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A study on the effects of light quality and periodicity on the ger-

mination of Douglas-fir seed and the growth of Douglas-fir seedlings

was conducted. Interest was focused on responses that could be

measured and observed without biochemical assay.

It was found that .Douglas-fir seed,s would respond to red-light

treatments by germinating and that this stimulating effect of red light

could be reversed with far-red light. The phytochrome enzyme sys-

tem is therefore undoubtedly present.

The stimulating effects of red light on germination are influenced

by the periodicity of the red-light treatment and temperature. Dry

Douglas-fir seeds pre-treated with red light have significantly higher

germination when compared to seed receiving no red light pre-

treatment, provided the seeds are germinated in absolute darkness

but not if the seeds are allowed to germinate under "standard"
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conditions or when sown in the soil.

Red light given during the dark period will maintain active growth

in Douglas-fir seedlings, and far-red light will cause seedlings to go

dormant. Red light is effective in breaking dormancy. as opposed to

far-red light.

Dormancy can be broken with far-red light breaks provided the

dormant seedlings do not receive far-red light pre-treatment and/or

provided the dormancy period is sufficiently long prior to the far-red

light treatment for the seedlings to have a "dormant rest period.

Blue light is also effective in breaking dormancy but red light is the

most effective.

When actively growing seedlings are irradiated with red and far-

red light for fifteen minutes in the middle of the dark period, red

light has a strong influence on maintaining growth and far-red light

has a slight influence on maintaining growth. Excessive amounts of

far-red light will cause resumption of growth.
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EFFECT OF LIGHT QUALITY AND PERIODICITY
UPON GERMINATION OF DOUGLAS-FIR SEED
(PSEUDOTSUGA MENZIESII (MIRB.) FRANCO)

AND ON GROWTH OF DOUGLAS-FIR SEEDLINGS

INTRODUCTION

Considerable interest has recently been focused on the effects

of light on the germination of seeds and the growth and flowering of

plants. This thesis investigates some of the influences of light

quality and periodicity on the germination and growth of Douglas-fir

seeds and seedlings. Only responses which could be measured with-

out biochemical assays were included in this study.



REVIEW OF LITERATURE

Seed germination and plant development are affected by many fac -

tors. Light quality and periodicity are only two of the multitude which

includes light intensities, temperature, energy levels, nutrients, and

many other factors.

Light Quality

Some of the earliest experiments with light quality began in the

late eighteen-hundreds. In 1893 Bailey (1) observed that lettuce

plants grew larger under red (plus far-red) light than the plants under

white light. One year later Rane (29) confirmed Bailey's results. In

1895 Flarnmarion (14) used Mimosa pudica, L. in light quality studies.

Plants of equal size were placed in hothoases that were covered with

blue, green, red, and ordinary glass. After three months the plants

in the red-glass hothouse had grown 4. 2 times more than those in

the clear-glass hothouse. Subsequent to the hothouse experiments,

Flammarion (bc. cit.) used flax and vetch seeds for further light

quality experiments. A carbon arc lamp and a prism were used to

achieve a spectrum. When the flax and vetch seeds germinated and

the cotyledons had "slightly expanded," the seeds were placed along

the spectrum. Ten days later, the seeds placed in the red portion

of the spectrum grew twice as long as those in the blue region. He

2



concluded (bc. cit., p. 111), "This favorable action (in the red re-

gion of the spectrum) seems to be due partly to the infra-red rays."

Flint (1 5) found that red light stimulated the germination of let-.

tuce seeds. He used a 60-watt incandescent light bulb in combination

with various Wratten filters to achieve desired wavelengths of light.

Imbibed lettuce seeds pre-treated with 'strong bluet' light would not

germinate in total darkness, whereas seeds pre -treated with red light

responded with greater than ninety percent germination. He con-

cluded, "The reaction involved in the above procedures is thus re-

versible, but no attempts have been made as yet to localize or identify

the material or materials responsible for the action. ,,l

Flint andMcAlister (16) refined and expanded the senior author's

previous work (15). Using an incandescent light source and a prism,

they exposed imbibed lettuce seeds to various parts of the spectrum.

The red region of the spectrum promoted germination and a "strong

1Flint was implying a red/blue reversible reaction. What he
actually observed was probably a red/far-red reversible reaction.
Incandescent bulbs emit a high proportion of far-red light. The far-
red portion of the spectrum was not filtered out in the "strong blue"
treatments, thus the phytochrome enzyme would be predominantly in
the Pr form. Blue light per se will, because of the overlapping ab-
sorption spectrum of Pr and Pfr (Figure 1), result in a red response
provided an abundance of far-red light is not present. When the red
light was used as a pre-treatment, far-red was also present. How-
ever, the Pr/Pfr ratio was undoubtedly shifted toward Pfr and ger-
mination occurred.
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Figure 1. Relative absorption of phytochrome red (Pr) and phyto-
chrome far-red (Pfr). Note the overlapping of the two
absorption curves. (Curves drawn after Butler and
Downs (7).)
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inhibitory influence" was found in the 760 nip. region.

Parker etal. (28) found that floral initiation of soybean and cockle-

bur was influenced by light quality. Wavelengths near 720 mi. pre-

vented flowering and wavelengths from 600 to 680 promoted flow-

ering. They speculated that chlorophyll may be the effective pigment.

In 1952 Borthwich et al. (6) and Borthwick, Hendricks and Parker

(5) showed that the action spectrum of light-sensitive lettuce seeds

and of floral initiation of cocklebur was the same. They also showed

that the pigment involved was photoreversed by red and far-red light.

When lettuce seeds were irradiated with a series of alternating red

and far-red light and allowed to germinate in total darkness, the seeds

receiving red as the last treatment responded with greater than ninety

percent germination, while the seeds treated with far-red as the last

treatment had less than fifty-four percent germination (6, p. 665).

Down and Borthwick (11, p. 320) showed that catalpa (Catalpa

bignonioides Walt) when grown under eight hours of natural daylight

and supplemented with eight hours of incandescent light grew approxi-

mately twice as high as seedlings receiving fluorescent supplemental

light. The greater growth under the incandescent light was attributed

to the far-red light emitted from the incandescent light source. They

concluded (bc. cit. p. 325) that their observations indicated that the

same photochemical reaction that controlled the germination of let-

tuce seeds also controlled the onset of dormancy and shoot elongation



(height growth) in woody plants.

Downs and Piringer (12, p. 192) showed that ponderosa pine

(Pinus ponderosa Laws.), Arizona pine (Pinus ponderosa var. arizoni-

ca Engeim. Shaw) and loblolly pine (Pinus taeda L.) grew more under

supplemental light from an incandescent lamp (which is rich in far-

red light) rather than from a fluorescent lamp. They concluded (bc.

cit. p. 194) that the same red-far-red photoreaction system present

in herbaceous plants is present in pines.

Downs (9, p. 139) states:

If the pigment (phytochrome) remains predominantly
in the red-absorbing form for an appreciable time
during each dark period, woody plants stop growth and
become dormant, because the amount of the active
form of the pigment, the far-red-absorbing form, is
inadequate.

Table I shows the effect of light from various sources on the phyto-

chrome pigment.

TABLE I. EFFECT OF VARIOUS KINDS OF LIGHT ON THE PER-
CENT OF THE PIGMENT IN THE FAR-RED-ABSORBING
FORM*

* Data after Downs (9).

Fluorescent 90
Incandescent or sunlight 70
Incandescent plus red and blue cellophane 10
Darkness 10

Pigment in
Light Condition Far-red Absorbing Form

Percent
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In 1959, Butler et al. (8) isolated a photoreversible pigment from

etiolated cotyledons of turnip (Brassica rapa L.). It was necessary

to work with etiolated seedlings because protochiorophyll and chloro-

phyll absorbed light in the 670 m region of the spectrum. Protein

chemistry methods were used to extract the pigment from the turnip

cotyledons and differential spectrophotometric techniques were used

for the assay. When irradiated with red light, the isolated pigment

would change form and absorb in the far-red region and vice versa.

Borthwick and Hendricks (4) named the photoreversible pigment

phytochrome. They found that phytochrome exists in two forms.

Figure 2 shows a version of the reversible scheme. One form ab-

sorbs red light and was initially designated P660 because it absorbed

light in the red region of the spectrum. The other form absorbs

far-red light and was designated P735 because it absorbed light in

RED LIGHT FAR-RED
or LIGHT

EXCESSof FAR-RED LIGHT

Pr (P660)

I DARKNESS

Pfr (P735)

Figure 2. Diagrammatic version of the photo-reversible phytochrome
reaction.



the far-red region of the spectrum. The red absorbing form changes

to the far-red absorbing form when irradiated with red light and the

far-red absorbing form changes to the red absorbing form when ir-

radiated with far-red light. The far-red absorbing form is thought

to be the active form of the enzyme (7, p. 63). Both forms of the

phytochrome enzyme have absorption spectra that overlap (Figure 1).

