaga’ was 

positive (r = 0.233), meaning greater flower viability correlated with larger values for 

FB-VB.   Given the large sample sizes (total number of flowering shoots) and weak 

correlations for both cultivars, the statistical significance noted likely had little practical 

significance.  Therefore, flower bud viability was not used as a covariate in analysis of 

variance. 

No treatments were specifically applied to induce bud abortion, and flower 

viability for both cultivars was biased toward high values. Mean flower viability per bud 

for ‘Catawbiense Album’ and ‘Haaga was 89% ± 0.1% and 93% ± 0.1%, respectively.  

Given the restricted range, these results suggested lack of flower viability does not 

contribute to vegetative bypassing. 
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Vegetative bypassing occurred on both cultivars in all four photoperiod-

temperature combinations.  Analysis of variance of the effects of cultivar, photoperiod, 

and temperature on vegetative bypassing (arcsin-transformed) revealed only photoperiod 

was significant (Table 6).  Bypassing was greater when plants were placed under a 

Helsinki photoperiod than under a St. Paul photoperiod treatment (Fig. 4).  These results 

contradicted our hypothesis that bypassing for ‘Haaga’ would be greater under St. Paul 

photoperiod and/or temperature conditions. 

Given the extent that vegetative bypassing was equally prevalent on both cultivars 

for all photoperiod-temperature combinations, we hypothesized conditions prior to 

forcing may have predisposed plants to exhibit bypassing after placement in conditions 

conducive to growth.  Plants used in this study were carried-over plants forced to flower 

in Winter 2008-09.  The plants were exposed to warm temperatures (> 10°C) and long 

days (> 12 h) from January until the onset of dormancy in October.  Other studies found 

increased vegetative bypassing in Rhododendron with extended periods of LD (elepidote 

rhododendrons) (Cathey, 1965) or high temperature (evergreen azaleas) (Dole and 

Wilkins, 2005) before the onset of dormancy. 

In addition to the vegetative bypassing noted on both cultivars in all treatments, 

several growth and developmental abnormalities were observed in ‘Catawbiense Album’ 

(Fig. 5).  Three ovaries were fused in one flower and multiple vegetative shoots elongated 

within a flower bud, indicating a possible reversion from flower development.  These 



39 

 

 

defects suggested interrupted bud development possibly due to LD or warm temperatures.   

Similar defects were noted when elepidote rhododendrons were grown under more than 

four months of continuous light before the onset of dormancy (Cathey, 1965).  

Photoperiod and temperature conditions during budbreak may still effect vegetative 

bypassing, but they may have been masked by effects caused before forcing.   

 

Winter 2010-11.  A significant correlation between flower viability and FB-VB 

was evident when cultivars were combined (P = 0.006), but not for ‘Catawbiense Album’ 

(P = 0.662) or ‘Haaga’ (P = 0.507) analyzed separately (Table 7). The significant 

correlation when cultivars were combined was weak (r = 0.167), and the significance was 

likely a result of a large sample size (n = 268).  No treatments were specifically applied to 

induce bud abortion, and overall flower viability for both cultivars tended to be high. The 

mean (± SD) flower bud viability per bud for ‘Catawbiense Album’ and ‘Haaga’ were 

62% ± 0.2% and 88% ± 0.2%, respectively.  Based on results from the two growth 

chamber experiments, low flower viability does not appear to contribute to vegetative 

bypassing. 

Vegetative bypassing was observed on both cultivars in all photoperiod-

temperature combinations, and the prevalence was greater in the Winter 2010-11 growth 

chamber study than in the Winter 2009-10 experiment.  An analysis of variance for the 

Winter 2010-11 study for the effects of cultivar, photoperiod, and temperature on 
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percentage bypassing (arcsin-transformed) showed significant cultivar-photoperiod and 

photoperiod-temperature interaction effects (Table 8).  Bypassing was greater under the 

St. Paul photoperiod treatment for ‘Catawbiense Album’, but was more prevalent on 

‘Haaga’ plants given Helsinki photoperiod conditions (Fig. 6).  In this experiment, more 

bypassing occurred on the Finnish cultivar in the photoperiod environment (Helsinki) in 

which it was selected.   

Plants grown in St. Paul temperature treatments exhibited more vegetative 

bypassing when combined with Helsinki photoperiod conditions; conversely, plants 

exposed to Helsinki temperatures showed more bypassing when in combination with a St. 

Paul photoperiod treatment (Fig. 7).  This cross-over interaction may suggest vegetative 

bypassing is enhanced when plants are exposed to warmer temperatures with longer days 

or cooler temperatures with shorter days.  However, substantial bypassing occurred on 

both cultivars regardless of treatment combination. Mean bypassing (mean ± SE) for all 

reproductive shoots of ‘Catawbiense Album’ and ‘Haaga’ across the four photoperiod-

temperature combinations was 79% ± 4% and 88% ± 3%, respectively.   Significant 

interaction effects appeared subtle and do not explain the widespread occurrence of the 

trait across all treatments. 

The potential for vegetative bypassing may have been pre-conditioned before 

these plants were exposed to forcing conditions in the growth chamber experiments.  

Plants used in this study were purchased from a Michigan nursery and had been field-
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grown there under natural conditions until Oct. 2010.  However, substantial vegetative 

bypassing was observed on both cultivars in field plantings in May 2010 during spring 

budbreak.  New vegetative growth under recently developed, unopened flower buds was 

also noted in the fall.  The prevalence of vegetative bypassing observed upon forcing into 

flower in the growth chambers may have been determined before dormancy induction in 

the fall.  No noticeable differences were found in climatic factors between the Michigan 

site and other locations evaluated for vegetative bypassing in Spring 2010 in which very 

little bypassing occurred (see Chapter 4).  However, high soil fertility at the nursery 

during the growing season may be associated with the extensive bypassing observed in 

this growth chambers study.  Applications of ammonium sulfate (21N-0P-0K) at 140 

kg·ha-1, potassium sulfate (0N-0P-41.5K) at 280 kg·ha-1, a slow release fertilizer (20N-

1.7P-9.2K) at 30 g·plant-1, and Sul-Po-Mag at 168 kg·ha-1 were used at Rosebay Nursery 

during the growing season prior to some of these plants being manipulated in this growth 

chamber experiment.  High plant fertility, especially nitrogen (N) is known to promote 

shoot elongation (McIntyre, 1973) and vegetative vigor (Bi et al., 2007; Weinbaum et al., 

1992). 

As an aside, observations of established, field-grown plants revealed a distinct 

difference in habit between ‘Catawbiense Album’ and ‘Haaga’.  ‘Catawbiense Album’, 

like many cultivars derived from R. catawbiense, tends to display an open, loose habit 

while ‘Haaga’ possesses a compact form.  We hypothesized that genetic differences in 
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plant architecture, such as branch number or shoot length, may explain why 

inflorescences are often hidden in Finnish cultivars like ‘Haaga’ compared to other 

cultivars.  ‘Haaga’ may have more branches and/or shorter shoots that may contribute to 

the appearance of vegetative bypassing.   

 The plants used in this growth chamber study were used to test this hypothesis.  

The total number of new vegetative shoots per plant was collected and the length of new 

vegetative shoots below terminal flower buds was measured for both cultivars when all 

flowering shoots had reached full flowering.  At that time, vegetative shoots had been 

growing for 4-8 weeks for both cultivars.   

No significant difference in shoot number or length was found between cultivars.  

Mean new shoot number per plant for ‘Catawbiense Album’ and ‘Haaga’ was 18 ± 2 

shoots and 20 ± 2 shoots, respectively.  Mean shoot length for ‘Catawbiense Album’ was 

156 ± 10 mm while for ‘Haaga’ it was 153 ± 7 mm.  Although no differences were found 

in parameters associated with plant architecture between these two cultivars under 

artificial conditions, observations on established field-grown plants would be more 

appropriate.  Also, shoot length measurements were made at peak floral display (when all 

flowers in an inflorescence were open) for the purposes of evaluating for vegetative 

bypassing, but it may not reflect the genetic component to shoot length as some shoots 

may have still been elongating. 
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Conclusions 

 Results here did not provide evidence that photoperiod and temperature during 

budbreak influenced the occurrence of vegetative bypassing in the two cultivars studied.  

In the greenhouse study, ‘Haaga’ plants had set very few flower buds, and a large 

proportion of those flowers aborted before reaching anthesis.  However, this experiment 

provided strong evidence that non-reproductive shoots as well as reproductive shoots 

with more than 25% of flowers aborted were likely to exhibit vegetative budbreak earlier 

than reproductive shoots with essentially fully viable flower buds.  A subsequent 

experiment was designed, utilizing cold to induce a gradient of flower bud abortion to 

identify a correlation with vegetative bypassing (see Chapter 4).   

For the Winter 2009-10 growth chamber study, carried-over plants were used.  

Their annual growth cycle was likely altered as a result of being exposed to warm 

temperatures and LD for nearly nine months before induction of dormancy.  Plants 

appeared to be conditioned to show vegetative bypassing and other growth abnormalities 

upon exposure to forcing conditions in the growth chambers.  These observations are in 

agreement with previous studies that indicated prolonged periods of warm temperature 

during bud development promoted similar abnormalities (Criley, 1964). 

 In Winter 2010-11, widespread bypassing was observed for both cultivars in all 

photoperiod-treatment combinations again.  Although plants were exposed to natural 

photoperiod and temperature conditions of western Michigan during bud initiation and 
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development, vegetative bypassing was observed on field-grown plants at the nursery 

during spring budbreak in May 2010.  Vegetative growth (bypassing) was noted under 

newly formed, unopened flower buds in Oct. 2010 when plants were purchased for this 

study.  High plant fertility (specifically N) for growth and development in the summer 

may be a factor linked to this trait as several studies have found stored N reserves 

contribute to early growth in Rhododendron.  A study with container-grown deciduous 

azalea ‘Cannon’s Double’ (Rhododendron subg. Pentanthera) and the lepidote 

rhododendron ‘H-1 P.J.M’ (Rhododendron subg. Rhododendron) found flowering and 

early vegetative growth in the spring relied upon stored N reserves (Bi et al., 2007).   The 

highest N uptake for the elepidote rhododendron ‘English Roseum’ was in August and 

September with N stored in mature leaves during the winter (Scagel et al., 2007).   

 Additionally, Petersen (1972) noted young evergreen azaleas tend to be more 

sensitive to environmental factors influencing growth and development.  Plants used in 

the growth chamber studies were three to four years old, and it is possible older plants 

may respond differently.  However, young, containerized plants are needed to conduct 

controlled-environment experiments with adequate sample sizes. 

Our work did not identify significant effects of photoperiod or temperature during 

budbreak on the occurrence of vegetative bypassing, but these factors may have been 

masked by conditions encountered earlier in the growing season.  To repeat this 

experiment, care should be taken to select plants that are exposed to natural growing 



45 

 

 

conditions the previous year.  Also, fertility during summer growth and development 

should be monitored and adequate but not excessive rates should be used to promote 

flower bud set and plant health.  Additional experiments were carried out to identify 

some of the possible factors plaguing these studies such as duration of warm 

temperatures during bud development and high soil N concentration (see Chapter 4). 
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Table 1.  Photoperiod and temperature settings used in the 2009-10 growth chamber 
study.  Photoperiod settings were based on data from the website maintained by the U.S. 
Naval Observatory.  Temperature for Helsinki and St. Paul were based on records 
received from the Finnish Meteorological Institute and the University of Minnesota 
Department of Climatology, respectively.   

       Photoperiod      Temperature (°C)

Week
Simulated 

day Helsinki St. Paul Helsinki St. Paul

1 19-Apr 14:58 13:43 6.8 10.0
2 26-Apr 15:35 14:03 8.1 11.1
3 3-May 16:12 14:22 9.4 12.2
4 10-May 16:48 14:40 10.7 13.9
5 17-May 17:21 14:56 12.0 16.1
6 24-May 17:52 15:10 13.3 16.7
7 31-May 18:18 15:22 14.6 17.8
8 7-Jun 18:39 15:30 14.6 19.8
9 14-Jun 18:52 15:35 15.3 20.9

10 21-Jun 18:58 15:39 16.2 21.8
11 28-Jun 18:58 15:39 17.0 22.8  
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Table 2.  Photoperiod and temperature settings used in the 2010-11 growth chamber 
study.  Photoperiod settings were based on data from the website maintained by the U.S.  
Naval Observatory.  Temperature for Helsinki and St. Paul were based on data records 
received from the Finnish Meteorological Institute and the University of Minnesota 
Department of Climatology, respectively.   

Photoperiod Temperature (°C)

Helsinki St. Paul Helsinki St. Paul

Week
Simulated 

day Day Night Day Night
1 15-Apr 14:51 13:39 5.4 2.3 11.5 8.4
2 22-Apr 15:28 13:59 8.4 4.0 12.1 9.6
3 29-Apr 16:06 14:19 9.1 6.0 13.4 10.8
4 6-May 16:41 14:37 11.0 7.2 14.7 12.1
5 13-May 17:15 14:54 11.5 7.9 16.6 12.9
6 20-May 17:47 15:07 13.2 9.8 19.8 16.1
7 27-May 18:14 15:20 13.7 10.6 19.9 17.3
8 3-Jun 18:35 15:29 14.1 11.2 20.0 18.1
9 10-Jun 18:50 15:35 15.2 11.8 21.6 19.1

10 17-Jun 18:56 15:36 16.4 12.5 22.6 20.1
11 24-Jun 18:52 15:35 16.9 13.3 23.5 21.0  
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Figure 1.  Days to flower budbreak after 6, 7, 8, 9, 10, 11, or 12 weeks of cooling for 
cultivars Catawbiense Album and Haaga (photoperiod treatments combined).  Error bars 
represent 95% confidence interval of the means.  Flower budbreak was recorded when 
petal color became visible between bud scales upon bud swelling. 
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Table 3.  Days to flower budbreak (mean ± SE) for ‘Catawbiense Album’ and ‘Haaga’ 
after 6, 7, 8, 9, 10, 11, or 12 weeks of cooling duration.  Flower budbreak was recorded 
when petal color became visible between bud scales upon bud swelling. 

Cultivar

Cooling 
duration 
(weeks)

Days    
(mean ± SE)

Catawbiense Album 6 46.3 ± 0.8
7 45.6 ± 1.0
8 40.4 ± 0.6
9 36.9 ± 0.2
10 37.5 ± 0.4
11 34.3 ± 0.3
12 31.4 ± 0.2

Haaga 6 67.0 ± 6.7
7 60.4 ± 2.3
8 59.6 ± 2.3
9 53.0 ± 2.2

10 47.8 ± 1.1
11 45.9 ± 1.7
12 41.7 ± 1.8  
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Table 4.  An analysis of variance of vegetative bypassing for each reproductive shoot 
when all flowers in an inflorescence had opened.  The proportion of reproductive shoots 
with bypassing (arcsin-transformed) per plant was the dependent variable for statistical 
analysis. Cultivar, photoperiod, and cooling duration were treated as fixed effects.   
Source df MS F
Cultivar (1) 1 2.484 27.034 ***

Photoperiod (2) 1 0.249 2.709
Cooling (3) 6 0.090 0.976
(1) x (2) 1 0.249 2.709
(1) x (3) 6 0.090 0.976
(2) x (3) 6 0.031 0.336
(1) x (2) x (3) 6 0.031 0.336
Error 84 0.092  

***Significant at P ≤ 0.001. 
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Figure 2.  Percentage vegetative bypassing (back-transformed arcsin data) of 
‘Catawbiense Album’ and ‘Haaga’ (photoperiod and cooling treatments combined).  
Error bars represent 95% confidence intervals of the means.  No vegetative bypassing 
occurred on ‘Catawbiense Album’ plants.  Vegetative bypassing was assessed for each 
flowering shoot when all flowers in an inflorescence were opened.  The proportion of 
reproductive shoots with bypassing per plant was used for statistical analysis. 
 
 
 
 
 
 
 
 
 
 
 



52 

 

 

  
Figure 3.  Days to vegetative budbreak for non-reproductive shoots and reproductive 
shoots with either aborted or essentially fully viable flower buds (cultivars and 
photoperiod treatments combined).  Error bars represent 95% confidence intervals of the 
means.  Different letters indicate means were significantly different from each other 
using Tukey’s HSD(P ≤ 0.05).  Vegetative budbreak was recorded when a light green color 
was observed between bud scales. 
 

