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Experiments were conducted to determine if the plagiotropic 

growth habit of rooted cuttings of Douglas-fir might result from a 

system favoring the accumulation of indoleacetic acid in the adaxial 

side of the shoot in response to vertical  placement. 

Actively growing excised branch terminals were subjected to 

gravitational  disorientation to determine if they would respond to 

displacement from horizontal by curving epinastically.    Horizontal 

shoots showed slight epinastic curvature within 24 hr but returned 

to near their original  positions within 48 hr.    Shoots placed 

vertically reached an equilibrium curvature of 50-60° after 72 hr. 

This response was significantly reduced by both decapitation and 

defoliation.    Shoots  placed horizontally with their abaxial   sides 

up (inverted) showed up to 110° of epinastic (dorsoconvex) 

curvature after 72 hr.     Treatment with  50  ul/1   ethylene had no 



effect on the curvature response of horizontal or horizontal   inverted 

shoots.    Shoots rotated on a horizontal  clinostat showed curvatures 

intermediate between those of vertical  and horizontal  inverted 

positions.    These results suggest that the stimulus for the epinastic 

response varies with the orientation of the shoot with respect to the 

gravity vector. 

The stems of cuttings of 3 clones examined 2 seasons after 

rooting exhibited dorsoconvex curvature averaging from 15-47° in the 

region comprising the original  12-cm cutting.    Cross sections taken 

1.5-2.0 cm from the basal  and distal  ends of the original  cuttings 

were examined microscopically.    The annual   ring produced the year 

before rooting (ring 1) was symmetrical  in both basal  and distal 

sections with a small  amount of compression wood on the abaxial  side. 

The annual  ring produced the season after rooting (ring 2) was 

asymmetrical  in both basal and distal sections.    In basal sections, 

the upper side of ring 2 was 2.5-3.5 times wider on the adaxial  than 

on the abaxial  side.    Eighty -90% of the width of the adaxial  side 

was compression wood.    In the annual  ring produced the second season 

after rooting (ring 3), compression wood formation had begun to shift 

back to the abaxial side.    In distal portions of the original cuttings 

of 2 clones, where curvature had displaced the stems from vertical, 

the width of compression wood was twofold greater on the abaxial  than 

on the adaxial  side of ring 3.    These results indicate that compression 

wood plays an important role in the development of the plagiotropic 

growth habit of rooted cuttings of Douglas-fir. 



14 Radioactivity from  C-indole-3-acetic acid applied in 

droplets to decapitated but otherwise intact rooted cuttings moved 

down the stem as a pulse. After 24 hr, nearly twice as much activity 

was detected in extracts from the adaxial than from the abaxial sides 

of cutting stems. In a similar experiment with branches on the 

tree, significantly more activity was extracted from the adaxial 

than from the abaxial side of horizontal but not vertically 

restrained branches. There was no significant difference in transport 

14 of activity from  C-IAA donor blocks between the adaxial and abaxial 

sides of segments excised from stems of rooted cuttings or branch 

terminals. 

The epinastic curvature of vertically placed, excised branch 

terminals and the asymmetric cambial activity and compression wood 

formation in stems of rooted cuttings are indirect evidence for a 

transverse gradient in auxin content in vertical shoots and rooted 

14 
cuttings. The accumulation of exogenously applied  C-IAA on the 

adaxial sides of rooted cuttings lends further support to this 

interpretation. However, based on branch transport studies, the 

accumulation of activity in the adaxial sides of rooted cuttings 

was apparently not simply a response to vertical placement. 
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THE PHYSIOLOGY OF PLAGIOTROPIC GROWTH OF ROOTED CUTTINGS OF 

DOUGLAS-FIR [Pseudotsuga menziesii  (Mirb.) Franco] 

INTRODUCTION 

Propagation of Douglas-fir by stem cuttings offers the poten- 

tial for establishing large populations of desirable genotypes without 

the problem of incompatibility associated with grafting. The 

usefulness of cutting propagation in forest tree improvement programs 

has been well established by Kleinschmit (1974). In addition to its 

importance as a timber species, Douglas-fir is the primary Christmas 

tree species in the Pacific Northwest. Despite the tremendous genetic 

variability of this species, clonal propagation of superior Christmas 

tree types is not yet widely practiced. 

Although it has been demonstrated that propagation of 

Douglas-fir by cuttings is possible (Roberts et al., 1973; Brix, 1971), 

there are several practical limitations to large scale cutting propa- 

gation of this species. Among these is a tendency for most cuttings 

to grow obliquely for several years following propagation. This 

presents a considerable obstacle to the use of cuttings for Christmas 

tree production since most Christmas trees are harvested at 6-8 years 

of age. 

Black (1973) found that the intensity and persistence of this 

plagiotropic growth habit varied considerably with the age and 
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genotype of the seedling parent. Although it may be possible to 

partially overcome this problem by proper selection of cutting 

material, this would severely limit the usefulness of cutting propa- 

gation for Christmas tree production. If, however, chemical or 

cultural treatments could be developed to encourage a more upright 

growth habit in rooted cuttings, it would be possible to capitalize 

more fully on the diversity of the species. Lack of knowledge 

concerning the physiological basis for the plagiotropic growth of 

rooted cuttings presently hinders an intelligent search for such 

corrective measures. 

The first signs of plagiotropism are often observed in the 

rooting bench. These are a gradual curvature of the woody cutting 

and growth of the terminal bud in some direction other than vertical. 

The curvature of the woody portion of the cutting, if it occurs, is 

invariably such that the convex side is the adaxial or morpholog- 

ically upper side of the original stem. Although the direction of 

extension growth is variable, it is often in the same direction as 

the curvature of the woody portion. 

In rooted cuttings which persist in plagiotropic growth after 

the first year, not only does the terminal shoot continue to grow 

obliquely, but the curvature at the base of the cutting also 

continues to accentuate the oblique habit. In some cases curvature 

near the base of the stem is apparent for as long as 5 or 6 years 



after rooting. Such bending of woody tissues in conifers is usually 

associated with compression wood formation. 

Black (1973) found that, despite such corrective measures as 

staking and pruning, most rooted cuttings of Douglas-fir persist in 

growing plagiotropically for several years before.completing a gradual 

transition to vertical growth. 

Despite the considerable effort expended on studying plant 

tropisms in the past century, there are very few data available upon 

which to base conclusions concerning the causes of plagiotropic 

growth. 

The curvature of wood at the bases of rooted cuttings indi- 

cates that there is a transverse asymmetry in growth favoring the 

morphologically upper side of the stem. One possible explanation for 

this is that cuttings respond to vertical placement by developing a 

gradient in auxin concentration favoring the upper side. The 

objectives of this study were: (1) to determine if actively growing 

excised branch terminals would respond to gravitational disorientation 

by curving epinastically; (2) to determine if the curvature of the 

wood at the bases of cuttings is associated with asyimetrical cambial 

activity and compression wood formation; and (3) to determine if 

exogenously applied indoleacetic acid would accumulate on the 

morphologically upper sides of vertically placed branch terminals and 

rooted cuttings. 

Compression wood, the type of reaction wood produced by 
gymnosperms, is composed of tracheids having thick, highly lignified 
secondary cell walls with rounded cross sections. 



Figure 1. The growth habit of cuttings of a single clone, 
(clone 12), 1, 2 and 3 seasons after rooting (right to left). Note 
the oblique growth of the terminal and the dorsoconvex curvature of 
the wood of the original 12-cm cutting. 



Figure 2. The orientation of buds, branches and needles on 
a plagiotropic rooted cutting. Note the lack of buds on the upper 
side of the stem. Note also the white stripes on the lower side of 
needles. This characteristic can be used to determine the morpho- 
logically upper and lower sides of excised shoots. 



REVIEW OF THE LITERATURE 

FACTORS INFLUENCING THE GROWTH ANGLE OF PLAGIOTROPIC PLANT ORGANS 

The Nature of Plagiotropic Growth 

The word "plagiotropism" is derived from the Greek words 

"plagios," meaning oblique, and "tropos," meaning turning. As the 

derivation implies, a plagiotropic plant organ is one which grows at 

an oblique angle with respect to gravity. The phenomenon of plagio- 

tropic growth is ubiquitous in nature. Most roots, branches and 

leaves, for example, grow in some direction other than vertical. 

A particularly striking example of plagiotropism is the 

oblique growth of branches of many species in the Pinaceae. The 

branches of such trees grow at a fairly regular and apparently 

genetically determined angle with respect to the main axis (Bailey 

et al., 1974). Branch angle results initially from the direction of 

primary growth of a lateral bud. After the first year's growth, 

however, compression wood begins to form on the lower side of the 

branch, counteracting the downward drooping of the branch due to 

increasing stem mass. 

Correlative and Independent Control of Branch Angle 

The terminal leader of a coniferous tree with a conical form 

exerts control over both the growth rate and angle of the branches 
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below it (Little, 1970). When the terminal of such a tree is removed, 

one or more branches may bend upward until a new leader is formed. 

Leader replacement of this type has been documented in Picea abies 

(Munch, 1938), Pinus strobus (Sinnott, 1952), Abies alba (Hartmann, 

1942) and several other species in the Pinaceae (Onaka, 1935). It 

is apparently mediated by greater than normal compression wood 

formation on the lower side of the branch (Sinnott, 1952). Despite 

the strong evidence that branch angle in these species is at least 

partially controlled by an influence from the terminal apex, there is 

also convincing evidence for independent control within the branch 

itself. The most direct evidence comes from reports that excised 

branch terminals of certain species in the Pinaceae (Black, 1973; 

Kleinschmit, 1961) and Auracariacea (Wareing, 1959) maintain their 

branch-like angle and form for some time after being rooted or 

grafted onto an understock. The best known example of this 

phenomenon is Auracaria excelsa R. Br. Rooted cuttings from laterals 

of this species are reported to grow horizontally indefinitely 

(Wareing, 1959). Rooted or grafted cuttings of Picea abies 

(Kleinschmit, 1961), Abies alba (Frolich, 1961) and Pseudotsuga 

menziesii (Black, 1973; Klaehn, 1962) have been reported to grow 

plagiotropically for 1-10 years before assuming an upright habit. 

Auxin Involvement in Branch Angle Regulation 

There is considerable evidence that indoleacetic acid is 

involved in the regulation of branch angle in both herbaceous and 
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woody plants. There are, for example, reports that the upward 

movement of conifer branches following leader decapitation can be 

prevented by application of IAA to the cut stump (Toda et al., 1963; 

Little, 1970). Based on his extensive studies of the response of 

Picea abies to leader decapitation. Munch (1938) proposed that branch 

angle is the result of a balance between negative geotropism and an 

epinastic influence from the terminal leader. Although the terminal 

does undoubtedly exert some influence on lateral branches below it, 

the nature of this influence is unclear. If auxin from the shoot 

apex causes epinasty in branches, the mechanisms by which it might 

do so remain obscure. It should be noted that Munch (1938) could 

not demonstrate any effect on branch angle in Douglas-fir of auxin 

application to the cut stump of a decapitated leader. 

The case for involvement of auxin produced within branches 

themselves in regulating branch angle is somewhat better documented. 

Lyon (1963) found that branches of Coleus showed pronounced epinastic 

curvature when plants were disoriented to gravity by rotation on the 

horizontal clinostat for 24 hours at 1 rpm. He also observed that 

when the branches were defoliated and decapitated they failed to 

curve epinastically on the clinostat. However, when the stumps of 

defoliated, decapitated branches were treated with an auxin paste, 

the response to rotation on the clinostat was similar to that of 

intact controls. Lyon stated that "excised branches developed the 

characteristic curvature of attached branches within 24 hours, with 

the originally upper side of the branch always becoming the convex 



side of the curvature." In further experiments with Coleus in which 

14 
C-IAA was applied symmetrically to decapitated branches before 

rotation of plants on the clinostat, Lyon found a 9:5 ratio of 

extractable radioactivity between the upper and lower halves of the 

branch after 45 hours. In a previous set of experiments he found that 

an auxin paste applied to the lower surface of defoliated, decapi- 

tated branches near the tip was as effective in inducing epinastic 

curvature on the clinostat as was symmetrical application to the 

stump. He noted further, that a patch of lanolin containing the 

IAA transport inhibitor, TIBA, placed opposite but slightly proximal 

to a patch of IAA paste on the lower surface prevented epinasty. 

Based on these observations, Lyon proposed that the plagiotropic 

growth of Coleus branches might be the result of an upward lateral 

movement of auxin which counteracts the downward lateral movement due 

to gravity. 

In similar experiments, Wilson (1973) rotated 5-6 year old 

seedlings of Pinus strobus on a horizontal clinostat. He found that 

the branches of rotated trees showed epinastic curvature in the 

elongating region of the current year's growth. He also noted that 

compression wood formed along the entire upper surface of the 

branches. The same pattern was observed when the branches were 

separated from the main axis by girdling or when the terminal leader 

was removed prior to rotation. Some evidence indicates that compres- 

sion wood formation is associated with high levels of auxin in the 

cambial region (Onaka, 1940; Larson, 1962). This being the case, the 
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presence of compression wood on the upper sides of branches in 

Wilson's clinostat experiments can be taken as indirect evidence for 

high levels of auxin in that portion of the branch. Wilson concluded 

that since compression wood formation on the upper side of branches 

could occur without the presence of a terminal leader, it could not 

be due to any correlative influence from the terminal. He proposed 

that the turning up of branches observed when a pine seedling is 

decapitated might be the result not of a release of the branches from 

an epinastic influence, but of "compensatory growth." Little (1970) 

demonstrated that when the terminal of a Pinus strobus seedling is 

removed, the branches in the subtending whorl grow much more 

vigorously than those on an intact plant. He also found that branch 

angle in degrees from vertical is inversely related to branch 

diameter. He attributes this "compensatory growth" to a reduction in 

competition for a common supply of nutrients. The turning up of 

branches after leader decapitation is mediated by excessive compres- 

sion wood formation on the lower side of the branch (Sinnott, 1952). 

A vigorously growing stem produces more compression wood than a 

weakly growing stem given the same gravitational stimulus (Paul and 

Meagher, 1949; Zahner and Whitmore, 1960). It is plausible, then, 

that leader replacement by branches may simply be the result of more 

vigorous growth of the branch following leader removal with a 

resultant increase in compression wood formation on the lower side. 