In darkness, P735 reverts to P660.

Using Virginia pine (Pinus virginiana Mill.) seeds, Toole et al.

(32) showed that seeds receiving red light as the last treatment in a

series of alternating red, far-red exposures responded with greater

than eighty-nine percent germination; and if far-red light was the

last treatment, there was less than four percent germination.

Toole et al. (31) found similar results using loblolly pine (Pinus

taeda L. ) and white pine (Pinus strobus L.). They also found that

stratified seeds became more sensitive to red light and less sensi-

tive to far-red light.

The effects of red and far-red light on non-woody species have

been extensively reviewed by Hillman (21). Very little work has

been conducted on the effects of light quality on the growth of woody

plants. Borthwick (3) reviewed the influence of light on tree growth

and seed germination.



Light Periodicity

In 1920, Garner and Allard (18) published their classical paper

on light periodicity. They coined the word "photoperiodism" to des-.

cribe the responses of plants to relative day and night lengths. In

their conclusions they stated (18, p. 594):

Henceforth temperature, water, and light intensity
relations have been considered the chief external
factors governing the distribution or range of plants.
In light of the observations and experimental re-
suits presented in this paper, it seems probable that
an additional factor, the relative length of days and
nights during the growing period, must be recognized
as among those causes underlying the northward or
southward distribution of plants.

In subsequent papers by Garner and Aliard (19, 20), they described

photoperiodic responses of short and long-day plants. Flowering

of these plants is affected by the relative length of day and night. For

an excellent summary of Garner and Allard's work see Borthwick

(2).

Mirov (25) showed that pines performed as day-neutral plants.

Mirov and Stanley (26) reviewed the photoperiodic effect of flowering

in pines and stated (bc. cit., p. 228):

when northern (long-day) pines were moved to
southern (short-day) locality, their flowering habits
were not changed. Similarly, when short-day,
tropical pines were moved north, where summer
days are long, their flowering habits were not
changed.

They concluded that pines were day-neutral with regard to flowering.

9
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In pines, growth, as opposed to flowering, is affected by photoperio-

dism. Vaartaja (33) showed that growth in Scots pine (Pinus sylves-

tris L.) was affected by photoperiod. He studied the growth of north-

ern (65° north latitude) and southern (60° 30' north latitude) Scots

pine under two photoperiods. Under continuous light seedlings from

the northern latitudes grew better than seedlings from southern lati-

tudes. Under short photoperiods (10 hours) the growth responses

were reversed. He concludes (33, from abstract):

The experimental results thus support the theory
that within tree species there are "photoperiodic
ecotypes" which during evolution have adapted them-
selves to the photoclimate of their environment.

Vaartaja (34, p. 106) speculates thatthe physiological basis for photo-

periodic ecotypes may be connected with the phytochrome enzyme.

The effect of light periodicity on plants has been reviewed by

Hillman (21). This review covers among other topics, the responses

of plants to night break interruption by full spectrum artificial light.



MATERIALS AND METHODS FOR SEEDEXPERIMENTS

In the seed experiments described below, red light was obtained

by filtering light from four 15-watt deluxe warm white fluorescent

tubes through two layers of red cellophane (DuPont #3135), while the

far-red light was obtained by filtering light from eight 40-watt incan-

descent bulbs through two layers of red cellophane as above and two

layers of blue cellophane (DuPont #3 157). A Beckman recording

spectrophotometer was used to analyze the transmission of the cel-

lophane filters. Two layers, 1 by 4 centimeters, of the red and four

layers (2 red and 2 blue) were used for the spectral analysis. Trans-

mission curves are shown in Figure 3. Only a minute quantity of far-

red was present in the red treatments of the experiments because the

fluorescent lights used emitted less than five percent (approximate

calculation) light of 700 mp. and longer. Light quality transmission

curves for the cellophane filters in conjunction with light emission

curves are shown in Figures 4 and 5.

Both fluorescent and incandescent lamps were suspended from

the removable lids of light-proof boxes (Figures 6 and 7). The dis-

tances from the seeds to the fluorescent or incandescent bulbs were

20 and 26 cm, respectively. The total energy received at the seed

level as measured with a Miniature Net Radiometer (Thornthwaite

Associates) was 3, 200 ergs/cm2/second through the red filters and
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Figure 6. Overhead view of disassembled light proof box
showing red cellophane filter and fluorescent
lamps.

Figure 7. Overhead view of disassembled light proof box
showing the far-red filter, water bath and the
incandescent lamps.

1k
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44,400 ergs/cmZ/second through the red and blue filters and a 3 cm

water bath. The water bath was necessary to remove the infra-red

rays emitted by the incandescent light bulbs. A fan was mounted on

the exterior lid of the far-red light box which removed the hot air

produced by the incandescent lamps.

The cellophane filters were placed immediately above the lids of

the pyrex petri dishes, each of which contained fifty seeds. The light-

proof boxes were placed inside a temperature controlled seed germina-

tor (Figure 8). The temperature inside the dishes under the red and

far-red light, as measured with shielded thermocouples, was equal-

ized by the use of the water bath and the fan.

Two seed sources were used in the experiments. One source

was from Southern Vancouver Island and the other was from Valsetz

in the Oregon Coast Range. Vancouver seeds were used in experi-

ments I, II, IV, V and VI, and the Valsetz seeds were used in experi-

ment III and part of experiment V.

The data from the seed experiments were analyzed with the u-

test outlined by Li (24, p. 408). The binomial approach is approp-

riate if we consider a germinated seed as a success and a non-

germinated seed as a failure.

16



Figure 8. View of light proof boxes placed inside a
temperature controlled seed germinator. The
fan mounted on box 4 removed the hot air pro-
duced by the incandescent bulbs.

17



Germination percent2 was used for statistical analysis for sim-

plicity of calculation and because subjectivity was involved in de-

termining the real germination3 (i.e. the cutting test at the termina-

tion of each seed experiment). The two seed sources used yielded

high viability. Therefore, there was little discrepancy between the

two germination figures. The actual germination data are presented

in the appendix.

The following formula was used for analysis of the seed experi-

ments:

1
- - 1 -

+ .L)\fl1fl2

V
1

nz

I.L1p2

2Gerrnination percent (%) - Percent of seeds that germinated
based on the total seeds used (i. e. fifty seeds per petri dish).

3Real germination - Cermination expressed in percent of viable
seeds used as determined by cutting the ungerminated seeds at the
end of the experiment.

18

- mean of sample (i. e. red treatment)

- mean of sample (i. e, far-red treatment)

- weighted mean of the 1 and 2 treatments

number of seeds associated with

- number of seeds associated with

- testing that the population mean differences are
equal to zero. Therefore, this term disappears.



Results are summarized in Table II and Table VI. Figure 9

shows the seeds which germinated in each replication.

TABLE II. SEED EXPERIMENT I. EFFECT OF ALTERNATING PERIODS (TWO HOURS) OF IR-

RADIATION WITH RED (R) AND FAR-RED (FR) LIGHT UPON SUBSEQUENT REAL
GERMINATION OF UNSTRATIFIED DOUGLAS-FIR SEED GERMINATED IN DARKNESS
AT 23° C FOR SEVEN DAYS (PERCENTAGES).

SEED EXPERIMENT I

The object of this experiment was to demonstrate in an indirect

way the presence of phytochrome in Douglas-fir seeds. Vancouver

Island seed was imbibed for eighteen hours at 7° C in total darkness

and then exposed to red and far-red light in the combination shown

in Table II. Four replications of fifty seeds each were used in each

treatment. The period of exposure to any one given light quality was

two hours and the time lapse between treatments was two minutes.

The temperature inside the petri dishes during a treatment with red

or far-red light was 13° C. Immediately after the last light treat-

ment the seeds were germinated in total darkness at 230 C for seven

days.

Results and Conclusions

19

1 4.2 38. 3 8. 2 38.0
2 6.4 33. 3 2. 1 24.5
3 6.5 34.0 10.4 18.8
4 35. 4 6. 2 52. 1

Average 5.4 35. 3 6. 7 33. 3

Replication Treatment
(50 seeds each) R-FR FR-B B-FR-B-FR FR-R-FR-R



Figure 9. Seed Experiment I. Effect of alternating periods
(2 hours) of irradiation with red (R) and far-red
(FR) light upon subsequent germination of unstrati-
fied Douglas-fir seed from Vancouver Island
germinated in darkness at 23° C for 7 days. Only
the germinated seeds of the 50 per replication are
shown.
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Germination clearly showed a reversible response since it was

the last type of exposure which determined germination percentages

irrespective of the preceding exposures. Because of this reversibility

it seems safe to assume that Douglas-fir seeds have the phytochrome

enzyme system.