 

 

 
 
 
 
 
 
 

a 

b 

c 



53 

 

 

Table 5.  Pearson correlation coefficient (r) between flower viability and the days 
between flower and vegetative budbreak (FB-VB) for the Winter 2009-10 growth 
chamber study.  Flower viability was quantified as the proportion of viable flowers within 
each inflorescence.  Negative correlation values indicated vegetative bypassing was 
associated with decreased flower viability. 
Flower viability : FB-VB n r P
Cultivars combined 231 0.111 0.092
Catawbiense Album 142 -0.155 0.066
Haaga 89 0.233 0.036  
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Table 6.  An analysis of variance with arcsin-transformed percentage vegetative 
bypassing as the dependent variable for the Winter 2009-10 growth chamber study.  
Cultivar, photoperiod, and temperature were treated as fixed effects.  ‘Catawbiense 
Album’ and ‘Haaga’ were placed in chambers representative of photoperiod-temperature 
combinations of Helsinki and St. Paul during spring budbreak (mid-April through June). 
Source df MS F
Cultivar (1) 1 0.191 1.095
Photoperiod (2) 1 0.731 4.202 *

Temperature (3) 1 0.105 0.604
(1) x (2) 1 0.086 0.494
(1) x (3) 1 0.219 1.256
(2) x (3) 1 0.178 1.022
(1) x (2) x (3) 1 0.150 0.860
Error 38 0.174  

*Significant at P ≤ 0.05. 
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Figure 4.  Percentage vegetative bypassing (back-transformed arcsin data) observed on 
plants grown under Helsinki or St. Paul photoperiod treatments (cultivars and 
temperature treatments combined).  Error bars represent 95% confidence intervals of the 
means. 
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Figure 5.  Vegetative bypassing and flower bud abnormalities observed in the Winter 
2009-10 growth chamber study.  Vegetative bypassing was observed on both 
‘Catawbiense Album’ (A) and ‘Haaga’ (B) in all photoperiod-temperature combinations.  
Several flower abnormalities were observed, notably for ‘Catawbiense Album’, including 
three fused ovaries in one flower (C) and seven vegetative shoots emerging from within a 
flower bud (D). 
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Table 7.  Pearson correlation coefficient (r) between flower viability and days between 
flower and vegetative budbreak (FB-VB) for Winter 2010-11 growth chamber study.  
Flower viability was determined by the proportion of viable flowers within each 
inflorescence.  Negative correlation values indicate vegetative bypassing was associated 
with decreased flower viability. 
Flower viability : FB-VB n r P
Cultivars combined 268 0.167 0.006
Catawbiense Album 115 0.041 0.662
Haaga 148 -0.055 0.507  
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Table 8.  An analysis of variance with arcsin-transformed percentage vegetative 
bypassing as the dependent variable for the Winter 2010-11 growth chamber study.  
Cultivar, photoperiod, and temperature were treated as fixed effects.  ‘Catawbiense 
Album’ and ‘Haaga’ were placed in chambers representative of photoperiod-temperature 
combinations of Helsinki and St. Paul during spring budbreak (mid-April through June).  
Source df    MS      F
Cultivar (1) 1 0.016 0.780
Photoperiod (2) 1 0.035 1.660
Temperature (3) 1 0.016 0.754
(1) x (2) 1 0.099 4.733 *

(1) x (3) 1 0.025 1.220
(2) x (3) 1 0.157 7.533 *

(1) x (2) x (3) 1 0.072 3.450
Error 28 0.021  

*Significant at P ≤ 0.05. 
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Figure 6.  Percentage vegetative bypassing (back-transformed arcsin data) observed on 
‘Catawbiense Album’ and ‘Haaga’ rhododendrons grown under Helsinki or St. Paul 
photoperiod treatments (temperature treatments combined) in Winter 2010-11.  Error bars 
represent 95% confidence intervals of the means. 
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Figure 7.  Percentage vegetative bypassing (back-transformed arcsin data) observed on 
rhododendrons grown under Helsinki or St. Paul photoperiod and temperature treatments 
in Winter 2010-11 (cultivars combined).  Error bars represent 95% confidence intervals 
of the means. 
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CHAPTER 2:  Characterization of vegetative bypassing in 
Rhododendron subg. Hymenanthes germplasm  
 

Introduction 

 The incidence of vegetative shoots developing before flowering is complete, or 

vegetative bypassing, in Rhododendron has been studied under modified photoperiod and 

temperature conditions by several investigators.  For instance, the duration of long days 

(LD) during flower bud development was associated with an increase in vegetative 

bypass shoots in elepidote rhododendrons [Rhododendron subg. Hymenanthes (Blume) 

K. Koch] (Cathey, 1965).  High temperatures during flower bud initiation and 

development have been linked to vegetative bypassing as well (Criley, 1964).  However, 

the occurrence of vegetative shoots bypassing terminal flower buds during flowering is 

not typically observed on most species and cultivars grown under natural environmental 

conditions.  Bypass shoots have been noted on Rhododendron brachycarpum ssp. 

tigerstedtii Nitz. when grown in its natural habitat (Cox and Cox, 1997) implying a 

genetic component that may predispose certain plants to show the trait.  To our 

knowledge, no study had investigated the prevalence of vegetative bypassing on field-

grown elepidote rhododendrons.  Such an investigation would add to our understanding 

of the phenomenon and begin the process of identifying the genetic control of vegetative 

bypassing.   
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Rhododendron subg. Hymenanthes contains 240 species in one section 

(Ponticum) that is further divided into 23 subsections (Reiley, 1992).   Cold-hardiness 

limits the range of species suitable for the northern tier of the United States, so most 

hybrids that survive in this area are derived from the 13 species found in one subsection, 

subs. Pontica.  However, the native distribution of these hardy species is not 

geographically limited.  Rhododendron catawbiense (Michx.) from North America and 

Rhododendron yakushimanum (Nak.) from Japan are two of the species of this subgenus 

most commonly used in breeding efforts.    

 Genetic variation in phenological traits such as timing of flower budbreak and 

onset of dormancy exists within R. subg. Hymenanthes.  In the northern United States, 

rhododendrons bloom late April through July, although the majority of the cultivars will 

bloom from mid to late May.  Although time of flowering has been characterized, the 

occurrence of vegetative bypassing is not often noted in classification and description of 

species and cultivars.  Leach (1961) noted the occurrence of new growth concealing 

flowers in his personal evaluation of crosses, but he did not distinguish between 

vegetative growth on shoots with or without terminal flower buds.   

The Helen S. Layer Rhododendron Garden at the Holden Arboretum (Kirtland, 

OH) contains over 1,200 rhododendrons encompassing many of the hybrids and species 

grown in the United States Department of Agriculture (USDA) Plant Hardiness Zone 5B 

with average winter low temperatures of -26 to -29°C.  The majority of the hybrids are 
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derived from R. catawbiense, but Rhododendron brachycarpum G. Don, Rhododendron 

caucasicum Pallas, Rhododendron fortunei Lindl., Rhododendron maximum L., 

Rhododendron ponticum L., Rhododendron smirnowii Trautv., and R. yakushimanum 

also contribute to cultivars found in this collection.  Less cold hardy Asian species 

including Rhododendron arboreum Sm., Rhododendron decorum Franch., Rhododendron 

dichroanthum Diels, Rhododendron forrestii Diels, Rhododendron griffithianum Wight, 

and Rhododendron neriflorum Franch. contribute to the pedigrees of several cultivars as 

well.  

 Along with the diverse collection at Holden Arboretum, the David G. Leach 

Research Station (Madison, OH) is a satellite facility that specializes in rhododendron 

breeding for biotic and abiotic stresses.  This site includes test plots containing hundreds 

of progeny from planned crosses between many elepidote species and hybrids.   

 Vegetative bypassing was consistently observed on the R. fortunei-derived 

cultivar Maud Corning in Spring 2009 and Spring 2010 (personal observation), and 

vegetative growth with flowering has been noted previously in R. fortunei (Cox and Cox, 

1997).  Dr. Stephen Krebs, director of the David G. Leach Research Station, made 

crosses in 1998 and 2000 using ‘Maud Corning’ as the maternal parent while selecting 

for the desirable traits of cold-tolerance and fragrance.  The pollen donors for the crosses 

(‘Arizona’, Hindustan’, ‘Capistrano’, and ‘Casanova’) have not been reported to exhibit 

vegetative bypassing and did not in the spring of 2009 or 2010.    
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 The objectives of the study presented here were two-fold.  Our first objective was 

to determine the occurrence of vegetative bypassing in the diverse rhododendron 

germplasm collection at Holden Arboretum.  Associations of this trait to differences in 

amount of vegetative growth on non-reproductive shoots at flowering, flowers per 

inflorescence, and pedigree were identified.  Second, the prevalence of the bypassing trait 

in progeny derived from crosses between ‘Maud Corning’ (bypassing genotype) to four 

non-bypassing genotypes was recorded.  Assuming the mode of inheritance for this trait 

would be similar across Rhododendron species, knowledge gained from these 

observations might help predict outcomes of crosses performed with R. brachycarpum 

ssp. tigerstedtii-derived cultivars with respect to vegetative bypassing.  By identifying 

genotypes that possess the trait, crosses can be planned to minimize the chances offspring 

will inherit the undesirable bypassing phenotype. 

 

 Materials and Methods  

 Germplasm evaluation at Holden Arboretum.  Rhododendron subg. Hymenanthes 

species and cultivars blooming mid-May through early June at Holden Arboretum were 

included in this observational study (Table 1).  Since the purpose of the study was to 

evaluate the genetic variability of vegetative bypassing in the germplasm collection, care 

was taken to evaluate established plants ( > five years old) as young plants tend to be 

more sensitive to photoperiodic effects influencing growth and development (Pettersen, 
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1972).  Only cultivars with three representative plants were evaluated, but species were 

often represented by only one individual and data were collected on that individual.  In 

2009, the peak rhododendron blooming period was 20 May through 7 June and data were 

collected on 38 cultivars and two species.  In 2010, a warmer spring resulted in most 

plants blooming 10 May through 25 May, and 53 cultivars and two species were 

evaluated.   

Each cultivar or species was scored for the proportion of reproductive shoots 

obscured by subtending vegetative growth when most inflorescences were flowering but 

had not begun to senesce (peak floral display).  The prevalence of vegetative bypassing 

under inflorescences (flower buds) with > 50% of the flowers dead (aborted) was noted 

as well.  A qualitative measure of new vegetative growth at peak floral display was also 

noted for non-reproductive shoots and was categorized as little, moderate, or abundant.  

Results were then compared to pedigree data and the typical number of flowers per 

inflorescence for each cultivar accessed from the International Rhododendron Register 

and Checklist (Leslie, 2004).   

F1 progeny evaluation.  Progeny from crosses with ‘Maud Corning’ (bypassing 

genotype) as the maternal parent were evaluated for the number of plants within each 

population that had at least one flowering (reproductive) shoot with vegetative bypassing.  

The proportion of flowering shoots with vegetative bypassing within each plant was also 

recorded.   
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 Chi-square goodness-of-fit analyses to test one-locus segregation ratios were 

performed using the interactive web utility provided by Preacher (2001), and the 

expected ratios were rejected at α = 0.05 (Table 3).  Histograms were constructed using 

PASW Statistics 18 software (SPSS, Inc., Chicago, Illinois). 

Results and Discussion 

 Germplasm evaluation at Holden Arboretum.  The vegetative bypassing trait was 

nearly absent in the germplasm evaluated in Spring 2009 and 2010 (Table 1).  In 2009, 

nine of the 40 species and cultivars evaluated showed the trait, but only two cultivars 

(Fastuosum Flore Pleno and Maud Corning) had 10% or more vegetative bypassing on 

reproductive shoots.  For some cultivars, vegetative growth at the time of peak floral 

display was several inches long on non-reproductive shoots (‘St. Michel’ and ‘Haaga’) or 

reproductive shoots in which the inflorescence had more than 50% of its flowers aborted 

(‘Nepal’ and ‘Wyandanch Pink’).  For the few plants with vegetative bypassing, 

reproductive shoots in the upper canopy tended to exhibit bypassing more than 

reproductive shoots near the ground.  Reproductive shoots at the top of the plant also had 

more partially or entirely aborted flower buds than shoots near the ground.  Flower buds 

located near the base of the plant were likely insulated by snow during the winter.  This 

may have resulted in less flower bud abortion than flower buds that were above the snow 

and exposed to colder temperatures in the winter.    
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The presence or absence of aborted flower buds (> 50% of flowers per 

inflorescence dead or damaged) and flower bud cold hardiness values are included in 

Table 2.  If aborted flower buds were present, then the presence or absence of subtending 

vegetative growth under the damaged bud was noted as well.  In 2009, 13 cultivars 

exhibited some terminal shoots with aborted flower buds, and all but three cultivars 

(Album Elegans, Yaku Prince, and Wheatley) showed vegetative growth beginning under 

these damaged flower buds.  However, no obvious association between flower bud cold 

hardiness and presence of aborted flower buds was evident.  Cultivars with aborted 

flower buds represented both relatively tender cultivars such as ‘Wyandanch Pink’ with a 

reported flower bud cold hardiness to -23°C and hardier cultivars such as ‘Nepal’ and 

‘Parker’s Pink’, both with reported hardiness values of -32°C.   

 In 2010, only two of the 55 cultivars and species (‘Edmund Amatais and ‘Maud 

Corning’) showed any evidence of vegetative bypassing (Table 1).  Only two of the more 

than 300 reproductive shoots of ‘Edmund Amatais’ evaluated showed the trait.  ‘Maud 

Corning’ was the only cultivar that exhibited the trait in both 2009 and 2010, although it 

showed significantly less bypassing in 2010 than 2009 (3% versus 20%, respectively) 

(Table 1).  The association of vegetative bypassing under partially or fully aborted flower 

buds was also observed on ‘Anna H. Hall’ in 2010, although fewer cultivars had aborted 

flower buds in 2010 than 2009 (Table 2).  ‘Edmund Amatais’ and Rhododendron makinoi 

Tagg also possessed aborted flower buds in Spring 2010 but did not show signs of 
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vegetative growth under the damaged flower buds (Table 2).  Greater flower bud abortion 

in 2009 was likely due to a relatively severe winter in northern Ohio.  The winter low 

temperature at Madison, OH in 2009 and 2010 was -25°C and -16.6°C, respectively.  

Northern Ohio is located in USDA Plant Hardiness Zone 5B, with average winter lower 

air temperatures between -26 to -29°C.   However, cultivars with the least hardy flower 

buds (e.g. ‘Francesca’ and ‘Leeann’) included in this study did not have damaged flower 

buds.  Other environmental factors such as soil type, soil moisture, and site aspect may 

have contributed to flower bud abortion observed on hardier plants such as ‘Nepal’ and 

‘Parker’s Pink’. 

 While vegetative bypassing tended to occur more often under partially or fully 

aborted flower buds than under full inflorescences, exceptions were also noted.  For 

instance, vegetative bypassing on ‘Maud Corning’ was observed with equal frequency 

under aborted flower buds and essentially full inflorescences.  Also, no vegetative growth 

occurred on any terminal shoots during flowering for most cultivars and species 

evaluated, indicating most are not bypassing types.  While an underlying genetic 

component likely exists for some species and cultivars (e.g. ‘Maud Corning’), the 

bypassing trait appears to be heavily influenced by the environment as less bypassing 

(and fewer aborted flower buds) are observed after milder winter conditions. 

 ‘Maud Corning’ is believed to be derived from R. fortunei which has been noted 

to show abundant vegetative growth at the time of flowering (Cox and Cox, 1997).  
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Whether this growth was noted as subtending vegetative growth immediately below 

terminal flower buds was not clarified.  Seven other cultivars (Bali, Beaufort, Ben 

Moseley, Brown Eyes, Capistrano, Nepal, and Pink Punch) that are (or likely are) derived 

from R. fortunei and included in this study did not show vegetative bypassing.  However, 

five of these cultivars (Bali, Beaufort, Ben Moseley, Brown Eyes, and Pink Punch) had 

abundant vegetative growth on non-reproductive shoots during flowering.  It appears 

these cultivars may inherit the ability for rapid and/or early vegetative growth which can 

lead to vegetative bypassing in some cultivars, including ‘Maud Corning’. 

 ‘Maud Corning’ possessed the fewest flowers per inflorescence of all cultivars 

evaluated, and a hypothesis was developed a posteriori that a small inflorescence (low 

flower number) may be correlated with vegetative bypassing.  No trend was identified as 

other cultivars and species with 10 or less flowers per inflorescence did not show 

vegetative bypassing including ‘Boule de Neige’, ‘Leeann’, and R. makinoi (Table 1).  

Furthermore, very few cultivars exhibited bypassing which hindered the usefulness of 

associations between bypassing and the size of the inflorescence. 

 Rhododendron brachycarpum ssp. tigerstedtii is known to show vegetative 

bypassing (Cox and Cox, 1997), and three cultivars derived from this subspecies were 

evaluated in this study.  ‘St. Michel’ had vegetative bypassing on less than 1% of 

reproductive shoots in 2009 but none in 2010 (Table 1).  No vegetative bypassing was 

observed on reproductive shoots of ‘Haaga’ (2009 and 2010) or ‘Helsinki University’ 
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(2010), although abundant vegetative growth on non-reproductive shoots was noted for 

all three cultivars.  Only vegetative growth directly under terminal flower buds has been 

considered vegetative bypassing throughout this body of work, but vegetative growth 

from non-reproductive shoots can obscure flowers in close proximity.  These cultivars 

also set fewer flower buds per plant than many of the other cultivars evaluated (personal 

observation).  Although cultivars derived from R. brachycarpum ssp. tigerstedtii showed 

little or no vegetative bypassing based on our definition during this study, the flowers 

were obscured by abundant early vegetative growth from non-reproductive shoots, 

diminishing the plants’ floral display. 

