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An important cultural tool in the greenhouse production of tree

seedlings in the Pacific Northwest is the control of photoperiod. By

artificially lengthening the period of daily exposure to light, it is

possible to increase both the magnitude and duration of seedling

growth. By shortening the photoperiod, one can induce dormancy and

hasten the development of frost hardiness,

A variety of supplemental lighting and light blocking techniques

are currently used in the production of Douglas-fir and ponderosa

pine seedlings. However, there is little information on the relative

advantages of alternative lighting and light blocking schemes in terms

of biological benefits or production costs. Three experiments were

therefore conducted to investigate the effects of a variety of photo-

periodic regimes on controlling the growth, dormancy and frost

hardiness of seedlings of these two species.



The objectives of these experiments were to determine the

following: 1) the minimum light intensity, of an eight-hour period of

supplemental light, capable of delaying dormancy and increasing the

vegetative growth of newly germinated seedlings in the fall; 2) the

effects of a variety of nighttime lighting treatments on maintaining

seedlings in an actively growing condition in the early spring; and

3) the effects of varying daylengths and varying intensities of light

leakage on the development of frost hardiness of seedlings in the late

summer and early fall.

In all three experiments there were pronounced differences

between the responses of Douglas-fir seedlings and those of ponderosa

pine seedlings.

For Douglas-fir seedlings, an eight-hour period of supplemental

lighting delayed dormancy and increased both stem elongation and dry

weight when the intensity of the light provided was ten or more foot

candles. Intensities of one foot candle or less did not cause any

increase in the magnitude or duration of seedling growth. A variety

of nighttime lighting regimes, including several intermittent lighting

treatments, a two-hour night break, and 16- and 22-hour photoperiods,

successfully extended the period of active growth of newly germinated

winter-sown seedlings. Finally, shortening the photoperiod in the late

summer and early fall substantially increased the frost hardiness of

seedlings, but relatively low intensities of light leakage reduced

seedling hardiness.



For ponderosa pine seedlings, there was no obvious threshold

supplemental light intensity above which dormancy was delayed and

below which it was induced. Ten foot candles or more resulted in an

increase in height growth, but there was no consistent relationship

between light intensity and dry weight, bud set or basal diameter. For

pine seedlings in the second experiment, growth was greatest for

those exposed to only a natural photoperiod. Lastly, shortening the

photoperiod in the late summer and early fall resulted in a general

decrease in the level of frost hardiness developed in ponderosa pine

seedlings.

These results suggest that the control of photoperiod can be a

highly effective tool for regulating the annual growth cycle of Douglas-

fir seedlings, but is relatively ineffective for ponderosa pine seed-

lings.



Photoperiodic Responses of Douglas-fir (Pseudotsuga
menziesii[ivtirb } Franco) and Ponderosa

Pine (Pinus ponderosa) Seedlings

by

Douglas D McCreary

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Master of Science

Completed March 1976

Commencement June 1976



APPROVED:

Signature redacted for privacy.
Professor of Forest Physiology

in charge of major

Signature redacted for privacy.

Head of 1ipartment of Forest Management

Signature redacted for privacy.

Dean of Graduate School

Date thesis is presented

Typed by Mary Jo Stratton for Douglas D. McCreary



AC KNOW LEDGMENT

This project would not have been possible without the assistance

of a number of people. First of all, my major professor, Dr. Denis

Lavender, provided invaluable advLce, counseling and criticism

throughout this study. Dr. Yasuomi Tanaka of Weyerhaeuser Timber

Co., under whose direction this project was initiated, was also

instrumental in supervising and guiding this research. Dr. Scott

Overton provided much needed assistance in the statistical analysis of

the data. Also, Jonna Gourley spent many hours trying to help me

understand how to communicate with the computer. To all of the

above, and to many others who helped in innumerable ways, I would

like to express my deep thanks and appreciation.

I would also like to express my gratitude to the Weyerhaeuser

Timber Co., whose funding made this research possible, and to the

O.S. U. Forest Research Laboratory, whose facilities and services

were used throughout this study.

Finally, I would like to thank Roxanne Priestly, a friend, whose

corrpanionship and support have made the completion of this thesis a

much easier task, and my parents, whose ever-present love and

encouragement have inspired all of my academic undertakings.



TABLE OF CONTENTS

Fag c

INTRODUCTION

LITERATURE REVIEW

Discovery of Photoperiodism 3

Selection of Photoperiod 5

Phytochrome 6

Differences in Photoperiodic Responses
between and within Woody Species 8

Photoperiod and Frost Hardiness 10

Duration, Intensity and Quality of
Supplemental Light 11

Night Break 15

Vegetative Growth Response and Shoot
Root Ratios 17

Practical Implications of Photoperiod Research 18

MATERIALS AND METHODS 21

Experiment I 21
Experimental Conditions and Design 21
Assessment of Growth Response 25

Experiment II 26
Experimental Conditions and Design 26
Assessment of Growth Response 29
Analysis of Data 30

Experiment III 31
Experimental Conditions and Design 31
Assessment of Frost Hardiness 34
Analysis of Data 37

RESULTS 41

Experiment I 41
General Findings 41
Douglas-fir 4Z
Ponderosa Pine 4s

Experiment II 47
General Findings 47
Douglas-fir 47
Ponderosa Pine 50



Pg
Experiment III 51

General Findings 51
Douglas-fir
Ponderosa Pine 54
Development of Frost Hardiness over Time 55
Growth Response of Seedlings 55

DISCUSSION

Extended Photoperiods and the Growth
of Ponderosa Pine Seedlings 58

Intermittent Lighting and Endogenous Rhythms
Photos ynthetic Requirement for Frost

Hardiness Development 62
Recommendations for Greenhouse Lighting 63

SUMMARY AND CONCLUSIONS

BIBLIOGRAPHY

APPENDICES so



LIST OF TABLES

T able

1 Bud Set Classifications for Douglas-fir and
Ponderosa Pine Seedlings.

2 Average Total Height of Douglas-fir Seedlings.

3 Average Dry Weight of Douglas-fir Seedlings.

4 Average Bud Set of Douglas-fir Seedlings.

5 Average Diameter of Douglas-fir Seedlings.

6 Average Shoot Root Ratios of Douglas-fir
Seedlings.

7 Average Total Height of Ponderosa Pine
Seedlings.

8 Average Dry Weight of Ponderosa Pine
Seedlings.

9 Average Bud Set of Ponderosa Pine
Seedlings.

10 Average Diameter of Ponderosa Pine
Seedlings.

11 Average Shoot Root Ratios of Ponderosa
Pine Seedlings.

12 Average Growth Responses of Douglas-fir
Seedlings to Supplemental Nighttime Lighting
(seed source 030-500).

13 Average Growth Responses of Douglas-fir
Seedlings to Supplemental Nighttime Lighting
(seed source 412-3500).

14 Average Growth Responses of Douglas-fir
Seedlings to Supplemental Nighttime Lighting
(both seed sources).

Page

81

86

8 7

88

89

90

91

91

92

92

93

95

96

97



Table Page

15 Average Growth Responses of Ponderosa Pine
Seedlings to Supplemental Nighttime Lighting
(seed source 501-3000). 98

16 Estimated T50 Values for Experiment lila. o6

17 Estimated T50 Values for Experiment Ilib,



LIST OF FIGURES

Figure Page

1 Seed zone map of Oregon and Washington. 23

2 Mean weekly height increment for
Douglas-fir (seed source 030-500). 82

3 Mean weekly height increment for
Douglas-fir (seed source 071-1000) 82

4 Mean weekly height increment for
Douglas-fir (seed source 471-1000). 83

5 Mean weekly height increment for
Douglas-fir (seed source 412-3500). 83

6 Mean weekly height increment for
Douglas-fir (seed source 430-3500). 84

7 Mean weekly height increment for
Douglas-fir (seed source 471-3500). 84

8 Mean weekly height increment for
Ponderosa pine (seed source 503-4000), 85

9 Mean weekly height increment for
Ponderosa pine (seed source 712-5500). 85

10 Freezing injury curves for Douglas-fir
seedlings from Experiment lila (first
testing date). 100

11 Freezing injury curves for Douglas-fir
seedlings from Experiment lila (second
testing date). 100

12 Freezing injury curves for Douglas-fir
seedlings from Experiment lila (third
testing date). 101

13 Freezing injury curves for ponderosa pine
seedlings from Experiment lila (first
testing date), 101



Figure Page

14 Freezing injury curves for ponderosa pine
seedlings from Experiment lila (second
testing date). 102

15 Freezing injury curves for ponderosa pine
seedlings from Experiment lila (third
testing date), 102

16 Freezing injury curves for Douglas-fir
seedlings from Experiment IIIb (first
testing date), 103

17 Freezing injury curves, for Douglas-fir
seedlings from Experiment 11Th (second
testing date). 103

18 Freezing injury curves for Douglas-fir
seedlings from Experiment IlIb (third
testing date). 104

19 Freezing injury curves for ponderosa pine
seedlings from Experiment 11th (first
testing date). 104

20 Freezing injury curves for ponderosa pine
seedlings from Experiment 11th (third
testing date). 105



PHOTOPERIODIC RESPONSES OF DOUGLAS-FIR (PSEUDOTSUGA
MENZIESII[MIRB.] FRANCO) AND PONDEROSA PINE

(PINUS PONDEROSA) SEEDLINGS

I. INTRODUCTION

It has long been known that dormancy can be delayed in seedlings

of certain tree species by exposing them to periods of supplemental

light. Likewise, dormancy can be prematurely induced if daylengths

are artificially shortened, Both of these practices are currently used

ii the greenhouse production of seedlings in the Northwest. Extending

the photoperiod allows germination and growth of seedlings year

around instead of just during those seasons when natural daylengths

are sufficiently long. Shortening the photoperiod, on the other hand,

which results in an earlier onset of dormancy, prepares:seedlings for

outplanting at times of the year when they are needed, but would not

normally be physiologically conditioned to survive. In addition, a

combination of treatments allows greenhouse managers to raise

plantable seedlings in a much shorter time than is possible in

nurseries.

Various methods of extending and shortening photoperiods have

been used to regulate the growth of Douglas-fir and ponderosa pine

seedlings, but it is not known how efficient they area For instance,

there is little information on what intensity and duration of supple

mental light used to extend photoperiod is optimal for seedlings of
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these two species in terms of biological requirements and cost effi-

ciency considerations. Also, the minimum levels of light leakage

that can be allowed through light blocking curtains without affecting

the short day response of seedlings have not been established.

In an attempt to answer questions dealing with the specifics of

the photoperiodic responses of Douglas-fir and ponderosa pine seed-

lings, the following described research was initiated, Three experi-

ments were conducted to investigate seedling responses to alternative

lighting and light blocking schemes. The effectiveness of these

schemes was evaluated in terms of growth and dormancy responses of

seedlings, as well as physiological and morphological changes which

were induced by the treatments. The information resulting from this

research will be used as input in a determination of what type of day-

length regulation is best suited to the greenhouse production of seed-

lings of these two species.



II. LITERATURE REVIEW

Discovery of Photoperiodism

3

The importance of light to green plants cannot be overstated.

Light is the ultimate source of energy which drives nearly all of

the biological processes resulting in plant growth and development.

It is not surprising that photosynthesis- - the process through which

plants convert light energy and inorganic matter into organic material

and usable energy- - has been investigated extensively by plant

physiologists. Light, however, also influences plant growth in other

ways, unrelated to its role in the fixation of carbon dioxide into car-

bohydrates.

Some time ago it was discovered that the relative lengths of

light and darkness can also profoundly infiLlence the growth and

physiological maturity of plants. The term "photoperiodism" was

coined by Garner and Allard in 1920 (17) to describe this phenomenon.

Their pioneering work described a series of experiments which

showed that both the rate and extent of growth attained by plants, as

well as their fruiting and flowering behavior, were markedly affected

by the daily exposure to light. They suggested that the term "photo-

periodism" designate the response of an organism to the relative

lengths of night and day. Over the years, this definition has become

somewhat broadened. It is now recognized that plants not only



respond to relative lengths of light and darkness, but to the time at

which they are exposed to these intervals as well. Photoperiodism is

now defined as the response of organisms to the timing of light and

darkness (33).

Though Garner and Allard did include some information about

the vegetative responses of woody plants in their initial papers, the

bulk of research done over the last half century has dealt with flower-

ing in herbaceous species. The relatively small amount of work done

with woody plants has shown that a wide variety of responses and

norphological characteristics are affected by photoperiod. These

include growth, dormancy, frost hardening, branching, number

shape and size of leaves, leaf abscission, apical dominance, and the

relative proportion of growth in different parts of the plants (55, 59,

65, 84). The vast majority of the research has dealt with the effects

of daylength on various aspects of dormancy.

For most woody species, a lengthening of the photoperiod results

in extended growth while a shortening of the photoperiod causes an

earlier cessation of growth (16, 35, 42, 67). Early investigators

attributed these responses (as well as flowering in herbaceous species)

to the plants perception of the length of the light period (17, 73).

They believed that if light periods were sufficiently long, then the

period of active growth would be extended, Later, however, it was

found that it is really the duration of the uninterrupted dark period
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which is most critical for photoperiodic responses (2, 26, 33, 58).

Interruptions of the light period with a one or two hour period of dark-

ness have been found to have little affect on plant response (19),

whereas a short interruption of the dark period with light has been

repeatedly found to dramatically influence growth, dormancy and

flowering (58, 62, 65, 84).

Selection of Photoperiod

Photoperiodic responses have evolved as indirect adaptations to

seasonal changes other than daylength itself. Climatic factors such

as heat, cold and drought all change from season to season, but their

fluctuations often vary widely from year to year. The pattern of

change in daylength, on the other hand, is constant and invariable

from year to year. Thus, the ability of trees to time their growth

and dormancy according to daylength guarantees that their life cycle

will remain roughly similar from year to year. Without such a

timing mechanism, trees would tend to break dormancy and grow

during unseasonable warm periods in winter, only to be killed back

during a subsequent frost. Thus, photoperiod acts as a trigger to start

and stop growth and rest cycles which favor continued survival and

growth. It is not surprising that trees from frost-free areas, where

environmental conditions remain relatively constant throughout the



year, exhibit little or no photoperiod response (78). Even in mild,

coastal areas there is little photoperiod control over growth (37, 38).

