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A full range of experiments was carried out to investigate the

effects of environmental factors on the terminal bud dormancy in two

high-elevation true fir species, Shasta red fir (Abies magnifica A.

Murr. var. shastensis Lemm.) and noble fir (A. procera Rehd.),

seedlings. Photoperiod, thermoperiod and moisture stress were of main

interest.

In container-grown seedlings, it was found that warm thermoperiod

with moderate moisture stress and cool thermoperiod with low moisture

stress induced dormancy in the initial stage of the experiment. Short

photoperiod with warm thermoperiod and long photoperiod with cool

thermoperiod hastened onset of dormancy in a later stage. Short

photoperiod and cool therrnoperiod, which acted independently, could

also induce dormancy.

Both Shasta red fir and noble fir seedlings showed a typical

terminal bud dormancy. Six to eight weeks of chilling were required

to overcome the dormancy. Dormancy induction method influenced

chilling requirements. Seedlings induced into dormancy by long cool

days required less chilling than did the seedlings induced into



dormancy by short warm days. Long photoperiod during chilling could

conpensate for inadequate chilling.

The survival, phenology and growth of non-chilled true fir

seedlings were determined for two seasons in two irrigation regimes.

Regardless of species, survival was not different between any

treatments. Unchilled terminal buds stayed inactive during the first

season after outplanting. These terminal buds resumed growth after

being chilled naturally during the winter. Lateral branch development

was observed for both growing seasons. Growth was greater in the

moist irrigation regime than the dry irrigation regime.

Dormancy induction in natural low- and high-elevation

environments was investigated by using a switch-back experimental

design. It was determined that lower night temperature in the high-

elevation areas triggered growth cessation in the seedlings and thus

earlier dormancy. High moisture stress early in the season could also

prematurely cease seedling growth and impose stress-induced dormancy.
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DORMANCY IN ABIES SEEDLINGS

I. INTRODUCTION

Abies species are generally found in montane and subalpine or

boreal environments over much of the northern hemisphere. The genus,

consisting of approximately forty species, plays an important role

ecologically and represent significant economic resources. They

either form pure stands, or are mixed with other associated coniferous

species. Among the twelve Abies species indigenous to the United

States, seven are native to the Pacific states.

In recent years, the harvest of timber has advanced into the

upper slopes of Cascade Mountains, where the true firs predominant.

Foresters are beginning to appreciate that these species constitute a

major silvicultural resource. True firs are no longer the poor

relative, especially in view of their light-colored wood pulp for high

quality paper and good wood workability. Problems in regeneration and

management of true firs exist. There are many reasons for

regeneration failures: improper seed source, poor seed processing,

inappropriate nursery practices, improper seedling handling and

planting in environments not suited to the species.

However, without uniform high quality seedlings, even providing

curing the others, the regeneration will fail eventually. Because,

seedlings out-of-phase physiologically are less sucàessful in coping

with the environment. The synchronization of the seedling

developmental cycle to the changing environment is important in
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influencing seedling quality. One area of this synchronization,

dormancy, has been shown to affect the potential performance of

seedlings.

Research on tree physiology in the Pacific Northwest has been

conducted primarily with Douglas-fir (Pseudotsuga menziesii (Mirb.)

Franco) and western hemlock (Tsuga heterophyl la (Raf.) Sarg.), two

commercially valuable low to mid-elevation species. In contrast,

research in true firs, despite their predominance on the high

elevation slopes, have been neglected. As a result, the production of

true fir seedlings have been without a guideline. Information

generated with other species have been used to schedule operational

regimes imposed upon true fir. These practices may, or may not be

compatible with the need of the true fir species.

This study is intended to determine the role of photoperiod

temperature regime and moisture level on dormancy development of Abies

species.

This thesis is written in manuscript form and contains four

separate papers. Each of these papers constitutes a chapter and

contains its own illustrations and literature citations. An overall

literature review chapter on the subject of plant dormancy precedes

these papers. Al 1 references cited here, and in all other chapters,

are listed in the bibliography.

The first paper examined how different combinations of

photoperiod, thermoperiod and moisture stress influence the dormancy

induction in container-grown true fir seedlings.

The second paper described the chilling effects on overcoming
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dormancy in true fir seedlings. Photoperiodic role during chilling

was also examined.

The third paper examined the growth responses of plants that did

not receive chilling to overcome dormancy. In addition, it tested the

effects of irrigation regimes on the true fir seedlings growth after

outpl anting.

The fourth paper described an experiment designed to investigate

the effects of natural high- and low-elevation environments on true

fir dormancy induction.

The results of this true fir dormancy study will provide

information essential for the understanding of Abies seedling

production. Thus, high quality Abies seedlings could be provided to

meet the increasing demand on successful regeneration. Also, these

informations could benefit the biologists who embark on the researches

of high elevation true firs and the ecosystem.



II. LITERATURE REVIEW

DORMANCY

A period of arrested growth, dormancy, in the plant is the

adaptation of plant species to a particular climate. There are

variations in the adaptive responses to allow for the spread of plants

distribution range and also the evolution in response to climate

(Villiers 1973). It is the range of these variations that interests

biologists. By understanding environmental influence on the

development of dormancy adaptation and its variability, species

introduction, breeding, and the production of regeneration seedling

can be implemented more successfully.

Studies of dormancy started since the early nineteenth century

when the chilling effects on growth in plants were first reported

(Doorenbos 1953). Since then research has been extensive (Doorenbos

1953, Samish 1954, Romberger 1963, Vegis 1964, Wareing 1969a, Sarvas

1974, Nooden and Weber 1978). Both ecological and physiological

aspects of dormancy have been widely reported. However, these reports

are sometimes confusing because of the differences between the

physiological and ecological approaches of the subject (Saunders

1978).

Classic definition. Doorenbos (1953) defined dormancy as "any

case in which a tissue predisposed to elongate does not do so".

However, the definition does not provide information concerning

the physiology, anatomy, or morphology of the plant. Using this

4
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definition, it is not possible to distinguish dormancy in different

environments nor to identify the transition of a series of integrating

physiological states during dormancy.

Resistance to stress. Operational ly, dormancy is used to refer

to the ability of a plant to resist stress. The plant is considered

to be dormant when it shows high resistance to stress. This kind of

"dormancy" coincides with the absence of mitotic activity in apical

meristematic cells. Seedlings in hdormancyu are more resistant to the

stresses of lifting, handling, storage and the consequent planting.

The hardy-dormant concept deviates from Doorenbos' dormancy, and is

based on an ecological viewpoint, not on a physiological one. It does

not distiguish arrested growth/dormancy and cold hardiness/stress

resitance as two separate, but parallel processes with different

biological objectives.

Vegetative maturity. Many deciduous species have a different

phenology than coniferous species. Thus, the term "dormancy" becomes

more vague when cross referencing between the two groups of plants.

The terms "maturity induction point" and "vegetative maturity"

have been identified as two stages in the annual growth cycle of a

deciduous woody perennial angiosperms native to temperate zone

(Fuchigami et al. 1977). Maturity induction point defines the stage

when plants first become responsive to photoperiod. Vegetative

maturity is the stage of development when deciduous plants are able to

overwinter without injury following complete manual defoliation; it is

synonyms with the onset of rest (winter dormancy) which occurs several

weeks prior to the maximum rest. The stage of vegetative maturity is
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observed to be closely related, if not identical, to the transition

period between summer and winter dormancy (Seibel and Fuchigami

1978a).

Perry (1971) summarized dormancy as having two characteristics:

(1) a period of markedly reduced growth with few, or no, cell

divisions in the terminal and lateral meristems of the plant and (2) a

winter chilling requirement. These attributes applied to both

coniferous and broadleaf species.

Confounding with cold hardiness. The onset of dormancy is very

closely related to the onset of cold hardiness (Nissile and Fuchigami

1978). Environments of short days, low temperatures, and mild water

stress lead to not only growth cessation and dormancy in plants but

also cold acclimation (Perry 1971, Weiser 1970). A distinction

between dormancy and cold hardiness should be made in order to avoid

confusion. Though dormancy and cold hardiness are related

conceptually and physiologically, they are two different phenomena.

Cold hardiness involves considerable physiological adjustment to help

insure that all living cells withstand adverse environmental condition

while conducting maintenance and growth functions. The adverse low

temperature conditions include: frost, freeze desiccation, severe

freezes, etc. On the other hand, dormancy implies a state of shut-

down of all metabolic and growth activities except those necessary for

mai ntenance processes.

The loci of dormancy. Though dormancy is frequently thought to

be applied generally to the whole plant, it differs among organs. No

data have shown the roots actual ly go dormant (Lavender 1985). As the
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soil conditions become unfavorable for the growth of roots, they may

become quiescent. Once soil conditions improved, growth resumes.

Lateral cambia in Douglas-fir seedlings shoot do not enter dormancy

(Worrall 1971, Lavenderetal. 1970). Terminal meristems of shoots,

however, have the ability to enter dormancy (Hanover 1980, Lavender

and Hermann 1970, Perry 1971).

Measurement of dormancy. Owens and Molder (1973) considered a

Douglas-fir bud to be dormant when there is no mitotic activity in the

cells of the apical meristems. They described the changing anatomy of

the meristems within the bud. Nevertheless, it still does not deal

with the factors causal to the response of plants.

Levels of growth regulator inducing bud activity were used to

indicate dormancy depth (Hatch and Walker 1969, Walser etal. 1981).

However, most researchers determine the degree of dormancy by using

the time required for plants to break bud as an indicator (Amling and

Amling 1980, Fuchigami etal. 1977, Kobayashi etal. 1982, 1983a,

Niensteadt 1966).

There is no intention to make a new and highly restrictive

definition for the term "dormancy" in this thesis. Neither do

We want to open the Pandora's box of voluminous, sometimes

conflicting, observations concerning dormancy. Rather, defining

dormancy here is simply establishing a common ground for the following

discussions.

For this thesis, the term "dormancy" will be confined to the

subject in apical shoot meristems in perennial woody plants of the

temperate zone. The development of dormancy is moderated by a set of
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environmental signals and biological status within plant itself. It

can be overcome after a certain chilling requirements are fulfilled.

ENVIRONMENTAL CUES FOR DORMANCY

There are many variables in nature that can affect development of

dormancy cycles in plants. Light, temperature, and moisture cues are

the ones most commonly studied. The effects of these factors and

their interactions will be discussed in the following sections.

Emphasis will be on environmental cues for high elevation and

latitude species or sources to develop dormancy, since these cues are

likely to be different from those of low- or mid-elevation species.

DORMANCY INDUCTION

Photoperiod

Early recognition of the function of photoperiod (Garner and

Allard 1920) initiated the study of photoperiodic responses of plants.

Many reviews have since been published (Kramer 1936, Nitsch 1957a,b,

Phillips 1941, Vaartaja 1959, Wareing 1956, 1969b). Although most

studies of photoperiod have focused on the plant growth responses,

many have sought a photoperiodic role in dormancy.

Short photoperiod. Short photoperiod has a marked effect on

growth cessation and dormancy induction (Wareing 1949, 1956). Many

species such as paper birch (Betula papyrifera Marsh.)(Powell 1976),

hairy birch (B. pubescens Ehrh.)(Habjorg 1972a), European larch (Larix

decidua Mill.)(Simak 1970), blue spruce (Picea pungens Engelm.)(Young
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and Hanover 1977), black spruce (Picea mariana (Mill.) B.S.P.)(D'Aoust

1981), and Scots pine (Pinus sylvestris L.)(Kriesel and Ciesielska

1982) show similar response.

