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ABSTRACT

The effects of a range of thermoperiods and soil temperatures upon growth of Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco) seedlings were studied. The seeds, of varieties glauca
and menziesii, came from eight widely separated areas. Plants from both varieties made
maximum growth with soil and air temperatures between 18 and 24 C during the 20 weeks of
the study. Little requirement for diurnal fluctuation in temperature was evident. Low soil
temperatures greatly reduced growth and hastened dormancy of plants grown under all the
thermoperiods tested.

The effects of a range of thermoperiods and soil temperatures upon the initiation of
dormancy in var. menziesii and var. glauca seedlings grown under a 9-hour daily photoperiod
also were investigated. Low air temperatures generally postponed initiation of dormancy of
var. menziesii seedlings, but warm days and cool nights were most effective in postponing
dormancy of var. glauca plants. Soil temperatures had no consistent effect upon the initiation
of dormancy under the 9-hour photoperiod.
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INTRODUCTION

Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) seedlings, grown under controlled
environments, have been the subject of several studies (4, 18, 19, 25, 26, 37) of the effects of
temperature, moisture, nutrition, and photoperiod upon their growth. Only Brix (4), however,
sampled the full range of thermoperiods normally occurring during the growing season in the
native range of this species, and no paper reports a systematic study of the effects of the range
in thermoperiod, soil temperature, and photoperiod upon the growth and dormancy of
Douglas-fir seedlings. In this report, we will discuss two parallel studies that investigated the
effects of a range of thermoperiods and soil temperatures upon the growth of these plants. In
the first, plants were maintained under an 18-hour photoperiod while dry-weight gain and
shoot elongation were recorded. The second study investigated the effects of similar
thermoperiods and soil temperatures upon the initiation of dormancy in Douglas-fir seedlings
grown under a 9-hour photoperiod.

The seedlings in these studies were grown from seed collected over much of the range of
Pseudotsuga menziesii var. menziesii in the Pacific Northwest and from areas of two known
ecotypes of Pseudotsuga menziesii var. glauca.

1. GROWTH UNDER A LONG PHOTOPERIOD.

METHODS

The study was conducted in four controlled-environment chambers, 3 meters square, each
equipped with forty-two 8-foot high-output cool white fluorescent tubes and six 150-W
incandescent bulbs. These light sources produced about 1,000 ft-c at the seedling crown as
measured with a Western Illumination Meter (model 756) held horizontally. The chambers
were maintained within l C of the programmed temperature at seedling crown height. Each
chamber was equipped with three water baths, each 150 by 75 by 40 cm, that maintained the
soil within 0.50 C of the programmed temperature.

Metal boxes each 60 by 7 by 30 cm, lined with polyethylene sleeves and filled with a
thoroughly mixed forest soil with a mulch of fine perlite, 2 cm thick, were planted with
germinated seeds from each of the eight seed sources listed in Table 1. Preliminary trials
established the germination curve for each of the seed sources. These data permitted
programming the germination of each seed lot so that all the boxes were planted within a week
with germinating seeds that had radicles about 2 cm long. About 150 of the planted seedlings
(84 from the northwest Oregon seed source) died and were replaced within 2 weeks of the
initial planting with freshly germinated seeds. The generally high survival of the plants is
reflected by the fact that more than 98 percent of the seedlings from all the seed sources
except the northwest Oregon source were harvested at the end of the study. The high
mortality of the seedlings grown from northwest Oregon seeds was caused by infection of the
radicle when it contacted the seed coat of an adjacent seed in the germination dish.
Microbiological investigations established that this seed source harbored a bacterium that was
extremely resistant to sterilization procedures and was pathogenic under the conditions in the
germination dish. No similar observations have been recorded from nursery trials of this seed
source, however.

Two rows of seedlings spaced 3 cm apart and 2 cm from the sides of the metal boxes were
planted in each of the 96 boxes. The 28 seedlings in each row were spaced 2 cm apart, with
each end seedling 3 cm from the box end. Seven replications of a random planting design were
made in each container, but no two boxes had the same planting sequence. The seedlings were
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planted in early June and were then maintained in a greenhouse with an 18-hour photoperiod
and a thermoperiod of about 20 C day and 15 C night temperatures for about 6 weeks. When
the length of the epicotyls averaged 15 mm, the 96 boxes, each with 7 seedlings for each of
eight seed sources, were assigned randomly (two boxes per treatment) to the 16 thermoperiods
and three soil temperatures to be tested.

Each of the four controlled environment rooms was programmed for one of the following
daily thermoperiods: 30 C to 24 C; 24 C to 18 C; 18 C to 12 C; and 12 C to 6 C. The higher
temperature in each thermoperiod was maintained during the 18-hour daily photoperiod, and
the lower temperature, during the 6-hour dark period. Hereafter, these temperatures are
termed "day" and "night" respectively. Relative humidity was not controlled; it ranged from
40-50 percent in the warmest room to 60-70 percent for the three other rooms. Each room
contained three water baths, one of which was set at each of the following constant
temperatures: 20 C, 15 C, and 10 C.

The 16 daily thermoperiods were achieved by moving one-fourth of the boxes in each
room to the corresponding water baths in each of the three remaining rooms immediately
before the dark period and returning these same boxes to their original position immediately
after the dark period. The final quarter of the population remained in the same water bath for
the entire experiment and thus received the daily thermoperiod programmed for that room. In
this manner, a factorial experiment of 16 distinct thermoperiods and three soil temperatures
was established.

During the entire 20-week experimental period, the boxes were shifted in the water baths
daily so that in an 8-day period a given box occupied each of the eight positions in a water
bath for 1 day. In addition, the possible effects of environmental differences in a even bath
were further reduced by turning the boxes end for end once a week.

The day and night temperatures were set according to a thermograph with a remote
sensing unit positioned at seedling crown height at all times. In the room set at 12 C during the
day and 6 C during the night, movement of air (about 15 in per minute) was sufficient to
eliminate appreciable temperature gradients above the warm water bath (the layer of perlite
undoubtedly insulated the warm soil), but in the room maintained at 30 C during the day and
24 C during the night, a sharp temperature gradient occurred from the surface of the perlite to

Table 1. Seed Sources.

Num- North Collection
ber Location Elevation latitude source

Meters Deg: Min

1

Var. glauca
Glacier Natl. Park, Mont.' 800-1,300 47-49 -- 5 trees

2 New Mexico2 2,400-2,600 33 -- 7 trees

Var. menziesii
3 Corvallis, Ore. 100 44 30 5 trees
4 Olympic Peninsula, Wash. 150 47 20 Young stand
5 Valsetz, Ore. 600 44 50 Young stand
6 Southern Ore. 1,500 42 50 6 trees
7 Northwest Ore. 600 45 40 Young stand
8 Vancouver Island, B.C. 15O 49 -- Commercial

'Northern Rocky Mountains.
2Southern Rocky Mountains.
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the base of the seedling crown in the boxes maintained with 10 C soil. Even in these boxes,
however, the apical region of the seedling crowns was maintained at the programmed
temperature at all times.

During the experimental period, the boxes were weighed every week and sufficient water
was added to adjust their weights to the equivalent of a soil moisture tension of 0.3
atmosphere. (Before the experiment, the box weight equivalent to mean soil moisture tensions
of 0.1, 0.3, 1.0, 2.0, 5.0, and 15.0 atmospheres was determined for each box.) The mean soil
moisture tension did not exceed 2 atmospheres for any box during the experiment. During the
final 15 weeks, 25 ml of a solution containing 4 g of NH4NO3 and 4.5 g of K2 HPO4 per liter
were added to the water (normally about 1 liter) applied to each box. This procedure reduced
nutritional limitation of growth for those plants stimulated to rapid growth by the
environment.