Phytochrome

The actual mechanism through which day and night lengths are

perceived by plants and translated into photoperiodic responses is not

understood completely even today. It is known that the responses are

mediated through a blue chromo- protein called phytochrome which acts

as a photoreceptor pigment (9, 29). This pigment exists in two inter-

convertible forms in plants called P660 and P730. Light induces a

change from one form to the other, whereas darkness results in an

opposite conversion. During the day, phytochrome is found to exist

predominantly in the P730 form. At the end of the night it is pre-

dominantly in the P660 form (9, 29). These conversions are

schematically drawn below.

P660
, Darkness

Light F P730

6

The conversion of P660 to P730 takes place very rapidly,

generally taking only a few minutes, The conversion back to P660 in

darkness, however, is a much slower process, with a half decay

taking about 30 minutes (31). A simple hourglass mechanism was

initially proposed to explain the phytochrome conversion and the

photoperiodic responses observed, According to this theory, P730
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was the enzymatically active form. During darkness it was gradually

converted to the inactive P660 form, with the extent of conversion

depending upon the length of the time of darkness. Thus, it was

believed that plants respond as if under long days unless nights are

sufficiently long to convert a threshold amount of P730 to the P660

form. The longer the night, the greater the conversion, and conse-

quently, the greater the short day response.

This hourglass explanation now appears to be an oversimplifi-

cation. Siegelman has indicated that P730 is not converted to P660 at

all during the night but is destroyed, apparently being resynthesized

during light (69). At the photo-stationary state in red light, about

81% of the phytochrome is in the P730 form. After several hours of

darkness, there is a complete destruction of the P730 such that only

about 20% of the initial phytochrome still exists (69).

It has also been demonstrated that endogenous rhythms interact

with photoperiod (3, 25, 28, 33). That is, there are internal mecha-

nisms which affect phytochrome levels independent of the daily

exposures to light and darkness. Most of these rhythms have been

found to be circadian, or based on a 24-hour cycle. However, it has

been postulated that sub-cycles of 2, 4, 6, 8 and 12 hours duration

could also exist within plants and could interact with photoperiod (55).

In any case, it is not merely the length of the light or dark periods

which determines photoperiodic response, but the timing of these

periods in relation to the plant's physiological state as well.
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The mechanism through which phytochrome levels affect

photoperiodic responses is also not well, understood. It is fairly clear

that the level of various growth regulators is somehow affected (45,

60, 61, 85). But whether or not phytochrome acts by influencing

levels of a single growth promotor, or inhibitor, or both, is not

known. Further, it is not known if the levels of these regulators

change abruptly or gradually with a change in photoperiod. The

matter is complicated by the fact that other environmental factors

affect the levels of these substances as well (23). In general, long

days result in high levels of growth regulators (60). Several studies

have also shown that long photoperiods can be substituted for by an

application of aucins or gibberellins (41, 47, 59, 61).

Differences in Photoperiodic Responses between
and within Woody Species

Though most woody species respond to longer photoperiods with

a longer period of active growth, there are significant differences

among species in the degree of this response. Some species such as

yellow poplar (Liriodendron tulipifera L.) and red gum LLiguidamb

styrac.iflua L.) will grow all winter under photoperiods longer than

a critical minimum (40, 41, 42). Other species, such as horse

chestnut (Aesculus L.) will set a resting bud regardless of the length

of the photoperiod (10, 84). Still others, such as Scots pine



(P. sylvestris L.), exhibit a pattern of intermittent growth under long

photoperiods (82, 86). Also, a few species are photoperiodically

neutral and their growth cycle is unaffected by daylength (78).

Quantitative differences in response to photoperiodic stimuli

within species have also been widely observed (27, 36, 38, 70, 76).

These photoperiodic ecotypes have evolved from the selective

adaptation to different local environmental conditions. In the

Northern Hemisphere, trees from a more northern and higher eleva-

tion area generally exhibit greater photoperiodic sensitivity and stop

growing earlier under a given photoperiod than do trees from the

same species, but coming from a lower, more southern geographical

region (5, 57, 62). We also find that the Hcritical photoperiod"- -that

minimum duration of daylight above which trees will continue to grow

and not go into a state of dormancy- - is longer for seedlings from a

more northern, higher elevation seed source (36, 77, 78). The

reason for this is quite simple. In more northern latitudes and at

higher elevations, the frost-free period is much shorter. Survival

demands that growth be stopped earlier and resumed later than would

be necessary in a more moderate environment.

Thus, photoperiodic ecotypes have evolved to insure that trees

from a particular species make full utilization of the growing season

in which they find themselves, while at the same time, protect them-

selves from such things as frost and drought. It is this diversity



within species which partially accounts for the wide climatic ranges

over which many species will survive (62). However, these photo-

periodic differences have also been largely responsible for the poor

growth and survival of certain ecotypes when they are planted out of

their native range.

Photo seriod and Frost Hardiness

As mentioned above, photoperiod has been found to affect frost

hardiness. Generally, seedlings grown under lengthened days tend to

continue active growth for a longer period and are therefore less

resistant to winter frosts since they are in a non-dormant state. This

was observed by Garner and Allard in 1923 (18) and by many other

investigators since (13, 16, 43, 53). The opposite also occurs. As

early as 1930, Bogdanov demonstrated that a shortening of the photo-

period caused a more rapid hardening of young shoots and a greater

frost resistance than did a long photoperiod (20)e Over the years

others have reported similar findings (39, 42, 52, 57, 63).

In addition to the length of the photoperiod affecting the frost

resistance of seedlings, the intensity of light provided can also have

an affect. Van den Driessche found that at 3000 foot candles, an

8 hour photoperiod caused a greater frost hardiness in Douglas-fir

seedlings than did a 16 hour photoperiod (13). However, for low

intensity light, the results were just the opposite He found that

10



continuous 40 foot candle light resulted in greater hardening than

did exposure for only eight hours. Another experiment showed that

hardening increased for both an 8-and 16-hour photoperiod as light

intensity was increased to 1000 footcandles (14). These results

indicate that, at least for Douglas-fir, there is a photosynthetic

requirement for the development of frost hardiness, as well as a

photoperiodic requirement.

For greenhouse-grown container seedlings it has also been

reported that container density can have a marked effect on cold

hardiness development (72).

Duration, Intensity and Quality of
Supplemental Light

In the past 50 years, numerous studies investigating the dura-

tion, intensity and quality of supplemental light used to extend photo-

period have been conducted. Several investigators have specifically

sought to determine the minimum intensity of light necessary to elicit

a photoperiodic response. As with so many of the other responses

associated with photoperiodism, generalizations are difficult and

there is no minimum intensity common to all woody species. In fact,

the minimum intensity apparently varies not only among species, but

also within species and, perhaps, even with the physiological state of

an individual seedling. It is clear from the literature that extremely
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low intensities of supplemental light are capable of inducing a

response. In 1936, Matzke reported that leaves near street lights

receiving less than one foot candle of light were affected so that leaf

fall was delayed (50). A later study with jack pine (Pinus banks iana

Lamb.) reported that supplemental intensities as low as one foot

candle caused significantly different responses from the control (5).

Also, Kramer demonstrated that supplemental intensities of two foot

candles were responsible for reducing winter hardiness in several

woody species (43). Many subsequent experiments have shown that

various species respond to light intensities of 25 foot candles or less

(15, 18, 35, 48).

However, there is also evidence that the growth-promoting

effects of an extended photoperiod can be increased if the intensity of

the supplemental light is raised. Wareing showed that bud break in

beech (Fagus sylvatica L. ) seedlings was progressively increased as

the intensity of the supplemental light went from 250 to 1000 lax (83).

Lavender and Herrnann also found that high intensity supplemental

light stimulated bud break more than low intensity light (45). And

Chiba and Nagata reported that the growth response of jack pine seed-

lings increased as the intensity of supplemental light was increased

from 10 to 50 lax (5).

It has also been demonstrated that the relative ability of seed-

linus to respond to different levels of supplemental light is largely

dependent on their physiological condition (46).
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The question of whether or not there is a critical daylength for photo-

periodic responses has also been investigated. Nitsch made the obser-

vation that for most woody species a day of 12 hours or less of light

could be considered a physiological short day, and a day of 14 hours or

more, a long day (58). However, this is a generalization and the

actual daylength necessary for photoperiodic induction does vary

greatly among species. For most species there is some critical

minimum above which dormancy is inhibited and below which it is

induced. For certain species, daylengths longer than this critical

minimum result in continuous growth- -at least for a year or more.

(10, 86). However, the general rule is that there is a positive

relationship between daylength and both the period and magnitude of

growth (11, 41, 83). Thus, for many species, growth is greatest

under continuous illumination. There are also a number of species

that exhibit greater growth with longer photoperiods, up to a certain

maximum daylength, and then as days get longer, growth actually

diminishes (11, 28, 49, 81). This has been reported for Douglas-fir

seedlings where a 20-hour photoperiod was found to result in greater

stem elongation than a 24-hour photoperiod (9). For ponderosa pine

seedlings, there have been conflicting reports on the relative effects

of continuous vs. extended photoperiods. One study reported that a

24-hQur photoperiod resulted in greater stem weight, but less juvenile

growth, than did a 16-hour photoperiod (11). However, in another
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experiment, it was found that continuous light resulted in substantially

greater growth than a 16-hour photoperiod (65).

The number of short day cycles necessary to induce dormancy in

different species also varies. Most species require four weeks of

eight hour days to stop growing (10), but for some species the interval

is shorter. Seedlings of Norway spruce (Picea abies (L,) Karst.)

and Betula spp. have been induced to go dormant after two weeks of a

short photoperiod (27, 41). Detectable growth depression has even

been observed in Norway spruce seedlings with as little as one or two

days of 10 hours (27).

The degree of dormancy depends on both the length of the

dormancy-inducing photoperiod and on the number of these cycles

given (10, 79). For several species it has been found that the greater

the number of short days that a seedling is exposed to, the deeper the

state of dormancy becomes, and the more difficult it is to break this

state with a subsequent treatment of long days (10, 41).

When seedlings are grown under artificial lighting, as in a

growth chamber, the quality of light can also have a significant effect

on growth responses (8, 10, 11, 12). The relative effects of incan-

descent and fluorescent lighting have been investigated fairly exten-

sively. Incandescent light, which has a high proportion of far-red

light, has been found to cause significantly greater stem elongation



than fluorescent light, which has a smaller amount of far-red light,

but a much higher percent of red light (9, 10, 12, 64).

Night Break

One of the most striking discoveries in the whole field of photo-

periodism has been that of the "night break"--the interruption of the

dark period with an interval of light. This discovery was instrumental

in leading to the understanding that it is the length of the nycto-- or

dark period, and not the length of the light period, which is critical

for photoperiodic responses.

Observations of the effects of night breaks are almost as old as

observations of photoperiodism itself. In 1920 Garner and Allard

reported that a single dark period was more effective in promoting

flowering in short day plants than were two dark periods separated by

two periods of light (17). However, at the time, they mistakenly

attributed these effects to the interruption of the light period with an

interval of darkness. Numerous subsequent reports have demon-

strated that if the night is interrupted by even very short intervals of

low intensity light, then flowering in short day plants is significantly

reduced or prevented completely (4, 66, 73).

In woody species, many experiments have shown that the effects

of short days on growth and dormancy can be completely reversed by

exposure to night breaks. Previously dormant seedlings have been

15
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induced to break bud, and the extent and magnitude of active seedling

growth has been extended through night breaks (21, 41, 62, 64). For

instance, both Nitsch and Zahner have found that one-half hour of light

during the night has a marked effect on the growth of several woody

species (59, 87). One-hour light breaks have also been reported to

significantly reduce the short day effects resulting from a long dark

period (7, 54, 68). Night breaks are most successful in nullifying the

effects of a long night if they are given in the middle of a dark period

(6, 47).

In addition to the experiments where a single period of light has

been given during the night, there have also been several experiments

demonstrating that several short night breaks, or intermittent

lighting, can be quite effective in inhibiting otherwise short day

responses in plants. For instance, Xanthium plants exposed to three

minutes of light every three hours during the night fail to flower (24).

Similar results have been found for woody plants. Tinus reported that

one minute of light every 30 minutes throughout the night was suffi-

cient to maintain a non-dormant condition in blue spruce (Picea

punens Engelm.) and inland ponderosa pine (74).

As with supplemental light used to extend photoperiod, the

quality of light used as a night break can also markedly effect the

response (6, 30, 51, 80). Hiilman has stated that action spectra for

night breaks show that red light is much more effective than any other
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wavelength (33). However, there is some disagreement about the

relative effects of night breaks of red and far-red light on the growth

of trees. Nitsch reported that incandescent light, which is rich in far-

red radiation, is most effective for conifers (60). However, just the

opposite has been found for Douglas-fir germinants. An interr:uption

of a 12-hour dark period with 15 minutes of red light resulted in a

larger number of active plants and a longer duration of active growth

than did a 15-minute interruption with far-red light (6).

The effective intensity of light provided as a night break can

also be quite low. Mahistede has reported that for several species,

growth was greatly increased when two foot candles of light was pro-

vided for two hours in the middle of the night (48). In referring to

woody species in general, Nitsch stated that 10-20 foot candles of light

given as a night break is usually effective (62).

Vegetative Growth Response and
Shoot Root Ratios

It has been mentioned several times that a lengthening of the

photoperiod usually results in greater stem growth. Such growth

arises from both a greater number of internodes and the elongation of

existing internodes (41, 56, 64). The total dry weight of seedlings has

also been found to increase under extended photoperiods (15, 21, 44).

However, this increase in weight is usually not distributed uniformly
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throughout the seedling. It is well documented that the relative

proportion of growth in different parts of plants can be greatly

influenced by photoperiod. In 1923, Garner and Allard observed that

the duration of the daily light period can have a marked effect on the

relative development of the root and aeri.al portions of the plant (18).

A decade later Moskov reported that short days produced a con-

siderable increase in the relative amount of roots (53). Many subse-

quent studies have confirmed that long days have the opposite effect- -

tIat is, they tend to stimulate shoot growth more than root growth (2 1,

27, 54, 65). However, it has also been reported by some investiga-

tors that daylength has little or no effect on the shoot root ratio in

seedlings of certain tree species (28, 81).