Shoot development decreased with decreasing photoperiod and the

primordia develop into scales instead of leaves or needles in black

and white spruce (Picea glauca (Moeuch) Voss)(Logan 1977), and Scots

pine (Kriesel and Ciesielska 1982). European larch stops height

growth with the initiation of a terminal bud, and needles are shed

(Simak 1970). Pollard and Logan (1977) found that bud morphogensis

and primordia formation in black and white spruce was reduced by

photoperiods less than six hours.

Plants respond to short photoperiod by growth cessation and bud

initiation. However, it should be noted that "short photoperiod" is a

relative term.

General ly, short photoperiods reduce growth. However, depending

on the geographic location, other environmental factors may influence

dormancy development. Salix from high latitudes cease growth even

under 24-hr light (Junttila 1976). Therefore, it appears "co-

triggers" may be involved in the initiation of dormancy cycle.

Photoperiod and sources. Most plant species are distributed over

wide geographic ranges with varying light conditions. The same plant

species respond to different light conditions according to geographic

sources. Thus, there appear to be "photo-ecotypes" among the

populations of a species.

The actual daylength which triggers growth cessation and

dormancy development varies among plant species and sources. Vaartaja
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(1959) suggested that the farther north the seed source the longer the

maximum, critical, daylength was required to inhibit continuous

growth. This latitudinal ecotypic gradient in photoperiodic response

was found in eastern hemlock (Tsuga canadensis Carr.) (Nienstaedt and

Olson 1961), white spruce (Arnott 1982), European larch (Simak 1970),

hairy birch (Habjorg 1972a), paper birch (Downs and Bevington 1981),

and Sal ix pentendra L. (Junttila 1982).

Experiments with Norway spruce (Picea abies (L.) Karst.) showed

that provenances from high altitudes had longer critical photoperiods

for growth cessation and terminal bud formation than did those from

low altitudes (Heide 1974a). Habjorg (1972a) found a positive

elevation-critical photoperiod relation for hairy birch.

Sitka spruce (Picea sitchensis Carr.) were studied for growth

cessation and budset (Kraus and Lines 1976). Earlier growth cessation

was found to be correlated with high latitudes and the processes were

strongly photoperiodic controlled. Budset followed the same pattern.

Inland provenances were earlier in budsetting than maritime sources

while the latter group showed more variations.

It was found among the Scandinavian species that the critical

photoperiod for seedling growth cessation was similar for different

species at the same latitude. However, studies (Dormling etal. 1968,

Heide 1974a, Junttila 1976) showed substantial deviations among the

critical photoperiods for species from same latitude. The critical

photoperiod was longer for sources at high altitudes than low

altitudes (Habjorg 1978). Habjorg (1978) suggested that light

qualities and intensities used in these studies accounted for the
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differences. His suggestion concurred with that of Mancinelli and

Rabino (1978); that different experimental conditions affected plant

high irradiance responses spectral sensitivity.

Junttila (1980) demonstrated that the natural critical

photoperiod for growth cessation in Sal ix species was longer than that

determined by growth chamber experiment for the northern ecotype but

not for the southern ecotype. This is an example of the confounding

effects of differences between growth chamber and natural light

conditions and between ecotypic light sensitivities. Also, the size

of the seedlings used in the experiments appeared to affect the way

and the rate in which plants responding to light (Junttila 1976).

Generally, the photoperiodic response appears to be additive.

Norway spruce crosses between French provenance and Swedish provenance

showed the critical photoperiod was intermediate between those for

their interprovenance hal f-sibs (Ekberg et al. 1976, Eriksson et al.

1978).

Light is important in seedling growth and development. The

existing studies suggest that a short photoperiod is important in

growth cessation and dormancy induction. However, photoperiod does

not appear to be the only determining factor for dormancy development.

Other environmental factors, acting independently or interacting with

photoperiod, must also be considered in the dormancy cycle. The plant

species itself, because of the different photoresponses from

photoecotypes, should also be taken into account.

Temperature

The relation of temperatures to tree seedling growth has been
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studied extensively under control led and natural conditions. But only

a few studies have been done on the effects of temperature on

dormancy. And many have shown conflicting results. The ambiguity of

the subject could be caused by the confusion between the definitions

of dormancy and cold hardiness. The discrepancies between the

phenological and physiological observations as well as between the

natural and controlled environments also complicate the subject.

Temperature Regimes. Temperature is constantly changing in

nature, particularly on a micro-climate scale. Besides the

temperature itself, plants also respond to the fluctuations. Day and

night temperature fluctuation and thermoperiod were reported as

influential factors for seedling growth and development.

Kramer (1957) and Heilmers (1962) found that loblolly pine (Pinus

taeda L.) growth decreased with decreasing difference between day and

night temperatures. Cool nights decreased growth and resulted in

growth cessation in hairy birch (Habjorg 1972a). Night temperature

was found to be the most important factor in the growth of Engelmann

spruce (Picea engelmannii Engelm.)(Hellmers etal. 1970). Growth

decreased with decreasing night temperatures from 230 to 3°C.

Heilmers and Rook (1973) suggested that night temperature is the most

important temperature parameter affecting Monterey pine (Pinus radiata

0. Don) seedling growth. They postulated that the maintenance

respiration was reduced during cooler night temperatures and

facilitated bud differentiation.

The formation of terminal bud in Engelmann spruce was controlled

more by day temperatures than night (Helimers etal. 1970). However,
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a warm day temperature of 35°C could inhibit terminal bud formation.

A warm temperature regime of 25°/20°C initiated western hemlock

seedling dormancy more rapidly than a cool one of 18°/12°C (Nelson

1978). Warm days and cool nights stimulated bud set and subsequent

development in Norway spruce (Magnesen 1971) and Jeffrey pine (Pinus

jeffreyi Grey, and Balf.)(Hellmers 1963a).

Thermoperiods of 21

Salix pentandra northern ecotype but not the southern ecotype

(Junttila 1982). The southern ecotype required lower night

temperatures before growth ceased. Similar result was found in hairy

birch (Hab,jorg 1972b).

Because of the unsteady nature of temperatures, plants respond to

fluctuation with different rates of growth and development. Night

temperatures account for the effect of thermoperiod. Warm days and

cool nights are required to stimulate bud formation and the subsequent

development. The optimal thermoperiod and the range of the

differences between day and night temperatures are species specific.

Raising seedlings in a bare-root nursery, or in a greenhouse,

requires consideration of thermoperiod on a species by species base.

Thermoperiodic effects on plant growth and development are especially

important for high elevation and latitude species because the

day/night temperature differentiation is so great in nature.

Both air and soil temperatures influence shoot growth. Warm air

and soil temperature could override counter cool temperature effects

to a certain degree: (1) warm air temperatures stimulate shoot growth

and development; (2) low air temperatures combined with warm soil

°/9°C and 18°/9°C induced growth cessation in
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temperatures enhance root growth; and (3) cold soils decrease both.

Warm temperatures and dormancy induction. Though shoot and root

have different optimal temperatures for growth and development, the

differentiation between the two does not appear to be essential for

the growth and development of the shoot. However, the above- and

below-ground growth and development are integrated biological

processes. Especially when raising seedlings in small containers, the

temperature of the growth medium is practically the same as the

ambient air temperature.

Though dormancy is observed during the cold period of the year,

the initiation of it occurs before the arrival of the cold

temperatures. Vegis (1953, 1956, 1963, 1964) proposed that natural

dormancy is mainly due to the influence of high summer temperatures.

One might argue this statement at first, since dormancy is comonly

associated with low temperatures and cold winter. Regardless,

research demonstrates the role of warm temperatures in dormancy cycle

induction (Fuchigami and Weiser 1971).

Red maple (Acer rubrum L.) dormancy cycle was studied by Perry

and Wang (1960). The depth of dormancy was best correlated with the

warm temperature in July. Slee and Shepherd (1972, 1977) showed slash

pine (Pinus elliottii Engelm. var. elliottii L. & 0.) seedlings ceased

height growth and became dormant earlier in a warmer (28°117°C) than

cooler (23°/11°c) temperature regime. Walnut (Juglans regia L.) grown

in an area with warmer June-July temperature (14.7°C) were found in

deeper dormancy than those from areas with lower summer temperature

(11.0°c) when sampled in November (Mauget 1977).
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The development of white spruce dormant buds was found closely

related to the warm temperature-enhanced shoot growth processes (Owens

etal. 1977). It has been reported that bud set in Norway spruce was

stimulated by warm temperatures (Magnesen 1971). The buds

progressively decreased their differentiation activities when treated

with decreasing temperature (Jansson and Bornman 1983). Cold storage,

prior to dormancy, reduced mitotic activity in Douglas-fir and was

rel ated to reduced height growth the fol lowing year (Carl son et al.

1980).

These studies support for Vegis' hypothesis that warm

temperatures promote seedling growth and enhance bud morphogenesis and

bring about the vegetative maturity (Fuchigami etal. 1977, Jensen and

Gatherum 1965, Sarvas 1972).

Moisture

Summer moisture stress has been considered as the prime factor in

inducing plant dormancy in the Pacific Northwest (Lavender 1981).

However, induction by drought stress appears less prevalent in high

elevation areas where true firs predominate. The high elevation

plants can recover the daytime water loss during night and regain the

water potentials because low evaporation demand by cooler

temperatures, abundant moisture supply from snow melt and less

vegetation competition (Franklin and Dyrness 1972, Hal versen and

Emmingham 1982a, lung et al. 1986).

While many responses of plants to water stress have been studied

(Hsiao 1973), little work has been done to directly correlate water

stress and plant dormancy as a "stress-inducer" or a "natural cue"
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(Lavender 1980).

Strothmann (1967) reported that red pine (Pinus resinosa Ait.)

seedlings grew better without moisture stress. Pollard and Logan

(1977) concluded that soil moisture only weakly influenced needle

initiation in spruce buds. This might be because the moisture content

of meristems is always close to optimum unless the plant is under

severe stress (Kozlowski 1971a, Sarvas 1974).

Growth in red pine shoot was related to bud size and irrigation

during previous year (Clements 1970). Spring irrigation did not

affect current year shoot responses. This carry-over irrigation

effect is, however, limited to species with predetermined growth from

the dormant buds formed in previous year (Kozlowski 1982). The

species with intermittent free growth responds to irrigation during

el ongation periods.

The tolerance range of plants to water stress has resulted in the

development of the ability to avoid drought by entering dormancy.

Moist soils allow vegetative growth in Douglas-fir seedlings while dry

soils induced early dormancy (Lavender etal. 1968). Moderate

moisture stress induced dormancy development in western hemlock

seedlings (Cheung 1973, Nelson 1978). A similar effect was observed

in ponderosa pine and Douglas-fir (Lavender and Cleary 1974).

The involvement of moisture stress in plant dormancy most likely

is indirect. Moisture stress affects the plant physiological

processes, reduces the growth and shortens growth period, thus

inducing earlier dormancy. Dormant bud development is affected by

moisture stress of current season and consequently determines growth
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for the next season.

Interactions

Photoperiod x temperature interaction. Early dormancy in

Douglas-fir first year seedlings was induced by short (9-hr)

photoperiod with low (3°C) night temperature (Lavender et al. 1968).

The hairy birch dormant buds developed and matured faster under

short photoperiod, low night temperatures and high day temperatures

(Habjorg 1972a). The high elevation and northern populations had

longer critical photoperiod.

In Norway spruce, the photoperiodic effect on dormancy was

significantly modified by temperatures (Heide 1974a). The dormancy in

high elevation and northern species or sources, in general, responded

to the interaction of light and temperatures more sensitively than the

low elevational and southern species or sources.

Under long photoperiod, low soil temperatures reduced Douglas-fir

growth and hastened it into dormancy (Lavender and Overton 1972).

Whereas under short photoperiod, low temperatures generally postponed

the dormancy initiation in coastal Douglas-fir. The inland Douglas-

fir, in general, entered dormancy more rapidly under the same testing

conditions than did coastal Douglas-fir.