 

F1 progeny evaluation.  Data collected on the ‘Maud Corning’ crosses for two 

years highlight the influence of the environment, notably cold winter temperature, on the 

prevalence of vegetative bypassing.  More flower buds opened to full infloresences on 

plants in 2010 than in 2009 that resulted in more plants within each cross that could be 

evaluated for bypassing.  In 2009, the winter low temperature in Madison, OH was -25°C 

while in 2010 the low temperature was -16.6°C.  The low flower bud number in 2009 

could likely be due to lethal winter air temperatures that led to bud abortion.  The 

increase in flowering shoots in 2010 could also be attributed to an increase in plant size 

with age and a concomitant increase in the number of terminal breaks which allowed for 

more flower buds to develop.   
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 The proportion of plants in each cross population with at least one flowering 

(reproductive) shoot with vegetative bypassing was less in Spring 2010 than in Spring 

2009 (Table 3).  Furthermore, the proportion of flowering shoots with vegetative 

bypassing per plant was also less in 2010 than 2009 (Table 3; Fig. 1).  None of the four 

pollen donors exhibited any vegetative bypassing in either year of evaluation.  The two 

established plants of ‘Maud Corning’ at the Leach Station showed bypassing in both 

years, but a smaller proportion showed the trait in 2010 (10%) than in 2009 (30%). 

  Decreased occurrence of bypassing (both within a population and within a plant) 

could be due to less bud abortion associated with the milder winter conditions in 2010.  It 

is also possible the increase in vegetative bypassing observed in 2009 was associated 

with plant age.  Bypassing is observed more commonly in young containerized plants 

than older established plants (personal observation), which may suggest this trait may be 

associated with juvenility.  Petterson (1972) suggested young plants are more sensitive to 

environmental influences than older plants.  Less bypass shoot development in the ‘Maud 

Corning’ crosses in 2010 than 2009 could also be due to the increased age of the plants 

studied. 

Due to the large year-to-year variation in vegetative bypassing observed on the 

‘Maud Corning’ crosses along with heterogeneous genetic backgrounds for each cross, 

estimates of gene action cannot be accurately projected.  However, evidence for 

inheritance of the trait exists, as plants in all four bypassing by non-bypassing crosses 
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showed the trait to some extent in both years evaluated while populations without R. 

fortunei in their pedigree did not exhibit vegetative bypassing. 

Two one-locus models were tested using chi-square goodness-of-fit to analyze the 

ratios between bypassing (BP) and non-bypassing (non-BP) phenotypes for each 

population for both years of evaluation (Table 4).  A plant was determined to possess 

bypassing if at least one reproductive shoot showed the trait.  Since all F1 populations had 

≥ 37% of the plants with the trait, it was assumed bypassing was dominant over the non-

bypassing phenotype.  If the bypassing parent is homozygous dominant (AA) and is 

crossed to a recessive individual (aa), the entire population would show vegetative 

bypassing (1 BP: 0 non-BP).  If the bypassing parent is heterozygous dominant (Aa) and 

is crossed to a recessive individual (aa), then an equal proportion of bypassing and non-

bypassing phenotypes (1:1) would result.   

Neither model fit all four populations for both years of evaluation (Table 4).  The 

‘Maud Corning’ x ‘Arizona’ population fit the 1:0 model in 2009 but not in 2010 or the 

1:1 model in either years of evaluation.  The ‘Maud Corning’ x ‘Capistrano’ population 

fit the 1:0 model in 2009 but the 1:1 model in 2010.  Neither model could be fitted to the 

‘Maud Corning’ x ‘Casanova’ population.  The ‘Maud Corning’ x ‘Hindustan’ population 

fit the expected frequency of the 1:1 model for both years of evaluation.  The variation in 

results between populations could be due to different genetic backgrounds.  Differences 
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between years within a cross could be attributed to environmental effects previously 

mentioned. 

While chi-square analyses are useful to test discrete data (e.g. presence or absence 

of vegetative bypassing), the trait could be controlled by several genes since the 

proportion of reproductive shoots with bypassing per plant can vary from one to all 

reproductive shoots exhibiting the trait.  Although qualitative trait loci (QTL) analysis 

was not performed on these populations, Figure 1 depicts frequency distributions for each 

cross for both years.  Greater vegetative bypassing was found in 2009 for all four 

populations while distributions shifted to less bypassing in 2010 (Fig. 1). 

 

Conclusions 

 While the Finnish hybrids tend to show vegetative bypassing when grown in the 

United States, the trait is not widespread in other USDA Hardiness Zone 4-5 germplasm 

evaluated in Ohio.  Results from this observational study suggest crosses within or 

between R. fortunei, R. brachycarpum ssp. tigerstedtii, or cultivars derived from these 

species will likely show vegetative bypassing, especially during the early years of 

flowering.   

In order to minimize a predisposition to show this trait in breeding populations, 

breeders might avoid these crosses.  However, the Finnish cultivars are valuable sources 

of cold hardiness that demand additional breeding to reduce bypass shoot development as 
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well as improve color range and flower bud set.  Although vegetative buds subtending 

flower buds did not obscure flowers on the Finnish cultivars evaluated at Holden 

Arboretum, abundant vegetative growth on non-reproductive shoots obscured flowers, 

reducing the plants’ ornamental value.  These cultivars could be crossed with cultivars 

and/or species that are known to set many flower buds in hopes of reducing the 

occurrence of this ‘secondary vegetative bypassing’.   
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Table 1.  Rhododendron subg. Hymenanthes cultivars and species evaluated at Holden Arboretum in Spring 2009 and 2010.  Plants 
were evaluated for the proportion of reproductive shoots with vegetative bypassing as well as a qualitative measure of the degree of 
vegetative growth on non-reproductive shoots during flowering (little, moderate, or abundant).  The number of flowers per 
inflorescence and known species in cultivars accessed from the International Rhododendron Register are also included. 

Cultivar or species Year
Vegetative 

bypassing (%)
Vegetative growth 
during flowering

Flowers per 
inflorescence z Known species in pedigreez

Album Elegans 2009 NRy NR 12-18 1/2 R. catawbiense
2010 0 little

America 2009 2 moderate 10-12 1/4 R. catawbiense
2010 0 moderate

Anna H. Hall 2009 NR NR 14-15 1/2 R. catawbiense ; 1/2 R. yakushimanum
2010 0 little

Bali 2009 NR NR 14-17 1/2 R. catawbiense ; 1/4 fortunei ssp. discolor ;
2010 0 moderate 1/8 R. neriflorum ; 1/8 R. dichroanthum

Beaufort 2009 0 moderate 12-14 1/2 R. fortunei ; 1/4 R. caucasicum ; 1/8 R. catawbiense
2010 0 little

Belle Heller 2009 No FBx moderate many 1/2 R. catawbiense
2010 0 little

Ben Moseley 2009 0 moderate 10-14 R . subsect. Fortunea
2010 0 moderate

Besse Howells 2009 0 little NAw 5/8 R. catawbiense ; 1/4 R. caucasicum
2010 0 little

Blue Ensign 2009 0 moderate 15-18 parentage unknown
2010 0 little

Boule de Neige 2009 0 moderate 10 1/2 R. caucasicum ; 1/4 R. catawbiense
2010 0 little

Brown Eyes 2009 NR NR NA possibly R. fortunei  hybrid
2010 0 moderate
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(Table 1 continued)   

Cultivar or species Year
Vegetative 

bypassing (%)
Vegetative growth 
during flowering

Flowers per 
inflorescence z Known species in pedigreez

Calsap 2009 0 moderate 18 1/2 R. catawbiense  var. album Glass
2010 0 little

Capistrano 2009 NR NR 15 1/4 R. catawbiense ;  5/32 R. maximum ; 3/32 R. 
dicroanthum; 1/16 R. fortunei  ssp. discolor ;

2010 0 little 1/16 R. forrestii  Repens group; 1/16 R. yakushimanum ; 
1/16 R. wardii ;1/32 R. griersonianum ; 1/64 R. neriflorum

Caroline 2009 0 moderate 12 possibly R. fortunei  hybrid
2010 0 moderate

Catawbiense Album 2009 < 1 moderate 18 1/2 R. catawbiense
2010 0 little

Catawbiense Boursault 2009 0 moderate 17 1/2 R. catawbiense
2010 0 little

Chesterland 2009 NR NR 12 parentage unknown
2010 0 little

Dr. H.C. Dresselhuys 2009 0 moderate 21 1/6 R. catawbiense ; 1/4 R. arboreum
2010 0 little

Edith Bosley 2009 1 moderate 12-15 1/4 R. catawbiense 
2010 0 moderate

Edmund Amatais 2009 0 NR 13 1/2 R. catawbiense  var. album
2010 < 1 little

Elie 2009 0 little 6-13 1/4 R. caucasicum ; 1/4 R. catawbiense ; 1/4 R. ponticum
2010 0 little

Everestianum 2009 0 little 15-20 1/2 R. catawbiense
2010 0 little

Fastuosum Flore Pleno 2009 10 moderate 17 1/2 R. catawbiense ; 1/2 R. ponticum
2010 0 little
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(Table 1 continued)

Cultivar or species Year
Vegetative 

bypassing (%)
Vegetative growth 
during flowering

Flowers per 
inflorescence z Known species in pedigreez

Francesca 2009 0 moderate 25 1/8 R. griffithianum
2010 0 little

Golden Gala 2009 0 moderate 14 1/4 R. catawbiense  var. album; 1/4 R. catawbiense  var. 
2010 0 moderate rubrum; 1/4 R. yakushimanum ; 1/4 R. wardii

Haaga 2009 0 moderate 15-20 1/2 R. brachycarpum  ssp. tigerstedtii ; 
2010 0 moderate 1/8 R. catawbiense ; 1/8 R. arboreum

Hawaii 2009 NR NR 15 parentage unknown
2010 0 little

Helsinki Univeristy 2009 NR NR 8-12 1/2 R. brachycarpum  ssp. tigerstedtii
2010 0 moderate

Holden 2009 0 little NA 1/4 R. caucasicum ; 1/4 R. catawbiense ; 1/4 R. ponticum
2010 0 little

Janet Blair 2009 0 moderate 9 or more parentage unknown
2010 0 moderate

Joe Paterno 2009 NR NR 20 3/8 R. catawbiense ; 3/8 R. catawbiense  var. album
2010 0 little

Leeann 2009 0 little 8 1/4 R. griffithianum ; 1/8 R. arboreum ; 1/8 R. sanguineum 
 2010 0 little didymum ; 1/8 R. forrestii  Repens Group; 1/8 R. 

Maud Corning 2009 20 abundant 8 1/8 R. griffithianum; possibly R.  subsect. Fortunea hybrid
2010 3 abundant

Nepal 2009 0 little 15 1/2 R. catawbiense ; 1/4 R. wightii ; 1/4 R. fortunei ssp. 

2010 0 little fortunei
Nova Zembla 2009 3 moderate NA 1/4 R. catawbiense

2010 0 little  
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(Table 1 continued)

Cultivar or species Year
Vegetative 

bypassing (%)
Vegetative growth 
during flowering

Flowers per 
inflorescence z Known species in pedigreez

Parker's Pink 2009 5 moderate 12 parentage unknown
2010 0 little

Party Pink 2009 NR NR 18 1/4 R. catawbiense ; 1/8 R. griffithianum ; 
2010 0 little 1/8 R. caucasicum

Persia 2009 0 little 20 1/4 R. catawbiense ; 1/8 R. griffithianum ; 
2010 0 little 1/8 R. caucasicum

Pink Flair 2009 0 little NA 5/8 R. catawbiense ; 1/4 R. caucasicum
2010 0 little

Pink Punch 2009 NR NR 15 1/2 R. catawbiense  var. album Glass; 1/2 R. fortunei
2010 0 abundant

Pinnacle 2009 0 little NA 1/2 R. catawbiense
2010 0 little

President Lincoln 2009 0 moderate NA 1/2 R. catawbiense
2010 0 moderate

Purple Passion 2009 NR NR 12-16 1/4 R. ponticum
2010 0 little

R. makinoi 2009 0 little 5-8
2010 0 little

R. smirnowii 2009 0 moderate 6-15
2010 0 moderate

Romeo 2009 0 little NA 1/2 R. catawbiense
2010 0 little

St. Michel 2009 < 1 abundant 10-18 1/2 R. brachycarpum  ssp. tigerstedtii ; 1/2 R. smirnowii
2010 0 abundant

Sandy Petruso 2009 NR NR NA 3/8 R. catawbiense ; 1/8 R. griffithianum 
2010 0 moderate
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(Table 1 continued) 

Cultivar or species Year
Vegetative 

bypassing (%)
Vegetative growth 
during flowering

Flowers per 
inflorescence z Known species in pedigreez

Scintillation 2009 0 little 11-15 parentage unknown
2010 0 little

Spring Frolic 2009 NR NR 13 1/2 R. catawbiense ; 1/2 R. yakushimanum
2010 0 little

Spring Parade 2009 2 moderate NA 1/4 R. caucasicum ; 1/4 R. catawbiense ; 1/4 R. ponticum
2010 0 little

Tony 2009 0 little NA 5/8 R. catawbiense ; 1/4 R. caucasicum
2010 0 little

Wheatley 2009 0 moderate 16 1/4 R. catawbiense
2010 0 little

Wyandanch Pink 2009 5 moderate 10-14 parentage unknown
2010 0 little

Yaku Prince 2009 0 little 14 1/2 R. yakushimanum ; 1/4 R. catawbiense  (red form); 
2010 0 little 1/8 R. smirnowii ; 1/32 R. catawbiense  zSource:  Leslie, 2004. 

yNot recorded. 
xNo flower buds. 
wNot available. 
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Table 2.  Rhododendron subg. Hymenanthes cultivars and species evaluated at Holden Arboretum in Spring 2009 and 2010 for the 
presence or absence of aborted flower buds (> 50% of flowers per inflorescence damaged or dead).  If aborted flower buds were 
present, then the presence or absence of vegetative growth subtending the terminal bud was noted (vegetative growth).  Flower bud 
cold hardiness based on values obtained from Salley and Greer (1992) except where noted. 

Cultivar or species
Flower bud 

hardiness (°C)
Aborted flower 

buds 
Vegetative 

growth
Aborted 

flower buds 
Vegetative 

growth

2009 2010
Album Elegans -29 yes no no
America -29 no no
Anna H. Hall -32 NR yes yes
Bali -26 NR no
Beaufort -29 no no
Belle Heller -26 no FB z no
Ben Moseley -29 no no
Besse Howells -29 no no
Blue Ensign -26 yes yes no
Boule de Neige -32 no no
Brown Eyes -29 NR y no
Calsap -32 no no
Capistrano -26 x NR no
Caroline -26 yes yes no
Catawbiense Album -32 no no
Catawbiense Boursault -32 no no
Chesterland -32 NR no
Dr. H.C. Dresselhuys -26 no no
Edith Bosley -26 x yes yes no
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(Table 2 continued) 

Cultivar or species
Flower bud 

hardiness (°C)
Aborted 

flower buds 
Vegetative 

growth
Aborted 

flower buds 
Vegetative 

growth

2009 2010
Edmund Amatais -32 NR yes no
Elie -23 no no
Everestianum -26 no no
Fastuosum Flore Pleno -26 yes yes no
Francesca -23 no no
Golden Gala -29 no no
Haaga -29 x no no
Hawaii -32 x no no
Helsinki Univeristy -32 x no no
Holden -26 yes yes no
Janet Blair -26 no no
Joe Paterno -29 no no
Leeann -12 no no
Maud Corning -26 yes yes no
Nepal -32 yes yes no
Nova Zembla -29 no no
Parker's Pink -32 yes yes no
Party Pink -29 NR no
Persia -29 no no  
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(Table 2 continued) 

Cultivar or species
Flower bud 

hardiness (°C)
Aborted 

flower buds 
Vegetative 

growth
Aborted 

flower buds 
Vegetative 

growth

2009 2010
Pink Flair -29 no no
Pink Punch -23 NR no
Pinnacle -29 no no
President Lincoln -32 no no
Purple Passion -29 w NR no
R. makinoi -23 x no yes no
R. smirnowii -26 x no no
Romeo -29 no no
St. Michel (Mikelli) -32 x no no
Sandy Petruso NA v NR no
Scintillation -26 no no
Spring Frolic -32 NR no
Spring Parade -29 yes yes no
Tony -29 no no
Wheatley -26 yes no no
Wyandanch Pink -23 yes yes no
Yaku Prince -26 yes no no  zNo flower buds. 

yNot recorded. 
xAmerican Rhododendron Society website (www.rhododendron.org). 
wBriggs Nursery (www.briggsnursery.com). 
vNot available.
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Table 3.  Proportion of flowering plants with vegetative bypassing and proportion of flowering (reproductive) shoots with bypassing 
(all plants within a population combined) of 'Maud Corning' cross populations and parents of crosses in 2009 and 2010.    