Practical Implications of Photoperiod Research

The foregoing review of some of the photoperiodic responses of

woody species demonstrates that the growth and maturation process,

as well as certain physiological and morphological characteristics of

tree seedlings, can be markedly affected by photoperiodic manipula-

tion. Given this knowledge, how can we put it to our advantage? For

horticulture crops, there is already a long history of the use of

artificial lighting to further production objectives. Regulation of day-

length has been used since the 1930's to control flowering (22, 75).

This practice has allowed greenhouse operators to grow and supply
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flowers during those seasons of the year when they would not

normally be available.

Traditionally, tree seedlings have been raised in large nur-

series. In such operations, the possibility of environmental manipula-

tion is somewhat limited. There have been several attempts to use

artificial lighting in nurseries (5, 75), but such systems are generally

expensive and lighting uniformity is difficult to achieve. Also the

results from these experiments have not been altogether favorable (1).

With the recent innovations in container seedlings and the con-

struction of large greenhouses for growing them, the possibilities for

environmental control of seedling growth have greatly expanded. This

is especially true for the regulation of lighting. By extending photo-

periods, it is possible to hasten the growth process such that a

plantable seedling can be raised in five to six months. Through proper

lighting, it is also possible to alter the physiology of seedlings such

that they can be successfully planted earlier in the fall and later in

the spring than can bare root nursery stock. For example, under

shortened photoperiods, seedlings can be induced to winter harden

earlier. They can then be planted on high elevation sites, before the

snows come, without being as vulnerable to early fall frosts. Like-

wise, if seedlings are kept under short photoperiods late into the

spring, they remain dormant and can be planted without injury (which
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is mach more likely if seedlings are actively growing) on high

elevation sites after the snows have melted.

Obviously, these culturing practices require the installation and

maintenance of an efficient lighting and light blocking system. But

regulating lighting for millions of seedlings is enormously expensive,

both in terms of initial capital outlay and operating costs. From an

economic standpoint, it is therefore of the utmost importance to

develop and implement an optimal lighting system for the greenhouses

as soon as possible. Determining such a system involves two things;

the physiological effects of various lighting techniques must be

evaluated in terms of the biological benefits derived; and

these benefits must be weighed against the costs of implementing

and maintaining different lighting systems.

The following described experiments deal only with the first

objective. That is, they are aimed at providing information on the

effects of various lighting schemes on the growth, morphology and

physiology of Dociglas-fir and ponderosa pine seedlings. This

information will then be used as part of the input in arriving at a

decision about the most effective and economical lighting systems

for the greenhouse production of the species involved.



III. MATERIALS AND METHODS

Experiment I

Experimental Conditions and Design

The first experiment was initiated in September 1973 and was

aimed at determining the growth responses of seedlings to varying

intensities of supplemental light, Stratified seeds were germinated and

then planted in individual two and one-half cubic inch plastic tubes in a

mixture of peat moss and vermiculite. The germinants were kept in a

greenhouse for three weeks and were then moved to a growth room

where the treatments began. Each treatment consisted of an eight-

hour main photoperiod of about 1000 foot candles,' plus an eight-hour

period of supplemental lighting with one of the following light intensities

0 foot candles
0. 1 foot candles
1.0 foot candles
10 foot candles
20 foot candles
40 foot candles

The supplemental light intensities were achieved by placing

metal frames draped with varying amounts of shade cloth over the

21

1 The initial main photoperiod light intensity in the growth room was
about 1200 foot candles. However, this intensity decreased through-
out the course of the experiment as the fluorescent tubes became
older. At the end of the experiment the intensity was about 700 foot
candles.
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trays containing the seedlings. For the control, or zero foot candle

treatment, the frames were covered with lightproof, black plastic.

In all of the experiments, a Weston Quartz Filter foot candle

meter was used to determine light intensity,

The main photoperiod began at 9:00 a,m. when the covers were

removed and the lights were turned on. At 5:00 p.m. the covers

were placed over the seedlings and the supplemental light period

began. An automatic timer then turned the lights off at 1:00 a.m,

and all seedlings remained in darkness until 9:00 a.m.

Six seed sources of Douglas-fir and two of ponderosa pine were

used. Seeds from a wide range of geographic locations were tested.

The Douglas-fir ecotypes consisted of three coastal low elevation

and three high elevation sources ranging in locationfrom the

Snoaualamie and Olympic forests in the north to the Willamette and

Siuslaw forests in the south. One of the ponderosa pine sources was

from the east block of the Weyerhaeuser Klamath Fails Tree Farm and

one was from the west block. The seed sources are listed below. A

map showing the location of seed zones is provided in Figure 1.

Douglas-fir Ponderosa pine
Seed zone Elevation Seed zone Elevation

430
412
471
030
071
471

3500 ft
3500
3500

500
1000
1000

503
712

4000 ft
5500
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Figure 1. Seed zone map of Oregon and Washington.
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Each treatment consisted of four trays, each of which contained

12 seedlings from each of the eight seed sources. Thus, there were

48 seedlings per treatment from each o the eight seed sources and

96 seedlings per tray. The trays contained spaces for 140 seedling

tubes. The outside rows and columns of each tray were filled with

several seedlings from each of the seed sources. These "extra's

seedlings were then used for replacement of seedlings which died

during the treatment period. In addition, these buffertt rows served

to reduce any edge effect. The density of seedlings within the trays

was 100 per square foot.

The seedlings from the various seed sources were arranged in

a regular repeating order within each of the trays to ensure a com-

parable microclimate for all sped sources within and between trays.

The trays were set on tables in the growth room and were

rotated daily such that after 24 days, each of the trays occupied each

of the 24 tray positions. This rotation was done to minimize the

effects of environmental variation within the growth room.

The lighting in the growth room was provided by a combination

of warm white, deluxe fluorescent tubes and 150 watt incandescent

bulbs. The temperature was kept at 25°C during the 16-hour light

period and at 15°C during the night. Seedlings were watered daily

and were fertilized every other week with a modified Hoagland's

nutrient solution (34). On each application date, each Douglas-fir



seedling was given 3 ml of the solution and each ponderosa pine

seedling, 4 ml, The fungicides Benlate and Dexon were applied in a

dilute solution once a month.

Assessment of Growth Response

After three weeks of the treatments, a sub-group of 96 seedlings

from each treatment (the middle two rows from each tray) was meas-

ured weekly for total height. This was continued for ten weeks. The

weekly differences in these measurenents were then calculated to

yield a set of height increment values. These were then plotted for

each seed source to provide a graphic representation of the effects of

the different treatments on height growth. The graphs of these weekly

height increments are located in Appendix A, Figures 2-9.

The treatments were continued for four months. At the end of

that period additional measurements were taken on the seedlings.

Each of the seedlings which had been measured weekly or height

growth was also measured for final basal stem diameter. Later,

these same seedlings were dried and the shoots and roots were weighed

to determine the average total weight and average shoot root ratios

for each seed source and treatment. Each seedling in all of the

treatments was also evaluated for degree of bud set using a bud

classification of zero to six for Douglas-fir and zero to five for

ponderosa pine. The lowest rating, zero, indicated that a seedling

25
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was still actively growing and had not set a resting bud, while the

highest rating indicated a fully dormant bud. These ratings were

based on a combined evaluation of bud size, bud color and the degree

of development of bud scales. The specific characteristics of buds in

each bud class are listed in Appendix A, Table 1.

A two-way analysis of variance was run on each of the response

variables. The averages of each of these variables for each treat

ment and species are also presented in Appendix A, Tables 2-11.

Experiment II

Experimental Conditions and Design

The second experiment was initiated in January 1975, and was

designed to investigate the growth and dormancy responses of seed-

lings to a variety of supplemental nighttime lighting regimes.

Actually, a similar experiment had been conducted a year earlier,

but because of certain problems, it was decided that it would be

repeated. Both Douglas-fir and ponderosa pine seedlings were used,

The Douglas-fir seedlings were a month older since the initial batch

of ponderosa pine seeds had an extremely low germination rate and a

second batch had to be germinated later. As in Experiment I, seed-

lings were germinated and then planted in plastic tubes in a potting

mix composed of peat moss and vermiculite.
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Once planted, the Douglas-fir seedlings were moved to a green-

house where they were kept for five weeks before the treatments

began. During this period they were placed under a block of fluores-

cent lights which extended the photoperi.od. to 17 hours. This was

done to increase photosynthesis and guarantee that the seedlings

would be healthy and vigorous when the treatments began.

The treatments were initiated during the second week of March.

Altogether there were eight treatments, including seven supplemental

lighting regimes and a control, or natural photoperiod. These treat-

ments are listed below:

Treatment 1 - A natural photoperiod plus one minute of light
every 15 minutes throughout the night.

Treatment 2 - A natural photoperiod plus one minute of light
every 30 minutes througho the night,

Treatment 3 - A natural photoperiod plus two minutes of light
every 60 minutes throughout the night.

Treatment 4 - A natural photoperiod plus one minute of light
every 15 and 45 minutes (alternated) through-
out the night.

Treatment 5 22 hours o continuous illumination.

Treatment 6 - 16 hours of continuous illumination.

Treatment 7 - A natural photoperiod with a two-hour light
break in the middle of the night.

Treatment 8 - A control or natural photoperiod.

Since the data from Experiment I had demonstrated that there

was quite a difference in response between high and low elevation



28

Douglas-fir ecotypes, but little difference within these two groups,

only one high elevation and one low elevation Douglas-fir seed source

were used. One ponderosa pine seed source was used. These seed

sources and the respective seed zones and elevations are listed

below.

Seed source Seed zone Elevation

Douglas-fir 412 3500 ft
Douglas-fir 030 500

Ponderosa pine 501 3000

In each treatment there were 50 seedlings per seed source.

Since a noticeable amount of shading of the ponderosa pine seedlings

by the much-taller Douglas-fir seedlings had been observed in

Experiment I, it was decided that the populations of the two species

would be kept separate in Experiment II. Seedlings from the two

Douglas-fir seed sources were arranged on one side of the trays in an

alternating sequence at a density of 100 per square foot, The pine

seedlings occupied the other half of each tray and had a density of

50 per square foot.

Black plastic curtains were drawn between the treatments at

night to prevent supplemental light from one treatment from illuminat-

ing seedlings in any other treatment. These curtains were put in

place at 6:00 p.m. and were drawn back at 9:00 a.m. They were

open on the top and on both the east and west ends so that both early
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morning and early evening light would illuminate the seedlings. Thus,

all seedlings received a natural photoperiod, though early morning

and early evening intensities were somewhat less than if the curtains

had not been in place.

At 7:00 each evening the supplemental lighting began. It con-

tinued until 8:00 a.m. the following morning. Each of the treat-

ments (with the exception of the natural photoperiod) had a block of

warm white, deluxe fluorescent lights above it which was connected

to a timing clock that turned on the lights at the appropriate intervals

during the night.

The supplemental light intensity for all treatments was 20 foot

candles. This intensity was achieved by spraying the fluorescent

tubes with black paint until just 20 foot candles of light at seedling

level was provided.

The average temperature varied between 15°C at night and

25°C dudng the day. Seedlings were watered daily and were given a

modified Hoagland's solution twice during the treatment period.

Assessment of Growth Response

The treatments were given fo.r a total of seven weeks. At the

end of that period, the hei,ght, diameter, and degree of bud set of each

seedling were recorded. Buds were evaluated using the same classifi-

cation scheme that was used in Experiment I. Also, since an initial



height measurement of each seedling had been taken, a fourth

variable- - height increment- -was calculated. A subgroup of ten

randomly selected seedlings from each treatment and seed source

was also evaluated for total dry weight and shoot root ratio.

Analysis of Data

The data were analyzed in several ways. For the Douglas-fir

seedlings, a two-way analysis of variance was conducted on each of

the measurement variables. A similar one-way analysis of variance

was conducted on each variable for the pine seedlings. The average

values of each of these variables for each species are presented in

in Appendix B, Tables 12-15.

In addition, a stepwise multiple discriminant analysis for each

of the seed sources was run using final height, diameter, degree of

bud set and height increment as the variables entered into the analysis

It was hoped that this analysis would provide additional information on

the relationship between the response variables and would possibly

point out differences among the treatments that might not be indicated

by the analysis of variance tests.

In the Results section, the various statistics resulting from all

of these analyses are discussed and the significant differences between

treatments and seed sources are reported The word usignificance

has a rather special meaning in this discussion. As the experiment

30
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was initially designed, each treatment consisted of one tray containing

50 seedlings from each of the three seed sources. Since there was

only one tray per treatment, it was impossible to determine what the

tray effect was. There is reason to believe it was quite small since

calculated tray effects in Experiment I were negligible. But regard-

less of how small the effect was, the F values given in all of the

analyses overestimate the true F value. Because of this overestima-

tion, any test was considered significant only if the F value was

significant at the .01 level. It is felt that any test significant at the

.01 level would have, in reality, easily been significant at the .05

level.

Experiment III

Experimental Conditions and Design

The seedlings used in this experiment were germLnated and

raised at the Weyerhaeuser facilities in Rochester, Washington, and

were transferred to Corvallis in mid August, 1974. As in previous

experiments, both Douglas-fir and ponderosa pine seedlings were

used. The Douglas-fir were from seed zone 472 at an elevation of

4000 feet nd had been sown on March 20. The ponderosa pine were

from seed zone 702 at an elevation of 6000 feet and had been sown on

April 20. At the time they were transferred, all seedlings had set a
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resting bud. After being brought to the Forest Research Laboratory,

the seedlings were kept in a greenhouse under a natural photoperiod

for one week and then the treatments began

Experiment III actually consisted of two separate experiments.

Both were aimed at determining the effect of various photoperiod

treatments on the development of frost hardiness. In the first (which

will subsequently be referred to as Experiment lila), the effects of

varying lengths of a main photoperiod were investigated. Four treat-

ments were tested--a 6-hour, an 8-hour, a 10-hour, and a natural

photoperiod. The latter treatment ranged from 11 to 13 hours of light.