European larch terminal buds initiated in short day depend on

temperature for development. Warm temperatures facilitate bud

development while low temperatures retard it (Simak 1970). Terminal

bud set in western larch seedlings occurred under a 14-hr photoperiod

and reducing night temperatures (Vance and Running 1985).

The interaction between photoperiod and temperature appeared to
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be closely related to the sources of species. Scots pine seedlings

from seven sources responded to the long (16-, 20-hr) photoperiods and

cool temperature (13.3°C) with differentiation -- earlier budset. All

sources reduced height growth with decreasing photoperiod. Longer

photoperiods and warm temperature brought about earl ier budbreak. The

provenance differences were shown better under longer photoperiod and

cool temperature which mimicked the natural environment of northerly

latitudes (Jensen and Gatherum 1965).

Malcolm and Pymar (1975) examined the effect of temperature

regimes on the photoperiodic control of bud set and maturation in a

complete provenance range of Sitka spruce seedlings. Seedlings of all

provenances ceased height growth when photoperiod decreased to 16-hr

in cooler temperature regimes of 12°/7°C and 80 /5°C. Warm

temperatures seemed to have relatively little effect on the

northernmost provenance which ceased height growth when photoperiods

were at or above 15.5-hr. The timing of budbreak is negatively

correlated with latitudes. Under same temperature, northern

provenances flushed earlier while the southern provenances were late

and showed greater variation.

Thermoperiods with low night temperatures (9° - 10°c) affect

critical photoperiods for growth cessation (Habjorg 1972b, Heide

1974a, Junttila 1980). The Northern ecotype appeared to be more

sensitive to thermoperiod.

Temperature x moisture stress interaction. Many of the studies

reporting dormancy induction by plant water stress may have been

confounded by temperatures. High temperatures increase transpiration,
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thereby inducing water stress in plants (Kozlowski 1982). Both air

and soil temperatures are involved.

Light x moisture stress interaction. Moisture stress reduced

growth in western larch seedlings under high light intensity of light

but not under low light intensity (Vance and Running 1985). Highest

light intensity and no water stress produced largest western larch

seedlings.

It appears that the plant water status, expressed by stomatal

action, reflects the light intensity, air temperatures, and the vapor

pressure deficit more than the soil moisture content. This seems to

more of the case in the high elevation habitat where the light

conditions, air temperatures, and humidity are the prime factors

affecting plants when the ground is not frozen.

Photoperiod x temperature x moisture stress interaction. Early

dormancy in western hemlock could be induced by the combination of

short day, moderate water stress and low temperature (Cheung 1973). A

later work showed the dormancy was initiated most rapidly under a

condition consisting of 8-hr photoperiod, warm temperature regime of

25°/20°C and moderate moisture stress of -1.2 - -1.5 MPa (Nelson

1978). If the photoperiod was changed to 16-hr, the dormancy

induction effect of a warm temperature regime and moderate moisture

stress was less effective. Lavender etal. (1968) reported that early

dormancy in Douglas-fir was induced by short photoperiod, low

temperature, and dry soils.
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DORMANCY RELEASE

Effects of chilling temperatures

As early as 1801, long before the discovery of the photoperiodic

and thermoperiodic effects on plant dormancy, it had been noticed that

plants protected from winter cold stayed in the inactive state longer

than those exposed to cold temperatures (Doorenbos 1953, Romberger

1963). However, it was not until the physiological evaluation of

dormancy was coupled with anatomical observations and low temperature

effects that the role of chilling became apparent.

Chilling temperatures facilitate dormancy cycle development

(Romberger 1963, Sarvas 1974). Coville (1920) found dormant blueberry

(Vaccinum sp.) plants required chilling before they can resume normal

growth. Subjecting dormant pecan (Carya illinoensis (Wang) K. Koch)

to subfreezing temperatures for a short period of time advanced

budbreak the following season (Sparks etal. 1976). Chilling

treatment increased the rate of budbreak in Jonathan apple (Malus

domestica Borkh. cv. Jonathan")(Thompson et al. 1975).

This chilling effect is localized and not transferable. Zaerr

and Lavender (1970) reported that only the dormant apical meristems of

the Douglas-fir shoot have chilling requirements. When Douglas-fir

seedlings were subjected to "split climate" (Timmis and Worrall 1974),

chilling effect was limited to the actual chilled buds.

Fraser fir (Abies fraseri (pursh) Poir.) seedi ings rapidly broke

their dormant buds and resumed growth after being chilled (Hinesley

1982). While non-chilled Fraser fir seedlings, when outplanted in
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spring developed abnormal terminal buds and grew much less than

chilled seedlings. Fraser fir seedlings only resume normal growth

after overwintering and the low temperatures fulfill the chilling

requirements. Attempt to establish a Douglas-fir seed orchard in the

Monterey Bay area of northern California failed because local warm

winter temperatures could not fulfill the chilling requirements (Copes

1983).

Warm temperatures, during the chilling period, negate the

chilling effect. van den Driessche (1975) showed this negative effect

of warm temperatures in Douglas-fir, and spring budbreak of Jonathan

apple was retarded when there was high temperature interruption during

the chilling period (Thompson etal. 1975).

The duration of chilling appears to be important in dormancy

release (Fuchigami et al. 19 ). Studies show the duration varies

from species to species as well as from source to source. Redmaple

from certain Florida sources has no chilling requirement (Perry and

Wang 1960); inland Douglas-fir (var. glauca) from Rocky Mountain

requires 17 weeks (Wells 1979).

van den Driessche (1975) found 2000 hours of exposure to

temperatures below 4.4°C would be sufficient for dormancy release in

Douglas-fir. Dormant white pine (Pinus strobus L.) seedlings required

at least thirty days of chilling at a temperature of 4.4° + 0.2°C and

the budbreak was increased by the length of chilling (Al-Naqib and

White 1985).

Seedlings of mountain beech (Nothofagus solandri (Hook. f.)

Oerst. var. cliffortioides (Hook. f.) Poole) collected in mid-winter
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were deeply dormant, whereas those collected at later dates showed

progressively more rapid response to warm temperatures by breaking

buds (Wardle and Campbell 1976). Similar result was reported in

walnut seedlings (Mauget 1983). Time required to break dormant buds

in Fraser fir seedlings decreased with the increasing duration of

chilling (Hinesley 1982).

Using budbreak rather than mitotic activity as a dormancy release

indicator over estimate the time at which chilling requirements are

met by a period of time (Owens etal. 1977). This discrepancy helps

explain: (1) why there only seems to be a minimum chilling

requirement, but not a maximum one, and (2) why warm temperatures at

the late stage of chilling do not always negate chilling effect.

Flushing, the shoot elongation phase imediately following

budbreak, is mainly a function of warm temperatures (Campbel 1 and

Sugano 1975, 1979, Zaerr and Lavender 1970). This effect was found

in Norway spruce (Mork 1959), tea (Herd and Squire 1976) and Douglas-

fir (Campbell and Sugano 1979, van den Driessche 1975). Nevertheless,

the influence of temperatures during flushing was found dependent on

the duration of chilling (Campbell and Sugano 1975).

The necessity of chilling temperatures to overcome dormancy has

been proven. However, critical temperature and critical length of the

chilling requirements are unclear. The negative effect of warm

temperatures during chilling, the seed sources, and the interaction of

light represent a few of the factors that interfere with the

determination of the chilling for each species. The "release" of

dormancy determined by budbreak or mitotic activity describes events
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of growth and development, rather than dealing with physiological

plant response. The indicator used for dormancy release thus is a

subject worth further study.

Temperature and Sources

The variations of temperatures over the distribution range of

plant species are complicated because of many confounding factors.

Even planting spots within a plantation can have significant

microclimate differences in temperatures.

In the lowlands of Scotland, Sitka spruces burst buds earlier

than in the highlands (Cannell and Smith 1984). Interplay between

chilling requirements and the warm temperatures required for budbreak

in the two sites was suggested as the cause. Both racial and local

variation were found in red maple sources in dormancy release tests

with chilling treatments. Sources from colder regions broke bud later

than those from warmer regions (Perry and Wang 1960). Pollard and

Yang (1979) suggested the significant difference among the flushing

timing of six families of white spruce in four stands was the adaption

of populations to the timing of environmental hazard, viz., late

frost. Sweet (1965) reported the Douglas-fir from areas with late

spring frost danger had greater variation in budbreak timing. The

budbreak timing was found to be strongly genetic controlled (Whiteet

al. 1979).

Flushing rates are mediated by temperatures. At a constant 20°C,

some Sitka spruce sources grew faster than others. However, the

difference diminished at a constant 8°C (Malcolm and Golding 1974).

The warmer temperature, 20°C, stimulated faster elongation thus
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expressed genetic differences.

The timing of temperatures appeared to be important in expressing

genetic potentials (Bergan 1984). If high temperatures occur abruptly

in early spring, budbreak in Norway spruce in northern provenance is

only a few days before southern provenance. However, if the spring

temperatures increased slowly, the differences of budbreaking timing

between the two provenances were significantly increased.

As a result of adaptation to temperatures, plant species show

different temperature requirements for growth and development. The

same species, at different locations, evolved different temperature

requirements according to the specific local climatic conditions,

especially late spring and early fall frost.

In general, plants from areas with mild winter show a larger

variance in budburst dates than do plants from areas with severe

winters. Nevertheless, the role which temperature plays in dormancy

development in different sources is not well understood. Considering

different sources have different temperature requirements for growth

and development, it is logical to assume that species or sources from

different climatical sites have specific temperature requirements for

dormancy devel opment.

Plant growth and development are dependent upon temperature, warm

temperatures enhance growth, bud morphogenesis and bring about

vegetative maturity, thus, entering plants into dormancy cycle.

Thermoperiods are important in morphogenesis and development. Once

dormant, the plants require a period of chilling before resuming

growth. The chilling requirements are genetically determined, and the
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local microclimates are responsible for bringing out the genetic

expression. Growth after chilling requirements are met istemperature

dependent.

Long photoperiod

Long photoperiod can cause budbreak in dormant tea (Camellia

sinensis L.)(Barua 1969), western hemlock (Nelson and Lavender 1978),

Douglas-fir (Pseudotsuga menziesii (Mirb.) France)(Lavender 1980), and

henoki (Chemaecyparis obtusa Endl. var. obtusa)(Koike 1982).

Dormant white elms (Ulmus americana L.) were subjected to various

lengths of chilling then treated with different photoperiods under

warm temperature (Roberts and Main 1965). Long days were found to be

effective in promoting earlier budbreak in seedlings received less

chilling. But this effect was not found for the seedlings receiving

inadequate or longer chilling. It appears that photoperiod modifys

the duration of chilling. There seemed to be a critical minimum

chilling requirement, below which the photoperiodic effect was not

signi ficant.

Dormant loblolly pine seedlings required chilling before resuming

growth under 10- and 12-hr photoperiods while 14-hr photoperiod

compensated for part of the chilling and caused earlier growth (Garber

1983). A wide range of temperatures, 00 - 12°C, was equally effective

to fulfill the chilling requirements. Western hemlock dormant

seedlings treated with six weeks of mild (27°/21°C), short (8-hr) day

before chilling required four weeks under 50C of temperature to

fulfill the chilling requirements whereas the seedlings without the

pretreatment required six to eight weeks (Nelson and Lavender 1979).
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This mild, short day (9-hr, 20°C) pretreatment effect was found for

Douglas-fir (Lavender and Stafford 1985).