SEED EXPERIMENT II

This experiment was designed to test the influence of light quality

and periodicity on the germination of Douglas-fir seeds. The stan-

dard germination test for Douglas-fir seeds runs for twenty-one days

and the seeds are germinated under an eight-hour photoperiod with

0 . 0fluctuating day (20 C)/night (30 C) temperature (27, p. 12).

In this experiment each treatment consisted of one or more

periods of 2, 15, or 30 minutes of exposure to red or far-red light

for each of seven twenty-four-hour cycles. Except for the periods of

exposure, the seeds were kept in total darkness at 23° C. Imbibition

was started at the beginning of each treatment. Germination was de-

termined after the seventh twenty-four-hour cycle.

Results and Conclusions

23

The type of treatments and the percentages of real germination

are summarized in Figure 10 and Table VII. In all cases the total

germination was highest in the seeds exposed to red light irrespective

of the length of exposure periods.

Red light for two periods of fifteen minutes each gave surprisingly

fast germination considering that the seeds had received no



Figure 10. Real germination percentages at 230 C of unstratified Douglas-fir seed as affected by various periods of exposure to red or far-
red light. The numbers below coltunns denote the number and length of exposure periods per twenty-four-hour cycle, (i. e.,
2 15 denotes 2 periods of fifteen minutes equally spaced within each twenty-four period.) Other treatments were: a). Con-
tinuous darkness, b). 9 hours of fluorescent light per day. Vertical black bars represent the spread amOng the four replications
each with fifty seeds.



stratification. However, this should not be taken as indicative of

what can be obtained with such treatments since the seed lot used was

characterized by rapid germination even under more normal condi-

tions (thirty-eight percent in seven nine-hour days at 23° C, unstrati-

fied).

Why two periods of fifteen minutes with red light resulted in

significantly (u-test, 5% level) faster germination than any other

treatment remains obscure. There appeared to be a strong light

quality/periodicity interaction. When two exposures for fifteen and

thirty minutes of red or far-red light were given, germination was

significantly higher than after one, four or.six exposures. Toole et

al. (31) found similar results with loblolly pine seeds. Seeds irradi-

ated with red light for thirty-two minutes once daily (8 a. m.) for five

and twelve consecutive days had sixty and seventy-three percent

germination respectively. When two (8 a. m. and 4 p. m.) thirty-two

minute exposures were used, the germination percent was sixty-nine

and eighty-five for the five and twelve day periods, respectively.

Exposure of non-stratified,imbibed, Douglas-fir seeds to red

light at different numbers and lengths of periods greatly enhanced

4The 2 15 treatment was re-run and the data is included in
Table VII but not included in Figure 10. The re-run gave the same
results.

25
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germination at 230 C when compared to that of seeds exposed to com-

parable periods of far-red light and to seeds germinated in complete

darkness or under a nine-hour photoperiod.



SEED EXPERIMENT III

The purpose of this experiment was to test the effect of red and

far-red light upon the germination ofDou.glas -fir seeds germinated

at four arbitrarily chosen temperature levels. These levels were 14,

18, 23 and 300
C. The sequence of the experiments was chosen at

random. At the termination of each particular light quality/tempera-,

ture experiment, the seed germinator was recalibrated for the next

temperature experiment. The temperatures were measured inside

the pyrex petri dishes with the lights off. At the end of each fifteen-

minute light treatment the temperature inside the dishes increased
450 c.

Twelve dishes of fifty imbibed seeds from Valsetz, Oregon were

treated with red or far-red light for two periods of fifteen minutes

duration (twelve noon and twelve midnight) every twenty-four hours

for seven days. Except' for these light treatments, the seeds were

kept in total darkness.

Results and Conclusions
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The retarding effects of high temperatures upon germination re-

ported by Richardson (30) were noted in this experiment (Table III

and Table VIII). Phytochrome reversibility is a photochemical

reaction and should not be affected directly by temperature. However,



*Those means underscored by the same line are not significantly
different (u-test, 5% level).

reactions subsequent to the photochemical reaction are thermochemi-

cal and therefore temperature dependent.

At temperatures of 23 and 30° C, far-red light was significantly

(u-test, 5% level) more effective in retarding germination than was

total darkness. At 30° C there was significantly less germination in

all treatments as compared with germination at 23° C. Significant

differences between the responses to red and far-red light persisted

at the 30° C level. The 14° C temperature treatment was apparently

too low for germination to occur, and red-light treatment was not

effective in overriding the effect of the low temperature treatment.
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TABLE III. SEED EXPERIMENT III. EFFECT OF TEMPERATURE
AND TWO PERIODS EACH DAY FOR SEVEN DAYS OF
FIFTEEN MINUTES OF RED OR FAR-RED LIGHT UPON
REAL GERMINATION OF UNSTRATIFIED DOUGLAS-FIR
SEEDS FROM VALSETZ, OREGON. (AVERAGES OF
TWELVE REPLICATIONS OF 50 SEEDS EACH AFTER
SEVEN DAYS.)

14 0. 00* 0. 00 0. 00 0. 00

18 1. 57 1. 37 0. 35 1. 15

23 12.02 2.24 6.81 5.37

30 5.35 1.57 2.26 3.41

Total Ratio
Temp. Darkness Red!

°C Red Far-Red (Control) Far-Red



SEED EXPERIMENT IV

This experimentwas designed to test the effects of red light pre-

treatment on dry seeds followed by imbibition. In seed experiments

I, II and III, the seeds were imbibed either before or during the

treatments with red or far-red light.

Six petri dishes, each with fifty seeds from Vancouver Island

were exposed for twelve hours to red light. Water was added to the

seeds in total darkness and they were germinated in total darkness

at 23° C. As a control, six similar dishes with dry seeds, but wrap-

ped in tin foil, were also placed under the red lights and otherwise

treated as the exposed seeds. The temperature inside the control

irradiated dishes during the twelve-hour exposure was 130 C.

After the seventh day in total darkness at 23° C, a germination

count was made.

Results and Conclusions
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Table IV and Table IX show the germination percentages on the

seventh day.

The seeds pre -treated with twelve hours of red light had a signi-

ficantly (u-test, 5% level) higher germination percent than the con-

trol seeds. This pre -treatment converted the phytochrome pigment

to Pfr. In darkness, Pfr slowly reverts toPr. This experiment



Pre -Treatment
12 hours red light Total darkness

(Control)

19. 18 6.87
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TABLE IV. SEED EXPERIMENT IV. EFFECT OF TWELVE HOURS
OF RED LIGHT UPON THE REAL GERMINATION OF
UNSTRATIFIED DOUGLAS-FIR SEEDS IN DARKNESS
AT 23° C FOR SEVEN DAYS (AVERAGES OF SIX REPLI-
CATIONS OF FIFTY SEEDS EACH).

clearly shows that if phytochrome is in the active state (Pfr), germina-

tion will occur in total darkness provided moisture (added at the end

of the light treatment) and adequate temperature are available. The

half-life reversion of Pfr to Pr is about two hours (4). Theoretically,

Pfr will never completely revert to Pr. It is possible that minute

portions of Pfr are always present. This could initiate germination

even in total darkness provided adequate temperature and moisture

are available. Besides the phytochrome system, otherprocesses

could be involved that mediate germination. The germination in

total darkness of the non-treated seeds could be an example of such

a bypass of the phytochrome system.



SEED EXPERIMENT V

Pre-treatment with red light might be of practical value both as

a research tool and also as a nursery practice. This experiment

was designed to test the pre-treatment influence of red light on the

germination of Douglas-fir seed under simulated nursery and standard

germination conditions.

Six petri dishes, each with fifty dry seeds from Vancouver Island,

were treated with red light for twelve hours; water was added and the

seeds were germinated at 230 C under a twelve-hour photoperiod.

In addition to the light provided by the six forty-eight inch T-12 stan-

dard cool white fluorescent tubes in the germinator, diffused light also

reached the seeds through the glass doors of the germinator. As a

control, six dishes of seeds were germinated under the same condi-

tion but without the pre-treatment with red light.

Results

After seven days, the real germination was thirty-two percent

for both the pre-treated and control seeds (Table X).

A similar experiment was run using seed from Valsetz, Oregon.

However, after the exposure to six hours of red light, the twelve

dishes of dry seeds (pre-treated and control) were sown in flats in

the greenhouse. The flats were filled with soil and the seeds were

31



32

planted at a depth of approximately three-fourths of an inch. All

seeds, pre-treated and control, were exposed to approximately thirty

minutes of sunlight prior to and during planting. After planting, the

flats were watered and maintained in a moist condition throughout the

experiment.

No difference in germination percent was detected between the

pre-treated and non-treated seeds at fourteen and twenty-four days

after planting.