During the harvest, the polyethylene sleeves were removed from the boxes, opened, and
the soil was removed gently from the roots. All the seedlings were harvested within a week and
stored in polyethylene bags in a room maintained at 2 C until the following measurements
were made and recorded for each seedling: length of hypocotyl, epicotyl, and roots; fresh
weight of shoots and of roots; number of lateral branches; number of terminal buds that had
set and then broken (the scars of previous terminal buds were readily recognizable on the
seedling stems); and, finally, the presence or absence of a terminal bud. All these data were
determined for individual seedlings whose identity was maintained from the time of planting.
After these observations were recorded, the roots and shoots of the seedlings in each group
were dried separately to constant weight at 70 C.

RESULTS

The data were subjected to an analysis of variance. The treatments spanned such a wide
range in temperature that the responses varied significantly over treatment for all seedling
parameters that were measured. Further, each seed source was shown to have a response over
the entire range of environments that was significantly different from that of any other seed
source. The factorial analyses of the raw data do not, however, indicate the manner in which
the growth responses differ between seed sources and environments. Accordingly, an
alternative statistical procedure, the development of equations to define the response surface
of each parameter for each seed source, was conducted to provide a more meaningful measure
of the relative effects of the experimental environments upon the various seedling groups. The
following quadratic equation,

Y=Be +B1X1 +B2X12 +B3X2 +B4X22 +B5X3 +B6X32 +BX1X2 +BX1X3 +BX2X3

where X1 = day temperature, X2 = night temperature, and X3 = soil temperature, was shown
to be satisfactory to describe the dry weight accumulation of the eight seed sources in the test
environments. The contribution of the remaining interaction terms was not significant (Table
2), and therefore the above equation was employed to estimate the desired response surfaces.
Table 3 summarizes the coefficients required to solve the equation for the mean total dry
weight per seedling for each seed source and for groups of seed sources with apparently similar
responses. Comparable tabulations were prepared for epicotyl lengths, lateral shoots per
centimeter of epicotyl, root length, and shoot-root dry weight ratios. A summary of the model
analysis of variance for seed sources and groups of seed sources (Table 4) demonstrates that, in
general, the response surfaces for the var. glauca seed sources are significantly different from
those of the var. menziesii. Clearly, although all seed sources have responses significantly
different from each other, the responses of the var. menziesii seed sources, save for the
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Table 2. Analysis of Variance for Importance of Interactions not
Employed in Response Surface Equations for Seeding Dry Weight.

Source of variation
Degrees of
freedom

Sum of
squares

Mean sum
of squares

"F"-
value

SSE for stepwise 1 85 4,926.1424 57.2807
SSE for ERR ANOVA 3 47 2,970.7850 63.2081
SSE of 38 interactions 38 1,955.3574 51.4567 0.8140

'Because the F-value of the difference between the SSE's for 85
and 47 df attributable to the interactions not used is very small,
the model containing 10 terms is considered adequate.

seedlings raised from the southern Oregon seed, are generally less different from each other
than they are from the responses of the var. glauca seed sources or the response of the
southern Oregon seed source.

The environments in which the maxima for each of the seedling parameters studied are
predicted to occur for each seed source are shown in Table 5.

Table 3. Coefficients for the Response Surfaces of Seedling Dry Weights.

Coef. Var. SS 1 SS 2 SS 3 SS 4 SS 5 SS 6

Con. Bo 47.1048 46.8411 190.9321 140.3698 165.8913 97.4617
X1 81 D 5.0996 5.1588 -1.9823 -1.4033 -4.3393 11.3349
X1 B2 D2 -1.2804 -1.2331 -3.8499 -2.6092 -2.2135 -3.5229
Xi B3 N -5.0130 -1.0935 -18.3225 -5.6799 -8.0731 -10.7599
X3 Bo N2 0.2772 -0,0867 1.6912 0.0665 2.4573 1.9229
Xf B5 S -1.4965 0.8585 -63.4338 -48.7475 -61.8269 -15.3995
X2 B6 S2 -1.8643 -1.9366 4.8846 4.2213 6.9522 -0.6616

X1X3 B7 ON -0.8069 -1.1191 -0.1204 -0.5499 -2.7617 -1.2948
1X2 Be DS 0.0222 0.1437 6.8056 3.9750 6.1247 1.2434

2X3 B9 NS 1.8134 1.3054 3.0169 2.7856 0.5666 1.1734

Coef. Var. SS 7 SS 8 SS 1 8 2 SS 3-8 SS 1-8 SS 3-5,7,8

Con. Bo 94.9360 130.4870 46.9729 136.6797 114.2530 144.5233
X1 B1 D 0.5789 1.6173 5.1292 0.9677 2.0081 -1.1058

X1 B2 D2 -1.7802 -2.5962 -1.2567 -2.7620 -2.3857 -2.6098

X B3 N 3.3195 0.7826 -3.0532 -6.4556 -5.6050 -5.5947

X3 Bs N2 0.3111 -1.4288 0.0953 0.7330 0.5736 0.4950
X2 Bs S -36.2219 -52.8951 -0.3190 -46.4208 -34.8953 -52.6250
X2 B6 S2 4.3915 6.2105 -1.9005 4.3331 2.7747 5.3320

1X3 87 DN -1.4662 -0.7613 -0.9630 -1.1591 -1.1100 -1.1319

1X2 Be DS 2.8184 2.8487 0.0830 3.9693 2.9977 4.5145

2X3 B9 NS 0.5628 3.0087 1.5594 1.8523 1.7791 1.9881
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Table 4. Significance of Differences Between Response Surfaces of Seedling Populations.

"F"-Value

Lat-
Degrees Total erals/ Shoot/

Seed sources of dry Crown cm of Root root Tabular
compared freedom weight length stem length ratio 0.05 0.01

Northern vs. Rocky Mt. 10/170 5.61 4.71 7.49 9.91 7.57 1.85 2.45

Rocky Mt. vs.coastal 10/740 48.58 169.81 11.90 2.12 7.20 1.84 2.40
Among coastal 50/510 5.83 4.47 8.12 2.93 4.05 1.38 1.60
Among coastal, less S. Ore. 40/425 6.75 2.03 3.94 1.20 1.53 1.45 1.65

S. Ore. vs. other coastal 10/550 31.44 13.17 18.27 10.71 12.82 1.84 2.40

Epicotyl Length
Measurements of the epicotyl lengths of all the seedlings were made at about 5-week

intervals throughout the experimental period. Under the warm treatments (30 C and 24 C air,
and 20 C soil temperatures), the growth rates appear to have followed the general pattern of
relatively slow growth before and just after initiation of the thermoperiod treatment, followed
by a period of rapid crown elongation with a definite slowing in growth in the final weeks of
the study. Throughout the study period, the var. menziesii seedlings generally made greater
growth in height than did the plants of the var. glauca seed sources (Table 6). This trend was
more marked during the final 10 weeks and probably reflects the much greater incidence of
dormancy in this period of the var. glauca seedlings.

