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The capacity for root growth and concentration of indole-3-

acetic acid and abscisic acid in the roots of western hemlock seedlings

was investigated. The root regenerating capacity (RRC) was defined

as the increase in root length, greater than 5 mm, following a 28-day

test period. RRC measurements over a two-year period reveal a low

potential for root growth in the late fall increasing to a maximum in

late winter. The RRC remained high through the early spring after

which it declined throughout the summer and fall. Seedling survival

followed a similar trenth Cold storage did not appear to affect the

RRC in nursery grown bare-root seedlings.

Test environments in which soil temperature or light intensity

was varied were used to investigate the possible mechanisms con-

trolling root growth. Growth of western hemlock roots appears to be

optimum at a soil temperature of 20°C. Root growth seems to

decrease with increasing light intensity and is not adversely affected



by low light intensities. The roots of western hemlock appear more

sensitive to seedling disturbance in the fall than in the winter or

spring.

Isolation and quantitative analysis of indole-3-acetic acid (IAA)

and abs cisic acid (ABA) from the roots of western hemlock were

accomplished using gas-liquid chromatography. It appears that a high

ABA concentration in the fall may be inhibiroty to root growth while

a high IAA/ABA ratio during winter may account for the increased

capacity for root growth during this period. An increase in ABA

through the spring and summer may result in the decline in the RRC

that is observed at this time.
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PATTERNS OF GROWTH AND SEASONAL CHANGES IN
THE CONCENTRATIONS OF ABSCISIC ACID AND

INDOLEACE TIC ACID IN ROOTS OF
WESTERN HEMLOCK

INTRODUCTION

The continued productivity of our fcrests depends, in part, upon

how quickly and successfully a new generation of trees can be estab-

lished after cutting. The demand and need for vigorous, physiologi-

cally sound, planting stock increases every year. The nurseries in

the Northwest region alone produced approximately 173.9 MM bare

root seedlings and 54.7 MM container seedlings in 1975 (Ter Bush

1976), an increase of almost 100 MM since 1973. It is apparent that

the demand for planting stock is high and ever increasing and that the

supply must keep pace

To cope with the demand we must use the supply of planting

stock efficiently This successful utilization depends not only on the

physiological vigor of the planting stock at the time it is planted but

also on the flexibility of the planting stock. This flexibility is the

ease with which planting dates can be prolonged or stock cn be

adapted for specific, hard-to-establish sites,

The control over, or at least ability to hasten or retard the

dormancy cycle of planting stock is one way in which the planting

schedules and vigor of seedlings can be altered. But in order to
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manipulate seedlings in this manner a complete knowledge of the

dormancy process in the entire plant must be acquired. To this end

many researchers in the past have concerned themselves with the

growth and dormancy cycle in the shoots of seedlings. These investi-

gations into the induction of dormancy, breaking of dormancy, and

depth of dormancy have been beneficial especially in revealing the

environmental stimulants that induce or release the plant from

dormancy. However, the success of a seedling in the field depends

not only on the state of dormancy of the shoot but also on the physio-

logical state of the root system.

Root growth in forest tree species has been investigated by a

number of researchers tn recent years. E.G. Stone at the University

of California, however, was one of the first to investigate the relation-

ship between the seedling's ability to establish its roots after lifting

and planting and survival after outplanting. After years of research

into the "root- regenerating capacity" (RRC) of planting stock, it

appears that a growth cycle does exist in the root system. This cycle

is expressed as a change in the potential for seedlings to regenerate

their root system. There also appears to be a strong correlation

between survival in the field and this capacity to regenerate roots.

In practice, RRC is a very useful concept for determining plant-

ing schedules and vigor of planting stock. The physiological mecha-

nisms within the plant that control this capacity, however, are not
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understood well at all. It seems logical then that if the success or

failure of planting stock depends, in part at least, on the ability to

establish a root system after planting that we should try to gain an

understanding of the mechanisms and principles governing its

control.

Physical manipulations of the seedling and the environment is

the first practical step. For it is these methods that are most easily

adapted to nursery practice and perhaps reveal what environmental

signals are important to the plant. This approach, however, is

simply a cause-effect relationship and tells us nothing of what is

actually occurring in the internal physiology of the plant. Studies on

the growth regulator activity within the plant throughout the growth

cycle can give us insight as to how the dormancy mechanisms operate.

Ultimately it appears that this is where the answer to growth control

lies.

There is undoubt edly a cycle in the potential for root growth in

coniferous tree species and it is this cycle which, in part, deter-

mines the successful planting of seedling stock. The objective of this

research is to determine the seasonal periodicity in the root regene-

rating capacity of western hemlock seedlings and to investigate the

physiological mechanisms controlling root growth in this species.

With this information at hand it is hoped that the production of nursery
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stock and regeneration in the field will be carried out more economi-

cally and successfully.



LITERATURE REVIEW

A review of the literature on root growth in conifers brings into

focus two salient features. These are that any variation or periodicity

in root growth is the result of (1) endogenous control inherent in the

species, and/or (2) the result of a changing environment. It is

apparent that under natural conditions both could be at work, but

which is the most important, indeed if the first factor even exists

in roots, has been the object of some debate (Wilcox 1954).

Periodicity implies an active growing season followed by a

dormant or inactive period. Such a pattern is common to the shoots of

coniferous trees but its applicability to the root system is still not

certain. Whether the cessation of growth observed in roots is

actually inherent in the tree, imposed by the environment, or a result

of an interaction between the two remains to be conclusively agreed

upon in the literature. One must distinguish between response to the

environment and a response resulting from the inherent physiology

of the species to separate imposed and inherent dormancy. This is

not an easy task. The problem as Romberger (1963) so concisely

states is, Hone of defining the manner in which shoot influences and

root environment interact to control root growth and dormancy.

The theory that there is a winter dormant period in trees was

postulated as early as 1903 by Engler (cited in Romberger 1963). To

5
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see if a winter dormant period actually existed or if the cessation in

root growth was imposed by the environment, Stevens (1931) moved a

white pine into a greenhouse. He observed root growth throughout the

winter on the greenhouse tree but not trees that remained under

natural conditions. This led Stevens to conclude that a winter rest

period is not inherited and that the cessation of root growth in the

winter is a result of low temperature.

Reed (1939) likewise observed root growth throughout the entire

year in shortleaf and loblolly pine. He concluded that the periodicity

in root growth that he observed in these species was a result of

deficient soil moisture in the summer and low temperature in the

winter. In a study of root growth in Acer saccharinurn, Tilia

americana, and Carya laciniosa, McDougal (1916) concluded, after

noting a summer rest in 1914 but active root growth throughout the

summer in 1915, that "the summer rest period is due not to any

inherent tendency toward periodicity but to a lowering of the water

supply. " He further states that winter rest is a result of lowered

temperatures which decrease available water. Lesham (1965) con

cludes with his work on Allepo pine that "most roots will become

dormant when external conditions are unfavorable and will begin to

grow when conditions for it are favorable." These studies suggest

that roots are subject to a dormancy imposed by the environment. But
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what of an inherent dormancy controlled by the internal physiology of

the plant?

It is generally acknowledged that root growth during the winter

months is possible under favorable conditions (Lesham 1965, Bilan

1967, Merritt 1967, Stone 1959, 1962, Wilcox 1968). It also seems

apparent that roots exert a certain autonomy from the shoots and that

unlike the shoots do not undergo a period of complete physiological

dormancy (Lyr and Hoffman 1967). Lesham (1965) noted that one

never gets complete cessation of root growth or complete activity

and Romberger (1963) states that a period of rest or quiescence does

not necessarily preclude root growth. From this one might conclude

that the capacity for root growth is always present.

A periodicity in this capacity, however, has been observed on

seedlings grown under optimum conditions in the greenhouse or growth

room (Bilan 1967, Merritt 1967, Stone 1967, Wilcox 1968). This

should not be surprising since rhythms or cycles are often found in

the growth processes of plants Wilcox (1968), however, made an

important distinction between the root system as a whole and indivi

dual roots. He states that, in individual roots, dormancy is a com

mon phenomenon. That is, during periods of low activity in the total

root system a small proportion of individual roots will be actively

growing. During high activity many individual roots will be growing.

The periodicity in growth of the entire root system then reflects the
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integrated growth of all the roots But the fact that individual roots

show CycliC periods of growth suggests an endogenous and therefore

inherent mechanism of control (Brown 1971).

From work done by Winjum (1963), Krueger and Trappe (1966),

Stone (1967), and others it appears that there is undoubtedly an

inherent periodicity in the elongation of the entire root system of the

tree Merritt (1968) states that "the interpretation of the activity

pattern (in roots of red pine) is facilitated when one recognizes that

though environment can influence growth 'intensity' and timing of

events the basic pattern is the expression of an identifiable endogenous

rhythm." Sutton (1969), however, feels that evidence for autonomy is

not convincing and agrees with a statement made by Kramer and

Koziowslci (1960), "apparently roots, unlike the stems of many plants,

have no inherent dormant period It seems doubtful whether there is

any inherent periodicity n root elongation

Active vs Inactive Roots

In a discussion on root growth it is worthwhile to distinguish

between physiologically active and inactive roots, Kramer (1965)

studied the seasonal variation in suberized and unsuberized roots and

their ability to absorb water He found that in loblolly pine most

water is absorbed through suberized roots and relatively little through

growing root tips He also found that growing root tips on the average
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constituted less than 1% of the total root surface in a 34-year-old

stanth This figure varied seasonally from a low of 0.6% in March to

a high of 6.5% in May.

The rate of suberization of roots is not always constant within

or between species. Barney (1947) found that the rate of suberization

in loblolly pine depended primarily on soil environment. In noble fir,

Wilcox (1954) reported browning within a few days after elongation

ceases. He also points out that a white tip on the root is not neces-

sarily indicative of an actively growing root. Fully metacutinized

dormant roots can still have a white tip.

All these complications must be kept in mind when inferring the

vigor and status of a root system from measuring the growth For

example, if root growth activity is measured by counting the number

of active (white) root tips, apparently dormant inactive roots could be

included in the measure. If the length of white roots is taken the

rate of suberization should also be taken into account or at least

recognized in a relative measure.