Conclusions

If a red light pre-treatment of Douglas-fir seed is to enhance sub-

sequent germination, the seeds will have to be handled and germin-

ated in total darkness (see seed experiment IV). A significant (u-test,

5% level) difference was found in seed experiment IV between the pre-

treated and non-treated seeds. However, in seed experiment V the

effect of the six and twelve hour red light pre-treatment disappeared

during the course of germination. It is possible that the six or

twelve hours of red light pre-treatment was not sufficient. However,

longer periods were not tested.

Under unfiltered fluorescent lights, greater than ninety percent

of the pigment is in the Pfr form and under sunlight the percentage

is greater than seventy percent (Table I). This high proportion of

Pfr to Pr in both the pre -treated and control seeds is sufficient to
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override any advantage due to pre-treatment with red light.

Under the conditions of this experiment, no enhancing effect was

found that might be of value as a research tool or a nursery practice.



SEED EXPERIMENT VI

The differences between responses to red and far-red light in the

previous experiments were based on total germination after seven

days. In order to determine the possible disappearance of such dif-

ferences during the course of germination, counts were made in this

experiment at the end of 7, 14, and 21 days.

Twenty-four dishes of dry seeds from Vancouver Island were

pre-treated with twelve hours of red light, water was added in total

darkness and the seeds were germinated at 230 C in total darkness.

As a control, twenty-four dishes with dry seeds were treated in a

similar way except for the red light pre -treatment. At 7, 14, and

21 days after the start of imbibition eight dishes were removed from

the pre-treated set and eight from the control set.

Results and Conclusions
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Germination percentages are summarized in Table V and Table

XI.

The germination process is controlled by many factors. Light,

adequate temperature, oxygen, and moisture are in general the re-

quirements for germination. In this experiment, a pre-treatment

with red light was being tested.

The data clearly show that. a twelve hour pre-treatment of dry

seeds with red light has a stimulating effect on germination when



Pre-treated with No
Days after 12 hours of red Pre -treatment
imbibiti on light (Control) Difference

*All differences between the means are significant (u-test, 5%
level).

compared with non-treated seeds. At seven days the difference be

tween treatments was approximately eleven percent and this differ-

ence did not diminish with time.

35

TABLE V. SEED EXPERIMENT VI. REAL GERMINATION PER-
CENTAGES OF DOUGLAS-FIR SEEDS FROM VANCOUVER
ISLAND PRE-TREATED WITH RED LIGHT AS COM-
PARED TO NON-TREATED SEED, WHEN GERMINATED
AT 23° C IN CONTINUOUS DARKNESS (AVERAGES OF
EIGHT REPLICATIONS OF 50 SEEDS EACH).

7 16. 45* 5. 76 10. 69

14 48. 95 32. 12 16. 83

21 57. 59 45. 05 12. 54



SUMMARY OF SEED EXPERIMENTS

A study was made on some of the effects of light quality and

periodicity on the germination of Douglas-fir seeds. In particular,

red and far-red light was used in conjunction with various temperature

levels, photoperiods, and other environmental factors that affect

germination.

When red light was the last treatment in a series of red and

far-red light treatments, seeds responded with greater than

thirty-three percent germination and when far-red light was

the last treatment germination was less than eight percent,

provided the seeds were germinated in total darkness.

Daily exposure with red light for one, two, four, and six

fifteen or thirty-minute treatments gave consistently higher

germination in seven days when compared with seeds ger-

minated under "normal conditions. Similar treatments

with far-red light gave consistently lower germination when

compared with seeds germinated under "normal conditions.

Temperature affects the germination of seeds irradiated

with red and far-red light. The ratio of red/far-red ger-

mination under 18, 23, and 30° C was 1. 15, 5.37 and 3.41

respectively.

A twelve hour pre-treatment of dry seeds with red light
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gave significantly higher germination when compared with

seeds not pre-treated provided the seeds were germinated

in total darkness.

A twelve hour pre-.treatment of dry seeds with red light did

not increase germination when the seeds were sown in flats

and allowed to germinate in a greenhouse.

The effect of a red light pre-treatment was detected up to

twenty-one days after the pre.-treatment when compared with

seeds that received no red light pre.-treatment, provided

the seeds were germinated in total darkness.



MATERIALS AND METHODS FOR SEEDLING EXPERIMENTS

The growth chamber used in the seedling experiments was a modi-

fied version of those designed and built by Irgens-Moller (22). The

height was shortened by two and one-half feet and the interior walls

were painted with silver paint which replaced the aluminum foil.- The

auxiliary lights were removed and special lights were suspended in

each compartment.

The growth chamber was located within a greenhouse with the

longitudinal axis in a north-south direction (Figure 11). The four

compartments were assigned numbers one to four. The numbering

was consecutive with number one being the southernmost compart-

ment. Compartments one and three were rigged with four 30-watt

daylight fluorescent lights (Figure 12) which were used in combination

with various filters to give red and blue light. Special light boxes

were suspended in compartments two and four which emitted far-red

light (Figure 13). The photoperiod was controlled by a timeclock

which triggered a motor that covered and uncovered the growth cham-

ber automatically.

Red and blue light was obtained by wrapping the fluorescent tubes

with two layers of red cellophane (DuPont #3135) and two layers of

blue cellophane (DuPont #3157) respectively. For the far-red light,

special light boxes were constructed to house eight 40-watt tube-type

38



Figure 11. Interior view of the greenhouse showing the growth
chamber used in the seedling experiments. Left
chamber used in experiments.
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Figure 1Z. Interior
view of a red-lighted
compartment showing
the placement of the #10
tin cans under the lights

Figure 13. Interior
view of a far-red lighted
compartment showing
the placement of the #10
tin cans under the lights.
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incandescent lights, four glass filters (two each of Corning glass fil-

ters #5350-blue and #Z418-red), plus a fan which removed the heat

produced by the light bulbs. The box was so constructed that light

from four of the eight incandescent lights was filtered through two

filters (i. e. , one red and one blue), and the light emitted from the

other four lights was filtered through the other pair of filters.

The light quality transmitted by the cellophane was measured

with a Beckman recording spectrophotometer. Light quality curves

are shown in Figure 3. Two layers of the cellophane, four by five

cm were used for analysis. The far-red light that passed through

the red and blue filters was from the incandescent light in the spectro-

photometer. According to Westinghouse5 there is less than ten per-

cent light of 700 i-np. and longer produced by the fluorescent lights

used in the experiments. The curve labeled uFaded Blue, (Figure

3), is an analysis of the blue cellophane at the termination of seedling

experiment III. The light quality of the blue filters was not greatly

affected by use. However, the percent of light transmitted was de-

creased. It was not possible to place the Corning filters in the Beck-

man spectrophotometer; therefore, the light quality curves are drawn

after Corning (Figure 14).

5Spectral Distribution Curve 30-Watt Daylight Fluorescent Lamp.
Westnghouse Electric Corporation. Bloomfield, New Jersey.

Light quality transmis sion curves for Corning filters #5850 -blue
and #2418-red furnished by Corning, New York.
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Figure 14. Spectral analysis of the Corning glass filters used
in the seedling experiments. Cross-hatched portion
transmitted by one red and one blue glass filter when
used with incandescent light source. (Curves fur-
nished by Corning.)
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The total energy received at the seedling level as measured with

a Miniature Net Radiometer (Thornthwaite Associates) was 8, 000

ergs/cm2/sec through the red cellophane filters and 19, ZOO

ergs/cm2/sec through the red and blue Corning glass filters. Energy

measurements were not made with the blue lights. A water bath was

not necessary to reduce the temperature under the far-red lights

because there was free air movement through the compartments. As

the seedlings grew in height, the lights were adjusted upward in an

attempt to maintain a more cpnstant energy level at the growing tip.

Light intensity inside the compartments was measured with a

Weston Illumination Meter. The light intensity within the compart-

ments varied between 160 and 200 foot candles on an overcast day

and varied between 1000 and 2000 foot. candles on a bright, sunny day.

Seedlings growing on the greenhouse bench received approximately

1200 foot candles on an overcast and 3100 foot candles on a bright,

sunny day.

The greenhouse in which the experiments were conducted had

moderate temperature control. During the fall and winter, the tern-

perature fluctuated between 15 and 27° C and during the spring and

summer, the temperature fluctuated between 18 and 350 C. The

temperature within the growth chamber was maintained at the same

level as that of the greenhouse by means of fans located in the floor

of each compartment. These fans ran continuously throughout the
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experiments.

Seedlings for the experiments were obtained as follows: The seed

source used in all the experiments was a commercial collection from

Valsetz, Oregon. The soil was Aiken silty clay loam forest soil,

collected.from the McDonald Forest located two and one-half miles

north of Corvallis, Oregon..