Table 6 summarizes the effects of the day, night, and soil temperatures upon seedling
epicotyl elongation. Maximum air and soil temperatures generally stimulated the maximum
epicotyl elongation. Two exceptions to this trend are shown, however: the northern Rocky
Mountain seedlings, which were tallest under a constant 24 C air temperature and 20 C soil
temperature; and the Olympic Peninsular seedlings, which were tallest under a 30-18 C
thermoperiod and 20 C soil temperature. The response surfaces for these two seed sources,
however, predicted that the maximum height,- growth would occur with the maximum

Table S. Environment in which Maximum Response is Predicted to Occur.

Seedling parameter

Seed
source

Lat-

erals/
Dry Crown cm of Root Shoot/root

weight length stem length ratio

Deg C' Deg C Deg C Deg C Deg C

N. Rocky Mt. 24-24-20 30-24-20 12-6-20 18-6-20 30-24-20
S. Rocky Mt. 24-24-20 30-24-20 24-6-10 24-24-20 30-6-20
Corvallis, Ore. 30-24-20 30-24-20 12-6-10 30-24-20 24-24-20
Olympic Pen., Wash. 30-24-20 30-24-20 12-6-10 18-6-20 24-24-15
Valsetz, Ore. 30-6-20 30-24-20 30-6-10 18-6-20 30-6-20
S. Ore. 24-24-20 30-24-20 12-6-20 30-24-20 24-6-20
Y. Ore. 30-6-20 30-24-20 12-6-20 12-6-20 24-24-20
Vancouver Is., B.C. 30-24-20 30-24-20 30-24-20 24-24-20 24-24-20

!Sequence is day, night, soil.
L
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programmed soil and air temperatures. These data are in general agreement with those reported
for Douglas-fir by Steinbrenner and Rediske (37) and by Lavender, Ching, and Hermann (26),
but Brix (4) reported that a somewhat cooler thermoperiod, 24-18 C, produced the tallest
plants in his populations. Effects of soil temperature upon seedling epicotyl elongation are
much greater in the current study than those reported by Steinbrenner and Rediske (37), the
only other experiment with positive control of soil temperature.

The definitely superior growth in height of all the var. menziesii sources compared with
that of the var. glauca is similar to that reported for seedlings raised in the greenhouse by
Owens (31) and Tusko (39) and in plantations (Irgens-Moller, personal communication).

The optimum temperatures for shoot elongation are similar to those reported for
ponderosa pine (Pinus ponderosa Laws.) by Larson (23), and by Tinus (38) for both ponderosa
pine and blue spruce (Picea pungens Engelm.) and slightly higher than the optima for redwood
(Sequoia sempervirens (D. Don) Endl.) and Englemann spruce (Picea englemannii Parry)
reported by Hellmers (16) and Hellmers, Genthe, and Ronco (I7). Certainly, Douglas-fir does
not have the strong requirement for a diurnal temperature fluctuation noted for maximum
shoot elongation of loblolly pine (Pinus taeda L.) by Kramer (22) or red fir (Abies magnifica
A. Murr.) and Jeffrey pine (Pious jeffreyi Grev. and Balf.) by Hellmers (13, 15).

The analyses of the response surfaces for seedling crown elongation demonstrated that

crown elongation is the only seedling parameter tested that was predicted to reach a maximum
in the same environment (30 C and 24 C air, 20 C soil temperature) for all eight seed sources.
Further, the correlation coefficients (R2) for the response surfaces of all eight seed sources

Table 6. Relation of Seedling Epicotyl Lengths to Thermoperiods and Soil
Temperature.

Seedling epicotyl length by seed source, via

tem-

lll

North South Cor- Olympic Val- South- North- Van- Mean of
per- Rocky Rocky vallis, Pen., setz. err west couver men-
atur dd Mt. Ore. Wash. Ore. Ore. Ore. Island glauca ziesii

Deg. C

DAY AIR'
30 67 78 129 137 135 111 122 131 72 130
24 58 65 118 128 121 99 110 119 61 116
18 37 48 100 109 104 82 91 100 42 95
12 23 34 63 65 65 52 58 62 28 60

NIGHT AIR'
24 58 66 117 124 122 101 109 115 62 115
18 45 61 105 117 109 85 100 107 53 104
12 42 49 94 101 100 79 90 97 45 93

6 39 48 92 98 92 78 82 89 43 88

SOIL'
20 57 66 126 132 127 104 117 126 61 122
15 48 58 101 109 107 87 93 100 53 99
10 33 45 78 88 85 66 75 81 39 79

FAN' 46 56 102 110 106 86 96 102

'Each mean is an average of all environments that have the listed temperature
in common. For example, the means of 30 C day temperature consist of the
crown lengths of seedlings, grown under all night and soil temperatures that
were exposed to 30 C day'air temperature.

'Based on about 168 measurements per mean.
'Based on about 224 measurements per mean.
Based on about 660 measurements per mean.
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were considerably higher (0.7630-0.8867; mean, 0.8560) than those for dry weight
(0.4207-0.7728; mean, 0.6180). Finally, Table 4 shows clearly that the response surfaces of
the var. glauca seedlings differed sharply from each other and from those of the plants grown
from var. menziesit seed. And the plants raised from seeds collected in an area in southern
Oregon, characterized by lower rainfall and more extreme temperatures than obtain in the
sources of the remaining var. menziesii seeds, have a crown elongation response surface that is
significantly different from that of the remaining Pacific Northwest seedlings.

lateral Shoots
As noted in the methods section, the number of laterals per seedling was recorded (a

lateral was defined as any shoot, regardless of length, that was produced by the elongation of a
lateral bud). The incidence of lateral shoot formation is expressed as number of shoots per
centimeter of crown length to eliminate the effect of crown length upon this growth response.

We followed this procedure because the growth of Douglas-fir epicotyls during the first year
after germination is not determinant and the length of the epicotyl might influence the
number of lateral shoots formed. The analysis of variance of the response surface (Table 4)
demonstrates that the variations in the number of lateral shoots formed per centimeter of
epicotyl with the programmed day and night temperatures and seed sources (Table 7) are
indeed significant, even though substantial differences were present within each population.

Table 7. Relation of Lateral Shoot Formation to Thermoperiod and Soil
Temperature.

!lean`
tem-
per-
ature

North
Rocky

Lateral shoots per centimeter of crown by seed source

South
Rocky
lit. Ore.

Olympic Val
Pen., setz,

Wash. Ore. Ore.

North-
west
Ore.

Van- (Mean of
couveri all

Island sources

Deq. C

DAY AIR2
30 0.4 0.4 0.3 0.3 0.4 0.1 0.2 0.3 0.3

24 .4 .5 .2 .2 .3 .1 .1 .1 .2

18 .6 .6 .4 .3 .4 .1 .2 .3 .4

12 .4 .4 .4 .3 ,A .1 .2 .3 .3

NIGHT AIR 2

24 .4 .4 .3 .2 .3 .1 .1 .2 .3

18 .5 .5 .3 .3 .3 .0 .1 .2 .3

12 .i'' .5 .3 .3 .3 .1 .2 .2 .3

6 .5 .6 .5 .5 .5 .1 .3 .3 .4

SOILS
20 .5 .4 .4 .,4 .5 .1 .2 .3 .3
15 .4 15 .3 .3 .3 .1 .2 .2 .3
10 .4 .5 .3 .2 .3 .1 .1 .2 .3

MEAN" .4 .5 .3 .3 .4 .1 .2 .2 .3

'Each mean is an average of all environments that have the listed tem-
perature in common.