Control of Root Growth

All plant processes are influenced by the surrounding environ-

ment and root growth is no exception. But not only is root growth

affected by its immediate soil environment but also by the activity of

the shoot which in turn is affected by the surface environment.
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Although many factors influence the growth of roots only three will be

considered here; temperature, light, and growth regulators.

Temperature

Soil temperature is perhaps the most obvious and dominant

factor in controlling root growth. Since roots of forest trees seem to

be concentrated in the upper soil layers (Lyr and Hoffman 1967), they

would be subject to high temperature variation and influence.

McDougal (1916), in fact, considered soil temperature the regulating

agency in controlling root growth.

Bilan (1969), in studying the effect of low temperature on lob-

lolly pine, found that root growth decreased with increasing minimum

air temperature during the dormant season, He found that roots

ceased to elongate when average minimum air temperature for a

one-week period fell below 34°F and at least one daily minimum was

below 28°F. However, the effect of cold nights was offset somewhat

by warm days. It has also been recorded (Anonymous 1960) that

weekly taproot growth of ponderosa pine is closely correlated with the

average weekly air temperature. This corres ponds with data from

Stone (1967) showing that the root regenerating capacity of ponderosa

pine is correlated with the number of hours the seedling is exposed to

air temperatures below 6°C. His results also show that this effect is

offset by exposure to warm temperature.
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In general, root growth in conifers appears to conform to a

typical bell shaped growth-temperature response curve. That is,

increasing gradually from a minimum temperature value to an opti-

mum after which root growth declines at a somewhat faster rate

(Cooper 1973). It is apparent, however, that there is no one simple

mechanism of action of soil temperature on root growth. Rather,

soil temperature affects root growth through its influence on the

physical properties of water, its affect on membrane permeability and

trans location within the plant, and its effect on photosynthesis and

transpiration in the shoot.

Kramer (1942) showed that low soil temperatures result in a

sharp reduction in water uptake in some species in the temperature

range of 10 to 20°C and not near freezing as would be expected. He

concludes that low soil temperatures may decrease water absorption

by roots by increasing the viscosity of water and decreasing the

permeability of the root cells. A decrease in soil temperature also

affects the uptake of nutrients, Bowen (1970) showed that the uptake

of phosphorus was more sustained along the roots of radiata pine

seedlings grown in soil at 14°C and that, in culture solutions, there

appears to be a temperature-phosphorus interaction, That is,

in high phosphorus solutions one does not observe a

decrease in root growth with decreasing temperature. Data

from Shoulders (1975) show that absorption of water and nutrients by
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slash pine roots is optimum around 28°C0 Roots absorbed nutrients

approximately 80 to 90% faster at 22° than at 16°C and 17 to 20%

faster at 28° than at 22°C.

The effect of soil temperature on the shoot is most evident in

the process of transpiration and photosynthesis. Tew etJ. (1963)

believe that soil temperature has a greater influence on trans piration

than either air temperature or humidity0 From their results it

seems that a decreased uptake of water from the soil at low tempera-

tures is the limiting factor in transpiration. A study by Babaloa and

Boersma (1968) shows the relationship between photosynthesis, soil

temperature, and soil moisture in Monterey pine seedlings. They

found that under conditions of low soil moisture net photosynthesis is

primarily controlled by stomatal aperture. The observed

decrease in photosynthesis and transpiration with decreasing tempera-

ture under conditions of high soil moisture is apparently the result of

changes in the viscosity of water and the decreased permeability of

membranes which controls the water supply to the leaves. Turner

and Jarvis (1975) measured photosynthesis and transpiration in two-

year-old hardened and unhardened Sitka spruce at root temperatures

between -8 and +20°C. In both hardened (grown at 4°/4°C day/night

temperature eight days prior to the experiment) and unhardened

(grown at 15°/12°C) trees, no decrease in photosynthesis was

observed during a 5.5 hour period until the temperature dropped below
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decrease in net photosynthesis at low soil temperatures results from

a decrease in both the stomatal and mesophyl conductance for CO2.

These studies indicate a definite trend in the response of transpira

tion and photosynthesis in the plant to low soil temperatures. The

reduction in transpiration appears to be a result of both the increased

viscosity of water and decreased permeability of membranes,

decreasing water availability. This decrease in water availability

would lead to a water deficit in the leaves and perhaps a closing of

the stomata, This closure would in turn increase the resistance to

CO2 diffusion resulting in a decrease in the rate of photosynthesis.

Soil temperature also affects the translocation of substances to

and from the shoot. In a study on root growth of Acer rubrum,

Lyford and Wilson (1966) found that roots stopped growing when sod

temperature dropped below 1°C. They first postulated that the low

soil temperature stopped translocation altogether and any roots that

grew did so independent of the rest of the tree. They were able to

show, however, that some translocation did occur at temperatures

below 1 C. Wassink (1957), in work with Acer and Quercus species,

shows that, with the shoot maintained at 20°C and root temperature

varied, there is an increase in the growth rate of roots from 20 to

20°C and a decline above 20°C. In explanation he states that 'the

13

translocation of photosynthates either in the shoot or roots limits root
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growth at or above 20°C and that translocation has an apparent Q10 of

less than unity." Soil temperature may not only affect trans location of

metabolic products but also the synthesis of substances in the roots.

Lavender and Overton (1972) discuss the possibility that reduced seed-

ling growth caused by 10°C soils may be the result o reduced

production of growth regulators in the roots

It also appears that soil temperature affects the morphology of

roots. Hellmers (1963) noted that roots of jack pine seedlings grown

under high temperatures were dark and thin and that lowering the day

temperature increased the size of the roots. Red fir seedlings

developed thick roots that were white to light tan when grown under

cold conditions, while an increase in temperature resulted in the

production of darker, thinner, fewer, and more branched roots

(Hellmers 1966).

A number of authors have published optimum temperature

values for root growth of tree species. These data are summarized

in Table 1. It should be remembered that the different techniques of

measuring root growth, age of tree, and the physiological condition

of the tree do not make these measurements directly comparable.

What is interesting is the fact that most optimum values are above

20°C, a value rarely obtained in nature for any length of time at soil

depths where roots are commonly found (Lyr and Hoffman 1967).
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With such high optimum values it is probable that when a seedling is

transplanted into the field, soil temperature is most likely sub-optimaL

Table 1. Optimum temperature for root growth of coniferous species
Optimum temperature AuthorSpecies (°C)

Light

Light has its effect on root growth primarily through its influence

on the stem. Roots depend on a supply of photosynthate that comes

either directly from the source in the stem or from stored reserves

It is through the production of this photos ynthate that light influences

root growth

The effect of light on deciduous as opposed to coniferous species

appears to be somewhat different In the broad leaf deciduous

species, root growth seems to be much more dependent on current

White spruce 19 Heninger 1974

Douglas-fir 23 Heninger 1974

Jack pine 27 Heninger 1974

Loblolly pine 25 Barney 1951

Ponderosa pine 2O-25 Schubert 1965
Stone 1959
Larson 1967

White pine 30 Adams 1934

Radiata pine 25 Bowen 1970

Red pine 16 Merritt 1967
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photosynthate and therefore respond to a greater degree to anything

which disturbs photosynthate production. Richardson (1953), in

extensive work with Acer saccharinum, found a close correlation

between rate of photosynthesis and rate of root growth. He found,

however, that the age of the seedling determined whether it depended

primarily on current photos ynthate or stored reserves. In young

seedlings a decrease in light intensity resulted in a quick decrease in

root elongation while in older (two-year-old) seedlings, root elonga-

tion was not affected for at least seven days after the decrease in

light intensity (Richardson 1957). Wassink (1957) reports a linear

relationship between root growth and light intensity up to 4, 000 lux

in maple. He also observed that defoliation curtailed all root growth

unless new leaves were formed, Eliasson (1967) found that for

rooted cuttings of aspen, rate of root elongation was a function of

light intensity over the leaves below 4, 000 lux. He also observed that

defoliation stopped root growth within 24 hours and that complete

darkness stopped root growth within 2 to 3 days. By reducing the leaf

surface he found that rate of root elongation is likewise decreased

and concluded that root growth is, in part, determined by the supply

of carbohydrates from the leaves.

Coniferous species also show this basic relationship between

light intensity and root growth but with some minor variations.

Barney (1951) found that increasing light intensity from 0, 119, 295,
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991, and 5330 foot candles resulted in a sharp rise in the rate of root

growth of Pinus taeda seedlings at the lower levels and a lowering of

the rate at higher levels. Kozlowski (1949) reports a redaction in

root growth of Pinus taeda when grown in the shade and notes that

food reserves were greater in light-grown than in shade-grown trees.

Logan (1966) showed a decrease in root growth with increasing shade

after a four-year growth period for white pine, red pine, jack pine,

and eastern larch. Brix (1970), however, records that in western

hemlock root growth (measured by dry weight) is greatest at 70% fall

light and an increase or decrease in light intensity will result in a

decrease in dry weight. Fairbairn and Neastein (1970) found a reduc-

tion in root growth with decreasing light intensities in Norway spruce,

Sitka spruce, European silver fir, grand fir, Douglas-fir, and

western hemlock, The authors conclude that species not only vary

in the amount of light they require at different stages of growth but

also in their growth response to different levels of light intensity.

That light intensity influences root growth has been established

but one must be careful in assessing the role of light. The degree to

which light affects root growth depends on the shade tolerance, age,

and relative vigor of the tree, Romberger (1963) points out that

species differences in response to light intensity may be a result of

the age and/or health of the tree. The tree that depends on stored

reserves will not show the dependence upon light that a tree which
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depends on photosyTithate directly from the leaves will. With decreas-

ing light there will not only be a decrease in the production of photo-

synthate but Shiroya (1962) points out that a decrease in translocation

of photosynthate to the roots results from shading.