Two separate plantings were made. The seeds for both plantings

were stratified for ten days at 2 C and germinated in a twelve-hour

photoperiod at 20° C. Twenty-five, seeds were planted per can. The

first planting (June 21 to June 30, 1962) consisted of sixty-five #10

tin cans planted in a ten-day period. The second planting (April 20

to April 26, 1963) consisted of.seventy-two #10 tin cans planted in a

seven-day period. The cans were left on the greenhouse bench in

natural daylight until needed for a particular experiment. The cans

were watered every fourth day throughout the experiments.

The four cans against the north wall of each compartment were

shaded by the suspended lights. To help eliminate this shading effect,

the pots in each compartment were rotated approximately every

fourth day. A piece of plywood was placed on the red lights (Figures

15 and 16) man attempt to equalize the.shading effect between the

red and far-red treated seedlings.

The data for the seedling experiments were analyzed with the

u-test outlined by Li (24, p. 408). The binomial approach is



Figure 15. View of growth chamber showing compartment I
(far-red) and compartment 2 (red).

Figure 16. Overhead view of compartments 1 and 2. (Note
the piece of plywood on the fluorescent lights.)

45



appropriate if we consider anactiveseedling and/or a seedling that

broke dormancy as a success and a dormant seedling as a failure.
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SEEDLING EXPERIMENT I

The purpose of seedling experiment I was to test the effect of red

and far-red light breaks given during a long dark period on maintain-

ing active growth of Douglas-fir seedlings. The thirty-minute light

breaks came at 9 p. m., 1 a. m. and 5 a. m.

Sixteen pots were selected at random from the sixty-five pots

planted in the first planting. Eight pots were placed in compartment

1 (far-red) and eight in compartment 2 (red). The experiment ran

for seventy-six days.

Results and Conclusions
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The results are summarized in Figure 17 and Table XII. Red

light was effective in maintaining growth when compared to the far-red

treated seedlings. An excess of far-red light can c use a red reac-

tion. This is due to the overlapping of the absorption spectrum of Pr

and Pfr (Figure 1). If there was a stimulating effect due to an excess

of far-red light, it was only minor.

It cannot be firmly determined whether or not far-red light

actually caused the seedlings to go dormant. However, seedlings on

the greenhouse bench from the same planting were still one-hundred

percent actively growing fifty-nine days after the beginning of the

experiment.



Figure 17. Seedling Experiment 1. Percentages of actively growing Douglas-fir seedlings as af-
fected by red and far-red light breaks for thirty-minutes at 9 p.m. , I a.m.. and 5 a. m.
andtime in days. Vertical blackbar represents the spread among the eight replications.



SEEDLING EXPERIMENT II

This experiment is a continuation of experiment I with the same

photoperiod and periodicity of light breaks being used. The purpose

of this experiment was to see if the trends observed in seedling experi-

ment I. could be reversed. In experiment I, the seedlings receiving

red light breaks remained active and those that received far-red light

breaks went dormant.

The time clock that controlled the covering of the growth cham-

ber was changed from 8 a. m. to 8 p. m. photoperiod to 5 a. m. to

5 p. m. , and the thirty-minute light breaks occurred at 6 p. m. , 10

p. m. and 2 a. m. This change was made to coincide with sunrise and

sunset in the winter season. At the termination of seedling experi -

ment I, four pots were selected at random from each compartment

and transferred to the opposite compartment. The four pots left in

each compartment constituted the control (Figure 18 and Table XIII).

Results and Conclusions
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The four pots transferred from compartment 1 (far-red) to

compartment 2 (red) had a total of eighty-five dormant seedlings (one

seedling was active). After ninety days, eighty-six percent of the

previously dormant seedlings had broken dormancy (Figure 18). The

control in compartment two remained active.



Figure 18. Seedling Experiment II. Percentages of actively growing Douglas -fir seedlings as
affected by red and far-red light breaks for thirty-minutes given at 6p.m. , 10p.m.
and 2 a.m. and time in days. Vertical black bar represents the spread among the
four rep1ications Control denotes the four cans not transferred (see text).
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The four pots transferred from compartment 2 (red) to compart-

ment 1 (far-red) had one hundred percent actively growing seedlings.

After forty-two days, one hundred percent of transferred seedlings

went dormant and remained dormant, as did the control, throughout

the experiment (Figure 18).

On the ninetieth day, the seedlings were cut and pressed. Figure

19 shows some of the seedlings as they appeared at the termination

of the experiment.

Three one-half hour exposures to red light given during the dark

period (5 p.m. to 5 a. m.) at 6 a. m., 10 p.m. and 2 a. m. were suf-

ficient to break dormancy of seedlings that went dormant under far-

red light from seedling experiment 1.

Several authors (4, 7) have reported that an excess of far-red

light will result in a red reaction. This is due to the overlapping of

the adsorption spectrum for Pr and Pfr (Figure 1). No red response

due to an excess of far-red light was detected inthis experiment.

All seedlings exposed to far-red light went dormant and remained so.
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FA R R E D

FARRED - RED

RED - FARRED

Figure 19. Silhouettes of representative seedlings at the terminationof Seedling Experiment II.
Pointer indicates position of terminal buds on October 10. Seedlings labeled far-red
were dormant at the beginning of the experiment (October 10) and remained so through-
out.



SEEDLING EXPERIMENT III

Seedling Experiment III was designed to test the effect of red,

far-red and blue light on the growth of Douglas-fir seedlings. As a

control, one group of seedlings did not receive a light break during

the dark period.

Thirty-two pots of seedlings were selected from the pots remain-

ing from the first planting. The pots were randomly assigned to the

four compartments of the growth chamber. The seedlings were sewn

months old and were one hundred percent dormant at the beginning

of the experiment. None of the seedlings received a chilling treat-

ment.

The growth chamber was set for a twelve-hour photoperiod (7

a. m.to 7 p.m.) and the dark period was interrupted with thirty-

minute light breaks at 9 p. m. , 1 a. m. and 5 a. m. Figure 3 shows

the spectral analysis of the filters used to achieve the various light

qualities. The curve labeled "Faded Blue" is the analysis of the blue

filters at the termination of the experiment.

Results and Conclusions
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At 24, 31, 42, 51 and 90 days after January 7, counts were made

to determine the percentage of seedlings that broke dormancy. The

results are summarized in Figure 20 and Table XIV. A decrease in



Figure 20. Seedling Experiment III. Percentages of actively growing Douglas-fir seedlings as af-
fected by red, far-red, blue light breaks for thirty-minutes given at 9 p. m. , 1 a. m. and
5 a. m and no light break, (Control) and time in days. Vertical black bar represents
the spread among the eight replications.
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actively growing seedlings indicates that some of the seedlings that

sta±tedgrowth went dormant again. Figure 21 shows some of the

seedlings as they appeared at the end of the experiment.

The breaking of dormancy under red light is due to phytochrome

conversion. Red light converts Pr to Pfr. When Pfr is maintained

above some "critical level" it will promote growth (see quote below).

The control ("No Break") indicated that the resumption of growth un

der the red, far-red and blue lights was triggered by the light breaks

and not the long photoperiod.

The breaking of dormancy under the far-red lights is interpreted

by Downs (10) as:

The breaking of dormancyunder far-red is basically
due to the overlapping absorption spectra of the red-
absorbing (Pr) and the far-red-absorbing (Pfr) forms
of phytochrome. As a result, an irradiation with far
red maintains a low level of Pfr throughout the ir-
radiation period. During the dark peiiod following
the irradiation Pfr reverts to Pr. As long as the level
of Pfr remains above some critical level it continues
to act and promote growth. Therefore, we frequently
observe long periods of far-red acting like brief per-
iods of red. The duration of the far -red treatment
necessary to induce a red-like action varies with the
photo-response and the type of plant. Moreover, cyclic
far-red is frequently as effective in producing the red
effect as is continuous far-red, and since you gave
three exposures of relative long duration, you may have
combined both features of the argument. Another fa.c-
tor that may influence your results is that the action of
far-red may change depending upon the time during the
dark period at which the irradiation is made. For ex-
ample, far-red near the beginning of the dark period will
inhibit flowering of short-day plants under certain



BLUE

Figure 21. Silhouettes of representative seedlings at the termination of Seedling Experiment
III. Pointer indicates location of terminal bud at the beginning of the experiment
(January 7).

FAR RED NO BREAK



conditions, whereas the same exposure given iater :jn,
the dark period has no effect It would be interesting
to know the results of a 30-minute irradiation at 9 00
p. m. only.

The blue reaction; according to Downs (10), is also due to the

overlapping absorption of Pr and Pfr. The fluorescent lights used

with the blue cellophane emitted and transmitted through the blue

filters less than ten percent of light 700 top, and longer. This low

level of far-red is sufficient to cause a red reaction due to the over-

lapping of Pr absorption into the far-red region. Also, according

to Downs (bc. cit.) blue light sets phytochrome at about 50% Pr,

50% Pfr. H Prior to communicating with Downs, 1 thought that the

blue cellophane might have faded and allowed red light to pass through

the blue filter. This was not the case. A sample of the faded blue

cellophane was analyzed with the Beckman recording spectrophoto-

meter and it was found that the transmission from 680 n- to 710 mi.

was only slightly increased. This increased transmission in the 700

mp. region. let more of the far-red light emitted from the fluorescent

lights reach the seedlings. This, plus the fact that blue light will

cause Pr to convert to Pfr, probably explains the breaking of dor-

mancy under the blue light.