These photoperiods were achieved by cove-ring treatment trays with

lightproof frames for varying intervals. All frames were put in place

at 7:00 each evening. For the 10-hour, 8-hour and 6-hour treatments,

they were removed at 9:00 a. m., 11:00 a. m. and 1:00 p.m. respec-

tively. The seedlings under the natural photoperiod treatment were

not covered at any time during the experiment.

The second part of Experiment III (Experiment Ilib) was

designed to investigate the effects of a range of intensities of light

leakage. The treatments consisted of an 8-hour main photoperiod

plus an 8-hour period of supplemental light of intensities ranging

from 0 to 25 foot candles. The desired light intensities were attained,

as in Experiment II, by spraying the overhead fluorescent tubes with -

black paint. The following five supplemental intensities were tested:

0, 1, 5, 10, and 25 foot candles.
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For each treatment in Experiment III there were two trays of

200 seedlings from each seed source. Seedling density for both seed

sources was 100 per square foot.

In Experiment IIIb, each treatment was placed on a separate

table in the greenhouse. Above each of the tables was suspended a

block of warm white, deluxe fluorescent lights and a metal frame

from which black plastic curtains were hung. At 11:00 a. m. these

curtains were rolled up and the main eight-hour photoperiod began.

The curtains were rQlled down at 70Q a. m. , and for the next eight

hours the seedlings received the supplemental light treatments. At

3:00 a.m., timers turned all of the lights off and all treatments

remained in darkness until 11:00 a.m. when the curtains were again

rolled up.

For both parts of Experiment III, seedlings were rotated

regularly to ensure that any differences resulting from different

environmental conditions within the greenhouse would be eliminated.

Trays within each treatment were rotated daily and the position of the

treatments themselves were rotated each week.

As noted earlier, Experiment III began in August. It continued

for three months. For Corvallis this was a period of unusually sunny

weather. Thus, outside light intensities were quite high throughout

most of this period. Within the greenhouse, however, there was sig-

nificant shading of seedlings from the fluorescent light fixtures and
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the rolled up curtains. Also, the roof and sides of the greenhouse

were partially painted with a whitewash which also cut down on the light

intensity somewhat. Thus, the average main photoperiod light inten-

sity received by the seedlings in Experiment lila was only 17% of full.

sunlight. For seedlings from Experiment Ilib, the intensity was only

about 11%. The implications of this will be discussed later.

The temperature regime in the greenhouse varied during the

treatment period. For the first five weeks of the experiment, daytime

temperatures ranged between 21°C and 27°C, and nighttime tempera-

tures between 10°C and 15°C. After Live weeks of the treatments it

was decided that seedlings should be exposed to lower night tempera-

tures so that they would develop greater frost hardiness. Therefore,

all heating in the greenhouse was turned off at 5:00 p.m. and was

turned on again at 8:00 a.m. From this time on, the nighttime green-

house temperatures were directly related to the outside temperatures

0 0and ranged from 2 C to 10 C.

Seedlings were watered regularly and were given a modified

Hoaglands nutrient solution every other week.

Assessment of Frost Hardiness

After eight weeks, the treatments were all discontinued and all

seedlings were returned to a natural photoperiod. At that time, the

first of three freezing tests were conducted (October 19). Two and
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four weeks later, subsequent freezing tests were also run. These

tests were done at the Weyerhaeuser regeneration facility in Centralia,

Washington, since adequate apparatus was not available at the Forest

Research Laboratory.

On each of the testing dates, 60 seedlings from each treatment

were exposed to freezing temperatures. These seedlings were divided

into three groups of 20 seedlings and each group was tested at a

different temperature. For each freezing test, seedlings were ran-

domly arranged in container trays with every other hole skipped.

After the trays were placed in the freezing chambers, vermiculite was

placed around the containers to insulate the roots so that none of the

assessed freezing damage would be due to root injury. The chambers

were then programmed to go down to a specified temperature (starting

at 0°C) at the rate of 5°C per hour. Once this temperature was

reached, it was maintained for two hours. The temperature was then

brought back up to 0°C at the rate of 20°C per hour. Seedlings were

then removed from the chambers.

The evaluation for freezing damage was done seven to ten days

after the tests were completed. In the meantime, seedlings were

placed in a greenhouse and kept well watered to insure that any non-

damaged seedlings would continue to grow during this period. Each

seedling was then evaluated for needle, stem, and bud damage. Needle

damage was assessed on a rating scale from zero to nine. A zero
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rating meant that 0-10% of the needles were damaged--that is, they

were brown or yellow and dry. A rating or one meant that 10-20%

were damaged and a nine indicated that there was 90-100% needle

damage.

Stems and buds were assigned damage values of 0, 5 or 9.

Stem damage was determined by taking a razor blade or fingernail

and peeling back a portion of the outside bark or skin. If the color

underneath were green and the stem were still moist and fleshy, a

rating of zero- - or no damage- - was given. If the inside of the stem

were predominantly green, but had a slight brownish tinge to it or

appeared a little dry, then a rating of five was assigned. Finally, if

the inside of the bark had any obvious brown in it or was desiccated

at all, then a rating of nine was given.

Bud damage was assessed in a similar fashion. A razor blade

was used to cut through the center of the terminal bud. (There were

some Douglas-fir seedlings where there was no terminal bud. In

these cases a lateral bud was used.) If the bud were green and fleshy,

then it was given a value of zero. If the color were predominantly

green, but for some reason it was slightly off-color or had a tinge of

brownish-green anywhere within it, then a rating of five was assigned.

If there were any brown or black spots in the bud, then it was con-

sidered dead and was given a nine.
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Thus, for every seedling tested, three damage values were

recorded. Now the purpose of these tests was to determine the degree

of frost hardiness in the seedlEngs from the various treatments, Under

natural conditions, if a seedling were to sustain severe damage in any

of the above categories, then it would not survive. Thus, even if the

needles or bud were not damaged at all, if the stem were killed, then

the seedling would die. The highest value of the three damage indices

was therefore tabulated as a fourth category simply called Ufreezing

injury. It represented the extent to which a seedling sustained

overall freezing damage.

Analysis of Data

The average freezing injury values were graphed and appear in

Appendix C, Figures 10-20. Each set of graphs shows the results

for one of the species on one of the testing dates. For each treatment,

the average freezing damage was plotted as a function of freezing

temperature. The first six of these sets of graphs are for Experiment

lila and the last five are for Experiment Ilib. The graphs for the

second freezing test for ponderosa pine seedlings in Experiment Ilib

are not included because the data were incomplete and had to be

thrown out as a result of mislabeling of treatment seedlings at the

time of the test.
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In addition, a "50% value" or "T50" for each graph was cal-

culated. Tables of these values are also presented in Appendix C.

This value is the temperature at which an average freezing injury

value of five would be expected. At this temperature half of the seed-

lings would be expected to live and half would be expected to die.

These T50 values were determined by calculating a linear regression

equatj.on of freezing injury vs. freezing temperature for each treat-

ment, seed source and testing date, and then plugging in an injury

value of five. However, in several cases the testing temperatures

were so cold that there was near 100% seedling kill for both of the

two lowest temperatures. In these instances, the data resulting

from the lowest temperature freezing test were thrown out and not

used in the regression analysis since their inclusion would have

caused the regression equations to underestimate the actual slope of

the injury curve.

For some of the Douglas-fir seedlings in the light leakage

experiment, freezing temperatures were so low for all three tem-

perature runs that it was impossible to estimate some of the treat-

ment T50 values for that testing date. That is, freezing damage was

so extensive at all temperatures used that the freezing response to

higher temperatures could not be predicted from the data. In these

cases, X's were inserted in the T50 tables instead of temperatures.

However, it is obvious that if seedlings were severely damaged at
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even the warmest of the temperatures used, then the T50 values

would be fairly high (less negative). In all instances where )Qs were

used, it appeared that the T50 values would have been -4°C or

warmer.

An analysis of variance was conducted on each set of regression

equations to determine if there were significant differences among

treatment lines. Due to the discontinuous nature of the data, the

regression residuals tended not to be completely normally distributed,

which is in violation of one of the assumptions of variance tests of

this kind. However, this assumption is not completely rigid and

minor discrepancies can occur without completely nullifying the

validity of the tests. In order to increase confidence in the results

o the tests, significant differences between treatments were

attributed only when the differences were significant at the .01 con-

fidence level.

We were also interested in determining whether or not there

were any significant differences in growth between seedlings from the

various treatments during the course of Experiment III. Therefore,

after finishing the last freezing test, a group of ten seedlings from

each seed source and treatment was randomly selected from those

remaining. Each seedling was evaluated for height, diameter, bud

class, total dry weight and shoot root ratio. A one-way na1ysis of
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variance test was conducted on each of these variabLes for each seed

source within each experiments



IV. RESULTS

Experiment I

General Findings

For both Douglas-fir and ponderosa pine seedlings, there was

great variation among the ecotypes tested. In general, seedlings

from the more northern, higher elevation seed sources grew less and

went dormant earlier than did seedlings from southern, lower eleva-

tion seed zones.

There were also highly significant differences among treat-

ments. For Douglas-fir seedlings, the treatments separated into two

clear groups. For almost all response variables, there was a highly

significant difference between seedlings exposed to 0, 0. 1 or 1.0 foot

candles of supplemental light, and those exposed to 10, 20, or 40

foot candles. For seedlings from the lowest three light intensity

treatments (henceforward referred to as t1e "low light treatments"),

overall growth was smaller, dormancy was initiated earlier, and

shoot root ratios were lower, than for seedlings from the three

higher intensity treatments ("high light treatments").

For ponder osa pine seedlings, on the other hand, there was not

a consistent pattern in the responses to the treatments. Although

height growth was positively related to supplemental light intensity,
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the relationships between the other growth and dormancy indicators,

and the level of light provided, were erratic and no clear pattern

relating overall growth to supplemental light intensity was recog-

nizable.

Specific responses for each of the two species are discussed

below. As mentioned previously, tables and graphs summarizing

these data are presented in Appendix A.

Douglas -fir

Height Growth. For all seed sources and treatments, height

growth diminished with time. Also, there was a direct relationship

between height growth and the intensity of the supplemental light pro-

vided. That is, average weekly height growth and final height were

greater for seedlings exposed to higher intensities of supplemental

light.

The height increment curves for each seed source show that

height growth fell off much more rapidly for the three low light treat-

ments than it did for the high light treatments, as indicated by the

steeper slopes of the former during the first six weeks of measure-

ment. By the last three weeks of measurement, the differences in

height increment between the high and low light treatments were very

pronounced. By the time the final height measurements were taken,

virtually all seedlings from the low light treatments had stopped
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growing, while those from the high light treatments were still

elongating substantially-especially those from the lower elevation

seed sources.

The final measured height of seedlings exposed to ten foot

candles or more was also significantly larger than it was for seedlings

exposed to "low11 light. Although average seedling height increased

with each increase in supplemental light intensity, the only significant

difference in adjacent ordered mean heights was between that for the

one and that for the ten foot candle treatment.

Seedlings from the two high elevation seed sources originating

in Washington (430-3500 and 412-3500) had significantly smaller

average height than either seedlings from the more southern, Oregon

high elevation seed source, or seedlings from any of the low elevation

seed zones. These two ecotypes also stopped growing earliest and

had the smallest height increments throughout the measurement

period.

Dry Weight. For all ecotypes there was a trend of increased

dry weight with increased light intensity. As with height growth,

there was a clear separation of the treatments into two distinct

groups. Average dry weights for seedlings receiving one foot candle

or less of supplemental light were all quite similar. However, seed-

lings exposed to ten or more foot candles were significantly heavier
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than those plants grown under low light intensities. Seedlings from

the two high elevation Washington seed sources were by far the lightest

of the populations tested,

Bud Set, As with the other variables so far discussed, the

degree of bud set developed by seedlings was markedly different for

those exposed to low and high light treatments, Seedlings which

received ten or more foot candles of supplemental light had signifi

cantly lower average bud set. As the intensity was increased to 20

and then to 40 foot candles, there was a further significant reduction

in the development of resting buds. Seedlings from the two Washington

seed zones previously mentioned had significantly higher average bud

set than those from any of the other seed zones,

Diameter. Of all of the variables analyzed throughout the

experiments, basal stem diameter was repeatedly found to be the

least sensitive indicator of overall growth. In this experiment,

Douglas-fir seedlings from the control or zero foot candle treatment

had the greatest average diameter. Average seedling diameters for

the remaining five treatments were all quite similar. The smallest

diameters were found for the two high elevation Washington seed

sources.

Shoot Root Ratio. The separation of treatments into two clear

groups was more pronounced for this variable than for any of the

others examined. Ratios for the three low light treatments were
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virtually identical, For the high light treatments, ratios were almost

50% larger. The only significant difference in adjacent ordered mean

ratios was again between the one and ten foot candle treatments.

Seedlings from the high elevation seed sources had the smallest

average ratios.

Ponderosa Pine

Height Growth, Overall height growth was much smaller for

this species. Compared to Douglas-fir, there were also smaller

differences between the treatments. For both pine ecotypes, seed-

lings from the high light treatments grew substantially more through-

out the measurement period than did seedlings from the low light

treatments. Thus, their final average height was significantly larger.

The only significant difference in ordered mean heights was between

the one and ten foot candle treatments, For a11 treatments, height

growth of seedlings from the higher elevation ecotype slowed down

earlier than it did for seedlings from the lower elevation seed source.

There was also less weekly height growth throughout the measurement

period for high elevation seedlings and consequently, significantly

smaller final height.

Dry Weight. Although there were highly significant dry weight

differences between treatments, there was no consistent correlation

between total dry weight and supplemental light intensity. As the
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intensity increased, total dry weight oscillated up and down. Smallest

average weights were recorded for the 40 foot candle treatment.

Somewhat surprisingly, the higher elevation seedlings had the greatest

average weights.

Bud Set. There were also no easily definable trends in the

degree of bud set. For one ecotype there was a slight increase in bud

set as the light intensity increased, while just the opposite relation-

ship was true for the other ecotype. For both seed sources taken

together, the changes in bud set with increased levels of supplemental

light were very small and eratic. Over all the treatments, average

bud set was significantly higher for seedlings from the high elevation

seed source.

Diameter. Average stem diameter was apparently uncorrelated

with supplemental light intensity. There were no significant differ-

ences among the treatments. However, seedlings from the higher

elevation seed zone did have significantly larger average diameter.