The environment plays an important role in the dormancy cycle of

plants. The qualitative and quantitative influences of light,

temperatures, and moisture stress on the dormancy cycle vary among

species. In general, short photoperiods, warm temperature regimes,

and moderate moisture stress could trigger the dormancy cycle in

species or sources from low- or mid-elevation areas. The variations

among the seed sources apparently are the results of evolution of each

species to adapt to the corresponding environment or are the results

of environmental selection.
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III. DORMANCY INDUCTION IN CONTAINER-GROWN ABIES SEEDLINGS

Chao-Hsiung lung and David R. DeYoe

Department of Forest Science, College of Forestry

Oregon State University, Corvallis, Oregon U.S.A. 97331

ABSTRACT

Twelve-week old container-grown seedlings of noble fir (Abies

procera Rehd.) and Shasta red fir (A. magnifica A. Murr. shastensis

Lemm.), both high elevation species, were grown under controlled

environments to study the induction of terminal bud dormancy. Three

pairs of factors: long (15-hr; LD), short (11-hr; SD) photoperiods;

warm (25°/20°C; WARM), cool (18°/12°C; COOL) thermoperiods; and

moderate (1.2 MPa; DRY), low(O.6 MPa; WET) moisture stress levels

were imposed upon seedlings for twelve weeks. Significant effects

that induced dormancy in terminal buds of seedl ings were identified.

WARM/DRY and COOL/WET induced dormancy in the first 2 weeks in noble

fir and in the first week in Shasta red fir. SD/WARM and LD/COOL

enhanced dormancy induction in the week 3 to 4 period in noble fir and

the week 1 to 7 period in Shasta red fir. SD and COOL hastened the

dormancy induction independently in noble fir in the week 5 to 12

period.

INTRODUCTI ON

In recent years, the harvest of timber has advanced onto the

upper slopes of the Cascade Mountains, where the true firs are
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predominant. As a result, true firs are rapidly becoming a major

silvicultural resource (Franklin 1982). Regeneration failures are

providing new challenges in regeneration and management (Hal versen and

Emmingham 1982, Owston 1980). Thus, the studies of true fir are of

increasing interest to biologists and foresters.

There are many reasons for regeneration failures: improper seed

source, poor seed processing, unfavorable nursery practices, improper

seedling handling and planting, and adverse environments (Clearyet

al. 1978). But even providing proper seed and careful handling and

planting of seedlings may not produce successful regeneration. These

failures may occur because seedlings are out-of-phase physiologically

with their new environment. The synchronization of seedling

development to the changing seasonal cycle is an important factor

influencing seedling quality. In this regard, dormancy of the

terminal bud has been shown to affect the potential performance of

seedlings (Duryea and McClain 1984, Jenkinson 1984).

Research of dormancy in the Pacific Northwest has been conducted

primarily with plant species or sources from low- or mid-elevation,

such as Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco)(Lavender et

al. 1968), western hemlock (Tsuga heterophylla (Raf.) Sarg.)(Nel son

and Lavender 1979). True firs, despite their predominance on the high

elevation slopes, have received little attention. Nurseries which

produce true fir seedlings schedule their cultural operations by using

guidelines developed for low- and mid-elevation species (Lavender

1979, Owston 1979). Consequently, the results of reforestation may

not be optimized (McDonald and Cosens 1980, Owston 1980).
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In this study, controlled environments were used to determine

several putative factors which affect dormancy induction for container

grown true fir seedlings. The effects of photoperiods, thermoperiods,

and moisture stress levels were of main interest.

MATERIALS AND METHODS

Two true fir species, noble fir (Abies procera Rehd) and Shasta

red fir (Abies magnifica A. Murr. var. shastensis Lemm.), were

selected for this study. Noble fir seeds were collected at 1500 m of

elevation in the southern Washington Cascades. Shasta red fir seeds

were collected at an elevation of 1833 m in the Rogue River National

Forest of southern Oregon.

Seedling culture. Stratified seeds were germinated in plastic

germination trays and placed in a germination cabinet at a day/night

photoperiod of 18/6 hours and corresponding thermoperiod of 25° /20°C.

When emerging radicles extended approximately 5 - 8 m beyond the seed

coat, germinants were removed and planted into 165 ml Ray Leach

containers filled with an equal mixture of peat, vermiculite, and fine

river sand.

During the following twelve weeks, seedlings were maintained in a

growth room to ensure establishment. Photoperiod control was set to

provide eighteen hours daylight and the day/night temperature regime

was maintained at 25°/20°C. Room temperature water was used for

irrigation. Captan, a fungicide, was used twice in the first two

weeks at a concentration of 1/2000 (v/v) to prevent damping off.
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Water soluble fertilizer (nitrogen, phosphorus and potassium at 200

ppm each) was applied once a week in irrigation water. Liquid sulfur,

copper, iron, and zinc were applied at two-week intervals in the same

manner at the concentration of 18.2 ppm, 0.65 ppm, 30.65 ppm, and 0.5

ppm, respectively. Following the establishment period, when seedlings

had developed their secondary needles, seedlings were evaluated for

their morphological form. Those stunted or malformed were discarded.

Dormancy induction. Three pairs of factors: 1) warm - cool

thermoperiods (250/20°c; WARM and 18°/12°C; COOL); 2) long - short

photoperiods (15-hr; LD and 11-hr; SD); and 3) low - moderate moisture

stresses (0.6 MPa; WET and 1.2 MPa; DRY), were combined into eight

treatments (Table 111.1) to induce dormancy. Two growth rooms were

used to maintain the WARM and COOL thermoperiods. Day temperatures

were maintained to coincide with the fifteen hours daylength. The SD

treatment was imposed by using black-out boxes providing darkness

during the last four hours of light. The black-out box was

constructed to allow free air circulation to minimize temperature

differences (Nelson 1978). Plant water status was monitored by using

a pressure chamber apparatus to measure the pre-dawn xylem pressure

potential (Waring and Cleary 1967).

Dormancy was defined as the terminal bud formation. Since the

starting point of terminal bud formation is difficult to observe in

true firs, the major criterion for determining dormancy was the

appearance of bud scales turning light brown on the terminal buds.

Dormancy was verified by putting seedlings into an 18-hr photoperiod

and 25°C environment.
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The terminal bud formation was monitored for twelve weeks. Each

treatment consisted of 49 seedlings. There were three replications.

A total of 1176 seedlings of each species was used in this study.

Statistical analysis. Bud-setting data for each week were

subjected to analysis of variance with a strip plot design (Petersen

1976, 1985). Significance is defined as p < 0.001, unless otherwise

stated.

Significant main effects or interactions on budsetting were

identified for each week. These significant main effects and

interactions are summarized in Table 111.2 for noble fir and Table

111.3 for Shasta red fir. The coefficients of determination (R2) of

the significant treatment effect in each week demonstrate how the

influential effects accounted for budset variation. The bud-setting

data observed for each week were plotted in Figures 111.1 and 111.2

for noble fir and Shasta red fir, respectively.

The significant treatments that favored budset for each period

are summarized in Table 111.4. No significance was found in analysis

of covariance for the influencing effect in the previous period onto

the next period.

RESULTS AND DISCUSSION

The imposed photoperiods, thermoperiods and moisture stress

levels played independent and interactive roles in inducing dormancy

in true fir seedlings.

Budsetting in noble fir seedl.ings was grouped into 3 time periods
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by the dominant significant treatment effects (Table 111.2, Fig.

111.1).

Different results were found in Shasta red fir (Table 111.3, Fig.

111.2). Budset was assessed by three time periods according to the

dominant influential effect (Table 111.3).

The interaction between thermoperiods and moisture stress

determined budset in noble fir in the first two weeks and Shasta red

fir in the first week (Tables 111.2 and 111.3). At week 2, more

seedlings of both species set bud in WARM/DRY and COOL/WET (Figs.

111.1 and 111.2; Table 111.4).

Warm temperatures are considered to be effective in enhancing

plant growth and development, while moderate moisture stress in

plants, on the other hand, can hinder growth. Moderate moisture

stress combined with warm temperatures is recognized as the major

factors in triggering cessation of growth and dormancy onset in

Douglas-fir in the Pacific Northwest low- and mid-elevation areas

(Lavender 1981).

Earlier dormancy development of Scots pine seedlings in warm

temperatures was related to the inhibition and changes in the

distribution of photosynthates. The earlier budset in warm

temperatures appears to be the result of seedling apical meristem

changing from growth to differentiation (Jensen and Gatherum 1965).

High elevation areas have cool temperatures and abundant

moisture (Hal versen and Emmingham 1982, lung and DeYoe 1986). The

true firs developed better and faster in the cool and low moisture

stress condition. This phenomenon was reported for another high
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elevation species - Engelmann spruce (Heilmers etal. 1970).

Thermoperiod and photoperiod interplayed in determining budset in

the first seven weeks in Shasta red fir and the period during the

third week to the fourth week in noble fir (Tables 111.2 and 111.3).

More seedlings showed budset in SD/WARM and LD/COOL (Figs. 111.1 and

111.2; Table 111.4).

Short photoperiod is identified as the primary trigger for growth

cessation and dormancy induction in many species, and the combination

of warm temperatures and short days is even more effective in

mediating the development of dormancy (Dormlingetal. 1968, Perry

1971).

In Norway spruce, the photoperioclic effect on dormancy was

significantly modified by temperatures (Heide 1974). Warm

temperatures accelerated shortday effect in growth cessation. Simak

(1970) reported the European larch (Larix decidua Mill.) terminal buds

initiated in shortday depends on temperature for development. Warm

temperature facilitates bud development while low temperature retards

it. Scots pine seedlings ceased growth and became dormant earlier

under short photoperiod in warm temperature (Jensen and Gatherum

1965). Short photoperiod combined with warm temperature can hasten

the onset of dormancy in Douglas-fir seedlings (Lavender 1981).

The enhancing effect of long photoperiods and cool temperatures

was not well documented as a dormancy triggering treatment.

Malcolm and Pymar (1975) reported the Sitka spruce seedlings

ceased height growth under long photoperiod in cool condition.

Magnesen (1969) found Norway spruce seedlings ceased growth under long
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photoperiod with low temperatures.

On the natural high elevation environments where the temperature

is cool and true firs grow, they develop the dormant buds while the

photoperiod is still long. Longer photoperiod and cool temperature

which mimicked the natural environment of high elevation thus hasten

seedling maturation.

Short photoperiod acted as a strong factor to hasten dormant

budset in the third period for noble fir (Tables 111.2 and 111.4).

Noble fir seedlings appear to be particularly sensitive to short

photoperiod from week five to week twel ye. More than 40%, sometimes

over 60%, of the budset variation among treatments can be explained by

photoperiod difference at this stage (Tables 111.2 and 111.4).

SD has long been reported as having a marked effect on the growth

cessation and dormancy induction (Wareing 1948, 1956). Many species

such as European larch (Simak 1970), blue spruce (Picea pungens

Engelm.)(Young and Hanover 1977), black spruce (D'Aoust 1981), and

Scots pine (Pinus sylvestris L.)(Kriesel and Ciesielska 1982) were

found to have the similar response of growing less and dormant sooner.

Cool thermoperiod acted as a co-factor in enhancing budset during

the same period as the SD but to a lesser degree (Table 111.2). Low

temperatures have been recognized as a safety control in inducing

dormancy (Heide 1974). If temperatures drop before photoperiod

decreases to the critical level, temperature then gives the cue for

dormancy induction.

Early cessation and less height growth in cool temperatures have

been reported in the seedlings of Sitka spruce (Malcolm and Pymar
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1975), Norway spruce (Heide 1974), and Fraser fir (Hinesley 1981).

Early dormancy was induced by cool temperatures in western hemlock

(Cheung 1973) and Engelmann spruce (Heilmers etal. 1970).

No difference was found among the amount of Shasta red fir

seedlings that set bud from week eight to week twelve (Table 111.3).