Growth Regulators

The shoot not only provides photos ynthate to the root but also

growth regulating substances (Torrey 1956, Gilmore 1965, Sutton

1969, Lavender 1973, Wolter 1973). Richardson (1957) concluded

that at least two growth regulating substances transported from the

stem are necessary for root formation and elongation in Acer

charinum. He demonstrated in a series of experiments with maple

seedlings that root growth is possible only when there is at least one

physiological non-dormant bud present to export growth regulating

substances to the roots. Taylor and iJumbroff (1974) agree that a

stimulus from the buds, apparently cytokinins, may contribute to

the rapid growth of Acer roots in late winter or early spring. They

contend, however, that a non-dormant bud is not necessary since

root growth was observed on dormant seedlings brought into the

greenhouse.

Many growth- regulating substances affect root growth. Auxins,

cytokinins, abscisic acid, giberellins, vitamins, and cations have all

been shown to affect root elongation or initiation (Bonner 1939, Torrey



19

1956, Romberger 1963, Sutton 1969) However, there is not always

a simple cause and effect relationship between growth regulators and

plant response Torrey (1956) reminds us that not only must the

environmental conditions be taken into account when interpreting the

results of hormone action, but also that the inherent physiology of

the root itself controls the response to auxin.

Auxins are one of the most common-occurring plant growth

hormones. Generically, auxins are compounds which have the

capacity to induce cell elongation in plants and chemically are acidic

indoles apparently derived in the plant from the amino acid tryptophan

(Salisbury and Ross 1969). Thimann (1936) was one of the initial

investigators to study the effect of auxins on the growth of roots. He

applied auxin to both the shoot and root of Avena and Pisum plants and

found a difference between the species in response The growth of

Avena roots was inhibited more by applying auxin to the roots than to

the shoots Pisum root growth, however, was inhibited only when the

auxin was applied directly to the roots Thimann concluded that if a

low concentration of auxin is applied to roots deficient in auxin that

growth stimulation would occur0 In roots already rich in auxin one

would expect this inhibitory effect0 The above observations are con-

sistent with those made by Macht and Grumbein (1937) These

investigators found that growth of Lupinus albus seedlings was stimu-

lated by short exposures to weak solutions of indole acetic, indole



20

butric and naphthelene acetic acids. An inhibition was observed

though with either longer exposures or increased concentrations.

This has led to the general theory that root growth is stimulated at low

concentrations of auxin and inhibited at high concentrations.

Thimann (1936) also observed that root branching in Pisum

appeared to be controlled by and dependent on auxin. Torrey (1950)

likewise observed this effect0 He concluded, however, that another

unknown substance becomes active within the root under the influence

of auxin and that this factor is necessary for lateral root formation.

In coniferous species the role of growth regulators in root

growth is not clear though there appears to be some basic trends in

the literature, Gilmore (1962, 1965) conducted a series of defoliation

experiments on loblolly pine seedlings and concluded that a stimulus

for root growth, presumably not a carbohydrate, came from the

needles of the seedling. Richardson (1957) also believes that root

growth in conifers would be controlled by the needles and states

conifer needles are active photosynthetically during the winter and

there is, I think, no reason to suppose that they are not active in

other respects0

Direct application of exogenous auxin to the shoots or roots to

investigate root growth response has been a method employed by many

investigators. Foweils (1943) soaked roots of ponderosa pine seed-

lings in IAA solutions and found a slight stimulation in root initiation,
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Slankis (1957) states that for white pine lower concentrations of synthe-

tic auxin stimulate the elongation of long roots while high concentra-

tions inhibit elongation of long roots and induce swelling in their

distal parts. He also observed that auxin applied to the middle sec-

tion of roots is translocated in both directions though more appears

to move acropetally. Fayle and Farrar (1965) likewise found an

acro petal transport of auxin in the roots of a number of hardwood

species. When IAA was applied to disbudded shoots of ponderosa

pine, Zaerr (1967) observed a slight stimulation of growth of newly

initiated roots but no effect on old root tips. He also observed a

general acropetal direction of transport of IAA in the tap root.

In their work with Pinus lambertiana embryos, Greenwod and

Goldsmith (1970) found that transport of endogenous auxin plays an

important role in root regeneration. They found that the transport

was basipetal in the germinating embryos from which the embryonic

roots had been removed, When 2, 3, 5-triiodobenzoic acid, an

inhibitor of auxin transport, was present, rooting was completely

inhibited while addition of IAA to the medium increased the number

of roots formed. From this work the authors concluded that polar,

basipetal, transport raises the concentration of auxin in the base of

the cutting to levels that promote root formation.

Lowensteinetal. (1968) report on the apparently inhibitory

affect of high concentrations of NAA, 2, 4-D, and P-CPA. Root dips
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of 100 ppm of these solutions resulted in a reduction in root growth in

Douglas-fir seedlings. The initiation of new laterals, however, was

promoted by NAA, IAA, 2, 4-D, and 2, 4,5-T. Van Lear (1970), work-

ing on the premise that the plant growth inhibitor maleic hydrazide

would reduce shoot growth and inhibit budbreak thereby stimulating

root growth, initiated a series of experiments with this compound

applied to shoots of Douglas-fir0 He found that although maleic

hydrazide did, in fact, decrease shoot growth and inhibit budbreak

it was also detrimental to root growth. He realized that this might

be a result of maleic hydrazide reducing the level of auxin in the roots

to a growth-limiting level. By using a combination of treatments,

soaking the shoots in rnaleic hydrazide and the roots in different con-

centrations of IBA and/or IAA. the reduction of root growth caused by

rnaleic hydrazide was prevented0 The affects of the auxin treatment

on field-planted seedlings were not determined although the treated

seedlings did have a higher survival rate in he field. Coffman and

Lowenstein (1973) initiated a similar set of experiments and found that

high concentrations of IBA and IAA tended to inhibit budbreak regard-

less of rnaleic hydrazide concentrations, They found, however, that

the greatest increase in root development occurred when the auxin

concentration was at its lowest level. The affect of the treatment

though was not long lasting and once the shoots started elongating the

affect of the applied auxins on root growth was not as pronounced.
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Because of this they realized that the physiological state of the seed-

ling at the time of application of growth substances may well play a

role in the results obtained0

Lavender and Wareing (1972) tested the effects of NAA, B

vitamins, and a combination of both on the root growth of Douglas-fir

seedlings some of which had been partially or completely defoliated.

The chemical treatments were applied by either soaking the roots or

spraying the crown with 1 ppm solutions. Their results show that

none of the compounds tested stimulated the growth of the root

systems.

In a series of experiments to determine the effect of under-

cutting and wrenching on hormone levels in Pinus radiata, Sweet and

Rook (1972) used the Avena coleoptile bioassay on root extracts of

treated and control plants. Their results imply that a low level of

growth inhibitor, i.e. ABA, might be the cause of increased growth

rate in the roots of the undercut seedlings rather than a high level of

growth promoter (IAA). This relationship, however, is not a strong

one and the authors state that 'there is little concrete evidence on

which to base an assumption of causal correlation."

There is no doubt that growth regulators are active in roots. It

is apparent, however, that our knowledge concerning the mode of

action, mechanism of action, and affect of interaction among the

various growth-regulating substances is less than adequate. To state
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that root growth is controlled by a single hormonal factor is an over-

simplification. No such simple relationship exists in the root, or

indeed, the whole plant. At present it appears that auxins in the

proper concentrations can stimulate root elongation and increase root

initiation. But this general response varies and is, no doubt,

dependent on vigor, age, and interaction with other growth-regulating

substances. To say auxin stimulates at one concentration but inhibits

at a higher may be the case only under the specific conditions of the

expe riment.

To investigate the role of growth-regulators one must first have

the techniques and methods to determine the presence of minute

quantities in, and the effect upon, the plant part under question. But

one must be careful when trying to equate growth response, whether

stimulatory or inhibitory , to endogenous hormone levels, For not

only must the amount extracted be quantitatively determined but, to

realize the complete process, a knowledge of the amount synthesized

and the amount utilized by the plant must be obtained,

Root Regenerating Capacity

The concept of root regenerating capacity was first advanced by

E. C. Stone and colLeagues at the University of California in the

1950's. On noticing that the erratic success of planting stock in the

field and that the high incidence of failure could not be attributed
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wholly to environmental conditions, they began to investigate the

physiological condition of the planting stock at the time of lifting and

planting. Seedlings in order to survive the planting process must be

in good physiological condition. What constitutes a good physiological

condition and how that condition varies throughout the year was the

primary objective of Stone's initial work. In order to survive the

stress of drought a seedling must be able to regenerate its roots after

planting and extend its root system rapidly enough to tap the moisture

supply in the soil. This ability of a seedling to grow new roots after

lifting and planting, Stone found, is correlated with survival and can

act as a useful tool in grading the physiological status of planting

stock.

In 1959 Stone first investigated the ability of ponderosa pine to

regenerate roots after planting at different times of the year. From

this initial work he observed that root initiation and root elongation

showed a distinct seasonal periodicity under greenhouse conditions

After many years of research into the root regenerating capacity of

ponderosa pine and other species (Stone 1959, 1962, 1963, 1970,

1971, Krugmanetal. 1965, 1966, Zaerr 1967), it appears that the

periodicity of the root regenerating capacity and the physiological

basis for it are more complicated than originally believed. Stone

(1969) points out that the peak in root regenerating capacity does not

occur at the same time each year. He also states that the nursery
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climate, primarily soil temperature and soil moisture, alters the root

regenerating capacity. As a result, the peak in RRC from one nursery

will be different from that of another and will vary from one year to

the next.

The root regenerating capacity concept as developed by Stone

does provide a useful measure of physiological quality of planting

stock but it does not explain the physiological mechanisms which

control it (Zaerr 1967). It does have practical application, however.

Stone (1969) believes that limits above which survival can be expected

and below which it cannot be can be set on the root regenerating

capacity of nursery stock, thereby providing a means of grading

stock and developing time schedules for safe lifting and planting.

There have been many investigations into the root regenerating

capacity and root growth of forest tree species. Figure 1 gives a

summary of a few of these studies In general, it can be seen that

the RRC in coniferous species is low during the summer, increases

during the late fall and winter to a peak prior to budbreak in the

spring. Root growth under natural conditions, however, appears to

have a peak in the early summer or fall.
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Figure 1. Seasonal variation in the root growth under controlled and
field conditions of 10 coniferous species.