Year
Flowering plants 

with bypassing (%)
Flowering shoots with 

bypassing (%)
Population
  Maud Corning x Arizona 2009 43/53 (81) 172/287 (60)

2010 54/85 (64) 208/2692 (8)
  Maud Corning x Capistrano 2009 21/28 (75) 85/205 (41)

2010 16/34 (47) 46/1334 (3)
  Maud Corning x Casanova 2009 63/88 (72) 352/788 (44)

2010 59/98 (60) 192/3082 (6)
  Maud Corning x Hindustan 2009 11/22 (50) 42/110 (38)

2010 16/43 (37) 52/1050 (5)

Parent
  Arizona 2009 0/1 (0) 0/112 (0)

2010 0/1 (0) 0/127 (0)
  Capistrano 2009 0/1 (0) 0/170 (0)

2010 0/1 (0) 0/200 (0)
  Casanova 2009 0/1 (0) 0/340 (0)

2010 0/1 (0) 0/350 (0)
  Hindustan 2009 0/1 (0) 0/110 (0)

2010 0/1 (0) 0/115 (0)
  Maud Corning 2009 2/2 (100) 29/98 (30)

2010 2/2 (100) 10/102 (10)  
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Table 4.  Chi-square goodness of fit test of one-locus segregation ratios between bypassing and non-bypassing phenotypes in F1 
populations of progeny derived from a bypassing type (‘Maud Corning’) and non-bypassing types (‘Arizona’, ‘Capistrano’, 
‘Casanova’, and ‘Hindustan’). 

Cross Year
Observed 

(BP:non-BP)z                 Expected (1:0)                 Expected (1:1)

X 2 P X 2 P
Maud Corning x Arizona 2009 43:10 1.89 0.169 20.50 <0.001

2010 54:31 11.30 <0.001 6.20 0.012
Maud Corning x Capistrano 2009 21:7 1.75 0.186 7.00 0.008

2010 16:18 9.50 0.002 0.12 0.73
Maud Corning x Casanova 2009 63:25 7.10 0.008 16.41 <0.001

2010 59:39 15.52 <0.001 4.08 0.043
Maud Corning x Hindustan 2009 11:11 5.50 0.019 0.00 1

2010 16:27 22.91 <0.001 2.81 0.093  zBP = bypassing; non-BP = non-bypassing. 
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Figure 1.  Histograms of the distribution of percentage vegetative bypassing per plant in 
the four ‘Maud Corning’ F1 populations evaluated at Leach Research Station (Madison, 
OH) in 2009 and 2010. 
  

Maud Corning x Arizona Maud Corning x Capistrano 

Maud Corning x Casanova Maud Corning x Hindustan 
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Chapter 3:  Role of auxin in vegetative bypassing in 
Rhododendron subg. Hymenanthes 

Introduction 

 The term ‘apical dominance’ in plants refers to the inhibition of lateral bud 

growth by a terminal growing point.  ‘Vegetative bypassing’, a form of lateral bud 

growth in Rhododendron, could be interpreted as the release of lateral vegetative buds 

below an inflorescence from apical dominance following the development of a mature 

floral meristem. 

The role of auxin in studies of apical dominance have been investigated since the 

early 20th century.  Early work suggested a direct involvement of the hormone (Thimann 

and Skoog, 1933; 1934), but now it is generally accepted auxin plays an indirect role in 

lateral budbreak as auxin derived from the apex does not enter the lateral buds (Hall and 

Hillman, 1975). 

Application of auxin to inhibit lateral budbreak of decapitated shoots (auxin 

replacement test) was first successfully demonstrated in Vicia faba L. (Thimann and 

Skoog, 1933; 1934).  However, the use of such auxin replacement tests in woody species 

is more difficult due to the complexity of perennial growth habit, presence of woody 

vascular tissue and endodormancy (Cline, 2000).  Studies with several woody species 

demonstrated partial to complete inhibition of lateral growth when auxin was applied to 

shoot apices of decapitated Ginkgo biloba (ginkgo) (Gunckel et al., 1949); Pinus strobus 
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L. (white pine) (Little, 1969), Ligustrum vulgare L. (privet) (Yang and Read, 1991); 

Malus domestica Borkh. (apple) (Wang et al., 1994); and Araucaria cunninghamii Sweet 

(hoop pine) (House et al., 1998). 

  Indole-3-acetic acid (IAA) and naphthalene-acetic acid (NAA) suppressed lateral 

bud growth after decapitation in Fraxinus pennsylvanica Marsh. (green ash) and Fraxinus 

americana L. (white ash), although NAA was more effective than IAA (Cline, 2000).  

The difference in response to NAA versus IAA could be explained by the greater 

photodestruction of IAA than NAA under experimental conditions resulting in a lack of 

efficacy.  Decapitations in Cline’s work were done on the second or third node below the 

terminal bud because previous work suggested large lateral buds immediately below a 

terminal bud were irrepressible as they often grow (break apical dominance) in the 

absence of decapitation (Brown, 1971).  Brown (1971) stated upper buds on the previous 

year’s wood were not inhibited by auxin after they had overcome winter dormancy.   

 Similar responses are seen in rhododendrons.  New lateral vegetative buds 

elongated five weeks after decapitation with ‘Siji’ azalea (Rhododendron subg. Tsutsui) 

while no new growth occurred on intact shoots (Chen et al., 1997).  Furthermore, 

endogenous IAA concentrations were lower in shoot segments below the recently 

decapitated flower bud compared to non-decapitated shoots up to 48 h after decapitation 

(Chen et al., 1997).   
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 The rhododendron cultivars Catawbiense Album and Haaga were utilized in a 

series of experiments here to determine 1) whether exogenous auxin was able to inhibit 

lateral budbreak of decapitated shoots and 2) whether there are temporal, tissue, and 

cultivar specific differences in endogenous IAA concentrations.  We hypothesized 

exogenous IAA and NAA would suppress vegetative bud growth compared to shoots in 

which no auxin was applied to the decapitated tip.  Based on our rating of ‘Haaga’ as a 

bypassing and ‘Catawbiense Album’ as a non-bypassing type rhododendron, we expected 

to find endogenous IAA concentrations lower in ‘Haaga’ tissues than ‘Catawbiense 

Album’.  We also suspected IAA concentrations would be highest in tissues from the 

flower bud and decrease in shoot segments more distal from the terminal flower bud.  

Furthermore, we speculated endogenous IAA concentrations would be lower in 

reproductive shoots with vegetative bypassing than reproductive shoots not exhibiting the 

trait. 

 

Materials and Methods 

 Effect of exogenous auxin on vegetative bypassing.  Replication 1 (Winter 2009-

10).  Fifteen ‘Haaga’ rhododendron plants in 3.8-L pots were received from Briggs 

Nursery (Elma, WA) 30 Sept. 2009.  Plants were placed in a greenhouse (15-18°C) under 

natural daylight until 1 Nov. 2009 at which time plants were moved to a cooler (5.6 ± 

0.8°C) for nine weeks of cooling to overcome dormancy.  The cooler was equipped with 
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two 400-W metal halide lamps (HPI-T Plus, Royal Philips Electronics, Holland, 10-60 

µmol·m-2·s-1) set to provide a 12-h photoperiod (0800-2000 HR).  A datalogger (HOBO 

Pro v2 U23-003, Onset Computer Corporation, Bourne, MA) recorded hourly 

temperature data.  On 31 Dec. 2009, plants were moved to a warm greenhouse with air 

temperature set to 22°C day/18°C night (21.4 ± 0.4°C day/ 18.5 ± 0.4°C) with long days 

(natural daylight plus night interruption (NI) lighting (2 µmol∙m -2∙s-1) from 2200-0200 

HR) to promote growth.  Mean daily light integral was calculated from irradiance data 

collected once every ten minutes (Campbell Scientific, Inc., Logan, UT) and was 3.9 

mol·m-2·day-1 during the forcing period. 

  The auxin IAA (Sigma Cell Culture, St. Louis, MO) and NAA (CalBiochem, San 

Diego, CA) at concentrations of 0.1% and 1.0% (w/w lanolin paste) were made by 

dissolving 200 or 2000 mg auxin, respectively, in two to four ml 95% ethanol and then 

mixing into 200 g lanolin (Lanum anhydrous, Merck and Co., Rahway, NJ; see Jacobs 

and Case, 1965).  The experiment included the following treatments that were randomly 

assigned to shoots of each plant with every treatment repeated once on each plant: 

1.  No decapitation of terminal flower bud (negative control) 
2. Decapitation + lanolin paste only (positive control) 
3. Decapitation + 0.1% IAA 
4. Decapitation + 1.0% IAA 
5. Decapitation + 0.1% NAA 
6. Decapitation + 1.0% NAA 
7. Decapitation + 0.1% IAA, reapplication every 3-4 days 
8. Decapitation + 1.0% IAA, reapplication every 3-4 days 
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Lanolin treatments were applied using a glass stirring rod immediately after 

decapitation.  Measurements of the initial lengths of the three uppermost lateral buds of 

each apex were made at that time.  Applications of treatments 7 and 8 were repeated 

every 3 to 4 days until the termination of the experiment after six weeks. 

Plants were fertilized weekly with 17.9 mM N using 21.0N-3.1P-5.8K fertilizer 

(21-7-7 Acid Special, Peter’s Professional, Scotts Co., Marysville, OH).  Plants were 

watered as needed with tap water and leached once a week until a steady stream of water 

ran through the drainage holes of the pots in order to prevent salt build-up. 

 Weekly measurements were made on the total length (node to tip of bud or 

longest leaf) of the three uppermost lateral buds, and increases were calculated with 

initial lengths as reference points.  Sample size for each treatment was 15 experimental 

units.  Data analysis was performed with treatments considered as fixed effects on the 

dependent variable vegetative shoot length using PASW Statistics 18 (SPSS, Inc., 

Chicago, IL) with significance at α = 0.05. 

Replication 2 and 3 (Winter 2010-11).  Based on results obtained in Winter 2009-

10, the exogenous auxin experiment was repeated, and expanded to include the cultivar 

Catawbiense Album in addition to ‘Haaga’.  The experiment was reduced to the 

following four treatments:   

1.  No decapitation of terminal flower bud  
2. Decapitation + lanolin paste only  
3. Decapitation + 0.1% IAA 
4. Decapitation + 1.0% IAA 
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Replication 2 consisted of six 7.6-L potted plants of each cultivar used in previous 

greenhouse experiments (replication 1).  These plants had been growing under natural 

temperature and photoperiod conditions in a 60% shade house at the Horticultural 

Research Center (Chanhassen, MN) since 19 April 2010.  On 27 Oct. 2010, plants to be 

used for replication 2 were placed in a temperature-controlled cooler (5.4 ± 1°C) with 

lighting as described for replication 1.  Including 11 days of cooling accumulation gained 

under natural outdoor conditions before entering cold storage (based on the method 

described in Chapter 1), 8.6 weeks (60 d) of cooling was achieved on 14 Dec.  Plants 

were moved to a warm greenhouse for forcing under conditions previously described for 

replication 1.  Treatments were applied at the beginning of forcing and were randomly 

assigned to shoots on each plant so that each treatment was represented once on each 

plant. Mean day and night temperature were 20.2 ± 2.9°C and 18.5 ± 2.3°C, respectively.  

Daily light integral was 4.4 mol·m-2·d-1 for the greenhouse portion of the experiment as 

calculated from irradiance data collected once every ten minutes (Campbell Scientific, 

Inc., Logan, UT).   

For replication 3, six 18.9-L pots of each cultivar were received from Rosebay 

Nursery (Saugatuck, MI) 11 Oct. 2010 and left under natural outdoor conditions in St. 

Paul until 25 Oct.  Vegetative bypassing under several unopened flower buds was evident 

on both cultivars before dormancy.  These reproductive shoots were excluded from the 

exogenous auxin analysis. 
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To complete the chilling requirements, plants were then placed in a temperature-

controlled cooler (5.4 ± 1°C) with lighting as previously described for replication 1.  

Including 11 days of cooling accumulation gained prior to entering cold storage (based 

on the method described in Chapter 1), 12.75 weeks (89 d) of cooling was achieved on 12 

Jan. 2011.  Plants were subsequently placed in a warm greenhouse for forcing under 

conditions described for replication 1.  Treatments were applied at the beginning of 

forcing and were randomly assigned to shoots on each plant so that each treatment was 

represented once on each plant.  Mean day and night temperatures were 20.5 ± 2.6°C and 

18.6 ± 1.9°C, respectively, and the mean daily light integral was 4.2 mol·m-2·d-1 for the 

greenhouse portion of the experiment as calculated from irradiance data collected once 

every ten minutes (Campbell Scientific, Inc., Logan, UT).   

For replications 2 and 3, data collection were conducted as described for 

replication 1.  An analysis of variance was performed with the main effects (replication, 

cultivar, and auxin treatment) considered as fixed effects on the dependent variable 

vegetative shoot length.  Sample size for each replication-cultivar-treatment combination 

was six experimental units.  All data analysis was done using PASW Statistics 18 (SPSS, 

Inc., Chicago, IL) with significance at α = 0.05. 

 

Analysis of endogenous auxin in flower buds and shoots.  Two 18.9-L potted 

plants of each cultivar Catawbiense Album and Haaga were received from Rosebay 
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Nursery (Saugatuck, MI) on 11 Oct. 2010.  Vegetative bypassing under several flower 

buds was evident on both cultivars before dormancy.  These reproductive shoots were 

excluded from the endogenous auxin analysis.  Plants were left under natural outdoor 

conditions in St. Paul, MN until 25 Oct.  Plants were then moved to a temperature-

controlled cooler (5.4 ± 1.0°C) with a 12-h photoperiod supplied by two 400-W metal 

halide lamps (HPI-T Plus, Royal Philips Electronics, Holland, 10-60 μmol·m-2·s-1).  

Including 11 d of cooling accumulation received under natural outdoor conditions prior to 

entering cold storage (based on the method described in Chapter 1), ten weeks of cooling 

was fulfilled on 20 Dec.  Plants were then placed in a warm greenhouse with air 

temperature set at 22°C day/18°C night.  LD was provided by growing plants under 

natural daylength and then lighting plants from 2200-0200 HR daily (2.5 μmol m-2 s-1) 

with incandescent lamps.  Mean day and night air temperatures during forcing were 20.0 

± 2.3°C and 18.4 ± 1.7°C, respectively. Daily light integral was 3.6 mol·m-2·d-1 for the 

greenhouse portion of the experiment as calculated from irradiance data collected once 

every ten minutes (Campbell Scientific, Inc., Logan, UT).  Plants were fertilized weekly 

with 17.9 mM N using 21.0N-3.1P-5.8K fertilizer (21-7-7 Acid Special, Peter’s 

Professional, Scotts Co., Marysville, OH).  Plants were watered as needed on a per plant 

basis with tap water and leached once a week as mentioned previously. 

 Part 1.  For one plant of each cultivar, three reproductive shoots were sampled at 

each forcing stage.  For each reproductive shoot, three subsamples were collected from 
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each tissue for a total of nine experimental units for each cultivar-flowering stage-tissue 

combination.  Tissue samples were collected at the following forcing stages:  beginning 

of forcing (Day 0), at the flowering stage when petals were visible between bud scales 

(Day 33), and at the flowering stage when all flowers in an inflorescence were open (Day 

44).   The following tissue samples were collected at each flowering stage (Fig. 1): 

1. Stamens 
2. Carpel 
3. Cross-section of the lower rachis (Cut 1) 
4. Cross-section of the shoot segment directly below terminal flower bud (Cut 2) 
5. Cross-section of the shoot segment 2-3 cm below terminal flower bud (Cut 3)  

 

Care was taken to select reproductive shoots at Day 33 and Day 44 that did not show 

vegetative bypassing in order to quantify free IAA in both cultivars exhibiting the desired 

phenology (no vegetative bypassing during flowering).  Some experimental units were 

excluded from the final data analysis due to technical error due to poor purification and 

homogenization.  In addition, some other samples which produced extreme outlier data 

points (values more than three times the limits of the interquartile range) were removed 

from the data set.  Resulting sample numbers for each cultivar-flowering stage-cultivar 

combination ranged from five to nine experimental units. 

For tissue samples collected on Day 0, stamens and carpels from three to four 

flowers were collected in order to attain 20-80 mg fresh weight (FW).  For samples 

collected on Day 33 and Day 44, stamens and carpel from one flower was sufficient to 

meet FW requirements needed for the analysis. 
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 Part 2.  For the other plant of each cultivar, samples were collected on Day 39 of 

forcing when initial signs of vegetative budbreak were evident under some terminal 

flower buds.  At this stage, flowering ranged from petals becoming visible between bud 

scales to one flower in an inflorescence fully open.  For ‘Catawbiense Album’, three 

reproductive shoots exhibiting vegetative bypassing and three reproductive shoots with 

no signs of vegetative budbreak were sampled.  For ‘Haaga’, three reproductive shoots 

exhibiting vegetative bypassing and two reproductive shoots without vegetative 

bypassing were collected.  Tissue collection was the same as described above with 

resulting sample sizes ranging from five to nine experimental units for each bypassing 

category-cultivar-tissue combination.  Flower viability across all reproductive shoots 

sampled on Day 39 was greater than 85%.   