It should be noted that, according to Munch (1938), disbudded 

laterals do not bend upward in response to leader decapitation. 
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Snow (1945, 1947) has reported further evidence indicating 

that IAA produced within the branch is involved in the regulation 

of branch angle. He found that when plagiotropic branches of 

Impatiens royalei, Sal via coccinea and Pseudotsuga menziesii were 

deprived of their developing leaves, they responded by bending 

upward. The same response occurred in Salvia when the tips of 

defoliated branches were removed. If, however, IAA was applied to 

the tips of the defoliated, decapitated branches, the upward curva- 

ture was prevented. Since developing leaves are a significant 

source of IAA (Onaka, 1950) and treatment of defoliated branches with 

IAA prevents their upward bending, it appears that leaf-produced 

auxin may play a key role in the epinastic component of plagiotropic 

branch growth. 

The Role of Compression Wood in the Regulation of 
Stem Growth Angle 

Seedlings of Pinus echinata and £. rigida often develop a 

basal curvature during the first few years after germination. Little 

and Mergen (1966) studied this phenomenon in detail and concluded 

that "basal crook" formation was due to a passive bending of the 

hypocotyl. 

Rooted cuttings of Douglas-fir also often develop a basal 

crook for several years after rooting. In this case, however, crook 

formation results from an active bending of lignified stem tissues. 

Black (1973) found that some plants produced enough bending force 
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when staked vertically to break their bamboo stakes. Such extreme 

bending of lignified tissue in conifers is usually caused by the 

unilateral formation of compression wood in the stem. 

Compression wood formation is a response of certain gymno- 

sperms to a defonning force (usually gravity) in which the cambium on 

one side of the stem is induced to differentiate tracheids with 

modified anatomical, chemical and physical characteristics. 

Compression wood tracheids have thick, highly lignified secondary 

cell walls and are rounded in a cross section (Wardrop, 1965). 

Their presence can be detected macroscopically in cross sections due 

to a distinctive reddish-brown coloration. Compression wood also 

differs physically from normal wood in that it expands more longi- 

tudinally during maturation (Sinnott, 1952). Thus, compression wood 

on the lower side of a horizontal branch allows the branch to 

resist the downward force exerted on it by gravity. The unilateral 

presence of compression wood in a vertical woody stem, however, 

causes the stem to bend. 

Factors Influencing Compression Wood Formation 

Although the steps between induction and actual differen- 

tiation of compression wood tracheids are not known, there is 

convincing evidence that the stimulus for compression wood formation 

is gravity. Some of the earliest evidence was supplied by Ewart 

and Mason-Jones (1906). They reported that when terminal leaders of 



13 

Pinus contorta and several other species were tied into vertical 

loops, compression wood formed on the concave side of the stem at the 

top of the loop and on the convex side at the bottom regardless of 

the direction of illumination. No compression wood was observed on 

the two sides of the loop where the stem was nearly vertical. 

These results were later confirmed by Sinnott (1952).. Perhaps the 

most compelling evidence supporting the premise that gravity is the 

stimulus for compression wood formation is that it can be induced 

to form in vertical seedlings by centrifugal force. Jaccard (1939) 

attached seedlings of Picea abies to a centrifuge and found that, 

after 3 months, they had formed extensive compression wood on the 

outer or centrifugal side. Similar results have been reported for 

Pinus strobus (Scott and Preston, 1955), P_. nigra (Hartmann, 1942) 

and P_. radiata (Westing, 1965). 

That compression wood forms on the lower side of branches 

and inclined stems and on the physically lower side of non-vertical 

portions of vertically looped stems regardless of the orientation 

of the rest of the stem suggests that compression wood formation is 

a localized geotropic response. That it can be induced by 

centrifugal force, a force esentially identical to gravity, increases 

the credibility of this interpretation. Despite the apparent 

similarity of compression wood formation in woody stems and the 

negative geotropic bending of elongating shoots, there are several 

responses of plagiotropic conifer branches which can not be explained 
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by the classical Choiodney-Went concept of geotropism (Juniper, 

1976). Hartmann (1942) and Sinnott (1952), for example, found that 

when horizontal branches are bent upward and tied into a vertical 

position, they form compression wood on the upper side of the branch 

above the bend. Furthermore, Sinnott (1952) and Wilson (1973) 

reported that, in branches which bend upward to assume dominance 

following leader removal, there is always some compression wood 

formed on the upper, adaxial side of the branch before it becomes 

strictly vertical. A correlative influence from the terminal leader 

may function to cause compression wood formation on the upper side 

of a vertically restrained branch on an intact tree. This does not, 

however, explain the formation of compression wood on the upper 

side of a replacement leader. In this case there is no leader 

present to exert correlative control. Hartmann (1942) has described 

a mutant seedling of Picea pungens whose leader grew plagiotropically, 

producing compression wood on its lower side. When staked verti- 

cally it began to form compression wood on its upper side. Evidence 

such as this led Sinnott (1952) to propose that there exists in 

conifers an "inherited form or pattern of the shoot system" and 

that compression wood "is formed only in positions where it will tend 

to restore the axis to its original position." 

The question of how a branch might perceive displacement from 

its normal position is open to conjecture. 
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Involvement of Hormones in Compression Wood Formation 

There is evidence indicating that hormones, especially IAA, 

are involved in the process of compression wood formation. 

Based on experiments in which seedling terminals were 

disbudded or girdled, several workers have concluded that cambial 

activity in gymnosperms is controlled in part by auxin which is 

produced by the expanding buds and leaves of the terminal leader 

and moves basipetally (Onaka, 1950; Wardrop, 1957; Wodzicki, 1961; 

Larson, 1962). Onaka (1942) found that defoliation of Pinus 

thunbergii caused both a reduction in diffusible auxin in the stem 

and a reduction in cambial activity. Westing (1962) reported that 

the rate of extension growth of Pinus resinosa seedlings was 

positively correlated with content of extractable auxin. 

There are several reports indicating that the amount of 

compression wood produced by leaning stems is related to tree vigor. 

Paul and Meagher (1949) observed a significant increase in the 

production of compression wood by leaning Pinus ponderosa trees after 

their release from competition by thinning. A similar response to 

thinning was observed in Pinus tadea by Zahner and Whitmore (1960). 

Since growth rate in conifers appears to be correlated with both 

auxin content and compression wood formation, it is logical to 

suppose that compression wood formation might be stimulated by high 

auxin concentration in the stem. Further evidence in support of 

this supposition was provided by Hartmann (1942). He found that 
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girdling of inclined stems of Picea abies effectively prevented 

compression wood formation below the girdle. The most direct evi- 

dence for the involvement of auxin in compression wood formation is 

that compression wood can be induced to form by exogenous application 

of IAA. Onaka (1940) found that compression wood could be induced in 

a wide range of gymnosperms by IAA applied to buds or inner bark or 

injected into the stem. Others have reported similar results 

(Wershing and Bailey, 1942; Fraser, 1942, 1952; Wardrop, 1957; 

Necesany, 1958; Larson, 1962). 

The Movement and Distribution of Auxin in Plagiotropic 
Plant Axes 

Several workers have reported evidence of an asymmetrical 

distribution of auxin in branches or leaning stems of conifers 

favoring the lower side (Onaka, 1942; Necesany, 1958; Westing, 1962). 

Kaldeway (1971) concluded that the plagiotropic orientation of 

Fritillaria meleagris peduncles is maintained by a transverse 

asymmetry in auxin content favoring the upper side and resulting from 

a "geoinduced asymmetric alteration of the young apical cells in 

their ability to transport auxin." 

The present study was designed in part to determine if the 

plagiotropic growth habit of Douglas-fir cuttings might result from 

such a transverse asymmetry in auxin content in the cutting stems. 
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Prepared for submission to Physiologia Plantarum 

REORIENTATION OF EXCISED BRANCH TERMINALS OF DOUGLAS-FIR 

[Pseudotsuga menziesi-i  (Mirb.) Franco] IN RESPONSE 

TO DISPLACEMENT FROM HORIZONTAL 

ABSTRACT 

Actively growing excised shoots of Douglas-fir were subjected 

to gravitational disorientation to determine if they retain the capa- 

bility for reorientation by epinastic curvature after severance. 

Horizontally placed shoots typically reached an equilibrium position 

at less than 10 degrees from horizontal within 72 hrs. Shoots placed 

horizontally with their morphologically lower sides up showed up to 

110 degrees of epinastic curvature. Curvatures of-shoots placed 

vertically and on the horizontal clinostat were intermediate between 

those of horizontal shoots with their morphologically upper sides up 

and down. 

Vertical shoots exhibited 50-60° of epinastic curvature after 

72 hrs. This response was significantly reduced by both decapitation 

and defoliation. The results suggest that mechanisms persist in 

excised shoots for perception of and response to displacement from 

the horizontal position. 

The possible role of an asymmetric auxin distribution in the 

epinastic response is discussed. 
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INTRODUCTION 

Rooted stem cuttings of Douglas-fir typically grow obliquely 

for several years after propagations. In addition to their branch- 

like growth angle, rooted cuttings exhibit a planar morphology 

similar to that of branches in which upper and lower sides can be 

easily distinguished based on bud and needle arrangement. The angle 

assumed by the axis of a rooted cutting results from a progressive 

curvature of the woody stem of the original cutting and angular 

extension growth of the terminal bud. Although the direction of 

extension growth is somewhat variable, the curvature of the woody 

portion of the cutting stem is invariably such that the convex side 

is the morphologically upper side of the original cutting (Starbuck, 

1979). 

The factors governing the growth angle of plagiotropic plant 

organs are not well understood. Based on his extensive studies of 

the responses of Picea abies branches to leader decapitation. Munch 

(1938) proposed that branch angle is the result of a balance between 

negative geotropism and an opposing epinastic influence from the 

terminal apex. This hypothesis cannot, however, explain the plagio- 

tropic growth of rooted Douglas-fir cuttings since cuttings grow 

obliquely long after severance from their seedling parents. 

One approach to the study of the factors involved in regu- 

lation of branch angle has been to study the responses of branches 

to gravitational disorientation. A common tool in this type 
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of research has been a device called the horizontal clinostat which 

rotates plants slowly around a horizontal axis. This treatment has 

generally been assumed to negate the influence of gravity, thus 

allowing the epinastic component of branch angle to be expressed. 

There are numerous reports of epinastic curvature of branches 

or petioles of plants rotated on the horizontal clinostat (Leather 

et al., 1972; Lyon, 1963; Palmer, 1973; Wilson, 1973). Wilson (1973) 

demonstrated that branch tips of Pinus strobus curved epinastically 

when seedlings were rotated on a clinostat. Lyon (1963) found that 

branches of intact Coleus blumei plants developed distinct epinastic 

curvature after 24 hrs on a clinostat. The same response was observed 

14 
with excised branches. He found, further, that when  C-indoleacetic 

acid was applied symmetrically to decapitated and defoliated branches 

it was not evenly distributed in the branches. After the plants had 

been rotated on the clinostat for 45 hrs, approximately 1.8 times as 

much radioactivity was detected in extracts of tissue from the upper, 

convex side than from those of tissues on the lower concave side of 

the branches. Based on these and other results, Lyon proposed that 

in horizontal branches, gravity-induced downward lateral auxin movement 

is balanced by an opposing upward lateral movement. When gravity- 

induced downward auxin movement is eliminated by rotation on the 

clinostat the result is accumulation of auxin on the upper side and 

epinastic curvature. 

Leather et al. (1972) and Palmer (1973) have reported 

evidence indicating that petiole epinasty induced in Lycopersicum 
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esculentum and Helianthus annuus by rotation on the clinostat is due 

to a stimulation of ethylene production rather than to a cancellation 

of the effect of gravity by rotation. Leather et al. (1972) found 

that clinostat-induced petiole epinasty was completely eliminated when 

plants were rotated in a 10% CO2 atmosphere. Although clinostat- 

induced epinasty could be mimicked by ethylene treatment, auxin 

supplied asymmetrically to the upper side of ethylene-treated 

petioles caused still more curvature at a saturating ethylene concen- 

trati on. 

Lyon (1970) found that when epinasty was induced in tomato 

and pepper leaves by ethylene treatment 1.3 - 1.4 times as much 

14 
radioactivity from exogenous  C-IAA could be extracted from the 

upper, convex side than from the lower side of the petioles. He 

concluded that although ethylene may play a key role in clinostat- 

induced epinasty, an imbalance in auxin ultimately accounts for the 

difference in elongation rate between the upper and lower sides of 

the petiole. One hypothesis to explain the plagiotropic growth of 

rooted Douglas-fir cuttings is that there is an equilibrium in auxin 

concentration in the branch terminal when it is in its normal (nearly 

horizontal) position on the tree. When the shoot is severed and 

placed vertically as in a rooting bench, auxin may accumulate on the 

morphologically upper side of the shoot. This could then result in 

relatively more rapid growth of the upper side, tending to bring 

the shoot back toward its normal orientation. This series of 



21 

experiments was designed to determine if actively growing excised 

Douglas-fir branch terminals would respond to displacement from the 

horizontal position by curving epinastically in a manner consistent 

with this hypothesis. 

MATERIALS AND METHODS 

Actively growing branch terminals were excised from trees of 

two clones (7 and 12) established from rooted cuttings in a nursery 

near Corvallis. Cuttings from clone 12 were found by Black (1973) to 

take up to 8 yrs to develop an upright growth habit, while those from 

clone 7 made the transition in 3-4 years. Cuttings were taken in 

June after extension growth had reached 15-20 cm and sealed in a 

container partially filled with water. They were trimmed to 10 cm 

in the laboratory. After removal of the needles from the basal 2-3 

cm, each shoot was placed with its base extending through a hole in 

a serum cap and into a small (10 cc) vial filled with distilled 

water. The vials were placed in one of 4 positions: horizontal 

with morphologically upper side up (position A) or down (position B); 

vertical (position C); and, horizontal but rotated at 1 rpm on a 

horizontal clinostat (position D). Since Black (1973) found rooted 

cuttings of Douglas-fir to be non-phototropic, the cuttings were 

incubated under normal room lighting at 180-210C. The water in the 

vials was replaced when necessary but at least once every 24 hrs. 

Preliminary observation revealed that excised branch tips treated in 

this manner remained green and trugid for up to 120 hrs. 
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Experiment 1 

One hundred and twenty shoots were excised from trees of 

clone 12 in early June and randomly divided into 6 equal groups. One 

group was placed in each of the four positions. To determine if 

treatment with ethylene might influence the responses of cuttings to 

disorientation, the remaining two groups were placed in a sealed 

chamber of known volume in the horizontal (A) and horizontal, 

inverted (B) positions respectively. Based on the results of Lyon 

(1970), pure ethylene was injected into the chamber to a final concen- 

tration of 50 ul/1. 