0

4-3
0
0

4)

4)

I- White spruce-field
> .05 - (Mullin 1963)

.2 - Norway spruce-field
-3-3

_i
(Laing 1932)



MATERIALS AND METHODS

This study can be divided into three phases: (1) determination

of the root regenerating capacity of wild, container-grown, and bare

root nursery stock; (Z) effect of manipulation of shoot and environment

on root growth; and (3) determination of the endogenous levels of IAA

and ABA. in the roots and shoots throughout the year The plant

material used came from either Green Mountain (T95, R8W, Sec 36,

elevation 600 m) in the Coast Range of Oregon, from the Industrial

Forestry Association nursery in Toledo, Washington, or was grown

from seed at the Forest Research Laboratory in Corvallis, Oregon

Root Regenerating Capacity

In determining the root regenerating capacity, methods similar

to Stone (1959) were used. Seedlings were collected from a road cut

on Green Mountain averaging ZO cm in height and 80 g in fresh weight,

Approximately 250 seedlings were collected each month from January

1975 to June 1976, placed in plastic bags, moistened, sealed, and

brought back to the Forest Research Laboratory approximately 2 hr

away. The seedlings were then washed and sorted according to size

and uniformity of root system and 90 were selected for planting0

Thirty were planted in 3 gal cans, 10 to a can, and placed in a growth

Z8

room with a controlled environment at 18°C (± 2°C) constant day/night
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temperature, approximately 85% relative humidity, and a 16 hr

photoperiod Thirty were planted in a shaded cold frame outside the

Forest Research Labaratory and another 30 were planted on a sunny,

bare site at Peavy Arboretum located 7 miles north of Corvallis. The

remainder of the seedlings were then covered with wet paper towels,

placed in a plastic bag and put in dark cold storage (3° to 5°C) for

28 days after which 90 more seedlings were selected and planted as

described above.

After 28 days in the growth room the seedlings were carefully

removed from the cans by tipping the can on its side, pressing and

rolling the can slowly until the contents spilled out, The seedlings

were lifted from the surrounding soil and the roots washed, taking care

not to break off any of the white roots, Since all white roots were

removed prior to planting new root growth was defined as all white

roots 5 mm or longer In measuring root growth all white roots over

5 mm were measured to the nearest 0 5 cm, At the time root meas-

urements were made the vigor of the shoot was noted and if actively

growing, the amount of terminal new growth measured The seedlings

were then cut at the first cotyledon scar above the root collar, placed

in numbered bags, dried for three days at 158°C, then weighed.

Beginning in October 1975, bare root nursery stock was acquired

and root regenerating capacity measurements were taken on fresh and

stored seedlings as described above These seedlings were grown in
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a nursery in Toledo, Washington, from seed that came from seed

zone 012 between 0 and 150 m in elevation Parallel to the RRC

measurements, ITT Rayonier conducted a survival test in the field on

stock from the same nursery Container stock also became available

at this time and root regenerating capacity measurements of freshly

lifted seedlings were also begun

In July and October of 1975 and 1976, a survival count and bud

status of the stock planted in the shaded cold frame and at Peavy

Arboretum was taken Bud status was a rather subjective me3sure-

ment, each seedling being placed in one of the following categories as

a measure of its vigor:

0 - dead
1 - brown tipped needles, chlorosis
2 - willing
3 - buds set
4 - buds swollen
5 buds breaking, scales open and whorl of

new growth exposed
6 - flushing, actively growing
7 - flushed and re-setting

By October 1975, none of the wildings had survived outplanting on the

bare site at Peavy Arboretum0 Therefore, beginning in October

1975 container seedlings were planted at this site for survival meas-

urements along with two plantings of bare root stock in April l976



Seedling Manipulation Experiments

The effect of certain environmental factors and shoot treatments

on root growth was studied through two series of experiments In the

first series the environment was held constant and single variables

changed, while in the second seedlings were grown under natural con-

ditions and the combined effect of light intensity and soil moisture on

root growth was studied

Series I - Effect of Defoliation and
Environment on Root Growth

In the first series the experimental material was grown at the

Forest Research Laboratory The seed was obtained from Washington

seed zone 412 at an elevation of 915 m, The seed was stratified

beginning on January 22, 1975 and planted in plastic pots 58 cm

square and 8 cm deep on February 25, 1975, After three months, the

seedlings were thinned to one seedling per pots Approximately 1, 100

seedlings were planted and grown in a greenhouse until September 15,

1975 at which time they were moved outdoors to a shaded iatbhouse

During the last month in the greenhouse the plant material was ferti-

lized according to the following schedule (after Arnott 1975)

Monday Z0-Z0Z0 1L3 g/5 gal
Wednesday alternate FeSO4 2 8 g /5 gal

21-00 7 1 g/5 gal

Friday: 20-20-20 1L3 g/5 gal

31
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The fertilization program stopped when the seedlings were moved to

the lathe house The seedlings were sorted according to size into

three categories; small, medium, and large. Plant material for the

experiments was then selected randomly from each of the three

categories.

The manipulation experiments of series I were conducted three

times during the year (October, January and March) to observe if the

change in the physiological state of the seedling alters its response to

the experimental conditions. The experiments consisted of 12 sepa-

rate treatments all of which, except the high light intensity, were

carried out in a controlled environment room maintained at 18°C

constant day/night temperature, 85% relative humidity, 16 hr photo-

period, and a light intensity of 1000 foot candles.

For each treatment 20 seedlings were randomly selected from

the three size categories described above and planted un 3 gal cans,

10 trees per cane The treatments consisted of removing all buds,

removing half the foliage, complete defoliation, removing only new

growth, and no defoliation (control) The effect of soil tempe rature

was examined by using water baths set at 10°C and 25°C. A short,

8 hr photoperiod treatment was also established by covering two cans

with a frame wrapped in black polyethylene plastic. Three light

intensity treatments were established in a separate high light intensity

growth chamber set at 18°C day/night temperature and 16 hr
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hotoperiod. The 20 seedlings of each treatment received 2200 foot

candles, 4200 foot candles, or 6400 foot candles, as a result of shading

with cheesecloth.

After 28 days under these conditions the seedlings were care-

fully removed from their cans, washed and the new root growth

greater than 5 mm measured to the nearest 0,5 cm. Where applicable,

the condition of the top was also noted0 The shoot was then separated

from the root, oven dried, and the weights taken. The data were

subjected to analysis of variance and a t-test for statistical analysis.

Series II - Effect of Size, Light,
and Soil Moisture on RRC

In the second series of these manipulative experiments, wildings

collected from Green Mountain were used as the experimental material.

The seedlings were brought to the Forest Research Laboratory,

washed, and sorted along a gradient from large (0.5 rn) to small

(0. 1 rn)0 The experimental plants were then randomly selected in

groups of 20 along this continuum, roots blotted with a wet sponge,

weighed, numbered with a paper tag, and planted in 3 gal cans, 10

seedlings per can Two extra seedlings were also planted in the cans

to measure plant moisture stress during the course of the experiment.

The cans were then placed in a glasshouse that was under natural

conditions except for supplemental heating. The experimental
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treatments consisted of three light regimes (full light, 60% full light,

and 30% full light) obtained through cheesecloth shading, and two

moisture regimes (high soil moisture and low soil moisture). There

were 40 seedlings in each light regime, 20 under high soil moisture

conditions and 20 under low conditions.

Throughout the experiment plant moisture stress readings were

taken to assess the moisture conditions of the soil and adjust the

watering schedule. The plants in the high soil moisture regime were

watered to field capacity approximately twice a week and those in the

low were watered once every week in the high light treatment and

once every other week in the low light treatment. In addition, in the

January and March trial, gravimetric water content of the soil was

taken at the conclusion of the experiments. After 28 days under these

treatments, pre-dawn plant moisture stress readings were taken on

each seedling, the new root growth measured as described above,

bud status recorded, and the fresh and dry weights of the roots and

shoots taken, These data were examined statisticaUy with

regression analysis and analysis of variance.

Growth Regulator Analysis

Material for the determination of indole3-acetic acid (IAA) and

abscisic acid (ABA) was collected at the Green Mountain site. Approx-

imately 10 seedlings ranging from 1.0 to 1.5 m in height were pulled
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from the ground, placed in a large plastic bag, moistened and brought

to the Forest Research Laboratory In a cold room the roots were

separated from the shoot and put in a bucket of water to wash. The

terminal of the main shoot and lateral branches was then cut into

segments 5 to 10 cm long and packed into a preweighed Z liter flask.

The same was done with all the root material; the flasks were then

weighed to the nearest 0. 1 g The flasks were filled with 95%

methanol, making sure all material was covered, and placed in a

cold room (0°C) for 6 weeks, The methanol was changed every two

weeks,

After extraction the methanol was combined, evaporated in a

rotary evaporator, and stored in 30 ml of methanol until it was

processed following the procedures developed by DeYoe and Zaerr

(1976) and summarized below

Solvent Partitioning

The extract was reduced to dryness then taken up in 50 ml of

0, iN NaHCO3 and 50 ml of diethyl ether and put in a separatory

funnel0 Upon separation the aqueous phase was saved and the ether

dis carded0 The aqueous phase was partitioned twice more with 50 ml

of diethyl ether then titrated to pH 2 530 with 10% HCI0 This

acidic aqueous phase was then partitioned twice with 40 ml quantities

of diethyl ether0 The ether fractions, containing the acidic indoles at
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this pH, were combined, reduced to dryness, then taken up in 30 ml of

methanol and stored at 00C

Sephadex Column Purification

Purification of the sample and separation of the IAA and ABA

fractions was done using column chromatography. Two columns were

made using 250 ml burets, The Sephadex was activated by mixing

55 g of the Sephadex LH-20 with ZOO ml 95% ethanol acidified with

2 ml 0.001 M HC1 and allowing the slurry to swell for 38 hr. The

slurry was then poured carefully into a 250 ml buret which had a glass

wool plug and a layer of sterilized sand in the bottom. Both columns

had an inside diameter of 3 cm and active Sephadex beds 25 and 27 cm

long, respectively.