'Based on about 168 observations per mean.
3Based on about 224 observations per mean.
"Based on about 660 observations per mean.
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Further, the data demonstrate that apical dominance is not increased by adverse thermoperi-
ods as it is by low nitrogen (10). Hellmers, Genthe, and Ronco (17) report that warm
thermoperiods increased lateral branch formation of Engelmann spruce to a much greater
extent than is true for the present population. However, they defined lateral shoots as
"branches" and if the same criterion (rather than an elongated lateral bud) had been applied to
the Douglas-fir seedlings, possibly the data from the two studies would be less divergent.

The seedlings grown from seed of var. glauca were characterized generally by stocky,
well-branched crowns. In contrast, those plants raised from var. menziesii seed were slender
with fewer side branches. More variation occurred among seedlings from the various Pacific
Northwest seed sources, however, than between mean plants of the two varieties. For example,
seedlings of the southern Oregon seed source produced only 134 laterals on the 158 plants
raised under 30 C days. And two-thirds of these plants had no laterals at all. In contrast, plants
grown from seed of the Corvallis source, with crowns only slightly longer than those of the
southern Oregon plants, produced 548 laterals on the corresponding 152 seedlings. Only
one-fourth of these plants failed to produce laterals. Similar data were recorded for plants
from the other thermoperiods.

Root Length
Although the containers were 30 cm deep, the effective soil depth was only 25 cm. When

the seedlings were harvested, many of the taproots had penetrated to the bottom of the
containers and then grown laterally for various distances. The lengths of all taproots were
measured to the nearest centimeter after the roots had been straightened gently. A summary of
these data is shown in Table 8. Although neither the day nor night air temperatures had a
consistent effect upon root elongation, warm soil was definitely more favorable to root
elongation than cool soil. The mean increase in root length with an increase in soil temperature
from 10 to 20 C, 24 percent, is similar to that reported by Steinbrenner and Rediske (37), 31
percent, for the same soil temperatures. These workers also found that the air temperatures in
their study did not affect root elongation. Both Larson (23) and Hellmers (12) noted that
warm soils stimulate greater root elongation than cool soils for both ponderosa pine and
redwood, respectively, and that cool air temperatures have a lesser but stimulatory effect upon
root elongation.

Nightingale (30), Barney (3), and Hellmers (12) report that root morphology varies with
soil temperature. We found no such variation, but we did not examine the roots
microscopically. Perhaps the substantially smaller range of temperature in our study than in
studies by the above workers precluded similar observations. We have noted that roots of
Douglas-fir grown with soil and air constantly at 4 C are much thicker than those grown in
warmer soils.

The limited size of the containers and the highly artificial physical structure of the soil
greatly qualify interpretation of the relative root elongation of plants from the several seed
sources. That seedlings grown from seeds collected in droughty areas, that is the northern
Rocky Mountains and southern Oregon, produced significantly longer roots than the
remainder of the population (Table 8, italics) is of interest, however. Similar data were
reported for seedlings of Rocky Mountain and coastal origins by Owens (31) and Tusko (39).

Ovendry Weight
Table 9 summarizes the ovendry weight data collected for the entire seedling population.

These results are largely in agreement with data published previously for Douglas-fir. Brix (4)
notes that dry weight production after 100 days for Douglas-fir has a broad optimum between
18 C and 24 C with both light intensities, 450 and 1,000 ft-c, tested. This paper presents data
that indicate that the seedlings grown under a constant 13 C thermoperiod were only 25-30
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Table 8. Relation of Seedling Root Lengths to Thermoperiods and Soil
Temperature (Italic Figures Are Discussed in Text).

Seedling root length by seed source, cm
Mean'
tem- North South Cor- Olympic Val- South- North Van- Mean of
per- Rocky Rocky vallis Pen., set z, ern west couver all
aturo Mt . Mt. Ore. Wash. Ore. Ore. Ore. Island sources

Deg. C

DAY AIR
30 39 31 36 34 34 40 30 33 35
24 43 33 37 36 35 41 32 34 36
18 45 34 38 37 36 42 34 36 38
12 44 34 36 36 35 41 33 34 37

NIGHT AIR'
24 42 33 37 35 35 41 33 34 36
18 45 34 37 37 36 43 33 36 38
12 41 33 35 34 34 40 32 33 35
6 45 33 38 37 36 41 32 34 37

SOILS
20 48 37 40 40 40 44 36 38 41
15 43 33 36 35 34 41 31 33 36
10 38 29 33 32 32 39 29 31 33

MEAN' 43 33 37 36 35 41 32 34 36

I

lEach mean is an average of all environments that have the listed
temperature in common.
2Based on about 168 measurements per mean.
'Based on about 224 measurements per mean.
4 Based on about 660 measurements per mean.

percent as heavy as those grown under optimum thermoperiods. Our data demonstrate a
similar reduction in seedling weights when seedlings grown with air and soil contantly at 12
and 10 C are compared with those grown at constant temperatures of 24 C for air and 20 C for
soil.

Steinbrenner and Rediske (37) report better growth of Douglas-fir seedlings with a 28 C.
to 18 C thermoperiod and 21 C soil temperature than with a 13 C-7 C thermoperiod and a LO
C soil temperature, whether the light intensity was 1,600 or 400 ft-c. Lavender, Ching, and
Hermann (26) found that a 25 C-21 C thermoperiod and a 15-hour photoperiod produced
larger seedlings than the same day temperature combined with lower night temperatures
whether the plants received sunlight or I,000 ft-c from fluorescent tubes during 9 hours of the
photoperiod.

One exception to the general pattern of agreement with the current data is the report of
Hellmers and Sundahl (18). These workers found that Douglas-fir made maximum growth with
a relatively large (10 C) diurnal fluctuation. This study was based on few thermoperiods,
however, so possibly a more thorough sampling of environments would have produced data
more nearly in agreement with the current study.

Ponderosa pine (5, 23, 38), blue spruce (38), Engelmann spruce (17), Norway spruce
(Picea abies (L.) Karst.) (9), and sequoia (16) have been reported to make maximum growth

n

I

9



Table 9. Relation Between Ovendry Weight of Seedling Shoots,
Roots, and Entire Plants to Thermoperiods and Soil Temperatures.

Night
Weight by soil temperature, mg

em- Shoot Root Seedling
per-

-
ature 20 C 15 C 10 C 20 C is C 10 C 20 C is C 10 C

eg. C

Day temperature 30 C
24 475 389 261 255 232 186 730 621 447
18 499 374 279 265 197 153 765 571 433
12 471 351 304 285 270 195 756 621 499
6 518 355 251 260 187 204 774 542 455

Day temperature 24 C
4 602 327 250 301 182 161 903 509 412

18 390 368 278 254 187 189 644 554 467
12 430 347 227 233 215 166 663 562 394

6 446 311 262 238 207 168 685 518 431

Day temperature 18 C
4 497 332 216 218 192 196 714 524 412
18 465 300 224 227 210 173 692 510 397
2 397 300 215 234 189 211 631 489 426
6 406 263 221 181 161 229 588 425 450

Day temperature 12 C
4 308 248 195 229 213 166 537 461 361

18 260 212 190 209 187 181 470 399 371

2 201 175 127 181 174 143 383 349 270
6 194 177 138 203 183 171 397 360 310

under constant temperature or only small diurnal temperature fluctuations, but red fir (15),
Jeffrey pine (13), and loblolly pine (22) have been shown to maintain maximum rates of
growth under large diurnal temperature fluctuations.