The curvature and length of each cutting was measured at 0, 

24, 40, 64 and 96 hrs. Curvature was measured in degrees from 

vertical by placing the cuttings on a flat surface and looking at 

them through a clear plastic protractor with a reference wire pivoted 

near the midpoint of its straight edge (Figure 1). Cutting length 

in mm was measured with a flexible ruler. 

Experiment 2 

Two weeks after the termination of the first experiment, a 

similar experiment was conducted using excised branch terminals of 

trees of clones 7 and 12. Twenty cuttings from each clone were 

placed in each of the 4 positions described previously. Length and 

curvature measurements were made at 0, 24, 36, 48, 72 and 96 hrs. 
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Figure 1. Diagram of the method used to measure cutting 
curvature. 
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Experiment 3 

If the curvature of shoots in the vertical position is due to 

an accumulation of auxin in the morphologically upper side of the 

stems, a reduction in the endogenous supply of auxin should reduce 

the extent of this curvature. To examine this possibility, an 

experiment was conducted to determine the effects of decapitation on 

the epinastic response of excised shoots to vertical placement. 

Eighty branch terminals of clone 12 were excised in late June and 

divided into 4 equal groups. Cuttings in 2 groups were decapitated 

by excising the apical 5 mm. The cut surface of each shoot was 

sealed with lanolin paste to prevent dessication. One group of 

decapitated and one of intact shoots was placed vertically (position 

C). The remaining 2 groups were placed horizontally (position A). 

Curvature of cuttings was measured at 0 and 72 hrs since the later 

was the time when maximum curvature was observed in the previous 

experiments. 

Experiment 4 

Since Onaka (1950) found that defoliation of Pinus thunbergii 

shoots caused a reduction in content of diffusible auxin, an 

experiment was conducted to determine the effects of defoliation on 

epinastic curvature of vertical excised shoots. The treatments were 

the same as in experiment 3 except that one group of cuttings in each 

position was defoliated rather than decapitated. Needles were 

removed by carefully pulling them from all but the apical 1 cm of the 
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shoots. The remaining needles were clipped off with scissors as close 

as possible to the stem. As in experiment 3, curvature measurements 

were made initially and 72 hrs after the experiment began. 

RESULTS 

Experiment 1 

All cuttings exhibited epinastic curvature within 24 hours. 

Controls (position A) curved approximately 30 degrees after 24 hrs but 

began straightening thereafter reaching an apparent equilibrium at 

less than 10° curvature after 64 hrs (Figure 2). Cuttings in 

positions B, C, and D continued to curve for the duration of the 

experiment. After 48 hrs all treatments showed significantly more 

curvature than the horizontal controls, with cuttings in the inverted 

horizontal position (B) curving the most. Treatment with 50 ul/1 

ethylene had no apparent effect on cuttings in either position A or 

B (Figure 3). Extension growth was so small it was impossible to 

measure the curved stems with sufficient accuracy. 

Experiment 2 

The results of the second experiment were similar to those 

obtained two weeks earlier in experiment 1. Cuttings in all 4 

positions curved epinastically within 24 hrs and all but the hori- 

zontal controls continued to curve thereafter. In experiment 2, 

however, cuttings of both clones in each position reached apparent 

equilibrium positions within 72 hrs, after which no further 
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curvature occurred (Figures 4A, 5A). At equilibrium, cuttings of 

clone 12 placed in the horizontal inverted (B) and vertical (C) 

positions had curved approximately 30 degrees less than those in 

corresponding positions in the earlier experiment. 

There was no apparent difference in growth rate between 

cuttings placed in the horizontal (A) or vertical (C) position 

(Figure 4B, 5B). Cuttings of both clones placed in positions B and 

D elongated significantly more than did those in the other 2 

positions. 

Experiment 3 

Although decapitation had no apparent effect on the curvature 

of horizontally placed cuttings, decapitated cuttings placed in the 

vertical position curved significantly less than those with their 

apices intact (Figure 6A). 

Experiment 4 

Vertically placed defoliated cuttings curved significantly 

less than did vertical cuttings with needles present (Figure 6B). As 

in all previous experiments, at the time of initial measurement all 

cuttings were slightly hyponastic. In experiment 4 (Figure 6B), 

although horizontal controls with needles exhibited only 10 degrees 

of epinastic curvature after 72 hours, this was significantly 

different from their hyponastic position at time 0. Defoliated 

cuttings in position A curved upward by an average of 10 degrees from 

their original positions. This response however, was not significant. 
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Figure 2. Curvature of excised branch terminals in response to gravitational disorientation. 
Ten cm shoots of clone 12 were placed with their basal ends in vials of water in one of 4 positions. The 
positions were: horizontal control (O); horizontal with morphologically lower sides up, (A); vertical (D); 
and rotated at 1 rpm on a horizontal clinostat (O). Values above and below the horizontal axis denote 
degrees of hyponastic (dorsoconcave) and epinastic (dorsoconvex) curvature respectively. Vertical bars 
indicate confidence intervals at p = 0.05 (n = 20). 
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Figure 3. Effects of fumigation of excised branch terminals of clone 12 with 50 ul/1 ethylene 
on their response to placement in the horizontal (O) and horizontal, inverted (A) positions. Solid 
figures signify ethylene treatment. Vertical bars indicate confidence intervals at p = 0.05 (n = 20). 
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Figure 4. Curvature (a) and elongation (b) of excised branch 
terminals of clone 12 placed in the horizontal (o), horizontal 
inverted (A), and vertical (a) positions and on the horizontal clino- 
stat (0). Treatments and conditions are the same as in Figure 2 
except that the branch terminals were excised 2 weeks later. Vertical 
bars indicate confidence intervals at p = 0.05 (n = 20). 
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Figure 5. Curvature (a) and elongation '(b) of excised branch 
terminals of clone 7 in the horizontal (o), horizontal inverted (*)> 
and vertical (o) positions and on the horizontal clinostat (o). 
Treatments and conditions are identical to those in Figure 4. 
Vertical bars indicate confidence intervals at p = 0.05 (n = 20). 
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horizontal and vertical excised branch terminals of clone 12. Q and 0 denote curvature at 0 and 72 
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CO 



32 

Figure 7. Examples of the epinastic response of excised 
branch terminals to disorientation. A and B represent placement with 
adaxial side up and down respectively. C represents vertical 
placement and D, rotation at 1 rpm on a horizontal clinostat. 
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DISCUSSION 

To produce epinastic curvature such as that observed in these 

experiments, it is necessary that there be a difference in elongation 

rate between cells on the upper and lower sides of the stem. Such a 

difference could, of course, result either from a greater than 

normal growth rate of cells on the upper side of the stem, a slower 

than normal growth rate of cells on the lower side, or both. Since 

cuttings in the horizontal inverted position (B) and on the clinostat 

(D) in experiment 2 elongated more than did horizontal controls, it 

would appear that epinasty in these positions was due to a greater 

than normal growth rate of the cells on the morphologically upper 

side of the stem. Westing (1965) found growth rate of Pinus resinosa 

seedlings to be correlated with content of extractable IAA. Thus, 

the epinastic curvature of displaced shoots in this study provides 

indirect evidence for a transverse gradient in auxin content 

favoring the morphologically upper side of the shoot. 

In all experiments, vertically placed cuttings showed signif- 

icantly more curvature than those in the horizontal control position. 

Removal of the shoot apex or needles, both of which are sources of 

auxin, significantly reduced this curvature response. These results 

increase the likelihood of the involvement of auxin in the processes 

leading to epinastic curvature. 

Straight horizontal growth of a shoot implies that the growth 

rates of cells on the upper and lower side of the shoot are equal. 
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If it is assumed that the cells on the upper and lower side of the 

shoot do not differ in their sensitivity to auxin, it is also 

necessary that the concentration of auxin be equal on the two sides. 

Assuming further that there is some gravitationally-induced downward 

lateral movement of hormone from the upper to the lower side, the 

supply of auxin to the upper side of the shoot must be initially 

greater to compensate for this loss. Lyon (1963, 1970) showed that 

the downward lateral movement of auxin is balanced in branches of 

coleus by an opposing upward movement. As shown in Figure 6b, 

defoliation of horizontal cuttings caused a.slight upward bending, 

confirming the results of Snow (1947). One possible explanation for 

this effect is that the needles on the upper side of the stem produce 

more auxin than those on the lower side. If this is the case, then 

defoliation would reduce the supply of IAA more on the upper than on 

the lower side allowing a negative geotropic response. 

If the supply of leaf-produced auxin is greater on the upper 

side, the curvature of vertically placed shoots may be the results of 

an auxin accumulation in the morphologically upper side due to the 

elimination of gravity-induced lateral movement to the lower side. 

Curvature of inverted cuttings in experiments 1 and 2 was signif- 

icantly greater than that of vertical cuttings. This would be 

expected if, in the inverted position, the auxin supply to the upper 

side of the stem were augmented by gravity-induced lateral auxin 

movement. 
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The fact that treatment with ethylene had no apparent effect 

on curvature of horizontal or inverted cuttings does not, of course, 

rule out the possibility that ethylene is involved in the epinastic 

response caused by cutting disorientation. It is possible that 

treatment with a different concentration may have produced curvature 

in horizontal cuttings. The fact that control cuttings showed little 

or no curvature, however, indicates that if epinasty resulted from an 

increase in endogenous ethylene level, this increase was not simply 

a result of severance of shoots from the tree. 

The results of this study suggest that there exist in excised 

branch terminals mechanisms for perception of and response to 

displacement from horizontal. While shoots of clone 12 in the 

horizontal position curved very little, those placed vertically 

exhibited approximately 50° of epinastic curvature after 72 hours. 

In a study of the morphology of rooted Douglas-fir cuttings Starbuck 

(1979) found that 2 seasons after rooting, cuttings of clone 12 had 

curved an average of 47° in the stem portion which comprised the 

original 12 cm cuttings. This curvature was invariably dorsoconvex 

and was apparently mediated by unilateral compression wood formation. 

Thus, although the processes leading to curvature of primary and 

lignified stem tissues are quite different, vertical placement 

appears to cause a similar curvature in both types of tissues. This 

implies that mechanisms controlling growth angle persist in excised 

branch terminals of Douglas-fir long after their severance from the 

branch. 
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With refinements, the technique employed in this study may 

prove useful as a rapid means of selecting genotypes producing 

cuttings which will become orthotropic quickly. 
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THE DISTRIBUTION OF COMPRESSION WOOD IN ROOTED CUTTINGS OF 

DOUGLAS-FIR [Pseudotsuga menziesii  (Mirb.) Franco] 

ABSTRACT 

Rooted cuttings of 3 clones of Douglas-fir were growing 

plagiotropically 2 seasons after propagation. The oblique growth 

habit of cuttings was due, in part to dorsoconvex curvature of the 

wood of the original 12 cm cuttings after rooting. 

In cross sections taken 1.5-2.0 cm from the bases of cutting 

stems, the total widths of xylem and compression wood were signif- 

icantly greater on the morphologically upper (convex) than on the 

lower sides of the stems. This was due to an asymmetry in the growth 

ring produced the season following rooting. In nearly every cross 

section examined 80-90% of the width of the upper side of this 

growth ring was compression wood. 

Examination of cross sections taken 1.5-2.0 cm from the 

distal ends of the wood of the original cuttings revealed a shift in 

the position of compression wood formation during the second season. 

As the distal portions of their stems were displaced from vertical by 

curvature, cuttings of 2 clones produced compression wood on their 

lower sides in this region. Cuttings from the third clone, which 
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showed the least basal curvature, continued forming compression wood 

on their upper sides in the distal portion of the original cuttings. 

INTRODUCTION 

Rooted cuttings of Douglas-fir typically grow obliquely for 

several years following propagation. The first signs of plagiotropic 

growth are often observed in the rooting bench. These are, gradual 

bending of the woody stem of the original cutting and growth of the 

terminal bud in a direction other than vertical. The curvature of 

the woody portion of the cutting, if it occurs, is invariably such 

that the convex side is the adaxial or morphologically upper side of 

the stem. In cuttings which persist in plagiotropic growth after the 

first year, not only does the terminal shoot continue to grow 

obliquely, but progressive curvature at the base of the plant also 

continues to accentuate the oblique habit. 

Black (1973) found that, after an initial period of plagio- 

tropic growth most cuttings begin a gradual transition to an upright 

growth habit. Although some straightening of the basal curvature 

occurs, a crook is often apparent as long as 5 or 6 years after 

rooting. 

Little and Mergen (1966) described the formation of a basal 

crook in seedlings of short leaf, and pitch pines. They concluded 

that, in these species, crook formation was due to a passive bending 

of the hypocotyl during early seedling development. Black (1973) 
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found that some rooted cuttings of Douglas-fir developed enough 

bending force when staked vertically to break their bamboo supports. 

It would appear, therefore, that the curvature observed in rooted 

Douglas-fir cuttings is not a passive process. 

Compression wood is most commonly found in gymnosperms on the 

under side of branches. Active bending of lignified stems in 

conifers is usually associated with a unilateral formation of 

compression wood (Westing, 1965). Since compression wood tracheids 

elongate more during maturation than do those found in normal wood 

(Westing, 1965), their presence on the under side of a branch tends 

to prevent the branch from drooping as its mass increases with age. 

Hartmann (1942) and Sinnott (1952) found, however, that when hori- 

zontal branches of Pinus strobus were bent upward and restrained in 

a vertical position, they formed compression wood on their upper 

sides. Wilson (1973) reported a similar formation of compression 

wood on the upper side of branches of Pinus strobus in response to 

rotation of seedlings on a horizontal clinostat. Hartmann (1942) 

described a mutant seedling of Picea pungens whose leader grew 

plagiotropically, producing compression wood on its lower side. 

When staked vertically, it formed compression wood on its upper side. 

Evidence such as this led Sinnott (1952) to propose that there exists 

in conifers an "inherited form or pattern of the shoot system" and 

that compression wood "is formed only in positions where it will tend 

to restore the axis to its original position." 
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Although the physical and biochemical events leading to the 

formation of compression wood are not known, there is evidence indi- 

cating that auxin is involved in this process. Onaka (1942) found 

that defoliation of Pinus thunbergii seedlings caused a reduction in 

both cambial activity and diffusible auxin in the stem. Hartmann 

(1942) found that girdling inclined stems of Picea abies prevented 

compression wood formation below the girdle. The most direct 

evidence for the involvement of auxin in compression wood formation 

is that it has been induced in a wide range of gymnosperms by 

exogenous application of auxin (Fraser, 1949; Larson, 1962; Necesany, 

1958; Onaka, 1940; Wardrop, 1957; Wershing and Bailey, 1942). 