To calibrate the columns, standards of ABA and IAA were

eluted through the column and 5 ml fractions collected These

fractions were then analyzed using a Beckman ACTA III double beam

spectrophotometer to determine which contained the IAA and ABA.

The results shown in Figure 2 were then used to determine which

fractions to collect when the samples were eluted.

The extract samples were reduced to dryness then redis solved

in 2 ml of acidified ethanol (0.00 iN HCl/95% ethanol, 1:100 v/v).

The 2 ml sample was carefully applied to the surface of the Sephadex

column then drifted into the bed with five 2-mi applications of the
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acidified ethanol. A. 1 liter reservoir of acidified ethanol was then

attached to the column, the system closed, and the flow rate adjusted

to 40 drops per minute. The ABA and LAA fractions were collected

as shown in Figure 2, evaporated to dryness, taken up in 15 ml of

methanol and stored at 0°C.

Methylation

The samples were methylated with diazomethane gas generated

in small quantities using a microtechnique developed by Schienk and

Gellerman (1960). The procedure consisted of bubbling nitrogen

through two test tubes connected in a series to a vial which contained

the sample to be methylated. In the first tube 7 ml of diethyl ether

was placed through which a steady flow of nitrogen wa.s bubbled. This

was connected to a second tube which contained 0.7 ml ethoxy-ethoxy

ethanol, 0.7 ml ether, 1,0 ml 60% KOH, and approximately 3 g diazald.

After bubbling through this mixture, diazomethane gas was formed

and bubbled through the sample which had been evaporated to dryness,

taken up in 3 ml acetone/methanol 9:1 v/v) and put in a vial. The

gas was allowed to bubble through the sample for approximately

30 mm after which glacial acetic acid/ether (1:1 v/v) was added to

tube 2 to stop the process. The sample was then evaporated to

dryness under a stream of nitrogen then taken up in 1 ml of

methanol and stored at 0°C.



Trimethyls ilylation

Trimethylsilyl derivatives were formed by taking 100 l of

the methylated sample, putting it in a micro vial, and reducing it

to dryness under nitrogen. Acetonitrile (60 p.l) and 40 d bis(tri-

methylsilyl_acetamide (ESA) were then added, the vial capped, and

left at room temperature for 1 hr.

Thin-jyer Chromatography

To further purify the IAA samples, thin-layer chromatography

was employed. Glass plates 20 cm x 20 cm, coated with a layer of

silica gel G (13% CaSO4) were spotted with 100 1.d of the methylated

sample. These plates were developed using 2 Butanone /N-hexane

(1s v/v) as a solvent system (Grunwaldetal. 1967). A spot of syn-

thetic methylated IAA was run as a reference mark having an Rf of

3. 5 to 4.0 in this solvent system. After the front had run 10 cm, the

plates were removed from the developing tank, dried, placed under

UV light and a band approximately 1 cm wide at the appropriate RF

was scraped off and put in a centrifugetube. This was taken up in

2 ml of methanol, put in a Buchner funnel, then washed with another
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2 ml of methanol. The sample was then evaporated to dryness in a

micro 'ial and retaken up in 100 .d of methanoL

Gas-Liquid Chromatog

The gas chromatograph used for final analysis was a Hewlett

Packard 5850-B equipped with both flame ionization and electron cap-

ture detectors. A number of stationary liquid phases were tested for

their ability to isolate IA.A and ABA. The solid support for the liquid

phase was Gas Chrom Q 80/100 mesh Columns were installed in

the chromatograph and allowed to equilibrate for 48 hr at the maxi-

mum temperature of the stationary phase.

The columns were tested using 5 l injections of 5 to 25 ig

quantities of IAA or ABA that had been methylated or trimethylsilyl-

ated. From this initial screening the two best columns, XE 60 3.5%

and SE 30 4.65%, were chosen for analysis of the final extracts.

Chromatograph conditions for the columns are shown in Table 2.

Analys is

Indoleacetic Acid

The purified IAA extracts were analyzed as two derivatives on

two columns connected to the flame ionization detector. This, in

effect, resulted in four independent analyses of each extract. A 5 .d

40



aRatio of carrier (helium) /purge (argon/methane 1:9) was 1:4.

Table 2. Columns and conditions used for GLC analysis of IAA and ABA.

Column Derivative
anal zed

Temperature (°C) Range Attenuation Rf
miiiOven Inection Detector

XE6O IAA 180 240 260 10 4 8. 1
3.5% (Me)

XE 60 IAA 160 240 260 101 8 7.6
3,5% (BSA)

SE 30 [AA 160 235 250 102 8 6.8
(4.65% (Me)

SE 30 IAA 160 240 260 101 8

4.65% (BSA)

XE 60a ABA 200 240 260 101 16 12.5
3.5% (Me)
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injection was used and the samples were all run as one derivative on

one column on one day. That is, all the methylated derivatives were

analyzed on the XE 60 column on one day then on SE 30 the next.

Trimethylsilyl derivatives were then made and injected through the

columns.

On the same day the samples were analyzed, standards were

also prepared and chromatographed. This gave the retention time

for IAA, and by computing the area under the peaks of the standards

and plotting this against concentration of IAA it was possible to

determine the concentration in 1tg/1.d of endogenous IAA in the

samples. As a check, samples were spiked with small amounts of

synthetic IAA to enhance the IAA peak. These procedures led to a

final qualitative and quantitative analysis based on four data points

for each sampling date.

Abs cisic Acid

Analysis of the ABA extracts was done using the electron

capture detector and the XE 60 2.. 5% column. The increased sensi-

tivity of this detector and the good separation on the XE 60 column

resulted in excellent chromatog rams. These samples were also all

analyzed on the same day. Because of the change in sensitivity

throughout the day, standards of a known concentration of ABA were

injected at the beginning, in the middle, and at the end of the series of
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sample injections. This procedure allowed one to calculate the

quantity of ABA in the sample injections and to adjust for a change in

sensitivity.

The high sensitivity of the electron capture detector also

required low volume sample injections. A 3 d injection, therefore,

was used of which 2 were solvent and lil was sample. The

recovery of the electron detector after each sample injection is

dependent on the quantity of ABA in the injection. For this reason,

the original samples were diluted by a factor of 100. To further

qualify that ABA was actually being detected, samples were spiked

and an increase in peak area noted. Samples were also put under UV

light for 2 hr and a peak corresponding to the trans isomer was noted

along with a decrease in the peak area of the cis isomer. These pro-

cedures led to the successful isolation and quantitation of ABA in

ng/d quantities.



RESULTS AND DISCUSSION

The growth and regenerative capability of western hemlock

roots have been examined in detail in the present study. The results

from this investigation are presented in the following section. A

discussion of the significance and relationship to other pertinent

work is also presented.

Root Regenerating Capacity

The root regenerating capacity (RRC) of western hemlock,

measured through two seasons, is presented in Figure 3. The meas-

urements began in January 1975 and continued through May l976.

This figure depicts the RRC for both freshly lifted seedlings and for

seedlings stored for one month. These measurements were taken on

wildings collected at the Green Mountain site.

The roots of western hemlock appeared to be quite sensitive to

disturbance in the fall where little or no root growth occurred after

lifting and planting. Although there was a difference between years

there seems to be a definite trend in the RRC. In 1975 a sharp peak

in RRC occurred in March while in 1976 the peak was flattened with

an optimum occurring around April. The stored stock showed this

same trend for both years though it seems that storage was less

deleterious in the second year.
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At the time root growth measurements were taken, the status of

the shoot was also noted. Figure 4 shows the bud status of the seed-

lings after 28 days under optimum conditions, Again a relationship

between the RRC and plant response is evident. In this case the status

of the shoot, which is indicative of the state of dormancy, appeared to

parallel the potential for root growth When the RRC is high, the

ability of the seedling to flush is likewise high. In the fall months

when the buds remain set and the plant is apparently in its dormant

state, the capacity for root growth is correspondingly low.

The root regenerating capacity of several western conifers has

been determined. The list includes ponderosa pine (Stone and Schubert

1959, 1963), Douglas-fir (Todd 1961, Winjum 1961, Stone 1962,

Lavender 1964) and noble fir (Winjum 1961). The results from these

studies show a definite seasonal trend in the RRC of western coniferous

species. This trend, similar to the one described in Figure 3 for

western hemlock, is low in the fall increasing to a high level from

late winter to early spring then decreasing in the late spring and

summer. It appears when viewing these data collectively, that the

highest potential for root growth in conifers is the period from

December to late April or May0

Stone (1970) proposed a model based on a changing metabolic

pool, to explain the change in RRC over time while Hermann,

Lavender, and Zaerr (1972) hypothesize that the physiological control
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Figure 4 Percent of total wildings with a flushing or actively grow-
ing shoot after 28 days in the growth chamber
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of RRC is linked to the dormancy stages of the seedling. Perhaps

both a photosynthate component and a growth regulator component con-

tribute to the pattern of RRC described above. Nanda and Anand

(1970), in fact, ascribe the stimulatory affect of auxin in rooting

Populus nigra cuttings to the increased activity of hydrolyzing

enzymes mobilizing stored reserves.

The relative influence of each component of the RRC, however,

may vary through the season, RRC may be influenced more by photo-

synthate supply at one time of the year and by growth regulators at

another. In the fall, for example, when the seedling is in deep

dormancy (Samish 1959) the potential for growth throughout the tree is

apparently very low. This pattern is shown by the RRC for September

and November (Figure 3), and by the shoot condition after 28 days

under optimum conditions (Figure 4). At this time of year seedling

growth and RRC is probably controlled not so much by photosynthate

supply as it is by the growth regulator activity within the plant.

Apparently this is in an overall inhibitory state, As the season

progresses into winter though, and the dormancy requirements are

met, the potential for growth increases. This pattern is shown in

Figures 3 and 4 and in research conducted on bud development in

western hemlock by Owens and Molder (1973). As the potential for

growth increases, growth itself may be controlled more by available

photos ynthate than by growth regulator activity. If this were the case
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then one would expect root growth to reach its maximum when the

growth potential in the plant is high and when competition for available

carbohydrate from the shoot is low,

The data from this research appear to confirm this hypothesis.