In 'a paper by Virgin (35), incident light Of 436 rnp. was used to

activate chlorophyll invivo and in vitro, and it was noted thatthe

fluorescence yield of chlorophyll peaked at 685 mp.. French and
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Young (17) observed the same phenomena. These facts lead me to

the following energy transfer hypothesis as a possible contributing

factor for the breaking of dormancy under the blue light:

Blue Light
/
Chlorophyll

/
Activated Chlorophyll

/
Red Fluorescence

/
Pr Absorbs red light

/
Pfr (Active form)

/
Red Reaction (Breaking of Dormancy)

This hypothesis has not been checked or confirmed. However, it is

known that similar energy transfers do exist. Duysens (13) showed

an energy transfer in red algae. He found that the coloring matter

in red algae, phycoerythrin, transferred energy to phycocynin which

in turn transferred the energy to chlorophyll a. Chlorophyll a used

part of the energy in photosynthesis. The chlorophyll a became

activated, fluoresced and transferred part of the energy to an

known pigment. (I do not mean to imply that the !unknown pigment"

was phytochrome.)
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SEEDLING EXPERIMENT IV

The purpose of this experiment was to determine the effect of

one short exposure of red or far-red light given each day during the

dark period on young actively growing seedlings.

As soon as the seedlings from the second planting had shed their

seedcoats, thirty-two cans were selected at random and assigned to

the four compartments of the growth chamber. The average age of

the seedlings was seven days at the beginning of the experiment.

Compartments 1 and 3 had far-red light and compartments 2 and

4 were equipped with red light. The growth chamber had a nine-hour

photoperiod (9 a. m. to 6 p. m.). Compartments 1 and 2 received a

fifteen-minute light break at twelve midnight and 3 and 4 had a fifteen-

minute light break at 6:30 p. m. (i. e. one-half hour after the canvas

covered the growth chamber). The experiment ran for sixty-four

days.

Results and Conclusions
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Figure 22 and Table XV show the percentages of actively growing

seedlings affected by the treatments.

A nine-hour photoperiod which corresponds to the natural day

length for the months of December and January at the 45th merjdian

is sufficiently short to cause Douglas-fir seedlings to go dormant.
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Irgens-Moller (23) showed that a light break given during a long, dark

period will cause Douglas-fir seedlings to continue growth.

This experiment clearly shows that a red light-break of fifteen

minutes given three hours after the beginning of the dark period is

sufficient to keep young Douglas-fir seedlings growing. However,, a

fifteen-minute red light-break given one-half hour after the dark

period begins will not keep the seedlings actively growing.

When red light was given one-half hour after the beginning of the

dark period, it had the effect of extending the natural day length by

one-half to one hour. This short extension was not sufficiently long

to keep the seedlings actively growing. Far-red light given at the

same time appeared to act in the same manner. When the light break

came in the latter part of the first half of a long dark period (twelve

midnight), there was a stimulating effect on growth regardless of the

light quality (i. e red or far-red) but strongest in those receiving

red light.

If the seedlings that received far-red light at midnight are com-

pared with those that recei.ved the same light at the beginning of the

dark-period, it is clear that the former treatment has some greater

stimulating effect which is probably caused by the overlapping ab-

sorption of Pr and Pfr. The Pr to Pfr ratio was undoubtedly shifted

toward the Pfr and the seedlings remained active longer than those

that had a light break at 6:30 p. m. Irgens-Moller (23) showed that
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Douglas-fir seedlings which received a light break in the latter half

of a long dark period (thirteen hours) responded similarly to seedlings

grown under a long photoperiod (nineteen hours). The maintenance

of growth in the seedlings receiving the light breaks with red or far-

red light at twelve midnight tend to confirm Irgens-Molier's results,

i. e., Douglas-fir seedlings became more sensitive to alight break

as the length of the dark period increased prior to the light break



SEEDLING EXPERIMENT V

The purpose of this experiment was to test if a total of one and

one-half hours of far-red light was sufficient to achieve a red reaction.

Seedlings were also treated with red light.

Seedling experiment V is a continuation of experiment IV with the

following changes: Four pots were selected at random from each of

the far-red compartments at the termination of seedling experiment

IV. Four pots were transferred from compartment 1 (far-red) to

compartment' 3 (far-red) and vice versa. Compartments 1 and 2 re-

ceived thirty-minute light breaks at 9 p. rn., 12 midnight and 3 a. m.

Compartments 3 and 4 received fifteen-minute light breaks at 7 p. m.

9p.m.. 11p.m., 1a.m., 3a.m. and 5a.m. All seedlingsre-

ceived a total of one and one-half hours of light breaks during the

fifteen-hour dark period. The nine-hour photoperiod (9 a. m. to 6

p. .) used in seedling experiment IV was maintained.,

Results and Conclusions

The results of this experiment are summarized in Figures 23

and 24 and Table XVL

One and one-half hours of far-red light was sufficient to produce

a red reaction due to the overlapping of the absorption spectra of Pr

and Pfr. Three thirty-minute exposures were more effective in
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breaking dormancy than were six fifteen-minute exposures (signifi-

cant u-test 5% level). Fifteen-minute exposures with far-red light

are apparently not a long enough duration to effectively convert Pr

to Pfr. The dormant seedlings treated with six fifteen-minute red-

light breaks broke dormancy and became one hundred percent active.

In experiment IV, seedlings that received far-red light at twelve

midnight remained active longer than similar seedlings receiving

far-red at 6:30 p.m. (Figure 21). The sixty-four days treatment with

far-red light in seedling experiment IV influenced the subsequent

responses to far-red light in seedling experiment V (Figure 23).

There are many variables that make it difficult to compare one

seedling experiment with another. Seedlings in experiment II did

not respond to three thirty-minute far-red light breaks with a red

reaction. In experiment III, seedlings from the first planting that

had gone into dormancy due to short winter photoperiod and without

any pre-treatment with far-red light responded with a red reaction

which was triggered by an excess of far-red light (three thirty-minute

breaks). These observations tend to indicate that the length of dor-

mancy is a factor in obtaining a red reaction with far-red light.

There appears to be no definite way of determining if the sixty-four

days of far-red pre-treatment per se from seedling experiment IV

had an influence on the responses summarized in Figure 24.



SUMMARY OF SEEDLING EXPERIMENTS

A study was made on some of the effects of red and far-red light

on the growth of Douglas-fir seedlings. The affects of dark period

interruptions with red and far-red light were measured by observing

growth and dormancy trends.

Actively growing seedlings receiving red irradiation light

breaks remained active.

Actively growing seedlings receiving far-red irradiation light

breaks went dormant.

Dormant seedlings that had set terminal buds under far-red

irradiation (2 above) broke dormancy when irradiated with

red light.

Actively growing seedlings (1 above) went dormant when ir-

radiated with far-red light.

Seedlings that went dormant under long nights (i. e. , winter

days) broke dormancy when irradiated with reds far-red

and blue light. Seedlings that began growth under the far-

red and blue light breaks started going dormant again after

forty-one days, whereas dormant seedlings receiving red

light breaks remained actively growing after breaking

dormancy.

Actively growing seedlings receiving a fifteen-minute red
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light break at the middle of the dark period remained active

and far-red light breaks given at the same time had a slight

influence on keeping the seedlings actively growing. Ex-

tending the natural day length by fifteen minutes with red and

far-red light had no apparent effect.

Three thirty-minute light breaks with far-red light were

more effective in breaking dormancy than were four fifteen-

minute light breaks.

Seedlings that went dormant when treated with fifteen minutes

of far-red light at twelve midnight (6 above) did not break

dormancy as readily as those seedlings that received far-

red light at the beginning of the dark period when subse-

.quently treated with either three thirty-minute breaks or

six fifteen-minute breaks with far-red light.
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TABLE VL SEED EXPERIMENT I. EFFECT OF ALTERNATING
PERIODS (2 HOURS) OR IRRADIATION WITH RED (R)
AND FAR-RED (FR) LIGHT UPON GERMINATION OF
UNSTRATIFIED DOUGLAS-FIR SEEDS IN DARKNESS
AT 23° C FOR SEVEN DAYS. THE NUMERATOR IS THE
NUMBER OF SEEDS THAT GERMINATED AND THE DE-
NOMINATOR IS THE NUMBER OF VIABLE SEEDS AS
DETERMINED BY CUTTING THE UNGERMINATED
SEEDS.