Shasta red fir seedlings reached a higher percentage of budset earlier

than noble fir did (Figs. 111.1 and 111.2). This suggests Shasta red

fir seedlings are more sensitive to the treatments than are the noble

fir seedlings.

The covariance analysis failed to show any carry over effect of

the influential effect from the previous period. It can be recognized

as the responses of seedlings to the treatments changed through time.

Certain period in seedlings development has certain treatment

combination as the cue to develop a dormant terminal bud.

Jablanczy (1971) reported that spruce and fir seedlings showed

different responses to treatments according to seedling age. Ages of

the seedlings in this study appear to be one of the reasons that the

seedlings respond to different treatment combination at different

period. Heilmers (1970) and Malcolm and Pymar (1975) reported the age

effect in Engelmann spruce and Sitka spruce seedlings, respectively.

The ability of seedlings being induced into dormancy in response

to more than one environmental cue implies greater survival potential

of the seedlings (Christersson 1978).
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Table 111.1. Dormancy in true fir seedlings was induced by
combinations of three pairs of treatments: long - short photoperiod,
warm - cool thermoperiod, and low - moderate moisture stress.

Photoperi od*

(PHOTO)
The rmoperi od**

(TEMP)

LD WARM WET
LD WARM DRY
LD COOL WET
LD COOL DRY
SD WARM WET
SD WARM DRY
SD COOL WET
SD COOL DRY

*: LD: 15-hr SD: 11-hr.
**: WARM: 25/2O0C, COOL: 18°/12°C.
***: WET: 0.6 MPa, DRY: 1.2 MPa.

***
Moisture stress
(MOISTURE)



*, p < 0.001; *, 0.01.
R2, cofficient of détermination.
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Table 111.2. Significant effect from main factor and interaction
determined noble fir dormant bud development for each week during the
experiment.

PERIOD WEEK EFFECT R2

1
1 TEMPxMOISTtJRE 0.14
2 TEMPxMOISTLJRE 0.14

2
3 TEMPxPHOTO 0.14
4 TEMPxPHOTO 0.10

5 PHOTO, TEMP 0.41, 0.10
6 PHOTO, TEMP 0.42, 0.20
7 PHOTO, TEMP 0.45, 0.18

3 8 PHOTO, TEMP 0.50, 0.22
9 PHOTO, TEMP 0.59, 0.14

10 PHOTO, TEMP 0.61, 0.10
11 PHOT0, TEMP 0.58, 0.10
12 PHOTO , TEMP 0.41, 0.19



al effects are significant at p < 0.001.
R , coefficient of determination.
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Table 111.3. The significant effect from main factor and interaction
determined Shasta red fir dormant bud development for each week during
the experiment.

PERIOD WEEK EFFECT R2

1 1

2

TEMPxPHOTO, TEMPxMOISTIJRE

TEMPxPHOTO

0.23,

0.39

0.23

3 TEMPxPHOTO 0.52

2 4 TEMPxPHOTO 0.71
5 TEMPxPHOTO 0.36
6 TEMPxPHOTO 0.38
7 TEMPxPHOTO 0.29

3 8-12



1 WARMxDRY, COOLxWET
ABPR 2 WARMxSD, COOLxLD

(noble fir) 3 SD; COOL

1 WARMxDRY, COOLxWET;
ABMAS WARMxSD, COOLxLD

(Shasta red fir) 2 WARMxSD, COOLxLD
3

39

Table 111.4. List of effects of treatment combinations in which more
budset was found.

WARM/COOL indicate warm and cool thermoperiods; SD/LD indicate short
and long photoperiods; and DRY/WET indicate the moderate and low
moisture stress levels.

SPECIES PERIOD EFFECT
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Figure 111.1. Relative total amount of noble fir seedlings set bud in

each of the eight dormancy induction treatment combinations of low (w)

and moderate (0) moisture stress, long (LD) and short (SD)

photoperiods, and cool (COOL) and warm (WARM) thermoperiods.



MDMU

'hL 44
LD W

coc
-- ' D

SD
WARM

TREATMENT

TOTAL
BUDSET

41

Figure 111.2. Relative total amount of Shasta red fir seedlings set
bud in each of the eight dormancy induction treatment combinations of

low (w) and moderate (D) moisture stress, long (LD) and short (so)

photoperiods, and cool (COOL) and warm (WARM) thermoperiods.
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IV. DORMANCY RELEASE IN ABIES SEEDLINGS

Chao-Hsiung Tung and David R. DeYoe

Department of Forest Science, College of Forestry

Oregon State University, Corvallis, Oregon U.S.A. 97331

ABSTRACT

The chilling requirements were determined for container-grown

noble fir (Abies procera Rehd.) and Shasta red fir (A. magnifica A.

Murr. var. shastensis Lemm. seedlings. Both species show a typical

terminal bud dormancy. Six to eight weeks of chilling is required to

overcome bud dormancy of both species. Long photoperiod (LO) during

chilling can compensate for inadequate chilling in both species. The

dormancy induction method influenced the length of the chilling

period. Seedlings induced into dormancy by long cool days (LD/COOL)

required less chilling than did the seedlings induced into dormancy by

short warm days (SD/WARM). After chilling requirements were

fulfilled, budbreak was not influenced by different dormancy induction

methods or different photoperiods during chilling.

INTRODUCTION

Dormancy is a common characteristic of woody species in the

temperate zone. A period of exposure to low temperatures is generally

required before woody plants can resume growth and development

(Romberger 1963). The length of this chilling requirement varies
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among species. Generally, the chilling requirements range from 260 to

2,000 hours of temperatures below 5°C (Hinesley 1982, Jensen and

Gatherum 1967, Nelson and Lavender 1979, van den Driessche 1975).

A period of short mild (9-hr. 20°C) days before chilling has been

shown to be beneficial to the Douglas-fir (Pseudotsuga menziesii

(Mirb.) Franco) growth in the following spring (Lavender and Wareing

1972, Lavender and Stafford 1985). It has been shown that the short

mild days facilitate bud development and maturation as well as the

initial stage of development in cold hardiness (personal

comunication; JoAnne McDonald, University of Victoria, Canada).

LD can compensate for, at least partially, inadequate chilling in

white spruce (Picea glauca (Moench) Voss) seedlings (Nienstaedt 1966),

white elm (Ulmus americana L.) (Roberts and Main 1965). Chilling can

be substituted by LD in Fraser fir (Abies fraseri (Pursh) Poir.)

(Hinesley 1982).

Warm temperatures during the chilling period could offset the

chilling effect (van den Driessche 1975). Thus, the natural

fluctuating winter temperatures are thought to be less effective than

constant low temperatures (Lavender and Cleary 1974). Consequently,

the natural all-winter chilling is equal to only a shorter period of

constant low temperature chilling (Nelson and Lavender 1979).

However, chilling requirements for the true fir (Abies) species

in the Pacific Northwest area are unknown (Lavender 1982). True fir

seedlings in high elevation areas in the Cascades are covered under

snowpack from late fall until the snow melt in late spring or

sometimes even early summer. How the dormancy of true firs is
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affected by this long period of exposure to rather constant low

temperature warrants investigation. It is essential to establish this

information if studies of the physiology of true fir species are to be

pursued. Further, it is important for the nursery to have this

information to schedule lifting and cold storage operations in or1er

to produce vigorous seedlings.

This study determined the chilling requirements of noble fir

(Abies procera Rehd.) and Shasta red fir (Abies magnifica A. Murr.

var. shastensis Lemm.) seedlings and the influences from the dormancy

induction methods.

MATERIALS AND METHODS

Two true fir species, noble fir and Shasta red fir, were selected

for this study. Noble fir seeds were collected from southern

Washington Cascades at an elevation of 1500 m, while Shasta red fir

seeds were collected from the Rogue River National Forest, Oregon at

an elevation of 1833 m.

Seedling establishment. Stratified seeds were sown into 165 ml

Ray Leach container filled with mixture of equal fine river sand,

peat, and vermiculite. Seedlings were grown in a growth room with

eighteen-hour photoperiod and a thermoperiod of 25°/20°C for twel ye

weeks. Light intensity at seedling top was 107.6 + 2.7 uEsecnr2

(from 42 of 8-ft high-output cool white fluorescent tubes and 6 of

300-watt incandescent bulbs). Every week, plants received N, P. and K

at 200 ppm each. 5, Cu, Fe, and Zn were applied at the concentrations
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of 18.2, 0.65, 30.65, and 0.5 ppm every other week. Seedl ings were

evaluated based on their morphology. Those stunted or malformed were

discarded.

Dormancy induction. Following the twelve weeks of establishment,

dormancy was induced by subjecting seedlings to two treatments.

Treatments were long photoperiod (15-hr; LD) with cool thermoperiod

(18°/12°C; COOL) and short photoperiod (11-hr; SD) with warm

thermoperiod (25°/20°C; WARM). Tap water was used for irrigation.

Dormancy release. Dormant seedlings were subjected to chilling

treatment at 450 + 0.5° C to study the release of dormancy. Two

photoperiods, 8-hr and 20-hr, were imposed upon the dormant seedlings

during chilling. The 20-hr photoperiod was achieved by extending the

8-hr light with low intensity fluorescent light (18.6 1.8 uEsec'm

2) Growth medium was watered to field capacity. The seedlings were

fertilized with 1/4 dosage of the fertilizers as the establishment and

dormancy induction phase.

160 seedlings of each species were used in each chilling-

photoperiod treatment. There were three replications. A total of 960

seedlings of each species was used in this study.

Bud activity and root condition were observed every week during

chilling. Every other week from the fourth week on, one eighth of the

seedlings was transferred to a growth room with 15 hours photoperiod

and 20°C temperature to evaluate the dormancy release.

Because of the short growing season in nature, chilling is

considered as fulfilled when 50% of the seedlings break terminal bud

within four weeks after being transferred into the 15-hr photoperiod
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with 20°C growth room. Budbreak was defined as the appearance of

green needles. Data of total percentage of seedlings which broke bud

and days for 50% of seedlings to break bud were analyzed with analysis

of variance using a complete randomized block design. Significance

was defined as p<O.O5.

The relationships between dormancy induction methods and chilling

treatments were demonstrated in Figures IV.1 and IV.2 for noble fir

and Figures IV.3 and IV.4 for Shasta red fir.

RESULTS AND DISCUSSION

Chilling temperatures can overcome dormancy in true firs (Figs.

IV.l, IV.3). This concurs with that of many temperate zone woody

plant species (Hinesley 1982, Jensen and Gatherum 1967, Nelson and

Lavender 1979, Nienstaedt 1966, van den Driessche 1975). Chilling

requirements of noble fir seedlings that were induced into dormancy by

LD/COOL are fulfilled by exposure to 6 weeks of chilling temperature

at 4.5° +0.5°C, in both LD and SD. Whereas a longer period, 2 more

weeks in LD and 4 more weeks in SD, of chilling is required for the

seedlings that are induced into dormancy by SD/WARM (Figs. IV.1 and

IV.2).

Shasta red fir seedlings induced into dormancy by LD/COOL

required eight weeks of chilling under SD for 50% of them to break

bud. LD shortened the chilling period to four weeks (Figs. IV.3 and

IV.4). In contrast, ten weeks of chilling, in both SD and LD, was

required for fifty percent of Shasta red fir seedlings induced into
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dormancy by SD/WARM to break bud (Figs. IV.3 and IV.4).

Before chilling requirements were met, more noble fir seedlings

chilled under LD broke bud than chilled under SD in almost every

instance, except for those induced into dormancy by SD/WARM and

chilled 4 weeks (Figs. IV.1 and IV.2). LD treatment during the

chilling period compensates for part of the chilling requirement for

the Shasta red fir seedlings induced into dormancy by LD/COOL but not

the ones induced into dormancy by SHORT/WARM (Figs. IV.3 and IV.4).