A change of I C in soil temperature had a greater effect upon both shoot and root dry
weights of the entire seedling population than did a change of 1 C in day air temperature over
the entire range of air and soil temperatures studied. Figure 3 shows, however. that changes in
day air temperature between 12 C and 18 C were equivalent to similar changes in soil
temperature in their effect upon seedling dry weight. The strong effect of soil temperature
upon seedling dry weight is in agreement with the observations of lrgens-Moller (personal
communication), who noted that reduction of soil temperature from 20 C to 10 C reduced
both shoot and root growth of seedlings grown from Douglas-fir seed collected in Arizona and
British Columbia when the plants were grown under a constant 20 C thermoperiod and a
I 6-hour photoperiod. The results are in sharp disagreement with the data of Steinbrenner and
Rediske (37), however. These workers report a strong negative effect upon both shoot and
root weights with decreased air temperatures, but a slight increase in shoot weight and a small
decrease in root weight with lower soil temperature.

The data in Tables 9, 10, and 11 and Figure 1 illustrate two more effects of treatment
upon seedling weight. Seedling shoot weights generally were reduced with reductions in air and
soil temperatures. Day and soil temperatures were much more influential in governing seedling

10



growth than were night temperatures, however. These data are in marked contrast with those
of Hellmers (17), who found that the temperatures maintained during the 8-hour dark period
greatly affected the growth of Engelmann spruce. The "night" temperatures in this latter
study, however, were maintained for 16 hours each day. The effect of temperature, therefore,
may be primarily a function of its duration rather than of the concurrent illumination.
Seedling root weights were affected by changes in soil temperature to a lesser degree than were
the mean shoot weights. This same relation has been reported for some other plants (8, 11, 12,
33).

Tables 10 and 11 report the weight data for the seedling population by individual seed
sources; Figures 2 and 3 are a graphic presentation of the response surfaces for dry weight
production.

Data in the tables demonstrate the following: the var. menziesii plants have a greater
growth potential than do the var. glauca seedlings; the reduction in dry weight of shoots
caused by lowering the day temperature from 30 C to 12 C or the night temperature from 24
C to 6 C, 45-50 percent and 15-20 percent respectively, was similar for all seed sources; the
reduction in dry weight of shoots occasioned by reducing the soil temperature from 20 C to 10
C was much less (30 percent) for var. glauca than for var. menziesii plants (50 percent); the
root dry weight of var. glauca seedlings was nearly independent of air or soil temperatures, but

Table 10. Relation of Ovendry Weight of Seedling Shoot to Thermoperiod
and Soil Temperature.

`!can'
ten-
per-
at ure

North
Rocky
M.

South
Rocky
Mt.

Shoot dry weight by seed source, mg

g. C

DAY AIR'

Cor-
vallis,
Ore.

Olympic
Pen.,
Wash. Ore.

South-
ern
Ore.

North-
west
Ore.

Van-

couver
Island

mean of
all

sources

30 212 279 489 433 507 362 335 411 378
24 203 271 455 396 430 379 313 380 3S3
18 164 237 437 379 398 312 286 344 320
12 114 163 266 227 240 207 179 221 202

NIGHT
24

AIR'
199 261 464 375 428 353 296 359 342

18 186 249 415 380 384 300 282 363 320
12 149 221 385 333 360 295 275 327 293
6 156 216 379 343 397 309 258 302 295

SOIL'
20 200 269 560 479 551 395 364 463 410
15 181 243 388 344 358 319 262 307 300
10 138 199 285 251 268 230 206 244 228

LEAN' 173 237 411 358 393 314 278 338 313

'Each mean is an average of all environments that have the listed
temperature in common.

'Based on 24 measurements per mean.
'Based on 32 measurements per mean.
"Based on 96 measurements per mean.
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Figure 1. Relation of mean shoot and root
dry weights to day air and soil temperature.
The value for each day or soil temperature is
the mean shoot or root weight of seedlings
grown under all environments that have the

TEMPERATURE, DEG C given temperature in common.

the above reduction of day or soil temperature resulted in a decrease in dry weight of about 20
percent for roots of var. menziesii.

The response surfaces shown in Figure 2 represent the var. glauca seedlings; the southern
Oregon seed source, and the remaining var. menziesii seed sources. These graphs demonstrate
that the dry weight of var. glauca seedlings is affected more strongly by soil temperature than
by day temperature when the plants are grown with a 24 C night temperature, but that the
reverse obtains under a 6 C night temperature. In contrast, the dry weight of the mesic var.
menziesii seedlings is affected about equally by both day and soil temperatures for all night
temperatures. Finally, the response of the southern Oregon plants is similar to that of the var.
glauca seedlings with the 24 C night temperature and to the remaining var. menziesii plants at
6 C night temperature.

Figure 3 presents the response surface for all seed sources for one night temperature (18

Q. The similarity of these response surfaces for both glauca seed sources and for all the

menziesii sources except southern Oregon reflects the pattern that obtained for the other night
temperatures.

The mean seed weight of seed from each source did not affect the final weight of the

plants.

12
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;Figure 2. Effect of thermoperiods and soil temperatures upon the dry weight production
(milligrams per seeding) of seedlings grown from seeds collected in the following areas: 1,

northern Rocky Mountains; 3, Corvallis, Oregon; 5, Valsetz, Oregon; and 6, southern Oregon.
Dashed lines enclose data collected. Bold numbers at extreme right indicate night temperature.

Shoot-Root Ratios
The data in Table 12 show consistent differences among plants raised from the various

seed sources. Seedlings raised from the northern Rocky Mountain and southern Oregon seed

collections definitely have the lowest shoot-root ratio for all the treatments (Table 12, italics),
a growth response consistent with the xeric nature of the habitat of the parent trees. In

I
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contrast, seedlings representing the moist parent tree habitats, that is Olympic Peninsula,
Valsctz, northwest Oregon, and Vancouver Island, had consistently high ratios. This sharp
difference is reflected by the high "F"-values shown in Table 4 for shoot-root ratios.,
Zavitkovski (45), working with seedlings grown from seeds collected in a dry area of northeast
Washington and from seeds of the same Valsetz collection as in the present study, Sorensen
(36), and Tusko (39), all report similar relations. But Owens (31) notes that, if the shoot-root
ratio is based upon ovendry weights of shoots and roots, the var. menziesii seedlings generally
had lower shoot-root ratios than did the vat. glauca plants. Finally, Walter (42, p. 215) states
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Table 11. Relation of Weight of Ovendry Roots to Thermoperiod and Soil
Temperature.

Me an r

t em-
per- Rocky

Mt.

eg..C
DAY AIR2

South
Rocky
lat.

Ovendry root weight by seed source, mg

Cor- Olympic Val- South- North- Van-
vallis Pen., ''i setz ern west couver
Ore. Wash. Ore. Ore. Ore. Island

Mean o>
all

sources

30 145 164 287 234 251 276 195 222 222

24 154 151 276 196 230 .271 173 216 208

18 150 166 273 205 219 248 159 193 202

12 148 170 249 178 195. 225 152 177 187

NIGHT AIR2
24 152 164 299 201 237 272 163 199 211

18 158 160 268 199 217 245 166 208 203

12 144 169 261 206 219 259 177 208 206

6 143 158 257 206 221 244 173 192 199

OILS
20 160 158 332 247 262 293 201 232 236

15 155 169 261 187 209 254 154 189 197

10 135 162 221 175 199 218 154 183 181

1EAN° 149 163 271 203 223 255 170 202 205
-

'Each mean is an average of all environments that have the listed
temperature in common.