The bending of the wood at the bases of rooted Douglas-fir 

cuttings is similar to that of vertically restrained branches of 

white pine reported by Sinnott (1952). The latter response is 

mediated by compression wood formation on the upper side of the 

branch. The purpose of this study was to determine if the bending 

at the base of Douglas-fir cuttings is also associated with compres- 

sion wood formation on the morphologically upper side of the stem. 

MATERIALS AND METHODS 

Three clones of Douglas-fir were established in a nursery 

near Corvallis, from rooted cuttings taken from 10-15 year-old 

seedling understocks. Cuttings from two of the clones (7 and 10) 

were found by Black (1973) to develop an upright growth habit 
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within 4 or 5 years. Cuttings from the third clone (clone 12) may 

remain plagiotropic for up to 9 years. 

Fifty first order terminal cuttings were taken from each of 

the three clones in February 1977. The cuttings were placed in 

polyethylene bags and taken to the greenhouse where each was trimmed 

to 12 cm and treated with, a 10 sec dip in 10% Dip-n'-Grow (CR Chemical 

Research, 0.5% IBA, 0.5% NAA) in 95% ethanol. Cuttings were then 

placed in a rooting medium of 5:1 (V:V) #10 Del Monte White silica 

sand and sphagnum moss peat. The rooting medium was maintained at 

210C and the air temperature at near 160C day and night. Rooting 

occurred within 60-90 days. In September, rooted cuttings were 

removed from the cutting bench, potted in 500 cc polyethylene tubes 

(DeePots) and placed in a lath house for winter protection. In 

October 1978, 20 cuttings of each clone were selected for uniformity 

of plant size. The angle of the current season's growth was measured 

on the intact plants by the method of Starbuck (1979, Appendix, 

Figure 4). The stem portion comprising the original 12 cm cutting 

was then excised from each plant. The curvature of each stem 

portion was measured in degrees from vertical with a clear plastic 

protractor (Figure 1). 

Needles of Douglas-fir branch terminals have whitish stripes 

on the side which faces downward. The orientation of needles does 

not change appreciably when shoots are excised and rooted. The 

adaxial side of a rooted cutting can be therefore determined by 
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Reference 
re 

Protractor 

Figure 1. Diagram of the method used to measure stem curvature. 
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examination of needle orientation. The bark was removed from the 

basal and distal 2-3 cm of each segment and the adaxial side marked 

with permanent drawing ink on the exposed xylem at each end. A 

transverse section of 0.2-0.5 mm thickness was taken from each stem 

segment 1.5-2.0 cm from the basal and distal ends and placed in 2N 

KOH for 48 hours. This treatment rendered the sections more 

translucent. Compression wood was then distinguishable with 

transmitted light by its reddish-brown color and rounded, thick- 

wall ed tracheids (Wardrop, 1957). 

Each section was examined under a dissecting microscope at 

24.5 x magnification. An ocular micrometer was used to determine the 

width of compression wood on the upper and lower side of each growth 

ring. One micrometer unit was equal to 39 u. Total xylem width and 

width of xylem on the upper and lower sides of each growth ring were 

also recorded. 

RESULTS 

All of the cuttings were growing plagiotropically when 

examined two growing seasons after rooting. The growth angle of the 

current year's growth in degrees from vertical averaged from 63 

degrees for clone 7 to 54 degrees for clone 10 (Table 1). There were 

no significant differences in growth angle among the 3 clones. All 

cuttings showed marked curvature of the woody portion near the base 

of the original 12 cm length. This curvature was invariably such 
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TABLE 1 

GROWTH ANGLE, BASAL STEM CURVATURE, AND RELATIVE WIDTHS OF XYLEM 
AND COMPRESSION WOOD ON THE UPPER AND LOWER SIDES OF STEMS 
OF ROOTED DOUGLAS-FIR CUTTINGS 2 SEASONS AFTER PROPAGATION 

Cross sections were taken 1.5-2.0 cm from the basal and distal ends 
of the original 12 cm cuttings (1976 growth). Widths of xylem and 
compression wood were measured with an ocular micrometer at 24.5 X 
magnification. 100 micrometer units =3.9 mm. Values within rows 
followed by the same letter do not differ at the 1% level (Duncan's 
Test), x, xx, xxx signify a significant difference between the upper 
and lower sides of the stem at the 5%, 1% and 0.1% levels respectively 
(t-test). Each value is the mean of 20 cuttings. 

Clone 

10 12 

Growth Angle (degrees from vertical) 

Basal Curvature (degrees from vertical) 

Width of Xylem (micrometer units) 

Basal Sections 

upper side 

lower side 

Distal Sections 

upper side 

lower side 

Width of Compression Wood 
(micrometer units) 

Basal Sections 

upper side 

lower side 

Distal Sections 

upper side 

lower side 

63a 

15a 

21a 
xxx 

14a 

17a 
xx 

14a 

54a 

21b 

25a 
xxx 

16a 

16a 
x 

18a 

60a 

47c 

36b 
xx 

29b 

23b 
xx 

30b 

10a 14a 23b 
xxx 

3a 
xxx 

6a 
xxx 

9b 

6a 7a 10b 
xxx 

2a 8b 
X 

14c 
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that the morphologically upper side of the stem was convex. There 

were highly significant differences in stem curvature among the 

three clones with cuttings of clone 12 showing 2-3 times more 

curvature than those of the other two clones. Examination of the 

cross sections taken 1.5-2.0 cm above the original cutting base 

(basal sections) revealed that in nearly every cutting the total 

widths of xylem and compression used on the morphologically upper 

(ink-marked) side of the stem were greater than those on the lower 

side (Table 1). These differences were tested within each clone with 

a t-test and found to be highly significant in each case. 

In sections taken 1.5-2.0 cm from the distal ends of the 

original cuttings (distal sections) of clone 7 the ratio of total 

xylem width of the upper to lower side was 1.2. This was similar to 

the ratio of 1.5 in basal sections. The total width of compression 

wood on the upper side was approximately 3 times that on the lower 

side in both basal and distal sections of clone 7. In distal 

sections of clones 10 and 12, however, the total widths of xylem and 

compression wood were greater on the lower than on the upper side. 

Detailed examination of basal and distal sections revealed 

that in all three clones the position of maximum xylem width and the 

distribution of compression wood were different in each successive 

annual ring. 

In basal sections, the annual ring produced on the tree in 

1976 (ring 1) was uniform 7-9 micrometer units (units) wide in all 
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three clones (Table 2) with 2-4 units of compression wood on the 

lower side (Table 3). In the annual ring produced during the season 

after rooting (ring 2), however, the width of xylem on the upper side 

was 2.5-3.5 times that on the lower side. While no compression wood 

was observed on the lower side of ring 2 in basal sections, the 

upper side was 80-90% compression wood. In the annual ring produced 

by cuttings of clones 7 and 10 in 1978 (ring 3), xylem width was 

1.6 times wider on the upper than on the lower side. Although 1-2 

units of compression wood were present on the lower side, the width 

of compression wood on the upper side of ring 3 was 4-6 times that 

on the lower side. In basal sections of clone 12, ring 3 was a 

uniform 14-16 units wide (Table 2). The width of compression wood 

on the upper side was over twice that on the lower side (Table 3). 

In distal sections from all three clones, ring 1 was 

symmetrical (Table 2) with 1-3 units of compression wood on the 

lower side (Table 3). As in basal sections, ring 2 was significantly 

wider on the upper than on the lower side and was composed of 75-80% 

compression wood on the upper side. In distal sections from cuttings 

of clone 7, ring 3 was a uniform 6 units wide with 2 units of 

compression wood on the upper and 1 on the lower side. In distal 

sections of clones 10 and 12, however, widths of xylem and compres- 

sion wood in ring 3 were significantly greater on the lower than on 

the upper side. In distal sections of clone 12 the ratio of width 

of compression wood on the upper to the lower side was 5:12 (Table 3) 
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TABLE 2 

RELATIVE WIDTH OF XYLEM ON THE MORPHOLOGICALLY UPPER AND LOWER SIDES 
OF EACH GROWTH RING IN STEMS OF ROOTED DOUGLAS-FIR CUTTINGS 

2 SEASONS AFTER PROPAGATION 

Cross sections were taken 1.5-2.0 cm from the basal and distal ends 
of the original 12 cm cuttings (1976 growth). Measurements were made 
with an ocular micrometer at 24.5 X magnification. 100 micrometer 
units = 3.9 mm. x, xxx, xxx signify a significant difference between 
the 2 sides of a growth ring at the 5%, 1% and 0.1% levels respec- 
tively . (t-test) . Each value is the mean of 20 cuttings + SE. 

Width of Xylem (micrometer units) 

Clone 

10 12 

Basal Sections 

Growth Ring 1 (1976) 
upper side 

lower side 

Growth Ring 2 (1977) 
upper side 

lower side 

Growth Ring 3 (1978) 
upper side 

lower side 

8+0.4 

8+0.3 

8+0.3 
X 

7+0.2 

9+0.4 

9+0.5 

5+0.3 
xxx 

2+0.2 

7+0.4 
xxx 

2+0.2 

13+0.7 
xxx 

4+0.4 

8+0.5 
xxx 

5+0.5 

11+1.1 
xxx 

7+0.7 

14+1.2 

16+1.3 

Distal Sections 

Growth Ring 1 (1976) 
upper side 

lower side 

Growth Ring 2 (1977) 
upper side 

lower side 

Growth Ring 3 (1978) 
upper side 

lower side 

7+0.3 6+0.2 6+0.3 

7+0.2 5+0.2 6+0.3 

4+0.3 
xxx 

2+0.2 

4+0.2 
xxx 

2+0.2 

6+0.3 
xxx 

4+0.3 

6+0.4 

6+0.6 

7+0.4 
xxx 

11+1.0 

11+0.9 
xxx 

20+1.6 
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TABLE 3 

RELATIVE WIDTHS OF COMPRESSION WOOD ON THE UPPER AND LOWER SIDES OF 
EACH GROWTH RING IN STEMS OF ROOTED DOUGLAS-FIR CUTTINGS 

2 SEASONS AFTER PROPAGATION 

Cross sections were taken 1.5-2.0 cm from the basal and distal ends 
of the original 12 cm cuttings (1976 growth). Compression wood was 
distinguished with transmitted light by its reddish-brown color and 
rounded thick-walled tracheids. Measurements were made with an 
ocular micrometer at 24.5 X magnification. 100 micrometer units = 
3.9 mm. x, xx, xxx signify a difference in width of compression wood 
between the two sides of a growth ring at the 5%, 1% and 0.1% levels 
respectively. 

Width of Xylem (micrometer units) 

Clone 

10 12 

Basal Sections 

Growth Ring 1 (1976) 
upper side 

lower side 

Growth Ring 2 (1977) 
upper side 

lower side 

Growth Ring 3 (1978) 
upper side 

lower side 

0 - 0 - 1+0.3 
xxx xxx xxx 

2+0.3 3+0.2 4+0.4 

4+0.4 
xxx 

6+0.4 
xxx 

12+0.8 
xxx 

0 - 0 - 1+0.3 

6+0.9 
xxx 

8+0.9 
xxx 

11+1.4 
XX 

1+0.3 2+0.6 5+1.1 

Distal Sections 

Growth Ring 1 (1976) 
upper side 

lower side 

Growth Ring 2 (1977) 
upper side 

lower side 

Growth Ring 3 (1978) 
upper side 

lower side 

0 - 0 - 0 - 

1+0. .3 
xxx 

2+0.3 
XXX 

3+0.4 

3+0.4 
xxx 

0 - 

3+0.2 
xxx 

0 - 

5+0.5 
XXX 

0 - 

2+0. 

1+0. 

.5 
X 
.3 

3+0.4 
XX 

6+0.7 

5+0.8 
xxx 

12+1.7 
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Figure 2. The morphology of a rooted cutting typical of 
clone 12, two seasons after rooting. Note the oblique growth angle 
and the distinct curvature of the wood of the original 12-cm cutting, 
The positions from which basal and distal sections were taken are 
indicated. 
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or approximately the inverse of the 11:5 ratio in ring 3 of basal 

sections. 

DISCUSSION 

The main axes of all plants examined in this study were far 

from vertical 2 seasons after rooting. This was due, in part, to 

the direction of extension growth of the terminal buds. It was 

obvious, however, that another factor influencing cutting growth 

angle was the distinct bending which had occurred in the woody basal 

portion of the original 12-cm cuttings. 

The results of this study indicate that the curvature near 

the bases of rooted cuttings may be superior to growth angle per se 

as an indicator of plagiotropic growth. While the clones used in 

this study did not differ in growth angle, there were highly signif- 

icant differences among the clones in basal curvature. Clone 12, 

which takes the longest time to develop an upright habit in the 

field, exhibited 2-3 times more basal curvature than did the other 

clones. With slight modification of the present technique basal 

curvature could be measured non-destructively. 

The results indicate that the bending near the bases of 

cuttings was brought about by the formation of compression wood on 

the morphologically upper sides of the original cuttings. Compression 

wood plays an important role in the regulation of branch angle in 

coniferous trees. Based on a recent review of the literature on 
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reaction wood, Wilson and Archer (1977) presented a model describing 

the pattern of compression formation by branches in response to 

manipulation. The basic tenet of this model is that there is an 

"equilibrium position" at which the branch receives no stimulus for 

reaction wood formation. If, however, the branch is moved out of 

this equilibrium position, there is a stimulus for reaction wood to 

form in positions where it will tend to restore the branch to its 

equilibrium position. The results of the present study are 

consistent with this conceptual model. Each cutting examined had 

responded to vertical placement by producing compression wood on its 

morphologically upper side where it would tend to restore the cutting 

axis to its original, branch-like angle. Two seasons after propa- 

gation, cuttings of all three clones were still producing compres- 

sion wood on their morphologically upper sides 1.5-2.0 cm from their 

bases. In clone 12, this asymmetrical compression wood formation 

had caused the wood comprising the original cuttings to bend 47°. 

In the distal portions of the original cuttings, where the stems were 

far from vertical, compression wood formation had switched to the 

lower side. These results suggest that the stimulus for compression 

wood formation is a change in the orientation of the stem to gravity. 

That cuttings from the three clones in this study showed 

different amounts of basal curvature suggests that each genotype may 

have its own unique "equilibrium position." If this is the case, 

the vertical placement would present a smaller stimulus for 
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compression wood formation to cuttings with an upright than to those 

with an oblique equilibrium position. The means by which cutting 

stems might perceive displacement from an "equilibrium position" is 

open to conjecture. 