An effective high-throughput protocol for quantifying free IAA in Arabidopsis 

and tomato (Lycopersicum esculentum Mill.) (Barkawi et al., 2010) was used in this 

study.  A few adjustments, which are noted, were made in reagent volumes as well as in 

gas-chromatography/mass-spectrometry (GC-MS) parameters to optimize IAA recovery 

from rhododendron.  Twenty to eighty mg samples were harvested from each tissue at 

each forcing stage and fresh weights recorded.  Samples were placed in individual 2.0 ml 

microcentrifuge tubes, flash-frozen in liquid nitrogen, and then stored at -80°C until 

further extraction and analysis.  
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  For tissue homogenization, 200 µl of extraction buffer (65% isopropanol, 35% 0.2 

M imidazole, pH 7.0), 5 ng [13C6] IAA internal standard (Cambridge Isotope 

Laboratories, Andover, MA), and one to three tungsten carbide beads (Qiagen, Valencia, 

CA) were added to each microcentrifuge tube.  Sample homogenization, centrifugation, 

and IAA extraction via an eight-probe Model 215 solid-phase extraction automated liquid 

handler (Gilson, Middleton, WI) was performed as described by Barkawi et al. (2010).  

Individual samples were derivatized via methylation with diazomethane (Barkawi and 

Cohen, 2010), dried under a gentle nitrogen stream, and then re-suspended in 20-25 µl 

ethyl acetate.  Samples were transferred to GC vial inserts and tightly capped.  The GC-

MS protocol was the same as described by Barkawi et al. (2010) except GC temperatures 

were ramped at the rate of 15°C per minute to 280°C. 

 

Results and Discussion 

 Effect of exogenous auxin on vegetative bypassing.  Replication 1.  Only the 

longest vegetative shoot for each sample was used for analysis because the number of 

shoot outgrowths per treated stem (0-3 shoots) was independent of treatment.  

Application of auxin to decapitated shoots of ‘Haaga’ suppressed the growth of lateral 

vegetative shoots measured 21 d after the start of forcing and initial treatment application 

(Table 1).  Means separation (Tukey’s HSDP ≤0.05) showed IAA and NAA applications 

resulted in shorter shoot length compared to the lanolin only treatment (Fig. 2 and Table 
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2).  There was no difference in shoot length between the ‘no decapitation’ treatment and 

both concentrations of NAA or 1.0% IAA treatments.  One-percent concentrations of 

IAA and NAA reduced lateral shoot growth more than 0.1% concentrations, although the 

differences in length were not statistically significant.  Reapplication of IAA every 3 to 4 

days did not suppress vegetative growth compared to plants receiving only one 

application at the beginning of forcing.  Figure 3 displays the response of shoot growth of 

all eight treatments on one plant 37 d after the beginning of forcing and initial treatment 

application. No new vegetative growth was observed on the non-decapitated or NAA 

treated shoots 37 d after treatment application and start of forcing into flower.  

 Decapitated stems treated with NAA showed suppressed vegetative shoot growth 

42 d after the start of forcing (Fig. 4).  Shoots treated with 1.0% NAA exhibited the same 

reduction of lateral shoot growth as shoots with intact flower buds.  Excluding the 1.0% 

IAA reapplication treatment, shoot length of decapitated tips plus IAA application was no 

different than decapitated tips which received the lanolin only application 42 d after the 

start of forcing. 

 
 

Replications 2 and 3.  Results from replications 2 and 3 were similar to those for 

replication 1.  An analysis of variance with replication, cultivar, and treatment as fixed 

effects on the dependent variable vegetative shoot length 21 d after initial treatment 

application and the start of forcing show replication and auxin treatment were significant 
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(Table 3).  Since ‘Catawbiense Album’ and ‘Haaga’ were not statistically different, 

cultivars were pooled for means separation across treatments within each replication. 

In replication 2, neither of the auxin treatments was statistically different from the 

non-decapitated treatment (Table 4 and Fig. 5).  However, in replication 3, only NAA-

treated shoots were indistinguishable from shoots with the terminal flower buds intact. In 

replications 2 and 3, shoots treated with either auxin had less lateral shoot growth than 

shoots treated with lanolin only.   

 Figure 6 shows the results of replications 2 and 3 42 d after initiation of forcing 

and auxin application (cultivars combined).  For replication 2, no vegetative shoot growth 

occurred on shoots treated with 1.0% NAA, and the treatment was more effective in 

suppressing vegetative shoot growth than non-decapitated controls, although the 

difference was not significant.   For replications 2 and 3, shoots treated with NAA 

exhibited less vegetative growth than shoots treated with IAA.  IAA-treated shoots were 

not different than shoots treated with lanolin only.  

More vegetative growth occurred on non-decapitated shoots in replications 2 and 

3 than replication 1. All six non-decapitated shoots of ‘Haaga’ in replication 2 had 

completely dead flower buds.  Greater than 80% of the flowers in inflorescences for 

‘Catawbiense Album’ were viable in replication 2, and all flower buds for both cultivars 

in replication 3 were viable.  The dead flower buds observed on ‘Haaga’ shoots in 
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replication 2 likely explain why the terminal flower buds were unable to suppress 

vegetative growth six weeks after treatment application.  

In all three replications, IAA and NAA inhibited lateral vegetative growth after 

decapitation.  Results here suggest auxin’s involvement in suppressing subtending 

vegetative shoot growth in elepidote rhododendrons.  However, data here do not 

conclusively determine the role of auxin in rhododendron growth in vivo.  Analytical 

studies providing evidence for uptake and distribution of exogenous auxin would help to 

elucidate the mechanism(s) that control apical dominance in rhododendron.  

 

Analysis of endogenous auxin in flower buds and shoots. Part 1.   Differences in 

free IAA concentrations were found between flowering stages, tissues, and cultivars (Fig. 

7, 8; Table 5).  For ‘Catawbiense Album’, the highest concentration of free IAA was 

found in stamens and carpels at the beginning of forcing (Day 0).  As flowering 

proceeded, free IAA concentrations decreased to basal levels (<5 ng·g-1 FW) on Day 33 

(first signs of flower budbreak), and on Day 44 (all flowers open) in all tissues except 

stamens.  The increase in free IAA in stamens observed at Day 44 for both cultivars was 

likely due to the production of pollen, as the plant hormone has been found to accumulate 

in pollen grains during flowering in Arabidopsis (Feng et al., 2006) and Nicotiana 

tabacum L. (Chen and Zhao, 2008). 
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 Tissue samples collected from ‘Haaga’ showed a different profile in free IAA 

levels across the three flowering stages than ‘Catawbiense Album’.  Excluding stamens at 

Day 44, the highest free IAA concentrations for ‘Haaga’ were found in Cut 2 and Cut 3 at 

Day 0 (Fig. 7, 8; Table 5).  Shoot tissue below the terminal flower bud (Cut 2 and Cut 3) 

showed IAA levels remaining relatively high when sampled at Day 33 and Day 44 of 

forcing.   

Table 6 summarizes results for unpaired Student’s t test (two-tailed P value) 

comparing cultivar means within each tissue and stage of forcing.  At Day 0, IAA levels 

between cultivars were different from each other in three tissues (stamen, Cut 1, and Cut 

3) (P ≤ 0.05).  However, at Day 33, free IAA concentrations in all tissues were different 

from each other.  Higher IAA concentrations were found in ‘Haaga’ than ‘Catawbiense 

Album’ in all tissues except stamens at this stage of flowering when vegetative growth is 

undesirable (Table 5).  At Day 44, the flowering stage when all flowers in an 

inflorescence were open, only stamens and Cut 2 tissue were different in IAA levels 

between the two cultivars (P ≤ 0.05). 

 Concentrations of IAA were statistically different in Cut 2 at the beginning and 

end of flowering between ‘Haaga’, a vegetative bypassing type, and ‘Catawbiense 

Album’, a nonbypassing type (Table 6).  Lateral vegetative buds located in Cut 2 tissue 

(buds most proximally located to the terminal flower bud) are generally the first to 

elongate compared to vegetative buds located more distal to the terminal flower bud 
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(personal observation).  Even though shoots sampled from both cultivars at Day 33 and 

Day 44 did not show vegetative bypassing, these results highlight a genetic difference in 

free IAA between the two cultivars in this region of interest. 

Part 2.  Differences in free IAA in shoot segments in the region of lateral 

vegetative buds were found between reproductive shoots with and without vegetative 

bypassing sampled on Day 39 of forcing into flower (Fig. 9; Table 7).  For both cultivars, 

no difference in free IAA was found in any tissue derived from the terminal flower bud 

(Table 8).  However, significantly more IAA was found in Cut 2 and Cut 3 in shoots 

sampled with vegetative bypassing than shoots with no signs of vegetative budbreak.  For 

‘Catawbiense Album’, free IAA concentrations in Cut 2 and Cut 3 tissues from 

reproductive shoots with bypassing were more than three-fold and six-fold higher, 

respectively, than those tissues sampled from reproductive shoots without bypassing 

(Table 7).  For ‘Haaga’ reproductive shoots with bypassing, the increase in free IAA for 

Cut 2 and Cut 3 was more than double the concentration found in reproductive shoots 

without bypassing (Table 7).   

The higher IAA concentrations found in tissue segments from reproductive shoots 

with vegetative bypassing compared to shoots without the trait could be due to IAA 

localized in meristematic regions of the lateral buds.  This endogenous study suggests 

IAA production and/or accumulation in regions in or near vegetative buds influence 
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vegetative budbreak to a greater degree than IAA produced in the terminal flower bud 

and transported basipetally.  

Conclusions 

 Elevated levels of free IAA in shoot segments below the terminal flower bud were 

correlated with vegetative bypassing in the two elepidote rhododendron cultivars 

analyzed in this study.  Furthermore, IAA in shoot sections below terminal flower buds 

without bypassing were higher in ‘Haaga’ than ‘Catawbiense Album’ when grown under 

essentially identical environmental conditions, indicating ‘Haaga’ maintains higher IAA 

levels during budbreak even when the bypassing trait is not expressed. 

 These results do not support conclusions drawn from our exogenous auxin study. 

In that study, bypassing was promoted by the removal of the terminal flower bud or if no 

auxin was applied to the decapitated tip.  Those results suggested vegetative bypassing is 

correlated with reduced IAA levels.  One-percent IAA or NAA applied to the cut surface 

was able to suppress subtending vegetative growth compared to the no exogenous auxin 

treatment (lanolin only).  Our results suggested exogenous auxin was transported 

basipetally through the main shoot and was able to restore apical dominance that was lost 

upon decapitation. However, endogenous IAA levels in reproductive shoots with 

vegetative bypassing were lower in tissues from the terminal bud than shoot samples 

collected from below the terminal bud.  These results refute the idea of an auxin gradient 

originating in the flower bud and decreasing in a basipetal direction. 
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 Our results underscore the multi-functionality (or complexity of actions) of this 

plant hormone in plant growth and development.  Both analytical and molecular studies 

can be found that support the seemingly contradictory results from our exogenous and 

endogenous auxin experiments.  For example, analysis of endogenous auxin levels 

showed the initial stage of axillary bud outgrowth after decapitation in pea was not 

triggered by a reduction in auxin levels in the stem near the outgrowing bud (Morris et 

al., 2005) despite the fact that application experiments showed an auxin inhibition.  An 

increase in IAA concentration in axillary buds of P. vulgaris was found 4 to 24 h after 

decapitation and was associated with axillary bud elongation (Gocal et al., 1991).  Also, 

experiments where auxin was applied directly to buds showed it failed to inhibit bud 

outgrowth (Cline, 1996).  Thus auxin produced in terminal meristems appeared to affect 

the distant buds differently than auxin produced locally (Horvath et al., 2003) 

 Recent molecular studies have indicated high IAA levels are associated with 

increased branching.  The axr1 gene has been proposed to increase the efficiency of IAA 

degradation in Arabidopsis (Leyser, 1998).  Mutations in this gene lead to greater IAA 

accumulation and are associated with enhanced lateral bud growth after axillary meristem 

development in Arabidopsis (Stirnberg et al., 1999).  Furthermore, the Arabidopsis 

mutant, supershoot (sps), displays an extreme branching phenotype, producing more than 

500 inflorescences on one plant (Tantikanjana et al., 2001).  The main defect is due to 

increased meristem formation, and is associated with dramatically increased cytokinin 
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and auxin levels (Tantikanjana et al., 2001).  The authors suggest sps is a regulator of 

cytokinin homeostasis, and auxin exerts its influence only after meristem formation 

(Tantikanjana et al., 2001). 

Conversely, transgenic petunia plants with constitutively-expressed auxin 

biosynthetic genes showed enhanced apical dominance (Klee et al., 1987).  Although 

Klee et al.’s work induced overproduction of IAA in all plant organs, the increased levels 

in the apical meristem would be in agreement with our exogenous auxin study in that 

high concentrations of auxin in the apex was associated with increased apical dominance, 

i.e. inhibited lateral vegetative growth. 

  The roles(s) of auxin in promoting apical dominance and/or subtending vegetative 

shoot growth in Rhododendron and other woody plants are yet to be fully elucidated.    

Although exogenous auxin was effective in suppressing vegetative shoot growth after 

decapitation, results from applied studies on plant hormone function should be interpreted 

with caution.  For instance, the concentrations of applied IAA and NAA were 

substantially greater than endogenous IAA typically found in plant tissues.  In addition, 

the relationship between applied auxin and growth in a decapitated shoot is a 

substantially simpler system than the complex interactions occurring in an intact shoot 

where auxin production, transport, and activity in shoots, buds, and the floral meristem 

all contribute to a range of physiological responses.  Indeed, auxin has been shown to 

influence nearly every aspect of plant growth and development, and exogenous studies 
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often lack the precision to isolate auxin’s role in defined tissues and in specific plant 

processes. 

The strength of the apical dominance effect may be due to auxin concentration, 

specifically in relation to other plant hormones.  Investigation of auxin and cytokinin 

concentrations during lateral vegetative budbreak of decapitated shoots after auxin 

application may help to explain why apical dominance can be maintained.  Analysis of 

cytokinin levels from reproductive shoots with and without vegetative bypassing would 

also be a relevant topic for future research.  Chen et al. (1997) observed an increase in 

cytokinins and a decrease in IAA 48 h after decapitation in lateral buds of evergreen 

azalea.  Vegetative shoot length on decapitated shoots was greater than shoots with 

terminal flower buds intact, but cytokinin and auxin levels were not measured at the time 

of budbreak.  Further studies employing molecular techniques to analyze the transport 

and metabolism of free IAA in rhododendron tissues would be needed to conclusively 

evaluate the assumption that apical dominance during flowering is maintained by 

basipetal transport of IAA derived from the terminal bud.   
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Figure 1.  Tissues sampled for endogenous indole-3-acetic acid (IAA) of ‘Haaga’ 
rhododendron with arrows indicating reproductive tissues (A) and locations of tissue 
cross-sections (B).  Note vegetative bypass shoots arising from the Cut 2 cross-section in 
photo B. 
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Table 1.  Analysis of variance for effect of auxin treatments applied to decapitated shoots 
on lateral vegetative shoot length of ‘Haaga’ rhododendron 21 d after the start of forcing 
and treatment application.  Treatments were as follows:  no decapitation or decapitation 
plus application with the following lanolin concentrations:  lanolin only, 0.1% IAA, 1.0% 
IAA, 0.1% NAA, 1.0% NAA, 0.1% IAA with re-application every 3-4 days, and 1.0% 
IAA with reapplication every 3-4 days.  Vegetative shoot length was measured from the 
node to the tip of the bud or the longest unfurled leaf. 

  

Source df MS F
Treatment 7 1197.12 26.48 ***
Error 107 45.21
Total 115  

***Significant at P ≤ 0.001. 
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Figure 2.   Vegetative shoot length on ‘Haaga’ rhododendron 21 d after the beginning of 
forcing and initial treatment application.  Indole 3-acetic acid (IAA) and naphthalene-
acetic acid (NAA) treatments were applied in a lanolin paste.  Vegetative shoot length 
was measured from the node to the tip of the bud or the longest unfurled leaf.  Error bars 
represent 95% confidence intervals of the means.  Letters above treatments indicate 
means significantly different from each other utilizing Tukey’s HSD (P ≤ 0.05) for means 
separation. 
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Table 2.  Vegetative shoot length on reproductive shoots of ‘Haaga’ rhododendron 21 d 
after start of forcing and initial auxin applications. Vegetative shoot length was measured 
from the node to the tip of the bud or the longest unfurled leaf.  IAA= indole 3-acetic 
acid; NAA= naphthalene-acetic acid. 