Replication
(50 seeds each) R-FR

Treatment
FR-R R-FR-R-FR FR-R-FR-R

1 2/47 18/47 4/49 19/50

2 3/47 16/48 1/48 12/49

3 3/46 17/50 5/48 9/48

4 2/46 17/48 3/48 25/48

Totals 10/186 68/193 13/193 65/195

Real Germination 5. 37 35. 23 6. 73 33. 33

Germination % 5. 00 34. 00 6. 50 32. 50



TABLE VII, SEED EXPERIMENT II. AVERAGE GERMINATION BASED ON VIABLE SEEDS (REAL GERMINATION) AND TOTAL SEEDS (GERMINATION
PERCENT). THE NUMBERS 2' 15 DENOTES TWO PERIODS OF RED OR FAR-RED LIGHT FOR FIFTEEN MINUTES EQUALLY SPACED
PER 24-HOUR CYCLE. PERCENTAGES DETERMINED AT THE END OF THE SEVENTh 24-HOUR CYCLE. THE NUMERATOR IS THE
NUMBER OF SEEDS THAT GERMINATED AND ThE DENOMINATOR IS THE NUMBER OF VIABLE SEEDS AS DETERMINED BY CUTTING
THE UNGERMINATED SEEDS.

Replication
(50 seeds each)

Red Far-Red Red Far-Red Red Far-Red Red Far-Red
1'lS 2'15 415 &15

1 25/48 4/48 35/47 14/46 32/48 2/48 22/48 12/48
2 22/47 7/47 34/46 6/42 30/49 4/47 32/47 9/49
3 26/47 6/47 31/43 9/41 25/48 5/48 28/48 9/49
4 25/46 5/45 38/46 11/47 23/50 8/49 27/47 7/49

Totals 98/188 22/187 138/182 40/176 110/195 19/192 109/190 37/194

Real Germination 52. 13 11. 76 75. 82 22. 73 56.41 9. 89 57. 37 19.07

Germination % 49.00 11.00 69.00 20.00 55.00 9. 50 54,50 18. 50

1.30 2' 30 430 6 30

1 17/45 10/48 29/48 8/49 20/47 6/49 28/49 4/47
2 22/48 7/45 30/48 12/47 24/49 2/50 21/47 6/48
3 18/47 2/49 26/47 7/48 20/49 7/48 21/48 3/48
4 23/43 4/47 29/46 10/46 18/50 5/46 25/48 8/48

Totals 80/183 23/189 114/189 37/190 82/195 20/193 95/192 21/191

Real Germination 43. 72 12. 17 60.32 19.47 42. 05 10.36 49.48 10.99

Germination % 40.00 11.50 57.00 18. 50 41.00 10.00 47.50 10.50



TABLE VII. (continued)

Replication Red Far-Red Red Far-Red Total Darkness Nine-Hour Re-run of
(S0seedseach) 12 22 Photoperiod 2 15

1 24/48 4/48 17/49 3/49 4/49 2 1/47 36/47
2 19/48 9/50 27/48 3/48 3/47 19/50 35/49
3 20/48 4/48 26/49 3/48 10/49 13/49 39/48
4 18/46 5/47 21/46 4/48 5/48 20/48 32/44

Totals 81/190 22/193 91/192 13/193 22/193 73/194 142/188

Real Germination 42.63 11.40 47.39 6.74 11.40 37.63 75.53

Germination 0/ 40.50 11.00 45.50 6.50 11.00 36.50 71.00



TABLE VIII. SEED EXPERIMENT III. EFFECT OF TEMPERATURE AND TWO FIFTEEN-MINUTE LIGHT PERIODS EACH DAY FOR 7 DAYS OF RED
AND FAR-RED LIGHT UPON THE GERMINATION OF UNSTRATIFIED DOUGLAS-FIR SEEDS.

Temperature
14° C 18° C 23° C 300 C

Total Total Total Total
Red Far-Red Darkness Red Far-Red Darkness Red Far-Red Darkness Red Far-Red Darkness

1/49 2/49 1/48 7/47 1/48 3/48 5/47 0/46 1/49
2/49 1/48 1/46 10/47 1/48 5/48 3/47 1/48 2/48
0/47 1/49 0/47 2/47 1/50 4/47 3/48 0/48 2/47
0/46 0/46 0/48 5/48 1/47 4/46 3/49 0/49 0/50
2/48 1/47 0/46 10/48 2/48 4/48 2/48 1/47 2/49
0/48 0/49 0/46 5/47 1/49 2/45 1/49 1/47 1/50
1/48 0/47 0/47 4/49 1/48 0/48 3/50 1/46 1/46

(No Germination) 0/49 1/50 0/47 4/48 0/49 3/48 1/48 1/48 1/46
0/48 0/49 0/48 5/49 3/47 2/49 3/48 2/47 1/47
1/48 0/50 0/50 5/47 0149 1/49 3/49 2/49 0/48
2/47 1/48 0/49 7/48 1/50 3/47 1/49 0/50 1/48
0/46 1/48 0/48 5/49 1/48 8/49 3/47 2/47 1/47

Totals 9/573 8/580 2/570 69/574 13/581 39/572 31/579 9/572 13/575

Real Germination 1. 57 1.37 . 35 12.02 2.24 6.81 5. 35 1. 57 2.26

Germination 91 1.50 1.33 .33 11.50 2.17 6.50 5.17 1.50 2.17
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TABLE IX. SEED EXPERIMENT IV. EFFECT OF TWELVE HOURS
OF RED LIGHT UPON THE GERMINATION OF UN-
STRATIFIED DOUGLAS-FIR SEED IN DARKNESS FOR

Totals 56/292 20/291

Real Germination 19. 18 6. 87

Germination % 18. 67 6. 67

7 DAYS AT 23° C.

Red
Total Darkness

(Control)

7/48 3/49

8/49 4/48

14/49 6/49

8/49 2/48

9/48 2/49

10/49 3/48
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TABLE X. SEED EXPERIMENT V. EFFECT OF A TWELVE HOUR
PRE-TREATMENT WITH RED LIGHT UPON THE GER-
MINATION OF UNSTRATIFIED DOUGLAS-FIR SEED
WHEN ALLOWED TO GERMINATE IN A STANDARD
SEED GERMINATOR FOR 7 DAYS AT 23° C.

Dish
(50 seeds each)

Pre-treatment
Total Darkness

Red (Control)

1 15/48 21/48

2 20/49 11/49

3 16/49 11/47

4 18/49 22/47

5 10/47 16/48

15/48 12/48

Totals 94/290 93/287

Real Germination 32.41 32.40

Germination % 31.33 31.00



TABLE XI. SEED EXPERIMENT VT. REAL GERMINATION PERCENTAGES OF DOUGLAS-FIR SEEDS PRE-TPEATED WITH RED LIGHT FOR TWELVE
HOURS AS COMPARED TO NON-TREATED SEED WHEN GERMINATED AT 23° C IN TOTAL DARKNESS.

Pre -treated Non-treated Pre-treated Non-treated Pre -treated Non-tre ated

10/48 2/48 27/47 4/48 29/48 19/48

9/49 3/49 15/48 20/48 31/47 18/49

13/48 0/47 14/47 13/49 30/49 25/48

2/47 2/46 27/48 8/47 24/47 21/48

8/47 4/48 21/48 18/49 25/47 27/47

8/47 3/49 29/49 21/48 29/49 20/49

6/49 4/48 28/48 17/49 29/48 18/48

7/48 4/47 27/49 23/48 23/47 25/47

Totals 63/383 22/382 188/384 124/386 220/382 173/384

Real Germination 16.45 5. 76 48.95 32. 12 57. 59 45. 05

Germination % 15.75 5.50 47.00 31.00 55. 00 43. 25

Days After Imbibition
7 14 21



* At 0 days after July 25, 100 percent of the seedlings were actively growing.
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TABLE XII. SEEDLING EXPERIMENT I. PERCENTAGES OF ACTIVELY GROWING DOUGLAS-FIR
SEEDLINGS UNDER A 12-HOUR PHOTOPERIOD (8 p.m. to 8 a. m.) AS AFFECTED
BY TIME IN DAYS, AND THIRTY MINUTES TREATMENT WITH RED (r) AND FAR-RED
(fr) LIGHT BREAKS GIVEN AT 9p.m., 1 a.m., AND 5a.m.