There is evidence that cambial activity, secondary thickening 

of tracheid walls and compression wood formation are all associated 

with relatively high levels of auxin (Little and Bonga, 1974; 

Little, 1975; Nix and Wodzicki, 1974; Westing, 1965; Wilson and 

Archer, 1977; and Wareing et a!., 1964). This being the case, the 

relatively greater cambial activity and compression wood formation 

on the upper side of the rooted cuttings in this study are indirect 

evidence for a transverse gradient in auxin content in cutting stems 

favoring the morphologically upper side. 
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MOVEMENT AND DISTRIBUTION OF EXOGENQUSLY APPLIED 14C-IND0LE-ACETIC 

ACID IN BRANCHES AND ROOTED CUTTINGS OF DOUGLAS-FIR 

[Pseudotsuga menz-iesii,  (Mirb.) Franco] 

ABSTRACT 

14 The transport of  C-indole-3-acetic acid in branch terminals 

and stems of rooted cuttings was studied to determine if the plagio- 

tropic growth of cuttings might result from an accumulation of 

basipetally transported auxin in the morphologically upper side of 

cutting stems. Twenty-four hours after application of 10 ul of 

14 C-IAA solution to the cut surface of decapitated rooted cuttings, 

nearly twice as much activity was detected in extracts of tissue from 

the morphologically upper than from the lower halves of the stems. A 

similar distribution of activity was observed in horizontal branch 

terminals and in branch terminals which had been tied vertically for 

2 weeks. The magnitude of the difference in activity between the two 

sides of the stem was greater in the horizontal than in the vertical 

branches. 

There was no significant difference in transport through the 

upper and lower sides of excised stem segments from cuttings or 

branch terminals. In segments from rooted cutting stems, however, 

14 significantly more radioactivity from      C-IAA donor blocks was 
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detected in the lower than in the upper halves of segments. Possible 

reasons for the difference between segments and cutting stems in 

auxin transport are discussed. 

A theoretical model is proposed to explain the physiological 

basis for the plagiotropic growth of rooted cuttings. 

INTRODUCTION 

Most rooted cuttings of Douglas-fir assume a plagiotropic 

growth habit for several years after propagation. In addition to 

their branch-like growth angle, rooted cuttings resemble branches in 

that both have a bilateral symmetry of buds and needles. Vegetative 

propagules of several coniferous species have been reported to grow 

in a similar plagiotropic manner (Wareing, 1959; Frolich, 1961; 

Kleinschmit, 1961; Klaehn, 1963; Black, 1973). 

Despite the considerable effort expended on the study of 

plant tropisms in the past century there are very few data available 

upon which to base conclusions concerning the causes of plagiotropic 

growth. 

Initially the growth angle of a lateral shoot depends on the 

direction of primary growth of a lateral bud. This is dependent on 

the relative rate of cell expansion on the upper and lower sides of 

the shoot. After the first year, however, the branch begins to form 

compression wood on its lower side. Since compression wood tracheids 

elongate more than those of normal wood, their presence on the under 
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side of the branch prevents the branch from drooping as its weight 

increases. 

Trees in the Pinaceae have been observed to respond to 

destruction of their terminal leaders by an upturning of branches in 

the uppermost whorl (Onaka, 1935; Munch, 1938; Hartmann, 1942; 

Sinnott, 1952; Little, 1970). This response is apparently mediated 

by a greater than normal production of compression wood on the lower 

side of the branch near the main axis (Sinnott, 1952). Little (1970) 

found that application of indole-acetic acid to the stump of 

decapitated Pinus strobus seedlings prevented the branches from 

turning up. Evidence such as this has led to the supposition that 

branches are prevented from becoming negatively geotropic by an 

epinastic influence (presumably auxin) emanating from the terminal. 

There is, however, evidence suggesting that branch angle is controlled, 

at least partially, by factors within the branch itself. Wilson 

(1973) and Sinnott (1952) found that upturning branches of decapi- 

tated Pinus strobus seedlings invariably produced compression wood on 

their upper sides before reaching vertical. Perhaps the best 

evidence that branch angle is partially controlled by factors located 

within the branch is the fact that some rooted cuttings grow plagio- 

tropically long after separation from any direct influence from the 

original terminal. It is likely, therefore, that some of the factors 

regulating the growth angle of rooted cuttings are the same as those 

governing branch angle. 
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Hartmann (1942) found that when horizontal branches of Pinus 

sylvestis, Abies alba and Picea abies were tied in a vertical 

position, they produced compression wood on their morphologically 

upper sides. Similar results were reported for Pinus strobus by 

Sinnott (1952). Wilson and Archer (1974) were able to induce branch 

epinasty and compression wood formation on the upper side of Pinus 

strobus branches by rotating seedlings on a horizontal clinostat. 

The responses of Douglas-fir cuttings to disorientation are 

similar to those reported for intact pine branches in several 

respects. When actively growing branch terminals are excised and 

placed vertically or on a horizontal clinostat they respond by 

curving epinastically (Starbuck, 1979). Furthermore, when cuttings 

are placed vertically in a rooting bench, there is a gradual 

bending of their lignified stems apparently due to compression wood * 

formation on their morphologically upper sides (Starbuck, 1979). 

Associated with this compression wood formation is a transverse 

asymmetry in cambial activity favoring the morphologically upper 

sides of the cutting stems. 

These responses of Douglas-fir cuttings to disorientation may 

provide some clues as to the causes of plagiotropic growth. There 

are several reports of branches and petioles responding to rotation 

on the horizontal clinostat by epinastic curvature (Lyon, 1963; 

Leather et al., 1972; Wilson, 1973). Lyon (1963) reported evidence 

that epinastic curvature of Coleus branches results from an 
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accumulation of auxin in the upper side of the branches. There is 

also evidence for the involvement of auxin in the regulation of 

cambial activity and compression wood formation. Wareing et al. 

(1964) found that exogenously applied indoleacetic acid stimulated 

cambial activity in branch terminals of Douglas-fir. They found, 

further, that when vertically growing branches were decapitated and 

tied horizontally, an asymmetrical apical supply of auxin stimulated 

cambial activity on the lower side of the shoot regardless of whether 

the auxin was applied to the upper or lower side. This implies a 

lateral movement of auxin in the stem from the upper to the lower 

side. Necesany (1958) found more extractable IAA on the lower side 

of horizontally restrained seedlings of of Pinus sylvestris. Similar 

results were reported by Westing (1960) in Pinus strobus. 

The most direct evidence for the involvement of auxin in 

compression wood formation is that it has been induced to form in 

conifer stems by exogenous auxin application (Onaka, 1940; Wershing 

and Bailey, 1942; Fraser, 1949; Necesany, 1958; Larsen, 1962). Since 

cambial activity and compression wood formation both appear to be 

stimulated by auxin, the asymmetrical cambial activity and compression 

wood formation observed in cuttings of Douglas-fir are both indicative 

that cuttings may respond to vertical placement by developing a 

transverse asymmetry in auxin content favoring the morphologically 

upper side. The epinastic curvature of vertically placed branch 

terminals could be explained on the same basis. 
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The purpose of this series of experiments was to determine if 

14 exogenously applied  C-indoleacetic acid would accumulate on the 

morphologically upper sides of rooted cuttings and vertically placed 

branches and if so, whether this accumulation might result from a 

difference in auxin transport capacity between the two sides of the 

stem. 

MATERIALS AND METHODS 

Plant Material 

The movement and distribution of exogenously applied 

14 
C-indoleacetic acid was studied in terminals of branches in situ, 

in 1- and 2-cm segments excised from branch terminals, in stems of 

rooted cuttings, and in 1-cm segments excised from stems of rooted 

cuttings. The branches studied were those of trees of a single clone 

(clone 12) established at the Lewis-Brown Horticultural Farm near 

Corvallis from rooted cuttings in 1970 and 1971. The rooted cuttings 

studied in these experiments were taken from the same group of trees 

in February 1978 and rooted by the method of Roberts et al. (1973). 

Cuttings from this clone were found by Black (1973) to make a slow 

transition to vertical growth compared to those from other clones. 

At the time of this study, the trees had an upright, seedling-like 

growth habit with branches typically growing at 10-15° above 

horizontal. 
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14 Application of  C-IAA to Stems and Stem Segments 

The auxin, indole-3-acetic acid (3-2- C, New England Nuclear), 

had a specific activity of 54.4 uCi/u mole. Samples of the material 

were co-chromatographed with IAA standards on silica gel thin layer 

plates with 10:1:1 isopropanol, ammonia and water. Standard spots 

were located by spraying the plates with a solution consisting of 

100 ml of 5% HC10, + 2 ml 0.05M FeCl3 and heating them gently (Larsen, 

1955). Scanning the plates with a radiochromatogram scanner revealed 

the presence of a major radioactive spot at the same Rf as the pink 

spots of the standards (0.64) and another spot with slightly higher 

Rf value approximately 3% as much activity as the major spot. 

In studies on auxin movement in branch tips and rooted 

cuttings stems, shoots were decapitated and ringed just below the 

cut with a lanolin emulsion containing 50% by weight of an 18 uM 

solution of unlabeled auxin in 0.02 M phosphate buffer at pH 5.7. 

The lanolin mixture was then formed into a lip extending slightly 

above the cut surface, providing a well to which 10 ul of 18 uM 

14 C-IAA in buffer was supplied. After allowing a few minutes for the 

radioactive solution to infiltrate the stem, the cut surface was 

covered with additional lanolin paste containing unlabeled auxin and 

the treated area was covered with a foil cap to prevent photo- 

degradation of the auxin. 

In experiments using excised 1- or 2-cm segments, IAA was 

supplied to the apical end of each segment via a donor block of 
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1.25% agar. These blocks were made by mixing equal volumes of 

buffered radioactive auxin solution and warm 2.5% agar and pouring 

the mixture into glass tubing 5 mm in diameter. After allowing the 

agar to solidify, it was extruded from the tubing and sliced with a 

common cutter into blocks with a volume of approximately 100 ul. The 

final auxin concentration in donor blocks was approximately 10 uM. 

In each experiment segments were mounted with their basal ends in 

contact with two half cylindrical receiver blocks (Figure 1). These 

were separated by a cover slip with one end extending approximately 

2 mm into the stem segment and the other end extending into a slit 

in a rubber stopper. The cover slip was inserted into the segment 

in the plane dividing the stem into morphologically upper and lower 

halves. 

Methods for Assaying Radioactivity in Stem 
Tissue and Agar Blocks 

Stems or stem segments were cut into 1 cm sections and each 

section bisected longitudinally into upper and lower halves. After 

removal of needles, the section halves were weighed and frozen on 

dry ice. The tissue pieces (30-60 mg) were then placed in a 

scintillation vial and extracted at room temperature for 24 hours 

with 1.5 ml of absolute ethanol. After addition of 10 ml of 

scintillation cocktail [toluene:Triton X-100 (2:1) plus "Omnifluor" 

(New England Nuclear, 98% PPO, 2% MSB] the vials were counted with a 
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Packard TriCarb liquid scintillation spectrometer. Each sample was 

counted twice for a minimum of 10 minutes or until 10,000 counts were 

accumulated. After correction for quenching by the external standard 

method and background subtraction the activity in each stem piece in 

dpm per mg fresh weight was calculated. Differences in activity 

between upper and lower halves of segments were tested for signif- 

icance with a t-test. 

In experiments where agar donor and receiver blocks were 

used, activity in the blocks was extracted by placing them directly 

in 10 ml of Triton-toluene fluor for 24 hours prior to counting. 

Identity of Radioactive Compounds Extracted 
from Stem Tissue 

In preliminary experiments, comparison of the amount of 

radioactivity extracted from stem tissue with calculated uptake from 

donor blocks indicated that extraction efficiency was 30-55%. This 

was confirmed by combusting previously extracted samples with a 

commercial Sample oxidizer to recover residual activity. The amount 

of activity extracted from the stem tissue was proportional to the 

total activity (Appendix Figures 1-3). 

An attempt was made to determine the chemical identity of 

radioactive compounds extracted from stem tissue. Labeled IAA was 

applied in donor blocks to decapitated rooted cuttings in donor blocks 

After a 24-hour incubation period, the cutting stems were sectioned 

and extracted in the normal manner. Thin layer chromatography of the 
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crude ethanol extract revealed the presence of several radioactive 

compounds. However, due to poor separation, it was impossible to 

identify these. 

The ethanol extract was purified by partitioning 3 times 

between equal volumes of NaHCCL and ether. The ether phase was dried 

and the extract dissolved in methanol. The methanolic solution was 

concentrated and spotted on a TLC plate and the plate developed as 

described previously. A standard of authentic radioactive IAA was 

chromatographed concurrently on a separate plate. The plates were 

then divided into 10 equal bands and the silica gel from each band 

scraped into a separate scintillation vial containing 10 ml of 

scintillation cocktail. Radioactivity was detected in only 2 of the 

10 zones scraped from the chromatogram of the extract. Approximately 

85% of this activity was found in the same zone as that containing 

radioactivity from the IAA standard (zone 7). Therefore, a signif- 

icant portion of the IAA applied to the cuttings was still in its 

original form. 

Movement of Auxin in Branch Terminals 

Experiment 1. Rate of Movement of 
Activity from I4C-IAA through 2-cm 
Segments Excised from Branches 

One 2-cm segment was excised from each of 24 branch terminals 

in mid-May. The segments were taken directly below the terminal bud 

whorl. Sixteen segments were mounted vertically with their basal 
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ends in contact with split receiver blocks as described previously. 

Four segments were boiled before mounting and another 4 mounted in an 

inverted position. Labeled auxin was applied to the upper end of 

each segment which was then placed in darkness in a sealed glass 

chamber lined with moist filter paper. One group of 4 segments was 

harvested at 1, 4, 8 and 24 hr, respectively. Inverted and boiled 

segments were harvested at 24 hr. After harvest, the upper and lower 

receiver block from each set-up was placed in a separate scintillation 

vial containing 10 ml of scintillation cocktail and the vials were 

incubated for 24 hours at room temperature prior to counting. 

Experiment 2. Uptake and Transport of 
Activity from 14C-IAA by the Upper and 
Lower Halves of 1-cm Segments Excised 
from Horizontal and Vertical Branch 
Terminals 

One branch was selected on each of 12 trees in mid-May. Six 

branches were tied vertically and six left in their normal, nearly 

horizontal position. After 1 week the terminal 10 cm of each branch 

was excised and the shoots were taken immediately to the laboratory. 

A 1-cm segment from each shoot was excised approximately 1 cm below 

the base of the terminal bud scales, and mounted on a split receiver 

block. Auxin was applied asymmetrically to the apical end of each 

segment by means of a 50 ul split donor block containing approxi- 

mately 56,000 dpm. Three segments excised from branches at each 

position were supplied with a donor block on the upper side and 

three with a donor on the lower side. In each case an agar block 
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containing no auxin was placed opposite the donor block and the two 

blocks were separated by a cover slip inserted 2 mm into the segment. 