Treatment
Vegetative shoot length 

[mean ± SE (mm)]

No decapitation 0.7 ± 0.2 az

1.0% NAA 0.9 ± 0.3 a
0.1% NAA 4.1 ± 0.9 ab
1.0% IAA 8.2 ± 1.6 abc
1.0% IAA reappl. 8.3 ± 1.6 abc
0.1% IAA 11.8 ± 2.0 bc
0.1% IAA reappl. 12.6 ± 2.2 c
Lanolin 28.6 ± 3.3 d  z Means followed by the same letter are not significantly different using Tukey’s HSD (P 
≤ 0.05) for means separation. 
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Figure 3.  Photographs of excised reproductive shoots representing response of 
subtending vegetative shoot growth on one ‘Haaga’ rhododendron following auxin 
treatments.  Photographs were taken 37 d after initial treatment application and the start 
of forcing.  Treatments are arranged in decreasing order of vegetative shoot length.  No 
new vegetative growth occurred in the no decapitation, 1.0% NAA, or 0.1% NAA 
application treatments for this plant.  IAA= indole 3-acetic acid; NAA= naphthalene-
acetic acid. 
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Figure 4.   Length of vegetative shoots occurring under flower buds on ‘Haaga’ 
rhododendron 42 d after treatment application and the start of forcing.  Indole 3-acetic 
acid (IAA) and naphthalene-acetic acid (NAA) treatments were applied in a lanolin paste.  
Vegetative shoot length was measured from the node to the tip of the bud or the longest 
unfurled leaf. Error bars represent 95% confidence intervals of the means.  Letters above 
treatments indicate means significantly different from each other utilizing Tukey’s HSD 
(P ≤ 0.05) for means separation. 
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Table 3.  Analysis of variance for effects resulting from replication, auxin treatment (no 
decapitation, decapitation with lanolin only, 1.0% indole 3-acetic acid (IAA), and 1.0% 
naphthalene-acetic acid (NAA), and rhododendron cultivars (Haaga and Catawbiense 
Album) on vegetative shoot length 21 days after auxin application and the start of forcing 
for Replications 2 and 3.  Auxin treatments were applied in a lanolin paste.  Vegetative 
shoot length was measured from node to tip of bud or longest unfurled leaf. 
Source df MS F
Replication (1) 1 136.28 7.10 **

Cultivar (2) 1 13.03 0.68
Treatment (3) 3 512.30 26.68 ***

(1) x (2) 1 9.03 0.47
(1) x (3) 3 51.84 2.70
(2) x (3) 3 19.17 1.00
(1) x (2) x (3) 3 3.64 0.19
Error 78 19.21  

**,***Significant at P ≤ 0.01 and 0.001, respectively. 
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Table 4.  Vegetative shoot length on reproductive shoots of rhododendron in replications 
2 and 3 21 d after start of forcing and treatment application (cultivars combined).  Indole 
3-acetic acid (IAA) and naphthalene-acetic acid (NAA) treatments were applied in a 
lanolin paste.  Vegetative shoot length was measured from the node to the tip of the bud 
or longest unfurled leaf.  Means within a replication followed by different letters are 
significantly different utilizing Tukey’s HSD (P ≤ 0.05) for means separation. 

Replication Treatment
Vegetative shoot length 

[mean ± SE (mm)]
2 1.0% NAA 0.4 ± 0.2 a

No decapitation 0.8 ± 0.3 a
1.0% IAA 3.3 ± 0.9 a
Lanolin 7.4 ± 1.9 b

3 No decapitation 0.0 ± 0.0 a
1.0% NAA 1.1 ± 0.6 a
1.0% IAA 7.1 ± 1.4 b
Lanolin 13.3 ± 2.3 c  
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Figure 5.  Length of vegetative shoots occurring under flower buds of rhododendron 21 d 
after the start of forcing and treatment application for replications 2 and 3 (cultivars 
combined). Auxin treatments were applied in a lanolin paste.  Vegetative shoot length 
was measured from the node to the tip of the bud or longest unfurled leaf.  Error bars 
represent 95% confidence intervals of the means.  Different lower-case letters (replication 
2) and upper-case letters (replication 3) indicate treatment means significantly different 
from each other utilizing Tukey’s HSD (P ≤ 0.05).  No growth occurred for shoots in the 
non-decapitated treatment in replication 3. 
 
 



115 

 

 83 

 

 
Figure 6.  Length of vegetative shoots occurring under flower buds of rhododendron 42 d 
after the start of forcing and treatment application for replications 2 and 3 (cultivars 
combined).  Auxin treatments were applied in a lanolin paste.  Vegetative shoot length 
was measured from the node to the tip of the bud or the longest unfurled leaf.  Error bars 
represent 95% confidence intervals of the means.  Different lower-case letters (replication 
2) and upper-case letters (replication 3) indicate treatment means significantly different 
from each other utilizing Tukey’s HSD (P ≤ 0.05).   
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Figure 7.  Indole 3-acetic acid (IAA) concentrations in tissues from reproductive shoots 
of rhododendron ‘Catawbiense Album’ and ‘Haaga’ sampled at three flowering stages.  
The tissues sampled were as follows:  stamen, carpel, cross-section of lower rachis (cut 
1), shoot segment cross-section directly below the terminal flower bud (cut 2), and shoot 
segment cross-section 2-3 cm below terminal flower bud (cut 3).  Samples were collected 
at the following flowering stages:  at the beginning of forcing (Day 0), at the first signs of 
floral budbreak (Day 33), and when all flowers in an inflorescence were open (Day 44).  
Gas-chromatography/mass-spectrometry was used to quantify free IAA.  Error bars 
represent 95% confidence intervals of means.    

Catawbiense Album Haaga 
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Figure 8.  IAA concentrations in tissues from reproductive shoots of cultivars 
‘Catawbiense Album’ and ‘Haaga’ sampled at three flowering stages.  Figures are placed 
in temporal order.  The tissues sampled were as follows:  stamen, carpel, cross-section of 
lower rachis (cut 1), shoot segment cross-section directly below the terminal flower bud 
(cut 2), and shoot segment cross-section 2-3 cm below terminal flower bud (cut 3).  
Samples were collected at the following flowering stages:  at the beginning of forcing 
(Day 0), at floral budbreak (Day 33), and when all flowers in an inflorescence were open 
(Day 44).  Error bars represent 95% confidence intervals of means.   

A A Day 0 Day 33 
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Table 5.  Indole 3-acetic acid (IAA) concentration from tissues of reproductive shoots of 
rhododendron ‘Catawbiense Album’ and ‘Haaga’ sampled at three flowering stages. Gas-
chromatography/mass-spectrometry was used to quantify free IAA.

Stage Cultivar Tissue N
IAA concentration      (ng·g-1 

FW; mean ± SE)
Day 0

Catawbiense Album Stamen 7 15.6 ± 1.5
Carpel 5 18.1 ± 1.7
Cut 1 9 7.4 ± 0.6
Cut 2 9 11.6 ± 1.5
Cut 3 8 12.3 ± 1.7

Haaga Stamen 9 11.6 ± 0.9
Carpel 9 14.5 ± 0.5
Cut 1 7 11.4 ± 0.3
Cut 2 7 15.7 ± 1.3
Cut 3 8 18.4 ± 1.1

Day 33
Catawbiense Album Stamen 9 3.7 ± 0.3

Carpel 9 3.4 ± 0.3
Cut 1 8 2.4 ± 0.5
Cut 2 9 3.3 ± 0.6
Cut 3 8 4.0 ± 0.4

Haaga Stamen 9 2.4 ± 0.2
Carpel 9 6.3 ± 0.2
Cut 1 9 7.2 ± 0.5
Cut 2 8 15.1 ± 1.8
Cut 3 9 13.6 ± 2.3

Day 44
Catawbiense Album Stamen 9 14.6 ± 1.2

Carpel 9 2.8 ± 0.4
Cut 1 9 2.4 ± 0.4
Cut 2 9 3.2 ± 0.3
Cut 3 7 3.4 ± 0.4

Haaga Stamen 9 20.3 ± 1.5
Carpel 7 3.4 ± 0.5
Cut 1 6 2.4 ± 0.2
Cut 2 8 8.7 ± 1.5
Cut 3 8 7.8 ± 1.5  
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Table 6.  Statistical comparisons between rhododendron ‘Catawbiense Album’ and 
‘Haaga’ of tissues sampled from reproductive shoots at three flowering stages.  
Significance based upon unpaired Student’s t test assuming unequal variances. Gas-
chromatography/mass-spectrometry was used to quantify free IAA. 

Stage Tissue
Significance                  

(two-tailed P value)
Day 0

Stamen 0.026
Carpel 0.050
Cut 1 0.003
Cut 2 0.058
Cut 3 0.012

Day 33
Stamen 0.005
Carpel < 0.001
Cut 1 < 0.001
Cut 2 < 0.001
Cut 3 0.003

Day 44
Stamen 0.012
Carpel 0.312
Cut 1 0.898
Cut 2 0.008
Cut 3 0.233  
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Figure 9.  Indole 3-acetic acid (IAA) concentration in tissues sampled from reproductive 
shoots with or without vegetative bypassing on Day 39 of forcing into flower for 
‘Catawbiense Album’ (L) and ‘Haaga’ (R).  Flowering ranged from petal color becoming 
visible between bud scales to two flowers within an inflorescence fully opened.  Gas-
chromatography/mass-spectrometry was used to quantify free IAA.  Error bars represent 
95% confidence intervals of the means. 
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Table 7.  Indole 3-acetic acid (IAA) concentrations of tissues sampled from reproductive 
shoots of ‘Catawbiense Album’ and ‘Haaga’ rhododendron with or without vegetative 
bypassing.  Gas-chromatography/mass-spectrometry was used to quantify free IAA.  
Samples collected on Day 39 of forcing into flower.  Flowering ranged from petal color 
becoming visible between bud scales to two flowers within an inflorescence fully opened. 

Cultivar Tissue N
IAA content          

(ng·g-1; mean ± SE)
Catawbiense Album

No bypassing Stamen 9 5.76 ± 0.44
Carpel 9 2.65 ± 0.17
Cut 1 9 1.97 ± 0.12
Cut 2 9 2.37 ± 0.30
Cut 3 9 2.86 ± 0.27

Bypassing Stamen 9 5.62 ± 0.57
Carpel 8 2.43 ± 0.19
Cut 1 8 1.70 ± 0.11
Cut 2 9 8.81 ± 2.34
Cut 3 8 19.13 ± 5.27

Haaga
No bypassing Stamen 6 8.71 ± 1.34

Carpel 6 4.22 ± 0.42
Cut 1 6 3.96 ± 0.29
Cut 2 5 6.04 ± 0.40
Cut 3 6 5.26 ± 0.48

Bypassing Stamen 9 9.01 ± 1.05
Carpel 9 5.25 ± 1.01
Cut 1 9 3.40 ± 0.22
Cut 2 9 12.93 ± 1.28
Cut 3 8 12.48 ± 1.05  
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Table 8.  Statistical comparisons between reproductive shoots with or without vegetative 
bypassing of tissues sampled from ‘Catawbiense Album’ and ‘Haaga’ rhododendron.  
Tissues were collected on Day 39 of forcing into flower.  Significance based upon 
unpaired Student’s t test assuming unequal variances. 

Cultivar Tissue
Significance 

(Student's t  test)
Catawbiense Album

Stamen 0.856
Carpel 0.419
Cut 1 0.961
Cut 2 0.026
Cut 3 0.021

Haaga
Stamen 0.863
Carpel 0.371
Cut 1 0.153
Cut 2 0.001
Cut 3 < 0.001  
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CHAPTER 4:  Effects of other environmental factors on 
vegetative bypassing in Rhododendron subg. Hymenanthes 
 
 
 Results from experiments conducted in controlled environments as well as 

observations on field-grown elepidote rhododendrons [Rhododendron subg. 

Hymenanthes (Blume) K. Koch] implicated environmental factors other than photoperiod 

and temperature during budbreak that may contribute to vegetative bypassing.  This 

chapter includes three experiments that explored whether flower bud viability, soil 

fertility, or heat accumulation during flower bud development until the onset of 

dormancy affect bypass shoot development.  

 

Flower bud viability and occurrence of vegetative bypassing 

Introduction 

 Observations on elepidote rhododendrons at Holden Arboretum (Kirtland, OH) 

following a cold winter (2009) and in controlled-environment experiments performed at 

the University of Minnesota suggested a correlation between vegetative bypassing and 

terminal flower bud viability.  Reproductive shoots terminating with aborted (dead) 

flower buds were more likely to show bypassing than those with mostly or fully viable 

buds on the same plant.  
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Under natural conditions, rhododendron flower buds may abort due to high 

temperature (Criley, 1969) or low irradiance (Bodson, 1983) during bud development or 

cold air temperatures during the winter.  In Rhododendron, vegetative buds below the 

terminal flower bud typically do not begin to elongate until after the inflorescence has 

opened and begun to senesce.  The inhibition of lateral budbreak by a terminal bud is 

termed paradormancy or apical dominance (see Lang, 1987), but the inhibitory ability 

likely depends to some degree on the viability of the terminal bud.  An aborted flower 

bud with some or all of its flowers dead or damaged may no longer act as a metabolic 

sink.  The subtending vegetative buds may then elongate under favorable environmental 

conditions such as those experienced during spring.  Although occasional exceptions to 

our hypothesis have been noted (vegetative bypassing under fully viable flower buds), 

our observations suggest flower bud viability may be a factor for vegetative bypassing in 

elepidote rhododendrons. 

Sakai et al. (1986) showed the lowest surviving temperature (LST) for flower 

buds (the minimum temperature at which more than 40% of the buds remained viable) 

was -35°C for Rhododendron catawbiense Michx. and Rhododendron brachycarpum ssp. 

tigerstedtii Nitz.  Previous freezing studies with deciduous azalea (Rhododendron subg. 

Pentanthera) showed a 6.5-10°C difference in flower cold hardiness can exist within an 

inflorescence (Graham and Mullin, 1976).  It is likely that similar or greater variation can 

exist between flower buds on a single plant. 
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While flower buds are often the most cold-sensitive organs of the aboveground 

structures of elepidote rhododendrons (Sakai et al., 1986), the roots of containerized 

plants are also relatively susceptible to freezing temperatures.  The highest temperature 

that killed at least 50% of the root ball of containerized R. catawbiense was  -17.8°C 

(Havis, 1976), which makes roots 17°C less cold hardy than the flower buds for this 

species according to Sakai et al. (1986).   

 The objective of this study was to determine whether a correlation between flower 

bud viability and the incidence of vegetative bypassing exists.  We hypothesized flower 

buds with a greater proportion of dead flowers were more likely to show bypass shoot 

development during forcing into flower than flower buds with all flowers viable.  To test 

this, we determined if reducing viable flower number within an inflorescence via 

exposure to freezing temperature prior to forcing into flower affected bypassing.  We 

hypothesized bypassing would be less prevalent under full inflorescences than 

inflorescences partially or fully aborted.   

 

Materials and Methods  

 Twenty 7.6-L containerized ‘Haaga’ and ‘Catawbiense Album’ rhododendrons 

used in the dormancy requirement experiments in Winter 2008-09 were used in this 

study.  The plants were grown under a 60% shade structure at the University of 

Minnesota Horticultural Research Center (Chanhassen, MN) from May until mid-October 
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2009.  Plants were fertilized biweekly through July with 28.6 mM N using 20.0N-4.4P-

16.6K (20-10-20 Peat-lite Special, Scotts Co., Marysville, OH).  A 2% sulfuric acid 

solution was applied periodically to lower media pH.  A preventative fungicide drench 

(Banrot 40WP, Scotts Co., Marysville, OH) was also applied in June and October to 

control root rots.   

 On 21 Oct., containerized plants were moved to a minimum chill greenhouse to 

protect the plants from unintended cold damage.  The plants’ roots were covered with 

wood chips to insulate roots as they are more sensitive to cold damage than above-ground 

structures of Rhododendron.   It was crucial to keep all plants alive so they could be 

evaluated for vegetative bypassing when active growth commenced.  Dataloggers 

(HOBO Pro v2 U23-003, Onset Computer Corporation, Bourne, MA) recorded air 

temperature (range = -20.5 to 18.6°C) and soil temperature (range = -8 to 11.7°C) from 1 

Nov. 2009 to 5 Feb. 2010.  On 5 Feb., six weeks of chill accumulation was fulfilled (as 

defined in Chapter 1), and plants were transported to the University of Minnesota- St. 

Paul campus to apply freezing treatments to the plants.  Precautions were taken to prevent 

the plants from experiencing any warming (and commensurate loss of cold acclimation) 

in the moving process.   