2Based on 24 measurements per mean.
3Based on 32 measurements per mean.
''Based on 96 measurements per mean.

that a low ratio of aerial to subterranean plant parts generally is considered to be a

xeromorphic characteristic.

$boot and Root Density
The mean ovendry weights of the shoots were divided by the ni an length of these same

shoots to provide a measure of the "density" or form of the seedling shoots (Table 13).
Although this estimate of form is affected by the presence of lateral shoots, those that usually
developed during this study were much lighter than the seedling stems and therefore "seedling
density" determinations reflect, primarily, differences in the taper of seedling stems. Seedling

shoot densities were reduced with a decrease in soil temperature, but no consistent effect of air

temperature upon this parameter was noted. The plants grown from the Rocky Mountain seed

sources, whose mean dry weights were shown previously to have been affected least by
temperature reductions, had the smallest variation in shoot density of the seed sources tested.

Hellmers (14) observed that the ratio of height to basal area ofAbies magnifica seedlings is
increased with increased. air temperatures. This increase resulted from the much greater effect
of temperature upon height than upon diameter growth. Although shoot density is not the
same parameter, apparently the difference noted does reflect a species difference in growth
response to temperature.

i

15

ature



Table 12. Relation of the Ratio of the Ovendry Weights of Seedling
Shoots and Roots to Thermoperiod and Soil Temperature (Italic figures
are discussed in text).

.lean`
tem-
per-
ature

North
Rocky
It.

South
Rocky
Mt.

Ratio of seedling shoot to root by seed source

Deg. C

DAY AIR'

Cor-

vallis
Ore.

0lympicl

Pen.,
Wash.

Val-
setz,
Ore.

South
ern
Ore.

North-
west
Ore.

Van-
couver
Island

Mean of
all

sources

30 1.49 1.79 1.70 1.91 1.99 1.32 1.76 1.85 1.73
4 1.32 1.81 1.67 2.05 1.85 1.41 1.84 1.75 1.71

18 1.14 1.48 1.60 1.85 1.82 1.27 1.82 1.81 1.60
12 0.78 0.97 1.08 1.30 1.23 0.91 1.20 1.26 1.09

NIGHT AIR'
4 1.29 1.62 1.54 1.85 1.79 1.29 1.80 1.79 1.62

18 1.22 1.60 1.56 1.92 }.76 1.22 1.73 1.73 1.59
12 1.06 1.36 1.46 1.63 1.60 1.13 1.55 1.56 1.42
6 1.14 1,44 1.49 1.70 1.72 1.26 1.53 1.58 1.48

SOILS
20 1.29 1.75 1.69 1.95 2.06 1.36 1.84 2.01 1.74
15 1.20 1.51 1.51 1.89 1.72 1.27 1.71 1.64 1.56
10 1.04 1.27 1.33 1.49 1.38 1.06 1.41 1.35 1.29

1EAN' 1.18 1.51 1.51 1.78 1.72 1.23 1.65 1.67 1.53

'Each mean is an average of all environments that have the listed
temperature

'Based on 24
in common.
computations per mean.

'Based on 32 computations per mean.
"Based on 96 computations per mean.

The "root density" parameter undoubtedly was affected more by the branching of the
root systems than was the shoot density by the aerial laterals. Curiously, only the day air
temperatures had a significant effect upon root density. Lower air temperatures produced
seedlings with the least dense roots. Unfortunately, the data recorded do pot permit an
evaluation of this effect, as neither the degree of root branching nor root diameter was
measured. The density of the root system of the plants of var, glauca was increased with a
decrease in soil temperatures, but that of the var. menziesii plants was decreased. Possibly

Table 13. Mean Density of Shoots and Roots by Seed Source (mg
Ovendry Weight Per am).

North South Cor- Olympic Val- South- Van- North-
Rocky Rocky vallis Pen., setz, ern couver, west

Part Mt. AR. Ore. Wash. Ore. Ore. Island Ore.

Shoot 2.3 2.7 3.0 2.6 2.8 2.7 2.5 2.2
Root 0.3 0,5 0.7 0.6 0.6 0.6 0.6 0.5
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these data reflect the relative diameters of the roots of the var, glauca seedlings, which
generally had less branched root systems than did the var. menziesii plants. Certainly, the low
mean value for the density of the root systems of the plants grown from the northern Rocky
Mountain seed reflects the long, thin, relatively unbranched root systems of these seedlings.
Similar data for seedlings raised from seed collected in the Rocky Mountains are reported by
Owens (31) and by Tusko (39). The latter found that coastal and interior seedlings exhibited
greater differences in root density than in any other of a range of morphological
characteristics.

Dry Matter Distribution
Seedling foliage was separated from the stems and branches of plants grown from seeds of

all seed sources for about one-third of the total treatments. The environments chosen spanned
the range of productivity so that plants of all size classes were sampled. No significant effect of
environment or of seed source upon the proportion of the plant dry weight that was foliage
was noted. The failure of the range of environments tested to affect the ratio of seedling
foliage to the remainder of the plant in Douglas-fir is in agreement with data published by Brix
(4) and with that of Lavender (25), which indicates that this ratio is not affected by a wide
range of mineral nutrition.

Incidence of Dormancy
Although an 18-hour photoperiod was maintained throughout the study, some seedlings

grew intermittently, with a series of growth flushes separated by the formation of terminal
buds, or became dormant before the harvest period. Table 14 presents a summary of the
observations of the incidence of dormancy in the study population. The data demonstrate that
the var, glauca seedlings entered dormancy under all experimental treatments, although the
warm day temperatures did stimulate active growth among some plants from the southern
Rocky Mountain seed source. In contrast, both day air and soil temperatures had a
pronounced effect upon the growth habit of the var. menziesii seedlings. Similar differences
have been reported by Rietveld (32) and lrgens-Moller (19).

The data presented in Table 14, which demonstrate an increase in dormancy of var.
menziesii plants with a decrease in either day air or soil temperatures, suggest that the effects
of the various experimental environments upon seedling growth may be occasioned by either a
direct temperature effect upon seedling metabolism, by a possible moisture stress, or by
reduced mineral uptake in the plants grown in the cool soil. The second hypothesis is
supported by reports describing decreased water uptake in plants grown in cold soils (1, 2, 11,
20, 21); Sands and Rutter (34) demonstrated reduction in growth of Pinus sylvestris with soil
moisture stress3as low as 0.3 atmosphere tension. The last of the above hypotheses, that is,
reduced mineral uptake, was evaluated by chemical analyses for nitrogen, potassium, and
phosphorus in seedling tissue. Substantially higher concentrations of these elements were
found in plants of all seed sources grown in cool soils than in corresponding populations grown
in warm soils.

Populations of seedlings were established after termination of the main experiment to test
the hypothesis that cold soils resulted in increased moisture stress in Douglas-fir seedlings.
Twelve of the boxes were planted with newly germinated seeds as described in the methods
section, and were maintained under an 18-hour photoperiod, constant 24 C air temperature,
and 20, 15, or 10 C soil temperature for 20 weeks. During the last weeks of this period, several

measurements of moisture stress were made in each seedling population by the pressure bomb
technique of Scholander, Hammel, Bradstreet. and Hemmingsen (35). No differences in
moisture stress among the three populations were found, even though the tests were conducted
over the entire period between irrigations. Seedling growth data, however, were similar to
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Table 14. Relation Between Environmental Treatments and the Percentage
of Seedlings That Entered Dormancy During the Study Period.