Pot
No. 35

Days after July 25*
41 48 62 76

Seedlings
per can

1 r 100.00 100.00 100.00 100,00 100.00 23
1 fr 89,47 89.47 57.89 5.26 5.26 19

2r 100.00 100.00 100,00 100.00 100.00 23
2 fr 68.75 87.50 81.25 25.00 18,75 16

3r 100.00 100,00 100.00 100.00 100,00 22
3fr 56.52 69.56 73.91 0.00 0.00 23

4 r 100,00 100.00 100.00 100,00 100.00 25
4 fr 34.78 65.22 65. 22 4.35 0.00 23

Sr 100,00 100.00 100.00 100.00 100.00 21
Sfr 100.00 71,43 23,81 0.00 0.00 21

6r 100,00 100.00 100.00 100.00 100.00 25
6fr 100.00 45.00 25.00 10,00 5.00 20

7r 100.00 100.00 100.00 100.00 100.00 20
7fr 45.45 27.27 9,09 0.00 0.00 22

8r 100.00 100.00 100,00 100.00 100.00 23
8 fr 62.50 62.50 46.67 0.00 0,00 24

Ave rage

r 100.00 100.00 100.00 100.00 100.00
fr 68.45 63.69 46.43 4.76 2.98

Total r 182

Total fr 168



1Control denotes the four cans not transferred.
2Red
3Denotes cans from Seedling Experiment I that were transferred from the far-red compartment to

the red compartment.
ar-red

5Denotes those cans transferred from the red compartment to the far-red compartment.
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TABLE XIII. SEEDLING EXPERIMENT II. PERCENTAGES OF ACTIVELY GROWING DOUGLAS-FIR
SEEDLINGS UNDER A 12-HOUR PHOTOPERIOD ( 5 p. m. to 5 a. m.) AS AFFECTED
BY TIME IN DAYS AND ThIRTY MINUTES OF RED AND FAR-RED LIGHT BREAKS AT
6 p.m., 10 p.m., AND 2 a. m.

Pot No. and
Treatment

Days after October 10 Seedlings
per can42 59 90

Red Compartment
Control1

1 r2 100.00 100.00 100.00 100.00 23
4r 100.00 100.00 100.00 100.00 25
6r 100.00 100.00 100.00 100.00 25

8r 100.00 100.00 100.00 100.00 23

Average 100. 00 100.00 100.00 100.00

Transferred
3 fr(r)3 0.00 30.43 39.13 78.26 23
5 fr(r) 0.00 33.33 61.90 85.71 21

6 fr(r) 5.00 20.00 30.00 90.00 20

7fr(r) 0.00 9.09 31.82 90.91 22

Average 1.16 23.25 40.70 86.05

Far-Red Compartment
Control

1 fr4 5.26 0.00 0.00 0.00 19

2 fr 18.75 0.00 0.00 0.00 16

4 fr 0.00 0.00 0.00 0.00 23
8 fr 0.00 0.00 0.00 0.00 24
Average 4.88 0.00 0.00 0.00

Transferred
2 r (fr)5 100.00 0.00 0.00 0.00 23
3 r(fr) 100.00 0.00 0.00 0.00 22
5 r (fr) 100. 00 0. 00 0.00 0.00 21

7 r (fr) 100. 00 0.00 0.00 0.00 20
Average 100.00 0.00 0.00 0.00



* At 0 days after January 7, 100 percent of the seedling were dormant.
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TABLE XIV. SEEDLING EXPERIMENT III. PERCENTAGE OF ACTIVELY GROWING DOUGLAS-FIR
SEEDLINGS UNDER A 12-HOUR PHOTOPERIOD (7 a. m. to 7 p.m.) AS AFFECTED BY
TIME IN DAYS AND ThIRTY MINUTES OF RED, FAR-RED AND BLUE LIGHT BREAKS
AT 9 p.m., 1 a. m. AND 5 a. m. SEEDLINGS WITH NO LIGHT BREAK WERE USED
AS A CONTROL.

Pot No. and
Treatment 14

Days After January 7*
28 32 41 86

Seed1ins
per can

Red
1 13.33 20.00 66.66 100.00 100.00 15
2 13.33 13.33 60.00 80.00 100.00 15

3 0.00 4.76 76.19 85.71 100.00 21
4 9.52 23.81 66.66 95.23 100.00 21
5 27.77 55.55 83.33 81.81 100.00 18

6 0.00 0.00 63.64 81.82 95.45 22

4.35 26.09 73.91 86.96 95.65 23
8 4.00 24.00 72.00 92.00 96.00 25

Average 8.13 20.63 70.63 89.38 98.13 Total 160

Far-Red
1 5.26 5.26 21.05 47.37 10.53 19

2 5.26 10.53 21.05 57.87 2105 19

3 0.00 4.35 17.37 56.52 13.04 23
4 0.00 5.55 11.11 27.77 22.22 18

5 0.00 4.55 22.73 68.64 31.82 22
6 9.52 19.04 38.09 57.14 38.09 21
7 10.00 10.00 45.00 80.00 25.00 20
8 0.00 0.00 16.66 27.77 33.33

Average 3.75 7.50 24.37 53. 12 24. 38 Total 160

Blue
1 0.00 0.00 10.53 31.58 0.00 19

2 0.00 0.00 19.05 52.38 0,00 21
3 0.00 0.00 15.00 30.00 0.00 20
4 0.00 0.00 22.22 35.00 0.00 18

5 0.00 0.00 12.00 36.00 8.00 25
6 0.00 0.00 10.53 36.84 0.00 19

7 0.00 0.00 13.63 40.91 0.00 22
8 0.00 0.00 10.53 47.37 _QP. .12....

Average 0.00 0.00 14.11 39.26 1.23 Total 163

No Light Break
1 0.00 0.00 0.00 0.00 0.00 20
2 0.00 5.55 11.11 11.11 0.00 18
3 0.00 4.55 4.55 13.64 0.00 22
4 0.00 0.00 0.00 0.00 0.00 22
5 0.00 4.00 4.00 4.00 0.00 25
6 0.00 0.00 0.00 0.00 0.00 23
7 0.00 0.00 0.00 0.00 0.00 22
8 0.00 0.00 0.00 0.00 0.00

Average 0.00 1.77 2.37 3.55 0.00 Total 169
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TABLE XV. SEEDLING EXPERIMENT IV. PERCENTAGES OF ACTIVELY GROWING DOUGLAS-FIR
SEEDLINGS UNDER A 9-HOUR PHOTOPERLOD (9 a, m. to 6 p. m. ) AS AFFECTED BY
TIME IN DAYS AND A FIFTEEN-MINUTE LIGHT BREAK OF RED OR FAR-RED LIGHT
AT 6:30 p.m. OR 12 MIDNIGHT.

Pot No. and
Tre atrne nt

Days after April 29 Seedlings
per can0 44 64

(Fifteen minute light break at 12-midnight)

Far-Red
1 100.00 36.84 0.00 19

2 100.00 5.00 0.00 20
3 100.00 91,30 0,00 23
4 100.00 47.61 0.00 21

5 100.00 42.86 0.00 21
6 100.00 33.33 0,00 21

7 100.00 25.00 0.00 24
8 100.00 52.00 0.00

Average 100. 00 37. 35 0.00 Total 174

Red
1 100.00 100,00 100.00 19

2 100.00 100.00 100.00 25
3 100.00 100.00 100.00 25

4 100.00 100.00 100,00 23
5 100.00 100.00 100.00 24
6 100.00 100.00 100.00 18

7 100.00 100.00 100.00 25

8 100.00 100.00 100.00
Average 100. 00 100. 00 100. 00 Total 179

(Fifteen minute light break at 6:30 p.m.)

Far-Red
1 100.00 0.00 0,00 25
2 100.00 0.00 0.00 24
3 100.00 0.00 0.00 21

4 100.00 0.00 0.00 23
5 100,00 0.00 0.00 23

6 100.00 0.00 0.00 21

7 100. 00 0. 00 0. 00 23

8 100.00 0.00
Average 100,00 0.00 0.00 Total 185

Red
1 100.00 100.00 100.00 19

2 100.00 100.00 100.00 25
3 100.00 100:00 100.00 25

4 100.00 100.00 100.00 23

5 100.00 100.00 100.00 24
6 100.00 100.00 100.00 18
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TABLE XV. (continued)

Pot No. and Days after April 29 Seedlings
Treatment 44 64 per can

7 100.00 100.00 100.00
8 100.00 100. 00 100,00

Average 100.00 100.00 100,00 Total 179

(Fifteen minute light break at 6:30 p.

Far-Red
1 100,00 0.00 0.00 25
2 100.00 0.00 0.00 24
3 100.00 0.00 0.00 21
4 100.00 0,00 0.00 23
5 100.00 0,00 0.00 23
6 100,00 0.00 0.00 21
7 100.00 0.00 0,00 23
8 100.00 0.00 Q..2g.

Average 100,00 0.00 0,00 Total 185

Red
1 100. 00 0.00 0.00 22
2 100.00 0.00 0.00 25
3 100. 00 0. 00 0. 00 24
4 100.00 0. 00 0.00 25
5 100.00 0.00 0.00 25
6 100,00 0.00 0.00 20
7 100.00 0.00 0.00 24
8 100.00 0.00 Q,,9Q

Average 100. 00 0. 00 0, 00 Total 182