Preliminary work showed 30 minutes at -35°C induced complete bud abortion for 

the two cultivars included in this experiment (R. catawbiense-derived ‘Catawbiense 

Album’ and R. brachycarpum ssp. tigerstedtii-derived ‘Haaga’) and was in agreement 
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with previous work done for the species (Sakai et al., 1986).  For each freezing treatment, 

four plants of each cultivar were placed in an environmental test chamber (Tenney model 

no. T205, Lunaire Limited, Williamsport, PA).  The chamber could only hold four plants 

at once, so each run contained two plants of each cultivar.  Plants were exposed to one of 

the following freezing treatments:  no controlled freezing (control) or controlled freezing 

to a minimum temperature of -20, -25, -30, or -35°C.  After the plants were placed in the 

freezing chamber, the following program was used to slowly decrease the temperature to 

the minimum temperature and then bring temperature back to the holding temperature of 

2°C.  Air temperature was decreased 3.5°C·h-1 from 2°C to -15°C, and then held at -15°C 

for 0.5 h.  This holding temperature is a conservative estimate of the coldest temperature 

the plants had been acclimated to at the time of treatment.  Air temperature was then 

decreased 3°C·h-1 from -15°C to the minimum temperature for a given freezing treatment 

(-20, -25, -30, or -35°C).  The program was held at the minimum temperature for 0.5 h to 

allow the set air temperature to cool internal tissues of flower buds.  Preliminary work 

using a constantan/copper thermocouple thermometer (model no. 92800-00, Cole-Palmer 

Instrument Co., Chicago, IL) showed 0.5 h at a given minimum air temperature was 

sufficient to allow flower buds to cool to the air temperature.  Air temperature was 

increased 3.5°C·h-1 from the minimum temperature to 2°C.  Plants were held at 2°C for 

1-2 days. 
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It was imperative the plants remained alive after the freezing treatment so 

evaluations of vegetative bypassing could be made after active growth commenced.  To 

expose flower buds to freezing temperatures while keeping the roots above the lethal 

temperature, a root ball protector was constructed.  The 7.6-L containerized plants were 

placed inside 19-L pots.  Polyurethane insulating foam sealant (Great Stuff, The Dow 

Chemical Company, Midland, MI) was added to the space between the two pots to 

insulate the root ball (Fig. 1).  Fiberglass insulation (R25 unfaced, Guardian Building 

Products, Greer, SC) was fitted in all spaces between and above the outer pots so only the 

aboveground portion of the plants were left exposed.  Three-quarter inch expanded 

polystyrene sheets (Diversifoam Products, Minneapolis, MN) were stacked two sheets 

thick below the level of the plant canopies along all sides and the base of the chamber to 

provide additional insulation. 

After the controlled freezing treatments were applied, all plants were then placed 

in a cooler (4°C and 12-HR photoperiod) for three weeks of additional cooling to 

overcome dormancy.  On 24 Feb., plants were moved to a greenhouse with air 

temperature set to 22°C day/18°C night and given a long day photoperiod (natural day + 

night interruption lighting from 2200-0200 HR with incandescent bulbs (2.5 µmol·m-2·s-

1)) for subsequent growth.  Mean day and night temperatures for the duration of the 

greenhouse portion of the experiment were 21.4 ± 0.4°C and 18.5 ± 0.4°C, respectively.  

Mean daily light integral was calculated from irradiance data collected once every ten 
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minutes (Campbell Scientific, Inc., Logan, UT) and was 4.5 mol·m-2·day-1 during the 

greenhouse period.  Plants were fertilized weekly with 17.9 mM N using 21.0N-3.1P-

5.8K fertilizer (21-7-7 Acid Special, Peter’s Professional, Scotts Co., Marysville, OH).  

Plants were watered as needed with tap water and leached once a week until a steady 

stream of water ran through the drainage holes of the pots. 

The experiment was terminated on 4 April after flower buds on all plants had 

opened.  Days to flower budbreak (FB) and vegetative budbreak (VB) on each 

reproductive shoot were recorded as well as flower viability (proportion of fully 

developed, non-necrotic flowers per inflorescence).  The date of vegetative budbreak was 

determined when bud scales separated to reveal the light green tissue beneath outer 

scales.  Flower budbreak was recorded when the first sign of petal color showing between 

bud scales was observed.  The presence or absence of vegetative bypassing for each 

reproductive shoot was also noted and was recorded when all flowers within the 

inflorescence had opened.  Bypassing was present if the length of the subtending 

vegetative shoot was longer than the top of the inflorescence on the same stem. The 

number of days between flower and vegetative budbreak (FB-VB) was used as a proxy 

for vegetative bypassing for the purposes of correlation analysis (all freezing treatments 

pooled).  Positive values of FB-VB were associated with vegetative bypassing while 

negative values indicated vegetative budbreak occurred after flower budbreak and did not 

obscure flowers.  Flower bud viability data were arcsin-transformed to meet the 
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assumption of variance homogeneity important for parametric testing.  Data analysis was 

done using PASW Statistics 18 (SPSS, Inc., Chicago, IL) at α = 0.05. 

 

Results and Discussion 

Flower bud viability and FB-VB from shoots of both cultivars included in this 

study were correlated (Table 1.)  Negative correlation coefficients for ‘Catawbiense 

Album’ (-0.480) and ‘Haaga’ (-0.464) indicated FB-VB decreased as flower bud viability 

increased (Fig. 2).  In other words, greater flower bud viability was correlated with more 

days until VB after FB. Previous observations on greenhouse-grown rhododendrons 

suggested bypassing occurred if VB took place before or at the same time as FB (FB-VB 

≥ 0).  Results from this freeze-induced bud abortion experiment agree with our 

hypothesis that FB-VB, as a proxy for vegetative bypassing, was negatively correlated 

with flower bud viability. 

Although the correlations were significant, regression coefficients were low for 

both ‘Catawbiense Album’ (R2 = 0.135) and ‘Haaga’ (R2= 0.163), which suggests flower 

bud viability accounted for only a small proportion of the difference in timing between 

flower and vegetative budbreak.   Flower bud viability appeared to be one factor 

contributing to vegetative bypassing, but other genetic and environmental factors likely 

contribute as well. 
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Figure 1.  The root zone insulator used to protect the root balls for the freeze-induced bud 
abortion experiment.  One temperature sensor was inserted 10 cm into the medium while 
a second sensor was attached to a shoot near flower buds to monitor air temperature. 
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Table 1.  Pearson’s correlation coefficient (r) between FB-VB and flower bud viability 
(arcsin-transformed) on ‘Catawbiense Album’ and ‘Haaga’ after freeze-induced bud 
abortion.   

nz r
Catawbiense Album 68 -0.480 **
Haaga 75 -0.464 **  zNumber of flowering shoots. 
**Significant at P ≤ 0.01. 
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Figure 2.  Correlation between FB-VB and flower bud viability for cultivars 
‘Catawbiense Album’ and ‘Haaga’.  Each data point represents one reproductive shoot.  
Positive values for FB-VB indicated flower budbreak occurred after vegetative budbreak, 
i.e. vegetative bypassing.  Flower bud viability data are back-transformed from arcsin-
transformed data. 
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Soil fertility during forcing on vegetative bypassing  

Introduction 

 In addition to the potential impact of dead flower buds on vegetative bypassing, 

we noted that plants grown in different locations showed differences in vegetative 

bypassing in Spring 2010.  A germplasm evaluation at the Holden Arboretum (Kirtland, 

OH) revealed only one cultivar (Maud Corning) with greater than 1% vegetative 

bypassing.  Observations made at the Minnesota Landscape Arboretum (Chanhassen, 

MN) revealed moderate bypassing but only on a few plants.  However, plants grown at 

Rosebay Nursery (Saugatuck, MI) showed substantial bypassing on nearly all cultivars, 

including several that showed no evidence of the trait in Ohio.  Geographic and climatic 

statistics for Chaska, MN, Madison, OH, and Muskegon, MI (closest reporting site to 

each of the identified study sites) are presented in Table 2.  The Michigan site, which lies 

midway between the Minnesota and Ohio sites latitudinally, had values for the day of 

first freeze (2009), winter low temperature (2009-2010), mean temperature during bud 

development and growth (June through October 2009), and mean temperature during 

spring budbreak (March through May 2010) that were midway between values for the 

other two locations.   Heat accumulation quantified by calculating ‘growing degree 

hours’ (base temperature 10°C) during spring budbreak was slightly lower for Muskegon, 

MI (259 hrs) than Chaska, MN (276 hrs).  Taken together, neither photoperiod nor 
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temperature appeared to contribute to the prevalence of significant vegetative bypassing 

observed at the Michigan nursery not apparent at the other two sites. 

One factor that was different between the three sites was annual fertility 

programs.  Availability of essential plant nutrients is required for optimal plant growth 

and development.  However, high levels of nutrients can be detrimental to growth.  For 

instance, high nitrogen (N) can promote excess vegetative growth (Weinbaum et al., 

1992).  Phaselous vulgaris plants fertilized with increasing concentrations of N from 5.25 

to 210 ppm (0.4 to 15 mM) had greater elongation of lateral buds as N concentration 

increased (McIntyre, 1973).  However, this study did not quantify the number of lateral 

buds released from apical dominance.  

Application of 22.5 mM N from 21.0N-3.1P-5.8K soluble fertilizer every one to 

two weeks during the growing season is recommended for commercial azalea production 

(Larson, 1992).  One nursery specializing in rhododendron container production 

incorporates a slow release fertilizer at 8.9 kg·m-3 once during planting in the spring 

(Briggs Nursery, personal communication).  Interestingly, N root uptake is not 

continuous throughout the growing season.  A study with container-grown deciduous 

azalea (Rhododendron subg. Pentanthera) ‘Cannon’s Double’ and the lepidote 

rhododendron (Rhododendron subg. Rhododendron) ‘H-1 P.J.M’ found maximum N 

uptake from soluble fertilizer did not occur until July and August, respectively, and 

flowering and early vegetative growth in the spring relied upon stored N reserves (Bi et 
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al., 2007).  The highest N uptake for the elepidote rhododendron ‘English Roseum’ was 

in August and September with N stored in mature leaves during the winter (Scagel et al., 

2007).  However, Pasche et al. (2002) found mature leaves do not contribute as a N 

source for new growth in the lepidote species Rhododendron ferrugineum L., but 

suggested woody stems and roots stored most of the N used the following growing 

season.  Regardless of the N source, nutrient accumulation from the previous growing 

season contributes to growth the following spring. Karlsson (1994) determined old tissue 

provided 83% N and 64% of the phosphorus (P) requirements for new growth on non-

reproductive branches in Rhododendron lapponicum (L.) Walhenb.  For branches with 

terminal flower buds, old tissue provided slightly less of the mineral nutrients (50% N 

and 32% P), but still a substantial portion for early growth (Karlsson, 1994).   

Many plant nurseries increase plant size through aggressive fertilization regimes 

to speed the time to marketability, as well as to promote vigorous, healthy plants (Reiley, 

1992; Bi et al., 2007).  It is possible high N levels may have contributed to the significant 

vegetative bypassing observed at Rosebay Nursery in Spring 2010.  The fertility program 

at the Michigan nursery is more intensive than fertility schedules at the arboreta in Ohio 

and Minnesota.  The Michigan nursery’s fertility schedule for the 2010 growing season 

included multiple applications including ammonium sulfate (21N-0P-0K) at 140 kg·ha-1 

in April, potassium sulfate (0N-0P-41.5K) 280 kg·ha-1 in early June, a slow release 

fertilizer (20N-1.7P-9.2K) top-dressed at approximately 30 g·plant-1 (Diffusion 20-4-11, 
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Green Valley Agricultural, Inc., Caledonia, MI) in late June, and Sul-Po-Mag (6.7S-

18.0K-6.0Mg) at 168 kg·ha-1 in October. 

In contrast, rhododendrons at the Minnesota Landscape Arboretum are fertilized 

once in the spring before budbreak with ammonium nitrate (21N-0P-0K) at 122 kg·ha-1.  

The rhododendron display beds at the Holden Arboretum are fertilized as needed on a per 

plant basis with 97 kg·ha-1 N of 18N-2.6P-7.5K (Green Magic 18-6-9, Green Magic 

Corporation, Elsberry, MO).  

Results from these studies indicated Rhododendron partially rely on stored 

mineral nutrients for growth and development during spring budbreak.  However, time 

and plant material constraints limited our experimentation to begin in October when 

plants entered dormancy.  The objective of this experiment is to determine the effect of 

increasing N concentrations (supplied by a balanced water-soluble fertilizer and applied 

through budbreak) on vegetative bypass shoot development in rhododendron cultivars 

Catawbiense Album and Haaga. We hypothesized plants with a higher media N 

concentration will have a greater incidence of vegetative bypassing than plants with a 

lower media N concentration.  

Material and Methods 

 Fifteen plants in 11.4-L pots of each cultivar Catawbiense Album and Haaga were 

purchased from Rosebay Nursery (MI) on 11 Oct. 2010 and transported to St. Paul, MN 

to be grown under natural outdoor conditions.  Plants were field-grown at the Michigan 
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nursery in a sand-based soil (pH 4.9) and were in excellent health.  Vegetative bypassing 

under newly formed terminal flower buds was observed on both cultivars in the fall.  The 

number of reproductive shoots with bypassing under unopened flower buds for 

‘Catawbiense Album’ and ‘Haaga’ was 22% and 8%, respectively.  These shoots were 

excluded from further analysis.  Soil tests (Spurway technique) performed when plants 

were received in October showed 17 ppm (1.2 mM) nitrate-N and 1 ppm (0.07 mM) 

ammoniacal-N were present in the media.  Five plants of each cultivar were randomly 

assigned to one of three N concentration treatments, (low (no fertilizer), medium (21.4 

mM N), or high (42.9 mM N)). 

 Since previous literature indicated Rhododendron rely on stored N reserves for 

spring growth, fertilizer was applied before plants were placed into the cooler to simulate 

winter.  A previous study identified a correlation between nitrate-N and electrical 

conductivity (EC) (r = 0.95) in a peat-sand-perlite azalea medium (Mascianica, 1983); 

therefore, EC was used as an indicator for soil N concentration.  EC was quantified using 

one part slightly compressed media and two parts distilled (DI) water (v/v) technique 

(Argo, 2004).  Initial EC of media collected from three random pots of each cultivar, 

measured with a conductivity meter (HI 9811 pH-EC-TDS meter, Hanna Instruments, 

Inc., Woonsocket, RI), were 0.20 mS·cm-1 for ‘Catawbiense Album’ and 0.26 mS·cm-1 

for ‘Haaga’.  Target EC ranges for low, medium, and high N treatments were set to 0.0-

0.5 mS·cm-1, 1.0-1.5 mS·cm-1, and 2.0-2.5 mS·cm-1, respectively, and were based on 
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standards for low, medium, and high EC levels for greenhouse grown ornamentals.  

Medium and high media N concentration treatment plants were fertilized with 42.9 mM 

N using 21.0N-3.1P-5.8K fertilizer (21-7-7 Acid Special, Peter’s Professional, Scotts Co., 

Marysville, OH) until target EC levels were reached (12 Nov.).  At this time, mean EC of 

the five plants for low, medium, and high N concentration treatments were 0.27, 1.39, 

and 2.12 mS·cm-1, respectively, for ‘Catawbiense Album’ and 0.30, 1.26, and 2.00 

mS·cm-1, respectively, for ‘Haaga’. 

When the target EC levels were achieved, plants were moved to a temperature-

controlled cooler (5.4 ± 1.0°C) for nine weeks to overcome dormancy.  The cooler was 

equipped with two 400-W metal halide lamps (10-60 µmol·m-2·s-1 at plant level; 12-h 

photoperiod).  A datalogger (HOBO Pro v2 U23-003, Onset Computer Corporation, 

Bourne, MA) recorded hourly temperature data.   On 6 Jan. 2011, plants were moved to a 

greenhouse (22°C day/18°C night) for subsequent growth.   Mean day and night 

temperature for the duration of the greenhouse portion of the experiment were 19.7 ± 

2.1°C and 18.5 ± 1.7°C, respectively.  LD in the greenhouse were provided by growing 

plants under natural photoperiod plus night interruption lighting (2200-0200 HR; 2.3 

µmol·m-2·s-1).  Daily light integral for the greenhouse portion of the experiment was 4.3 

mol·m-2·d-1.  Medium and high N concentration treatment plants were watered weekly 

with 1L of 21.4 mM N and 42.9 mM N, respectively, using 21.0N-3.1P-5.8K fertilizer in 

distilled water.  The low fertility treatment received only distilled water during this phase.  
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Two days before the weekly fertilizer application, the substrate was leached by irrigating 

with tap water until water flowed through the drainage holes in the bottom of each 

container.  Dry pots were watered as needed with tap water.  On 21 Feb., EC was 

measured on media from three pots in each treatment, and values were maintained in the 

target EC ranges previously indicated. 

The experiment was terminated 2 Mar. when all flowers for both cultivars had 

opened. Data were collected on the number of days between flower and vegetative 

budbreak (FB-VB), flower bud viability (proportion of fully developed, non-necrotic 

flowers per inflorescence), and the presence or absence of vegetative bypassing for each 

reproductive shoot.  The date of vegetative budbreak was determined when bud scales 

separated to reveal the light green tissue beneath outer scales.  The date of flower 

budbreak was determined when petal color showing between bud scales could be 

observed.  The presence of bypassing (recorded when all flowers within the inflorescence 

had opened) was noted if the length of the subtending vegetative shoot growth was longer 

than the top of the inflorescence.  The continuous variable FB-VB was used as a proxy 

for bypassing to test a correlation between bypassing and flower bud viability.    

The experiment was organized in a completely randomized statistical design with 

four to five experimental units per cultivar for each N concentration treatment.  The main 

effects (cultivar and N concentration) were treated as fixed effects on the proportion of 
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reproductive shoots with vegetative bypassing per plant (%).  All statistical analysis was 

performed with PASW Statistics 18 (SPSS, Inc., Chicago, IL) at α = 0.05.   