After an 8-hr incubation period each of the four agar blocks 

from each set-up was harvested and counted separately. The stem 

segments were bisected longitudinally into upper and lower halves 

and needles removed. After weighing, each segment half was extracted 

and counted as previously described. 

Experiment 3.. Uptake and Transport of 
Activity from I4C-IAA by 2-cm Segments 
Excised from the Current Season's Growth 
of Horizontal and Vertical Branch Terminals 

Six branches were selected in July and three tied vertically. 

After two weeks the branch terminals were harvested. Three 2-cm 

segments were excised from each branch tip and mounted on split 

14 
receiver blocks.   C-IAA was supplied symmetrically to segments by 

a single donor block. After a 15-hour incubation period donor and 

receiver blocks were harvested and counted in the usual manner. Each 

segment was bisected both transversely and longitudinally and each 

of the four stem pieces was weighed, extracted and counted 

separately. 

Experiment 4. Movement and Distribution 
of Activity from I4C-IAA in the Current- 

Season's Growth of Horizontal and Vertical 
Branch Terminals on the Tree 

Five horizontal branch tips and 5 which had been tied 

vertically for 2 weeks were decapitated and treated with 10 ul of 
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Rubber 
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Figure 1. Diagram of method used for mounting stem segments 
on split receiver blocks to study auxin transport through the 
morphologically upper and lower sides of stems. 
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labeled IAA solution as previously described. After 15 hours, the 

tip 10 cm of each shoot was harvested and divided into five 2-cm 

segments. Each of these segments was bisected longitudinally into 

upper and lower halves and the halves were weighed, extracted and 

counted as usual. 

Movement of Auxin in Stems of Rooted Cuttings 

Experiment 5. Uptake and Transport of 
Activity from I4C-IAA by 1-cm Segments 
Excised from Stems of Rooted Cuttings 

Three 1-cm segments were excised from the 1-year-old wood of 

each of 5 rooted cuttings taken from the rooting bench in July. Each 

segment was mounted on a split receiver block as described 

previously and supplied with a donor block at the apical end. The 

incubation period was 12 hours. Three inverted segments were 

included to determine if there was significant acropetal movement of 

auxin. Activity in donors, receivers and stem halves was determined 

as described previously. 

Experiment 6. Movement and Distribution 
of Activity from 14C-IAA in Decapitated but 
Otherwise Intact Rooted Cuttings 

Ten rooted cuttings were removed from the rooting bench, in 

July and placed in test tubes lined with moist filter paper and 

containing 5 ml of water. Each cutting was decapitated directly 

below the whorl of lateral shoots near the apical end of the previous 

season's growth. Each cutting was supplied with a 10 ul droplet of 
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radioactive auxin solution as described previously. The test tubes 

were sealed with parafilm and the cuttings incubated for 24 hours 

in darkness at room temperature (21-250C). The distal 10 cm of each 

cutting was then sectioned into ten 1-cm segments and each segment 

bisected into upper and lower halves. After removal of needles, the 

segment halves were weighed, extracted and counted. 

RESULTS 

Movement of IAA through Segments from Branch Terminals 

The results of the time course study showed the rate of 

basipetal transport in the 2-cm segments to be approximately 0.5 cm 

per hour (Table 1). Detectable activity began to appear in receiver 

blocks after 4 hours. The amount of activity detected in receiver 

blocks of inverted and boiled segments was negligible even after 

24 hours. 

In each of the three experiments where transport was studied 

in branch segments, slightly more activity was detected in the 

receiver blocks in contact with the lower than with the upper side of 

the stem (Tables 1, 2, Figure 2). Similarly in experiments 2 and 3, 

more activity was extracted from the lower halves of segments than 

from the upper halves. However, differences in activity between 

upper and lower segment halves and donor blocks were not statis- 

tically significant. 
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TABLE 1 

EXPERIMENT 1—TIME COURSE STUDY OF MOVEMENT OF 14C-IAA THROUGH 
2-cm SEGMENTS FROM BRANCH TERMINALS OF DOUGLAS-FIR IN MAY 

Segments were mounted on split receiver blocks separated by a cover 
slip inserted 2 mm into segments (Figure 1). Labeled IAA was applied 
via 10 ul droplets (22,000 dpm) of 18 mM solution to apical or basal 
cut surfaces. Each value is the mean of 4 replicates + SE. NS 
indicates that the mean is not significantly different from background 
at p = 0.05. 

Activity in Receiver Blocks (cpm) 

Incubation Time (hrs) Upper Side Lower Side 

1 NS NS 

4 15+1 8+1 

8 410+35 586+38 

24 645+41 734+44 

24 inverted NS NS 

24 boiled NS NS 
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TABLE 2 

EXPERIMENT 3—UPTAKE AND TRANSPORT OF 14C-IAA BY THE UPPER AND 
•  LOWER SIDES OF 2-cm SEGMENTS TAKEN FROM THE CURRENT SEASON'S 

GROWTH OF HORIZONTAL AND VERTICALLY RESTRAINED BRANCHES 
IN JULY 

Segments were mounted on split receiver blocks as in Figure 1. 
Labeled IAA was applied symmetrically to the apical end of segments 
via donor blocks containing approximately 144,000 dpm. The transport 
period was 15 hours. Activity extracted from segment halves and 
transport are expressed as in Table 2. Each value is the mean of 
9 segments + SE. 

Branch Position 

Horizontal Vertical 

Uptake (dpm) 106531+4787        102578+3906 

Stem Activity (dpm/mg) 

Apical 1 cm 

upper side 314+13 246+30 

lower side 421+29 283+20 

Basal 1 cm 

upper side 239+20 229+29 

lower side 272+25 247+34 

Transport 

upper side 23+2 18+3 

lower side 25+3 20+3 
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BRANCH POSITION 

VERTICAL HORIZONTAL 

DONOR 
POSITION Upper                                          Lower Upper Lower 

UPTAKE 
(dpm) 

37758 
±1800 

43055 
±1680 

45138 
±1670 

45826 
±1900 

RADIOACTIVITY 
IN STEM 
(dpm/mg fw) 

184 
±16 ±4      -i 

191 
±5 

241 
±19 '3      5, 

±4 
251 

±12 

TRANSPORT 
(dpm/mg fw) 

13 
±4 

4 
±2 

2 
±1 

15 
±1 

17 
±2 

1 
±1 

1 
±1 

18 
±3 

-|4  Figure 2. Experiment 2—Comparison of uptake and transport 
of  C-IAA by the upper and lower sides of 1-cm segments taken from 
horizontal and vertically restrained branches in May. Segments were 
mounted on split receiver blocks as in Figure 1. Labeled IAA was 
supplied asymmetrically to the apical ends of.segments via donor 
blocks in contact with either the morphologically upper or lower side. 
Donors contained approximately 60,000 dpm. The transport period was 
8 hours. Activity extracted from segment halves is expressed in 
dpm/mg fresh weight of tissue. Transport is expressed as dpm in 
receiver/mg fresh weight of the segment half above it. Each value is 
the mean of 3 replicates + SE. 
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Effects of Vertical Branch Placement on Transport Pattern 

Tying branches vertically had no consistent effect on uptake 

and transport of IAA through excised segments. While uptake and 

transport in segments from horizontal branches in experiment 2 

(Figure 2) were greater than in segments from vertical branches, the 

reverse was true in experiment 3 (Table 2). Vertical tying did not 

appear to alter the proportion of IAA moving into upper and lower 

receiver blocks. 

Lateral Movement in Segments 

The results shown in Figure 2 suggest that some lateral move- 

ment occurred during the 8-hour incubation period in 1-cm segments 

excised from both horizontal and vertical branches. In segments 

supplied with a donor block on their adaxial (upper) sides, approx- 

imately 5% of the total activity detected in the stem tissue was in 

the abaxial (lower) half of the segment. In segments from vertical 

branches nearly 25% of the activity recovered from receiver blocks 

was in the block opposite the upper donor. A slightly smaller 

portion of activity from lower side donors was detected in upper 

half stem tissue and receivers. 

14 Movement and Distribution of  C-IAA in Terminals of Horizontal 
and Vertical Branches on the Tree 

Assay of activity in terminals of vertical and horizontal 

branches 15 hours after apical application of IAA revealed a broad 
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region of activity 2-6 cm from the point of application (Figure 3). 

The peak of activity was at 4-6 cm from the source in horizontal 

branches and at 2-4 cm in those which had been tied vertically. In 

vertical branches there were no significant differences in activity 

between the two sides at any position. In horizontal branches, 

however, significantly more activity was detected in the upper than 

in the lower halves of the stems at 4-6 cm from the point of appli- 

cation. The mean total activity extracted from the upper half of 

the horizontal stems was also significantly greater than that 

recovered from the lower half. 

14 
Movement and Distribution of Radioactivity from  C-IAA 

in Stems of Rooted Cuttings 

The distribution of activity in stems of rooted cuttings was 

similar to that found in branch terminals (Figures 3 and 4). 

Although a considerable portion of the total activity extracted from 

stems was found in the distal 2 cm of the stem, approximately 50% of 

the activity was recovered between 5 and 10 cm from the point of 

application. The peak activity was detected in both upper and lower 

sides of the stem at 7-8 cm from the point of application. In this 

segment twice as much activity was detected in the upper as in.the 

lower half. This difference was significant at the 1% level of 

probability. Mean total activity extracted from the upper half of 

the stems was approximately 1.8 times that extracted from the lower 

half. This difference was also significant at the 1% level. 
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0-2 2-4 4-6 6-8 

DISTANCE FROM  POINT OF APPLICATION   (cm) 

Figure 3. Experiment 4--Distribution of radioactivity from 
apically applied l^C-IAA in horizontal and vertically restrained 
branch terminals on the tree. Labeled IAA was applied to the apical 
cut surfaces of shoots via 10 ul droplets of 18 uM solution (approx- 
imately 22,000 dpm). Cut surfaces were then covered with lanolin 
emulsion containing 50%, 18 uM unlabeled IAA solution. After 15 hours 
shoots were excised and divided into successive 2-cm sections. 
Activity extracted from the upper and lower sides of each section is 
expressed as dpm/mg fresh weight of tissue. Each value is the mean 
of 5 branches.   and  represent vertical and horizontal branches 
respectively. Solid figures represent the upper and open figures the 
lower side of the branches. Vertical bars indicate SE at the peaks 
of activity in horizontal and vertical branches. 



TABLE 3 

EXPERIMENT 5—UPTAKE AND TRANSPORT OF 14C-IAA BY THE UPPER AND LOWER SIDES OF UPRIGHT 
AND INVERTED SEGMENTS FROM STEMS OF ROOTED CUTTINGS 

Labeled IAA was supplied to the apical or basal end of segments via a donor block containing approximately 
129,000 dpm (specific activity 54.4 uCi/u mole). The transport period was 8 hours. Activity in segment 
halves is expressed as dpm/mg fresh weight. Activity in receiver blocks is expressed as dpm detected in 
receiver/mg fresh weight of tissue above it. Each value is the mean of 15 segments in upright and 3 
segments in inverted position +_ SE. 

 Activity in  

Uptake (dpm)       Segment Halves (dpm/mg) Transport (dpm/mg) 

Segment Position Upper Lower Upper       Lower 

Upright 70638+2794        305+13 349+17 12+2 14+2 

Inverted 67124+2428 346+21 394+22 NS NS 
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0-1     1-2    2-3   3-4  4-5   5-6   6-7   7-8   8-9  9-10 

DISTANCE FROM POINT OF APPLICATION  (cm) 

Figure 4. Experiment 6--Distribution of radioactivity in 
stems of decapitated rooted cuttings 24 hours after application of 
14C-IAA to the cut surface. Labeled IAA was applied in a 10 ul 
droplet of 18 uM solution (approximately 22,000 dpm). Cut surfaces 
were then covered with a lanolin emulsion containing 50% by weight 
of 18 uM unlabeled auxin solution buffered at pH 5.7. Activity in 
stem tissue is expressed as dpm extracted/mg fresh weight. Solid 
and dotted lines represent activity extracted from upper and lower 
sides of the stems respectively. Each value is the mean of 10 segment 
halves. Vertical bars indicate SE. 
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Movement of Radioactivity through 1-cm Segments from 
Rooted Cutting Stems 

In 1-cm segments from cutting stems the mean activity of 

upper segment halves and receiver blocks was approximately 0.9 times 

that of lower segment halves and receivers (Table 3). In this case, 

however, the difference in activity extracted from the upper and 

lower halves of segments was significant at the 5% level. 

The activity in inverted segments was equal to or greater 

than that in upright segments. Despite the considerable uptake by 

inverted segments, however, the activity detected in receiver blocks 

was negligible. It appeared, therefore, that the amount of basipetal 

transport was considerably greater than the amount of acropetal 

transport in segments from cutting stems. 

DISCUSSION 

In studies on transport through segments excised from branch 

terminal (Tables 1, 2, Figure 2) and rooted cuttings (Table 3) there 

were no significant differences in the amount of radioactivity 

transported by the upper and lower sides of the stems. It would 

appear, therefore, that the plagiotropic growth of branches and 

rooted cuttings is not due to a difference between the 2 sides of the 

stem in capacity for basipetal transport. Furthermore, the results 

shown in Figure 3 indicate that vertical placement of branches does 

not cause auxin to accumulate on the upper side of the shoot. 



80 

Although more radioactivity was detected in the upper side of vertical 

branches 24 hours after application this difference was not signif- 

icant. However, significantly more activity was detected in the 

upper than in the lower side of horizontal branch terminals. 

In Experiment 6 (Figure 4) radioactivity from  C-IAA moved 

down the cutting stems as a pulse. Although the radioactive 

solution was applied symmetrically to the decapitated stems, signif- 

icantly more activity was detected in the upper than the lower side 

of the stems. At the peak of the pulse the activity in the upper 

half of the cutting stems averaged over twice that in the lower half. 

This is difficult to explain in the light of the results of segment 

studies. If there is no difference in uptake and transport between 

the upper and lower sides of segments and lateral transport is 

predominantly from the upper to the lower side as suggested by the 

data in Figure 2 and by Wareing (1964), how can apically applied 

auxin accumulate in the upper side of the cutting stem? 