Shoot Root Ratio. There were highly significant differences in

shoot root ratios between treatments. As supplemental light intensity

was increased, there was a trend toward higher ratios However,

there were no significant differences between adjacent ordered mean

ratios. Seedlings from the lower elevation seed source had signifi-

cantly higher average ratios than did seedlings from the higher

elevation seed source.



Experiment II

General Findings

The differences in responses between Douglas-fir and ponderosa

pine seedlings were even more pronounced in Experiment II than

they were in Experiment I. For Douglas-fir seedlings a variety of

nighttime lighting treatments were effective in preventing the onset

of dormancy and stimulating active growth. For ponderosa pine seed-

lings, however, supplemental nighttime lighting had an adverse effect

on growth. Though virtually all of the pine seedlings continued grow-

ing throughout the treatment period, greatest growth was attained by

those seedlings exposed to a natural photoperiod and given no night-

time lighting.

Below is a detailed description of the responses for each

species. Tables summarizing the growth responses are included in

Appendix B.

Douglas- fir

There were substantial differences in the responses of the high

and low elevation seed sources. Average height, height increment,

weight and shoot root ratio were significantly larger for the low

elevation ecotype. Average bud set was significantly less. There

were no significant differences in stem diameter.
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For both Douglas-fir ecotypes, there were significant differ-

ences in the responses to the treatments. Most obvious was the great

difference between seedlings exposed to a natural photoperiod arid

those given any one of the supplemental lighting treatments. Average

height and height increment, as well as average shoot root ratio, were

significantly smaller for natural photoperiod seedlings. The degree

of bud set was significantly greater. Somewhat surprisingly, the

intermittent lighting treatment providing one minute of light every

30 minutes throughout the night was subs tantia.11y less effective in

stimulating height growth than were the other supplemental lighting

treatments. This was especially true for the high elevation seed

source.

The responses of the seedlings from the remaining six nighttime

lighting treatments were all quite similar. For the two Douglas-fir

seed sources taken together, there were no significant differences

between adjacent ordered means or total height, height increment,

bud set or dry weight. However, seedlings from the 22-hour, 16-

hour, and the 2-hour night break treatments did have somewhat

greater average total height and dry weight than did seedlings from

the remaining three intermittent lighting treatments.

For the stepwise discriminant analysis, the variable which was

first to enter- - that is, the variable which contributed most to separat-

ing the treatments--was the degree of bud set. For the high elevation
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seed source, bud set alone explained more than 70% of the total dis-

persion between treatments, whereas it accounted for more than 80%

of the dispersion for the low elevation seed source. For both seed

sources, the next three variables to enter were, respectively, height

increment, diameter and total height. The entering F value for each

of these variables was significant. In other words, each of the varia-

bles in the analysis made a significant contribution o explaining the

differences among the treatments.

After all of the v3riables were entered, an F matrix for testing

differences between any pair of treatments was calculated. As with

the two- way analysis of variance, this set of F values revealed the

great dissimilarity between seedlings exposed to a natural photo-

period and those exposed to any of the supplemental lighting treat-

ments. F values for testing these differences were all significant.

For the high elevation seed source, the treatment with one minute

of light every 30 minutes was also significantly different from all other

treatments. This was not true for the low elevation seed source. In

fact, all of the differences between treatments were much smaller for

the low elevation seed source. Apparently high elevation seedlings

were more sensitive to changes in the type of nighttime lighting pro-

vided.than were low elevation seedlings.

For both seed sources there was a significant difference between

the 16-hour treatment and all of the other treatments. This
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multivariate difference was mainly attributable to the fact that seed-

lings from this treatment had the largest diameters and the second

largest heights and height increments.

There were several other instances where one treatment was

found to be significantly different from another, but these differences

were isolated and there were no other cases where one treatment was

significantly different from all other treatments.

Ponderosa Pine

For all measurement variables except degree of bud set, there

was a significant difference between seedlings exposed to a natural

photoperiod, and those from the supplemental lighting treatments taken

as a group. But for this species, the natural photoperiod seedlings

developed greater total height, height increment, diameter, dry

weight and shoot root ratio than did seedlings from any of the other

treatments. Thus, the exposure of seedlings to intervals of night

time lighting resulted in a decrease in the overall growth response.

Responses of seedlings to all of the supplemental lighting treat-

ments were quite similar. For these seven treatments, there were

no significant differences between the ordered means of any of the

variables examined.

In the multiple discriminant analysis, the variable which con-

tributed most to distinguishing the treatments was stem diameter.
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Final height and height increment were the next variables to enter the

analysis. Bud set was the last variable to enter-this being attributable

to the fact that hardly any of the seedlings from any of the treatments

had set a resting bud at the time the measurements were taken. The

F values of all entering variables, except bud set, were significant.

With all of the variables in the analysis, the F matrix again

revealed that seedlings exposed to a natural photoperiod treatment

were significantly different from seedlings from any of the other

treatments. The 16-hour treatment and the treatment with one minute of

light every 30 minutes were also significantly different from all the other

treatments. This difference was apparently due to the fact that, of

the supplemental lighting treatments, these two treatments had the

greatest average stem diameters and dry weights.

Experiment III

General Findings

For both Douglasfir and ponderosa pine seedlings there were

marked differences in response to the treatments in both the daylength

and the light leakage experiments. These differences were generally

not apparent at the time of the first freezing test, but became

increasingly pronounced during the second and third tests.
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For Douglas-fir seedlings, a shortened photoperiod caused a

substantial increase in the level of frost hardiness developed. How-

ever, when the photoperiod became too short, some of this hardiness

was lost. For ponderosa pine seedlings, on the other hand, the hardi-

est seedlings were those previously exposed to the two longest day-

length treatments.

The minimum levels of light leakage which effectively reduced

frost hardiness were quite low for both species. Intensities as low as

one foot candle caused a significant reduction in the frost hardiness

of Douglas-fir seedlings, whereas five foot candles or greater

reduced the hardiness of the pine seedlings.

A more detailed description of the T50 values and the freezing

injury curves for each species follows below Freezing injury graphs

and tables of the T50 values are included in Appendix C.

Douglas- fir

For the first freezing test, differences between treatments were

very small in both the length of photoperiod and light leakage experi-

ments. No significant differences among the linear regressions of

freezing injury vs. temperature were found. By the second test,

however, it became apparent that seedlings exposed to shortened

photoperiods had developed greater hardiness than seedlings from a

natural photoperiod, Also, seedlings exposed to any of the light
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leakage treatments sustained greater frost damage than those from

the control treatment with no light leakage. The greater susceptibility

to freezing damage of natural photoperiod seedlings from Experiment

lila and seedlings exposed to any of the light leakage intensities in

Experiment Ilib was indicated by their higher (less negative) T50

values and their higher freezing injury curves. Differences among

treatment regression lines were significant in both experiments for

this second freezing test.

By the third test, seedlings grown under a natural photoperiod

were still the least hardy as measured by needle, stem or bud

damage, Those grown under a six-hour photoperiod sustained the

next greatest damage, while those from the eight- and ten-hour

photoperiods were considerably hardier. Also, seedlings which had

previously been exposed to any of the four levels of light leakage sus-

tained considerably greater damage than control seedlings. As with

the second freezing test, there were significant differences among

treatment regression lines for both experiments. Unfortunately, the

freezing temperatures used for both the second and third tests in the

light leakage experiment turned out to be so low that it was difficult to

ascertain whether or not there were any differences between the 1, 5,

10 and 25 foot candle treatments. None were apparent. But it was

obvious that even one foot candle of supplemental light caused a

marked reduction in hardiness. This implies that the photosensor in



dormant Douglas-fir seedlings responds to extremely low levels of

light such that a long day condition is perceived.

Ponderosa Pine

For seedlings grown under varying length photoperiods there

was a general trend of increased frost hardiness with increased length

of the photoperiod. For all tests, differences among treatment

regression lines were significant. As measured by the T50 values,

seedlings exposed to a six-hour photoperiod had the least hardiness on

all testing dates, Seedlings from the natural and ten-hour treatments

were the most hardy at the time of the second and third tests.

For pine seedlings from the light leakage experiment, results

were similar to those for the Douglas-fir seedlings. That is, there

appeared to be a critical or threshold light leakage intensity above

which damage was about the same regardless of the light intensity

provided, and below which damage was considerably less. However,

for this species, the break occurred between the one and the five foot

candle treatments. Also, these differences showed up only during the

third test. There were significant differences among regression

equations or the third test but not for the first one. As mentioned

earlier, data from the second freezing test were incomplete and had

to be discarded.
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Development of Frost Hardiness over Time

For both species and in both experiments there was a tendency

for a buildup in hardiness over time. This was evidenced by the

decreasing T50 values from the first to the third test. However, this

tendency was not equally pronounced in all treatments. In general,

the average change in hardiness was greatest for those treatments

whiäh ultimately developed the greatest har'diness. It appears that

when seedlings are exposed to lighting conditions favorable to hardi-

ness development, a physiological process is triggered which results

in a gradual building up of frost resistance, even after the initial

lighting conditions triggering this response are discontinued. How-

ever, if lighting conditions are such that this process is not set in

motion, then the hardiness of seedlings remains relatively constant

and there is little change over time.

Growth Response of Seedlings

Finally, a series of analysis of variance tests was run to deter-

mine if there were significant differences between treatments for

seedling height, diameter, degree of bud set, dry weight and shoot

root ratio. These tests indicated that the differences in growth

between treatments were slight. For Douglas-fir seedlings, the only

significant difference for any of these variables was for diameter in
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the length of photoperiod experiment. Seedlings from the natural and

ten-hour treatments had significantly larger average diameters than

those from the six- and eight-hour treatments.

The only significant differences between treatments for

ponderosa pine seedlings were for dry weights in the length of photo-

period experiment and for height in the light leakage experiment In

the first case, the natural and ten-hour treatment seedlings were

the heaviest, In the second case, seedlings from the one and five foot

candle treatments were the shortest.



V. DISCUSSION

Most of the findings of this study are in agreement with results

from previous research on the photoperiodic responses of woody

species. For both Douglas-fir and ponderosa pine 8eedlings, the

existence of photoperiodic ecotypes was demonstrated. Seedlings

from higher ele vation, more northern seed zones were found to grow

less and go dormant earlier under a given set of photoperiodic con-

ditions than lower elevation, more southern ecotypes.

Experimental data also showed that photoperiodic responses

can be induced in Douglas-fir seedlings by very low levels of supple-

mental light,and that relatively brief exposures to low intensity light

during the night can effectively prolong the period of active seedling

growth in the spring. Further, it was found that artificially shorten-

ing the daylengths in the late summer and early fall can hasten the

development of frost hardiness in Douglas-fir seedlings, but that

relatively low levels of light leakage can cancel the benefits of these

shortened days.

All of these findings have been reported earlier for a number

of different species. However, there were also several findings from

this research which have not been previously reported, and which, in

at least one case, directly contradict restUts from earlier studies.

This last case has to do with the response of ponderosa pine seedlings

to extended photoperiods.
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Extended Photoperiods and the Growth
of Ponderosa Pine Seedlings

A number of authors, including Downs and Piringer (11), Read

and Bagley (65), and Tinus (74), have reported that the growth of

ponderosa pine seedlings can be significantly increased by lengthening

the photoperiod they are exposed to. In both Experiments I and II,

however, extending the daylength with supplemental light was not

generally favorable to the vegetative growth of the pine seedlings. In

fact, in the second experiment, exposure to nighttime supplemental

lighting apparently caused a significant decrease in overall seedling

growth. This result was quite unexpected and it is somewhat difficult

to understand why seedlings did not respond as in earlier experiments.

There are several possible explanations.

In the first place, there were important differences between the

aforementioned previous studies and the experiments described here

in. The most obvious difference was in the length of time over which

the experiments were conducted. All of the earlier experiments

covered a much longer time period. In several cases, supplemental

lighting was provided for a year or more (11, 65). Since it has been

reported that the growth promoting effects of an extended photoperiod

on ponderosa pine seedlings are much greater after the period of

juvenile growth, and that the height growth response is very small

during the first growing season (65), it is not surprising that the
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growth promoting effects of long days were greater in these long

term experiments.

Also, the daylengths during Experiment II were increasing

rapidly and by the end of the treatment period were approximately

13 hours. This is far longer than the "short days" seedlings were

exposed to in some of the earlier studies. Thus, the physiological

immaturity of the seedlings and the shortness of the treatment

period, as well as the relatively long "short days" that seedlings

were exposed to, all likely contributed to minimizing differences

between the treatments.

A second explanation of why extended days did not stimulate

ponderosa pine seedling growth in Experiment II has to do with the

quality of the light that was used for the nighttime lighting. It has

been reported th3t the growth responses of ponderosa pine seedlings

to supplemental lighting are significantly greater when incandescent

rather than fluorescent lighting is used (11). Since fluorescent light-

ing alone was used in Experiment II, whereas incandescent lighting

was used in several of the other experiments mentioned (11, 65),

we would expect a smaller growth response to our treatments.

A third explanation of the Experiment II results is that the main

photoperiod light intensity might have been so low that the photo-

per iodic mechanism could not be effectively triggered by the supple-

mental lighting, That is, it is possible that there are minimum levels

of photosynthate which are required for the internal reaction to
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daylength to take place, and that these levels were not met in

experimental seedlings because of local weather conditions and

excessive shading. It has previously been reported for several her-

baceous species that a minimum amount of photosynthesis is required

for nighttime lighting to effect a long day response (51). In Experi-

ment II, light intensities were only 10-15% of outside light intensities,

which were themselves generally quite low since many of the days

were cloudy during this period.

Lastly, it is possible that the supplemental light intensity itself

was too low to induce a long day response. This is unlikely, how-

ever, since ten foot candles was high enough to cause a significant

height response in Experiment I. Also, other authors have reported

that supplemental intensities o 20 foot candles or tess are sufficient

to induce photoperiodic responses in seedlings of several other pine

species (35, 81).