Daring the winter and early spring (December through April), the

regulation of root growth in western hemlock is perhaps transferred

from the restrictions imposed by deep dormancy to the limits of

available photosynthate. Figure 4 shows that the ability of the seed-

ling to flush increases from December to May. The RRC likewise i,s

increasing during this period. After natural budburst, when the

seedlings are undergoing active shoot growth, there is an increased

competition between root and shoot for available photos ynthate. This

shoot growth would effectively decrease the carbohydrate available to

the root resulting in a decrease in the RRCO

Research by other investigators also seems to support this

hypothesis. Stone etal, (1959, 196.3) have noted that the peak in RRC

for ponderosa pine occurs just prior to budbreak and Loach and Little

(1973) found that export of photos ynthate from the shoot to the root in

balsam fir is low after budburst. Krueger and Trappe (1967) found

that rapid root growth did not occur simultaneously with rapid shoot

growth and Shiroya et al. (1966) found that when shoot extension is

complete, roots become a major sink for photos ynthate.
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The difference in RRC from one year to the next as shown in

Figure 3 is not uncommon Stone (1963) has shown that the peak in

RRC varies not only from year to year but also from nursery to

nursery. Apparently this change is a result of differing weather con-

ditions from year to year and Stone (1967) suggests that cold tempera-

tures (6°C) are effective in the conditioning processes that control the

RRC. Krugman and Stone (1966) found that exposure to 90 cold nights

was enough to bring about an increase in the RRC and conclude that

preconditioning in this manner is possible and practical.

Figure 5 depicts RRC data on bare root seedlings from the

Toledo nursery and on seedlings grown in containers at the Forest

Research Laboratory. The RRC cycle in these seedlings is similar

in most respects to that of the wildings. The potential for root

growth is high in the late winter and early spring months and is low

in the late summer and fall. It appears, though, at least in the bare

root stock, that RRC remains at a higher level for a longer period of

time. This pattern was also observed in the stored seedlings.

The major differences between the trends shown in Figures 3

and 5 lie in the magnitude and duration of high root regenerating

capacities. The RRC of the bare root stock reaches a high level

earlier (188 cm in December) and maintains it longer into the spring

(May) than either the wild or containergrown seedlings. This

superior capacity in the bare root stock is probably a result of its
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cultivation in the nursery which led to a more dense and well developed

root mass. Root damage during lifting also may have been less

severe in the nursery stock. It is interesting to note that Shiroya

etal. (1962) found that pine seedlings with well developed root

systems translocated photos ynthate at a much higher rate than in

seedlings with poorly developed root systems. If this were also true

in western hemlock, then one would expect a greater amount of root

growth in the nursery-grown seedlings.

Storage appears to have varying effects on the RRC of western

hemlock seedlings. Wildings showed a much reduced capacity for

root growth after storage than did bare root seedlings. Again, this

difference can probably be attributed to the previous history and

cultivation of the two types of seedlings. The fact that storage had

little or no effect on the bare root stock, even in the late fall, was

somewhat different than the reported effect of storage on Douglas-fir

or ponderosa pine. In both these species it seemed that lifting and

storing in the late fall or spring just prior to budburst was deleterious

(Winjum 1963, Lavender 1964, Todd l964) Figure 5 seems to

indicate that storage does not result in an appreciable decrease in the

RRC. This phenomenon may be attributed to a more complete

satisfaction of the chilling requirement than the seedling normally

gets in the nursery.
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Aidhous (1964), in an extensive study on cold storage, found that

for western hemlock a storage temperature of -5°C was detrimental.

If stored at 2°C, however, survival was high except in the fall

(September, October). Stock lifted and stored in January appeared to

do better than that lifted and stored at the end of March. Although the

length of time the stock was stored varied from one to six months,

hemlock appeared to withstand the adverse effects of storage better

than Douglas-fir. The fact that hemlock appears to survive storage

so well gives this species an increased flexibility in lifting and plant-

ing. It appears that storage of seedlings when the RRC is high can

extend the period when stock can be safely planted.

To examine the correlation between survival and RRC, seed-

lings were outplanted in a shaded cold frame and on an open, bare

site. Figure 6 shows that the trend in survival of wildings follows

that of RRC, The adverse affects of storage on the wildings are also

depicted in this graph. When the RRC is high survival is likewise

high and as the RRC declines so does survival. This relationship is

expressed in Figure 7, where regression analysis shows the relation-

ship between survival and RRC significant at the 1% confidence level.

Table 3 presents field survival data (provided by ITT Rayonier)

for the bare root nursery stocks These data also show a high survival

when RRC is correspondingly high. Storage appears harmful to seed-

ling survival in the fall even though RRC is still high, suggesting that

survival is dependent on more than just the RRC.
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Broken line represents seedlings stored for one month.



Figure 7. Relationship between the root regenerating capacity and survival in a shaded cold frame.



Table 3, Date of lifting and planting, percent survival after one years and RRC for fresh and stored
western hemlock bare root nursery seedlings outplanted in the field.

U,
QN

Fresh Stored

Date lifted Date planted % Survival
RRC
(cm) Date lifted Date planted % Survival

RRC
(cm)

Oct 1 Oct 3 92 72 Octi Nov4 0 124

Nov 3 Nov 4 88 112 Nov3 Dec2 64 152

Dec 1 Dec 2 96 181 Dec 1 Jan7 88 159

Jan 6 Jan 7 92 172 Jan 6 Jan 30 92 235

Jan 29 Jan 30 92 185 Jan29 Mar 1 92 146

Feb 27 Mar 1. 100 185 Feb 27 Mar 26 80 188

Mar 25 Mar 26 84 156
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The results from the survival test located on the bare site at

Peavy Arboretum proved inconclusive (Table 4). Beginning in

February 1975, 30 wildings were planted each month to test for sur-

vival on the open, bare site. By October of that year none of the seed-

lings had survived, It was, therefore, decided to plant the container-

grown seedlings on this site the following season. In June 1976

survival was comparatively high but by October 1976 only a few seed-

lings had survived, The survival of these seedlings appeared to be

more a function of location within the plot than the time of year the

seedling was lifted and planted. The seedlings lived through the

winter and spring when sufficient water was available, but the drying

conditions of summer evidently resulted in high mortality.

Table 4. Survival of western hemlock seedlings on a
bare site at Peavy Arboretum (l976)

Research of this nature is useful when the object under investi-

gation (RRC) can be associated with practical results (survival in the

field). The validity of research of this type should be, at least in

part, measured by this criterion. The data described and discussed

Date of lifting
and planting

Survival (% of total)
June Z7 Oct 13

Oct 13, 1975
Nov Z4
Dec 15
Jan 19, 1976
Feb 23
Apr9

90
85
90
80

100
95

40
70

0
10

0

0
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above will hopefully lead to more efficient and successful practices in

the regeneration of western hemlock. The period for safe lifting and

planting can be determined from Figures 3 and 5. Since this period

also varies year to year presumably it is possible to alter, through

preconditioning in the nursery, the RRC. Perhaps one of the most

practical ways in which the planting period can be lengthened is

through cold storage. The data presented above show that western

hemlock is readily adaptable to this technique particularly for

nursery-grown seedlings.

Series I - Effect of Defoliation and
Environment on Root Growth

In order to determine how the RRC might be altered, container-

grown seedlings were subjected to a number of treatments. These

treatments consisted of partial or complete defoliation of the shoot

and environmental changes for the whole seedling.

The effect of varying degrees of defoliation on the RRC of the

experimental seedlings is presented in Figure 8. The table of values

used to construct the graph is contained in the Appendix. DefoUation

treatments consisted of all foliage removed, approximately 50% of the

foliage removed, new growth removed, and the removal of buds. The

response to these treatments is fairly consistent throughout the year,

generally showing a decrease in root growth with removal of foliage.
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In reference to white spruce Wagg (1967) stated, "The time

required to establish individual roots and the interaction between the

growth of individual roots within a system is related o the growth of

the stem. TI The influence of the above-ground parts on root growth in

western hemlock is graphically displayed in Figure 8, which shows

that western hemlock roots are more sensitive to disturbance in

October than in January or March. When all the foliage is removed

root growth is drastically reduced. In the October trial no new root

growth was observed at a'l. In January the buds were in the process

of flushing at the end of the 28-day test period, while in March the

buds had flushed and expanded. This may have resulted in the small

amount of root growth that was observed in the defoliated plants in

these two latter months. The seemingly direct relationship between

root growth and foliage is also apparent when half of the foliage was

removed; these seedlings had approximately one-half the root growth

of the control plants. These trends are consistent through all the

dates tested. Removal of new growth appears to have little effect on

root growth except in the October trial where a significant increase

was observed. The removal of buds had no significant effect on root

growth in all three trials.

Defoliation experiments, similar to the ones described above,

have been carried out on Douglas-fir (Lavender and Wareing 1972),

loblolly pine (Gilmore 1962, 1965) and other species (Richardson
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1957, Eliasson 1967, Kuntz 1973). Results from these studies are

similar to those reported here Lavender and Wareing (1972) found

that complete defoliation curtailed root growth even though sufficient

food reserves were present to permit budburst and that half defoliated

plants generally produced about one-half the roots of non-defoliated

plants A similar relationship was observed by Krueger (1967)

Gilmore (1962) after comparing root growth in girdled loblolly pine

to ungirdled, concluded that before root growth can begin the roots

must receive a stimulus from the leaves or buds. This is basically

the same conclusion that Richardson (1957) reached for Acer sac-

charinum. Gilmore (1965) later found that root growth in loblolly

pine is absolutely dependent on an active shoot and will decrease

with defoliation.

The effect of changes in the environment in which the seedling

grows can provide useful insight into techniques which may be adapted

for nursery use Seedlings were therefore subjected to three light

intensity and three soil temperature treatments.

Figure 9 depicts root growth as a function of light intensity.