Meant
tem-
per-
ature

North
Rocky
Mt.

Seedlings that entered dormancy, by seed source, %

South
Rocky
Mt.

eg. C
DAY AIR

Cor- Olympic
Pen.,

.

Val- South-
ern
Ore.

North-
west
Ore. Island

Mean of
all

sources

30 100 79 51 40 41 72 58 47 61
24 99 90 49 34 32 82 37 46 59
18 99 100 65 49 48 88 59 68 73
12 100 100 75 50 48 85 62 69 74

NIGHT AIR
4 99 91 58 38 41 74 52 54 63

18 100 96 66 49 42 88 58 62 70
12 99 91 57 47 49 86 58 56 68

6 100 91 60 39 38 78 48 57 64

OIL
20 99 91 43 21 22 67 30 37 51
15 100 84 49 36 29 78 49 51 60
10 100 98 87 74 76 99 82 84 88

AN 100- 91 60 44 43 81 54 57 66

'Each mean is an average of all environments that have the listed
temperature in common.

those reported earlier for the same thermoperiod and soil temperatures. These results are
similar to those of Davis and Lingle (8), who were unable to find a relation between soil
temperature and water uptake by tomato plants.

DISCUSSION

The results of this study must be qualified at all times by the following: the study was
conducted under one particular illumination and nutritional environment; the temperature
regimes maintained were constant-that is, no attempt was made to simulate the frequent
fluctuations in temperature commonly recorded under natural environments; and the seedlings
were growing actively during the first year from seed when shoot growth is indeterminant.

The data show clearly that maximum growth of Douglas-fir seedlings grown from seed
collected over a wide range of latitudes and altitudes occurs under air temperatures between 24
and 30 C. Definition of the exact temperature for maximum growth of these plants would
require a more intensive evaluation of thermoperiods within this temperature range.
Douglas-fir does not, however, require the diurnal temperature fluctuation reported for
maximum growth of angiosperms (27, 44) or for some other conifers (13, 15, 22). Further,
relating seedling height growth to night temperatures provides no evidence that the night
temperature minimum required for maximum growth decreased with seedling age, as has been
reported for other plants (27).

18
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Although the var. glauca and var. menziesii seedlings made maximum growth under the

same thermoperiod and soil temperature, the response of the plants to reductions in air and
soil temperature differed substantially. The mean dry weight of var. glauca seedlings was
reduced 28 and 18 percent when the day air and soil temperatures, respectively, were reduced
from 30 C to 12 C and from 20 C to 10 C. Corresponding reductions in mean weight for var.
menziesii seedlings were 37 and 39 percent. Probably, the lower sensitivity to thermoperiod
and soil temperature together with a growth pattern characterized by alternating periods of
active stem elongation and dormancy, rather than the temperature requirements for maximum
growth, reflects the adaptation of var. glauca seedlings to a more severe climate (19). The
response surfaces in Figures 2 and 3 illustrate this relation and demonstrate both the
consistency of response of the var. glauca and all save the southern Oregon seed source of the
var. menziesii seedlings, and the relatively minor effect of night temperature upon seedling dry
weight. Similar differences in response to deviations from optimum temperatures for species
indigenous to the Rocky Mountains (Engehnann spruce) and the Pacific coast (redwood) are
not evident in data published by Hellmers. Genthe, and Ronco (17) and Hellmers (16),
respectively.

The effect of soil temperature upon seedling growth in the present study is at variance
with Went (44, p. 244), who noted that low root temperatures do not generally reduce plant
growth. This conclusion was based upon observations of plants grown in artificial media.
Grobbelaar (11) noted that the rate of root extension is more critical in soils than in solution
culture, and the effect of low temperatures in reducing root growth may, therefore, be more
important in soil-grown plants. Further, he cites the results of several other workers together
with his own data to refute Went's contention. Roberts and Kenworthy (33) observed that the
growth of strawberry plants was reduced greatly when soil temperatures were reduced but a
constant temperature and photoperiod regime maintained for the shoots. Larson (24) noted
that soil temperatures below 18 C greatly reduced shoot growth of northern red oak (Quercus
rubras, L.) even under favorable air temperatures. And, finally, Nielson and Humphries (29)
reviewed several recent papers that demonstrate the inhibiting effect of low soil temperatures
upon the growth of a variety of plants, but they conclude that the mechanism of the effect of
low root temperature upon plant growth is largely unknown.

The design of this experiment does not permit evaluation of the relation between the dry
weights, shoot-root ratios, and incidence of dormancy of the seedling populations. A high
incidence of dormancy and a low dry weight and low shoot-root ration were associated
consistently, however. Under natural conditions, dormancy in Douglas-fir is commonly the
result of moisture stress. But, because the data obtained from the pressure bomb
determinations do not show an effect of soil temperature upon seedling water content and the
chemical analyses failed to demonstrate mineral deficiencies in any seedling population, the
effect of soil temperature upon the above seedling parameters may be a direct effect of
temperature upon root metabolism.

The data reported by Crozier and Reid (7) and those of papers cited by them implicate
roots in the synthesis or conversion of gibberellins. And Letham (28) quotes several papers
that indicate that cytokinins may be synthesized in roots. Wareing and Saunders (43) suggest
that initiation of dormancy may be caused by a decrease in the relative levels of
growth-promoting substances, such as the above, with respect to that of inhibitory compounds
such as abscisic acid. Evidence for the presence of both gibberellins (6) and cytokinins (41) has
been published for Douglas-fir.

Unpublished data from our laboratory indicate the probable occurrence of abscisic acid in
this species. The reduced growth occasioned by the 10 C soils, therefore, may be mediated by
a reduced synthesis of either or both of the above classes of growth promoters. Such a
hypothesis is consistent with both the data of Crozier, Aoki, Pharis, and Durley (6), which
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show that high levels of GA3 are associated with extension growth of var. menziesii plants and
much lower levels with that of var. glauca. and of the data reported in part II of our study.
Here, we found that reduction of soil temperature did not stimulate dormancy in the seedling
populations. The plants were grown under short photoperiods, which, presumably, raised the
levels of inhibitors in seedlings grown in both warm and cold soils.

CONCLUSIONS

Douglas-fir seedlings of both var. glauca and var. menziesii from the seed sources tested
make optimum growth under soil and air temperatures between 18 and 24 C when they receive
an 18-hour photoperiod. No diurnal temperature fluctuation requirement is evident.

Low soil temperatures greatly reduced growth and stimulated dormancy of all seedling
populations.

II. INITIATION OF DORMANCY UNDER A SHORT PHOTOPERIOD.

METHODS

Seedling populations and planting methodology were identical to those described
previously, except that one seedling from each seed source was planted in each carton. The
cartons were of waxed cardboard, 7 by 7 by 36 cm. Seven cartons of eight seedlings each were
assigned to each of the metal boxes from the previous study.

The cartons were planted in the first 2 weeks of May, 1967, and maintained under a 24 C
constant thermoperiod and an 18-hour photoperiod in a greenhouse until assigned to one of
the experimental treatments early in July. This procedure was followed to ensure that the
seedling populations would be growing as rapidly as possible when the potential dormancy-
inducing environments were initiated.