All of these explanations provide clues as to why the natural

photoperiod seedlings might have grown as well as seedlings from

the other treatments in Experiment II, but they do not explain why

the natural photoperiod seedlings performed so much better. The

bud set data indicate that virtually all seedlings from all treatments

remained actively growing during the treatment period. Evidently

daylengths were sufficiently long to prevent the onset of dormancy

regardless of whether or not supplemental light was provided.
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Perhaps the introduction of supplemental lighting during this period

triggered some internal response which upset the normal hormone

balance within the seedlings, causing a reduction in the subsequent

level of growth.

Intermittent Lighting and Endogenous Rhythms

A second surprising finding of Experiment II was that one of the

supplemental lighting treatments- - the one providing one minute of

light every 30 minutes during the night--was substantially less effec-

tive in stimulating the growth of Douglas-fir seedlings than were the

other lighting treatments. This same response was observed in a

preliminary experiment conducted a year earlier. This result is not

easily explained. The fact that treatments providing both longer and

shorter intervals of intermittent lighting resulted in significantly

greater growth suggests that there were one or more endogenous

rhythms of relatively short duration operating within the seedlings

which somehow interacted with the intermittent lighting. The inter-

action of photoperiod and circadian rhythms is well documented (3,

26, 32, 71). Naylor has postulated that subcycles of 2, 4, 6, 8 and

10 hours could also exist within plants and could affect photoperiod

(55). Perhaps there are even shorter subcycles than Naylor suspected

and their interaction with certain photoperiods causes an imbalance

in growth regulators, resulting in a diminished growth response.



Photosynthetic Requirement for Frost
Hardiness Development

For both Douglas-fir and ponderosa pine seedlings in Experi-

ment III, extremely short days (i. e,, six hours) resulted in less

frost resistance than eight and ten hour days. These results indicate

that there is a photosynthetic requirement for the development of frost

hardiness in seedlings of both species. The dependence of frost

hardiness on photosynthate production has been reported previously

(14), This dependence helps explain why the longer dayl.ength treat-

ments of Experiment lila resulted in the hardiest ponderosa pine

seedlings, whereas an extension of photoperiod with light leakage in

Experiment IlIb caused a substantial decrease in the frost resistance

of ponderosa pine seedlings. At first glance, these results appear

contradictory. However, if we accept the hypothesis that there are

two mechanisms operating simultaneously within seedlings, both

affecting the level of frost hardiness attained, then this contradiction

is resolved. As just discussed, the first mechanism is dependent

upon the level of photosynthate produced. Other things equal, the

greater the amount of photosynthesis there is, the greater the degree

of frost hardiness developed.

The second mechanism is related to the length of the photo-

period. For this mechanism operating alone, shorter daylengths

cause an increase in the level of frost resistance. Thus we see that a
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lengthened photoperiod which did not provide any additional photo-

synthate (as in Experiment IIIb) would, by itself, result in a decrease

in frost resistance, whereas a longer photoperiod, which significantly

increased the level of photosynthate produced (as in Experiment lila),

could cause an increase in the frost hardiness.

An important implication of this hypothesis is that the effective-

ness of varying daylengths in inducing hardiness is dependent on the

light intensity which seedlings are exposed to. In our experiments,

light intensities were quite low. If they had been higher, then the

relative effects of different daylengths would likely have been differ-

ent. In particular, it is possible that the frost hardiness of ponderosa

pine seedlings could have been increased by shortening the photoperiod

if the light intensity had been higher.

Thus, it is very important to keep the interaction of daylength

and light intensity in mind when making recommendations about

optimal daylengths for inducing frost hardiness in different species.

Recommendations for Greenhouse Lighting

This brings us to a discussion of what general recommendations

for greenhouse operators can be made, based upon the results of

these three experiments. As mentioned previously, the actual

lighting systems which managers will implement must depend upon

both the biological benefits derived and the costs of construction and
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maintenance. This discussion will deal only with the expected effec-

tiveness of different lighting techniques in inducing desirable growth

and dormancy responses.

In Experiment I it was found that for a broad range of Douglas-

fir ecotypes, there was a threshold light intensity, somewhere

between one and ten foot candles, above which supplemental light

caused a long day response and seedlings continued actively growing

for a longer period, and below which supplemental light was not

effective in extending photoperiod and seedlings went into an early

state of dormancy. Thus, any lighting scheme designed to keep

newly germinated Douglas-fir seedlings actively growing during

'1short day seasons should provide at least ten foot candles of sup-

plemental light. Higher intensities would likely result in greater

stem elongation, but there would also be undesirable increases in

shoot root ratios. Since a mixture of fluorescent and incandescent

light was used in Experiment I, it is further recommended that the

supplemental lighting be provided by a combination of these two

sources.

In Experiment II, a variety of nighttime lighting regimes were

almost equally effective in extending photoperiod and stimulating

the growth of Douglas-fir seedlings. The only lighting treatment

tested which was substantially less effective than the rest was that

where one minute of light was flashed every 30 minutes during the
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night. The use of any of the other treatments is recommended as a

means of increasing both the magnitude and duration of seedling

growth during those months when natural day lengths are restrictively

short.

In Experiment Ill it was found that light blocking can be an

effective means of increasing the frost hardiness of Douglas-fir

seedlings in the late summer and early fall. For production condi-

tions similar to those provided in this experiment (light intensity,

temperature, etc.), it is recommended that daylengths be shortened

to eight hours. For maximum benefit, this treatment should be

started at least 12 weeks prior to outplanting. Also, it is important

that light leakage be kept below one foot candle during this period.

The recommendations for ponderosa pine seedlings are very

different, In Experiment I there was not a clear and consistent

relationship among the response variables. There was an increase

in height growth with higher intensities of supplemental light, but

total weight and bud set were not favorably affected by these higher

light levels. This lack of a consistent growth response to spp1e-

mental lighting makes it difficult to offer recommendations as to

minimum light intensities for extending growth of newly germinated

pine seedlings. Ten or more foot candles could be used to stimulate

stem elongation, but this might result in undesirable planting stock

since other growth variables would probably be adversely affected,
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Since supplemental lighting was also found to have a negative

effect on seedling growth in Experiment II, the general recommenda-

tion at this time is that newly germinated ponderosa pine seedlings

be kept under natural daylengths, even during what are normally con-

sidered "short day" months. I hasten to add that this recommenda-

tion only discourages the use of low intensity light for extending

photoperiod. The use of high intensity light for the purpose of

increasing photosynthesis is another matter altogether.

Finally, the data from Experiment III lead to the recommenda-

tion that natural daylengths be maintained during the late summer and

early fall when the induction of frost hardiness in ponderosa pine

seedlings is desired. Except for the final testing date, when the ten-

hour treatment seedlings were found to have slightly greater hardi-

ness than those from a natural photoperiod, all tests indicated that

shortening the photoperiod caused a reduction in the level of frost

hardiness developed by seedlings. However, it must be kept in

mind that this recommendation to leave seedlings under a natural

photoperiod in the fall is based upon an experiment where the light

intensity was quite low. Under higher intensities, shortening the

daylength might well be preferred. Further experiments should be

conducted to test the interaction between light intensity and daylength

and how it affects frost hardiness.



VI. SUMMARY AND CONCLUSIONS

The control of photoperiod to regulate plant growth has been

successfully used by greenhouse operators since the 1930's. How-

ever, the use of photoperiod manipulation in the raising of tree seed-

lings is a relatively new phenomenon, made possible by the recent

development of container seedlings and the construction of large

production greenhouses. At the present time, the annual growth

cycles of a number of tree species are regulated through artificial

lighting nd light blocking. An extension of the photoperiod to 16 or

more hours generally results in a lengthening of both the magnitude

and duration of growth, while a shortening of the photoperiod to less

than 1Z hours causes growth reduction and the onset of dormancy.

Beyond an awareness of these general responses to extended and

shortened photoperiods, there islittle information or knowledge

about how different species are affected by different methods and

techniques of photoperiod regulation, In order to answer a few of the

questions about the specific responses of Douglas-fir and ponderosa

pine seedlings to photoperiodic stimuli, three experiments were

conducted.

The objective of the first experiment was to determine the effects

of a range of intensities of supplemental light on extending photoperiod

and maintaining newly germinated seedlings in an actively growing
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condition in the fall. The objective of the second experiment was to

find out whether or not a variety of nighttime lighting regimes (i. e,,

intermittent lighting vs a two-hour night break) are effective in delay-

ing dormancy and enhancing seedling growth in the late winter and

early spring. The objective of the third experiment was to determine

the effect of varying daylengths and varying intensities of light leakage

on the development of frost hardiness in seedlings in the late summer

and early fall. All of these experiments were aimed at providing

information which could be used to develop an optimum operational

lighting system for the greenhouse production of Douglas-fir and

ponclerosa pine seedlings in the Northwest.

Results of the first experiment indicated that for a broad range

of Douglas-'fir ecotypes, an eight-hour period of supplemental light,

combined with an eight-hour main photoperiod, substantially increased

the level of seedling growth when the intensity of the supplemental

light used was ten or more foot candles. Intensities of one foot

candle or less were completely ineffective in stimulating a growth

response.

Ponderosa pine seedlings, on the other hand, were fairly

insensitive to photoperiod extension at all the levels of supplemental

light used. Though height growth was stimulated by intensities of

ten foot candles or more, total dry weight and degree of bud set were

not favorably affected.
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For both species, seedlings from seed sources originating in

high elevation, more northern areas tended to grow less and go

dormant earlier than seedlings from southern, lower elevation seed

zones.

The results of the second experiment further demonstrated the

great differences in the ph.otoperiodic responses of Douglas-fir and

ponderosa pine seedlings. For Douglas-fir seedlings, a variety of

nighttime lighting regimes were all effective in increasing overall

growth. Total height, degree of bud set and shoot root ratios were

all significantly different for seedlings grown under any of the supple-

mental lighting treatments than they were for seedlings exposed to a

natural photoperiod.

For ponderosa pine, the results were just the opposite Not

only did supplemental lighting fail to stimulate increased growth, but

seedlings under a natural photoperiod actually grew taller and weighed

more than seedlirgs from any of the other treatments. Seedlings

from all of the treatments continued actively growing throughout the

treatment period.

In the third experiment it was found that photoperiod length can

have a marked effect on the degree of frost hardiness developed in

seedlings in the late summer and early fall. For Douglas-fir seed-

lings, a shortening of the daily photoperiod to eight or ten hours for

eight weeks resulted in a substantial increase in frost hardiness.
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When the photoperiods were shortened to six hours, seedlings lost

some of this hardiness, but were still substantially hardier than

seedlings grown under a natural photoperiod. It was also found that

overall frost hardiness, and the differences in frost hardiness

developed between the treatments, continued to increase two and four

weeks after the end of the treatment period, even though all seedlings

received the same natural photoperiod during this time.

Ponderosa pine seedlings were not favorably affected by a

shortened photoperiod. For two of the three testing dates, greatest

frost hardiness was found in seedlings grown under a natural photo-

period.

The frost hardiness of dormant seedlings of both species

decreased when an eight-hour main photoperiod was supplemented

with eight hours of low intensity light. For Douglas-fir seedlings

this reduction in hardiness took place when supplemental intensities

were as low as one foot candle, whereas the hardiness of ponderosa

pine seedlings decreased only when the intensity of the supplemental

light was five foot candles or higher.

Each of the experiments was conducted under a very specific

set of environmental conditions. Under similar photoperiodic

treatments, but different temperature, humidity or soil moisture

conditions, seedling responses might be different. For this reason,

the recommendations resulting from this research apply only to
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greenhouse environments similar to those used in these experiments.

Under such similar conditions it is recommended that Douglas-fir

and ponderosa pine seedlings be given very different methods of

greenhouse lighting. For Douglas-fir seedlings, a variety of supple-

mental lighting treatments can effectively be used during "short day"

months (October-April) to stimulate vegetative growth and maintain

seedlings in a non-dormant condition. A minimum supplemental light

intensity of ten foot candles is required. During the late summer and

early fall, frost hardiness can be induced in seedlings by shortening the

photoperiod to eight hours through light blocking. These "short days"

should be provided for eight weeks and the initiation of the treatment

should begin at least 12 weeks prior to outplanting. Also, the level of

light leakage should be kept under one foot candle during the light

blocking period.

For ponderosa pine seedlings, neither artificially lengthening nor

shortening the photoperiod was particularly effective in inducing

desirable growth or dormancy responses. It is therefore recom-

mended that natural daylengths be maintained throughout the year for

seedlings from this species.



BIBLIOGRAPHY

Bean, D. 1964. Artificial lighting fails to stimulate height
growth of white pine seedlings jn nursery studies. Tree Planters
Notes 64:23-26.

Bonner, James. 1959. The photoperiodic process, 245-254.
In: Photoperiodism and Related Phenomena in Plants and
Animals. R. B. Withrow (ed.), Pub. no. 55, Am. Assoc.
Adv, Sci., Washington, D.0

Bunning, E. 1960. Circadian rhythms and time measurement
in photoperiodism. Cold Spring Harbor Symp. Quant. Biol.
25:249-256.

Cathey, H.M. and H.A.. Borthwicic. 1957. Photoreversibility
of floral initiation in chrysanthemum. Bot. Gaz. 119:71-76.

Chiba, S. and Y. Nagata. 1970. Photoperiodic responses
of jack pine provenances. Tech. Note Oji Instit. for For. Tree
Improv. No. 89. 7 p.

Dinus, Roland J. 1968. Effect of red and far red light on the
growth of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco)
seedlings. Ph.D. thesis, Corvallis, Oregon State University.
120 p.

Dormling, I., A.. Gustafsson, aid D. von Wettstein. 1968.
The experimental control of the life cycle in Picea abies (L.)
Karst. I, Some basic experiments on the vegetative cycle.
Silvae Genetica 17:44-64.

Downs, R.J. 1959. Photocontrol of vegetative growth, 129-
135. In: Photoperiodism and Related Phenomena in Plants
and Animals. R. B. Withrow (ed.). Pub, no. 55, Am. Assoc.
Adv. Sci., Washington, D.C.

Downs, R. J. 1962. Photocontrol of growth and dormancy in
woody plants, 133-148. In: Tree Growth. T. Kozlowski (ed.).
Ronald Press, New York.

Downs, R.J. and H.A. Borthwick. 1956. Effect of photo-
period on growth of trees. Bot. Gaz. 117:310-326.

72



Downs, R.J. and A.A. Piringer, Jr. 1958. Effects of photo-
period and kind of supplemental light on vegetative growth of
pines. For. Sci, 4:186-195.