This supports previous studies that LDs can compensate for chilling

effects (Hinesley 1982, Nienstaedt 1966, Roberts and Main 1965).

True fir seedlings in this study responded to chilling

differently than low elevation species. Seedlings of Douglas-fir from

a 305 m elevation source and western hemlock from a 150 m source

require twelve weeks of chilling before resuming rapid growth

(Lavender and Hermann 1970, Nelson 1978). Which is considerably

longer than that for true firs.

Douglas-fir is sensitive to growth conditions before being

sujected to chilling. After chilling, Douglas-fir seedlings

pretreated with a period of short mild (9-hr and 20°C) days break bud

faster than those pretreated with long (16-hr) days (Lavender and

Stafford 1985). Similar results were reported in western hemlock

(Nelson and Lavender 1979). It is believed that the primordia mature

in the buds during the pretreatment period (Lavender and Stafford

1985), therefore, the bud maturation processes are probably influenced

by treatments during this period..

More true fir seedlings induced into dormancy by LD/COOL broke
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bud and generally sooner than those induced into dormancy by SD/WARM

before chilling requirements are fulfilled (Figs. IV.1 and IV.3).

However, because of the photoperiodic interaction, the budbreak rates

are not statistically different between dormancy induction methods

(Figs. IV.2 and IV.4).

The results of this study suggest that possibly the true fir

seedlings induced into dormancy by SD/WARM are in a deeper state of

dormancy than their counterparts. Thus, a longer period of chilling

is required to overcome the SD/WARM-induced dormancy.

As expected, the longer the chilling period, the faster the true

fir seedlings respond to the favorable growth conditions (Figs. IV.2

and IV.4). Fifty percent of the true fir seedlings broke terminal

buds within three to four days after twelve weeks of chilling.

The duration of the chilling period is known to affect the

budbreak of temperate woody plants. The longer the chilling period

the faster the budbreak. The result of faster budbreak after longer

chilling is because after chilling requirements have been fulfilled,

budbreak is the function of the favorable temperatures (Campbell and

Sugano 1975, Sorensen and Campbell 1978).

Photoperiodic effects on chilling and dormancy diminished after

chilling requirements were fulfilled. There was no difference among

treatment responses to favorable growing conditions after twelve weeks

of chilling. The total amounts of seedlings showed budbreak was high

(Figs. IV.1 and IV.3) and the time for 50% of seedlings breaking bud

was within four days (Figs. IV.2 and IV.4). Worrall and Mergen (1967)

reported similar results in Norway spruce.
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Though not as fast as the budbreak rates under favorable

condition, about 5% of the seedlings broke terminal bud in chilling

under LU condition after twelve weeks. White root tips were observed

throughout the entire chilling period. This observation proves that

growth of true firs can occur under low temperatures (Grier et. al

1981). It also suggest that the as LU compensates for chilling, the

temperature of 4,5 0.5°C is no longer a limiting factor for growth.

There is an array of factors that can influence chilling

requirements in plants (Hinesley 1982). This study has shown that the

chilling requirements for true fir are highly variable and dependent

on the environment during dormancy induction. The latter probably

influence the dormancy status, e.g., degree of dormancy, and thus

affects the duration of chilling and photoperiodic response.

Field observations show that Shasta red fir and noble fir seeds

germinate in early June when snow melts and are capable of developing

dormancy about nine weeks after germination. Cool night temperatures

were identified as the major triggering factor in inducing dormancy in

the high elevation area (Chapter VI).

In this study, the seedlings were artificially induced into

dormancy by either SD/WARM or LD/COOL. The LU/COOL mimics the natural

way of true fir dormancy induction in high elevation areas. Thus, the

results reflect of the "genetic" chilling requirements.

Regardless of the dormancy induction methods, Shasta red fir and

noble fir seedlings require at least six to eight weeks of chilling

before resuming growth. This appears to be an adaptive strategy to

the hazard in high elevation environments, i.e., early fall frost.
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The obbligato chilling requirements give least chance to reflushing

and consequent frost damage. Thus the seedlings will have time to

acclimate for winter.

The early fall frost avoidance adaptation is different from what

was postulated for Fraser fir (Hinesley 1982) and white spruce

(Pollard and Ying 1979). Because of the origins have more late spring

frost danger, Fraser fir and white spruce relies on other

environmental cues in spring to resume growth rather than the

fulfillment of chilling requirements, thus showing larger variations

in budbreak rates and dates. However, strategy of fal 1 frost

avoidance was reported in white spruce (Nienstaedt 1967).
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Fig. IV.1. Total percent of noble fir seedlings broke the terminal
bud after chilling.
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Fig. IV.3. Total percent of Shasta red fir seedlings broke the
terminal bud after chilling.
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ABSTRACT

Survival, phenology, and growth performance of containerized

noble fir (Abies procera Rehd.) and Shasta red fir (Abies magnifica A.

Murr. var. shastensis Leimi.) seedlings planted in two irrigation

regimes were determined following eight dormancy induction procedures

and a "winter-without-chilling" treatment. Regardless of species,

there was no difference in seedling survival by any treatment during

the first two growing seasons. Seedlings of both species developed

lateral branches in both growing seasons. Terminal buds did not

resume growth in any of the treatments in the first growing season.

In the second growing season no difference in rate of budbreak could

be attributed to the dormancy induction or irrigation treatments.

Greater height and diameter growth were found in the wet irrigation

treatments. The results suggest that the terminal buds of planted

non-chilled true fir seedlings can remain inactive through an entire

season and are able to resume normal growth once the chilling

requirements are fulfilled.



INTRODUCTION

As early as 1801, it was observed that low temperature was

involved in dormancy release (Doorenbos 1953). However, it was not

until the physiological evaluation of dormancy was coupled with

anatomical observations and low temperature treatments that the role

of chilling became apparent (Romberger 1963).

Chilling temperatures facilitate dormancy cycle development

(Romberger 1963, Sarvas 1974). The importance of chilling in dormancy

release of Pacific Northwest conifers is documented for Douglas-fir

(Pseudotsuga menziesii (Mirb.) Franco)(Lavender 1981, van dan

Driessche 1975) and .western heml ock (Tsuga heterophyl 1 a (Raf.)

Sarg.)(Nel son and Lavender 1978).

Establishment of a Douglas-fir seed orchard in the Monterey Bay

area of northern California failed because warm winter temperatures

could not fulfill the chilling requirements of the seedlings (Copes

1983).

Only apical meristems of the Douglas-fir seedling shoot have a

chilling requirement (Zaerr and Lavender 1970). The effect of

chilling temperatures on overcoming dormancy is localized and not

translocatable (Romberger 1963). Timmis and Worrall (1974) found that

when Douglas-fir seedlings were subjected to "split climate", chilling

effect was confined to those buds that had actually been chilled.

Warm temperatures, during the chilling period, can negate the

chilling effect. Spring bud break of Jonathan apple (Malus domestica
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Borkh. cv. fljonathanu) was delayed when high temperature interruptions

occurred during the chilling period (Thompson etal. 1975). van den

Driessche (1975) showed a similar effect of warm temperatures for

Dougl as-fir.

Walnut seedlings (Juglans regia L.) that were moved into a warm

(15° - 22°C) environment during the period from fall to winter had

later leaf production than the ones stayed outdoors (Mauget 1983).

Seedlings transferred earlier during the period had a greater delay.

However, earlier budburst was observed when transferred in late-

winter, suggesting that the chilling requirement was fulfilled at the

time of transfer.

After chilling, when subjected to warm temperature (Campbell and

Sugano 1979), coastal Douglas-fir (var. menziesii) increased bud burst

rates logarithmically. Nevertheless, the influence of budburst

temperature for Douglas-fir was found to be dependent on the duration

of chilling (Campbell and Sugano 1975).

The response of Shasta red fir and noble fir to dormancy

inductive signals, and the role of chilling in dormancy release, has

not been demonstrated. Consequently, the cultural decisions made in

bareroot and container nurseries are frequently a reflection of the

data generated for Douglas-fir from lower elevation sources. Although

the product may appear satisfactory, the high incidence of failures in

these at mid- to high-elevation sites (Hal versen and Emingham 1982,

McDonald and Cosens 1980, Owston 1980) would suggest the need for a

more detailed appraisal of their cultural needs.

This study was designed to investigate the outplanted performance
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of containerized high elevation true fir seedlings. Seedlings were

subjected to different dormancy induction treatments, a non-chilled-

winter, and a natural-chilled-winter in the subsequent season. Two

irrigation regimes were imposed to identify the possible influence of

moisture.

MATERIALS AND METHODS

Two true fir species, noble fir (Abies procera Rehd.) and Shasta

red fir (Abies magnifica A. Murr. var. shastensis Lemm.), were

selected for this study. Noble fir seeds were collected at 1500 m of

elevation in the southern Washington Cascades. Shasta red fir seeds

were collected at an elevation of 1833 m in the Rogue River National

Forest of southern Oregon.

Seedling establishment and dormancy induction. Noble fir and

Shasta red fir containerized seedlings were established and induced

into dormancy as described in Chapter III.

Outplanting. Dormant seedlings were kept in a 10 hour

photoperiod and temperature regime of 20°/18°C overwinter. In early

March 1984, the seedlings were potted and placed into a cold frame at

the Forest Research Laboratory, Oregon State University, Corvallis,

Oregon (elevation 77 m) to study subsequent performance. Two

irrigation regimes were imposed onto the experiment to provide

simulation of xeric and mesic site conditions: watering at the

intervals of 6 - 7 days and 1 - 2 days. There were four pots for each

dormancy induction treatment combination in each irrigation treatment,
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and six plants in each pot. In early March of 1985, the outplanting

was repeated. A total of 768 seedlings was planted for each species.

Growth and development of seedlings were recorded for two growing

seasons.

Statistical analysis. Data of survival, bud break, height

growth, diameter increment, and biomass index were collected and

evaluated by analysis of variance using strip plot design.

RESULTS

The results of the 1984 and 1985 studies were similar, thus they

are presented together. 'Jo significant difference was found among the

dormancy induction treatments, or the irrigation treatments.

Survival rates for both species were high, 91.20% for Shasta red

fir and 84.14% for noble fir, respectively.

Less than 2% of the terminal buds of either species resume growth

during the first growth season. The terminal growth that occurred was

bifucated and with short needles.

There were no significant differences between any of the

treatments in diameter increment of surviving seedlings during the

first growing season. Overal 1 averages were 1.4 + 0.8 niii for Shasta

red fir and 1.7+0.6mm for noble fir.

Seedlings were maintained outdoors through the second winter. The

following spring, budbreak was observed in noble fir in April,

followed by the Shasta red fir (Fig. V.1). Budbreak rates were not

statistically significant between wet and dry irrigation treatments.
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The eight dormancy induction treatments did not show any effects

on either the new height growth or the diameter increment. However,

differences were found between the wet and dry irrigation regimes

(Figs. V.2 and V.3). In both species, seedlings maintained under wet

treatment were significantly (p < 0.01) larger than those subjected to

dry treatment. Shasta red fir had an average height growth of 3.2 +

1.1 cm in wet treatment and 1.3 + 0.5 cm in dry treatment, noble fir

had 2.9 + 1.0 cm and 1.2 0.4 cm for wet and dry treatment. Average

diameter increments were 2.7 + 0.5 mm in wet treatment and 1.6 + 0.4

mm in dry treatment for Shasta red fir; 2.5 + 0.4 ff111 in wet treatment

and 1.4+0.6mm in dry treatment for noble fir.

Biomass indices (height x diameter2) were calculated to express

seedling volumes. The seedlings that received low moisture stress had

significantly (p < 0.01) larger indices than the seedlings that

received moderate moisture stress for both species (Fig. V.4). The

indices were 4.68-1-1.67, 1.58+0.74 in noble fir and 4.42+1.11,

196 -f 0.41 in Shasta red fir for low and moderate moisture stress

treatment,. respectively.