 

Results and Discussion 

 No correlation was evident between flower bud viability and FB-VB across media 

N concentration treatments and cultivars (Pearson’s correlation coefficient, r = -0.017,    

P = 0.831).  Therefore, flower bud viability was excluded as a covariate in the analysis of 

variance (ANOVA).  Results from ANOVA revealed no significant difference in 

vegetative bypassing between the three N concentration treatments (Table 3).  However, 

vegetative bypassing was greater for ‘Haaga’ than ‘Catawbiense Album’ across all N 

concentration treatments, 72% ± 10% and 47% ± 7%, respectively (Table 4; Fig. 3).   

Several plants died during the experiment and were likely infected with root rot 

(Pythium or Phytophthora sp.) which reduced sample sizes for most treatments from five 

to four samples. For both cultivars, the highest incidence of vegetative bypassing was 

observed in the medium N concentration treatment (21.4 mM).  Plants in the high N 

concentration treatment exhibited poor health as the experiment progressed including 

symptoms of wilting, loss of vigor, and delayed flowering.  The large quantity of water 

applied with fertilizer in October and November to increase the media N concentration of 

these plants before entering dormancy likely contributed to the poor health and 

subsequent lack of vegetative growth on all shoots observed during forcing. 
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 Vegetative bypassing on both cultivars given 21.4 mM (medium level) was 

greater than plants given no fertilizer (low level) during forcing.  While not statistically 

significant, this suggested higher fertility may lead to greater vegetative bypassing during 

flowering.  Yet, substantial bypassing (≥ 40%) was observed on plants in the low fertility 

treatments in which no fertilizer was applied during forcing.  As mentioned before, 

previous work indicated Rhododendron rely on stored N reserves for new growth the 

following spring (Bi et al., 2007; Pasche et al., 2002; Karlsson, 1994), but it is not clear 

when N reserves are accumulated in the previous year.  It is possible that Rhododendron 

may accumulate most of their N reserves well before the onset of dormancy in the fall.  In 

other words, the bypassing potential of the plants may have been determined before this 

experiment was initiated in October.  Although soil samples collected in October 

revealed low N concentration, N concentration in plant structures such as mature leaves 

and stems may have been higher, but no foliar analyses were performed. 

 While increasing media N concentration treatments during flowering were not 

significantly different, work here suggested an association between fertility and the 

prevalence of bypass shoot formation.  This experiment should be repeated in which 

fertility levels are applied beginning late spring after initial budbreak to attempt to 

influence levels of stored N reserves.   In addition, we suggest determination of N levels 

in stem and leaf tissue samples may be more appropriate to characterize the N status of 

Rhododendron.  We hypothesize that N levels in stem tissues prior to dormancy are more 
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likely associated with bypass shoot formation than media levels after the onset of 

dormancy.   Additionally, larger sample numbers and/or more replicates would increase 

the resolution of the experiment.   
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Table 2.  Geographic and climatic statistics for locations evaluated for vegetative bypassing in Spring 2010. 

Locationz Bypassing Latitude
First freeze 

(2009)
Winter low (2009-

10)

Mean Temp.   
July-Oct. 2009 

(°C)

GDD10°C 

March-
May 2010

Mean Temp. 
March-May 

2010 (°C)
Chaska (MN) some 44.8°N Oct. 9 (-1.1°C) Jan. 3 (-31.1°C) 15.0 276 9.4
Muskegon MI) abundant 43.2°N Oct. 17 (-0.6°C) Jan. 30 (-16.7°C) 16.4 259 9.9
Madison (OH) very little 41.8°N Nov. 12 (-1.1°C) Jan. 19 (-17.0°C) 17.9 393 10.7  
Source:  Temperature data derived from historical data retrieved from Weather Underground, Inc. (www.wunderground.com). 
zThe locations for each state listed above represent the sites evaluated for which historical temperature data were available. 
 

 

 

http://www.wunderground.com/�
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Table 3.  Analysis of variance for effects resulting from cultivar (Catawbiense Album and 
Haaga) and N concentration treatment (no fertilizer, 21.4 mM N, and 42.9 mM N) on the 
proportion of reproductive shoots with vegetative bypassing.   
Source df MS F
Cultivar (1) 1 0.40 4.65 *

Treatment (2) 2 0.18 2.08
(1) x (2) 2 0.08 0.88
Error 19 0.09  

*Significant at P ≤ 0.05. 
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Table 4.  Proportion of reproductive shoots exhibiting vegetative bypassing for N 
concentration treatments within each cultivar.  Numbers in parenthesis represent the 
number of plants evaluated for each treatment. 
Cultivar Fertility treatment (n) Mean ± SE (%)
Catawbiense Album Low (4) 40 ± 12

Medium (5)             54 ± 8   
High (4) 46 ± 21
Total (13)            47 ± 7

Haaga Low (4) 67 ± 15
Medium (4)             97 ± 3
High (4) 51 ± 21
Total (12) 72 ± 10  
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Figure 3.  Percentage vegetative bypassing under reproductive shoots of plants given 
treatments of different N concentrations (low- no added N, medium- 21.4 mM N, and 
high- 42.9 mM N).  Error bars represent 95% confidence intervals of the means. 
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The influence of heat accumulation during summer growth 
and development on vegetative bypassing  
 

Introduction  

The concept of calculating heat units to predict plant and insect growth and 

development was proposed by the French scientist Rene A. F. de Réaumur in 1730 

(McMaster and Wilhelm, 1997).  Such measures are still commonly used to estimate and 

predict flowering and maturity dates in crops as well as the rate of development for 

insects.   Heat accumulation, also defined as growing-degree days (or hours, GDH), is 

based on the principle that growth does not occur above or below a certain threshold 

temperature and progression of development proceeds within a specified temperature 

range.  The basic equation for daily GDH is determined by calculating the average 

temperature between the daily minimum and maximum temperatures, and then 

subtracting the lower threshold from that value.  If the daily average is less than the lower 

threshold temperature, that day’s heat accumulation is set to zero as the basic model does 

not account for negation of heat accumulation.  Additionally, if a day’s maximum 

temperature is above the upper threshold, then the maximum value is replaced with the 

threshold temperature.  Total GDH is computed as the summation of daily GDH over the 

given time period until a certain developmental stage (e.g. flowering) is reached.  In the 

United States, lower and upper threshold temperatures of 10°C and 30°C, respectively, 
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are routinely utilized in corn production, and are commonly employed thresholds for 

other crops in which optimal temperature parameters have not been experimentally 

determined (Bonhomme, 2000). 

Substantial differences in GDH during spring budbreak likely exist between the 

location where the Finnish cultivars were selected and Minnesota where vegetative 

bypassing is often observed.  Daily minimum and maximum temperatures from 2005-

2009 from Helsinki, Finland and St. Paul, MN were acquired from the Finnish 

Meteorological Institute (www.fmi.fi) and from the University of Minnesota Department 

of Climatology (www.climate.umn.edu), respectively.  Daily GDH were calculated using 

lower and upper threshold temperatures of 10°C and 30°C, respectively, and then 

summed to determine the monthly GDH for each year.  Mean monthly GDH based on 

this five-year time span were summed to determine the average GDH during spring 

budbreak (March through June) and during bud development until the onset of dormancy 

(July through November) for both locations (Table 1).  Based on this five-year average, 

St. Paul accumulated more than three times the amount of GDH that Helsinki 

accumulated during spring budbreak.  Additionally, St. Paul averaged nearly twice as 

many GDH during bud development until the onset of dormancy than did Helsinki.  This 

indicates Finnish cultivars were selected in an environment that receives far less heat 

accumulation during budbreak and subsequent bud development than what is found in 
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central Minnesota; this significant difference may have a substantial effect on growth and 

development in rhododendron. 

Due to plant availability and time constraints, we chose to analyze the effect of 

heat accumulation during bud development until the onset of dormancy only.  In this 

experiment, treatments were two sums of GDH beginning after flowering in March on 

greenhouse-forced plants and continuing to 14 July (short season) or to 27 Oct. (long 

season).  We hypothesized vegetative bypassing will be more prevalent on plants in the 

long season treatment than plants in the short season treatment.  

Materials and Methods 

  Eighteen ‘Catawbiense Album’ and twenty-two ‘Haaga’ 7.8-L potted plants used 

in previous experiments conducted in Winter 2009-10 were used for this study.  Plants 

were forced to flower out of season with warm temperatures (22°C day/18°C night) and 

long days by growing under natural daylight and lighting with night interruption (NI) 

lighting (2200-0200 HR) starting in December 2009.  All of the Winter 2009-10 

experiments were terminated by 22 Mar. 2010, when flowers had fully opened and 

vegetative growth had commenced.  GDH accumulation for the present study was 

calculated starting then. 

Plants were left in the warm greenhouse with NI lighting from 22 Mar. to 19 

April.  On 19 April, plants moved to an outdoor structure under a 60% shade cloth at the 

Horticultural Research Center (Chanhassen, MN) where they were exposed to natural 
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photoperiod and temperature conditions until the beginning of cooling treatments in 

either July (short season) or October (long season).  Accumulation of GDH for the 

outdoor portion of the treatments was calculated from air temperature data recorded at the 

nearby weather station in Chanhassen, MN (www.climate.umn.edu).  Plants were 

fertilized biweekly with 17.9 mM N using 21.0N-3.1P-5.8K fertilizer (21-7-7 acid Peter’s 

Professional, Scotts Co., Marysville, OH) until mid July. 

Ten plants of each cultivar were brought to campus 14 July for dormancy-

breaking cold treatment.  These plants represented the short season treatment and had 

accumulated 1026 GDH.  At this time, none of the ‘Catawbiense Album’ plants showed 

vegetative bypassing under recently formed, unopened flower buds, but two ‘Haaga’ 

plants showed the trait.  These reproductive shoots were excluded from further analysis.  

To acclimate these plants to the optimal dormancy breaking temperature (approximately 

4°C), they were placed in a growth chamber for two weeks at 15.5°C (14-h photoperiod), 

followed by two more weeks at 10°C (13-h photoperiod).   An additional 74 GDH were 

accumulated during this acclimation period resulting in a total of 1110 GDH for the short 

season treatment (Table 1).  Plants were then moved to a temperature-controlled cooler 

(5.4 ±1°C) on 10 Aug. to complete nine weeks of cooling.  The cooler was equipped with 

two 400-W metal halide lamps (10-60 µmol·m-2·s-1) set to provide a 12-h photoperiod.  A 

datalogger (HOBO Pro v2 U23-003, Onset Computer Corporation, Bourne, MA) was 

used to record hourly temperature data.   
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The remaining plants (8 ‘Catawbiense Album’ and 13 ‘Haaga’) were left in the 

outdoor shade house at the Horticultural Research Center under natural conditions until 

27 Oct. and were then moved to the temperature-controlled cooler for nine weeks of 

cooling under conditions previously described.  These plants representing the long season 

treatment and received a total of 1940 GDH (Table 1).  Two ‘Catawbiense Album’ and 

nine ‘Haaga’ plants from the long season treatment showed vegetative bypassing under 

unopened, terminal flower buds before being placed in the cooler. These flower buds 

were excluded from further analysis.   

Heat accumulations for the two treatments were substantially more than what 

would be representative for Helsinki (565 h) and St. Paul (1095 h) during bud 

development through the onset of dormancy (Table 5).  However, we hypothesized the 

difference between the two treatments will be effective for detecting the influence of heat 

accumulation on growth and development of bypass shoots in rhododendron. 

After the cooling period, plants were moved to a warm greenhouse (22°C 

day/18°C night) for forcing into flower.  Long days were provided by growing plants 

under natural daylength and then lighting plants from 2200-0200 HR daily (2.6 μmol·m-

2·s-1) with incandescent lamps.  Actual air temperatures were 20.0 ± 2.6°C 

day/18.3±1.9°C night while daily light integral was 5.0 mol·m-2·d-1 for the duration of the 

greenhouse portion of the experiment.  Plants were fed weekly with 17.9 mM N using 

21.0N-3.1P-5.8K fertilizer (21-7-7 acid Peter’s Professional, Scotts Co., Marysville, OH).  



153 

 

 83 

Plants were watered as needed and leached once a week with tap water until a steady 

stream of water flowed through drainage holes of each pot.  

The presence of vegetative bypassing was noted for each plant if subtending 

vegetative growth below terminal flower buds was longer than the top of the 

inflorescence when all flowers were open.  The proportion of blooming plants with 

vegetative bypassing was calculated for each cultivar. 

 

Results and Discussion 

By mid-July when cooling began for the short-season treatment, all plants in the 

study had set flower buds.  New flushes of vegetative growth appeared on both cultivars, 

including under terminal flower buds.  Bypassing before cold storage was assessed mid-

July and the end of October for plants in the short season and long season treatments, 

respectively.  In the short season treatment, no vegetative bypassing under terminal 

flower buds was observed on any ‘Catawbiense Album’ plants but two of nine plants of 

‘Haaga’ exhibited the trait.  In the long season treatment, two of the eight ‘Catawbiense 

Album’ and nine of the thirteen ‘Haaga’ plants showed vegetative shoots bypassing 

unopened, terminal flower buds.  The incidence of vegetative bypassing before cooling 

increased when both cultivars were given a longer growing season.  Shoots with terminal 

flower buds being bypassed before cold storage were not evaluated for vegetative 

bypassing during budbreak. 
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General observations made on field-grown rhododendrons identified vegetative 

bypassing more prevalent on reproductive shoots when the inflorescence contains 

partially to fully aborted flowers (See Chapters 1 & 2).  One shoot of ‘Catawbiense 

Album’ and two shoots of ‘Haaga’ that exhibited vegetative bypassing in the long season 

treatment at the end of July were dissected at that time to understand if the observed 

vegetative bypassing under recently developed flower buds was due to a lack of flower 

viability.  These three buds had formed 21, 23, and 24 flowers with no evidence of dead 

tissue or abnormalities.  This observation suggested the bypassing trait does not always 

occur as a result of flower bud abortion.  The flower buds we dissected may have been 

fated to abort, but evidence was not visible at the time of bud dissections in mid-July in 

our experiment here.   

During the process of forcing into flower, both cultivars in the long season 

treatment had fewer blooming plants and more plants with vegetative bypassing than 

plants in the short season treatment (Table 6).  For ‘Catawbiense Album’, the number of 

plants displaying vegetative bypassing upon forcing into bloom increased from one out of 

seven to two out of seven plants for short versus long season treatments, but differences 

were not significant (Student’s t test, P = 0.697).  For ‘Haaga’, plants with vegetative 

bypassing increased from two of ten to two of four plants, but this difference was also not 

statistically significant (Student’s t test, P = 0.306).  The inability to identify statistically 

significant differences was likely due to the small samples sizes.  Several plants, 
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especially from ‘Catawbiense Album’, were discarded due to a scale insect infestation 

before bypassing could be evaluated.  Furthermore, few ‘Haaga’ plants in the long season 

treatment had flowering shoots that could be scored for vegetative bypassing because 

87% of the terminal flower buds had aborted in this treatment.  Flower bud abortion 

likely occurred after mid-July but before the end of October based on bud dissections at 

those time points, and could be caused by high temperature (Criley, 1964) or low 

irradiance (Bodson, 1983) during flower bud development. 

Results from this preliminary study supported our hypothesis that a longer 

growing season (i.e. increased heat accumulation) can have detrimental effects on 

flowering and growth in rhododendron.  However, Cathey (1965) noted vegetative 

bypassing was promoted in the elepidote rhododendron ‘Roseum Elegans’ by LD periods 

greater than four months after flower initiation, resulting in suppressed development of 

terminal flower buds.  Air temperature in that experiment was not controlled as plants 

were exposed to prevailing outdoor temperatures of Beltsville, Maryland beginning in 

early July.  In order to separate the growth effects due to heat accumulation from those 

due to duration of LD, experiments need to be done under controlled environmental 

conditions.  Furthermore, in order to confidently understand the effect of heat 

accumulation on vegetative bypass shoot development, this experiment should be 

repeated with treatments more characteristic of average GDH accumulation in Helsinki 
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and St. Paul from early summer until the onset of dormancy in the fall.   Larger samples 

sizes would also help to identify statistically significant differences. 
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Table 5.  Mean growing degree hour (GDH) accumulation (2005-09) for Helsinki, 
Finland and St. Paul, MN during spring budbreak (March-June) and bud development 
until the onset of dormancy (July-November).   

             GDH accumulationz

Location March-June July-November
Helsinkiy 186 565
St. Paulx 609 1095  

z𝐺𝐷𝐻𝑑𝑎𝑦 = ( 𝑇𝑚𝑎𝑥− 𝑇𝑚𝑖𝑛)
2

−  𝑇𝑏𝑎𝑠𝑒 10°𝐶 
yData compiled from temperature records received from Finnish Meteorological Institute 
(www.fmi.fi). 
xData compiled from temperature records received from University of Minnesota 
Department of Climatology (www.climate.umn.edu). 
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Table 6.  Evaluation of vegetative bypassing during budbreak on plants receiving 
different amounts of heat accumulation quantified as growing degree hours (GDH).

Cultivar No. blooming plants
No. plants with 

bypassing
Catawbiense Album

Short season (1110 GDH) 7/8 1/7 (0.14)
Long season (1940 GDH) 7/8 2/7 (0.29)

Haaga
Short season (1110 GDH) 10/10 2/10 (0.20)
Long season (1940 GDH) 4/13 2/4 (0.50)  
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