Downs, R.J., HA. Borthwick, andA.A. Piringer. 1958.
Comparison of incandescent and fluorescent lamps for
lengthening photoperiods. Proc. Amer. Soc. Hort. Sci.
71:568-578.

Driessche, R. van den. 1969. Influence of moisture supply,
temperature, and light on frost hardiness changes in Douglas-
fir seedlings. Can. J. Bot. 47:1765-1772.

Driessche, R. van den,, 1970. Influence of light intensity and
photoperiod on frost hardiness development in Douglas-fir
seedlings. Can. J. Bot. 48:2129-2134.

Fowler, D.P. 1961. The effects of photoperiod on white pine
seedling growth. For. Chron. 37:133-142.

Fraser, D.A. 1962. Growth of spruce seedlings under long
photoperiods. Tech. Note Dep. For. Can. No. 114. 18 p.

Garner, W.W. and H.A. Allard. 1920. Effect of the relative
length of day and night and other factors of the environment on
growth and reproduction in plants. J. Agric. Research 18:553-
606.

18,. Garner, W.W. and H.A. Allard. 1923. Further studies in
photoperiodism; the response of the plant to the relative length
of day and night. J. Agric. Research 23:871-920.

Garner, W.W. and H.A. Allard. 1931. Effect of abnormally
long and short alternations of light and darkness on growth and
development of plants. J. Agric. Research 42:629-65 1.

Gevorkiantz, S.R. and E.I. Roe. 1935. Photoperiodism in
forestry. J. For. 33:599-602.

Giertych, M.M. and J.L. Farrar. 1961. The effect of
photoperiod and nitrogen on the growth and development of
seedlings of jack pine. Can. J. Bot. 39:1247-1254.

Greene, L., R.B. Withrow, andM.W. Richman, 1932. The
response of greenhouse crops to electric light supplementing
daylight. Indiana Exp. Sta. Bull. 366. 20 p.

73



Habjorg, Atle. 1972, Effects of photoperiod and temperature
on growth and development of three latitudinal and three alti-
udinal populations of Betula pubescens Ehrh. Meldinger fra

Norges Landbrukshogskoie 51. 27 p.

Hamner, K. C. 1940. Interrelation of light and darkness in
photoperiodic induction, Bot. Gaz. 10:658-687.

Hamner, K.C, 1963. Endogenous rhythms in controlled
environments, 215-232. In: Environmental Control of Plant
Growth, L. T. Evans (ed,). Academic Press, New York.

Hamner, K.C. and 3. Bonner. 1938. Photoperiodism in
relation to hormones as factors in floral initiation and develop-
ment, Bot. Gaz. 100:388-431.

Heide, O.M. 1974. Growth and dormancy in Norway spruce
ecotypes (Picea abies). I. Interaction of photoperiod and
temperature. Physiol. Plantarum 30:1-12.

Hellmers, H. and R. P. Pharis. 1968. Influence of photo-
period and photoperiodic cycles on the growth of coastal red-
wood seedlings. Bot. Gaz. 12 9:53-57.

Z9. Hendricks, S. B. 1964. Photochemical aspects of plant
photoperiodicity, 305-331. In: Photophysiology, Vol. 1.
A. C, Giese (ed.). Academic Press, New York.

Hendricks, S.B. and H.A. Borthwick. 1961. Effects of
radiation on growth and development. Encyc. Plant Physiol.
16:299-330.

Hendricks, S.B. and H.A. Borthwick. 1963, Control of plant
growth by light, 233-264. In: Environmental Control of Plant
Growth, L. T. Evans (ed.). Academic Press, New York.

Hillman, W,S. 1964. Endogenous circadian rhythms and
response of Lemma perpusilla to skeleton photoperiods. Am.
Nat. 98:323-328.

Hillman, W. S. 1969. Photoperiodism and vernalization,
557-60 1. In: The Physiology of Plant Growth and Develop-
ment, M. B. Wilkins (ed.). McGraw-Hill, New York.

74



Hoagland, D,R. and D.I. Arnon. 1950. The water culture
riethod of growing plants without soiL Univ. of Calif.
Agr. Cir, 347. 32 p.

[kemoto, A, 1961. Effect of daylength upon breaking of
dormancy in one-year-old seedlings of Pinus densiflora. J. Jap.
For. Soc. 43:162-165,

Irgens-Moller, Helge. 1957. Ecotypic response to tempera-
ture and photoperiod in Douglas-fir. For. Sci. 3:79-83.

Irgens-Moller, Helge. 1962. Genotypic variation in photo-
periodic response of Douglas-fir seedlings. For. Sci. 8:360-
362.

Irgens-Moller, Helge. l968. Geographical variation in growth
patterns of Douglas-fir . Silvae Genetica 17:106-110.

Irvi.ng, R.M. andF. 0. Lanphear. 1967. Environmental control
of cold hardiness in woody plants. Plant Physiol. 42:1191- 1196.

Jester, J.R. and P.J. Kramer. 1939. The effect of length of
day on the height growth of certain forest tree seedlings.
J. For. 37:796-803.

Kawase, M. 1961. Dormancy in Betula as a quantitative state.
Plant Physiol. 36:643-649.

Kramer, P.3. 1936, Effect of variation in length of day on
growth and dormancy of trees. Plant Physiol. 11:127-137,

Kramer, P.3. 1937. Photoperiodic stimulation of growth by
artificial light as a cause of winter killing. Plant Physiol.
12:881-883,

Lavender, D.P., K.K. Ching, andR.K. Hermann. 1968.
Effect of environment on the development of dormancy and
growth of Douglas-fir seedlings. Bot. Gaz. 129:70-83,

Lavender, D.P. and R.K. Hermann. 1970. Regulation of the
growth potential of Douglas-fir seedlings during dormancy.
New Phyto. 69:675-694.

75



Lavender, D.P.., R.K Hermann,andJ.B. Zaerr. 1970.
Growth potential of Douglas-fir seedlings during dormancy,
209-222. In: Physiology of Tree Crops. L.C. Luckwill and
C.V. Cutting (eds.). Aademic Press, New York.

Lockhart, J.A. 1961. Mechanism of the photoperiodic
process in higher plants. Encyc. Plant Physiol. 16:390-438.

Mahlstede, j. P. 1956, Report on field trial committee for
1956 photoperiod studies. Proc. Plant Prop. Soc. 6:130-134.

Malcolm, D.C. and E.A. Caldwell. 1971. Environmental
effects on shoot growth in conifers. Extr. from Rep. For.
Res, Comm., London. p. 141.

Matzke, E. B. 1936, The effect of street lights in delaying
leaf-fall in certain trees. Am. 3. Bot. 23:446-452.

Meijer, G. 1959. The spectral dependence of flowering and
elongation. Acta BotanLca Neerlandica 8:18-246.

Moshkov, B.S. 1932. Photoperiodicity of certain woody
species. Biol. Ahst. 7:20678.

Moshkov, B.S. 1933. Photoperiodicity in trees and its
practical importance. Biol. Abst. 8:1680.

Nagata, H. 1967. Studies on the photoperiodism in the dormant
bud of Pinus densiflora Sieb. et Zucc. I. Effects of photo-
period on the growth of first- and second-year seedlings of
P. densiflora, J. Jap. For. Soc. 49:279-285.

Naylor, A,W. 1961. The photoperiodic control of plant
behavior. Encyc. Plant Physiol. 16:331-389.

Nienstaedt, H. 1966. Dormancy and dormancy release in
white spruce. For. Sci, 12:374-384.

Nienstaedt, H. and J.S. Olson. 1961. Effects of photoperiod
and source on seedling growth of eastern hemlock. For. Sci.
7:81-96.

Nitsch, J.P. 1957. Photoperiodism in woody plants. Proc.
Am. Soc. Hort. Sci, 70:526-544.

76



77

Nitsch, J.P. 1957. Growth responses of woody plants to
photoperiodic stimuli. Proc. Am. Soc. Hort. Sci. 70:512-525.

Nitsch, J.P. 1963, The mediation of climatic effects through
endogenous regulating substances, 175-193. In: Environmental
Control of Plant Growth. L. T. Evans (ed.). Academic Press,
New York.

Nitsch, J.P, and Colette Nit.sch. 1959. Photoperiod effects
in woody plants: Evidence for the interplay of growth-regulating
substances, 225-242. In: Photoperiodism and Related
Phenomena in Plants and Animals. R. B. Withrow (ed.).
Pub, no. 55, Am. Assoc. Adv. Sci., Washington, D.C.

Olson, J,S,, F.W. Stearns, and H. Nienstaedt. 1959. Eastern
hemlock seeds and seedlings: Responses to photoperiod and
temperature. Bull. Conn. Agric. Exp. Sta. No. 620. 70 p.

Ows ton, Peyton W. 1974. Effects of shortened photoperiod on
growth and hardiness of four western conifers, 354-355
(Abstract). In: Proc. Third North Am. For. Biol. Workshop,
C.P.P. Reid and G.H. Fechner (eds.).

Piringer, A.A.,, R.J. Downs, and H.A. Borthwick. 1961.
Effects of photoperiod and kind of supplemental light on the
growth of three species of citrus and Poncirus trifoliata.
Proc. Am, Soc. Hort, Sci, 77:202-210.

Read, R.A. andW.T. Bagley. 1967. Response of tree seed-
lings to extended photoperiods. Rocky Mt. For. Range Exp.
Sta. U.S. For. Serv. Res. Pap. RM-30. 16 p.

Salisbury, F.B. 1961. Photoperiodism and the flowering
process. Ann, Rev. Plant Physiol. 12293-326,

Samish, R.M. 1954. Dormancy in woody plants. Ann. Rev.
Plant Physiol. 5:183-204.

Satoo, S. 1965. Effect of long day treatment on the growth of
Abies sachalinensis and Picea glehnii seedlings in the green-
house. 3. Jap. For. Soc. 47:426-433.

Siegelman, H.W. 1969. Phytochrome, 487-506. In: The
Physiology of Plant Growth and Development. M.B. Wilkins
(ed.). McGraw-Hill, New York.



Simak, M. 1970. Photo- and thermoperiodic responses of
different larch provenances (Larix decidia Mill.). Studi,a
Forestalia Suecica. Nr, 86. 31 p.

Takimoto, A. and iç. C. Hamner. 1965. Studies on red light
interruption in relation to timing mechanisms involved in the
photoperiodic response of Pharbitus nil. Plant Physiol.
40:852-854.

Tanaka, Yasuomi and Roger Timmis. 1974. Effects of
container density on growth and cold hardiness of Douglas-fir
seedlings, 181-186. In; Proc. North Am. Containerized
Forest Tree Seedling Sym. Great Plains Agric. Coun. Pub.
No. 68. R. W. Tinus, W. I. Stein, and W. . Balmer (eds.).

Tincker, M.A. 1925. The effect of length of day on the growth
and reproduction of some economic plants. Ann. Bot. 39:721k'
754.

Tinus, R.W. 1970. Response of Pinus ponderosa Laws. and
Picea pungens Engi. seedlings to extension of photoperiod with
continuous and intermittent light. Plant Physiol. 46, suppl.
p. 25.

U.S. Department of Agricilture. 1961. Growth control by
cyclic lighting. Agric. Res. 10:10-11.

Vaartaja, 0. j954. Photoperiodic ecotypes of trees. Can. J.
Bot, 32:392-399.

Vaartaja, 0. 1959. Evidence of photoperiodic ecotypes in
trees. Ecol. Mono. 29:91-111.

Vaartaja, 0. 1962. Ecotypic variation in photoperiodism of
trees with special reference to Pinus resinosa and Thuja
occidentalis. Can. J. Bot. 40:849-856.

Veen, R. van der. 1951, Influence of daylength on the dor-
mancy of some species of the genus Populus. Physiol. Planta-
rum 4:35-40.

Veen, R. van der and G. Meijer. 1959. Light and Plant
Growth. Macmillan Co., New York. 161 p.

78



Wareing, P. F. 1950. Growth studies on woody species.
I. Photoperiodism of first-year seedlings of Pinus silvestris.
Physiol. Plantarum 3:258-276.

Wareing, P. F. 1951. Growth studies in woody species. III.
Further photoperiodic effects in Pinus silvestris. Physiol.
Plantarum 4:41-56.

Wareing, P.F. 1953. Growth studies in woody species.
V. Photoperiodism in dormant buds of Fagus sylvatica L.
Phys'i.ol. Plantarum 6:692-706.

Wareing, P. F. 1956. Photoperiodism in woody plants.
Ann, Rev. Plant Physiol. 7:191-214.

Wareing, P. F. 1959. Photoperiodism in seeds and buds,
73-87. In: Photoperiodism and Related Phenomena in Plants
and Animals. R. B. Withrow (ed.). Pub, no. 55, Am. Assoc.
Adv. Sci., Washington, D. C.

Watt, R.F. and W.H.D. McGregor. 1963. Growth of four
northern conifers under long and natural photoperiods in Florida
and Wisconsin. For. Sci. 9:115-128.

Zahner, R. 1955. Effect of interrupted dark period on height
growth of two tree species. For. Sci. 1:193-195.

79



APPENDICES



APPENDIX A

TABLES AND CHARTS FOR EXPERIMENT I

80



Bud Class Bud Characteristics

a
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Table 1. Bud Set Classifications for Douglas-fir and Ponderosa Pine
Seedlings.

For many of the Douglas-fir seedlings in the low intensities light
treatments, a resting bud was set early but then a few needles pro-
truded out the top of it. These buds remained in this condition for
many weeks and in some cases, for months. It was therefore
decided to rate these seedlings as dormant and give them a 6 rating.
If, on the other hand, a seedling set a bud, broke it, and then began
actively elongating, it was given a 0 rating. If it then set a new bud,
then this new bud was evaluated according to the above rating scales.

Douglas-fir

0 Actively elongating shoot with no bud present.

1 Small, white bud.
2 Larger, white bud with brown color toward base.
3 Light brown bud with no scales visible.

4 Brown bud with scales barely visible.
5 Brown bud with obviously developed bud scales.

Large, well-developed, dark brown bud with
scales separated from each other.