Shoot elongation stopped in June and there were no second flush.

The average budset date for dry treatment was earlier than the wet

treatment but the difference was not statistical ly significant.

DISCUSSION

The importance of chilling temperatures in overcoming terminal

bud dormancy was demonstrated for two high elevation true fir species
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(Ch. IV). The results agree with information developed for other

coniferous species (Lavender 1981, Romberger 1963).

Budbreak following an extended inactive period has not been well

documented in dormancy studies. Weber (1916) reported that dormancy

in Tilia and Fraxinus could be prolonged more than 18 months by

preventing exposure of plants to cold temperatures. A similar delay

in growth resulting from a lack of chilling exposure was documented by

Coville (1920). Although terminal buds of non-chilled Fraser fir

seedi ings (Abies fraseri (Pursh) Poir.) fi ushed, the rate of budbreak

was delayed and leader extension was less than that of chilled

seedlings (Hinesley 1982).

Warm temperature treatments were closely correlated with budbreak

in Douglas-fir after chilling (Campbell and Sugano 1979, van den

Driessche 1975). However, non-chilled terminal buds of noble fir and

Shasta red fir seedlings did not flush in response to favorable

growing conditions in the first growing season. Following exposure to

natural chilling temperatures, terminal buds of both species grew and

flushed responding to spring warm temperatures.

Long days promoted flushing of insufficiently chilled white elm

(lilmus americana L.), but was not effective in inducing budbreak of

unchilled seedlings (Roberts and Main 1965). Similar observation was

reported in white spruce (Picea glauca (Moench) Voss)(Nienstaedt

1966). This suggests that long photoperiod might compensate for

inadequate chilling in partially chilled buds.

The persistence of the resting state in terminal buds was

addressed by Vegis (1956, 1963). He postulated that exposure of non-
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chilled or partially chilled plants to an increasing temperatures

above a certain level might force the buds into an extended state of

dormancy. At planting, noble fir and Shasta red fir seedlings were

abruptly exposed to warm spring temperatures. If Vegis' hypothesis

were correct, this exposure to warm spring temperatures may have

signaled a stress response that furthered suppressed bud activity

caused by lack of chilling.

The occurrence of vigorous lateral growth following little or no

chilling has been demonstrated for red maple (Acer rubrum L.)(Perry

and Wang 1960) and coastal Douglas-fir (Lavender 1981, Sweet 1965,

Worrall 1971). Noble fir and Shasta red fir seedlings extended

lateral branches and increased diameter in the first growing season

whereas the terminal buds remained inactive. This suggests that the

lateral apical meristems and stem cambia of these true firs do not

have a dormancy process requiring exposure to chilling to resume

growth acti vities.

Proliferation of lateral branches of true firs, particularly

higher elevation sources, is well documented (Grieretal. 1981, Liu

1971). For these high elevation true firs, creating an extensive leaf

surface area for photosynthesis is extremely important for

capitalizing on a short growing season. Although Pacific Northwest

high elevation sites are not normally limited by sunnner drought

(Hal versen and Emmingham 1982a, 1982b, Tungetal. 1986), low nutrient

capital sites, coupled with increasing vegetative competition, create

conditions warranting high root/shoot ratios (Grier etal. 1981, lung

etal. 1986). Consequently, the development of a large photosynthetic
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leaf area and an extensive root system in young plantations is

frequently observed.

Lack of evolutionary exposure to drought conditions appears, in

part, responsible for the inability of many high elevation true firs

to handle sumer drought conditions (Clark 1961, Hinckley and Ritchie

1972). The sensitivity of noble fir and Shasta red fir to mild water

stress was demonstrated during the second growing season by

significant reduction in shoot elongation and diameter increment.

This sensitivity to desiccation should be considered by nursery

managers and foresters in planning cultural and site manipulation

strategies.

CONCLUSIONS

The results of this study demonstrated that non-chilled terminal

buds in true fir seedlings can remain inactive for period as long as

one year and resumed normal growth when chilling requirements are

fulfilled. The absence of chilling did not alter activity of lateral

apical meristem and stem cambia, both appeared to grow normally during

the first growing season. The sensitivity of two true firs to

desiccating conditions suggests precaution in selection cultural and

si 1 vicul tural practices.
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VI. A SWITCH-BACK DESIGN FOR DORMANCY INDUCTION

EXPERIMENT IN ABIES SEEDLINGS

Chao-Hsiung lung

Department of Forest Science, College of Forestry

Oregon State University, Corvallis, Oregon U.S.A. 97331

ABSTRACT

A switch-back experimental design was employed to investigate the

terminal bud dormancy induction in Shasta red fir and noble fir first

year seedlings in natural high- and low-elevation environments. It

was found that high water stress early in the season can impose

stress-induced dormancy but this imposed dormancy can be overcome by

favorable conditions only in the early part of growing season.

Natural low night temperatures induced true dormancy. The age of

seedlings played a role in determining the development of the

dormancy. Favorable conditions caused reflush in terminal buds

occurred in the early part of the season. Whereas the favorable

conditions were less effective in inducing terminal buds reflush

during later part of the season. The height growth was greater on the

low-elevation site than on high-elevation sites. Low night

temperatures accounted for the differences in height growth.

INTRODUCTION

The dormancy of Abies species, despite their presence on

extensive areas at high elevation in the Pacific Northwest Cascade
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Range, have never been investigated. Data developed for the

associated species, western hemlock (Tsuga heterophylla (Raf.) Sarg.)

and Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), are commonly

extrapolated to include the true firs in order to create guidelines

for inducing dormancy in true firs (Lavender 1982).

Nurseries in western North America that produce true fir

seedlings do not treat them any differently than other species. For

container-grown true fir seedlings, methods used to induce dormancy

include: 1) imposing water stress, 2) cutting off of supplemental

light, and 3) reducing nitrogen while increasing phophrous and calcium

(Owston 1979). For bareroot nurseries, water stress is still the

major method used to induce dormancy (Lavender 1979).

There is an array of environmental factors influencing the growth

and development of dormancy (Perry 1971). Identifying the one factor

responsible for the induction of dormancy in first year germinants of

the true fir is impossible. Nevertheless, there are factors which

have been identified as playing decisive roles in the dormancy

induction processes for other species. Short photoperiod, cool

temperatures, and summer drought are the most frequently discussed.

However, most of the research is carried out in controlled

environments, i.e., growth rooms or growth chambers. This has made it

difficult to apply results to natural sites.

This paper describes an experimental design for studying the

impact of two natural environments, high- and low-elevation, on true

fir seedling dormancy induction. Specifically, the switch-back design

is discussed as a alternative for this type of research.
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Previous publications have discussed and demonstrated this type

of design and its applications (Cochran etal. 1941, Federer and

Atkinson 1964, Patterson and Lucas 1959). However, I am not aware of

any publication involving plant biology. The purpose of this paper is

to demonstrate the application of the switch-back design to plant

dormancy study. Furthermore, because the study was carried out in

natural environments, the discrepancy between controlled environment

study and natural site study is eliminated.

MATERIALS AND METHOD

To insure the detection of the main effect, a double reversal,

switch-back, design was used (Patterson and Lucas 1959). It is a

method which has great intuitive appeal when conducting an exploitive

trial to find the environmental cue for seedling dormancy induction in

nature. Seedlings are assigned to treatment A, the responses are

observed in a specified period of time and then, the same seedlings

are then transferred to treatment B, and vice versa. There are two

possible treatment sequences which shall be denoted by A:B:A and

B:A:B.

The purpose in using the switch-back design is to avoid the

possible difficulties that commonly arise in interpreting the results

of change-over trials, and to permit tests of significance of the

differences between the effects of the environments. It is hoped that

a description of the layout and of the statistical analysis may be of

interest to those engaged in plant biology research.
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The advantage of this plan lies in the fact that under certain

conditions variation among seedlings can be eliminated from the error

term used in testing the difference between treatments. When these

conditions are satisfied, the design will produce a more powerful test

than when completely random assignment is made (Grizzle 1965).

In the ordinary group trial, where each seedling receives only a

single treatment, the average response observed for a given treatment

depends on the seedling (genetically?). Since seedlings are highly

variable in this respect, the experimental error from this source is

often large, though it may be reduced by careful selection of seeds.

The switch-back trial represents an attempt to eliminate this

type of variation entirely from the comparison between treatments, by

subjecting every seedling in turn to all treatments. However, in

designing switch-back trials, other sources of experimental error must

be taken into account if the maximum gain in accuracy is to be

considered. One such source arises from the characteristic "age

effect" of seedlings (Heilmers 1970, Jablanczy 1971, Malcolm and Pymar

1975). Thus, the response of the seedling to the imposed treatment

sometimes depends on the time of the treatment is administered.

This difficulty can be largely overcome by designing the

experiment so that in any experimental period half of the seedlings

are receiving each treatment. With this arrangement, the three

experimental periods are equally represented in the average response

for any treatment.

However, the experimental error from the difference among

seedlings is not entirely eliminated. Therefore, the division of the
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seedlings into groups to receive the treatment sequences should not be

made simply at random; instead, they should be grouped into similar

groups as much as possible.

In the present experiment, the seedlings were divided into four

groups, the seedlings within each group being chosen as similar

morphologically as possible. The treatment sequences were then

imposed at random to the seedlings of two of the four groups, while

the remaining two groups of seedlings were mixed and randomly divided

into two control groups. The first two groups of selected seedlings

were designated as group #1 and #2, and the randomly selected groups

as #3 and #4. The reasoning was that seedlings with the same

morphology would be likely to show a similar response to treatment.

This assumption appeared to be justified by the results of the trial.

Two species of true firs were selected for this study. Noble fir

CAbles procera Rehd.) seeds were collected at 1500 m of elevation in

the southern Washington Cascades. Shasta red fir (A. magnifica A.

Murr. var. shastensis Lem.) seeds were collected at an elevation of

1833 m in the Rogue River National Forest in the southern Oregon

Cascades.

The two environments tested, designated as A and B, were:

High elevation site - Detroit Lake (1366 m) and Monument Peak

(1500 m) for noble fir; Butte Falls (1833 m) for Shasta red

fir.

Low elevation site - Corvallis (77 m).

During the fall in 1983, seeds of noble fir and Shasta red fir

were sown in half gallon-size milk cartons at Detroit Lake and Butte
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Falls, respectively. The plot at Monument Peak was established in the

fall of 1984. The natural stratified seeds germinated the following

June when the snow receded.

On the incidence of germination, seedlings were divided into four

groups. Groups #1 and #4 were moved from high elevation site (A) to

Corvallis (B). Germinants were allowed to grow in each environment

for a period of three weeks. 3 weeks later, group #2 was moved from A

to B while group #1 was moved back to A. At the end of the sixth

week, group #1 was moved to B and group #2 was moved to A. Group #3

remained at A (Butte Falls, Detroit Lake, and Monument Peak)

throughout the experiment while group #4 stayed at B (Corvallis). The

transferring sequence and schedule are as in Tables VI.1 and VI.2.

Temperature and relative humidity data for each site were

collected by hygrothermograph installed on each site. Local sunrise

and sunset times were obtained from nearby weather stations.

Plant water status was measured at random by use of a pressure

chamber apparatus (pre-dawn) during the frequent site maintenance

trips. At the end of each experimental period, the percent of

seedlings in each group which set a terminal bud was determined.

Periodic height increment data were also recorded. Data were

evaluated by analysis of variance (Petersen 1985).

RESULTS

F values of all the analyses of variance are highly significant

(p < 0.001). High elevation environments enhanced the terminal budset
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in true fir seedlings whereas low elevation environment delayed it.