As in the earlier study, the 16 thermoperiods and three soil temperatures were achieved in
the following manner. Each of the four growth rooms was programmed for a daily 9-hour
photoperiod and one of the following day-night thermoperiods: 30-24 C; 24-18 C: 18-12 C;
and 12-6 C. Each room contained three water baths that maintained constant soil temperatures
of 9, 14, and 20 C. Eighteen of the 24 boxes in each room were moved to the other rooms (six
boxes to each of three rooms) every day between 8 and 9 a.m. and returned between 4 and 5
p.m.

The seedlings were maintained under their assigned thermoperiods and soil temperatures
for II weeks. During this period,thc soil moisture was adjusted frequently so that the
maximum tension experienced by plants in any environment was 2 atmospheres, as determined
by weighing the carton. All cartons had drainage holes to prevent soil saturation.

A previous investigation (26) had shown that both duration of stem elongation and
initiation of terminal buds provided a measure of the beginning of the dormant period,
Although the weekly observations included both crown elongation and incidence of terminal
buds, only the data on the number of days until the initiation of a resting bud were subjected
to statistical analysis.

Figure 4 illustrates a third criterion for the measurement of the effect of various test
environments upon the speed with which the seedlings entered dormancy. As the buds of these
seedlings develop, they pass through the sequence of morphological stages shown. At the
termination of the experiment, all seedling buds were assigned to one of the classes illustrated.
The data obtained from this evaluation, however, described the same relation between the test
environments and the speed with which the seedlings entered dormancy as that derived from a
summation of the number of days required to form terminal bud initials. Therefore, the
discussion of the results will be concerned with only the latter data.
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Table 15. Relation of Time Until the Initiation of Seedling Dormancy to the
Thermoperiod and Soil Temperature.

Mean'
tem-
er-
ture

North
Rocky
Mt.

eg.C

DAY AIR'

Days until initiation of dormancy, by seed source

South
Rocky
Mt.

Cor-
vallis,
Ore.

Olympic
Pen.,
Wash.

Val-
setz,
Ore.

Sout
era west

Ore.

Van-
couver
Island

Mean of
all

sources,

Hears of
men-

glauca ziesli

30 40 45 33 34 34 32 31 33 35 42 33

24 22 27 32 34 32 30 32 32 30 25 32

,is 27 36 36 36 36 34 35 36 35 31 36

12 22 28 42 45 47 41 40 43 39 25 43

NIGHT AIR"
24 26 31 31 33 34 31 31 33 31 28 32

18 29 33 31 31 31 29 29 31 31 31 30

12 26 33 36 38 36 34 33 35 34 30 35

6 29 40 45 47 49 42 45 45 43 35 45

3010
20 27 32 35 38 39 33 35 36 35 30 36

14 29 36 36 37 37 33 33 36 35 32 35

9 27 35 36 37 37 35 36 36 35 31 36

1EAN" 28 34 36 37 38 34 34 36 35 31 36

'Each mean is the average of all environments that have the listed temperature in
common. For example, the means of 30 C day temperature consist of the mean number
of days until the initiation of dormancy for seedlings grown under all night and
soil temperatures that were exposed to 30 C air temperature.

2Based on about 168 observations per mean.
'Based on about 224 observations per mean.
Based on about 660 observations per mean.
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Figure 4. Classification of buds in Douglas-fir seedlings: bud 1 is light -in color with slight
enlargement of the stem tip: 2 is light brown with definite enlargement of the stem tip: 3 is
medium brown and still larger than 2; 4 has rudimentary bud scales and a definitely oval shape;
5 has well-developed, dark-brown scales; 6 has prominent scales and a narrow, pointed tip;, and
7 is a typical "broken bud" with just the tips of a few needles extending beyond the bud
scales.

i

21

Ore.

North



RESULTS

The data in Table 15 summarize the effects of the treatments upon the initiation of
dormancy in the seedling populations, Seedlings of var. menziesii generally entered dormancy
more rapidly under warm day and night temperatures than they did under cooler conditions.

In contrast, the warm day temperatures definitely slowed the initiation of dormancy in
var. glauca seedlings as shown in Table 15, An analysis of variance of the data in Table 15
indicated that the effects of air temperature, seed source, and the interaction of air
temperature and seed source were all highly significant, but no significance was shown for the
effect of the soil temperatures.

The ovendry weights of all seedling shoots and roots were determined at the time of
harvest. The soil temperatures had no effect upon the shoot-root ratios of the plants, but the
low air temperatures were associated with a reduction of about 10 percent in this parameter
from the value obtaining under warm air temperatures. These data are in general agreement
with those reported by Lavender, Ching, and Hermann (26).

Finally, the crown elongation of seedlings grown under constant thermoperiods of 24, 18,
and 12 C (the only thermoperiods that had the same number of degree hours in both this and
the companion study) at each of the soil temperatures was compared with the crown
elongation made by seedlings grown under the same temperatures but with a long photoperiod,
as described in the first study. The periodic crown measurements made each year permitted
comparison of seedling growth for I I weeks under both the long and short photoperiods. All
seedling crowns were much shorter under the short photoperiod. but no pattern of relative
seedling growth appeared over the nine environments examined that defined differences in
photoperiodicity among seed sources.

DISCUSSION

Although the data are obviously erratic, statistical analyses demonstrate that the effect of
day air temperatures upon both var. glauca and var. menziesii seedlings is significant at the
0.00 1 level of probability.

The effect of the 30 C day air temperature in prolonging the active growth of var. glauca
seedlings is parallel to that previously noted when these plants were maintained under similar
thermoperiods and an 18-hour photoperiod. Extrapolation from growth-room data based upon
young plants grown under somewhat atypical environments may not be too meaningful.
Apparently, however, the differences in seedling response of var. glauca and menziesii plants to
the thermoperiods of both this and the previous study reflect adaptation to continental and
marine climates, respectively.

The pronounced effect of the low air temperatures in extending the period of active
growth of var. menziesii seedlings has been noted in a well-watered nursery, where current year
Douglas-fir plants maintained active growth until mid-November. It is consistent, too, with the
concept of chilling, which postulates that low temperatures are required to terminate
dormancy. This effect is difficult to reconcile with data reported by lavender, Ching, and
Hermann (26). In this study, these environments hastened, rather than postponed, dormancy.

The contradiction of the work of Lavender, Ching. and Hermann, with the present data is
not clearcut, however. They used only one day temperature (25 C) and the temperature of the
soil was not controlled. Finally, the data collected during the 3-year study were contradictory;
in one of the 3 years, the warmer day-night thermoperiod hastened dormancy.

As noted above, a comparison of the growth data for seedlings maintained under a long
photoperiod with that for plants grown under the present 9-hour photoperiod demonstrated
no evidence of differing photoperiodicity among the several seed sources. These results differ
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from those reported by Vaartaja (40), who suggested that a high ratio of seedling epicotyl
under long photoperiods as compared with the epicotyl length of plants of the same seed
source and age under short photoperiods indicated a greater photoperiodicity than did a low
ratio.

CONCLUSIONS

Low air temperatures postponed dormancy of var. menziesii seedlings grown under a
9-hour photoperiod. Low night temperatures and high day temperatures postponed dormancy
of var. glauca seedlings. The var. glauca plants generally entered dormancy more rapidly under
the conditions tested than did the var. menziesii seedlings.
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