Ponderosa pine

0 Actively elongating shoot with no bud visible.

1 No bud visible but bump at apex felt.
2 Small, white bud visible only when needles

peeled back.

3 Visible white bud, but poorly developed.

4 Brown bud.

5 Large, well-developed, dark brown bud.
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Table 2. Average Total Height of Douglas-fir Seedlings (mm).

Intensity of
Supplemental

Light
(foot candles)

Seed Sourcea
All Seed
Source030-500 071-1000 471-1000 430-3500 41.2-3500 471-3500

0 96.6 113,6 96.4 46. 9 65.3 85.9 84. 1

0. 1 92.6 114.6 99. 7 49.6 58. 8 99. 1 85.7

1.0 99.7 118.0 106. 6 62.0 77. 6 104. 9 94. 7

10 124.7 157.9 122. 3 88. 7 95. 9 133. 3 120.5

20 134.5 157.8 128.4 99. 6 109.3 134. 9 127. 4

40 136.0 145.8 140. 1 111.6 109.1 144. 1 131.1

aLSD = 23.7 bLSD 9.7

LSDQ5 = 18.0 LSD05 = 7.4



Table 3. Average Dry Weight of Douglas-fir Seedlings (g).
Intensity of

Supplemental
Light

(foot candles)

Seed Sour cea
All Seed

bSources030-500 071-1000 471-1000 430-3500 412-3500 471-3500

0 0.34 0.44 0.39 0.21 0.23 0.37 0. 33

0.1 0.30 0.45 0.39 0. 19 0.21 0.35 0.31

1.0 0.32 0.43 0.40 0.20 0.26 0.34 0.32

10 0.37 0.55 0.40 0.26 0.26 0.42 0.37

20 0.36 0.55 0.46 0.28 0.26 0.44 0. 39

40 0.37 0.47 0.48 0.33 0.32 0.50 0.41

aLSD .15 bLSD01 = .06

LSD05 = . 11 LSD05 = . 05



Table 4. Average Bud Set of Douglas-fir Seedlings.

Intensity of
Supplemental

Light
(foot candles)

Seed Sourcea All Seed
bSources

030-500 071-1000 471-1000 430-3500 412-3500 471-3500

0 5.27 5.00 5.40 5.56 5.38 4.83 5.24

0.1 5.54 5.75 5.56 5.79 5.54 5.58 5.63

1.0 5.17 5.10 5.27 5.48 5.21 5.02 5.21

10 3.46 3.90 4.31 5.08 4.60 3.67 4. 17

20 3.06 3.08 3.33 4.40 3.73 3.17 3.46

40 2.48 2.58 2.48 3.92 3.88 2.73 3.01

aLSD = .77 bLSD = .31

LSD05 = .58 LSD05 = .24



Table 5. Average Diameter of Douglas-fir Seedlings (mm),

Intensity of
Supplemental

Light
(foot candlesj

Seed Sourcea All Seed
Source b

030-500 071-1000 471-1000 430-3500 412-3500 471-3500

o 1.27 1.58 1.47 1.12 1.14 1.45 1.34

0.1 1.17 1.41 1.32 1.03 1.02 1.24 1020

1.0 1.18 1.39 1.29 0.94 1.07 1.21 1. 18

10 1.16 1.28 1.23 1.17 1.06 1.20 1. 18

20 1.16 1.34 1.33 1.08 1.07 1.28 1,21

40 1.20 1.30 1.32 1.14 1.14 1.21 1.22

aLSD = .25 bLSD = . 10

LSD05 = .19 LSD05 = .08



Table 6. Average Shoot Root Ratios of Douglas-fir Seedlings.

Intensity of
Supplemental

Light
(foot candles)

Seed Sourcea All Seed
bSources

030-500 071-1000 471-1000 430-3500 412-3500 471-3500

0 3.8 2.8 3.l 2.6 2.9 2.4 2,9

0.1 3.1 3,2 2.7 2.5 2.7 3,0 2.9

1.0 3.0 3.0 3.1 2.8 3.0 2.6 2,9

10 4.6 4.4 4.8 3.7 3.7 4.1 4.2

20 5.8 4.4 4.0 4.2 4.0 5,1 4.6

40 5.8 4.-9 4.0 4.5 4.4 4.4 4,7

aLSD = 1.3 bLSD = 0.5

LSD05 = 1.0 LSD05 = 0.4



Table 7. Average Total Height of Ponderosa Pine Seedlings (mm).

Table 8. Average Dry Weight of Ponderosa Pine Seedlings (g).

91

Intensity of
Supplemental

Light
foot candles

Seed Sourcea All Seedb
Sources

503-4000 712-5500

0 0.21 0. 33 0.27

0.1 0.28 0.33 0.31

1.0 0.23 0.29 0.26

10 0,25 0.31 0.28

20 0.23 0.29 0.26

40 0. 16 0.25 0.21

aLSD .08 bLSD = .05

LSDQ5 = .06 LSD05 = .04

Intensity of
Supplemental

Light
foot candlesj

aSeed Source All Seed
Sourcesb

503-4000 712-5500

0 29.0 29.0 29.0

0.1 31.6 30.7 31.1

1.0 38.0 33.4 35.7

10 52.3 45.6 48. 9

20 54,2 48,6 51.4

40 51.2 46.6 48. 9

aLSD = 10.9 bLSD = 7.8

LSD05 = 8.3 LSD05 = 5.9



Table 9. Average Bud Set of Ponderosa Pine Seedlings.

a5 .66 = .47

LSIJQ5 .50 LSD05 = .36

Table 10. Average Diameter of Ponderosa Pine Seedlings (mm).
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Intensity of
Supplemental

Light
(foot candles)

Seed Sourcea
All Seed

bSources
503-4000 712-5500

0 1.15 1.44 1.29

0.1 1.16 1.28 1.22

1.0 1.07 1.20 1.14

10 1.17 1.26 1.22

20 1.17 1.37 1.27

40 1.08 1.20 1.14

aLSD .23 bLSD = .17

LSD05 = 18 LSD05 = . 13

Intensity of
Supplemental

Light
foot caidles

Seed Sourcea
All Seed
Sourcesb

503-4000 712-5500

0.1 2.40 2.77 2.58

0.1 2.5Q 2.78 2.63

1.0 2. 10 2.85 2.48

10 2.29 2.85 2.57

20 1.94 3.08 2.51

40 1.77 3. 13 2.45



Table 11. Average Shoot Root Ratios of Ponderosa Pine Seedlings.
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Intensity of
Sup plemental

Light
foot candles

Seed Sourcea All Seed
Sourcesb

503-4000 712-5500

0 2.2 1.8 2.0

0.1 2.6 1.8 2.2

1.0 2.2 2.4 2.3

10 3.2 2.4 2.8

20 3.2 2.4 2.8

40 3.4 2.3 2. 9

aJSD .9 bLSD = .7

LSD05 LSD05 = .5
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Table 12, Average Growth Responses of Douglas-fir Seedlings to Supplemental Nighttime Lighting
(seed source 030-500).

LSD01=10.2 LSD01=7.Z LSD01=.55 LSD01=.08 LSD01=.12 LSD01l.47
LSD05= 6.3 LSD05=5.5 LSD05=.42 LSD05=,06 LSD05=.09 LSD05=1.1l

Nighttime
Light

Treatment

Total
Height
(mmi

Height
Increment Degree of

Bud Set

Stem
Diameter

Total
Weight

Shoot/
Root
Ratio

1 mm light
every 15 mm 73,7 42.2 0.07 1.08 0,31 4,62

1 mm light every
15 & 45 mm 74.7 40.6 0.02 1.09 0,29 4.21

1 mm light every
30 mm 78.7 40.0 0.16 1.14 0.33 4.88

2 mm light every
60 mm 75.8 41.9 1.09 0.30 5.15

2 hr light break
during night 83.7 47.3 0 1.05 0.36 4.80

16 hr light
(natural +
supplemental) 82.1 48.6 0 1.18 0.36 5.07

22 hr light
(natural +
supplemental) 75.8 41.0 0 1.12 0.30 5.28

Natural photoperiod 66.0 29.5 1.86 1.20 0.33 3.19



Table 13. Average Growth Responses of Douglas-fir Seedlings to Supplemental Nighttime Lighting
(seed source 412-3500).

Nighttime
Light

Treatment mm

I mm light

Total
Height
mm

Height
increment Degree of

Bud Set

Stem
Diameter

mm

Total
Weight

Shoot/
Root
Ratio

LSD01=10.2 LSD01=7.2 LSD01=.55 LSD01=.08 LSD01.lZ LSD01=l.47

LSD05= 6 3 LSD05=5 S LSD05= 42 LSD05= 06 LSD05= 09 LSD05=l 11

every 15 mm 64.5 36.3 0.49 1.06 0.25 3. 97

1 mm light every
15 & 45 mm 70.8 38.7 0.16 1.07 0.25 4.89

1 mm light
every 30 mm 48.2 18.7 1.23 1.04 0.22 3, 91

2 mm light
every 60 mm 61.9 34.0 0.67 1.06 0.25 3. 33

2 hr light break
during night 75.7 43.4 1.05 0.29 4.75

16 hr light
(natural +
supplemental) 70.7 38.7 0.81 1.21 0.33 3.91

22 hr light
(natural +
supplemental) 74.2 43.7 0 1.10 0.30 5.31

Natural photoperiod 37.9 11.8 3.35 1.09 0.25 2.72



Table 14. Average Growth Responses of Douglas-fir Seedlings to Supplemental Nighttime Lighting
(both seed sources).

Nighttime
Light

Treatment

1 mm light

Total Height
Height Increment
mm mm

Degree of
Bud Set

Shoot!
Root
Ratio

LSD017.2 LSD01=5.1 LSD01=,39 LSD01=.06 LSD01=.08 LSD01=1.04

LSD05=5.5 LSD5=3.9 LSD5=,30 L5D05=.04 LSD05=06 LSD05=079

every 15 mm 69. 1 39.2 0.28 1.07 0.28 4. 30

1 mm light every
15 & 45 mm 72,7 39.6 0.09 1.08 0.27 4,55

1 mm light
every 30 mm 63.5 29.3 0.70 1.09 0.28 4.40

2 mm light
every 60 mm 68.8 38.0 0,34 1.07 0.28 4,24

2 hr light break
during night 79.7 45.4 0 1.05 0.32 4.77

16 hr light
(natural +
supplemental) 76.4 43.7 0.41 1.19 0.34 4.49

22 hr light
(natural +
supplemental) 75.0 42.3 0 1.11 0.30 5.29

Natural
photoperiod 51.9 20.6 2.60 1,15 0.29 2. 96

Stem Total
Diameter Weight

mm



Table 15. Average growth responses of Ponderosa Pine Seedlings to Supplemental Nighttime Lighting
(seed source 501-3000).

Nighttime
Light

Treatment
1 mm light

Total Height
Height Increment
mm mm

Degree of
Bud Set

Stem Total Shoot!
Diameter Weight Root

(mm) () Ratio

LSD01=2.9 LSD01=2.4 LSD01=.09 LSD01=.09 LSD01=.09 LSD01=1.26

LSD05=2,2 LSD05=1.8 LSD05=.07 LSD05=.07 LSD05=.06 LSD05=0.95

every 15 mm 16. 9 11.5 1.28 0.29 3.07

1 mm light every
15 & 45 mm 17.6 11.6 0 1.12 0.27 3.44

1 mm light
every 30 mm 16.1 10.4 0 1.13 0.24 3.43

2 mm light
every 60 mm 16.6 10.9 0 1.16 0.28 3.14

2 hr light break
during night 16.3 10.5 0.1 1.19 0.27 3.00

16 hr light
(natural +
supplemental) 15.2 10.6 0 1.25 0.32 2.68

22 hr light
(natural +
supplemental) 16.3 10.5 0 1.12 0.27 3.68

Natural
photoperiod 19.7 13.1 0 1.37 0.35 2.32
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Figure 10. Freezing injury curves for Douglas-fir seedlings from
Experiment lila (first testing date).
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Figure 11. Freezing injury curves for Douglas-fir seedlings from
Experiment lila (second testing date).
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Figure 12. Freezing injury curves for Douglas-fir seedlings from
Experiment lila (third testing date).
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Figure 13. Freezing injury curves for ponderosa pine seedlings
from Experiment lila (first testing date).
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Figure 14. Freezing injury curves for ponderosa pine seedlings
from Experiment Ilib (second testing date).
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Figure 15. Freezing injury curves for ponderosa pine seedlings
from Experiment hub (third testing date).
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Figure 16. Freezing injury curves for Douglas-fir seedlings from
Experiment 11th (first testing date).
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Figure 17. Freezing injury curves for Douglas-fir seedlings from
Experiment Ilib (second testing date).
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Figure 19. Freezing injury curves for ponderosa pine seedlings
from Experiment HIb (first testing date).
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Figure 18. Freezing injury curves for Douglas-fir seedlings from
Experiment IlIb (third testingdate).
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Figure 20. Freezing injury curves for ponderosa pine seedlings
from Experiment iIb (third testing date).



Table 16. Estimated T50 values for Experiment IIIa.a

Douglas - fir

aTSO values are those freezing temperatures at which 50%
seedling mortality would be expected.
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Ponderosa pine
6 hr -5.3 -5.1 -6.5
8 hr -7.1 -6.5 -7.5

10 hr -6.6 -7.3 -9.0
Natural -7.7 -7.3 -7. 9

6hr -7.1 -8.5 -9.0
8 hr -7.3 -9.4 -11.5

10 hr -3.7 -8.6 -11.8
Natural -6.5 -6.0 -7. 2

Length of Test Date
Photoper iod Oct. 19 j'rov. 2 Nov. 16



Table 17. Estimated T50 Values for Experiment IIIb.a

Intensity of Test DateSupplemental
Light

(foot candles) Oct. 19 Nov. 2 Nov. 16

aTSO values are those freezing temperatures at which 50%
seedling mortality would be expected.
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Douglas -fir

0 -4.1 -7.6 -7.2
1 x -3.1 -3.8
5 -5.2 -4.0 -4.8

10 X X

25 x -4.4 -3.0

Ponderosa pine
0 -5.7 -7.5
1 -6.0 - -7.5
5 -5.7 - -5.9

10 -6.6 - -6.4
25 -5.4 - -6.6