The results of analyses of variance are presented in Table VI.3.

The duration as well as the magnitude of height growth were

significantly different for high- and low-elevation sites (Table

VI.4). The height growth was greater for the low elevation site

(Table VI.5).

Detroit Lake - Corvallis. The noble fir at Detroit Lake site,

because of the low water holding ability of pumice soil, suffered high

moisture stress after snow melts (highest reading > 2.1 MPa). Because

of this early drought, the noble fir germinants suffered heavy

mortality (84%) and the surviving ones set a terminal bud after the

cotylendons were extended. After being transferred to the low

elevation Corvallis site where the moisture stress was lower, these

seedlings resumed growth after the first experimental period but not

after the second (Fig. VI.3). The Detroit Lake site accounted for 96%

of the budset variation in this study.

The control group on Detroit Lake site had an average height 22.5

+ 1.3 m at the end of the experiment and only an insignificant number

of the seedlings produced secondary needles. The average height for

the control group at the Corvallis site was 150.6 + 70.3 mm. Ninety

percent of the difference can by explained by the difference between

the site conditions of Detroit Lake and Corvallis.

Butte Falls - Corvallis. Soil moisture at Butte Falls was

abundant and did not result in high moisture stress in Shasta red fir

seedlings. The lowest water potential reading for the site was -0.7

MPa. Most of the terminal budset occurred during the third
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experimental period (Fig. VI.3). Eighty-one percent of the variation

in terminal budset can be explained by the Butte Falls site. Shasta

red fir seedlings were able to resume growth when transferred to the

low-elevation site after the first and second experimental periods.

The number of seedlings which resumed growth in the third experimental

period was less than that in the second experimental period (Fig.

VI.3).

The low elevation environment contributed most of the variation

in height growth during the experiment (R2 = 0.95). The control group

on the Butte Fal 1 s site had an average height of 35.0 + 7.6 mm at the

end of the experiment while the control group at Corvallis had a

hei ght of 90.5 + 3.9 mm.

Monument Peak - Corvallis. The soil moisture condition on the

Monument Peak site was similar to that of the Butte Falls site. No

extremely high plant moisture stress was found. The highest reading

was 0.9 MPa after two weeks of clear days. Most terminal budset

occurred during the third experimental period. Site differences

accounted for 77% of the variation in terminal budset. After being

transferred to the low-elevation site for the second or third

experimental period, the noble firs were able to resume growth in the

same manner as Shasta red fir (Fig. VI.3).

The control group seedlings on Monument Peak site had an average

hei ght of 68.2 + 25.3 mm at the end of the experiment. On the other

hand, the average height for the Corval 1 is control group was 157.0 +

67.1 mm. Eighty-six percent of the height growth difference could be

accounted for by the difference between the two sites.
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During the experiment, the photoperiod increased until the suimer

solstice on June 21 and then gradually decreased. This trend was

consistent for both high- and low-elevation sites. The temperature

data from Corvallis, Monument Peak and Butte Falls are presented in

Figures VI.1 and VI.2.

DISCUSS I ON

Significant number of noble fir seedlings resumed growth when

transferred from Detroit Lake to Corvallis after the first

experimental period, thus indicating that they were in a stage of

quiescence induced by the drought condition. This reflushing was

insignificant when they were transferred after the second experimental

period.

This result suggests that the high moisture stress caused growth

cessation in noble fir germinants and resulted in imposed dormancy at

the Detroit Lake site. The noble fir germinants were in the stage of

quiescence after the first period at the Detroit Lake site. The

favorable conditions at the Corvallis site allowed these quiescent

noble fir to resume growth. However, when the drought stress occurred

during the second experimental period, the noble firs were stress-

induced into a dormancy that favorable soil moisture could not

overcome. It appears that the seedling age played a role here.

Shasta red fir in the Butte Falls - Corvallis experiment and

noble fir in the Monument Peak - Corvallis experiment resumed growth

after being transferred from the high-elevation sites to the low-
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elevation site, both after the first and second experimental periods.

However, more seedlings resumed growth after the first experimental

period than the second, suggesting that the seedlings were in the

stage of quiescence after the first experimental period in the high

elevation sites that could be overcome by favorable environments. The

terminal buds set during the second experimental period were

apparently in a stage of transition into a deeper dormancy.

It was reported that plants show different photoperiodic

responses when the difference is at least ten minutes long (Hughes et

al. 1984). The changing of photoperiods over the whole experimental

period in this study was consistent for the high- and low-elevation

sites. The photoperiod differences between Butte Falls or Monument

Peak and Corvallis were no more than three minutes. Thus, the

photoperiod difference between the sites is negligible.

By deducting the comon environmental factors - changing

photoperiods and low moisture stress, temperature was the only major

environmental factor which made the difference between the high- and

low-elevation sites.

Comparing the temperature data (Figs. VI.1 and VI.2), it is

obvious that the major difference between the high- and low-elevation

sites in this study is the minimum temperatures that occurred during

the nights.

Although it has been postulated that thermoperiod is important in

affecting seedling growth (Kramer 1957, Kozlowski 1964), Helimers and

Rook (1973) reported that it is actual ly night temperatures that

influence seedling growth and development.
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The development of the terminal bud in Engelmann spruce seedlings

was reported to be dependent on the night temperatures (Helimerset

al. 1970). Slowest and least bud development was reported in a warm

night temperature. Bud development was most rapid in a thermoperiod

where the night temperature was cool.

Magnesen (1971) reported that low night temperatures promoted

rapid development of terminal buds in Norway spruce. Lower

temperatures hastened dormancy in Douglas-fir under long photoperiod

(Lavender and Overton 1972). Habjorg (1972) reported that hairy birch

grew less and became dormant sooner in low temperatures. High night

temperatures caused increasing elongation and delayed cessation of

growth.

The results of the present study concurred with these findings,

suggesting that the low night temperature is a key environmental

factor which controls many phases of growth and development of true

fir seedlings. Night temperatures strongly influenced terminal bud

development. The higher the night temperature, the more rapidly the

plants grew. Higher night temperatures in the low-elevation site

allowed more and longer growth.

The timing of environmental cues appeared to be important in

inducing dormancy in true fir germinants. Drought or low temperatures

occurred early in the growing season ceased growth and induced

quiescence. The same cues occurring in the later part of the season

induced the onset of terminal buds that had less chance to relush when

growth conditions became favorable.

Because of the continuous nature of plant growth, the switch-over
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design in this study provided an advantage of minimizing the

confounding carry-over effect from seedling response and changing

environments. It allows the identification of environemntal effects

on growth and development in seedlings at different periods. The

morphological grouping criterion, because of the small variation

within group, therefore, has been proven to be effective in reducing

experimental error.

The use of a switch-back experimental design in studying dormancy

induction contributed a new approach to this type of research.

Therefore, it is promising to use a more sophisticated latin square

change-over design (Petersen 1985) to study the effects of changing

environments on dormancy development.



Table VI.1. Pattern for the switch-back design.
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"A" indicates high elevation site environment - Butte Falls for Shasta
red fir, Monument Peak and Detroit Lake for noble fir. "B" indicates

low elevation site environment - Corvallis. Seedling groups #3 and #4
served as controls. Length of each period is 3 weeks.

Period

Seedling group

#1 #2 #3 #4

1 B A A B

2 A B A B

3 B A A B



Table VI.2. Dates of the experimental periods.
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Shasta red fir Butte Falls- Jun 5 - Jun 26 - Jul 17 - Aug 7
Corvallis

Noble fir Monument Peak- Jun 12 - Jul 3 - Jul 24 - Aug 14
Corvallis

Noble fir Detroit Lake- Jun 7 - Jun 28 - Jul 19 - Aug 9
Corvallis

Period
Species Experiment 1 2 3



Species Source of variation F R2

**,
p 1. 0.001.
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Table VI.3. F values and coefficients of determination (R2) from
ANOVAs for percentages of true fir seedlings set terminal bud.

Shasta Corvallis - 122.68** 0.81
red fir Butte Falls

Noble Corvallis - 34.03** 0.77
fir Monument Peak

Noble Corvallis - 330.30** 0.96
fir Detroit Lake)



Species Source of variation F

**, p < 0.001.
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Table VI.4. F values and coefficients of determination (R2) from
ANOVAs for the height increment in true fir seedlings.

Shasta Corvallis - 591.11** 0.95
red fir Butte Falls

Noble Corvallis - 62.75** 0.86
fir Monument Peak

Noble Corvallis - 120.42** 0.90
fir Detroit Lake



Shasta red fir

Noble fir

Noble fir

Corvallis
Butte Falls

Corvallis
Monument Peak

Corvallis
Detroit Lake

90.5 ( 3.9)

35.0 ( 7.6)

157.0 (67.1)
68.2 (25.3)

150.6 (70.3)
22.5 ( 1.3)
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Table VI.5. Height of true fir seedlings in control groups at the
time of the termination of experiment.

Species Experimental site Height (SE) (mm)
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Fig. VI.1. The maximum and minimum temperatures recored for the Butte
Falls and Corvallis experimental sites.
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VII. CONCLUSIONS

The studies described in this thesis were designed to investigate

the terminal bud dormancy in high-elevation true fir seedlings. A

primary goal was to determine if the cues for dormancy in true fir are

different than that in other low- or mid-elevation species. Another

goal was to establish guideline information in producing true fir

seedlings.

Results indicated that true fir seedlings are able to respond to

more than one set of environmental cue to induce terminal bud

dormancy. This implies a greater survival potential of the seedlings

in nature. Short days with warm thermoperiod and long days with cool

thermoperiod were both effective in inducing dormancy in container-

grown true fir seedlings.

Once dormant, the seedlings require a period of chilling

temperatures to overcome the dormancy. This obbligato chilling

requirements gives seedlings least chance to reflush during fall.

Thus, avoiding fall frost damage and allowing ample time for seedlings

to acclimate.

The dormancy induction methods influenced length of chilling

requirements. The short warm days during the dormancy induction phase

resulted a longer chilling requirements than the long cool days.

Growth resumption was observed during the chilling when seedlings were

exposed to long photoperiod. The results suggest that it would be a

better practice to induce dormancy with short warm days if long period

of cold storage is called for.
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Unchilled terminal buds in true fir seedlings can remain inactive

for a period as long as one year. Once the chilling requirements are

fulfilled, however, terminal buds resume normal growth. Lateral buds

and cambia grow and develop without the requirement of exposure to

chilling.

This difference between organs is indication of plant growth and

survival strategy. While terminal buds stay inactive, the cambia and

lateral branch continue to grow in order to establish sufficient

biomass for overwintering under the snow. Further, if the chilling

requirements are not met, the plant can still resume growth under

favorable condition.

Lower night temperatures on the high-elevation areas the major

signal in terms of inducing early dormancy than low-elevation site.

It appears that the true fir seedlings, as described earlier, take

more the one set of signal for the induction of dormancy. In low-

elevation environment with warm temperatures, true fir seedlings would

react to short photoperiod for the dormancy onset. While in the high-

elevation site with low night temperatures, they develop dormancy

according to the low temperatures. The shifting between signals

provided the possibility for the species to handle lower elevation

site if cold hardiness development is achieved with short days.

Taken together, these results suggest that the response of true

fir seedlings to the environment is very dynamic. There is no single

"best" triggering factor for the dormancy development. Several

different approaches can be successfully used to induce and overcome

dormancy. The method selected for use in seedling production will
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depend on the subsequent planting plan and the resources available.

In addition to determine the effects of environmental factors on

the dormancy in true fir seedlings, this research also employed an

experimental design to assess the impact of different environments in

dormancy induction in true fir seedlings. The carry-overeffect of

site changing can be quantified thereafter. This would be a useful

tool evaluating the connection between seedling production

operation and the resulted field performance.
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