Since auxin was applied to segments via donor blocks and to 

decapitated stems via droplets, the question arises whether the 

difference in results between the two systems might be due to a 

difference in application method. In a preliminary experiment, 

14 C-IAA was applied to decapitated, rooted cuttings in donor blocks 

for 24 hours (Appendix, Figure 2). As in experiment 6 (Figure 4), 

more activity was extracted from the upper than from the lower side 

of the stems throughout the cuttings. It appears, therefore, that 
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the difference in results between segment studies and those on intact 

cuttings is not simply due to a difference in method of auxin appli- 

cation. 

An alternative explanation for the conflict in results with 

segments and intact cuttings is that stress induced by excision may 

have altered the transport pattern in segments. It is probable that 

there was a considerable amount of wound-induced ethylene evolution 

by segments. This may have had a profound effect on the auxin 

transport mechanisms within the stem (Burg and Burg, 1967; Osborne 

and Mullins, 1969). 

The results of experiments with decapitated cutting stems 

appear to be consistent with the hypothesis that the curvature near 

the bases of rooted cuttings (Starbuck, 1979) results from an auxin- 

induced compression wood formation on the morphologically upper side 

of the stem. The results of branch transport experiments are, 

however, not consistent with this hypothesis. The distribution of 

radioactivity in horizontal branch terminals in experiment 4 

(Figure 3) was similar to that in stems of rooted cuttings. In both 

cases significantly more activity was detected in the upper sides of 

the shoots. Why, then, do horizontal branches produce compression 

wood on their lower rather than their upper sides? If 

compression wood formation on the upper side of cuttings is the 

result of a transverse gradient in auxin content, this gradient 

apparently does not result simply from a difference in the capacity 
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for transport of auxin between the two sides of the stem. The fact 

remains, however, that significantly more radioactivity from exogen- 

14 ously applied  C-IAA was recovered from the upper than the lower 

sides of cuttings and branch tips after a 24-hour transport period. 

This series of experiments concentrated entirely on the 

movement of exogenously supplied auxin in stems. Since endogenous 

levels were not measured, little can be said regarding the distri- 

bution of endogenous auxin. In addition to the apical meristem, 

needles (Onaka, 1950) and probably the cambium itself (Sheldrake, 

1971) are also sources of auxin. Sheldrake (1971) reported 

evidence that in hardwood trees once the cambium is activated by bud 

or leaf produced auxin, it may begin producing auxin in an auto- 

catalytic manner. Thus, a small initial increase in IM concentration 

may trigger a relatively large increase in cambial activity. 

Snow (1965) found that removing the needles from elongating 

branch terminals of Douglas-fir caused them to become negatively 

geotropic. Furthermore, needle removal has been shown to reduce the 

epinastic curvature which results when excised branch terminals of 

Douglas-fir are placed vertically (Starbuck, 1979). These results 

could be interpreted as evidence that needles supply more auxin to 

the upper than to the lower side of the shoot. If so, needle 

supplied auxin may increase the magnitude of the apparent difference 

in quantity of basipetally transported auxin between the two sides 

of cutting stem. 
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In experiment 2 (Figure 2), there was some lateral movement of 

activity from the upper to the lower side of branch tip segments. If 

gravitationally-induced lateral transport occurs in intact branch 

tips, this would tend to offset any gradient in auxin content between 

the upper and lower sides of the stem. If the branch tip is severed 

and placed vertically in a rooting bench this lateral transport may 

decay, resulting in an accumulation of auxin in the upper half of 

the stem. 
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GENERAL DISCUSSION 

Munch (1938) proposed that the angle of a branch results from 

a balance between negative geotropism and an epinastic influence from 

the terminal leader above. The results of the present studies 

indicate, however, that mechanisms regulating growth angle persist in 

Douglas-fir branch terminals for several years after separation from 

any direct influence from a terminal leader. 

In studies on the responses of actively growing excised 

branch terminals to gravitational disorientation, the epinastic 

response differed considerably with orientation. The epinastic 

response suggests that the growth rate of cells on the adaxial sides 

of the shoots were greater than those on the lower sides. Westing 

(1962) found that growth rate in seedlings of Pinus resinosa was 

correlated with content of extractable auxin. Thus, the epinastic 

response of displaced Douglas-fir shoots provides indirect evidence 

for the development of a transverse gradient in auxin content 

favoring the morphologically upper side of the shoot in response to 

displacement. That the epinastic response is reduced by decapitation 

and defoliation lends credence to this interpretation. 

The results of the present study on compression wood distri- 

bution in rooted cuttings provide further evidence that rooted 

cuttings retain mechanisms for perception of and response to 

displacement from horizontal after propagation. Cuttings of all of 
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the clones examined showed distinct dorsoconvex curvature and 

produced compression wood unilaterally on their adaxial sides for the 

first year after propagation. The intensity of these responses 

differed with clone. Clone 12, in which the plagiotropic habit is 

the most persistent in the field, showed the greatest curvature and 

the greatest asymmetry in cambial activity and compression wood 

formation. It is interesting to note, however, that, 2 seasons 

after rooting, cuttings of clone 12 had begun to produce compression 

wood on their lower sides in a manner similar to branches. This, 

despite the fact that the terminals exhibited straight growth at 

an angle of 30° above horizontal. The typical branch angle of this 

clone is 10-15° above horizontal. This suggests that, although the 

angle of a branch terminal is partially controlled by mechanisms 

within the branch itself, the main axis of the seedling may, as 

Munch proposed, have an epinastic influence on branch growth angle. 

Since auxin has been shown to regulate cambial activity 

(Wareing et al., 1964; Little et a!., 1975) and compression wood 

formation (Necesany, 1958), the results of this study indicate that 

the mechanisms regulating cutting growth angle may involve a 

transverse gradient in content of auxin in cutting stems. 

14 
In the study on transport of  C-IAA, symmetrically applied 

auxin accumulated on the morphologically upper sides of rooted 

cutting stems. It is tempting to conclude from these results that 

the oblique growth of terminal buds and compression wood formation 
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on the upper sides of cutting stems are due to a regulatory system 

which causes auxin to accumulate on the upper sides of the stems 

when they are placed vertically. The results of the study on 

transport through branches indicate that this may be an oversimpli- 

fication. A similar accumulation of activity in the adaxial side 

was observed in horizontal branches. Further research is needed to 

determine the significance of the accumulation of apically applied 

14 
C-IAA in the adaxial side of rooted cutting stems to the mechanisms 

regulating growth angle. 

In conclusion, the results of these studies indicate that the 

growth habit of rooted Douglas-fir cuttings is regulated by 

mechanisms favoring more rapid extension growth, greater cambial 

activity and compression wood formation on the adaxial side of the 

stem. These responses are highly regular but vary with genotype. 

14 Although a gradient in activity from apically applied      C-IAA was 

detected in stems of rooted cuttings, this did not appear to result 

simply from vertical placement. 
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RECOVERY OF RESIDUAL RADIOACTIVITY IN EXTRACTED STEM 

TISSUE BY COMBUSTION 
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Figure 1. Distribution of extractable and total radioactivity 
in the stem of a decapitated rooted cutting 24 hours after apical 
application of a droplet of aqueous solution of 14C-indole-3-acetic 
acid. Ten rooted cuttings were removed from the rooting bench in 
July. Each cutting was decapitated directly below the whorl of 
lateral shoots located near the distal end of the previous season's 
growth. All other laterals were removed. Each cut surface was 
treated with a 10 ul droplet of pH 5.7 buffer containing approxi- 
mately 22,000 dpm 14C-IAA (54.4 uCi/uM). After auxin application, 
the cut surfaces were covered with lanolin emulsion containing 18 uM 
unlabeled IAA. Each cutting was placed in a test tube lined with 
moist filter paper and sealed in the tube with parafilm. After 24 
hours, the apical 2 mm was excised from each cutting and the next 
apical 10 cm divided into 1-cm segments. These were bisected into 
morphologically upper and lower halves. Needles were removed and 
each stem piece was weighed, frozen and extracted in absolute ethanol 
for 24 hours at room temperature. The 20 segment halves from one 
cutting were then oxidized individually with a commercial sample 
oxidizer to recover residual activity. Activity recovered by 
extraction and combustion was determined by liquid scintillation 
counting. Extracted activity (D) in the upper ( ) and lower ( ) 
halves of the stem is expressed in dpm per mg fresh weight. Total 
activity (■), the sum of extracted and residual activity, is 
expressed in the same manner. 



0-1     1-2    2-3   3-4   4-5   5-6   6-7    7-8   8-9   9-10 

DISTANCE FROM POINT OF APPLICATION (cm) 

Figure 1 



98 

UJ 

(/> 
CO 

h- 

= t 

I- 

< 
O 
Q 
< 

1-2        2-3       3-4       4-5        5-6        6-7        7-8       8-9 
DISTANCE FROM  DONOR BLOCK (cm) 

Figure 2. Distribution of extractable and total radioactiv- 
ity in stems of decapitated rooted cuttings 24 hours after applica- 
tion of 14c-indole-3-acetic acid to the cut surfaces via donor 
blocks. Except for the method of auxin application, the procedure 
is the same as in Figure 1. Donor blocks (1.25% agar, buffered at 
pH 5.7) had a volume of 100 ul and contained approximately 121,000 
dpm (specific activity 54.4 uCi/u mole). Activity extracted (n) from 
the upper ( ) and lower ( ) sides of the stems is expressed 
in dpm per mg fresh weight. Total activity (a) is expressed in the 
same units. Each value is the mean of 3 replicates +_ SE. 



n> o 
rl- 
m 
~i 
3 

(D 

00 
I 

~i 
o 
i/> 
«^ 
3" -s 

..   n- d- 
o. n -s 

=r pi 
ft)   fD   3 
to o. w 

-o 
-■• cr o 
3 o> -s 

-S   r+ 
-n </> 

—'-a 
ca 

o> -i 
o -'■ 
ri- O 
-•• a. 
< » 

■a c 
T3 -h 
-5 "h 
o a> 
X -s 

3   QL 
ft) 
c+ tu 
n> r+ 

c 
"5 
fD 

<-»■ fD 
*<   X 

< rl- 
m ->■ ~i 
-$ 3 QJ 
r+ O 
-••«-»• c+ 

cu n> cr 
—i       —J 

B) -a .—. 
-j n> -a 
to   -J   —< 
~J* QI —J. 

3   3   3 
a. ex 
-J. cr 
O —' ft) 
0) O -s 
r+ X in 
fD fD -— 

"5 
(st oi 
m 3- 3 

O)   Q- 

3 <: 

ii  in 

Ol fD 
 J 
•     fD 

ro en 
UD • 

o 
O ft) 
O 3 

a. 
a. 

■a 3- 
3 ft) 

a. 
to   cu 
•o 
fD < 
O O 
~i.  i 

-h C 

O fD 

Oi o 
O -h 
c+ 

< O 
-i. O 
ci- 
^ C 

tn • 

-(=> m 
cu 

c o 
o 3" 

^-> o- 

c —■ 

38 
O   ?r 

fD   O 

•      3 
c+ 
01 

3»   _4. 
-h 3 
c+ fD 
fD   Q. 
-s 

3  0» 
o o 
c -J. 
3   Q. 
r+ 
fD   <-+ 
O- O 

O   o* 
3   3" 

fD 
ft) 

(£3   ft) 
ft) -a 
-5   -•• 

o 
-I ft) 
fD   —' 
o 
fD n 

-i  -h 
O -s 
O   Q 
r+ 3 
fD 
Q- c+ 

3- 
O fD 
c -n 
(-*■ c -•■ 
C+T3 lO 

3   (D   -i 
10 -5 ro 
to 

01 co 
00 3   • 

fD 
-s w 

c 
cr -s 
—• -h 
O   ft> 
o o 
TT fD 
1/1 to 

to   fD 
-i 

01 

m 
X 
rl- 
-% 
01 
o 

C3 ft) 
o 
3 a., 
o o 
-s 3 

o 
Cr -S 

o cr 
o —• 
*" o 
w o 

ro 
ai 00 
&^ fD 

ft) 3 
tQ fD 
ft) 3 
-S r+ 
^—to 

S. £ 
fD fD 
-S -J 
fD fD 

-•> 3" r+ 
c+ ft) ft) 
ro —• cr 
-s < —• 

fD fD 
01   to 

XJ 01 
TJ   O 3 
—' -h Q. 

n —• 
01 I 
r+ O -..3 
o 
3   W 

n> 
O IQ 
-h 3 

fD 
—'3 

C~> 10 
I 

_.. -f, _., 
3 -5   < 
a. o -> 
O 3 r+ 
—' «< 
fD   to 

1 rt- 
0O fD 

1 3 
o> to 

O 
rt- 
ft) 

-s 
ft) 
O- 

o 
ft) 
o 

-i 
fD 
O 
O < 
fD 
-5 
fD 
Q- 

RADIOACTIVITY IN  SEGMENT HALVES 
(dpm/mg fw) 



100 

A METHOD FOR QUANTITATIVE EVALUATION OF THE GROWTH HABIT 

OF ROOTED DOUGLAS-FIR CUTTINGS 
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A Method for Quantitative Evaluation of the Growth Habit 

of Rooted Cuttings of Douglas-Fir 

Most rooted cuttings of Douglas-fir exhibit a branch-like 

growth habit for several years following propagation.    Cuttings from 

very young seedlings (1-3 years)  have been reported to make the 

transition to an orthotropic, seedling-like growth habit within 1 or 

2 years (Ross,  1975; Copes, 1976).    Although the persistence of the 

plagiotropic habit varies considerably with genotype, cuttings  from 

older trees typically grow plagiotropically for more than 4 years 

(Black, 1973). 

Douglas-fir is the primary Christmas tree species in the 

Northwest.    Despite the tremendous genetic variability of this species, 

vegetative propagation of superior Christmas tree phenotypes is not a 

common practice.    One reason for this is that the period of plagiotropic 

growth may lengthen the time required to produce a tree of acceptable 

quality from a rooted cutting.    For this reason, a program for 

selection of superior Christmas tree types for vegetative propagation 

should include screening for genotypes which will become orthotropic 

quickly.    The present lack of a reliable method for quantitative 

evaluation of cutting growth habit makes such screening difficult. 

For the first several years after rooting, the growth habit 

of a typical cutting is intermediate between those of a branch and a 

seedling terminal.    Cuttings resemble branches in that both grow 

obliquely and have a bilateral   symmetry of buds and branches. 
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Previous studies on the growth habit of rooted Douglas-fir cuttings 

have relied solely on measurement or estimation of the angle assumed 

by the main axis as a means of quantifying growth habit.    Leader angle 

has been estimated either visually or with a clinometer-type device 

placed next to the main axis at a given point.    Since cutting axes are 

often curved or sinuous, the angle of a cutting may vary considerably 

with the point on the stem selected for measurement.    Furthermore, 

this type of measurement does not take into account stem crookedness 

and asymmetrical bud and branch arrangement, all of which are 

undesirable in a Christmas tree. 