The experiment was conducted in a high light growth chamber and not

in the growth room where the other experiments took place. For this

reason it is not directly comparable with the other data. The trend

shown by this figure is generally one of decreasing root growth with

increasing light intensity, at least for the light intensities used. The
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root growth res ponse to light also varied from season to season with

seedling response in March being higher than that in October. These

data are also presented in the Appendix in table form.

The results from the present study generally agree with the

conclusions of the investigators discussed above That root growth is

dependent on an active shoot is confirmed by complete defoliation in

October. In January and March, however, when the shoot remained

active after defoliation and the buds flushed, root growth was

observed. This is contrary to results observed by both Gilmore

(1965) and Lavender (197Z), Although the data recorded in Figure 8

show that root growth is dependent on the shoot, they do not indicate

that a specific stimulus, either hormonal or carbohydrate, is

required, nor that a certain part of the shoot is necessary for the

production of a stimulus. The small increase in root growth from

removal of new growth or buds could simply be the result of the

removal of a conpetitive sink The decrease in root growth when half

the foliage is removed, or when the seedlings are grown under a short

photoperiod, may be the result of reduced carbohydrate production.

Whatever the nature of the stimulus, it appears that foliage,

whether old or newly produced, is required for its production.

Wassink and Richardson (1957) found that defoliation in Acer sac-

charinum stopped all root growth unless new leaves were formed.

Eliasson (1967) described a similar relationship with Populus tremula



64

cuttings in which a reduction of the leaf surface area is followed by a

decreased rate of root growth.

The results shown in Figure 9 are, in general, inconclusive.

If the growth of roots is dependent on the products of photosynthesis,

one would expect an increase in root growth with increasing light

intensities. The opposite trend is observed in Figure 9, however.

This response, of course, would depend upon the age of the seedling

and the degree to which it depends on stored photos ynthate. Richard-

son (1956), for instance, found that root growth in young maple seed-

lings would decrease rapidly with a decrease in light intensity while

root growth in two-year-old seedlings was not reduced for at least

seven days after exposure to the lower light.

The decrease in root growth under 4200 and 6400 foot candles is

statistically significant only in the October trial. A detailed study on

the photosynthesis of some western conifer species by Krueger and

Ruth (1969) shows that the rate of photosynthesis for hemlock seed-

lings grown in either light or heavy shade increases when light

intensity is increased from 220 to 5100 foot candles. This photo-

synthetic rate, however, was measured only over a short time

period, 20 minutes at each light intensity, and although it may be the

short term response to increased light, it is not known if the rates

remain high over the long run,
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Keller and Tregunna (1975) report on the effects of exposure in

the water relations and photosynthesis of western hemlock. They

found that increased light intensities led to water stress in shade-

grown western hemlock resulting in damage to the photosynthetic

apparatus and death or reduced seedling vigor. Since the seedlings

used in this experiment were grown in the shade, the above may

explain the significant decrease in root growth at the high light

intensities in October. That is, after being exposed to the higher

light intensities the seedlings lowered their diffusion resistance to

gas exchange which initially allowed them to increase their rate of

photosynthesis. This response, however, would also lead to an

increase in water stress and, according to Keller and Tregunna (1975),

a damaging of the photosynthetic apparatus. Though the seedlings

did not show the symptoms of solarization and were watered weekly

the affects of exposure may have been enough to decrease root growth.

Perhaps the most interesting result from this experiment with

light intensity is the fact that root growth in western hemlock appears

to be unaffected by low intensities. Brix (1970) reported that 50 to

70% full light was most favorable to the dry matter production of roots

in western hemlock. Fairbain and Neustein (1970) in nursery trials

in England found that root growth was maximum at full light though

shoot growth and second year survival were maximum under 50%

full light. Logan (1973), after growing eastern hemlock for seven
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years under light intensities of 13%, 25%, 45%, and 100% full light,

found dry matter production greatest under 45% full light and concluded

that more shade-tolerant species are able to maintain good root

growth at low light intensities. In the present study it appears that

the root regenerating capacity is not drastically reduced, even at

light intensities as low as one-fifth full sunlight.

The response of root growth to increasing soil temperatures

(Figure 10) is in agreement with that of other investigators. Cooper

(1973), in an extensive review on root temperature and plant

growth, describes the basic response of root growth to soil tempera-

ture. In general, root growth increases with temperature to an

optimum after which it declines at a faster rate. He notes that soil

temperature may affect growth through different mechanisms on

either side of this optimum. Water availability may be the major

controlling factor at low temperatures, while plant metabolism may

be the limiting factor at higher temperatures.

For western hemlock it appears that root growth is optimum

around 20°C (Figure 10) for the three dates tested This result is

also in agreement with results of a study by Brix (1970), which shows

an optimum temperature for growth of western hemlock at l8°C

Stone and Schubert (1959) and Stone etaL (1962) also record an

optimum temperature around 20°C for root growth in ponderosa pine

and Douglas-fir. Heninger and White (1974) likewise record an
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Figure lO Response of root growth in western hemlock to three soil
temperat;ures. Different letters within each trial repre
sent a significant difference at the 5% confidence level0



optimum for root growth around Z3°C for a number of coniferous

species

In many of the early studies on root growth (McDougal 1916,

Stevens 1931, Adams 1934, Reed 1939, Lyford and Wilson 1966), it

was generally concluded that in the field, soil temperature was the

primary controlling factor, If the temperature optimum for forest

trees is as high as reported above, then one would expect tempera-

tare to be a limiting factor under natural conditions. In the winter

when soil temperatures drop below a threshold value, root growth

would be curtailed until soil temperature again became warm enough

to permit growth. This explanation would account for the observed

lack of root growth during the winter months under natural conditions

even when the ability for root growth is high.

The use of temperature as a device for conditioning stock in the

nursery is certainly a viable alternative today. It has been shown that

the PRC of ponderosa pine planting stock can be altered by precon

ditioning with cold night temperatures (Krugman and Stone l966) In

that study the investigators found that a significant increase in the

RRC of ponderosa pine was caused by exposure to 90 consecutive

nights at 6°C. They concluded that 'seedling preconditioning to obtain

a high RRP on a variety of specific planting dates appears to be

within the realm of possibility. ' The applicability of pre conditioning

techniques such as this for western hemlock will have to be studied ii

68
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more detail, it seems probable, though, that through some sort of

temperature preconditioning the RRC of nursery stock can be altered

to extend planting dates and develop seedlings for hard-to-establish

sites

Seedling response in this series of experiments dealing with

physical and environmental manipulations of the plant and depicted

in Figures 8, 9, and 10 can be accounted for using a growth model

developed by Brower (1962, 1969),, Under this model, growth of plant

organs is essentially interdependent and constantly striving towards

an equilibrium. That is, the growth of the roots and shoot of a plant

is in a state of balance and any disruption of this balance will result

in growth directed toward the restoration of that equilibrium. When a

plant is defoliated tt will direct its energy towards the restoratton of

the original balance (i.e. shoot growth) at the expense of root growth.

Similarly, root pruning would cause an increase in root growth and

decrease in shoot growth, This appears to be the case both in the

experiments described above and for the results described by Eis

and Long (1972) of root pruning in western hemlock.

Series U Effect of Size, Lig
and Soil Moisture on RRC

This second series of experiments was initiated to determine

if a relationship existed between seedling size and RRC in response to

varying degrees of stress. Stress was applied to the seedlings by
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controlling the amount of shading and water the seedlings rece.ved.

The results from this experiment are presented in Figure 1 L

This figure again reveals how western hemlock roots are more

sensitive in the fall and less sensitive in the spring to disturbance.

In October new root growth was negligible and, although the seedlings

did produce more roots in January, the capacity for root growth

was greatly increased in the March trial. Because response was

poor in the October and January experiments, the March trial was

chosen for further statistical analysis.

The data were subjected to regression analysis and analysis of

variance. In the regression analysis new root growth was not strongly

correlated with seedling fresh weight as a measure of seedling size.

Lavender and Wareing (l97Z) report similar results for Douglas-fir.

Further analysis revealed that neither root fresh weight, shoot fresh

weight, nor root dry weight were strongly correlated with root growth.

The strongest correlation found was between root growth, root fresh

weight, and shoot fresh weight. This relationship is shown by the

equation

Root growth = 103 + 35. l(root fresh weight) 7.6 (shoot fresh weight)

and has an r2 value of 0.67.

The results indicate that, when water is not limiting, root

growth in western hemlock is at a maximum under shaded conditions.

As light intensity increases, root growth apparently decreases and,
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Figure 11, Root growth of western hemlock seedlings as affected by
shading and soil moisture. Solid line represents high soil
moisture; dashed line represents low soil moisture.
Points with different letters differ significantly at the 5%
level.
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under full and 64% light, root growth is significantly lower. This

response may be result of exposure as previously discussed. These

seedlings were obtained from a heavily shaded site in the Coast Range

and the response to exposure described here could be attributed to that

described by Keller and Tregunna (1975) for shade adapted forms of

western hemlock. This is also consistent with results previously

described for the effects of high light intensity on root growth.

When water is limiting, however, it appears to have a depress-

ing affect on root growth as again demonstrated in the March trial.

Stone and Jenkinson (1970) found a decrease in root growth in

ponderosa pine by decreasing the initial amount of available water.

Day and MacGillivray (1975) fQund that for white spruce a soil

moisture content of 8% essentially curtailed root growth and one of

10% delayed root growth for 20 days after planting. It appears then,

from Figure 11, that for the seedlings tested, an increase in light

intensity or a decrease in the soil moisture results in a decline in the

root growth. This response,.. hqwever, should not be over generalized

since sun-adapted forms of western hemlock or intolerant species

would probably not show this response. Stone (1967), in fact, shows

that the effect of low soil moisture on root growth in ponderosa pine

can be partially offset by increasing light intensity.



Growth Regulators

To determine if changes in the RRC could be associated with

changes in growth regulators, the seasonal variation in the conceritra-

tion of indole-3--acetic acid arid abscisic acid in the roots of western

hemlock was assayed.

The results from the IAA analysis appear in Figure 12. This

figure depicts the quantities in mg/kg fresh weight determined by two

columns and two derivatives. This information is also given in table

form in the Appendix. The BSA derivative of IAA was masked by

interfering components on the SE-30 column and was, therefore, not

detectable. This derivative was resolved somewhat better on the

XE-60 column but was still obscured by extraneous peaks on many of

the sampling dates, The methylated derivative was resolved much

better on both columns, however, and the seasonal trend appears to

be fairly consistent.

The quantities of IAA determined above were averaged for each

sampling date and the averages plotted in Figure 13. The ABA con-

centration as determined on the XE-6O column using the electron

capture detector is also plotted in this figure. The absolute concen-

tration of both substances appears to be high in October, decreasing

through the winter and increasing throughout the early spring and

summer, The high IA.A concentration in April may, in fact, be an
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artifact since the methylated derivative on the SE-30 column and the

BSA derivative on the XE-60 column show IAA to be low on this

date. ABA concentration, it seems, begins to increase earlier in the

spring than IAA and reach a higher concentration in the fall, The

changes in the concentrations of these growth regulators relative to

each other is shown in Figure 14.

The role that growth regulators play in the root growth of tree

species is not well defined. Much of the problem is a result of

inadequate methods of extraction and quantitative determination of

specific hormone concentrations in the plant. Characterization of

growth regulators in plant tissue necessitates the use of highly

specific and sensitive techniques. These techniques were made

available through gas-liquid chromatography and apparently for the

first time Figures 12, 13, and 14 present an analysis of the quantita-

tive changes of IAA and ABA in the roots of a coniferous species

throughout the year.

The concentration of IA.A in the roots appears to be at a maxi-

mum in the fall months, decreasing through the winter and increasing

in the summer (Figure 13). This periodicity is out of phase with the

concentration of IA.A in the shoots of western hemlock. Nelson'

determined the concentration of extractable auxin from the shoots of

'Nelson, E,A. 1976. School of Forestry, Oregon State University.
Ph.D. thesis in process. Personal communication. Corvallis,
Oregon.
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Figure 13. The concentration of IAA and ABA in the roots of western
hemlock throughout the year, Solid line represents IAA,
broken line represents ABA
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Figure 14. The ratio of the concentration of ABA /IAA throughout the
year.
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these seedlings. He found that IAA concentration was low in the fall

and winter and maximum in the spring. This is a typical pattern for

auxins in the shoots of coniferous species and is further confirmed by

results of DeYoe and Zaerr (1976), which show a concentration of less

than 0.005 mg/kg fresh weight in Douglas-fir in December and a con-

centration between 1.7 and 2.4 mg/kg fresh weight in June,

The variation in ABA concentration has a similar pattern.

Figure 13 shows a high concentration in the fall followed by a sharp

decline in December. It remains low through the winter into April

after which it begins to increase and apparently continues to do so

throughout the summer and into the fall. ABA extracted by Nelson

(unpublished) from the shoots of these seedlings shows a peak in

December decreasing through the winter and spring, and increasing

agatn through the summer and fall. Webber (1974) found the same

trend for ABA extracted from shoots of Douglas-fir.

Perhaps more significant than the separate patterns of the

absolute concentration of each of these growth regulators is their

change relative to each other. That is, both IAA. and ABA concentra-

tion are highest in the fall after which the concentration of ABA drops

well below that of IAA. and remains low until spring. The ABA con-

centration begins to increase earlier in the spring than IAA and is

much greater throughout the summer. Figure 14 shows that from

December to April, the period of highest RRC, the ratio of ABA/IAA



is less than 1 while through the summer and fall it is greater than

uflity

Many investigators have studied the affect of exogenously

applied auxin on root growth but apparently no one has investigated

the quantitative variation in the endogenous levels of IAA or ABA in

the roots of conifer trees throughout the year. The fact that such a

variation or cycle exists is evident from Figure 13, its association

to the dormancy cycle in the shoot, however, and its influence over

root growth remains in the speculative stage. Roberts and Fuchigami

(1973) investigated the relationship between rooting of Douglasfir

cuttings and bud activity. They found that rooting of cuttings was

least in September and October when dormancy was most pronounced

and greatest in February and March. They further concluded that the

inhibition of rooting must be removed by a cold treatment before

exogenously applied auxin can stimulate rooting From these data

they believe an inhibitor-promoter balance is involved in which, for

growth to occur either the concentration ..of growth promoter must be

greater than that of inhibitor or inhibitor levels are reduced during

dormancy Sweet and Rook (1973), using the Avena coleoptile bio-

assay found that a decrease in inhibitor activity resulted in an increase

in relative growth rate of roots of Pinus radiata that had been under-

cut, From these results it appears that it is the concentration of

inhibitor and not the concentration of growth promoter which is fun-
damental in controlling root growth
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Figures 12, 13, and 14 suggest that it may be the change in

concentration of these growth regulators, relative to each other, that

influences root growth. In the fall (September-October) the ABA

concentration is high relative to the IAA, leading to inhibition o root

growth. In the winter, however, it seems that it is the sharp decline

in the ABA concentration that may lead to an increased capacity for

root growth. During this time the IAA concentration also declines,

though not as sharply, and throughout the winter the promoter1

inhibitor ratio is high. This condition would be conducive to the

increased ability for root growth that occurs at this time (Figure 3).

In the late spring, however, inhibitor levels begin to rise and exceed

growth promoter levels. This results in a decline in the RRC that

continues throughout the summer and into the fall. It seems, though,

that the maximum inhibition in the fall may be a result of high con-

centrations of both ABA. and IAA.

The relationship between IAA in the roots of coniferous trees

and root growth remains ambiguous. High endogenous IAA concen-

trations, such as that which occurs in October, may indeed inhibit

root growth, Coffman and Lowenstein (1973) found that high concen-

trations of exogenously applied auxin inhibited root development while

low concentrations increased it. From the data presented in Figure

13 it can be seen that the time of year such treatments take place will

probably affect the results obtained. Perhaps if the roots already
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have a low concentration of IAA, applying a low concentration of

auxin would stimulate root growth. However, if the roots have a high

endogenous concentration of auxin any addition to this may be inhibi-

tory.

No doubt an interaction betwen promoter and inhibitor exists.

This interaction is apparent in the results discussed above and in work

reported by Van Lear (1970). That author found that when maleic

hydrazide, a plant growth inhibitor, was applied to shoots of Douglas-

fir, root growth was inhibited. This inhibition was overcome, how-

ever, when the roots were soaked in different concentrations of IBA

or IAA. In Figure 13 a similar interaction between promoter and

inhibitor is seen and root growth is apparently dependent on the inter-

action between the two.

The root regenerating capacity of a seedling is an expression of

both root elongation and new root initiation0 Whether IAA influences

one more than the other and how other growth regulators affect RRC

remains to be determined. Lavender etal. (1973) feel that shoot

growth in Douglas-fir in the spring may be influenced by the export of

gibberellins from the roots. Taylor and Dumbroff (1974) show evi-

dence that increased root activity in Acer saccharinum was accom-

panied by increases in cytokinin activity in the buds. These and

other classes of growth regulators no doubt affect root growth. It

would seem, however, that no single one has complete control over



root growth; rather, it is an interaction between these groups of

growth substances that results in the observed seasonal potential

for root growth.
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SUMMARY AND CONCLUSIONS

The root regenerating capacity was determined for wild, bare

root, and container-grown western hemlock seedlings The RRC

showed a maximum during the late winter and decreased through the

summer to a low in the fall. A similar pattern was observed in seed-

lings which had been stored for one month. Survival closely followed

the seasonal pattern of RRC.

Western hemlock roots appeared to be most sensitive to dis-

turbance in the fall. Defoliation, soil temperature, and light intensity

treatments produced a lower response in October than in January or

March. Removal of all or part of the foliage generally resulted in a

decrease in the RRC. The optimum temperature for growth of

western hemlock roots appears to be around 20°C. Soil temperatures

o_ 0of 10 C and 2,5 C result n a decline in root growth.

Growth of western hemlock roots appears to be unaffected by

low light intensities. A decrease in root growth occurred when seed-

lings were subjected to higher light intensities in October. It appears

that shade-grown trees are sensitive to exposure to high light condi-

tions.

The seasonal changes in the concentration of indole-3--acetic

acid and abs cisic acid were determined. Both compounds have

maximum concentrations in October and decline in the winter. The
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ABA concentration declines to a lower level than the IAA concentra-

tion during the period of highest RRC (December-March). In the

spring the ABA and IAA concentration increases. The ABA concen-

tration again becomes greater than that of IAA through the summer

during the period of decreasing RRC.
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Treatment
Mean root growth (c
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Root growth response in western hemlock to physical and environ-
mental manipulations. A line common to two figures shows a signifi-
cant dilfererce at the 5% level (analysis of variance). Different
letters represent a significant difference at the 5% level (t-test). An
asterisk represents a significant difference from the respective
controi at the 5% level.

Oct. Jan. Mar,

Foliagremoved
Control 56.1 119.4 135.3
All 0.0* 8,2* 22, 9*

One - half 39. Q * 7 8. 6 * 99,3
New growth 89.0 * 115.2 148.6
Buds 68,0 160.5 156.6

Short photoperiod 45.6 110.0 113.0

0Soil temperature ( C)

10 193a..r 562a--
20 65.OaIII

1688b 1285b1
25 77,8b 1063c 1088b

Light intensiy (ft c)
2200 124,oa-r 223.1 237, 3

4200 68,3bL 179.9 259.3
6400 723b - 173.1 218.3



Concentration (mg /kg fresh wt) of tissue in the roots of western hemlock. An asterisk means
that the peak on the chromatogram was not discernible0

Collection dates
1975 1976

June 26 AZ7 Sept 24 Dec 4 Feb 3 Ar 6 /1 a

XE6O
B SA 0. 19 0.009 0.048 0.02
IAA

XE 60
M 0.056 0010 0.377 0.32 0.125
IAA

SE 30
Me 0.28 0.86 0.38 0019 0.56 0020

IAA

SE 30
BSA
]AA

XE6O
Electron captsre 0 3Z 0.44? 0.63b 00044 00061 0.08 0.195
ABA