The purpose of this work was to develop a system for evaluating 

the growth habit of rooted cuttings based on objectively measurable 

morphological characteristics. 

Materials and Methods 

To eliminate some of the variability associated with single- . 

point measurement of cutting growth angle, a device was designed to 

measure the average angle of a cutting axis.    A reference line was 

drawn on the narrow edge of a meter stick near one end.    A clear 

plastic protractor with a weight fixed near the 90 degree mark was 

then attached to the meter stick so that it swung freely.    The 

average angle of a cutting axis could then be estimated by placing the 

meter stick next to the cutting and moving it until it showed the 

least deviation from the cutting axis  (Figure 1).    The angle of the 

cutting could then be read in degrees from horizontal directly from 

the protractor. 



Protractor- 

Height 

T/z/rw 
Soil line 

Cutting stem 

/;//\w/// 

Figure 1.    Diagram of the method used for measuring cutting angle and height to length 
ratio (H/L). 

o 
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An additional  measurement was designed to account for stem 

crookedness.    A spike was attached to the end of a 3m measuring tape. 

After pushing the spike into the soil  at the base of a plant, the 

length of the leader was measured following the contour of the stem. 

The tape was then held vertically to measure the vertical distance of 

the tip of the leader from the soil  line (height in Figure 1).    This 

was determined by placing the meter stick horizontally between the 

tip of the leader and the tape measure (Figure 1).    The ratio ofi 

height to length (H/L) was then calculated.    This value reflects both 

derivation from vertical  and leader crookedness. 

The terminal bud whorls of branches and plagiotropic rooted 

cuttings,  frequently lack lateral  buds on the morphologically upper 

side of the stem.    A third measurement was devised to evaluate the 

bud symmetry of cutting terminals.    A 120° arc was marked on a small, 

clear plastic protractor.    The protractor was held directly above 

and transverse to the terminal bud so that the lateral buds could be 

seen through it.    The protractor was then rotated around the stem 

axis until  a minimum number of lateral  buds appeared within the 120° 

arc.    Buds farther than 3 cm below the base of the terminal bud were 

not counted.    If more than half of a bud appeared in the arc it was 

counted as a whole bud.    The ratio of the number of buds  in the arc 

to the total number of lateral  buds served as an index of bud symmetry. 

The bud arrangement of a total  of 440 branches from seedlings 

of 3 ages were examined to define the extremes in bud asymmetry 

(Table 1).    The bud symmetry ratio varied from 0.08 on branches of 

12-year-old seedlings  to 0.20 on branches of 7-year-old seedlings. 



TABLE 1 

BUD SYMMETRY  RATIOS  (BSR) OF BRANCHES AND TERMINAL LEADERS OF SEEDLINGS 

A 120° arc was drawn on a clear plastic protractor.    The protractor was then held above and transverse 
to the terminal bud and rotated until a minimum number of lateral buds appeared within the arc.    BSR 
is the mean number of buds in the 120° arc/the mean total  number of lateral buds on a group of 
branches.    Each value represents the mean of n trees x n branches + SE. 

Tree Age 
(years) 

Number of 
trees 

Crown 
Position 

Number of 
Branches/ 

Tree 

Mean Total 
Number of 
Lateral Buds 

•(B) 

Mean Number 
of Lateral 
Buds in 120° 

Arc 
(A) 

Bud Symmetry 
Ratio 
(A/B) 

12 3 upper 1/4 30 .3.6+0.1 0.5+0.1 0.15 

12 3 lower 1/4 30 3.6+0.1 0.3+0.04 0.08 

8 10 1 meter 10 4.4+0.1 0.9+0.1 0.19 

7 20 top whorl 4 4.7+0.2 1.0+0.1 0.20 

7 20 second whorl 4 4.3+0.1 0.8+0.1 0.20 

7 50 terminal  leader 1 5.0+0.2 1.7+0.1 0.35 

o 
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On terminal  leaders of 50, 7-year-old seedlings, the ratio averaged 

0.35 which is near the ratio expected (120o/360o = 0.33).    The following 

formula was developed for assigning a composite rating to cuttings 

based on the 3 measurements described: 

R = A + 100 (H/L + BSR). 

where R = composite rating, A = mean angle in degrees from horizontal, 

H/L = mean height/mean length, and BSR = mean number of buds in 120° 

arc/mean total  number of lateral buds.    Applying this formula, a group 

of cuttings with straight, vertical axes and perfect bud symmetries 

would receive a rating of R = 90 + 100 (1.0 + 0.33)  = 223. 

The growth habits of rooted cuttings from a total of 30 clones 

selected by Christmas tree growers in Oregon and Washington were 

evaluated using the methods described.    The cuttings evaluated were 

collected by growers in winter of 1974 and 1975 and sent by a 

representative to Corvallis, Oregon where they were rooted by the 

methods described by Roberts (1973).    After rooting, cuttings were 

potted and held in a cold frame for 1 year before they were planted 

in a nursery at the Lewis-Brown Horticulture Farm near Corvallis. 

Cuttings from 9 of the clones rooted in 1974 were evaluated in 

September of 1976, 3 seasons after rooting.    The following September, 

the same 9 clones and 21 additional clones rooted in 1975 were 

evaluated.    Due to variation in rooting success, the number of cuttings 

per clone varied from 5 to 10. 

Correlation coefficients were calculated for angle with all 

other parameters  using means of the clones  rooted  in  1975. 
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Results 

The composite ratings of the 9 clones rooted in 1974 and 

evaluted in both 1976 and 1977 are listed in Table 2 with the means 

used to derive the ratings and their standard errors. While the mean 

composite rating was 7 points higher in 1977 than in 1976, 5 clones 

actually received a lower rating in 1977 than in the previous year. 

This was due to a decrease in the bud symmetry rating of these clones 

in 1977. While there was little difference in H/L of the clones 

between the two years, mean angle improved by 10 degrees in the 

period between measurements. 

The mean composite rating of the 21 clones rooted in 1975 and 

evaluated after 3 seasons was 12 points lower than that of the 9 

clones rooted in 1974 and evaluated after the same time period. This 

was true despite the fact that the mean angle was the same in both 

cases. Most of the difference in rating between the 2 groups of 

clones was attributable to a lower mean bud symmetry rating of the 

clones rooted in 1975. 

Significant correlations were observed for angle with height 

(r = 0.50), angle with H/L (r = 0.87) and angle with R (r = 0.90). 

The correlation of number of buds in the 120 arc with total lateral 

buds was also significant (r = 0.92). 

The relatively large standard errors of the mean bud numbers 

in Tables 2 and 3 are indicative of the variability observed. The 

bud synmetry of rooted cuttings appeared to be more characteristic 

of branches than of terminal leaders of seedlings measured for 

comparison. This was true even when cuttings were growing vertically. 



TABLE 2 

COMPOSITE GROWTH HABIT RATINGS OF 9 CLONES MEASURED 3 AND 4 SEASONS AFTER ROOTING 
AND THE MEANS USED TO DERIVE THE RATINGS 

Composite rating (R) = A + 100 (BSR + H/L), where A = mean angle, BSR = bud symmetry ratio as in 
Table 1, and H/L = vertical distance of the tip of the leader from the soil line/leader length. 
Each value is the mean of n plants + SE. 

Number Number of Total Bud 
of Angle Buds in Lateral Symmetry Height Length Height/ 

Clone Plants (degrees) 120° Arc Buds Rating (cm) (cm) Length R 
Rated in Fall 1976 

Alva Mitchell 10 89+1 0.8+0.3 3.1+0.3 26 60+3 60+3 99+0.3 216 
Mike Newton 7 8 85+1 2.0+0.3 6.3+0.5 32 61+3 64+3 95+0.4 212 
Mike Newton 8 10 84+2 1.0+0.3 4.3+0.4 23 65+5 67+4 97+0.6 204 
LS 11 F 1 10 71+2 1.6+0.2 6.7+0.4 23 50+3 52+3 96+0.7 189 
Hoefert 3 7 86+1 2.0+0.0 5.9+0.3 33 74+2 75+2 99+0.5 215 
Soljestad 12 8 64+3 0.8+0.3 7.1+0.6 11 32+3 37+3 86+2.1 161 
Lee Wells 1 10 76+2 0.6+0.3 4.5+0.3 13 52+3 55+3 95+0.8 184 
BSD CP 1-2 8 83+3 0.4+0.2 4.1+0.1 10 59+3 61+2 97+1.5 190 
BSD CP 16-19 5 62+8 0.4+0.2 4.2+0.7 10 59+3 62+3 95+0.8 167 

Mean 75 1.1 5.1 20 57 59 96 193 

Rated Fall 1977 
Alva Mitchell 10 89+1 0.1+0.1 2.2+0.3 5 125+5 125+4 99+0.2 192 
Mike Newton 7 8 88+1 0.9+0.2 4.4+0.4 20 108+5 111+4 97+0.9 206 
Mike Newton 8 10 88+1 1.0+0.2 5.5+0.7 18 118+8 120+7 98+0.3 204 
LS 11 Fl 10 79+1 0.9+0.2 5.8+0.5 16 70+5 75+5 93+1.1 188 
Hoefert 3 7 88+1 1.4+0.2 5.3+0.6 26 121+2 122+2 99+0.3 213 
Soljestad 12 8 73+2 1.3+0.4 5.9+0.6 22 65+6 74+6 87+2.0 182 
Lee Wells 1 10 84+2 0.9+0.2 4.4+0.2 20 111+4 114+4 97+0.9 201 
BSD CP 1-2 8 87+1 1.1+0.2 6.1+0.5 18 110+2 112+2 98+0.4 203 
BSD CP 16-19 5 87+1 1.0+0.3 4.2+0.4 23 137+8 139+8 99+1.1 209 

Mean 85 1.0 4.9 18 107 110 96 200  § 



TABLE 3 

COMPOSITE GROWTH HABIT RATINGS OF 21   CLONES EVALUATED 3 SEASONS 
AFTER ROOTING AND THE MEANS USED TO DERIVE THE RATINGS 

Composite ratings were calculated as in Table 2.    Each value represents the mean of n plants. 

Number Number of Total Bud 
of Angle Buds in Lateral Symmetry Height Length Height/ 

Clone Plants (degrees) 120° Arc Buds Rating (cm) (cm) Length R 

B3C 38-9 7 66+3 0.7+0.6 3.5+0.4 20 37+3 43+3 86+1.9 172 
B3C 38-37 10 63+1 0.3+0.2 3.9+0.4 7 45+3 54+3 83+2.0 153 
Lee Wells  2 9 57+4 0.4+0.2 3.9+0.4 10 45+3 54+4 83+2.0 150 
Lee Wells  3 10 72+3 0.2+0.1 3.4+0.2 6 44+3 48+3 92+2.0 170 
Pratt Bybee 6 87+1 0.2+0.2 3.2+0.4 6 42+2 43+2 98+0.9 191 
Baniberton 2 6 87+1 0.2+0.2 3.5+0.4 6 61+3 63+3 97+0.5 190 
Baniberton 4 7 71+3 0.1+0.2 4.6+0.5 2 68+5 76+5 89+2.0 162 
I FA 395-58 9 77+3 0.9+0.2 5.1+0.4 18 52+2 56+2 93+1.8 188 
I FA 395-2-22 9 74+2 0.3+0.2 4.7+0.5 6 63+3 68+3 93+1.1 173 
I FA 395-3-50 8 72+4 0.4+0.2 4.0+0.4 10 55+5 60+5 92+2.3 174 
I FA 395-4-28 7 81+3 1.3+0.4 5.8+0.9 22 52+6 56+6 93+2.2 196 
BSD KR E  12 9 79+2 1.3+0.3 6.4+0.5 20 48+3 51+4 94+1.3 193 
BSD KR E7-8 9 87+1 0.8+0.3 4.9+0.2 16 68+4 69+4 99+0.4 202 
BSD KR E5-17 7 71+3 0.6+0.3 4.9+0.3 12 46+5 51+4 90+1.9 173 
BSD Clapp Cr. 9 76+3 1.0+0.3 6.0+0.3 17 55+3 59+3 93+1.2 186:» 
BSD KR 20-7 7 83+2 0.7+0.3 5.9+0.4 12 67+5 70+4 96+1.0 191 
BSD KR 19-2 9 79+3 0.9+0.1 5.4+0.2 17 78+5 82+4 95+1.4 191 
BSD B2 9-15 8 79+2 0.5+0.3 5.8+0.4 9 64+5 75+3 85+2.6 173 
BSD B2 9-8 9 80+3 0.4+0.2 5.3+0.2 8 70+5 74+5 94+1.1 182 
Alva Mitchell 10 86+1 0.8+0.3 4.8+0.3 17 69+3 71+3 97+0.9 200 
B3C 32-20 9 79+3 0.8+0.3 5.7+0.4 14 60+2 63+2 95+1.5 188 

Mean 76 0.6 4.8 12 57 61 92 181 

o 
ID 
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Discussion 

In general, the clones in this study with.the greatest mean 

angles were also those which received the highest total  ratings. 

Exceptions to this generalization were mostly due to apparent 

differences between clones in bud symmetry rating.    If clones below an 

arbitrarily selected R are discarded, the bud synmetry rating may 

prevent the discarding of clones with marginal angles but good 

symmetry.    However, since bud number was highly variable within 

clone,  it may be inappropriate to use bud symmetry as a criterion 

with the sample size used in this study.    If bud symmetry is included, 

it may be preferable to make it's relative contribution to the total 

rating less.    The number of buds  in the 120° arc was found to be 

highly correlated with BSR.    It may be preferable to use the following 

formula to calculate the bud symmetry rating: 

10 (number of buds in 120° arc). 

This would save time in measurement and calculation and would reduce 

the relative contribution of bud symmetry to the total   rating. 

Most of the variation in H/L could be accounted for by 
2 

variation in angle (r   =0.76).    Despite this fact, H/L is a useful 

criterion since it also reflects stem crookedness.    Furthermore, the 

leader length measurement is useful  in comparing the relative rates 

of growth of the clones being evaluated. 

In summary, the rating system employed in this study is 

superior to simple, single-point angle measurement in that it   is more 



Ill 

objective and accounts for stem crookedness and asymmetry in bud 

arrangement.    The results of this study indicate, however, that it is 

advisable to use a larger sample size if the bud symmetry rating is 

included in the system.    It may be preferable to modify the rating 

formula to:    R = A + 10 (number of buds in 120° arc) + 100 (H/L). 


